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Abstract: Microbes produce a diverse range of secondary metabolites in response to various environ-
mental factors and interspecies competition. This enables them to become superior in a particular
environment. Bacilysin, a dipeptide antibiotic produced by Bacillus species, is active against a broad
range of microorganisms. Because of its simple structure and excellent mode of action, i.e., through
the inhibition of glucosamine 6-phosphate synthase, it has drawn the attention of researchers. In
addition, it acts as a pleiotropic signaling molecule that affects different cellular activities. However,
all Bacillus species are not capable of producing bacilysin. The biosynthesis of bacilysin by Bacillus
species is not uniform throughout the population; specificity and heterogeneity at both the strain and
species levels has been observed. This review discusses how bacilysin is biosynthesized by Bacillus
species, the regulators of its biosynthesis, its importance in the host, and the abiotic factors affecting
bacilysin production.

Keywords: bacilysin; Bacillus species; biosynthesis; transcription regulator; glucosamine 6-phosphate
synthase; quorum sensing

1. Introduction

Antimicrobial peptides (AMPs) are short amino acid sequences produced by both
unicellular and multicellular organisms to protect a host from pathogenic microbes, such
as bacteria, viruses, fungi, and parasites [1]. Numerous AMPs have been identified that
belong to two major classes, namely ribosomal AMPs, produced by all forms of life, and
non-ribosomal AMPs, produced by bacteria, cyanobacteria and fungi [2,3]. Although all
AMPs are produced by their hosts as a means of self-defense, they have significant clinical
importance. For example, as resistance to traditional antibiotics is rapidly increasing, AMPs
can be effective alternatives to traditional drugs [4]. The most beneficial features of these
peptides over traditional antibiotics are that they act through multiple mechanisms of
action, have a broad range of activity against microorganisms, and are less susceptible to re-
sistance [4,5]. Positively charged AMPs typically interact with the negatively charged lipid
head groups of the cytoplasmic membrane of the lipid bilayer, leading to the displacement
of lipids [5,6]. Once internalized into the cytoplasm, these translocated AMPs can alter the
cytoplasmic membrane resulting in the influx of water into the cell, loss of transmembrane
potential and, finally, killing the bacteria [3,7].

Bacillus species are well known for producing a variety of AMPs, such as bacilysin,
bacitracin, surfactin, fengycin, amylolysin, plantazolicin, bacillomycin D, lactosporin, and
thuricin [8]. AMPs are associated with sporulation, germination, and several other cellular
functions. For example, the peptide antibiotic tyrothricin inhibits RNA synthesis and
RNA polymerase in Bacillus brevis. Thus, this peptide may be involved in gene regulation
during sporulation [9]. A slightly different result was reported in the case of the peptide
antibiotic gramicidin S, as it was observed that gramicidin S did not inhibit transcription
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during growth and sporulation, but it inhibited transcription during germination and
outgrowth [10]. Sporulation was induced by supplementary peptide antibiotics in B. brevis
when the cells were grown under low-nitrogen concentration in the culture medium [11].
In contrast to other AMPs, bacilysin acts as a signaling molecule either directly or indirectly
and affects various cellular functions, as well as the spore quality [12]. A bacilysin-negative
isolate of B. subtilis PY79 was obtained by N-Methyl-N’-nitro-N-nitrosoguanidine mutage-
nesis, which showed higher sensitivity to heat, chemicals, and lysozymes, as well as lower
dipicolinic acid content than the wild-type strain [13,14]. The bacilysin influences quality
of spores produced by B. subtilis PY79 since this effect was observed upon supplementation
of bacterial culture with this compound before reaching the mid-log phase of growth [15].

Bacilysin is a dipeptide antibiotic compound with the molecular formula C12H1gN2Os
and a molecular mass of 270.28 g/mol [16]. It is produced by aerobic spore-forming bacteria
belonging to the genus Bacillus, and it causes cell lysis in bacteria and fungi [16]. This
compound is mainly joined with an L-alanine residue at the N-terminus and L-anticapsin
(a non-proteinogenic amino acid) at the C-terminus. The antimicrobial activity of bacilysin
mainly due to the presence of L-anticapsin at the C-terminus [17]. Bacilysin was first
discovered in B. subtilis in 1946 and was originally named bacillin [18]. Bacillin was highly
active against Gram-positive and Gram-negative bacteria, such as Staphylococcus aureus
and Escherichia coli [18]. In 1949, highly heat-stable bacilysin was reported from B. subtilis
A1l4; however, it was not extractable using organic solvents [19]. In 1965, bacilysin was
isolated from the culture filtrate of B. subtilis A14 at a very low yield [20]. When bacilysin
was subjected to acid hydrolysis, it yielded L-alanine and L-amino acids [21]. In 1973, an
antibiotic named tetaine synthesized by B. pumilus B-180 was shown to exhibit chemical
and physical similarities to bacilysin [22]. In 1975, it was revealed that bacillin, bacilysin,
and tetaine are identical compounds [23]. Bacilysin isolated from B. subtilis A14 was
described as a heat-tolerant antibacterial compound that is stable between pH 1.4 and
12.0 for four hours at 20 °C and is insoluble in organic solvents [19].

Bacilysin is an antimicrobial compound that has attracted the attention of researchers
owing to its simple structure and high antimicrobial activity against a broad range of
microorganisms, including bacteria, fungi, and algae [16,17]. The bac operon (also referred
to as bacABCDEywfG), which is responsible for bacilysin production, has been examined
in molecular studies to understand bacilysin biosynthesis and molecular regulation in
B. subtilis [24,25]. Another study observed the presence of antimicrobial activity using the
same experimental procedure in the culture supernatant of B. subtilis A14 and B. pumilus
B-180. The researchers concluded that bacilysin is produced by both strains at the beginning
of the death phase [26,27].

This review aims to explain the mode of action of bacilysin, its role in the producer
organisms, its biosynthesis by the bac operon, its molecular regulation, and the surrounding
environment that influences bacilysin biosynthesis.

2. Mode of Action of Bacilysin and Inhibitory Effect on Pathogenic Microbes

Studies on the antimicrobial activity of bacilysin revealed that it inhibits glucosamine
6-phosphate (GlcN6P) synthase, which helps in the synthesis of GIcN6P from fructose-6-
phosphate and glutamine, which is an essential component of the peptidoglycan of the
bacterial cell wall [28]. As a result, bacilysin impaired formation of microbial cell wall [16].
Bacilysin itself has no antimicrobial activity. To be enzymatically active, bacilysin needs to
be hydrolyzed by an intracellular peptidase that releases anticapsin, which inhibits GIcN6P
synthase, an enzyme required for glucosamine or N-acetylglucosamine synthesis [29].
Intake of bacilysin into the cell and its hydrolysis into L-anticapsin and L-alanine are
shown in Figure 1. Intracellular anticapsin blocks GlcN6P synthase and, hence, bacterial
peptidoglycan or fungal mannoprotein synthesis is blocked, leading to cell protoplasting
or cell lysis [29].
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Figure 1. Mechanism of action of bacilysin during the inhibition of microbial cell wall biosynthesis.

The inhibition of the enzyme GIcN6P synthase, which was heterologously expressed
in E. coli, was studied using bacilysin. Bacilysin can be hydrolyzed by an intracellular
peptidase of C. albicans and anticapsin is released into the cell [17]. Molecular simulation
was used to verify the mechanism of action of bacilysin, which indicated that bacilysin
is more easily transported into the cell than anticapsin. In addition, anticapsin forms a
C-S bond with Cysl of GIcN6P synthase, which is not formed with bacilysin [17]. Many
studies have determined that GIcN6P synthase is an antifungal drug target [30]. Therefore,
detailed information regarding the interaction between anticapsin and GlcN6P synthase
will assist in the development of novel antifungal drugs [17].

Bacilysin synthesized by B. amyloliquefaciens FZB42 exhibited strong antibacterial ac-
tivity against the cyanobacterium Microcystis aeruginosa (the causative agent of harmful
algal blooms in lakes and rivers), with a killing efficiency of 98.78% [31]. Biosynthesis of
this cyanobactericidal compound (i.e., bacilysin) was linked to the aro gene cluster, and the
sfp-mutant strain CHO3, unable to synthesize lipopeptides (LPs) or polyketides (PKs), was
able to inhibit the growth of M. aeruginosa. This indicated the production of another antibac-
terial compound by B. amyloliquefaciens FZB42, which inhibited the growth of M. aeruginosa.
Further studies showed that bacilysin produced by B. amyloliquefaciens FZB42 caused cell
lysis and changed the membranes of many cell organelles of M. aeruginosa. Bacilysin has
also been associated with the inhibition of harmful algae such as Aphanizomenon flos-aquae,
Nostoc sp., and Anabaena sp. [31]. Bacilysin is easily transported to the target cells. Several
dipeptides and tri-peptides in S. aureus are associated with bacilysin-uptake, whereas E. coli
has both di- and oligopeptide transport systems [32]. Several dipeptides and tri-peptides
in S. aureus NCTC 6571 compete to receive bacilysin [33].

B. amyloliquefaciens GSB272 transformed with plasmid pSB767 containing bacABCDE
produced over ten times more bacilysin than the non-recombinant laboratory strain B. subtilis
168 [34]. These data demonstrate that B. amyloliquefaciens has a unique genetic backup
for the production of bacilysin. This may be related to the presence of genes that pos-
itively regulate bacilysin biosynthesis [35-37]. Genomic analysis of B. amyloliquefaciens
FZB42, also known as B. velezensis [38], showed the presence of gene clusters responsi-
ble for antibacterial PKs, such as difficidin and bacillaene, which act proficiently against
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Erwinia amylovora, a causative agent of fire blight disease [39,40]. A mutant strain unable
to produce difficidin was able to remarkably suppress E. amylovora growth [39]. More-
over, 4'-phosphopantetheinyl transferase encoded by sfp plays a role in the production of
lipopeptides (e.g., LPs and PKs); although mutants of this gene are unable to synthesize
non-ribosomal LPs and PKs, the growth of E. amylovora is still suppressed. These results
suggest that B. amyloliquefaciens has an antagonistic effect in suppressing E. amylovora
growth [39]. A double mutant unable to produce PKs and bacilysin was not capable of
suppressing E. amylovora growth, indicating that the additional inhibitory effect is due to
the synthesis of bacilysin, and bacilysin biosynthesis is not dependent on sfp [39]. Bacilysin
is synthesized via an SFP-independent non-ribosomal pathway. Bacilysin synthesized by
B. velezensis FZB4?2 efficiently antagonizes Phytophthora sojae, which causes soybean root-
rot disease. FZB42 mutants deficient in lipopeptides (bacillomycin D and fengycin) and
PKs (bacillaene, difficidin, and macrolactin) did not impair antagonism against P. sojae.
However, mutants deficient in bacilysin gene clusters completely lost their antagonistic
effect against the pathogen, indicating the antifungal activity of this dipeptide antibiotic
against the pathogen. Electron microscopy showed that bacilysin damaged the hyphal
structures and loosened the cellular contents [41]. In a similar study, bacilysin synthesized
by B. velezensis exhibited biocontrol potential against rice blight and leaf streak pathogens
(Xanthomonas oryzae pv. oryzae and X. oryzae pv. oryzicola) [42].

The amount of bacilysin production depends on the nutritional composition of the
growth medium and the growth conditions. Its GIcN6P synthase inhibitory activity de-
creases significantly in crude extracts of S. aureus when ethylenediaminetetraacetic acid
(EDTA) inhibits the hydrolysis of bacilysin [29]. Moreover, bacilysin-resistant S. aureus
strains have evolved altered cell surface receptors. Bacilysin-sensitive S. aureus strains
utilize L-alanine produced by the hydrolysis of bacilysin within the cell, whereas resistant
strains do not utilize it [29]. Bacilysin biosynthesis by B. subtilis 168 in synthetic medium
containing sucrose and glutamate was also inhibited by certain growth conditions, such
as growth supplements and temperatures above 30 °C [14,43]. The addition of usable
carbohydrates to agar medium increased the production of bacilysin, whereas a reduced
amount of carbohydrates decreased the rate of bacilysin synthesis in agar medium [18].
Antibacterial activity of B. subtilis against E. coli and S. aureus in yeast extract glucose agar
medium was higher than that of yeast extract agar medium [18]. Moreover, the addition
of asparagine to glucose agar medium dramatically increased the anti-E. coli activity of
B. subtilis [18].

3. Strain Specificity of Bacillus Species in Bacilysin Production

The mechanism of bacilysin biosynthesis differs among various strains of Bacillus
species. In addition to B. subtilis A14, many Bacillus species have been reported to synthesize
bacilysin [34]. In silico genome analysis of several Bacillus species such as B. amyloliquefa-
ciens, B. velezensis, B. licheniformis, B. pumilus, and B. subtilis revealed that the bacilysin gene
cluster is present in all species, except B. licheniformis [44]. In a similar study, whole-genome
sequencing data revealed that bacilysin gene clusters were common in several Bacillus
species, including B. velezensis HNAS3, B. velezensis FZB42, B. amyloliquefaciens DSM7, and
B. subtilis 168 [45]. Bacilysin biosynthesis was not possible in B. coagulans, B. licheniformis
ATCC 9789, and B. megaterium PV361 upon transformation with plasmid pSB660 containing
bacA-bacBCDEF, which indicates that these genes are not solely responsible for bacilysin
production [34]. In contrast, the transformation of vector pSB672 containing bacABCD
genes or that of the vector pSB679 containing bacAB genes enabled bacilysin biosynthesis
in B. pumilus ATCC12140 and B. amyloliquefaciens GSB272 [34].

B. subtilis showed wide variation in protein expression in the presence and absence
of the bac operon. Both gel- and gel-free proteomics analysis were performed to observe
differences in protein expression. Based on these findings, it was concluded that bacilysin
acts as a pleiotropic signaling molecule that affects different cellular activities [12]. Similar
results have been reported for the pleiotropic gene scoC in B. pumilus BA06 and B. subtilis
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genomes, which causes transcriptomic and phenotypical changes [46,47]. Mutant strains
with disrupted scoC gene in B. pumilus BA06 increased total extracellular protease activity
and reduced cell motility, as flagella formation was affected. Transcriptome analysis
showed that more than a thousand genes were altered during multiple growth stages at
the transcription level, including many protease genes, particularly the aprE gene [46]. In
B. subtilis, ScoC was reported to regulate at least 560 genes [47]. Moreover, B. pumilus also
downregulated the aprN gene encoding a neutral protease in the scoC mutant, indicating
that ScoC plays a strain-specific role [46]. AbrB, DegU, ScoC, and SinR are also reported to
be associated with the extracellular expression of AprE and NprE proteases in B. subtilis [48].
Production of bioactive compounds by Bacillus species differs at both the strain and species
levels [49]. Presently, different regulators and environmental factors involved in bacilysin
biosynthesis are summarized, although many other unknown peptide antibiotics are now
being produced by different Bacillus species.

4. Biosynthesis of Bacilysin by the bac Operon

Bacilysin biosynthesis is governed mainly by the bac operon, which plays a key role
in the conversion of prephenate to bacilysin. Some regulatory genes also regulate the
expression of the bac operon, which is discussed in the latter part of the article. This
complex and unique genetic setup of B. subtilis, B. amyloliquefaciens, and B. pumilus enables
them to produce bacilysin more efficiently than any other Bacillus strain. The bacilysin
biosynthesis pathway starts from prephenate with the help of genes of bac operon (Figure 2).
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Figure 2. Bacilysin biosynthesis pathway according to Parker and Walsh [24].

The enzyme encoded by bacA decarboxylates prephenate without aromatization, con-
verting the 1, 4-diene in prephenate to endocyclic 1, 3-diene in 3Z-ex-H,HPP. The bacA
gene was cloned and expressed in E. coli, and the purified homogenized recombinant
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protein was incubated with a labeled substrate [50,51]. The results showed that the enzyme
was stereo-selective and created only the (R)-isomer of the C7-hydroxyl group. The bacB
gene was cloned and expressed in E. coli, and the purified homogenized recombinant
protein was incubated with a labeled substrate [52]. The gene encodes an isomerase that
acts on 3Z-ex-H,HPP. Moreover, it can convert the (E) isomer into the (Z) isomer and
vice versa [53]; although only the (E) isomer is used in the bacilysin biosynthesis path-
way [24]. The encoded enzyme has oxidase activity and acts on 7R-en-H,HPP, converting
it to 3E-ex-HyHPP or 2-ox0-3-(4-oxocyclohexxa-2,5-dienyl) propanoic acid, which is the
precursor of L-anticapsin [54]. A mutant lacking bacB was unable to produce L-anticapsin
or bacilysin, indicating that the end product of bacB leads to the production of L-anticapsin
and bacilysin [24].

The bacG gene of B. subtilis is an integral component of the bacilysin biosynthesis gene
cluster. The gene was cloned and expressed and the product of the gene was purified and
characterized similarly to bacA or bacB [52]. A previous study showed that the introduction
of an epoxy moiety is required for the enzymatic activity of bacG. Therefore, the substrate
for bacG is epoxy-3E-H,HPP, which is converted to epoxy-4S5-H4HPP by the end of this
reaction [55,56].

Another essential component of the bacilysin biosynthetic gene cluster is bacF. BacF
protein is a fold-type I pyridoxal 5-phosphate (PLP)-dependent stereospecific transami-
nase [57]. This enzyme uses l-phenylalanine to donate an amino group to oxidize the 2-keto
group of 3- (4-hydroxyphenyl) pyruvate, producing I-tyrosine. The enzyme uses epoxy-
45-H4HPP as its substrate, converting it to lI-dihydroanticapsin, which is the precursor of
L-anticapsin [55,56].

bacC encodes a dehydrogenase or reductase that oxidizes the C4-hydroxyl of L-
dihydroanticapsin, which takes place immediately after the cyclohexenol double bond
epoxidation. Mutants with bacC deficiency were unable to synthesize L-anticapsin or
bacilysin, suggesting that it is an essential element for bacilysin production. Computa-
tional analysis of BacC proved that it is a member of the NAD*-dependent oxidoreductase
family [24].

The bacD gene of the bac operon encodes an amino acid ligase. It was previously
investigated and determined to be an unorganized dipeptide ligase [24]. BacC (oxidase)
and BacD (ligase) are the last enzymes in the biosynthesis of bacilysin. Dihydroanticapsin
and dihydrobacilysin found in AbacC strain were converted to anticapsin and then bacilysin,
respectively, upon addition of BacC and BacD, respectively. These findings suggest that
the epoxide group in bacilysin is installed early in the biosynthetic process, while BacC
oxidation of the C7-hydroxyl and subsequent BacD ligation of anticapsin to 1-Ala are the
two last steps of this process [24].

5. Regulatory Role of Signaling Molecules in Bacilysin Biosynthesis

Bacteria produce extracellular signaling molecules at high cell densities that are in-
volved in drastic changes in gene expression through a mechanism known as quorum
sensing (QS). QS is the bacterial response or communication at high cell concentrations
that allows them to control specific processes through gene regulation. QS governs antibi-
otic production, sporulation, and competence development in all B. subtilis strains via a
pathway known as ComQXPA [55]. Two QS pathways organize molecular competence
in B. subtilis. First, the Com signaling pathway is composed of ComP-ComA, which is a
two-component regulatory system pathway triggered by the ComX pheromone. Second,
the Phr-Rap signaling pathway, which is triggered by a small oligopeptide permease
(Opp) [56]. ComX and competence-stimulating factor (CFS) are two extracellular signal-
ing proteins in B. subtilis. At the beginning of this procedure, cell-derived pheromones
ComX and CSF (also known as PhrC) accumulate outside the cells [56,58-60]. ComX is
a 9-10 amino acid peptide that activates ComP (a membrane-attached receptor protein
kinase of ComX) by phosphorylation, which further activates ComA (Figure 3) [58,61].
ComX, ComP, and ComA affect the same gene sets. The Com signaling pathway directly
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controls the expression of over twenty genes and indirectly controls the expression of over
150 genes, including competence-developing genes [56]. RapC is a member of the Rap
protein family that encodes a 382 amino acid protein, aspartate phosphatase, which is
a response regulator that controls ComA activity [62]. RapC is a negative regulator of
ComA, which removes the phosphate group from ComA, making it inactive [58,63]. CSF is
transported back into the cell by oligopeptide permease (Opp) [63,64]. CSF, a five amino
acid extracellular signaling peptide, also activates ComA by inhibiting RapC activity [62].
Activated ComA acts as a multifunctional transcriptional activator and regulates QS in
B. subtilis [65]. Bacilysin production is controlled by the complex regulatory mechanisms of
ComX, PhrC, CSF, and ComP/ComA in B. subtilis through QS [35,37].
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Figure 3. Transcription regulators that control bacilysin biosynthesis. Red bold dotted arrows indicate
regulators that directly bind to the bac promoter and negatively regulate bacilysin biosynthesis,
whereas green bold dotted arrows indicate regulators that regulate bacilysin biosynthesis positively
by binding to the bac promoter. Other red and green arrows indicate regulators involved in indirect
negative and positive regulation, respectively.

Opp is significantly involved in bacilysin production via the QS pathway and handles
sporulation, competence development, and the initiation of surfactin production [35].
Opp impairment results in a bacilysin-negative phenotype [35]. The function of peptide
pheromones (Phr peptides) verified the involvement of Opp in bacilysin biosynthesis. Phr
peptides are extracellular signaling molecules that enter cells with the help of Opp [66]. To
verify the role of Phr peptides (PhrA or PhrC) in bacilysin biosynthesis, phrA, phrC, and
comA deletion mutants of B. subtilis PY79 were constructed, and the results showed that
these genes depend on Opp for proper function [35]. An insertion mutation in phrC resulted
in a bacilysin-negative phenotype in B. subtilis PY79 [35]. Out of the 50 transformed cells,
41 cells were bacilysin-negative and 9 were slightly bacilysin-positive. Insertion instability
may cause the slight bacilysin positivity in these nine cells of B. subtilis PY79. In addition,
an insertion mutation in comA also caused the same result, where 43 out of 50 transformed
cells were phenotypically bacilysin-negative [35]. In contrast, an insertion mutation in phrA
did not reveal any relationship with bacilysin production [35]. This result indicated that
PhrC and ComA are involved in bacilysin production in an Opp-dependent manner.
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A group of Phr peptides (PhrA, PhrE, PhrC, PhrF, PhrG, and PhrK), induces sporula-
tion and competence development [67,68]. The first two peptides are involved in sporu-
lation, whereas the remaining peptides are involved in the development of competence.
PhrH is another peptide in this group that is involved in both sporulation and competence
development [56,69]. Genes encoding the Phr peptides are transcribed with the help of the
Rap operon, in which the signaling pathway is coupled with ComX [66]. ComX controls
ComA activity and directly influences the expression of the bac operon. The signaling
pathway of Phr peptides is also coupled with ComX. Together with these data, it can be
hypothesized that Phr peptides may be involved in the expression of the bac operon [35].
When the bacA-lacZ fusion was expressed in a mutant lacking phrC, phrF, and phrK, a huge
variation in the expression of the bac operon was found [70]. Most significantly, deletion
of phrC results in complete cessation of the bac operon [70]. In contrast, the expression of
the bac operon is possible in some strains without ComX. Therefore, it can be concluded
that ComX-mediated signaling is strain specific, whereas PhrC is species specific. The
addition of PhrC could compensate for ComX-mediated signaling in deficient strains of
B. subtilis [71].

The srf ABCD operon of B. subtilis encodes surfactin, a non-ribosomally synthe-
sized LPs known to act against several pathogenic microbes, including L. monocytogenes,
Enterococcus faecalis, S. aureus, Pseudomonas aeruginosa, E. coli, Fusarium oxysporum, F. moniliforme,
F. solani, Trichoderma atroviride, and T. reesei [72-74]. SrfA has a direct effect on bacilysin
biosynthesis in B. subtilis PY79 [37]. To verify this, srfA mutant isolates were investigated;
they could express bacA-lacZ, but the expression of the bac operon was not observed [37].
AbrB is a transcription regulator of cells, which negatively regulates the transcription of
many genes, including srfA [73,75], and has a direct impact on bacilysin biosynthesis by
B. subtilis. B. subtilis that lacked spoOH and/or spo0A (repressor of the abrB gene) could
not produce bacilysin, whereas blocking AbrB significantly increased bacilysin production
in the mutant strain [37]. SpoOA directly interacts with the bac promoter and positively
and indirectly regulates its expression and enhances the expression of the bac operon by
suppressing the abrB gene. When Spo0A directly binds to the bac promoter, AbrB cannot
bind to the promoter; thus Spo0OA indirectly regulates the expression of the bac operon posi-
tively by inhibiting AbrB from binding to the bac operon [70]. B. subtilis strains that could
not produce bacilysin were suppressed by an abrB mutation in spo0A-blocked mutants.
All these reports suggest that gene transcription for bacilysin biosynthesis is negatively
controlled by AbrB and is relieved by Spo0OA [70].

Intracellular GTP levels are directly related to the bac operon. A decrease in GTP level
results in improved expression of the bac operon [36]. In wild-type B. subtilis, the addition
of decoyinine (an inhibitor of GMP synthetase) enhanced the expression of the bac operon,
resulting in a 2.5 fold increase in bacilysin biosynthesis [36]. CodY is a global transcriptional
regulator in low G+C containing Gram-positive bacteria that controls over 200 genes in
B. subtilis, encoding peptide transporters, intracellular proteolytic enzymes, and amino acid
degradative pathways, along with the stationary phase and virulence [76,77]. Interaction
between GTP and isoleucine activates CodY, which enhances its affinity for its target
sites [77]. CodY, a transcriptional regulator, controls intracellular GTP levels. Expression
of the bac operon was increased in the mutant strains of Bacillus spp. lacking codY gene,
suggesting that its product negatively regulates transcription of these genes [36]. Another
study reported that AbrB and CodY do not directly repress the bac operon; however, both
can bind to the promoter region of the bac operon. As a result, they act mutually to bind to
the bac operon and do not interfere with each other’s activity [70].

ScoC (hpr) negatively regulates protease synthesis and sporulation in B. subtilis [78].
Genomic comparison of a large number of bacilysin-producing B. subtilis strains revealed
that they all have scoC mutation. The expression of the bac operon was higher in mutants
lacking scoC, and it has been identified that ScoC directly binds to the promoter of the
bac operon and, with AbrB and CodY, negatively regulates the transcription of the bac
operon [79]. However, CodY can minimize the regulatory activity of ScoC [48]. The above
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information reveals that the three transcriptional regulators (ScoC, AbrB, and CodY) can
bind to the bac promoter and negatively regulate its transcription, while ComA and Spo0A
positively regulate the transcription of the bac operon.

The expression of the bac operon in B. amyloliquefaciens FZB42 is also positively regu-
lated by the degU gene, which encodes the transcriptional regulatory protein DegU. It is
associated with various cellular functions and gene regulation in B. subtilis. Both phospho-
rylated and unphosphorylated forms of this protein are active and regulate different gene
functions [80,81]. Similar to ScoC, DegU binds to the bacA promoter. It regulates bacG, an
integral gene in bacilysin biosynthesis [82]. GntR, a large family of transcription factors
found in B. subtilis, has four subfamilies categorized on the basis of their effector-binding
domains. It has two additional regulators: LutR and YdhC. It has also been demonstrated
that LutR (also known as Yvfl) is essential for bacilysin biosynthesis [83]. A mutant strain
of B. subtilis PY79 in which nucleotides 196-314 of the [utR gene was deleted resulted in a
bacilysin-negative phenotype. In contrast, mutations in the lacR gene located downstream
of the [utR gene did not affect bacilysin biosynthesis. These results indicate that LacR does
not influence bacilysin biosynthesis, whereas LutR is involved in bacilysin biosynthesis [83].
All genes and gene products involved in bacilysin biosynthesis and regulation are listed
in Table 1.

Table 1. Genes involved in bacilysin biosynthesis and its regulation.

Genes Gene Product Sizes (aa) Gene Products Functions of Gene Products References
Genes directly involved in bacilysin biosynthesis
bacA 204 Decarboxylase Acts on prephenate [24,50,51]
bacB 235 3E-ex-H,HPP isomerase Synthesizes epoxy-3E-H,HPP [50-52]
bacC 255 Dehydrogenase Synthesizes L-anticapsin [24,52]
bacD 472 Ligase Ligases L-anticapsin and L-alanine [24,34]
g Provides host resistance to bacilysin
bacE 394 Bacilysin exporter and effluxes it from cell [34]
bacF 399 Aminotransferase Synthesizes L-dlhydroar}tlcapsm [24,51,79]
from L-phenylalanine
bacG 259 Reductase Synthesizes epoxy-4$-H4HPP [24,51]
precursor of L-anticapsin
Genes positively regulate bacilysin biosynthesis
. . Regulates bacilysin
srfA 3588 Surfactin synthase subunit 1 biosynthesis positively. [24,84]
Transcriptional regulatory .
degU 229 protein DegU Binds bacA operon and bacG genes [82]
Activates comA which positively
Competence pheromone
comX 55 regulates bac operon [56]
ComX -
(Quorum sensing).
Controls comA activity by
phrC 40 Phosphatase blocking RapC [56,67]
IR 219 HTH-type transcriptional ~ Controls lactate utlhzaFl(.)n, regulates [80,83]
regulator LutR bac operon positively
Genes negatively regulate bacilysin biosynthesis
s0cC 203 Dgoxyfructose Negatively control the expression of [79]
oxidoreductase bacA gene
Binds to the bac operon and
Transition state regulatory regulates bacilysin biosynthesis
abrB % protein AbrB negatively. Acts mutually [37.75]
with CodY
Transcriptional regulator Binds to the bac operon and
codY 259 P & y regulates bacilysin biosynthesis [36,70]

protein CodY negatively. Acts mutually with abrB

Note: aa: amino acids.
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6. Conclusions and Future Prospects

The information presented above demonstrates how bacilysin is synthesized in Bacillus
species and how bacilysin biosynthesis is regulated at the molecular level. The review
also reveals how bacilysin production and the expression of several extracellular proteases
are controlled in Bacillus species by investigating studies on the involvement of various
transcriptional regulators or pleiotropic signaling molecules. However, the control mech-
anism of bacilysin biosynthesis in Bacillus species and its function are still unclear. For
example, it is well known that bacilysin inhibits GIcN6P synthase; however, which proteins
are involved in its trafficking inside the cell, or which amino acids are involved in the inter-
action between GIcN6P synthase and anticapsin-GlcN6P complex formation is unknown.
Moreover, bacilysin extraction from its producers in its original form is very challenging.
Thus, more research is needed to ensure that bacilysin can be extracted efficiently without
losing its biological function. In addition, Bacillus species that produce high amounts of
bacilysin can be genetically manipulated to enhance bacilysin production. In the future,
this approach might be a potential method for producing long-lasting biocontrol agents
using Bacillus spp. for sustainable agriculture.
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