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Abstract
Surfactin, a kind of cyclic lipopeptide synthesized by non-ribosome peptide synthases (NRPS) in Bacillus spp. strain, has attracted a great deal of attention owing to its surface activity. It has broad prospect of application in petroleum extraction, daily chemical, and clinical treatment. To further improve the yield of surfactin, numerous studies have focused on clarifying its metabolic network. Herein, this review summarized essential modules in the metabolic network of surfactin, including surfactin synthase, precursor supply, efflux pump system, quorum sensing system, and biofilm formation. Furthermore, essential genes proved by omics analysis and gene editing were emphasized. This review aims to help understanding the intricate metabolic network of surfactin and lay a foundation for reconstructing surfactin-overproduced in whole system level.
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Background

Surfactin is a kind of cyclic lipopeptide mainly synthesized by Bacillus spp
 ADDIN EN.CITE 

[1-3]
. It was firstly discovered by Arima et al. in Bacillus subtilis in 1968[2]. Consisting of a heptapeptide chain and a β-hydroxy fatty acid chain (C12-C16)( Fig. 1)[4], it is hypothesized that producing biosurfactant helps microorganism to absorb insoluble hydrocarbons[5]. Since residue of amino acid provides hydrophily and residue of fatty acid provides lipophicity in solution condition, surfactin has exceptionally superior surface activity. It could reduce surface tension of water from 72 to 27 mN/m at a concentration of 20 μM[6]. Heretofore, it is the strongest biosurfactant and also named by its outstanding characteristic[7].

At present, surfactin has been widely developed to apply in various fields. In the field of surfactant, it could be used as a synergist for microbial degradation of crude oil by emulsification and solubilization of petroleum hydrocarbons[8]. It could also be used in daily chemical product due to its capability to reduce surface tension, stabilize emulsion, and increase foam[9]. And because of its innocuity in either room temperature or high temperature heating, as opposed to synthetic surfactant, it is regarded as green biosurfactant. Furthermore, in the field of biological application, surfactin has diverse functions. Assisted by sterilization, surfactin could break cell membrane and kill pathogenic bacteria by forming ion channels and causing the leak of cell content
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[10, 11]
. It was reported to have great germicidal properties on Brachyspira hyodysenteriae
 ADDIN EN.CITE 

[12]
, Magnaporthe grisea
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[13]
, Clostridium perfringens
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[12]
, Aeromonas hydrophila
 ADDIN EN.CITE 

[14]
, etc. This biological characteristic makes surfactin as well as surfactin-produced Bacillus spp. applicable in clinical treatment, aquaculture industry and so on. What’ s more, its germicidal properties could be further enhanced by synergy effect with other kinds of antimicrobial lipopeptides[15]. Liu et al. reported that surfactin can increase germicidal properties of amoxicillin against avian pathogenic Escherichia coli
 ADDIN EN.CITE 

[16]
. Surfactin also modulated innate immunity of host by multiple signaling pathways, e.g., inducing mitochondrial-dependent ROS, activating of MAPKs and NF-κB, and inducing cell apoptosis to release endogenous danger signals and activate inflammasomes to cure tumor
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[17]
. By breaking the lipid membrane as surfactant, surfactin could effectively kill enveloped viruses, such as herpes simplex virus (HSV-1, HSV-2), vesicular stomatitis virus (VSV), and murine encephalomyocarditis virus (EMCV) 
 ADDIN EN.CITE 

[18]
. In the field of bio-material, surfactin could be used in oral delivery of insulin by inhibiting protease and enhancing permeability
 ADDIN EN.CITE 

[19]
. Surfactin-loaded polyvinyl alcohol (PVA) nanofibers is reported to be used in wound dressings or prosthetic devices coating to prevent biofilm formation and secondary infections
 ADDIN EN.CITE 

[20]
. A short period treatment of surfactin (10/20 s) could increase surface wettability of sound dentin, which promote intimate contact between restorative materials and dental tissues ( Fig. 2)
 ADDIN EN.CITE 

[21]
.
However, the natural production level in wild-type Bacillus spp. is relatively low
 ADDIN EN.CITE 

[2, 22]
. Previous studies have proved that the natural metabolic network of surfactin is relatively complicated. And as a kind of cyclic lipopeptide, many kinds of structural analogs, e.g., iturin and fengyin, are synthesized in surfactin-produced wild-type strain. Most of them were chemically stable in extreme temperature of pH
 ADDIN EN.CITE 

[13]
. Separation cost is consequently driven up and becomes a bottle neck for industrial application of surfactin. Fermentation condition were extensively studied to reduce cost and increase production level. A kind of optimal waste-based medium containing corncob hydrolysate and monosodium glutamate wastewater (MGW) was used for the fermentation of surfactin-produced strain
 ADDIN EN.CITE 

[23]
. Fe nanoparticle was added in the medium and consequently nearly doubled the production level of surfactin[24]. 
However, it is common sense in fermentation industry that strain breeding is still the key to highly produce targeted compound. Even though most surfactin-produced strains were isolated from environmental samples, there's increasing study focused on clarifying the metabolic network of surfactin and explaining the low natural production level in relatively great detail. Herein, this review summarized research result and dataset of the metabolic network of surfactin by dividing it into five basic modules, i.e., nonribosomal peptide synthase (NRPs), precursor pathway, efflux pump system, quorum sensing system, and biofilm formation. Essential gene candidates with significant interference on metabolic flux, cell growth or cell morphology as well as their effect in gene editing were detailly described. 
Surfactin Synthase 

Nonribosomal peptide synthase

Surfactin is synthesized by nonribosomal peptide synthase (NRPs) in Bacillus spp, which has multiple modules in a certain spatial order
 ADDIN EN.CITE 

[25, 26]
. The related gene cluster is about 26 kb in length and mainly contains five open reading frames: srfAA, srfAB, srfAC, srfAD, and sfp[27]. This enzyme system works independent on ribosome while it integrates specific amino acid or aromatic acid substrate into the extended peptide backbone through each module[28]. Module number, arrangement order, and substrate specificity of the large NRPs gene cluster determines the product structure and leads to diverse surfactin analogues existed in the pure culture of Bacillus spp[29]. 
Each NRPs module mainly contains three core domains: condensation domain (C), adenylation A (A) and a peptidyl carrier protein (P), which generally arranged in the order of C-A-P (Fig. 3)[30]. C domain catalyzes formation of peptide bond, A domain is responsible for substrate recognition and activation, and P domain covalently fixes intermediate products during synthesis[29]. A thioesterase (TE) domain responsible for terminating the extension reaction is generally existed at the end of the last synthesis module[28]. Besides, a phosphopantetheinyl transferase (PPTases) (coded by gene sfp) that activates surfactin synthase is generally existed at the downstream of the srf operon
 ADDIN EN.CITE 

[31]
.
Each module is responsible for the addition of one amino acid
 ADDIN EN.CITE 

[25, 26]
. Three modules in SrfAA are generally responsible for assembling L-Glu, L-Leu, and D-Leu in turn; SrfAB, L-Val, L-Asp, and D-Leu; SrfAC, L-Leu residue, catalyzed the L-Lue at position 7 to form a lactone ring with the β-hydroxyl group of long-chain fatty acid[29].
Surfatin variants with diverse residue of amino acid or fatty acid
Since A domain in each module generally select specific kind of amino acid
 ADDIN EN.CITE 

[32]
, typical sequence of amino acid composition in surfactin is Glu (L)-Leu (L)-Leu (D)-Val (L)-Asp ( L)-Leu (D) -Leu (L)
 ADDIN EN.CITE 

[33, 34]
. Nevertheless, it is variable. In the entire molecule, the 2nd, 3rd, 4th, 6th and 7th amino acid residue are generally hydrophobic, while the 1st and 5th are acidic. The 4th and 7th amino acid residue are non-specific. Natural surfactin analogues with Val or Ile in the 4th position or Leu, Ile, or Val in the 7th position are found in previous studies
 ADDIN EN.CITE 

[35-37]
. What’ s more, number of the carbon atoms in fatty acid chain with different branch chains varies from 13 to 15[38]. Structural diversity of both amino acid and fatty acid contributes to the structural diveristiy of surfactin. Heretofore, more than 30 kinds of variants were reported (Table. 1). They generally have similar characteristic with different efficiency. For instance, surfactin CS30-1 has better resistance to fungal disease than CS30-2, even though both of them could induce the generation of reactive oxygen species and consequently lead to cell death
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[13]
. On the other hand, the toxicity of surfactin is inevasible. Heeklotz et al. reported that surfactin at the concentration beyond 40 µm might cause lysis of blood cell[39]. Thus, it is necessary to identify the specific structure of surfactin isolated from broth and clarify the in vivo molecular mechanism to regulate metabolic shift of surfactin variants synthesis
 ADDIN EN.CITE 

[12]
. Bartal et al. reported that different carbon sources could induce biosynthesis of different surfactin variants and adding metal ions Mn2+, Cu2+ and Ni2+ resulted in the appearance of methyl esterified surfactin, which is a novel surfactin variant without fatty acid chain
 ADDIN EN.CITE 

[40]
. Adding Ala, Ile or Val, the substrate of surfactin, in the medium could lead to generate more kinds of variants
 ADDIN EN.CITE 

[35, 41, 42]
. Unfortunately, previous results are unsatisfactory to clarify the structural relationship between NRPs and surfactin. Considering the surfactant efficiency and toxicity, more studies are needed to increase our knowledge.
Precursor Supply
Amino acid synthesis
Natural amino acid is the building blocks for both cell structure and surfactin biosynthesis. However, it is still unclear that which kind of amino acid has the greatest impact on surfactin biosynthesis and which reaction is the rate-limiting step.  Transcriptome analysis of Bacillus velezensis strain BS-37 grown on medium supplied with 2% glycerol showed that glycerol pathway and branched-chain amino acid (BCAA) synthesis pathways were up-regulated along with its high surfactin production
 ADDIN EN.CITE 

[43]
. Acylation of L-glutamate acid is the first step of the condensation reaction of surfactin. YrpC and RacE are MurI-type glutamate racemase
 ADDIN EN.CITE 

[44]
, which not only convert L-glutamate into D-glutamate
 ADDIN EN.CITE 

[45]
, but also inhibit DNA gyrase
 ADDIN EN.CITE 

[44, 46]
. Inhibiting glutamate synthesis-related genes yrpC, racE or murC to improve glutamate synthesis by CRISPRi yielded 4.69-fold higher surfactin production[47]. Transcriptome analysis of surfactin produced Bacillus amyloliquefaciens MT45 also showed that glutamate transporter gene glnQHMP present higher expression[3]. These result indicated that higher concentration of glutamate might improve surfactin synthesis. 
Leucine is another kind of precursor for surfactin synthesis. Inhibitions of genes bkdAA and bkdAB related to L-Leu and L-Val synthesis were also found to improve surfactin production and increase the ratio of C14-surfactin[47]. In silico simulation of gene deletion to achieve excessive leucine supply was found to increase the yield of surfactant by 20.9 fold during the exponential growth phase
 ADDIN EN.CITE 

[48]
. It is noticeable that the unusual D-amino acid is also existed in surfactin variant, which implies that Bacillus spp. might evolve to flexibly utilize the existed source in natural environment to synthesize surfactin. Transcriptome analysis of amino acids addition with different concentrations has shown that increasing L-Leu addition could significantly improve surfactant production, while D-Leu seems to act as a competitive inhibitor
 ADDIN EN.CITE 

[43]
. Surfactin production affected by L-Leu addition increased significantly to nearly 2,000 mg/L, while adding D-Leu with same concentration reduced it to 250 mg/L
 ADDIN EN.CITE 

[43]
. Transcriptome analysis revealed that four genes involved in sporulation (cotV, cotX, rpsR, and cgeB) were found to be downregulated after adding D-Leu
 ADDIN EN.CITE 

[43]
. Furthermore, key genes related to amino acid and purine metabolism, such as argD, argB, purC, pyrB, pyrR, and guaC, were upregulated in the cultures with D-Leu addition. These results indicated that adding D-Leu might rewire more carbon flux into cell proliferation
 ADDIN EN.CITE 

[43]
. 
Fatty acid synthesis
β-hydroxy fatty acid is another kind of building block for both cell structure and surfactin synthesis. Malonyl-CoA is essential precursor for fatty acid synthesis. Therefore, it is necessary to ensure that there is sufficient supply of malonyl-CoA for surfactin biosynthesis
 ADDIN EN.CITE 

[49]
. Acetyl-CoA carboxylase (ACCase, coded by gene accABCD) transformed acetyl-CoA into malonyl-CoA[50]. And it is the rate-limiting step in the fatty acid pathway. Comparing with other ACCase subunits by antisense RNA strategy, biotin carboxylase II encoded by gene yngH could better maintain the activity of acetyl-CoA carboxylase (ACCase)[50]. Overexpression of single gene yngH(coding biotin carboxylase) enhanced surfactin production to 13.37 g/L in a flask culture, representing a 43% increase compared with that of parental strain TS1726[50]. Since acetyl-CoA is also the key precursor of various pathways in cell growth or synthesis of secondary metabolite, surfactin synthesis might inevitably compete with cell growth and create metabolic chaos. Free fatty acid transformed from Malonyl-CoA in the cell is oxidized by the P450 peroxidase YbdT to generate β-hydroxy-fatty acid
 ADDIN EN.CITE 

[51, 52]
. β-hydroxy-fatty acid is transformed into the activated 3-hydroxy fatty acyl-CoA by acyl-CoA ligase LcfA or YhfL[53]. 3-hydroxy fatty acyl-CoA is recognized by the C domain of SrfAA and applied as the substrate of the condensation of peptide chain[53]. And then TE domain catalyzed the formation of lactone bond between the carboxyl group at the C-terminal of surfactin peptide chain and the 3-hydroxyl
 ADDIN EN.CITE 

[54]
. It has been reported that overexpressing the fatty acid synthase complex increased branched-chain α-ketoacyl-CoA and malonyl-ACP production and consequently increased surfactin production to 12.8 g/L
 ADDIN EN.CITE 

[55]
. 
Transcriptome analysis showed that expression of most genes involved in glycolysis and TCA cycle were also significantly up-regulated in natural strain with higher surfactin production[3]. However, no significant difference was observed in the enzyme catalyzed with NADPH as cofactor, such as Zwf (catalyzes the oxidization of glucose-6P to gluconate-6P) and GNDA (catalyze gluconate-6-phosphate to D-ribulose-5P)[3]. Thus, is result indicated that cofactor supply might not be an essential way to improve surfactin production.
Efflux System

Considering the extremely strong surface activity, in vivo surfactin accumulation might inevitably affect both cell structure integrity and overall metabolism. To reduce cytotoxicity, surfactin-produced Bacillus spp. have evolved a complex efflux proton pump system
 ADDIN EN.CITE 

[32, 55]
. Overpression of gene yerP, who encoded proton gradient-driven pump, leaded to the increase of biomass from 115 μg/ml to 1,098 μg /ml[56]. Moreover, its overexpression could also increase 145% of surfactin to 1.58 g/L in the 24-h fermentation[57]. These results might attribute to the decrease of in vivo surfactin accumulation, which was pumped out of the cell by YerP. Similarly, overexpression of gene swrC, coded another kind of proton pump, increased the yield of surfactin by 35%[57]. RT-qPCR analysis on high-yield strain mutated by genome shuffling strategy also showed that the transcription level of gene swrC was 8.45 times than that of the original strain[58]. In addition, Zhi et al. reported that overexpression of the ABC (ATP-binding casette) transporter gene acrB increased the surfactin production by 6%
 ADDIN EN.CITE 

[55]
. Synergistical overexpression of genes swrC and acrB increased surfactin production by 1.7-fold
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[55]
. This fold of change is significantly higher than how they were overexpressed alone. Therefore, it indicated that significant synergy effect on the improvement of surfactin production might occur in overexpression of different kinds of efflux pump. LiaIHGFSR, which was related to self-resistance of Bacillus spp. to daptomycin (structural analog of surfactin)[3], showed no significant effect on surfactin production when it was overexpressed alone
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[55]
. However, surfactant production increased by 2.3-fold when it was overexpressed with genes swrC and acrB
 ADDIN EN.CITE 

[55]
. Transcriptome analysis of strain MT45 with high surfactin production level showed that gene cluster liaIHGFSR was highly expressed as well[3]. Neverthless, data is still scarce to clarify the molecular mechanism of these synergy effects.

Quorum Sensing System and Biofilm Formation
Interaction of surfactin and cell density

Quorum sensing (QS) is a cooperative way for microorganism community to regulate social behavior[59]. QS reaction triggered by extracellular signal molecules is generally related to the natural competent formation, spore formation, cell mobility, and biofilm formation
 ADDIN EN.CITE 

[60, 61]
. 
ComQXAP, a kind of interacting components in QS system, regulated surfactin production in a positive way[62]. Gene comQ located in the upstream of gene comX[63]. Activator ComX is synthesized as an inactive precursor, further modified into the mature form by signal processing enzyme ComQ, and then exported to the extracellular environment
 ADDIN EN.CITE 

[62, 64, 65]
. Genes comA and comP, coded a two-components regulatory system, located in the downstream of gene comX
 ADDIN EN.CITE 

[65]
. ComP is a membrane-spanning protein kinase
 ADDIN EN.CITE 

[66]
. With the increase of cell density in the later period of lag phase, Bacillus spp. continuously secreted pheromone ComX into the medium. Membrane receptor ComP sensed ComX at a critical concentration was autophosphorylated and then transfered the phosphate group to ComA. Phosphorylated ComA induced transcription of the srf operon and activated surfactin biosynthesis
 ADDIN EN.CITE 

[67-69]
. 
Apart from the ComQXAP system, competence stimulating factor (CSF), a pentapeptide(ERGMT) coded by gene phr, was simultaneously synthesized with the increase of cell concentration in B. subtilis
 ADDIN EN.CITE 

[63, 66, 70]
. A corresponding gene rap located in the upstream. CSF was expressed out of the cell and then transported back into the cell through the oligopeptide permease Opp to bind the Rap protein and affect the phosphorylation level of ComA
 ADDIN EN.CITE 

[71]
. With the combined effect of ComX and CSF, the phosphorylation level of ComA continued to increase. A two-component system (TCS) NarGHIJ was also found to be highly expressed in high-yield surfactin-proudced strain MT45
 ADDIN EN.CITE 

[3, 43, 58]
. However, its regulatory mechanism remains unclear.
Other kinds of effector protein regulated surfactin production in a negative way were also identified. When cell density increased, DegU was phos-phorylated and depressed srfA transcription
 ADDIN EN.CITE 

[63, 72]
. CodY was reported to depress the transcription of srf operon as well as the synthesis of Leu, Val, and Ile[73]. Other regulators, including AbrB, Spx, PerR, PhoP, and SinI, might also potentially depress the transcription of srfA. However, since the regulating ability was predicted b omics analysis or structure prediction, their regulatory effects were not fully confirmed. 
Apart from cellular protein acting on surfactin synthesis, surfactin itself could also act on the quorum sensing system. ComS was reported induced by surfactin and then consequently induce the formation of competence cell, which enable Bacillus spp. to absorb heterogenous DNA and generate genetic diversity[74]. ComK had an active self-regulating pathway and occupied a central position in signal transduction network
 ADDIN EN.CITE 

[75]
. ComK, MecA, ClpC, and ClpP united to be tetramer and promoted the transcription of gene comK[63]. ComK regulated the expression of multi genes, including gene recA for gene repair[63]. Yet, the transcription of gene comK was activated by ComS.
Surfactin affects biofilm formation

Biofilm formation is a self-protection response mechanism of Bacillus spp. under environmental stress
 ADDIN EN.CITE 

[76, 77]
. After forming biofilm, the metabolism of Bacillus spp. turned to spore formation and then further switched to dormant state[60]. During this process, surfactin acted as signaling molecule[60]. Part of the cells being sensitive to surfactin was attacked and formed potassium ion penetration by the fatty acid chain of surfactin on cell membrane
 ADDIN EN.CITE 

[78, 79]
. The histidine kinase KinC located on cell membrane sensed this signal and phosphorylated Spo0A to induce extracellular matrix synthesis for biofilm formation
 ADDIN EN.CITE 

[80]
. Extracellular matrix blocked the interaction between ComX and ComP and terminate surfactin production[81]. Therefore, once cells responded to surfactin and started to produce matrix, they no longer responded to ComX and no more surfactin was produced. This mechanism logically explained the low yield of surfactin in natural strain. The components of the extracellular matrix are mainly extracellular polysaccharides and glycoproteins, controlled by gene cluster tasA-sipW-yqxM and eps
 ADDIN EN.CITE 

[82, 83]
. Knocking out these two gene clusters effectively increased the transcription of the srf[81]. 
Interestingly, surfactin produced by Bacillus spp. could even interfere with the biofilm formation of other species. Surfactin could reduce the percentage of alkali-soluble polysaccharides in the biofilm and significantly down-regulate the expression of genes icaA and icaD, which were essential components to maintain the shape of the biofilm of Staphylococcus spp
 ADDIN EN.CITE 

[84]
. In addition, surfactin affected the QS system of S. aureus and depressed its biofilm formation by increasing the activity of autoinducer 2 (AI-2)
 ADDIN EN.CITE 

[84]
. 
Conclusion and Prospects
Surfactin has broad application potential with its strong surface activity and diverse bio-active functions. However, with the existence of diverse surfactin analogues and complex quorum sensing system, it would relatively difficult to construct high-yield surfactin-produced strain in industrial level by single-plex gene editing. Besides, since the quorum sensing system is related to spore formation and biofilm formation, gene editing on its related gene might cause unexpected systematic failure. Based on the metabolic network of surfactin in Bacillus spp, three major strategies, i.e., improvement of synthetic efficiency, increase of biomass, and improvement of self-resistance, could be hypothesized to improve surfactin production. With the development of systematic biology, multi-plex gene editing techniques such as MAGE (multiplex automated genome engineering), CRISPRi (Clustered Regularly Interspaced Short Palindromic Repeats interference) and genome-scale modelling have been widely developed
 ADDIN EN.CITE 

[47, 85]
. Hence, it is reasonable to apply them to reconstruct surfactin-produced strain in whole system level.
On the other hand, present studies to reconstruct surfactin-produced strains were based on the modification of natural strains. However, due to the unclear genetic background and lack of genetic toolkit, it is difficult to establish efficient gene editing system in natural strains. Wu et al. reported that integrating gene sfp into the genome of B. subtilis strain 168, which cannot produce surfactin, generated a surfactin-produced strain
 ADDIN EN.CITE 

[55]
. Since B. subtilis strain 168 was widely applied in metabolic engineering, it provided a reasonable alternative. 
Taken together, this review summarized the metabolic network of surfactin by dividing it into several essential modules. Key genes with significant effect on surfactin production, cell growth, and cell morphology were detailly described. Considering the existence of surfactin analogous and the complex metabolic network, this review lay a foundation for reconstructing the cell factory for surfactin overproduction in whole system level.
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Figure captions
Fig. 1 Surfactin structure
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Fig. 2 Applications of sufactin.

a. Bio-active compound used in destruction of pathogenic bacterial, virus and cancer cell structure.

b. Chemical industry products used in washing and extraction of fossil oil. Greasy dirt is emulsified and water-oil is damaged by surfactin. Surfactin reduces the interfacial tension between waer and oil to drive reservior oil.

c. Bio-material used in oral delivery of insulin, wound dressings and sound dentin.
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Fig. 3 Non-ribosomal synthesis pathway of surfactin.
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Fig. 4 Precursor supply of surfactin.
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Fig. 5 Quorum sensing regulation mechanism.
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Fig.6 Metabolic network of surfactin
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Tables
Table 1 Differences of amino acid composition and β-hydroxy fatty acid chain composition in different structures surfactin
	Name
	Residue composition
	Fatty 
	Reference

	
	1
	2
	3
	4
	5
	6
	7
	acid chain
	

	Surfactin
	L-Glu
	L-Leu
	D-Leu
	L-Val
	L-Asp
	D-Leu
	L-Leu
	nC13, nC14, iC14, iC15, aiC15, iC16
	
 ADDIN EN.CITE 

[86-89]


	Ala4
	L-Glu
	L-Leu
	D-Leu
	L-Ala
	L-Asp
	D-Leu
	L-Leu
	iC14, nC14, iC15, aiC15
	
 ADDIN EN.CITE 

[86-89]


	Leu4
	L-Glu
	L-Leu
	D-Leu
	L-Leu
	L-Asp
	D-Leu
	L-Leu
	iC15
	
 ADDIN EN.CITE 

[86-89]


	Ile4
	L-Glu
	L-Leu
	D-Leu
	L-Ile
	L-Asp
	D-Leu
	L-Leu
	aiC15
	
 ADDIN EN.CITE 

[86-89]


	Val7
	L-Glu
	L-Leu
	D-Leu
	L-Val
	L-Asp
	D-Leu
	L-Val
	iC14, nC14, iC15, aiC15
	
 ADDIN EN.CITE 

[86-89]


	Ile7
	L-Glu
	L-Leu
	D-Leu
	L-Val
	L-Asp
	D-Leu
	L-Ile
	iC14, nC14, iC15, aiC15
	
 ADDIN EN.CITE 

[86-89]


	Ile2,4
	L-Glu
	L-Ile
	D-Leu
	L-Ile
	L-Asp
	D-Leu
	L-Leu
	aiC15
	
 ADDIN EN.CITE 

[86-89]


	Val2,7
	L-Glu
	L-Val
	D-Leu
	L-Val
	L-Asp
	D-Leu
	L-Val
	C13-C15
	
 ADDIN EN.CITE 

[86-89]


	Val2,Ile7
	L-Glu
	L-Val
	D-Leu
	L-Val
	L-Asp
	D-Leu
	L-Ile
	C13-C15
	
 ADDIN EN.CITE 

[86-89]


	Ile2,Val7
	L-Glu
	L-Ile
	D-Leu
	L-Val
	L-Asp
	D-Leu
	L-Val
	C13-C15
	
 ADDIN EN.CITE 

[86-89]


	Ile2,4,7
	L-Glu
	L-Ile
	D-Leu
	L-Ile
	L-Asp
	D-Leu
	L-Ile
	C13-C15
	
 ADDIN EN.CITE 

[86-89]


	Natural variants
	Glu
	Leu
	D-Leu
	Val
	Asp
	D-Leu
	Val
	/
	[90]

	
	Glu
	Leu
	D-Leu
	Val
	Asp
	D-Leu
	Ile
	C13-C15
	[37]

	Pumilacidin
	Glu
	Leu
	D-Leu
	Leu
	Asp
	D-Leu
	Ile
	C12-C14
	
 ADDIN EN.CITE 

[36]


	
	Glu
	Leu
	D-Leu
	Leu
	Asp
	D-Leu
	Val
	C12-C14
	
 ADDIN EN.CITE 

[36]


	Biosynthetic variants
	Glu
	Leu
	D-Leu
	Ala
	Asp
	D-Leu
	Leu
	C12-C14
	
 ADDIN EN.CITE 

[35]


	
	Glu
	Leu
	D-Leu
	Leu
	Asp
	D-Leu
	Leu
	C12-C14
	[41]

	
	Glu
	Leu
	D-Leu
	Ile
	Asp
	D-Leu
	Leu
	C12-C14
	[41]

	
	Glu
	Leu
	D-Leu
	Ile
	Asp
	D-Leu
	Ile
	/
	[42]

	
	Glu
	Ile
	D-Leu
	Ile
	Asp
	D-Leu
	Ile
	/
	[42]

	
	Glu
	Val
	D-Leu
	Val
	Asp
	D-Leu
	Val
	/
	[33]

	Engineered variants
	Glu 
	Leu
	D-Leu
	Val
	Asp
	D-Leu
	Val
	/
	
 ADDIN EN.CITE 

[91]


	
	Glu 
	Leu
	D-Leu
	Val
	Asp
	D-Leu
	Phe
	/
	
 ADDIN EN.CITE 

[91]


	
	Glu 
	Leu
	D-Leu
	Val
	Asp
	D-Leu
	Orn
	/
	
 ADDIN EN.CITE 

[91]


	
	Glu 
	Leu
	D-Leu
	Val
	Asp
	D-Leu
	Cys
	/
	
 ADDIN EN.CITE 

[91]


	
	Glu 
	Leu
	D-Leu
	Val
	Asp
	D-Leu
	Leu
	/
	
 ADDIN EN.CITE 

[92]


	Branched structure in esperin
	Glu 
	Leu
	D-Leu
	Val
	Asp
	D-Leu
	Leu COOH
	C10-C12
	[93]

	Chemically modified surfactin(Glu γ-methyl ester)
	Glu -OCH3
	Leu
	D-Leu
	Val
	Asp
	D-Leu
	Leu
	/
	[94]

	Lichenysin (or halobacillin)
	Gln
	Leu
	D-Leu
	Val
	Asp
	D-Leu
	Ile
	C12
	[95]

	
	Glu
	Leu
	Leu
	Val
	Asn
	D-Leu
	Ile
	iC12-iC17,aiC13,aiC15,aiC17,nC12-nC16
	[96]

	Biosynthetic variants
	Gln
	Leu
	D-Leu
	Val
	Asp
	D-Leu
	Val
	aiC13,iC13-iC15
	[97]

	
	Gln
	Leu
	D-Leu
	Ile
	Asp
	D-Leu
	Ile
	iC15,aiC15
	[97]

	
	Gln
	Ile
	D-Leu
	Ile
	Asp
	D-Leu
	Ile
	iC15,aiC15
	[97]

	Engineered linear lipopeptides
	Glu 
	Leu
	D-Leu
	Val
	Asp
	D-Leu
	/
	-
	[98]

	
	Glu 
	Leu
	D-Leu
	Val
	Asp
	/
	/
	/
	[99]

	
	Glu 
	Leu
	D-Leu
	Val
	/
	/
	/
	/
	[99]
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