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Abstract

Background The Bacillus genus is well known for producing structurally diverse lipopeptides, many of which exhibit
remarkable surface-active and bioactive properties, such as surfactin and daptomycin. In recent years, genome
mining has emerged as an effective tool for the discovery of novel natural products by predicting biosynthetic gene
clusters and linking them to secondary metabolite production. However, the full biosynthetic potential of many
Bacillus subtilis strains remains unexplored. Therefore, this study aimed to investigate the biosynthetic potential of an
oilfield-isolated Bacillus subtilis strain through genome mining, with the goal of identifying novel lipopeptides with
enhanced surface activity.

Results In this study, we identified 14 biosynthetic gene clusters, four of which were related to lipopeptide
biosynthesis. In addition, a lipopeptide was characterized as a new member of the surfactin family, namely
surfactin-C18. The primary structure of surfactin-C18 was determined to be a heptapeptide ring of N-Glu-Leu-Leu-
Val-Asp-Leu-Leu-C linked to the longest B-hydroxy fatty acid in the surfactin family, containing 18 carbon atoms.
Moreover, we investigated the surface activity of surfactin-C18, measuring its critical micelle concentration and the
surface tension to be 1.99 umol/L and 28.63 mN/m, respectively. The obtained adsorption parameters of surfactin-C18
at the air/liquid interface further explained its enhanced surface activity in comparison with other surfactin homologs
and commercial surfactants.

Conclusions To the best of our knowledge, this is the first report on the structural characterization and surface
activity of surfactin-C18. In addition, our findings not only demonstrate the biosynthetic potential of B. subtilis but also
highlight the power of the genome mining strategy for discovering novel lipopeptides with industrial applications.
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Background

Lipopeptides are promising microbial-derived biosur-
factants produced by various genera, including Bacillus,
Pseudomonas, Streptomyces, Paenibacillus, and Breviba-
cillus [1]. Microbial lipopeptides were first discovered in
the 1950s, and to date, more than 237 lipopeptides from
approximately 57 families have been identified and char-
acterized in terms of their chemical structures and prop-
erties [2]. According to their structural characteristics,
microbial lipopeptides are mainly divided into three rep-
resentative families: surfactin, iturin and fengycin, which
typically consist of a hydrophobic fatty acid chain linked
to a hydrophilic peptide chain by lactone or amide bonds
[3]. This unique amphiphilic structure enables lipopep-
tides to modify the interfacial properties, reducing sur-
face tension, as well as exhibiting remarkable bioactivities
[4, 5]. These lipopeptides are biosynthesized by nonribo-
somal peptide synthetases (NRPS), which facilitate the
fatty acid chain and amino acid residues incorporating
into the backbone [6]. Therefore, the structural com-
plexity and functional diversity of microbial lipopeptides
highlight their potential as bioactive natural products
with ever-expanding applications [7-9].

With advancements in microbial genome sequencing
and bioinformatics technologies, genome mining has
been considered a powerful tool to uncover biosynthetic
gene clusters (BGCs) capable of encoding novel natural
products [10, 11]. In particular, within the genera Bacil-
lus, researchers have successfully identified new lipo-
peptides with previously uncharacterized structures and
enhanced bioactive features by integrating genome min-
ing with mass spectrometry detection [12]. Although
hundreds of Bacillus genomes have been completed
sequenced and uploaded into public databases, the
genome mining studies remain limited in evaluating their
biosynthetic potential and predicting unknown com-
pounds [13]. Consequently, the exploration of unchar-
acterized BGCs and the discovery of novel bioactive
natural products through genome mining in representa-
tive Bacillus strains remain critical research priorities.

Surfactin, primarily produced by Bacillus genus, has
been one of the most well-known cyclic lipopeptides due
to the structural diversity and excellent activities since it
was first discovered in 1968 [14]. Its structure has been
extensively characterized, composing of a typical hepta-
peptide moiety (L-Glu!-L-Leu®-D-Leu3-L-Val*-L-Asp°-
D-Leu®-L-leu’) linked to a -hydroxyl fatty acid chain
of 11-17 carbon atoms to form a lactone ring struc-
ture [15]. The structural diversity of the surfactin family
has been widely documented, and numerous research
groups continue to isolate and characterize novel com-
pounds, further expanding the lipopeptide family [16,
17]. In addition to its excellent surface activity under
extreme environmental conditions, surfactin displays
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high biodegradability, low toxicity, along with reduced
environmental impact [18, 19]. The outstanding physi-
cochemical properties of surfactin also contribute to its
remarkable biological activities, including antibiofilm,
antimicrobial, antiviral and antitumor effects [20, 21].
These advantages have sparked increasing biotechnologi-
cal and pharmaceutical interest, leading to its potential
applications as biosurfactant, food additive, biopesticide
and drug [22]. Therefore, it is essential to discover new
surfactin variants with better performance to further
enhance their applicability.

In this study, we explored the metabolic potential of
a Bacillus subtilis strain TD7 through the genome min-
ing approach. The presence of 14 putative biosynthetic
gene clusters guided the discovery of a new lipopeptide
from the surfactin family, named surfactin-C18. The
compound was isolated and structurally characterized
by a series of analytical techniques, including ESI-MS,
LC-MS, GC-MS and NMR. Meanwhile, the surface-
active property of surfactin-C18 was first preliminarily
evaluated and compared with known surfactin homologs.
Overall, these results laid an experimental foundation for
the genome mining-based discovery of novel microbial
lipopeptides, and may significantly broaden their indus-
trial applications in enhanced oil recovery and cosmetics.

Results and discussion
Genomic features and annotation
We collected environmental samples from the Daq-
ing oilfield, from which the Bacillus subtilis TD7 strain
was isolated. To investigate the genomic and metabolic
features, the complete genome of B. subtilis TD7 strain
was sequenced, yielding a fully assembled circular chro-
mosome (Fig. S1) with a G+ C content of 43.81% (Table
S1). A total of 4236 protein-coding genes (CDS) with
11 sRNAs and 30 rRNA (5-16 S-23 S rRNA) were pre-
dicted with a total length of 3,613,914 bp after genomic
component analysis, which accounts for 88.77% of the
full length of the genome. Comprehensive gene predic-
tion and functional gene annotation were performed
using seven commonly used databases, and a total of
4200, 3849, 3517, 3236, 2125, 4173, and 191 unique genes
were matched to sequences in the NR, Swiss-Prot, Pfam,
COG, GO, KEGG and CAZyme databases, respectively.
Among the 26 functional classifications based on COG
annotation analysis, the top five COG categories of B.
subtilis TD7 were general function prediction only (R,
389 genes, 10.14%), amino acid transport and metabolism
(E, 338 genes, 8.81%), carbohydrate transport and metab-
olism (G, 338 genes, 8.81%), transcription (K, 331 genes,
8.63%) and function unknown (S, 246 genes, 6.41%)
(Fig. 1). In addition, 112 genes were successfully classified
under secondary metabolites biosynthesis, transport and
catabolism (S), indicating the metabolic potential of B.
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Fig. 1 COG functional annotation classification of B. subtilis TD7 genome

subtilis TD7. Moreover, Gene Ontology (GO) classifica-
tion assigned the identified genes into 24 groups across
three major functional categories: molecular function
(ten groups), cellular component (five groups) and bio-
logical processes (nine groups) (Fig. S2). Among these,
the genes related to biological processes were the most
abundance, followed by those associated with molecular
functions, while genes classified under cellular compo-
nent was the least abundant. For molecular functions, the
three functions with the most abundance were catalytic
activity, binding and transporter activity. Among cellu-
lar components, the top classifications were membrane,
membrane part and cell part. In the biological processes
category, the most represented functions were metabolic
process, cellular process and single-organism process.
Overall, the above results indicat that many functions of
B. subtilis TD7 are related to metabolism and membrane
transport, providing robust evidence for its metabolic
capabilities.

The Bacillus genus is well known as a promising source
of secondary metabolites, and numerous bioactive com-
pounds, such as lipopeptides, have been extensively
characterized. To better understand the metabolic char-
acteristics of B. subtilis TD7, we used the antiSMASH
webserver to predict biosynthetic gene clusters (BGCs) in
the genome and identify their corresponding secondary
metabolites. The analysis demonstrated fourteen plausi-
ble BGCs, including four nonribosomal peptide synthe-
tases (NRPSs), one T3PKS, one lanthipeptide-class-I, one
CDPS, one sactipeptide, one RiPP-like, one epipeptide,

0
ABCDEFGHI JKLMNOPQRSTUVWXYZ

I A:RNA processing and modification
B B:Chromatin structure and dynamics
I C: Energy production and conversion
[l D:Cell cycle control,cell division,chromosome partitioning
E:Amino acid transport and metabolism
M F:Nucleotide transport and metabolism
G:Carbohydrate transport and metabolism
I H:Coenzyme transport and metabolism
I I:Lipid transport and metabolism
I J:Translation,ribosomal structure and biogenesis
I K:Transcription
I L:Replication, recombination and repair
I M:Cell wall/membrane/envelope biogenesis
N:Cell motility
O:Posttranslational modification,protein turnover,chaperones
I P:Inorganic ion transport and metabolism
Q:Secondary metabolites biosynthesis, transport and
catabolism
I R:General function prediction only
B S:Function unknown
T:Signal transduction mechanisms
M U:Intracellular trafficking, secretion & vesicular transport
M V:Defense mechanisms
W:Extracellular structures
X:Mobilome
M Y:Nuclear structure
Z:Cytoskeleton

and four unclassified BGCs (Fig. 2 and Table S2). The
NRPS cluster 1, which shares 82% similarity with sur-
factin biosynthesis in the antiSMASH database, contains
all domains required for surfactin production. Thus, it is
believed that the B. subtilis TD7 strain possesses biosyn-
thetic potential for surfactin production.

It is commonly recognized that the rich repertoire of
BGCs from the Bacillus genus, which encodes a diverse
array of bioactive secondary metabolites, including
polyketides, siderophores, terpenes, and nonribosomally
lipopeptides and ribosomally synthesized peptides [23—
25]. Among these, NRPS-dependent lipopeptides, such
as surfactin, iturin, daptomycin, exhibit multifunctional
properties as biosurfactants, antimicrobials, antibiotics
and antitumor agents [26]. Given their structural diver-
sity and functional versatility, the discovery of novel lipo-
peptides remains a key focus in natural product research.
Therefore, using targeted genome mining tools to identify
and predict BGCs responsible for the production of sec-
ondary metabolites has emerged as a powerful approach
[27-29]. Here, we performed antiSMASH analysis of the
B. subtilis TD7 genome and identified 14 putative BGCs,
four of which were associated with lipopeptide biosyn-
thesis: surfactin, fengycin, bacillaene and bacillibactin,
respectively, revealing the high biosynthetic potential of
the B. subtilis strain for producing structurally diverse
lipopeptides with abundant activities.
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Isolation and purification of crude lipopeptide

Based on its unique metabolite profiles, a series of pure
lipopeptide compounds have been purified from the cell-
free broth via acid precipitation, ethyl acetate extraction
and RP-HPLC. Several peaks were observed in the sepa-
ration and preparative chromatograms of the lipopeptide
extract (Fig. S3). According to our previous reports, the
fractions with the elution time ranging from 15 min to
75 min corresponded to the surfactin homologs, specifi-
cally surfactin-C13 to surfactin-C17 [30]. Therefore, we
speculated that the fraction at 95.6 min represented an
unknown surfactin variant, which was confirmed using
the ninhydrin test and TLC analysis. An analytical RP-
HPLC system was subsequently employed to collect and
purify this fraction for downstream analyses. The results
indicated that this fraction was a pure product, desig-
nated as M1. Overall, lipopeptide M1 was collected,

Table 1 Yield and composition of different surfactin homologs
produced by B. subtilis TD7

Surfactin homologs Yield (mg/L) Proportion (%)
Surfactin-C12 23.24+1.09 432+0.29
Surfactin-C13 138.23+£539 26.02+197
Surfactin-C14 13947 +5.40 25.56+0.64
Surfactin-C15 14797 £6.72 27.13+0.88
Surfactin-C16 64.74+4.80 12.01+0.55
Surfactin-C17 19.70+£0.61 3.66+0.16
Surfactin-C18 4004191 0.74+034

concentrated and subjected to a series of structural char-
acterization techniques, with a yield of approximately
4 mg/L of culture (0.74% of total surfactin content). This
yield was significantly lower than that of other surfactin
homologs, as determined by LC-MS analysis as described
previously (Table 1) [31]. Considering the minor
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differences in the molecular configuration and compo-
sition among surfactin homologs, there is no consistent
retention time pattern for surfactins with the same or
different 5-hydroxy fatty acid chain lengths, especially
when analyzing mixtures of homologs with varying fatty
acid chain lengths. To address this challenge, Zhao et al.
developed a new GC-MS method for the accurate quan-
tification of individual surfactin homologs based on their
B-hydroxy fatty acid lengths [32]. After hydrolysis and
methyl esterification, the extracted ion chromatogram
at m/z=103 was used to identify S-hydroxy fatty acids.
Furthermore, differences in molecular configurations and
lengths resulted in variation in retention time, even for
B-OH fatty acid methyl esters of the same chain lengths.
Using this method, Meng et al. successfully compared the
composition and relative abundance of different surfactin
homologs produced by wild-type and mutan B. subtilis
strains [33].
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Structural characterization

Lipopeptide M1 was obtained as a yellowish-brown solid.
The molecular mass of lipopeptide M1 was determined
by high-resolution electrospray ionization mass spec-
trometry (ESI-MS) analysis in the positive ionization
mode (Fig. 3). The most abundant fragment ion was at
m/z 1078.73 [M+H]*, which was preliminarily attrib-
uted to the surfactin family of lipopeptides. According to
previously reported studies, the molecular weight of sur-
factin-C17 (m/z 1063.06) was 14 Da less than that of lipo-
peptide M1, corresponding to an additional methylene
group. These observed main peaks (m1/z values) also cor-
responded to various surfactin homologs containing dif-
ferent types of amino acids or amino acid modifications
at different locations on the peptide ring [34]. Therefore,
further analysis of the chemical structure of the fatty acid
chain and peptide ring is required.

The detailed information on the chemical structure of
lipopeptide M1 was based on ESI-MS (Fig. 3A). A tradi-
tional method used to determine the sequence of amino
acids in lipopeptide is Edman degradation, which relies
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Table 2 Intensive ion peaks observed for surfactin and possible

compositions

Fragment peaks (m/z)

Possible composition

1078.73

Fragments after DHT
1060.62

245.10

130.05

M+H*

M+H* - OH,
Leu+Leu+H"+ OH,
Leu+OH,

Fragments after simple cleavage

965.66

852,57

737.55
568.37
52539
45529
41231
283.20

FA resi-
due+Glu+Leu+Leu+Val+Asp+Leu+H*
FA

residue +Glu+Leu + Leu+Val +Asp+H"
FA residue +Glu+ Leu+ Leu+Val + H*
Glu+Leu+Leu+Val+Asp+H"

FA residue +Glu+Leu+H*
Glu+Leu+Leu+Val+H*

FA residue +Glu+H*

FA residue +H*

on analyzing separated fragments obtained after par-
tial hydrolysis of the cyclic lipopeptide [35]. However,
Yang et al. established a TOF MS/MS method to directly
determine the relationship of amino acid residues with-
out hydrolysis [36]. According to the double hydrogen
transfer (DHT) mechanism, a type of the McLafferty
rearrangements of alkoxy group of aliphatic esters and
amides, this process was considered a diagnostic tool in
mass spectrometry to confirm the presence of carbonyl-
containing functional group [37]. Thus, taking the ion
peak m/z at 1078.73 as a precursor, the observed loss of
18 Da from 1078.73 to 1060.62 was assigned to a ring-
opening reaction of an ester bond in the cyclic lipopep-
tide. Additionally, based on the simple cleavage of the
hydrogen-ionized molecular ions, several fragment ions
corresponded to the loss of amino acid residues (Fig. 3B).
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The fragment ions at m/z 1060.62, 965.57, 737.55, 525.39,
412.31 and 283.20 from lipopeptide M1 suggested the
following amino acid sequence: N-Glu-Leu-Leu-Val-Asp-
Leu-Leu-C (Table 2). The amino acid sequence of lipo-
peptide M1 was further verified after trimethylsilylation
via gas chromatography-mass spectrometer (GC-MS)
analysis. Compared with the standard amino acid sample,
the result indicated the presence of leucine (Leu), aspar-
tic acid (Asp), glutamic acid (Glu) and valine (Val) (Fig.
S4). The peak area of each identified amino acid was nor-
malized to determine the molar ratio of Leu: Asp: Glu:
Val as 4: 1: 1: 1. The proposed amino acid sequence of
the lipopeptide M1, N-Glu-Leu-Leu-Val-Asp-Leu-Leu-
C, was consistent with the structure of a typical surfactin
[38].

After hydrolyzed into free fatty acid and trimeth-
ylsilylation  derivatization, the trimethylsilylation
method was used to evaluate the hydrophobic part of
lipopeptide M1 with GC-MS (Fig. 4). The BSTFA (N,
O-bis(trimethylsilyl)-trifluoroacetamide) reacted with
the fatty acid part of the original surfactin sample, which
consisted of 5-hydroxyl fatty acid replacing active hydro-
gens with -Si(CH,),. The characteristic peak of m/z =233
suggested that there was a structure of -[CHO(Si(CH,),)
CH,COQSi(CH,),]*, replacing one hydrogen and one
methyl on the -[CH(OH)CH,COOCH,]" (m/z=103)
with - Si(CH3); group, which is the characteristic frag-
mentation ion of a S-hydroxy fatty acid. Since the peak
of m/z=429 corresponded to the molecular mass of
the analyzed fatty acid part, the presence of this peak
confirmed the structure of the fatty acid chain with 18
carbon atoms. >*C NMR spectroscopy is a direct way
applied to determine the structures of fatty acid varia-
tions in lipopeptide (iso, anteiso and normal). In addition
to NMR, the structure of the fatty acid chains in cyclic
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Fig. 4 GC-MS spectrum of fatty acid residue by trimethylsilylation from lipopeptide M1
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lipopeptide can be easily determined via MS spectrogram
according to the ratio of the relative intensity of I,5/I-,
[39]. The relatively larger, smaller and middle values cor-
respond to iso-, anteiso- and n-, respectively. Therefore,
the structure of the fatty acid chain in lipopeptide M1
was considered a linear structure.

With the above data, we performed a detailed NMR
analysis to further confirm the lipopeptide structure of
the molecule. Inspection of the 'H NMR spectra revealed
signals corresponding to seven amide groups (-NH-) pro-
tons at 8H 7.35-8.08 ppm, while the a-amino acid pro-
tons of the amino acids at H 4.47-5.10 ppm (Fig. S5).
A doublet at SH 0.83-0.97 ppm indicated a long alkyl
chain of the lipopeptide M1 [-(CH;),-CH-]. Additional
multiples in the up-field region arose from the side-chain
protons of the amino acids, and the remaining spectra
supported the presence of 3-hydroxy fatty acid. The 3C-
NMR spectrum showed strong signals 6C at 11.42-17.82,
18.41-58.45, and 170.82-173.89 ppm from methyl, meth-
ylene, and carboxyl groups, respectively (Fig. S6), which
was consistent with the mass spectrometry results.

To sum up, the lipopeptide produced by B. subtilis
TD7 could be preliminarily concluded as a new surfac-
tin member, the surfactin-C18, which was confirmed by
a combination of ESI-MS, LC-MS, GC-MS, '"H NMR and
3C NMR analyses. The primary structure of the surfac-
tin-C18 incorporates a common peptide loop of seven
amino acids (N-Glu-Leu-Leu-Val-Asp-Leu-Leu-C) con-
taining 18 carbons in the linear fatty acid chain (Fig. 5).

Surfactin-C18

Fig. 5 Chemical structure of surfactin-C18 from B. subtilis TD7
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Surface activity of the surfactin-C18

A critical property of biosurfactants is their ability to
form micelles and reduce the surface tension or inter-
facial tension at air/aqueous and oil/aqueous interfaces
[40]. As shown in Fig. 6A, with the increasing concen-
tration of surfactin-C18 solution, surface tension at vari-
ous concentrations can be readily decreased to below 28
mN/m, with the highest tested concentration being 1
mmol/L. According to the breakpoint of the plot of sur-
face tension (y) versus logic, the critical micelle concen-
tration (CMC) value of surfactin-C18 was 1.99 umol/L
at 25 °C, with a corresponding surface tension at CMC
(Yeme) of 28.63 mN/m. The adsorption isotherm proper-
ties of surfactin-C18 solution were determined using the
y-lgc fitting curve, including the surface excess concen-
tration (I), the area occupied by the molecule (A), and
the free energy of micellization (AG) (Table S3). The cal-
culation showed that the maximum surface excess con-
centration ([,,) and the corresponding minimum area
occupied by one surfactin-C18 molecule (4,;,) at the air/
liquid interface were estimated to be 1.17 pmol/m? and
141.93 A2 respectively, indicating a compact molecu-
lar arrangement of surfactin-C18 at the air/aqueous
interface.

Biosurfactants are distinguished by their amphiphilic
structure with a tendency to adsorption at various inter-
faces, such as air/water and oil/water interfaces[41]. A
fundamental parameter for evaluating the performance
of biosurfactants is the CMC value, showing the ability
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OH

NH HN" g O Asp
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to reduce the surface tension at the air/water interface
[42]. As biosurfactant concentration increases, surface
tension continues to decrease until reaching a concen-
tration termed the CMC value, beyond which the first
micelle forms, leading to significant variation in the phys-
icochemical properties of the solution, while above the
CMC, the surface tension is extensively independent of
concentration [43, 44]. Generally, the biosurfactants with
lower CMC values tend to reduce surface tension more
effectively at lower concentrations, exhibiting better sur-
face/interface properties in wetting, dispersing, foam-
forming, and emulsification [45]. Several methods can
be used to determine the CMC value such as surface ten-
sion, electrical conductivity and UV-absorption spectros-
copy measurements, and in this study, we employed the
widely used approach based on the y-lgc isotherm [46].
Notably, surfactin-C18 exhibited superior surface activity
compared to other surfactin homologs that were previ-
ously reported [30]. For comparison, the CMC values of
surfactin-C11, C12, C13, C14, C15, C16 and surfactin-
C17 are 55.9, 55.6, 26.0, 7.53, 5.04, 4.04 and 4.02 pmol/L,
respectively, with corresponding minimum surface ten-
sions of 34.42, 32.70, 27.09, 27.35, 28.52, 28.82 and 28.98
mN/m, respectively (Fig. 7). These values highlight that
surfactin-C18 ranks among the most effective surfactins
in reducing surface tension. Importantly, when compared
to some commercial synthetic surfactants, such as non-
ionic surfactant Triton-X 165 (Table S3), surfactin-C18
also exhibited higher efficiency in lowering the surface
tension, reinforcing its potential as a high-performance
biosurfactant. Additionally, surfactin exhibits the nota-
ble ability to maintain low surface tension under various
environmental conditions in the pH range from 5 to 13,
temperature range from 4 C to 121 C and salinities up
to 9%, along with a wide range of bioactive properties,

including antimicrobial, antiviral, antibiofilm and hemo-
lysis [47—49]. Consequently, surfactin holds promise as a
therapeutic agent, a biosurfactant and a bioremediation
agent in potential industrial and therapeutic applications.

The adsorption properties of biosurfactants are mainly
related to the chemical structure of the hydrophobic and
hydrophilic moiety, including the length of the hydro-
phobic tail, the type of the peptide moiety, and the overall
molecular size [41]. In the case of the structural charac-
teristics, all the above surfactins have the same hydro-
philic heads but differ in the length of their hydrophobic
tails. Consequently, variations in CMC values can be
possibly explained by the difference in the structure and
length of the fatty acid chains: the longer hydrophobic
chain results in improved surface-active performance.
From an isothermal perspective, the biosurfactant con-
centration in the monolayer at the air/water interface
was determined according to the y-lgc isotherm and
Gibbs adsorption isotherm. As illustrated in Table S3, the
adsorption amount of surfactin on the air/aqueous inter-
face increased with the increase in the hydrophobic chain
length. The surface area of the monolayer expanded from
0.43 pumol/m? to 1.17 pmol/m? while the free energy
decreased from -24.27 kJ/mol to -32.52 kJ/mol. A pos-
sible explanation for this trend is that a longer hydro-
phobic chain length facilitates interaction at the air/
aqueous interface and alters the relative position of the
peptide ring, resulting in a reduction of the area occu-
pied by a single molecule. These results clearly indicate
that the surface activity of the surfactins enhanced with
increasing fatty chain length, which is more conducive
to micelle formation. Additionally, the micelle shape was
evaluated based on the critical packing parameter (CPP)
values, and as expected, the longer hydrophobic chain
had an insignificant influence on the micelle structure,
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which remained spherical micelles (CPP<1/3). More-
over, previous studies have demonstrated that as the
length of the hydrophobic chain in surfactin increased,
the diameter of aggregates significantly increased with
the formation of larger aggregates [50]. Specifically, as
the fatty acid chains of surfactins extend from 12 carbon
atoms to 16 carbon atoms, S-sheet interaction between
the micelles is reinforced, making surfactin more likely
to form large aggregates. Despite the promising surface/
interface-active properties of surfactin, the scalability of
surfactin production remains the major limitation of the
industrial application. We previously increased the sur-
factin yield produced by B. subtilis TD7 from 0.62 g/L to
2.14 g/L by promoter substitution [51]. In the future, our
group will conduct in-depth research on the issue of yield
improvement through optimizing the fermentation pro-
cess, genomic engineering and synthetic biology strate-
gies. Separately, using a microfluidic diffusion platform
and molecular dynamics simulation to further clarify the
molecular mechanisms at various interfaces. Addressing
these challenges would expand the applications of surfac-
tin in bioremediation, microbial enhanced oil recovery,
food and pharmaceutical fields.

Conclusions

In summary, this work highlighted the significant bio-
synthetic potential of the Bacillus subtilis TD7 strain for
lipopeptide production through genome analysis and

mining. AntiSMASH has been utilized to discover that
four of fourteen BGCs are related to lipopeptide biosyn-
thesis, including those for surfactin, fengycin, bacillaene
and bacillibactin. In addition, we reported the isolation
and structural characterization of a new member of the
surfactin family, surfactin-C18, produced by B. subtilis
TD7. Surfactin-C18 compound was successfully purified
using organic extraction followed by preparative HPLC.
Its structural features were elucidated using a combina-
tion of analytical methods, including ESI-MS, LC-MS,
GC-MS and NMR, confirming a heptapeptide ring linked
to the longest fatty acid moiety reported to date. More-
over, the surface activity test demonstrated surfactin-C18
exhibited a CMC value of 1.99 umol/L and a correspond-
ing ycpme of 28.63 mN/m, Compared with other surfac-
tin homologs and commercial surfactants, surfactin-C18
exhibits superior surface-active property. This study
reinforces the excellent potential of microorganisms as
a valuable resource for novel natural product discovery
and emphasizes the importance of continued explora-
tion of Bacillus species with a biosynthetic potential.
Furthermore, surfactin-C18 presents a promising alter-
native to traditional synthetic surfactants and other sur-
factin homologs, with potential applications in microbial
enhanced oil recovery, food and cosmetics industry.
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Methods

Strain and culture conditions

The Bacillus subtilis TD7 strain, used in the current
study, was obtained from the Dagqing oilfield, China [52].
The strain was stored in a 50% (v/v) LB-glycerol solution
at -80 C in our laboratory. Initially, a frozen glycerol cul-
ture stock was streaked onto a LB agar plate (10 g/L NaCl,
10 g/L peptone, 5 g/L yeast and 2.5 g/L agar powder) for
24 h, and the colony was obtained. Then a single colony
was transferred to 100 mL LB liquid medium, and incu-
bated at 37°C and 180 rpm for 20 h, as the seed culture.

Fermentation conditions

The 2% (v/v) seed culture was inoculated in 250 mL
Erlenmeyer flasks containing 100 mL optimized culti-
vation medium on rotary shakers at 37 C, 200 rpm for
72 h, including 20.000 g/L sucrose, 2.450 g/L KH,PO,,
3.970 g/L Na,HPO,, 1.340 g/L NH,CI, 2.125 g/L NaNO,,
1.000 g/L yeast, 0.100 g/L. MgSO,, 0.070 mmol/L CaCl,
and 0.100 mmol/L MnCl,. For the above medium, pH
was adjusted to 7.0-7.5 using 1 mol/L NaOH before auto-
claved sterilization. After 72 h cultivation, bacteria were
pelleted by centrifugation (Sigma Centrifuge 3K15, Rotor
No. 12150) at 8000 rpm for 20 min and the cell-free
supernatant was obtained.

Extraction and purification

Briefly, the lipopeptide extract was obtained by a combi-
nation of acid precipitation and ethyl acetate extraction
methods. 6 mol/L HCl was titrated to adjust the pH value
of the supernatant to pH<2.0, and the suspension was
left at 4 ‘C overnight. The suspension was centrifuged
at 8000 rpm for 10 min to get the acid precipitation,
by washing three times with deionized water. Subse-
quently, the precipitation was lyophilized until dry and
then extracted with ethyl acetate three times to obtain
lipopeptide extracts. The crude extracts were suspended
in 100% methanol and injected into a reverse-phase
high-performance liquid chromatography (RP-HPLC)
(JASCO, Japan) after filtering through a 0.22 pm filter
membrane. Mobile phase A was 100% methanol and
mobile phase B was ultra-pure water with 0.05% (v/v)
TFA. The proportion of the mobile phases was controlled
via the following gradient program: 0—90 min, 90% A and
90-100 min, 100% A. The elution fraction of peaks was
collected manually and freeze-dried to perform struc-
tural analysis.

Genome sequencing and assembly

Genomic DNA of Bacillus subtilis TD7 from a pure cul-
ture using the PowerSoil DNA Isolation Kit (MO BIO,
USA) and the genome sequencing was performed using
Ilumina Hiseq 2000 sequencer according to the stan-
dard protocol, including DNA extraction, DNA sample
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quality testing, library construction, library purification,
library detection, library quantification, generation of
sequencing clusters, and up-sequencing. After obtain-
ing the whole genome sequence, the bioinformatic work
was mainly performed based on three databases: COG
(Clusters of Orthologous Groups, http://www.ncbi.nlm.n
ih.gov/COG/), GO (Gene Ontology, http://www.geneont
ology.org) and KEGG (Kyoto Encyclopedia of Genes and
Genomes, http://www.genome.jp/kegg/). BGCs respon
sible for the biosynthesis of secondary metabolites were
identified using the antiSMASH webserver [53].

Structural elucidation

Generally, the eluted fraction was obtained by RP-HPLC,
and a detailed structural characterization was performed
by a diverse range of analytical methods as previously
described [17]. The molecular mass of the lipopeptide
extract was determined by high-resolution electrospray
ionization mass spectrometry (ESI-MS) (Water, Amer-
ica) at the Analysis and Test Centre, East China Uni-
versity of Science and Technology. The m/z values were
measured from 100 to 2000. Additionally, the lipopeptide
extract was hydrolyzed with 1 mL 6 mol/L HCl at 90 C
for 20 h in a stoppered test tube, followed by the removal
of excess solvent with air blow at 60 ‘C. The fatty acid
residue was labeled with 0.5 mL of acetonitrile-BSTFA
(N, O-bis (trimethylsilyl)-trifluoroacetamide, 3:2, v/v),
and heated at 60 ‘C for 20 min. The labeled sample was
injected into GC-MS prior to adding 1 mL acetonitrile to
dissolve. Moreover, the analysis of the amino acids was
also carried out by GC-MS after acid hydrolysis and tri-
methylsilylation. The GC-MS analysis was performed on
a 6890 GC system (Agilent, USA) coupled with a 5975
MSD (Agilent, USA) and equipped with an HP-5MS cap-
illary column (30 m x 0.25 mm x 0.25 pm). The sample
after silylation was injected and analyzed with EI operat-
ing at 70 eV and used a source temperature of 230 °C. The
column oven temperature was held initially at 60 °C for
3 min, then increased to 250 °C at a rate of 10 °C/min,
and held at 250 °C for 5 min. Other operating conditions
were as follows: helium carrier gas, 99.999%; flow rate,
1.0 mL/min; injector temperature, 250 °C; injector vol-
ume, 2.0 pL; and split ratio, 20:1. All NMR spectra were
recorded at 298 K on a Bruker Avance 600 MHz with 1.0
mL CDClI,; as a solvent.

Surface property assay

Different amounts of lipopeptide were completely dis-
solved in water to form a series of solutions with con-
centrations ranging from 0.01 to 1% (w/v). The surface
tension of these solutions was measured at 25 °C using a
DCAT 21 tensiometer (Dataphysics, Germany). The criti-
cal micelle concentration (CMC) value and the surface
tension at CMC (yc) were calculated according to the
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plot of surface tension versus lipopeptide concentration
[54]. The derivative of the equilibrium surface tension
curve (dy/dlgc) at the CMC can be used to estimate sur-
face properties, including the maximum surface excess
concentration (I,,,,) and the minimum area occupied by
a surfactin molecule (4,,,,) at the air/liquid interface [55].
The calculation of the above parameters was carried out
using the following equations:

oo 1 dy
mAXT T 92.303RT \ dlge
1
Amin: -
NFmax
AG = RTInc

Where y is the surface tension, R is the universal gas con-
stant (8.314 ] mol~! K1), T is the absolute temperature,
and c is the surfactant concentration, and N is the Avoga-
dro number (6.022 x 10%).

Statistical analysis

All experiments were conducted in at least three inde-
pendent biological replicates, with each sample mea-
sured in triplicate for each assay. Data are presented as
mean + standard deviation (SD) using OriginPro 2023.
The presented images are representative of multiple inde-
pendent experiments that yielded consistent results.
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