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Abstract―In this review, the current information about surfactin (a cyclic lipopeptide), which is one of the
most studied microbial biosurfactants, is summarized and analyzed. The mechanism of surfactin biosynthe-
sis, the spectrum of its natural and synthetic isoforms, the biological activity of surfactin, as well as its role in
the regulation of the life processes of producers, have been presented. The potential of using surfactin and
biopreparations based on surfactin-producing bacteria of the genus Bacillus to protect and stimulate plant
immunity has been shown.
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Microbial control strategies using antibiotics are
constantly faced with the problem of the emergence of
resistant bacterial strains, including those embedded
in biofilm formations. In recent years, the attention of
researchers has been riveted on bacterial surfactants
(biosurfactants). They represent a heterogeneous
group of amphiphilic compounds: with hydrophilic
(amino acid or peptide, di- or polysaccharide, and
anionic or cationic) fragments and hydrophobic (resi-
dues of saturated or unsaturated aliphatic acids) frag-
ments. Directly interacting with the components of
the matrix of pathogenic bacteria and fungi, they
change the physical properties of the biofilm surface
and initiate its degradation. The dispersing properties
of biosurfactants were not inferior to those of modern
pharmaceuticals against bacterial and yeast biofilms,
as well as the viral membrane structures. This makes
them potential candidates for new-generation antimi-
crobial agents and/or adjuvants for other antibiotics.
Microbial biosurfactants have several advantages over
synthetic surfactants (SS): biodegradability, low tox-
icity, and physicochemical stability at high tempera-
tures or extreme pH values [1]. Some biosurfactants
are currently used in the clinical, food, pharmaceuti-
cal, and environmental sectors, while others remain
under study and development.

Surfactin is the best-studied biosurfactant pro-
duced by Bacillus spp. [2]. In 1968, while studying the
effect of microbial metabolites on the fibrinolytic sys-
tem and the blood coagulation system, Arima et al. [3]
found a powerful clotting inhibitor secreted into the

culture f luid by several Bacillus subtilis strains. The
inhibitor was isolated as white needles. Due to its high
surface activity exceeding that of sodium lauryl sulfate,
it was named “Surfactin” (this derives from the
English word “surface-active”). In Japan, it is pat-
ented as a powerful biosurfactant that inhibits the for-
mation of blood clots [4]. To date, surfactin has been
found to be produced by several Bacillus species,
including B. amyloliquefaciens, B. subtilis, B. pumilus,
B. mojavensi, B. licheniformis, B. circulan, B. natto,
B. tequilensis, B. inaquosorum, B. spizizenii, B. vallis-
mortis, B. subtilis subsp. subtilis, and B. velezensis (The
National Center for Biotechnology Information,
https://www.ncbi.nlm.nih.gov) [5–7]. Studies of
35 wild-type and commercial strains carried out by
Hse et al. [8] indicated that the wild-type strains of
B. amyloliqufaciens and B. subtilis show the highest
level of surfactin production among all cultures: 452.5
and 125.6 mg/L, respectively.

Surfactin is an amphiphilic molecule, which deter-
mines its unique physicochemical properties: the abil-
ity to foam, emulsify, modify hydrophobic surfaces,
and chelate [9, 10]. It can disperse oil spills on the
water surface, increasing the efficiency of their utiliza-
tion by native marine microorganisms, as well as
improve the adhesion of bacteria to the oil slick to
increase the productivity of bioremediation [11]. The
emulsifying properties of surfactin suggest the possi-
bility of using it in the cosmetic industry and biophar-
maceuticals [12]. Surfactin induces cytotoxicity against
cell lines of many types of malignancies, such as breast
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and colon cancer, leukemia, and hepatoma [2]. The
amphiphilic nature of surfactin makes it easy to
introduce surfactin into nanopreparations (polymer
nanoparticles, micelles, microemulsions, and lipo-
somes), which allows optimization of the delivery of
surfactin to malignant tumors and increases the
effectiveness of antitumor therapy. Unfortunately,
the commercial potential of surfactin as a therapeutic
agent cannot be fully realized due to its hematotoxic-
ity (hemolysis of erythrocytes).

The structural diversity of surfactin. Initially, the
structure of surfactin was established by hydrolysis of
the molecule into fragments, followed by their identi-
fication and determination of the sequence order,
first, along the amino-acid sequence and then along
the chain of aliphatic acids [13, 14]. Surfactin consists
of a closed peptide chain formed by seven α-amino-
acid residues connected to a β-hydroxy aliphatic acid
residue. A typical sequence of amino-acid residues in
a cyclopeptide fragment (Fig. 1a) is as follows: L-
Glu1–L-Leu2–D-Leu3–L-Val4–L-Asp5–D-Leu6–
L-Leu7 [15]. It is noteworthy that positions 3 and 6
contain D-form amino-acid residues. The polar part
of surfactin consists of two negatively charged amino-
acid residues Glu and Asp (in natural surfactin).

The study of the three-dimensional structure of
surfactin by 1H NMR showed the presence of a minor
polar and a major hydrophobic domain. The minor
domain is formed by the main chain of the cyclic pep-

tide and its two negatively charged amino-acid resi-
dues: Glu1 and Asp5. The hydrophobic domain is
formed by the hydrocarbon chain of the fatty acid res-
idue and the amino acids Leu2, Leu3, Val4, Leu6, and
Leu7. Such a two-domain structure determines the
amphiphilic nature of surfactin and, as a result, its
high surface activity [15]. Based on data from circular
dichroism spectroscopy and Fourier transform infra-
red spectroscopy, Wass et al. [17] showed that surfactin
in a solution has a pronounced ability to self-assemble
with the formation of micelles and larger aggregates,
while the morphology of the formed micelles is sig-
nificantly affected by environmental conditions, such
as pH, metal ions, and temperature (Fig. 1b).

The relative complexity and variability of the struc-
ture determine the coexistence of a large number of
surfactin isomers in the samples isolated from the cul-
tural liquid of bacteria [18]. Due to the wide range of
isomers, the molecular weight of surfactins varies in
the range of 993–1049 Da [5]. The main structural
analogs of surfactin can be divided into two groups:
(1) isomers that differ in the amino-acid sequence of
the hydrophilic “head” and (2) isomers that differ in
the number of carbon atoms in the aliphatic part of the
fatty acid, i.e., the length of the “tail.” Computer anal-
ysis of gene clusters for secondary metabolites showed
that most surfactin variants encoded in the genomes of
members of the genus Bacillus differed in positions 1
and 7 of the peptide ring. The surfactin biosynthesis

Fig. 1. Surfactin: its structure and interaction with the cell membrane: (a) structural formula of surfactin; (b) proposed structure
of a micelle formed by surfactin molecules (adapted from [2]); (c) schematic model of phospholipid membrane destabilization
(lipids are shown in gray) by surfactin molecules (black); adapted from [16]. 
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genes of B. subtilis and B. amyloliquefaciens encode
Leu at position 7, while B. atrophaeus genes encode
Ile; B. licheniformis genes encode Gln and Ile at posi-
tions 1 and 7, respectively [19]. Natural isoforms of
surfactin were identified with variations in hydropho-
bic amino-acid residues at positions 2 (Leu is substi-
tuted with Val or Ile) and 4 (Val changes to Leu, Ala,
or Ile) [5]. The hydrophilic residue of aspartic acid
(position 5) can be modified: it is methylated and con-
verted into a relatively hydrophobic aspartic acid 4-
methyl ester [20]. A putative reason for such a wide
range of variations may be amino-acid substitutions in
the adenylation domains of surfactin synthetase sub-
units (see the section on “Surfactin Biosynthesis”) [21].

The length of the hydrophobic “tail” of surfactin is
also subject to changes: it can vary from 13 to 18 car-
bon atoms. The main isoforms have 14 and 15 carbon
atoms [5]. Not only the length of the carbon chain but
also its branching can vary. The existence of the iso-
C12, iso-C13, anteiso-C13, iso-C14, n-C14, iso-C15,
n-C15, anteiso-C15, anteiso-C16, and anteiso-C17
isomers has been shown [22].

The ratio of various isomers in surfactin synthesized
by bacteria can be influenced by changing the cultiva-
tion conditions, namely, adding various low-molecu-
lar-weight compounds to the nutrient medium. Bartal
et al. [5] showed that the isoform composition of sur-
factin depended on the carbon source in the nutrient
medium, with the greatest effect observed when using
fructose and xylose. The introduction of metal ions
(Mn2+, Cu2+, and Ni2+) into the culture liquid led to
the formation of both new aspartate-methylated forms
of surfactin and isomers with longer fatty acid chains:
two-thirds of the molecules were C16, C17, or C18
homologs. Related studies in this area have shown that
the presence of amino acids in the nutrient medium
also affects the isomeric composition of the synthe-
sized surfactin [22]. As an example, the addition of the
Arg, Gln, or Val amino acids to the nutrient medium
of B. subtilis TD7 increases the proportion of surfactin
isomers with an even length of the hydrophobic “tail,”
while the addition of Cys, His, Ile, Leu, Met, Ser, or
Thr increases the proportion of isomers with odd
length.

The structure–activity relationship of surfactin. Dif-
ferences in the structure (the length and structure of
the hydrocarbon tail, as well as the amino-acid com-
position) affect the biological activity of surfactins.
With increasing chain length, the surface and interfa-
cial activity of surfactins also increases. Therefore, a
lipopeptide with a short hydrocarbon chain tends to
form small micelles, while an increase in chain length
results in a tendency for micelle enlargement and
aggregation (Fig. 1b) [15]. The level of penetration of
surfactin into the phospholipid cell membrane is
directly proportional to the length of the hydrocarbon
chain. Surfactin with a C15 “tail” was shown to pos-
sess a greater antitumor activity than that with a C13 or

C14 hydrocarbon chain [23]. Similar data were
obtained upon the inactivation of enveloped viruses
with surfactin. Surfactin C13 showed very low antiviral
activity compared to C14 and C15 isoforms [24].
Unfortunately, with an increase in the hydrophobicity
of fatty acids (length of the “tail”), not only the antivi-
ral activity but also the hemolytic effect of surfactin
increased.

The cyclicity of the peptide fragment is also critical
for the adsorption of surfactin on the lipid surface and
its penetration into the lipid film. It has been shown
that linear surfactin obtained by chemical cleavage of
the ring has a lower surface activity than natural sur-
factin [25]. As for the role of the nature of amino-acid
residues in the biological activity of surfactin, the
experimental results have shown that the surface activ-
ity increases, while the critical micelle concentration
decreases when amino acids are replaced by more
hydrophobic ones [15]. A crucial role in the amphi-
philic properties of surfactin belongs to two negatively
charged residues (Glu and Asp). The natural Glu-
methylated C15 surfactin (C15-surfactin-O-methyl
ester) has a higher surface activity and lower antitumor
activity than C15-surfactin [26]. If the Glu or Asp res-
idues are methylated or amidated, the surface tension
lowering activity of surfactin is increased by 20%,
although the lipopeptide solubility in water decreases.
Upon modification of Glu1 and Asp5 residues with
aminomethanesulfonic acid, the surface activity of
surfactin decreases abruptly due to electrostatic and
steric factors [26].

Studies have shown that the structure of surfactin
could be modified to enhance its desirable effects and
reduce its undesirable effects. One of the main disad-
vantages of using surfactin as an antitumor and anti-
bacterial drug is its hemolytic activity. To overcome
this, linear forms of surfactin were developed, for
which, unlike cyclic forms, no significant hemolysis
was observed [28]. Surfactin variants lacking Leu3 or
Leu6 residues in the ring also showed reduced hemo-
lytic activity. At the same time, Asp5-free surfactin
retained hemolytic properties but demonstrated better
antibacterial properties compared to natural surfactin
against Staphylococcus aureus and Bacillus cereus.
The minimum inhibitory concentration (MIC) that
suppresses the development of these pathogens was
25 μg/mL for surfactin lacking Asp5 and 50 μg/mL
for native surfactin [29].

Biosynthesis of surfactin. The secondary metabolic
apparatus of bacteria is known to be organized into
gene clusters, within which the genes responsible for
the biosynthesis of compounds produced by bacteria
are located close to each other [30]. A similar cluster
for surfactin was described by different groups of sci-
entists at the same time [31]. The database (Minimum
Information about a Biosynthetic Gene cluster,
http://mibig.secondarymetabolites.org) contains a
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cluster of surfactin biosynthesis genes for Bacillus
velezensis FZB42 (MiBIG identifier: BG0000433) [32].

The biosynthesis of surfactin, like most other cyclic
lipopeptides, is carried out by a nonribosomal mecha-
nism with special systems, that is, nonribosomal pep-
tide synthetases (NRPSs). NRPS are multi-enzyme
complexes, which can be conditionally divided into
modules, i.e., sections of NRPSs responsible for the
incorporation of a certain amino acid into the peptide
chain [2, 6]. In turn, each module can be divided into
several domains: an adenylation domain (A), a thiola-
tion domain (T), and a condensation domain (C). The
A domain is responsible for the recognition and acti-
vation of a specific amino acid through the formation

of aminoacyl adenylate (the process is similar to the
activation of the carboxyl group of an amino acid by
tRNA synthetase during ribosomal peptide synthesis).
Further, the mobile and flexible 4’-phosphopanteth-
einyl part of the T-domain forms a thioether bond with
the carboxyl group of the amino acid and, due to its
relatively large length (20 Å), transfers the amino-acid
residue from the active center of the T domain to the
C domain. The C domain, in turn, catalyzes the for-
mation of a new peptide bond and the movement of
the extended peptide to the next module (Fig. 2) [31].
The linear arrangement of several modules in the form
of an assembly line provides a coordinated elongation
of the peptide chain. After modules 3 and 6, there are
additional epimerization domains (E domains) respon-

Fig. 2. The scheme of the reaction of surfactin biosynthesis by one of the modules of nonribosomal peptide synthetases. R1 and
R2 are side chains of amino-acid residues.
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Fig. 3. A gene cluster for the proteins involved in surfactin biosynthesis (a) and a classical scheme of the surfactin assembly line (b).
NRPS subunit genes are highlighted in black; M, assembly line module; the rest of the cluster genes are shown in gray. The cluster
gene size scale is given in thousand bp (kb). The regulatory gene comS is co-transcribed with srfAB; (adapted from [31]). 
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sible for the isomerization of the natural L-Leu resi-
due associated with the T domain in modules 3 and 6
into D-isomers, since the surfactin molecule contains
D-Leu at these positions. In most cases, nonribo-
somal peptide synthesis is completed by macrocy-
clization, with the parts of the molecule removed in
the constructed linear peptide chain covalently
bonding to each other. The cyclization process is
most often catalyzed by thioesterase domains at the
C-terminus of the NRPS assembly line. The β-
hydroxy aliphatic acid residue contained in surfactins
and other microbial lipopeptides is incorporated into
the molecule at the beginning of biosynthesis. The
N-terminus of the NRPS starter module contains an
additional domain (C*) responsible for the formation
of a bond between the CoA-activated β-hydroxy ali-
phatic acid residue and the first amino acid.

The genes encoding surfactin NRPS subunits
(srfAA, srfAB, srfAC, and srfAD) are combined into a
single srfA operon (Fig. 3). The SrfAA and SrfAB pro-
teins consist of three modules, while SrfAC consists of
one module and a thioesterase (TE) domain responsi-
ble (as mentioned above) for the release of the hepta-
peptide chain and its macrocyclization. Moreover, the
SrfAA subunit also contains the abovementioned
additional domain at the N-terminus, which catalyzes
the attachment of the residue of β-hydroxy aliphatic
acid to the first amino acid (most often, it is Glu in the
case of surfactin) of the lipophilic “tail.” SrfAD is a TE
domain that is responsible for the regeneration of mis-
matched T domains in the modules of the first three
subunits [31].

All four genes encoding surfactin NRPS are
included in one srfA operon, whose transcription is
controlled by the PsrfA promoter. PsrfA activity, in turn,
is regulated by the ComA transcription factor, which is
part of the ComP/ComA two-component system.
When the concentration of B. subtilis bacterial cells
reaches a certain value, the membrane ComP histi-
dine kinase phosphorylates the ComA protein; as a
result, it is activated and induces the transcription of

the srfA operon, initiating surfactin biosynthesis. In
[33], the PsrfA promoter, whose activity is not constant
over time due to the dependence on the ambient cell
concentration, was replaced by the native constitutive
Pveg promoter from the B. subtilis genome to increase
the amount of synthesized surfactin. Such a substitu-
tion turned out to increase the synthesis of surfactin
only in inefficient producer strains, while in the strains
with increased natural production of surfactin, its yield
decreased. In another study, a group of scientists
replaced the PsrfA promoter in the B. subtilis THY-7 pro-
ducer strain with PgroE (another “strong” natural pro-
moter for the B. subtilis THY-7 strain) but obtained the
same result: the production of surfactin in the modified
strain decreased markedly. At the same time, when PsrfA
was replaced by an artificial Pg3 promoter induced
exogenously by isopropyl-β-D-1-thiogalactopyrano-
side (IPTG), the production of surfactin increased by
18 times compared to the native strain [34].

In addition to the structural genes for surfactin syn-
thetase, the cluster of biosynthetic surfactin genes
includes one built-in and several adjacent additional
genes encoding transporters and regulatory proteins
(Fig. 3, upper panel, gray arrows) [32]. Among them,
the sfp, ycxA, krsE, yerP, and comS genes, whose tran-
scription is directly related to the efficiency of surfac-
tin production, should be noted separately. The sfp
gene, which codes for phosphopantetheinyl transfer-
ase (an enzyme that catalyzes the transfer of the
phosphopantetheinyl residue to the inactive T domain
of NRPS subunits and thereby activates them),
deserves special attention [35]. The presence of an
intact sfp gene in the bacterial genome was shown to be
strictly necessary for the production of surfactin. As an
example, the Bacillus subtilis 168 strain systematically
used as a model system for gram-positive organisms
does not produce surfactin; at the same time, the srfA
operon genes are identical to the genes in surfactin-
producing strains. It turned out that due to a mutation
in the sfp gene, one extra nucleotide appeared (A at
position 634) in B. subtilis 168, which caused the inac-
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tivation of the Sfp protein and the blocking of the sur-
factin synthesis. At the same time, its production is
restored when a vector containing an intact sfp gene
isolated from the producer strain is introduced into the
B. subtilis 168 strain [36]. An important role both in
the process of surfactin biosynthesis and in the mech-
anism of resistance of producer cells to it belongs to
the system of surfactin export through the membrane,
which makes it possible to avoid the intracellular accu-
mulation of surfactin. Three genes that are involved in
surfactin eff lux have been identified: ycxA, krsE, and
yerP [37]. It has been shown that the main exporter is
the YerP protein, an increase in the expression of
which increases the amount of surfactin in the culture
liquid by 145% [37].

The comS gene located within the srfA operon in
the open reading frame of the srfAB gene has several
functions. On the one hand, ComS is involved in the
positive regulation of the cell genetic competence (the
ability to capture exogenous genetic material and
assimilate it); on the other hand, it is part of the
comQXPA system responsible for recognizing related
bacteria surrounding the cell (“quorum sensing”) and
regulating surfactin biosynthesis [33, 38].

The biological activity of surfactin. Surfactin as a
surfactant. Biosurfactants, which possess the proper-
ties of surfactants, can change the conditions at the
interfaces between two phases that differ in polarity
and the number of hydrogen bonds (for example,
water/oil or water/air) [2]. There are two mechanisms
proposed for the effect of biosurfactants on the viabil-
ity of producer cells: (1) increasing the ability to emul-
sify, which, in turn, increases the availability of hydro-
phobic compounds as a source of nutrients and
(2) helping microorganisms to attach and detach from
surfaces [6]. Surfactin is known as one of the most
powerful surfactants. It reduces the surface tension of
water from 72 mN/m to 27 mN/m at a concentration of
only 10 μM, which is well below its critical micelle con-
centration in water (23 mg/L) and about two orders of
magnitude less than that for most detergents [39]. The
mosaic polarity distribution and branched ring struc-
ture allow surfactin to adopt a spherical micellar struc-
ture to facilitate close packing at interfaces (Fig. 1b).
On average, the mass of a micelle is 179000 and the
aggregation number is n = 173 [40]. The lipid “tail,”
which moves freely in the solution, is actively involved
in hydrophobic interactions in supramolecular struc-
tures at the water/air interface. At the phase boundary,
surfactin molecules are very closely aligned and the
adsorption properties of surfactin depend not only on
the concentration but also on the length of the hydro-
carbon chain [15].

Surfactin in “quorum sensing.” Bacterial communi-
ties can “sense” environmental changes and adjust
their behavior accordingly using a quorum recognition
system. This process depends on cell density and is
regulated by signaling molecules, that is autoinducers.

The concentration of the latter increases in the extra-
cellular environment as the density of bacterial cells
increases, and when it reaches a certain threshold
level, a group of cells begins to act synchronously. Sig-
naling molecules cause cell differentiation into differ-
ent types to adapt to environmental changes. As a jun-
gle, under adverse conditions, surfactin initiates the
development of a subpopulation of B. subtilis known as
cannibals. They secrete special toxins that destroy
neighboring cells, while the cannibal cells themselves
are immune to toxins. It is proposed that surfactin is a
signaling molecule in microbial communication and is
involved in the activation of the membrane-associated
sensory receptor histidine kinase (KinC). In turn,
KinC activates the expression of the early sporulation
protein Spo0A, which ultimately activates sporulation,
biofilm formation, and colonization of plant roots [41].

Surfactin and destabilization of biological mem-
branes. The biological activity of surfactin is associated
with its interaction with the lipid part of the biological
membranes of all bacterial species. Due to their
amphiphilic structure, surfactin molecules can easily
be incorporated into lipid layers and firmly adhered to
them: the hydrophobic part of surfactin interacts with
the hydrocarbon chains of membrane phospholipids,
while the peptide part interacts with the polar groups
of lipids (Fig. 1c). Penetration of surfactin into the
phospholipid bilayer results in the impairment and/or
creation of channels in the cytoplasmic membrane,
which, in turn, can activate a cascade of molecular
events leading to defense reactions [42, 23]. Surfactin
destabilizes the membrane through several mecha-
nisms: (1) incorporation into lipid bilayers, (2) forma-
tion of channels/pores or diffusion of singly and dou-
bly charged ions across the membrane barrier, and
(3) solubilization of the membrane, like the action of a
detergent. Which mechanism will be involved depends
on the concentration of surfactin [43]. At low concen-
trations, antimicrobial peptides tend to penetrate the
membrane and integrate into the lipid bilayer [44].
This causes unilamellar vesicle formation on the outer
membrane, which leads to cell deformation and, ulti-
mately, cell death (Fig. 1c) [45].

With increasing concentration, surfactin begins to
form aggregates in the lipid bilayer, which ultimately
leads to the formation of pores in the cell membrane.
These pores create a path for the release of nucleic
acids, essential ions, and ATP from the cell, which
leads to cell death. Ca2+ ions were shown to promote
deeper penetration of surfactin into the membrane by
neutralizing the charges of both surfactin (shielding
the negative charges of Glu1 and Asp5 residues of the
peptide cycle) and charged lipid parts [46, 47]. At high
concentrations, the detergent mechanism of mem-
brane destruction, which is based on the solubilization
of phospholipids by surfactin molecules, predomi-
nates, while the level of penetration of surfactin is
directly proportional to the length of the “tail.” Liu
et al. [48] have shown that surfactin inhibits Staphylo-
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coccus aureus biofilm formation by reducing the per-
centage of alkali-soluble polysaccharides and sup-
pressing the expression of the icaA and icaD genes
involved in biofilm formation.

Surfactin, biofilm formation, and plant root coloniza-
tion. B. subtilis is a motile, Gram-positive, spore-
forming, facultative aerobic soil bacterium. For the
genus Bacillus, cell migration over the surface of
media, swarming, and the ability to colonize plant
roots through the formation of biofilms on their sur-
face are directly related to the production of surfactin
[6, 49]. In the immobile subpopulation of B. subtilis,
surfactin activates the transcription of the Spo0A pro-
tein gene by interacting with KinC, which leads to the
impairment of the motor-rotary f lagellar mechanisms
[38, 50]. In plants, surfactin can promote the wettabil-
ity of its hydrophobic cuticle, which contributes not
only to the increased motility of bacterial cells but also
to the solubility and diffusion of growth substrates. It
has been shown that surfactin can change the viscosity
of surfaces, thereby affecting cell motility [51, 52].
Analysis of B. amyloliquefaciens subsp. plantarum
FZB42, which is commercially used as a biofertilizer
in agriculture and as a model bacterium for studying
interactions with plants, showed that almost 10% of the
genome of this producer is associated with the synthesis
of antimicrobial metabolites [53]. However, studies of
plants indicate that, except for surfactin, the amount of
antimicrobial metabolites found near plant roots is rel-
atively small. Thus, surfactins allow bacterial colonies of
the genus Bacillus to form biofilms [54].

Bacteria initiate biofilm formation in response to
certain environmental factors such as nutrient and
oxygen availability. When moving from free-living
organisms to attached colonies in a biofilm, they
undergo dynamic changes, including the specific pro-
duction of secondary metabolites and a significant
increase in resistance to biological, chemical, and
physical effects. The experience of the successful use
of surfactin to increase plant resistance to pathogens in
the laboratory is summarized in Table 1. Surfactin is
known to affect the ability of B. subtilis to stimulate
plant development through biofilm formation [55].
Therien et al. [56] showed that surfactin production by
B. subtilis was not essential for biofilm formation;
however, the absence of surfactin reduced colony
growth.

Bais et al. [59] demonstrated the ability of surfactin
from B. subtilis to colonize Arabidopsis roots, with the
formation of a stable biofilm and, thus, to protect
them from Pseudomonas syringae both in vitro and in
soil. The MIC of surfactin against P. syringae was
25 µg/mL, which was relatively high for an antimicro-
bial agent but acceptable for a commercial biopesti-
cide. In experiments with Arabidopsis roots that were
pre-inoculated with a suspension of B. subtilis, the lev-
els of surfactin in the washed roots were significant:
151.6 µg/mL per 50 mg wet weight of roots. The con-

centration of dissolved surfactin on the root surface
may be significantly higher than the in vitro MIC
against P. syringae. Interestingly, after inoculation with
the pathogenic strain of P. syringae, the production of
surfactin doubled. The authors tested a mutant strain
with a deletion in the sfp gene, which was deficient in
surfactin production. It was ineffective as a biological
control agent for P. syringae and did not form strong
biofilms either on Arabibopsis roots or inert surfaces.
Similar results were reported by Luo et al. [61] who
obtained mutant B. subtilis 916 strains with deletions in
the srfAA gene encoding the first subunit of the surfac-
tin NRPS.

B. subtilis 916 is a key ingredient of the commer-
cially available “Wenquning” biofungicide, which is
popular in China. Mutant strains that are deficient in
surfactin production demonstrated a change in swarm
mobility, as well as a decrease in antagonistic activity
and the efficiency of biofilm formation [61]. At the
same time, swarm mobility was restored after the addi-
tion of surfactin (10 μg/mL), while the biofilm forma-
tion could not be restored even when a 50 μg/mL dose
was added. In the study carried out by Fan et al. [62],
a mutant strain of B. subtilis characterized by reduced
production of surfactin showed a decrease in the bio-
film formation and swarm mobility and did not inhibit
the growth of Acidovorax citrulli [62].

Surfactin isoforms are species-specific and mediate
species-specific signaling, resulting in different ecolog-
ical behaviors. A mutant strain of B. atrophaeus charac-
terized by reduced production of surfactin responded to
the related exogenous surfactin C obtained from the
native strain by the formation of strong biofilms, while
in the presence of surfactin A produced by B. subtilis,
only a loose biofilm was observed [21]. Likewise, the
related surfactin A promoted the formation of persistent
biofilms in a surfactin-deficient B. subtilis strain, while
surfactin C derived from B. atrophaeus induced loose
biofilms in B. subtilis.

The research by Debois et al. [73] showed that sur-
factin was the main bacterial metabolite accumulated
in plants during the first hours of interaction between
bacteria and plant roots. The synthesis of surfactin is
specifically stimulated by the interaction of bacteria
with plant cell wall polymers: xylan or arabinogalac-
tan, leading to a rapid accumulation of micromolar
amounts of lipopeptide in the root system. At such
concentrations, surfactin not only enhances the ability
of the producer strain to colonize roots but also acti-
vates the induced systemic resistance of the host plant.

Surfactin and induced systemic resistance in plants.
In addition to direct antagonism, some bacteria can
defend plants indirectly by stimulating inducible
defense mechanisms that make the host plant more
resistant to pathogen entry. This inducible defense is
observed throughout ontogeny and is close to natural
immune responses. The described phenomenon is
called induced systemic resistance (ISR). It is believed
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that surfactin does not induce a plant defense response
associated with significant genetic reprogramming
and adaptation but rather activates host defense mech-
anisms to initiate systemic resistance [73]. The poten-
tial of surfactin to induce plant systemic resistance was
first shown in bean and tomato samples [42]. The use
of the pure form of lipopeptide in micromolar concen-
trations led to a significant reduction in the incidence of
plants infected with Botrytis cinerea. Cawoy et al. [66]
conducted a study with a large number of natural iso-
lates of the genus Bacillus, differing in their ability to
produce lipopeptides under specified conditions in
vitro. Some isolates did not produce any lipopeptides,
others produced two or all three families of lipopep-
tides, including iturins, fengycins, and surfactins, in
varying proportions. A strong correlation between the
protective activity of bacterial extracts against Botrytis
cinerea and the amount of surfactin produced by them
was observed.

The treatment of plants in the first 15–20 days of
ontogeny or seeds (before sowing them) with certain
biologically active substances can induce metabolic
changes that are unfavorable for pathogens [74]. Soak-
ing perennial ryegrass seeds in a suspension of surfac-
tin-producing B. amyloliquefaciens bacterial cells
resulted in the activation of induced systemic plant
resistance against Magnaporthe oryzae [68].

The basis of the Fitosporin-M commercial drug,
which is widely used in Russia and contains B. subti-
lis bacteria, is a surfactin-producing strain of B. sub-
tilis 26D. In the genome of the strain B. subtilis 26D,
the genes encoding subunits of surfactin synthetase
were identified, while the genes responsible for the
synthesis of iturine and fengycin synthetases were not
found [71]. The authors have shown that surfactin
from B. subtilis 26D protects the plant from grass septo-
ria not only via a direct fungicidal action but also indi-
rectly through increased expression of plant defense
protein genes and activation of the immune potential in
host plants. The treatment of perennial ryegrass roots
with surfactin and a suspension of B. amyloliquefaciens
FZB42-AK3 cells (the strain produces only surfactin
but not the bacillomycin D or fengycin antifungal
compounds) significantly reduced the disease inci-
dence with M. oryzae [68]. Surfactin causes multilevel
activation of ISR in ryegrass due to enhanced accumu-
lation of hydrogen peroxide in plant roots and subse-
quent H2O2-mediated defense reactions. A rapid
increase in peroxidase activity was observed in the
extracellular f luid of the treated plants. Deposition of
callose and phenolic compounds on ryegrass leaf
blades at M. oryzae infection sites was shown. The
H2O2-dependent, peroxidase-mediated interrelation-
ship of phenolic compounds localized in the cell wall
plays a significant role in strengthening plant cell walls
and limiting the penetration of pathogens. In the study
by Ongena et al. [42], the initiation of ISR by surfactin
led to an increase in the activity of all enzymes that

decompose hydroperoxides. In the work by Rodriguez
et al. [70], peroxidase activity and deposition of phe-
nolic compounds under the zone of fungal infection
were significantly higher in infected peanut samples
pre-treated with surfactin than in untreated samples.

The exact mechanism for the direct action of sur-
factin against bacterial pathogens is unknown. The
published data indicate that the inhibitory effect of
surfactin is not associated with its direct impact on the
viability of target cells but results from the interference
with key pathogen developmental processes, such as
Pseudomonas syringae biofilm formation [59] or aerial
hyphae development, as shown for free-living soil bac-
teria Streptomyces coelicolor [75]. At the same time,
surfactin does not inhibit the growth of substrate
hyphae of S. coelicolor, which would be expected if it
acted as an antibiotic.

Almost all antibiotics that increase plant resistance
to pathogens penetrate deep into plant tissues,
increasing the risk of harmful effects of the fruits of
this plant on humans. However, surfactin is not dis-
tributed in plant tissues. In a study conducted by
Ongena et al. [42], no living cells of the isolate belong-
ing to the genus Bacillus were found in bean and
tomato leaf samples after the treatment of the root sys-
tem with a bacterial suspension; this indicates that
bacteria do not migrate into the intercellular space of
plants. Thus, for surfactin, inhibition of the develop-
ment of phytopathogens occurs due to the induction
of resistance in the host plant, since bacilli and the
pathogen remain localized on different parts of the
plant. In this case, the bacterial population on the
roots is within the concentrations required to initiate
induced systemic resistance.

In recent years, research on the possibility of using
aerobic endospore-forming bacteria in agriculture has
led to the development of various products based on
strains of the genus Bacillus for commercial use as
microbial pesticides, fungicides, or fertilizers [72].
Bacilli are able to form spores that allow them to with-
stand adverse environmental conditions; they can be
safely transported, stored, and suspended in liquid for
ease of use [76]. Several commercial products based
on B. amyloliquefaciens, B. licheniformis, B. pumilus,
and B. subtilis are sold as biofungicides.

According to literature sources, different strains of
the genus Bacillus produce different types of lipopep-
tides and, as a result, have different activity even
against the same pathogen. The molecular and physi-
ological mechanisms by which bacilli exhibit biofungi-
cidal activity are in many cases not fully understood.
The bioregulatory activity of bacilli is probably the
result of the concurrent effects of their antibacterial
activity and plant colonization. Recent studies sum-
marized in this review prove the key role of surfactin in
root colonization among plant-associated Bacillus
spp. species and biofilm formation, as well as during
extracellular matrix formation (as a signaling mole-
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cule). For a wide range of host plants, low concentra-
tions of surfactin were shown to be the starting signal
for the activation of a complex cascade of defense
mechanisms of the induced systemic resistance to
phytopathogens. Considering that this defense mech-
anism in plants is more environmentally friendly than
pesticide application, it is worth considering the use of
surfactin in agriculture as a natural biopesticide and
plant growth promoter. All experiments on the use of
surfactin presented in this review were performed in
the laboratory. Currently, the widespread use of sur-
factin in agriculture is not discussed. However, the fact
that surfactin is the “leading” lipopeptide among lipo-
peptides of the genus Bacillus should encourage
researchers to screen for effective surfactin-producing
strains among bacilli to select candidates for the pro-
duction of biopesticides.
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