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Lipopeptides (LPs) are secondary metabolites produced by a diversity of bacteria and fungi. Their unique
chemical structure comprises both a peptide and a lipid moiety. LPs are of major biotechnological interest
owing to their emulsification, antitumor, immunomodulatory, and antimicrobial activities. To date, these
versatile compounds have been applied across multiple industries, from pharmaceuticals through to food
processing, cosmetics, agriculture, heavy metal, and hydrocarbon bioremediation. The variety of LP struc-

tures and the diversity of the environments from which LP-producing microorganisms have been isolated

Il\%{ ?;Ot:ii:l ecology suggest important functions in their natural environment. However, our understanding of the ecological
Lipopeptides role of LPs is limited. In this review, the mode of action and the role of LPs in motility, antimicrobial activ-
Bioactivity ity, heavy metals removal and biofilm formation are addressed. We include discussion on the need to
Biosurfactant characterise LPs from a diversity of microorganisms, with a focus on taxa inhabiting ‘extreme’ environ-

Molecular dynamics simulation

ments. We introduce the use of computational target fishing and molecular dynamics simulations as
powerful tools to investigate the process of interaction between LPs and cell membranes. Together, these
advances will provide new understanding of the mechanism of action of novel LPs, providing greater

insights into the roles of LPs in the natural environment.
Crown Copyright © 2021 Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

* Corresponding author at: Rm 4102, L4 West, E26 Bioscience South, Australia.
E-mail address: b.ferrari@unsw.edu.au (B.C. Ferrari).

Microbial lipopeptides (LPs) are amphiphilic molecules contain-
ing both a polar and an apolar moiety in their structure. The polar

moiety is a cyclic peptide, while the apolar moiety is a linear or
branched fatty acid with different lengths and degrees of oxidation
[1]. LPs have been isolated from a number of Gram-positive (i.e.,
Bacillus or Streptomyces), Gram-negative (i.e., Pseudomonas) and
Gram-variable (i.e., Paenibacillus) genera of bacteria, as well as a
diversity of fungal genera (i.e., Phoma and Emericella) [2-5]. The
amphiphilic structure of LPs imparts emulsifying properties that
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Fig. 1. Structures of the LPs surfactin, fengycin and iturin. These LPs are organized into cyclopeptides linked to a B-fatty acid chain. They are produced by bacteria of the genus

Bacillus through the NRPS pathway.

are of widespread use to the biotechnological industry [G]. The
most extensively studied LPs are from the surfactin, fengycin and
iturin families, all of which have been primarily isolated from Bacil-
lus subtilis, a Gram-positive soil bacterium that belongs to the Fir-
micutes phylum (Fig. 1). Surfactins (~1.36 kDa) are composed of
seven amino acids including Glu-Leu-Leu-Val-Asp-Leu-Leu and 3-
hydroxy fatty acids such as tridecanoate, tetradecanoate, pentade-
canoate and hexadecanoate [7,8]. Fengycins (~1.5 kDa) contain a
peptide chain of ten amino acids including Ile-Tyr-GIn-Pro-Ala or
Val-Glu-Thr-Tyr-Glu-Orn linked to a B-fatty acid chain whose
length can vary from C-14 to C-17 carbon atoms [9], while iturins
(~1.1 kDa) are comprised of a peptide of seven amino acids includ-
ing Asn-Tyr-Asn-GIn-Pro-Asn-Ser linked to a C-11 or C-12 p-fatty
acid chain [10].

LPs can be found in linear or cyclic form. To date, cyclic LPs rep-
resent the most biologically active group, while research on linear
LPs has been limited [11,12]. Macrocyclization is a common char-
acteristic of diverse natural products [13]; in LPs, this process
occurs during the last stage of synthesis and it is catalysed by a
C-terminal thioesterase (Te) domain [14,15]. The macrocyclization
of LPs is a strategy that ensures their structural stability and bioac-
tivity [16]. Compared to the linear counterpart, cyclic LPs have
greater physicochemical stability [13], and the number of potential
structural conformations that a molecule can adopt are reduced
[17]. Macrocyclization confers protection against degradation by
exo and endoproteases [18], and allows the LPs to have a proper
orientation for its interaction with its target [13].
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LPs are biosynthesized through secondary metabolite path-
ways. Enzymes responsible for their synthesis are encoded by
biosynthetic gene clusters (BGCs); organized arrangements of
two or more genes, including regulatory elements [11,19,20]. For
LPs, synthesis is primarily performed by non-ribosomal peptide
synthetases (NRPS), and hybrid NRPS-polyketide synthases (PKS),
both large multi-modular, multi-domain proteins [11,12]. Each
NRPS module has a minimum of three catalytic domains: an
adenylation (A) domain, a peptidyl carrier protein (PCP) domain
and a condensation (C) domain [21]. A diverse range of NRPSs have
been discovered, predominantly in the bacterial phyla Proteobacte-
ria, Actinobacteria, Firmicutes, and Cyanobacteria [22]. However,
many lineages have been found to harbour the genetic machinery
to synthesise NRPs, including Deinococcus-Thermus, Chlorobi, Verru-
comicrobia and Gemmatimonadetes [23].

LPs have important applications across multiple industries,
including pharmaceuticals [24,25], food processing [10], cosmetics
[26], agriculture [27], heavy metal and hydrocarbon bioremediation
[28]. Bioactivities reported for characterised LPs are diverse, and
include antimicrobial [29,30], immunomodulator [31,32], antitu-
mor [33] and surfactant properties [34]. Microbially synthesised
LP biosurfactants have several advantages over chemically synthe-
sised surfactants: they are biodegradable, exhibit effective bioactiv-
ities at low concentrations, have minimal toxicity, and when used in
cosmetic products show a reduced risk of allergies and irritation
[24,35-37]. Additionally, LP biosurfactants maintain their bioactiv-
ity across a wide range of temperatures, pH and salinity [38].



C. Gutiérrez-Chdvez, N. Benaud and B.C. Ferrari

It is proposed that the ecological roles of LP biosurfactants is to
enhance interactions between the LP-producing microorganism
and its environment, primarily providing strategies to survive
under unfavourable conditions; yet studies on their ecological role
remain scarce [6]. In this context, we review current knowledge on
the ecological functions of lipopeptides in their natural environ-
ments, based on their structural properties and known modes of
action.

2. Lipopeptides and their roles in bacterial motility

Bacteria utilise motility in growth and reproduction, as a sur-
vival strategy for protection against desiccation and antibiotics,
to defend against competitors, and to colonize new environments
[39-42]. In many natural habitats, the availability of nutrients is
limited, and nutrient concentrations are not homogeneous
[43,44]. Therefore, motility is a mechanism used by bacteria to
not only search for more favourable, nutrient-rich environments
but also to facilitate the colonisation of new habitats [44]. LPs play
an essential role in active and passive bacterial motility across bio-
tic and abiotic surfaces [6,45]. In ground-breaking studies involv-
ing the genera Bacillus and Pseudomonas, NRPS genes encoding
the enzymes responsible for the synthesis of LPs were silenced,
leading to an observed reduction or total loss of motility in the bac-
teria. Motility was consequently restored after the addition of puri-
fied LPs or structurally similar compounds [6,21,45-47]. For
example, Bruijn et al. (2007) used site-directed mutagenesis of
the viscosin-related NRPS in Pseudomonas fluorescens SBW25 to
silence the expression of viscosin, with the resulting visc mutant
no longer able to swarm [48]. While Kinsinger et al. (2003),
silenced the sfp gene involved in the synthesis of surfactin in the
strain JH642 to produce a non-motile mutant derived from Bacillus
subtilis 168. In this experiment, motility was again restored after
the addition of surfactin to B. subtilis in situ [49].

In active motility, also known as flagellum-dependent motility,
LPs have a wetting agent role, reducing surface tension and allow-
ing for bacterial colony expansion [50,51]. Flagellated bacteria use
this intrinsic form of motor-driven movement to swim and swarm
in both liquid and semi-liquid media [21,47]. This phenomenon
has been observed in Serratia marcescens, Pseudomonas putida,
and Bacillus subtilis species, which employ the LPs serrawetting,
putisolvin, and surfactin, respectively [49,52,53]. In passive motil-
ity, extracellular or cell-attached LPs decrease hydrophilic interac-
tions between biotic or abiotic surfaces and bacteria [6,21]. Passive
motility is a form of bacterial surface translocation powered by
external forces to reduce adherence to surfaces and promote dis-
placement [54,55]. Sliding is a form of passive motility promoted
by cell division that allows the bacterial colony to spread out of
the point of origin and expand over surfaces [21,45]. In sliding, bac-
terial secreted biosurfactants, mainly LPs, are produced to reduce
the friction of hydrophilic forces between cells and the substrate
[1,56]. This enables nutrient-deprived bacteria to colonize surfaces
[46].

Two modes of action have been observed to explain the role of
LPs in bacterial sliding on nutrient rich agar. The first mechanism,
exemplified by serrawetting, which is produced by Serratia marces-
cens (Fig. 2A), involves secretion of LPs into the extracellular med-
ium. The peptide (hydrophilic) moiety is adsorbed to the surface of
the agar, and the aliphatic chains (hydrophobic moiety) are
exposed to the medium forming a hydrophobic layer that can
interact with hydrophilic cells. Interactions at the interface are
thus reduced, and bacterial expansion is promoted [57]. In a sec-
ond mechanism, described in Mycobacterium smegmatis and
Mycobacterium avium, glycosylated LPs remain attached to the bac-
terial cell surface. The peptide moiety interacts with the cell by
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adhesion and the aliphatic tails are exposed to the medium,
increasing the hydrophobicity of the cell so that it interacts with
the hydrophilic surface of the cell agar promoting colony spreading
(Fig. 2B) [56].

Certain LPs that are known to have a role in motility also display
antimicrobial activity. For instance, surfactin, a LP produced by
Bacillus subtilis strains, also exhibits antimicrobial [29], antiviral
[58], and antifungal activity [59]. Surfactin has also been shown
to be required for swarming [60] and sliding [61]. Therefore, it
has been proposed that LPs have a dual role in both promoting
motility and preventing the growth and colonization of competing
microorganisms [21].

3. Antimicrobial role of lipopeptides

Clinically, the application of antibiotics is to inhibit microbial
growth. Yet it is unknown whether this bioactivity is the same in
the ecological niche from which the microorganism producing
the LP inhabits [62,63]. In a natural environment, antibiotic con-
centrations are usually lower than the minimum inhibitory con-
centrations (MIC) employed in a therapeutic setting [64].
Additionally, antibiotics are produced in the stationary growth
phase, not during the exponential phase where they could play a
role in competition [65]. Therefore, the ecological role of antimi-
crobials has been proposed to include a dose-dependent effect, also
known as hormesis [65,66]. This principle suggests that the natural
function of antibiotics at high concentrations in an ecosystem is to
inhibit microbial growth by competitors, and at low concentra-
tions, they can produce a beneficial effect on the microbial popula-
tion [67].

Alternative roles of antimicrobials at subinhibitory concentra-
tions include effects on bacteria at the cellular and microbial com-
munity level [68,69]. At the cellular level, antibiotic molecules
interact with the transcriptome modifying the phenotype [65,70].
They also have effects on evolution, since they increase the rate
of mutagenesis through the mechanism of reactive oxygen species
[71,72].

Antibiotic compounds have also been shown to promote the
expression of silent biosynthetic gene clusters, with established
antibiotics stimulating the synthesis of new antibiotics in an envi-
ronment [73]. At the microbial community level, antibiotics inhibit
or promote biofilm formation [65,74], serve as signalling molecules
[68,74,75], and stimulate horizontal gene transfer through conju-
gation within and between species [67,76]. Thus, antibiotics can
control the diversity of microbial communities in a given ecological
niche, under conditions of stress cells enter dormancy, while they
proliferate when conditions are more favourable [66,77]. It is likely
this situation co-occurs for different species, and it may culminate
in major microbial community shifts in both the diversity of spe-
cies and how they are structured [66].

The chemical structure of antibiotic LPs determines their
unique mode of action. While the mechanism of action of LPs is
not fully understood, there is evidence that they destabilize the
bacterial membrane through their action as a detergent or in pore
formation [78,79]. All LPs studied so far interact with membranes
via their lipid tails [80]. This mode of action allows LPs to act as
broad-spectrum antibiotics, with a reduced potential to develop
resistance. For example, mutations that lead to a change in the
composition and organization of membrane lipids would require
a high energetic cost for the defending microorganism, with the
variety in peptide sequences reducing cleavage by proteases [80].
Characterised LPs with antimicrobial activity include crystal-
lomycin [81], aspartocin [82], laspartomycin [83], friulimicin
[84], daptomycin [30] and surfactin [29]. However, the specific
mechanisms behind these antimicrobial bioactivities remain lar-
gely unknown.
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Fig. 2. Mode of action of LPs in sliding motility. A) Serratia marcescens produces the LP serrawetting that forms a hydrophobic layer on the agar surface decreasing the
hydrophilic interactions between the cell and the agar. B) Mycobacterium smegmatis and Mycobacterium avium produce glycosylated lipopeptides forming a hydrophobic layer

around the cell to facilitate sliding on the hydrophilic agar surface.

Despite extensive studies on daptomycin, several models that
suggest its mode of action can be found in the literature
[30,85,86]. According to experimental evidence, the most viable
mechanism occurs when daptomycin oligomerizes and forms
micelles in the presence of calcium (Fig. 3) [87]. When the micelle
approaches the cell membrane, it dissociates and daptomycin
molecules are assisted by calcium (Ca?*) to insert into the mem-
brane. Daptomycin undergoes a conformational change that allows
it to oligomerize and form pores in the bacterial cell membrane.
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Finally, the pores produce a depolarization effect that results in
bacterial cell death. Furthermore, it has been proposed that dapto-
mycin interferes with processes associated with the synthesis of
cell wall components, energy and | or cell division [80].

It has been reported that the amino acid composition in LPs
affects antimicrobial activity [88]. Changes in the peptide moiety,
such as substitution of amino acids or chemical modifications have
produced alterations in their bioactivity [88,89]. Residues involved
in hydrophobicity have been widely studied [88,90-92], due to
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Fig. 3. Schematic of the mode of action of the lipopeptide antibiotic daptomycin. 1) Oligomerization of 14-16 units of daptomycin in the presence of calcium (Ca®*). 2)
Interaction of daptomycin micelle with the cell membrane. 3) Dissociation of the daptomycin. 4) Insertion of daptomycin in the membrane via lipid tail. 5) Oligomerization of
the daptomycin in the membrane and 6) Pore formation, depolarization, and cell death.

their role in membrane binding, insertion and destabilization pro-
cesses [93,94]. For example, iturin A is a LP with antifungal activity
[89], with a methylation at the D-Tyr residue of iturin A resulting
in increased bioactivity. Methylation is a chemical alteration that
increases local hydrophobicity; this affects the process that LPs
use to modify the permeability of the membrane and its interac-
tion with lipids [88]. In some cases, an increase in the LP hydropho-
bicity decreases its bioactivity. For example, methylation in the
amino acid Asp of bacillomycin L reduced the antifungal activity;
this effect was more significant when the Tyr residue was methy-
lated [91]. It is thought that hydrophobicity affects the interaction
of the LP with membrane sterols [89,91]. Hydrophobicity is neces-
sary for antimicrobial activity of some LPs. However, an excessive
degree of this property could damage the host cell and affect the
specificity on its target [95].

4. Lipopeptide relationships with heavy metals

In soil, heavy metals are defined as metals of a natural or
anthropogenic origin with a density greater than 5.0 g/cm? [96].
The most hazardous heavy metals released into the environment
are arsenic (As), cadmium (Cd), chromium (Cr), mercury (Hg), zinc
(Zn), nickel (Ni), lead (Pb) and copper (Cu) [97]. These are classified
into two groups: those that are hazardous for humans, plants or
animals, and those that a low concentrations have beneficial
effects [97,98]. In bacterial cells, high concentrations of heavy met-
als disrupt the function of nucleic acids and proteins. They also
deactivate enzymes and electron donors, and form precipitates
with essential metabolites [99]. In soil, heavy metals disturb ende-
mic microbial communities, leading to major decreases in soil

1404

microbial community diversity and population structures [100-
102].

The ecological role of LPs in heavy metal chelation is not clear
[103]. It remains unknown whether microorganisms produce LPs
to interact with heavy metals for their benefit or as part of an
alternate process for soil detoxification [104]. Bacteria do use
LPs for the chelation of heavy metals, in a similar way to sidero-
phores, and incorporate them into their metabolism as micronu-
trients [6]. In the soil, some bacteria, mainly anaerobic taxa, use
heavy metals as electron donors or acceptors during redox and
osmoregulation reactions [105,106]. Additionally, heavy metals
participate as enzymatic cofactors [107]. During this process,
heavy metals are incorporated into microbial metabolism and
their solubility is modified, therefore, when they are returned to
the environment, heavy metals, are bioavailable to other organ-
isms [108].

The role of LPs in the removal of heavy metals from the environ-
ment has been widely reported [109-112]. Surfactin, synthesized
by bacteria of the Bacillus genus, is capable of removing zinc and
copper [103,113]; Colistin, produced by Paenibacillus polymyxa,
binds efficiently to copper [114]; pseudofactin II, produced by
Pseudomonas fluorescens BD5, also interacts with zinc and copper
[109]; while the MSI54 LP, produced by a Bacillus bacterium iso-
lated from a marine sponge has an affinity for lead, mercury, man-
ganese, and cadmium [115]. The ionic charge of LPs is known to
play an important role in their interaction with heavy metals.
While both anionic and nonionic LPs are able to adhere to soil, only
those with anionic charge form complexes with metals [103]. To
explain the interaction of surfactin with heavy metals, Mulligan
et al. (1999) suggested a mechanism whereby surfactin micelles
are adsorbed to the soil and dissociate into monomers; the nega-
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metal is transported away from the surface and 5) The metal is incorporated into the micelles, and the complex is stabilized with the interaction of the aliphatic chains of
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tive charge of the glutamic acid and aspartate in the surfactin
monomers interact with metal cations; the surfactin-metal com-
plex is desorbed from the soil; the metal is transported and then
incorporated into reformed surfactin micelles; finally the complex
is stabilized with the interaction of the aliphatic chains of surfactin
(Fig. 4) [103].

5. Lipopeptides and their role in biofilm formation

Biofilms are complex communities of microorganisms with one
or more species attached to biotic or abiotic surfaces [116,117].
The ecological functions of biofilm formation include the promo-
tion of cell division, proliferation and resistance to environmental
and chemical stressors [6,118]. Within the biofilm, active processes
of organic matter decomposition occur that increase the availabil-
ity of nutrients and metabolic cooperation [118]. Another benefit
for biofilm-forming bacteria is the acquisition of new genetic traits
through horizontal gene transfer [6,116].

LPs can promote or inhibit biofilm formation, depending upon
the structure of the LP and the polarity of the cells and substrate
[6]. The role of LPs to promote biofilm formation has been observed
in Mycobacterium avium [119], a pathogenic bacterium that has a
lipopeptide anchored to the cell wall. Additionally, cyclic LPs have
been reported to promote biofilm formation in Pseudomonas fluo-
rescens SBW25 [48]. Gaps exists in our knowledge of the mode of
action of LPs in promoting biofilm formation. While it has been
proposed that LPs have a role in adhesion through orientation of
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the molecule to facilitate the hydrophobic-hydrophobic or
hydrophilic-hydrophilic interactions between the cell and surface,
this requires validation [6].

The inhibition of biofilms by LPs isolated from bacteria of the
Bacillus genus has been more widely studied. For example, bacil-
lomycin D, a LP produced by Bacillus amyloliquefciens inhibits bio-
film formation of Candida albicans [120]. While, a LP isolated from
Bacillus cereus NK1 inhibited biofilm formation of the pathogenic
strains P. aeruginosa and S. epidermidis [121], and putisolvin I and
II LPs, isolated from P. putida, were capable of both inhibition of
biofilm formation and disruption of established biofilms [53]. Fur-
thermore, paenibacterin, a LP isolated from Paenibacillus thi-
aminolyticus, displays antimicrobial activity in addition to its
ability to inhibit the biofilm formation by Bacillus subtilis, Micrococ-
cus luteus, Pseudomonas aeruginosa, Staphylococcus aureus and
Streptococcus bovis [122,123].

LPs inhibit biofilm formation through changes in the hydropho-
bic interactions between the microorganism and a surface [124].
LPs act as pre-conditioning agents, they bind to the surface by
adsorption, modifying their physicochemical properties [125]. This
change prevents the adhesion of the microorganism to the surface
[126]. For example, Vieira de Araujo et al. 2011 observed that addi-
tion of a 0.1% solution of surfactin to a polystyrene surface
decreased the adhesion rate of 80% and 84% of Listeria monocytoge-
nes ATCC 7644 and ATCC 19112, respectively. The authors evalu-
ated the hydrophobicity of the polystyrene, they observed that
the untreated polystyrene had a contact angle of 84.4° and it
decreased to 70.3° when the 0.1% surfactin solution was added.
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They suggested that changes in surface properties can affect the
microbial adhesion process due to the reduction of surface-
microorganism interactions [17].

6. Discovery of new LPs: Where are we going?

The discovery of novel LPs occurs through both top-down and
bottom-up approaches. Top-down approaches are based on
culture-dependent techniques and screening for bioactivity [127].
Common assays for surfactant activity include the emulsification
index [128], oil spreading and drop collapse methods [129].
Bottom-up approaches employ advance metagenomics and geno-
mic sequencing combined with new bioinformatics tools for the
discovery of genes and enzymes related to LP biosynthesis, such
as NRPS and hybrid NRPS-PKS [127,130,131]. Omics approaches
and the advent of high-throughput sequencing tools and powerful
bioinformatics pipelines have allowed us to identify the presence
and arrangement of biosynthetic gene clusters (BGCs) [132,133].

High-throughput sequencing combined with bioinformatic
technologies allow for the study of LPs at three levels: identifica-
tion of the genes involved in the synthesis of an LP, prediction of
the synthesised LP structure from genomic information, and the
proposed activity and ecological role of the LP product. The antibi-
otics and secondary metabolite analysis shell (antiSMASH) is one
such bioinformatics tool, designed for the identification, functional
annotation, and analysis of BGCs [134,135]. Its algorithm allows
alignment of microbial genome sequences with previously known
BGCs sequences compiled in its database. The results of analysis
include an interactive map that allows a visual representation of
the annotated BGCs (Fig. 5) [134,135]. AntiSMASH has been widely
used as a screening method for the identification of diverse BGCs,
including those of NRPS and hybrid NRPS-PKS responsible for the
synthesis of lipopeptides [2,136-138]. Other bioinformatic tools
such as the Natural Product Domain seeker (NaPDos), Prediction
Informatics for Secondary Metabolomes (PRISM) and the NRPS/
PKS substrate predictor also facilitate the rapid characterization
of BGCs involved in the synthesis of LPs [138,139]. Additionally,
tools such as PRISM have allowed for the prediction of LPs struc-
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ture [140], through identification of open reading frames in a gen-
ome sequence, with results aligned using hidden Markov models of
secondary metabolites [141]. Based on the arrangement of genes
and the action of the enzymes, combinatorial libraries of structures
are generated. These tools can be used in conjunction with
metabolite extraction and a combination of analytical chemistry
techniques such as thin layer chromatography (TLC), fourier-
transform infrared spectroscopy (FT-IR), nuclear magnetic reso-
nance (NMR), matrix-assisted laser desorption/ionization time-
of-flight (MALD-TOF) and mass spectrometry (MS) to inform on
structure and confirmation of the final product [142-144].

To showcase capacities of antiSMASH and PRISM to identify
NRPS-related BCGs and to elucidate LP structures we performed a
comparative analysis using a representative LP-producing microor-
ganism. We evaluated whether each tool was able to identify fen-
gycin BGCs in a microorganism that has been previously reported
to produce this LP [145]. We selected Bacillus velezensis FZB42 as
a model bacteria as its genome has been sequenced, characterized
and extensively studied [146]. Bacillus velezensis FZB42 is a Gram-
positive bacterium known for its phytostimulatory and biocontrol
properties. This strain produces fengycin, a LP with antifungal
activity against Fusarium graminearum, a pathogenic fungi known
to infect cereal crops [145].

Bioinformatic analysis revealed that both antiSMASH and
PRISM identified thirteen BGCs in Bacillus velezensis FZB42 (SI
Table 2 and SI Table 3, respectively). The fengycin LP cluster was
identified as region 1.5 (Fig. 5) and as cluster 7 using antiSMASH
and PRISM, respectively. The BGCs exhibited 82-100% similarity
with known BGCs, predominantly from bacteria of the genus Bacil-
lus, as well as three with closest similarity to BGCs from Strepto-
myces spp. (SI Table 1). Three BGCs corresponded to NRPS, and
two of those were predicted to encode the biosurfactant LPs sur-
factin and fengycin. Additionally, PRISM detected two polyketide-
related BGCs that contain fragments of NRPS sequences (SI Table 3).
The predicted architecture of fengycin BGC included five domains
involved with the synthesis and addition of the amino acids Ile,
Pro, GIn, Tyr, Glu, Val, Tyr, Thr, Glu and Orn (SI Fig. 1A, B and SI
Fig. 2A, B). Both bioinformatic tools allowed for a rough prediction
of core scaffold at different molecular levels, antiSMASH predicted
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a polymer from the addition of monomers (SI Fig. 1C), while PRISM
predicted structures at the level of individual atoms or bonds (SI
Fig. 2C) [134,135,141,147].

We found that both antiSMASH and PRISM identified similar
BGCs and Fengycin domains (SI Fig. 1B and SI Fig. 2B), while anti-
SMASH also had the capacity to compare the BGCs of Bacillus
velezensis FZB42 with the known closest match providing percent-
age of similarity for that LP (SI Table 2). AntiSMASH and PRISM pre-
dict compound structures, while antiSMASH provided a rough
prediction of core scaffolds based on the addition of monomers,
PRISM uses a bonds and individual atoms approach. We suggest
that both tools can be used in a complementary way for a more
comprehensive analysis of genomic data for potential LPs.

Unravelling the ecological roles of LPs represents a greater chal-
lenge. Here, the interaction between proteins and their targets can
be modelled using bioinformatics-informed molecular-docking
[148]. This analysis is focused on binding sites and consists of
two main steps; identifying the position and orientation of pro-
tein-ligand, and evaluating the degree of affinity between them
[149]. Due to their antimicrobial properties, LPs have been studied
through molecular docking to identify potential therapeutic targets
as treatment for infectious diseases [150-152]. In this context,
molecular docking could be a promising tool for the preliminary
identification of targets that interact with LPs in the natural envi-
ronment, and thus inform on their ecological role.

The wide bioactivities and potential applications of LPs have
increased interest in the search for new NRPS-producing microor-
ganisms. Secondary metabolites produced by enzyme complexes
occurs at a high energetic cost to that organism. Therefore, it has
been proposed that microorganisms use these compounds as a
protective or adaptative mechanism in specific niches [132]. While
70% of the NRPSs discovered to date have been obtained from mar-
ine organisms [153], there are few studies that have focused on
terrestrial habitats. This gap in knowledge is present despite soils
containing a wealth of microbial diversity; this lack of understand-
ing is even greater when we focus on ‘extreme’ natural environ-
ments [134-135].

In a survey by Charlop-Powers et al. (2014), 96 diverse soil
microbiomes were analysed for secondary metabolite genes, and
a correlation was found between biosynthetic genetic diversity
and soil type. Specifically, arid soils showed a higher richness of
NRP and PK synthesis related genes [154]. Similarly, Benaud et al.
(2019) further showed that NRPS-encoding genes are widespread
across polar desert soils spanning Antarctica and the High-Arctic
[155]. In this case, the microbial inhabitants are exposed to cold
temperatures, low availability of nutrients and severe moisture
limitation [156], with both NRPS and PKS presence and diversity
correlating with low soil moisture and carbon content [155]. In
Antarctic bacteria, the majority of NRPS and PKS gene fragments
have been reported to exhibit closest similarity, albeit at low levels,
to known BGCs (av. 31%) present in Actinobacteria, Proteobacteria,
Firmicutes and Cyanobacteria, with a high proportion likely to be
LPs [135]. For example, following phylogenetic analysis of domain
sequences, several Antarctic bacterial NRPS domain sequences
showed similarity to those encoding for LPs, such as syringomycin
and iturin, with emulsification and antimicrobial activity assays
supporting their genome mining-driven discovery [140].

Moreover, a Rhodococcus strain, ADL36, also isolated from
Antarctic soil has been shown to display biosurfactant activity;
with chemical characterization of the compound and the genome
sequencing suggesting the production of a LP with potential appli-
cations in the bioremediation of hydrocarbons [144]. In another
survey, this time utilising metagenomics data, Chen et al. (2020)
studied microbial mats from Shark Bay, Australia. In the ‘microbial
mat’ environment microorganisms are exposed to high tempera-
tures, UV radiation and salinity [157], with a high diversity of NRPS
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and hybrid NRPS-PKS genes in bacteria of the phyla Plancto-
mycetes, Chloroflexi, Calditrichaeota and for the first time Lokiar-
chaeota was reported. Lokiarchaeota is an archaeal phyla not
previously known to have BGCs, expanding the domain of life to
which the future of natural products discovery can take place
[158].

Microorganisms thrive in a myriad of ‘extreme’ environments,
from hot springs and geysers, through to deep sea, hypersaline
environments, evaporites, deserts, cold environments (ice, per-
mafrost, and snow) and the Earth’s atmosphere. Given the diversity
of genetic machinery recently discovered in microorganisms from
Antarctic deserts and microbial matts [140,158], we believe future
investigations in a range of ecosystems at the boundaries of life
will provide new insights into the ecological roles of LPs [24]. We
know that microorganisms exposed to harsh conditions develop
biological adaptations, metabolic processes, physiological capabil-
ities and novel strategies to survive, and remain metabolically
active in their unique environments [24]. We propose that LPs as
secondary metabolites produced by such microorganisms must
be assisting in strategies for survival. Therefore, bacteria and other
domains of life surviving under some of the most harsh conditions
on the planet must be attractive candidates in the search for novel
LPs [24].

There are challenges associated with the LPs discovery.
Required is the development of novel cultivation and screening
tools for rare, barely studied taxa [159]. On the other hand, bioin-
formatics tools are limited as they can only detect BGCs based on
known sequences, leading to potential mischaracterisation or fail-
ure to detect new families [160,161]. However, with the advent of
new molecular and computational technologies, the future of LPs
discovery will undoubtedly expand, providing unsurpassed knowl-
edge on the ecological roles of these important secondary metabo-
lites [138].

7. Computational target fishing for the study of the LP-
membrane interactions

One of the challenges in the study of lipopeptides is to under-
stand the process of interaction between the LP and its target [6].
Lipopeptide-membrane interactions have traditionally been stud-
ied using experimental strategies such as spectroscopic, diffraction
and microscopic methods [162]. However, limitations arise due to
the complexity of membranes. For instance, membranes are
dynamic environments in constant change, lipid rearrangement
occurs in milliseconds [163,164] and due to membranes being very
thin, high-resolution techniques such as Nuclear Magnetic Reso-
nance (NMR), Electron Paramagnetic Resonance (EPR) and fluores-
cence quenching are required [165].

Computational target fishing is a powerful tool for investigating
mechanisms of interaction between bioactive molecules and their
targets, at an atomic level [166,167]. The atomic-level structure
provides information about the conformational dynamics of a
molecule, and it enables the prediction of intermolecular interac-
tions to know their function [168,169]. Molecular dynamics (MD)
simulations are computational tools designed to study the struc-
ture-function relationship [168,170]. Based on Newton'’s laws of
motion, MD simulations allow prediction of the position in space
of each atom of a molecule as a function of time. MD simulations
model the force exerted on each atom and how their movement
speed will be affected, thereby providing a three-dimensional
model in a specific time-lapse [169]. MD simulations provide infor-
mation difficult to obtain by experimental procedures. For exam-
ple, MD simulations can determine the position of each atom in a
specific time, predict trends of interaction or mechanisms of action,
control the simulation conditions and evaluate the effect of molec-
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Fig. 6. Structures of the LPs polymyxin B, lichenysin D and bacillomycin D. These
LPs have been isolated from Bacilus Polymyxa, Bacillus licheniformis and Bacillus
amyloliquefaciens, respectively. Polymyxin B, lichenysin D and bacillomycin D have
antimicrobial activity and their mechanism of action has been studied through MD
simulations.

ular variables (such as mutations or post-translational modifica-
tions) or environmental conditions, such as temperature, pH or
voltage on the membrane [169,171].

There are two models of MD simulations, all-atoms (AA) and
coarse grained (CG). While AA-MD simulations allow analysis at
the atomic level of all the elements involved in a biological system
[171], CG-MD simulations are a reduced version of AA-MD that
focuses on a small group of atoms and their collective motions,
while averaging with local movements of adjacent atoms
[172,173]. CG models have three main advantages: they are
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cheaper than AA models [173], simulations can be performed for
longer time intervals and they decrease the degrees of freedom,
such as self-assembly of biomolecules and large patches of the
bilayer [172]. MD simulations have been useful for the study of
membrane biophysics [172], and their application has been widely
exploited to understand the mechanism of action and interaction
of antimicrobial lipopeptides on the cell membrane [174-177].

Polymyxin B1 (PMB1) is a lipopeptide produced by Bacilus Poly-
myxa [178]. It consists of a heptapeptide attached to a tripeptide
side-chain acylated by a branched lipid chain (Fig. 6A). PMB1 has
two irregular amino acids: D-Phenylalanine (DPhe) and o, -
Diamino Butyric acid (DAB) [179]. Polymyxin B1 has potent
antimicrobial activity mainly against Gram-negative bacteria
[180]. PMB1 penetrates the bacterial outer membrane (OM) and
it produces rupture of the bacterial inner membrane (IM) [174].
It is known that the peptide ring increases the permeability of
the bacterial membrane. However, the mechanism triggered after
the anchoring of the peptide to the cell membrane is unknown
[180]. Through MD simulations in E. coli membranes, it was
observed that the DAB residues of PMB1 were responsible for the
binding process to the cell membrane and antimicrobial action.
Consequently, the DAB residues were found to be interacting with
the phosphate groups of the OM producing displacements and
allowing the insertion of the lipid tail of PMB1 into the membrane.
In the IM, it was observed that the hydrophobic interactions were
promoted by the lipid chain of PMB1 and by the D-Phe side chain.
The peptide ring remains attached to the polar heads of the phos-
pholipids, while the lipid tail (hydrophobic part) adopts an embed-
ded position. This study suggests that the antimicrobial action
mechanism of PMB1 is a self-regulated process that produces pore
formation through adsorption between the DAB residue of the
lipopeptide and the insertion of the lipid tail in the cell membrane,
supported by the hydrophobic residue DPhe [174].

Lichenysin is an anionic lipopeptide produced by Bacillus
licheniformis [175]. It consists of a peptide ring of seven amino
acids attached to a branched lipid chain (Fig. 6B) [181], and it
has antimicrobial [182] and hemolytic [183] activity. Using MD
simulations with a Dipalmitoylphosphatidylcholine (DPPC) mem-
brane and supported by experimental techniques such as calorime-
try, X-ray diffraction and Fourier transform infrared spectroscopy
(FT-IR), Coronel et al. (2017) were able to determine the effects
of lichenysin on the lipid bilayer. They found that lichenysin pen-
etrates the DPPC bilayer via interaction with membrane phos-
phatidylcholines. Lichenysin induces changes in the membrane
such as, dehydration of the phospholipid/water interface and
increase of bilayer thickness and movement of the phospholipid
acyl chains. Lichenysin increases the permeability of the mem-
brane without its solubilization; and theses finding support the
hypothesis of the pore forming mechanism [175].

Bacillomycin D is a lipopeptide of the iturin family and it has
been isolated from Bacillus amyloliquefaciens [184]. It consists of a
B-amino fatty acid linked to seven amino acid residues via an
amide bond (Figure 6C). Bacillomycin D has antifungal, antibacte-
rial, and hemolytic activity [185-187]. It is known that bacil-
lomycin D produces membrane disruption of target -cells;
however, the exact interaction process and mechanism of action
remains unclear. Through the use of a CG-MD simulations, Sun
et al. (2018) investigated the insertion process of bacillomycin D
into three cell membranes with differing biophysical properties:
DOPC, DOPC/DPPA and DOPC/DOTAP [176]. In this case, negatively
charged amino acids, Asp' and Glu® of bacillomycin D were
reported to exhibit electrostatic interactions with cell membranes.
The Pro* residue showed similar electrostatic properties that were
attributed to its hydrophobicity. Furthermore, it was observed that
bacillomycin D caused changes in the curvature of the membrane
which eventually damaged its integrity [176]. Accordingly, bacil-
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lomycin D exhibits higher antimicrobial activity on positively
charged membranes, in this case DOPC/DOTAP. These results sug-
gest that bacillomycin D has selective potency on specific microor-
ganisms according to their membrane composition [176].

8. Concluding remarks

LPs are a class of compounds with broad structural diversity
which results in a variety of bioactivities and ecological roles.
The primary functions attributed to LPs include motility, antimi-
crobial, biofilm formation and association with heavy metals [6].
LPs are synthesized by NRPSs and hybrid NRPS-PKSs; these
enzymes are involved in the synthesis of secondary metabolites
associated with mechanisms of adaptation and/or protection that
microorganisms use to survive in adverse conditions [188,189].
Recent studies of bacteria living in challenging ecosystems, from
marine [153] through to microbial mats and Antarctic desert soils
[140,190] demonstrate a wide diversity of NRPS-producing bacte-
ria. Therefore, ‘extreme’ microorganisms are attractive sources
for future mining of novel LP structures. As new technologies, from
metagenomics through to genomics, bioinformatic tools and MD
simulations, are coupled with rapid bioactivity screening methods
and analytical chemistry techniques, the discovery of diverse LPs
will no doubt lead to new insights into the ecological roles of
LPs, particularly those produced under a myriad of environmental
stressors.
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