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SUMMARY

Antimicrobial peptides (AMPs) are inherently occurring proteins that are produced by

microorganisms as secondary metabolites. Members of genus Bacillus produce many types of AMPs
by ribosomal (bacteriocins) and non-ribosomal (polymyxins and iturins) mechanisms. Bacteriocins
are ribosomally synthesized peptides that inhibit the growth of closely related bacterial strains.
Moreover, bacteriocins produced by Bacillus species have been widely used in pharmaceutical, food
industry, fishery, livestock as well as in agriculture sector. The objective of this review is to assess
the characterization of the Bacillus-derived bacteriocins, their potential use in different sectors and

structure-activity relationships.
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1. Introduction

Microorganisms are good source of antimicrobial agents.
The production of antibiotics by microorganisms and
use of antimicrobial peptides (AMPs) as therapeutics
has been one of the major achievements in medicine (/).
Bacillus is Gram-positive, rod shaped and spore-forming
bacteria. They are aerobic and catalase producing
bacteria and found in different natural environments
such as soil, rocks, dust, marine, agricultural produce,
and the gastrointestinal tract of animals (2). Among
the strain for producing antimicrobial compounds,
Bacillus subtilis is the major producer followed by
other Bacilli such as Bacillus brevis (brevistin, edeines,
gramicidines, tyrocidin), or Bacillus amyloliquefaciens
(3). The bacteriocin is one of a heterogenous subgroup of
ribosomally synthesized antimicrobial peptides that have
bacteriocinogenic plasmids which are lethal to closely
related bacteria (4). Both Gram-positive and Gram-
negative bacteria produce bacteriocins.

Members of the Bacillus group are known to be a
major producer of antimicrobial substances (4). Some
of its members, such as B. subtilis, devote more than
4% of its genome for the synthesis of polyketides (PKs),
non-ribosomal peptides (NRPs), bacteriocins as well
as other uncommon antibiotics (5). The antimicrobial
agents produced by various strains of Bacillus are found
to exhibit antibacterial as well as antifungal activity
against many pathogenic microorganisms including

phytopathogens (6).

Antimicrobial agents, lantibiotics, bacteriocin-like inhibitory substance (BLIS), probiotics

Because of potency of bacteriocins in different
sectors, their study is important notion. This review
illustrates an overview of bacteriocins produced by
Bacillus including its classification as well as their
applications in different sectors such as human health,
food industry, fishery, agriculture, and environment.

2. Bacteriocins produced by Bacillus species

Bacillus genus strains produce large number of
antimicrobial peptides with different chemical structures.
Specifically, they produce antimicrobial substances
including peptides, lipopeptides and bacteriocins (4).
Similarly, Bacillus species produce major antibiotics that
are made by ribosomal (bacteriocins) or non-ribosomal
(polymyxins and iturins) pathway according to their
mechanism of action. Among them, high number was
produced by B. subtilis, followed by B. brevis and few
by other Bacillus species (3). Different strains of B.
subtilis produce variety of bacteriocins. For example,
B. subtilis, B. subtilis A1/3, B. subtilis 168, B. subtilis
strain HILY-85 produces subtilin, ericin S and ericin
A, sublancin 168, mersacidin, respectively. Other
Bacillus species like B. licheniformis, B. cereus, B.
thuringiensis, and B. pseudomycoides, etc. also produce
bacteriocins like bacillocin 490, cerein 8A, thuricin 7,
and pseudomycoicidin respectively (7-11). Recently,
a new bacteriocin was reported namely amylocyclicin
which was produced by B. amyloliquefaciens FZB42
(12). Sonorensin is a new peptide belonging to
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heterocycloanthracin, subfamily of bacteriocin isolated
from marine bacteria B. sonorensis MT 93. This peptide
showed activity against broad spectrum bacteria
including B. subtilis, E. coli, Listeria monocytogenes,
Pseudomonas aeruginosa, Staphylococcus aureus,
Vibrio vulnificus (13). Other class iii bacteriocins
produced by B. subtilis group are baciamin and Bac
14 B which have antibacterial as well as antifungal
activity (5) Abriouel ef al. in 2011 reported a long list
of bacteriocins/BLIS produced by Bacillus species (14).
Some of the reported Bacillus produced bacteriocins are
summarized in Table 1.

2.1. Classification of Bacillus bacteriocins

The classification of bacteriocins was initially done by
Klaenhammer in 1993, Nes and colleagues in 2007, and
by Abriouel and his coworkers in 2011 (/4,20). They
classified bacteriocins into three classes, the first class
(I) include antimicrobial peptides that undergo different
forms of post-translational modifications; the second
class (II) presents nonmodified and linear peptides,
and the last class (III), which includes large proteins
(> 30 kDa). Recently, Soltani et al. (2021) reclassified
bacteriocins into two large classes. Class I resembles
peptides group with molecular masses < 5 kDa and that
contain post translationally modified bacteriocin. Class II
bacteriocins contain unmodified peptides with molecular
masses of 6-10 kDa including peptides with unstable
disulfide bridges (21).

Class I. Post-translationally modified peptides

The class I bacteriocins include small (< 5 kDa) heat
stable peptides. This class can be further divided into 4
subclasses (subclasses 1.1, 1.2, 1.3, and 1.4). Subclasses
[.1-1.3 includes lantibiotic peptides, containing
lanthionine and methyllanthionine residues. While the
subclass 1.4 includes peptide with unique modifications
(14).

Subclass I.1. Single peptide, elongated lantibiotics
This group is represented by lantibiotics, are

small peptides (22,23) (19-38 aminoacids) and
contains dehydrated amino acids (lanthionine and

Table 1. Bacteriocins and BLIS produced by Bacillus species

methyllanthionine) introduced by posttranslational
modifications (24,25). Unusual amino acids lanthionine
and 3-methyllanthionine are in the form of ring
structures that make lantibiotics more stable against heat,
wide range of pH and proteolytic enzymes, thus these
properties differentiate them from other antimicrobial
peptides (25). Subtilin is a lantibiotic produced by B.
subtilis, one of the extensively studied peptide that
belongs to type A lantibiotics. It is active against most
of the Gram-positive and some Gram-negative bacteria
(26). Ericin S (3,442 Da) and ericin A (2,986 Da) are
two related lantibiotics produced by B. subtilis A1/3 with
strong resemblances to subtilin (27).

Subclass 1.2. Other single peptide lantibiotics

Subclass 1.2 includes globular lantibiotics mersacidin
and other lantibiotics namely sublancin 168 and
paenibacillin. Mersacidin which is produced by Bacillus
sp. strain HIL Y-85.54728 shows more globular structure
due to the presence of four intermolecular thioether
bridges. It inhibits the growth of Gram-positive bacteria
including methicillin resistant Staphylococcus aureus
(MRSA) (22). Sublancin 168 is produced by B. subtilis
168, consists of one lanthionine linkage and two unusual
disulfide bonds. It shows activity against Gram-positive
bacteria, including B. cereus, Streptococcus pyogenes
and S. aureus. Since a lot is known about sublancin, it
has potential for novel biomaterial engineering (28). In
2013, Arias and colleagues identified amylolysin from
B. amyloliquefaciens GA 1, a type B lantibiotic which
exhibits antibacterial activity against Gram-positive
bacteria including MRSA and Listeria monocytogenes
(19).

Subclass 1.3. Two-peptide lantibiotics

This subclass includes lantibiotics containing two
components. The two peptide lantibiotics produced
by Bacillus species are haloduracin and lichenicidin
produced by B. halodurans C-125, B. licheniformis
DSM 13 respectively (29,30). These peptides are closely
related to two peptide lantibiotics produced by other
bacteria such as, cytolysin from Enterococci, lacticin
3147 from Lactococcus lactis DPC3147, staphylococcin
C55 produced by S. aureus C55, plantaricin W from

Bacillus species Bacteriocin/BLIS Study reports
Bacillus subtilis GAS101 GAS101 Sharma et al. (2018) (15)
Bacillus subtilis KIBGE-17 Bac-IB17 Ansari et al. (2012) (16)
Bacillus subtilis SN7 Mejucin Lee et al. (2018) (73)

Bacillus subtilis L-Q11

Bacillus subtilis EMD4

Bacillus amylolequefaciens FZB42
Bacillus amylolequefaciens GA1
Bacillus sonorensis MT 93

Subtilin L-Q11

Amylocyclicin
Amylolysin
Sonorensin

Subtilosin A. BacEMD4

Qin et al. (2019) (17)
Liu et al. (2015) (18)
Scholz et al. (2014) (12)
Arias et al. (2013) (19)
Chopra et al. (2014) (13)
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Lactobacillus plantarum, and Smb produced by
Streptococcus mutans GS5 (31-35). In two peptide
lantibiotics group, the antimicrobial activity is exhibited
due to the synergistic activities of two lanthionine
containing peptides (Al and A2) (/4). Haloduracin
consist of two post translationally modified peptides
Halo/A1 and HalB/A2, both of which act synergistically
to produce bactericidal activity. Similarly, lichenicidin
also consist of two prepeptides Blia/A1l and Blif/A2
that has 38% and 52% similarity to HalAl and Hal A2
respectively (29).

Class I1. Non-modified peptides

The class II bacteriocins are heterogenous group of small
peptides having size of less than 10 kDa (25). These
are heat stable, non-modified cationic peptides that
are hydrophobic in nature. Klaenhammer et al. (1993)
had sub divided these peptides under three subgroups:
class Ila pediocin like, class IIb two-component peptide
and class Ilc thiol activated peptides. In 1996, Nes
and colleagues have suggested that, based on some
common characters, class II bacteriocins can be divided
as pediocin like and anti- listeria bacteriocins, two
peptide bacteriocins and bacteriocins with sec-dependent
signal sequence (20,306). Later, Cotter et al. (2005) have
suggested 4 subdivisions, retaining class Ila and IIb with
two new subdivisions (class Ilc and IId). The class Ilc
included cyclic bacteriocins while class IId has non-
pediocin single linear peptides (37). Nissen-Meyer et
al. (2009) have maintained this classification scheme in
their review about the structure and function relationship
of class II bacteriocins (38). In 2011, Belkam and
coworkers suggested that circular bacteriocins as a
separate class of bacteriocin (39).

Class III. Large proteins

This class includes large proteins (30 kDa), which
have phospholipase activity such as megacins A-216
and A-19213 produced by Bacillus megaterium ATCC
19213. Megacin A-216 contains 293 amino acid
residues and shows a native molecular weight of c. 66
kDa (40). Other proteins like colicins, klebicin (from

Klebsiella pneumoniae), helveticin 1 (from Lactobacillus
helveticus), and enterolysin (from Enterococcus faecalis)
are the members of this group (47).

2.2. Application of Bacillus bacteriocin

The Bacillus species are industrially important because
of their excellent safety record, rapid growth rates, short
fermentation cycles and their high capacity for protein
secretion into the extracellular medium (42). Peptides
derived from Bacillus species have shown antibacterial,
antifungal, antiviral, antitumor, antiamebocytic, and
antimycoplasmic activities (4,42). Similarly, many
Bacillus species, such as B. subtilis, B. clausii, B. cereus,
B. coagulans, and B. licheniformis, have been used
as probiotic supplements in both animals and humans
(23,43). Some of the applications of bacillus bacteriocin
are discussed below (Figure 1).

2.2.1. Application in human health

Bacteriocins are considered as alternative antimicrobials
for treatment of human infections, as there is increasing
bacterial resistance to conventional antibiotics (/4).
Bacteriocins or bacteriocin like substances (BLIS)
produced by bacillus have shown antimicrobial activity
against multi drug resistant bacteria such as MRSA,
vancomyecin resistant enterococci (VRE), efc. In addition
to bacteriocins, lantibiotics has recently been the peptide
of interest (/4). Bacitracin is one of the important
polypeptides, which is effective against Streptococcus
pyogenes and Staphylococcus aureus. Bacitracin has been
used clinically in combination with other antimicrobial
agents (44). Others have reported that oral administration
of bacitracin daily for 7-10 days was successful in the
treatment of antibiotic-associated colitis and diarrhea
caused by Clostridium difficile (45). Amylolysin, a novel
bacteriocin produced by the B. amyloliquefaciens GA1
strain, has been reported to exhibit activity against L.
monocytogenes strains, which are responsible for food-
born listeriosis. Mersacidin, a lantibiotic shows strong
antimicrobial activity against S. aureus both in vitro
and in vivo studies (/9,46). The lantibiotic subtilosin A
shows antimicrobial activity against pathogens such as L.
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Figure 1. Illustration showing applications of bacteriocins in different sectors.
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monocytogenes, Gardnerella vaginalis and Streptococcus
agalactiae. Similarly, Pep5 and epidermin prevent
the adhesion of coagulase-negative staphylococci,
specifically Staphylococcus epidermidis, to siliconisated
catheters (47). Besides antibacterial activity of
bacteriocin, it has been found to have antifungal activity.
For example, baciamin, an antifungal protein produced
by B. amyloliquefaciens was reported to be active against
various fungi like Botrytis cinerea, Helminthosporium
turcicum, Harpophora maydis, Valsa mali,
Mpycosphaerella arachidicola, Pythium aphanidermatum,
Rhizoctonia solani, and Fusarium oxysporum (14,48).
Bacteriocin producing bacterial strains can be used as
probiotic supplement for human and animals as they
can inhibit the intestinal pathogens such as Clostridium
perfringens, Clostridium difficile and others (49,50).
For example, B. clausii produces inhibitory substances
against S. aureus, Enterococcus faecium and C. difficile
(50). Bacillus polyfermenticus SCD (polyfermenticin
SCD producer) is a probiotic, commercially used for the
treatment of long-term intestinal disorders as it inhibits
the growth of C. perfringens (51).

2.2.2. Application in food industry

LAB derived bacteriocins are promising food
preservatives and they are safe for human use because
they are non-toxic compound. Nisin (as nispalin) and
pediocin PA-1 (as ALTA 2341) are commercially
available food additives (38). There are two bacteriocins
from Bacillus that have potential preservative application
in dairy products (/4). For example, bacillocin 490
showed activity against closely related Bacillus spp.
The bactericidal activity was found to be stable at 4°C,
wide pH range and high temperature (&). Another is
cerein 8A produced by B. cereus 8A, was used to control
cheese surface contamination by L. monocytogenes. In
2008, Bizani and colleagues showed that cerein 8A only
caused a delay in the start of exponential growth phase
in soft cheese (/0). Furthermore, BLIS produced by B.
amyloliquefaciens GA1 was used as biopreservatives
in poultry meat (/4) . These days there is a trend of
discouraging the use of chemical preservatives which
has increased the interest in the application of natural
preservatives. Recently, the antimicrobial lipopeptide
microcapsules made from B. amyloliquefaciens ES2 was
tested as food additives (52).

2.2.3. Application in livestock

Bacteriocin producing Bacillus strain could be used
as probiotics in livestock to improve the health of
animals (53). For example, a lichenin derived from B.
licheniformis was found to exhibit antibacterial effect
against Fubacterium ruminantium and Streptococcus
bovis and it also possessed the hydrolytic activity
against polysaccharides (54). Therefore, Pattnaik and

colleagues (2001) postulated that lichenin have potential
applications to improve rumen fermentation due to
its role as a digestive aid and due to its antimicrobial
properties (54). Amylolysin at concentration of 5-10 pg/
g has shown to inhibit the growth of L. monocytogenes
in poultry meat (/9). The bacteriocin-producing strains
Paenibacillus polymyxa NRRL B-30507, NRRL
B-30508, NRRL B-30509 and Bacillus circulans NRRL
B-30644 were used to control Campylobacter jejuni
for treating animals carrying zoonoses. Spores of the B.
amyloliquefaciens CECT 5940 are used as a probiotic
in poultry feeds (Ecobiols, Norel & Nature Nutrition)
to reduce the effect of pathogenic bacteria such as C.
perfringens, E. coli and Yersinia (14).

2.2.4. Application in fishery

Probiotics produced by Bacillus strain could be used
in two ways: as preservative to improve the storage
in fish procession industry and as an antimicrobial to
improve fish health in aquaculture. Bacteriocin, an
antimicrobial peptide, possess antagonistic activity
against other bacteria showing immunoprotective
effects against fish bacterial infections (55). Probiotics
or bioactive molecules isolated from fish gut-derived
Bacillus spp., are found promising source of natural
antimicrobial compounds against fish bacterial diseases.
Similarly, bacteriocin TSU4 isolated from fish inhabited
Lactobacillus showed a wide range of antimicrobial
activity against Aeromonas hydrophila (MTCC 646) and
Pseudomonas aeruginosa (MTCC 1688) and showed
pH and thermal stability as well. Thus, bacteriocin
"TSU4" has potentiality for using as preservative in fish
processing industry (56). Likewise, nisin was found
as effective bio-preservative agent to increase shelf
life of rainbow trout (Oncorhynchus mykiss) storage.
Analogously, nisin, which is produced by Lactobacillus
lactis subsp. lactis, is allowed to use as food additive.
Nisin-treated vacuum packaged rainbow trout increased
the self-life from 12 days to 16 days at 4°C (57). These
evidences show the usefulness of bacteriocins in fishery
industry.

2.2.5. Application in environment

Bacillus species is naturally found in soil and plants.
Thus, the bacteriocins or BLIS produced by Bacillus
could be acquiescent to be used as biocontrol agent
(14). For example, ericin S is active against Clavibacter
michiganensis, the causative agent of tomato bacterial
canker. Therefore, purified ericin or its producer strain
could be developed as a bioprotectant on tomato
cultivation against bacterial canker disease. As, the
bioactivity of BLIS produced by B. subtilis 14B, Bac
14B, is active against Agrobacterium tumefaciens,
thus it could be used as a biocontrol agent against 4.
tumefaciens associated infections. Moreover, some
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of the BLIS are effective against fungal strains, thus
there is potential of using those BLIS as biocontrol
agent to preserve plants decay and postharvest control
of fruits and vegetables (/4,18,27). Likewise, a BLIS
produced by B. amyloliquefaciens AC 2 is bioactive
against Colletotrichum dematium, mulberry anthracnose
fungus and several other phytopathogenic fungi as well
as bacteria, such as Rosellinia necatrix, Pyricularia
oryzae, A. tumefaciens and Xanthomonas campestris
pv. campestris (14). Furthermore, lipopeptides
such as fengycin and iturins have antifungal activity
(58). Moreover, surfactin has surfactant activity and
emulsification properties, indicating that these peptides
might be applied in bioremediation. The surfactin
lipopeptide has also demonstrated activity as antitumor,
antiviral, antibacterial activities and hypocholesterolemic
agent (59). Many Bacillus-derived antimicrobial peptides
can be used to inhibit plant pathogens and preserve grain.
The B. subtilis species is widely used in the biocontrol
of plant diseases. Recently, Guo and colleagues (2014)
discovered that the B. subtilis NCD-2 strain secretes
fengycin-type lipopeptides that exhibited antifungal
activity against Rhizoctonia solani, the causative agent of
cotton damping-off disease (58).

BLIS producing bacilli also have other environmental
applications. The antimicrobial substances (AMS)
produced by strains B. licheniformis T6-5 and Bacillus
firmus H(2)O-1 prevented the formation of Bacillus
pumilus LF4 biofilm and eliminated pre-established LF4
biofilm (60). In addition, Korenblum and coworkers
reported that the presence of AMS produced by B. firmus
H(2)O-1 reduced the viability and attachment of the
SRB consortium biofilm thus, suggested that the AMS
produced by Bacillus strains T6-5 and H(2)O-1 may have
a potential for pipeline-cleaning technologies to inhibit
biofilm formation and consequently reduce biocorrosion
(60).

3. Structure-activity relationships (SARs) of
bacteriocins

The molecular structure of antimicrobial peptides (AMPs)
affects their mechanism of action and therapeutic effects.
Etayash and his colleagues reported the structure-
activity relationships (SARs) of seven bacteriocins
(nisin, microcin J25, microcin B17, microcin C, leucocin
A, sakacin P and pediocin PA-1 (61). It is relevant to
discuss some examples of structure-activity relationships
of nisin, a type of bacteriocins.

Nisin is one of the most well studied peptides. This
highly potent peptide inhibits food-spoilage bacteria and
used to treat drug-resistant bacterial infections. Nisin
has two most common forms; they are nisin A and nisin
Z. Many analogues of nisin were synthesized using
site directed mutagenesis and chemical synthesis. After
the mutations at rings A and B of nisin, the mutants
retained the biological activity of the peptide (62). The

hinge region of nisin was mutated in many ways and
the mutants N20P, M21V and K22P showed activity
greater than the native type nisin A against S. aureus,
L. monocytogenes and S. agalactiae respectively (63).
Field et al. isolated novel nisin variant with increased
activity against clinical and foodborne pathogens by
bioengineering process (64). They identified a variant
with a serine to glycine change at position 29 (S29G).
Moreover, they made three nisin A derivatives (S29A,
S29D and S29E) which are active against Gram-positive
drug resistant bacteria, by site-directed mutagenesis.

Similarly, Cotter and coworkers changed the three
amino acids at the hinge region (N20, M21 and K22)
of nisin to increase its bioactivity against many target
strains (65). Likewise, Evelyn ef al. created a bank of
nisin A derivatives in which K 12 was substituted with
all other standard amino acid residues to make more
antibacterial peptide analogue, using bioengineering
technology (Table 2) and the site-directed mutagenesis
(66). Furthermore, Arnusch et al. (2008) conjugated nisin
to vancomycin and the conjugate has 40-fold increase
in antibacterial activity. The nisin fragment (1-12) was
made by enzymatic cleavage and then it was conjugated
to vancomycin by the click chemistry and the activity
increased to wide strains of bacteria (67) (60).

Pediocin PA-1 is a class II a bacteriocin that shows
activity against Listeria monocytogenes (69). There are
several studies regarding structure functional relationship
of pediocin. Several mutants of pediocin were generated
by chemical synthesis or by site directed mutagenesis
(38). In the study done by Tomigana et al. (2007) showed
some of the residues were essential for retaining activity
of pediocin (70). They replaced each residue of the
native codon with the NNK triplet Oligonucleotide by
using NNK scanning method and generated 35 peptide
mutants (Table 3). They found that, the bioactivity of
pediocin was retained by almost all mutants having
mutations at K1, T8, G10, S13, G19, N28 and N41,
whereas the activity was completely lost in analogues
with mutations at residues Y2, G6, C9, C14, C24, W33,
G37, and C44, implying the importance of these residues
for the bioactivity of pediocin (70).

Analogously, Song et al. made nine mutants of

Table 2. Nisin A mutants obtained by bioengineering
technology. Mutation at Lysine (K)12 with various amino
acid substitutions exhibited increased, decreased and no
activity as shown by Etayash ez al. (2015) (61).

Original residue Mutant residue (s) Activity (%)
K12 PA,T,S > 125

K12 QM,CN,V 100

K12 RH,W,EY,L,G 50-70

K12 D.,E no activity

P- Proline, A- Alanine, T- Threonine, S- Serine, Q- Glutamine, M-
Methionine, C- Cisteine, N- Asparagine, V- Valine, R- Arginine, H-
Histidine, W-Tryptophan, F- Phenylalanine, Y- Tyrosine, I- Isoleucine,
G- Glycine, D-Aspartic acid, E-Glutamic acid.
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Table 3. Pediocin mutants obtained by NNK scanning
where, N = A/C/G/T, K= G/T. Mutations at Y2, G6, C9, C14,
W33, G37 and C44 showed > 90% activity; while substitution
at K1, T8, G10, S13, G19, N28, and N41 had < 10% relative
activity described by Tomigana and Hatakeyama, et al. (2006)
(68).

Original residue Mutant residue (s) Activity (%)
K1 ND’ <10
Y2 Y >90
Y2 H 30-50
G6 G >90
T8 D,P <10
C9 C >90
G10 C,PQ <10
S13 C,P <10
Cl4 C >90
G19 CH <10
C24 C >90
N28 ND’ <10
W33 W >90
W33 L 50-70
G37 G >90
G37 A 50-70
N41 ND’ <10
C44 C >90

activity = (diameter of the circle formed by the wild type/diameter of
the circle formed by the wild mutant)' 100%. P- Proline, A- Alanine, T-
Threonine, S- Serine, Q- Glutamine, M- Methionine, C- Cisteine, N-
Asparagine, V- Valine, R- Arginine, H- Histidine, W-Tryptophan, F-
Phenylalanine, Y- Tyrosine, I- Isoleucine, G- Glycine, D-Aspartic acid.
ND’, residues where the stop codon was introduced, or peptide was
damaged by PCR error.

pediocin with different substitution and increasing
positively charged residues (7/). They found two-fold
increase in the activity of some of the mutants. The
mutant S13K was found to be more potent than the
native pediocin PA-1, which also indicated that charged
residues at position 13 had a positive effect on the
activity (77). In addition, other study by Fimland ef al.
(1998), explained that a 15-mer peptide fragment made
from pediocin PA-lhad ability to inhibit the activity
of pediocin (72). However, many aspects are yet to
be investigated since there are several studies done on
pediocin PA-1.

4. Conclusion

Susceptibility toward antimicrobials has been a
major challenge due to increasing number of resistant
pathogens. This review demonstrates potentiality of the
genus Bacillus as an important source of bacteriocins
that has applied benefits in various fields of human
and animal health, food industry, fishery, environment,
and agriculture. Not only as a preservative but also as
a potential antimicrobial agent in the manufacturing
industry level, the genus Bacillus has potentiality as a
source of new antimicrobials against resistant strains. In
this review, we have explored the sources of bacteriocins,
characterized and classified them and discussed
bacteriocins structure-activity relationships. This review

provides valuable information about multifarious use of
bacteriocins.

Funding: This work was supported by a grant from
University Grant Commission, Sanothimi, Bhaktapur,
Nepal.

Conflict of Interest: The authors have no conflicts of
interest to disclose.

References

1. Karbalaei-Heidari HR, Partovifar M, Memarpoor-Yazdi
M. Evaluation of the bioactive potential of secondary
metabolites produced by a new marine micrococcus
species isolated from the Persian Gulf. Avicenna J Med
Biotechnol. 2020; 12:61-65.

2. Zhao X, Kuipers OP. Identification and classification of
known and putative antimicrobial compounds produced
by a wide variety of Bacillales species. BMC Genomics.
2016; 17:882.

3. Koumoutsi A, Chen XH, Henne A, Liesegang H,
Hitzeroth G, Franke P, Vater J, Borriss R. Structural and
functional characterization of gene clusters directing
nonribosomal synthesis of bioactive cyclic lipopeptides
in Bacillus amyloliquefaciens strain FZB42. ] Bacteriol.
2004; 186:1084-1096.

4. Stein T, Heinzmann S, Dusterhus S, Borchert S, Entian
KD. Expression and functional analysis of the subtilin
immunity genes spalFEG in the subtilin-sensitive host
Bacillus subtilis MO1099. J Bacteriol. 2005; 187:822-828.

5. Caulier S, Nannan C, Gillis A, Licciardi F, Bragard C,
Mahillon J. Overview of the antimicrobial compounds
produced by members of the Bacillus subtilis group. Front
Microbiol. 2019; 10:302.

6. Beric T, Stankovic S, Draganic V, Kojic M, Lozo J, Fira
D. Novel antilisterial bacteriocin licheniocin 50.2 from
Bacillus licheniformis VPS50.2 isolated from soil sample.
J Appl Microbiol. 2014; 116:502-510.

7. Cherif A, Ouzari H, Daffonchio D, Cherif H, Ben Slama
K, Hassen A, Jaoua S, Boudabous A. Thuricin 7: a novel
bacteriocin produced by Bacillus thuringiensis BMG1.7, a
new strain isolated from soil. Lett Appl Microbiol. 2001;
32:243-247.

8. Martirani L, Varcamonti M, Naclerio G, De Felice M.
Purification and partial characterization of bacillocin 490,
a novel bacteriocin produced by a thermophilic strain of
Bacillus licheniformis. Microb Cell Fact. 2002; 1:1.

9. Bizani D, Brandelli A. Characterization of a bacteriocin
produced by a newly isolated Bacillus sp. Strain 8 A. J
Appl Microbiol. 2002; 93:512-519.

10. Bizani D, Dominguez AP, Brandelli A. Purification and
partial chemical characterization of the antimicrobial
peptide cerein 8A. Lett Appl Microbiol. 2005; 41:269-
273.

11. Basi-Chipalu S, Dischinger J, Josten M, Szekat C,
Zweynert A, Sahl HG, Bierbaum G. Pseudomycoicidin,
a class II lantibiotic from Bacillus pseudomycoides. Appl
Environ Microbiol. 2015; 81:3419-3429.

12. Scholz R, Vater J, Budiharjo A, Wang Z, He Y,
Dietel K, Schwecke T, Herfort S, Lasch P, Borriss R.
Amylocyclicin, a novel circular bacteriocin produced by
Bacillus amyloliquefaciens FZB42. J Bacteriol. 2014;

www.ddtjournal.com



61

Drug Discoveries & Therapeutics. 2022; 16(2):55-62.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

196:1842-1852.

Chopra L, Singh G, Choudhary V, Sahoo DK.
Sonorensin: an antimicrobial peptide, belonging to the
heterocycloanthracin subfamily of bacteriocins, from
a new marine isolate, Bacillus sonorensis MT93. Appl
Environ Microbiol. 2014; 80:2981-2990.

Abriouel H, Franz CM, Ben Omar N, Galvez A. Diversity
and applications of Bacillus bacteriocins. FEMS
Microbiol Rev. 2011; 35:201-232.

Sharma G, Dang S, Gupta S, Gabrani R. Antibacterial
activity, cytotoxicity, and the mechanism of action of
bacteriocin from Bacillus subtilis GAS101. Med Princ
Pract. 2018; 27:186-192.

Ansari A, Aman A, Siddiqui NN, Igbal S, Ali ul Qader
S. Bacteriocin (BAC-IB17): screening, isolation and
production from Bacillus subtilis KIBGE IB-17. Pak J
Pharm Sci. 2012; 25:195-201.

Qin Y, Wang Y, He Y, Zhang Y, She Q, Chai Y, Li P,
Shang Q. Characterization of subtilin L-Q11, a novel
class I bacteriocin synthesized by Bacillus subtilis L-Q11
isolated from orchard soil. Front Microbiol. 2019; 10:484.
Liu X, Lee JY, Jeong SJ, Cho KM, Kim GM, Shin JH,
Kim JS, Kim JH. Properties of a bacteriocin produced
by Bacillus subtilis EMD4 isolated from Ganjang (Soy
Sauce). J Microbiol Biotechnol. 2015; 25:1493-1501.
Arias AA, Ongena M, Devreese B, Terrak M, Joris
B, Fickers P. Characterization of amylolysin, a novel
lantibiotic from Bacillus amyloliquefaciens GA1. Plos
One. 2013; 8:e83037.

Moineau S, Pandian S, Klaenhammer TR. Restriction/
Modification systems and restriction endonucleases are
more effective on lactococcal bacteriophages that have
emerged recently in the dairy industry. Appl Environ
Microbiol. 1993; 59:197-202.

Soltani S, Hammami R, Cotter PD, Rebuffat S, Said
LB, Gaudreau H, Bedard F, Biron E, Drider D, Fliss
I. Bacteriocins as a new generation of antimicrobials:
toxicity aspects and regulations. FEMS Microbiol Rev.
2021; 45:fuaa039.

Chatterjee S, Chatterjee DK, Jani RH, Blumbach J,
Ganguli BN, Klesel N, Limbert M, Seibert G. Mersacidin,
a new antibiotic from Bacillus. In vitro and in vivo
antibacterial activity. J Antibiot (Tokyo). 1992; 45:839-
845.

Cutting SM. Bacillus probiotics. Food Microbiol. 2011;
28:214-220.

Field D, Hill C, Cotter PD, Ross RP. The dawning of a
'Golden era' in lantibiotic bioengineering. Mol Microbiol.
2010; 78:1077-1087.

Nishie M, Sasaki M, Nagao J, Zendo T, Nakayama J,
Sonomoto K. Lantibiotic transporter requires cooperative
functioning of the peptidase domain and the ATP binding
domain. J Biol Chem. 2011; 286:11163-11169.

Klein C, Kaletta C, Schnell N, Entian KD. Analysis of
genes involved in biosynthesis of the lantibiotic subtilin.
Appl Environ Microbiol. 1992; 58:132-142.

Stein T, Borchert S, Conrad B, Feesche J, Hofemeister B,
Hofemeister J, Entian KD. Two different lantibiotic-like
peptides originate from the ericin gene cluster of Bacillus
subtilis A1/3. J Bacteriol. 2002; 184:1703-1711.

Paik SH, Chakicherla A, Hansen JN. Identification and
characterization of the structural and transporter genes for,
and the chemical and biological properties of, sublancin
168, a novel lantibiotic produced by Bacillus subtilis 168.
J Biol Chem. 1998; 273:23134-23142.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

McClerren AL, Cooper LE, Quan C, Thomas PM,
Kelleher NL, van der Donk WA. Discovery and in vitro
biosynthesis of haloduracin, a two-component lantibiotic.
Proc Natl Acad Sci U S A. 2006; 103:17243-17248.
Dischinger J, Josten M, Szekat C, Sahl HG, Bierbaum
G. Production of the novel two-peptide lantibiotic
lichenicidin by Bacillus licheniformis DSM 13. Plos One.
2009; 4:e6788.

Dougherty BA, Hill C, Weidman JF, Richardson DR,
Venter JC, Ross RP. Sequence and analysis of the 60 kb
conjugative, bacteriocin-producing plasmid pMRCO1
from Lactococcus lactis DPC3147. Mol Microbiol. 1998;
29:1029-1038.

Gilmore MS, Segarra RA, Booth MC, Bogie CP, Hall
LR, Clewell DB. Genetic structure of the Enterococcus
faecalis plasmid pAD1-encoded cytolytic toxin system
and its relationship to lantibiotic determinants. J Bacteriol.
1994; 176:7335-7344.

Holo H, Jeknic Z, Daeschel M, Stevanovic S, Nes IF.
Plantaricin W from Lactobacillus plantarum belongs to
a new family of two-peptide lantibiotics. Microbiology
(Reading). 2001; 147:643-651.

Navaratna MA, Sahl HG, Tagg JR. Two-component anti-
Staphylococcus aureus lantibiotic activity produced by
Staphylococcus aureus C55. Appl Environ Microbiol.
1998; 64:4803-4808.

Yonezawa H, Kuramitsu HK. Genetic analysis of a unique
bacteriocin, Smb, produced by Streptococcus mutans GSS.
Antimicrob Agents Chemother. 2005; 49:541-548.

Nes IF, Diep DB, Havarstein LS, Brurberg MB, Eijsink
V, Holo H. Biosynthesis of bacteriocins in lactic acid
bacteria. Antonie Van Leeuwenhoek. 1996; 70:113-128.
Cotter PD, Hill C, Ross RP. Bacterial lantibiotics:
strategies to improve therapeutic potential. Curr Protein
Pept Sci. 2005; 6:61-75.

Nissen-Meyer J, Rogne P, Oppegard C, Haugen HS,
Kristiansen PE. Structure-function relationships of the
non-lanthionine-containing peptide (class II) bacteriocins
produced by gram-positive bacteria. Curr Pharm
Biotechnol. 2009; 10:19-37.

van Belkum MJ, Martin-Visscher LA, Vederas JC.
Structure and genetics of circular bacteriocins. Trends
Microbiol. 2011; 19:411-418.

Kiss A, Baliko G, Csorba A, Chuluunbaatar
T, Medzihradszky KF, Alfoldi L. Cloning and
characterization of the DNA region responsible for
Megacin A-216 production in Bacillus megaterium 216. ]
Bacteriol. 2008; 190:6448-6457.

Kaur S, Kaur S. Bacteriocins as potential anticancer
agents. Front Pharmacol. 2015; 6:272.

Benitez LB, Velho RV, Lisboa MP, Medina LF, Brandelli
A. Isolation and characterization of antifungal peptides
produced by Bacillus amyloliquefaciens LBM5006. J
Microbiol. 2010; 48:791-797.

Elshaghabee FMF, Rokana N, Gulhane RD, Sharma
C, Panwar H. Bacillus as potential probiotics: Status,
concerns, and future perspectives. Front Microbiol. 2017;
8:1490.

Haddar HO, Aziz GM, Al-Gelawi MH. Optimization of
bacitracin production by Bacillus licheniformis BS. Pak J
Biol Sci. 2007; 10:972-976.

Chang TW, Gorbach SL, Bartlett JG, Saginur R.
Bacitracin treatment of antibiotic-associated colitis
and diarrhea caused by Clostridium difficile toxin.
Gastroenterology. 1980; 78:1584-1586.

www.ddtjournal.com



Drug Discoveries & Therapeutics. 2022; 16(2):55-62. 62

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Kruszewska D, Sahl HG, Bierbaum G, Pag U, Hynes SO,
Ljungh A. Mersacidin eradicates methicillin-resistant
Staphylococcus aureus (MRSA) in a mouse rhinitis
model. J Antimicrob Chemother. 2004; 54:648-653.
Fontana MB, de Bastos Mdo C, Brandelli A.
Bacteriocins Pep5 and epidermin inhibit Staphylococcus
epidermidis adhesion to catheters. Curr Microbiol. 2006;
52:350-353.

Wong JH, Hao J, Cao Z, Qiao M, Xu H, Bai Y, Ng TB.
An antifungal protein from Bacillus amyloliquefaciens. J
Appl Microbiol. 2008; 105:1888-1898.

Chen H, Wang L, Su CX, Gong GH, Wang P, Yu ZL.
Isolation and characterization of lipopeptide antibiotics
produced by Bacillus subtilis. Lett Appl Microbiol. 2008;
47:180-186.

Urdaci MC, Bressollier P, Pinchuk 1. Bacillus clausii
probiotic strains: antimicrobial and immunomodulatory
activities. J Clin Gastroenterol. 2004; 38:S86-90.

Lee KH, Jun KD, Kim WS, Paik HD. Partial
characterization of polyfermenticin SCD, a newly
identified bacteriocin of Bacillus polyfermenticus. Lett
Appl Microbiol. 2001; 32:146-151.

Wang J, Ma H, Ge X, Zhang J, Teng K, Sun Z, Zhong
J. Bovicin HJ50-like lantibiotics, a novel subgroup of
lantibiotics featured by an indispensable disulfide bridge.
Plos One. 2014; 9:97121.

Ben Lagha A, Haas B, Gottschalk M, Grenier D.
Antimicrobial potential of bacteriocins in poultry and
swine production. Vet Res. 2017; 48:22.

Pattnaik P, Kaushik JK, Grover S, Batish VK.
Purification and characterization of a bacteriocin-
like compound (Lichenin) produced anaerobically by
Bacillus licheniformis isolated from water buffalo. J Appl
Microbiol. 2001; 91:636-645.

Sahoo TK, Jena PK, Patel AK, Seshadri S. Purification
and molecular characterization of the novel highly potent
bacteriocin TSU4 produced by Lactobacillus animalis
TSU4. Appl Biochem Biotechnol. 2015; 177:90-104.
Santos RA, Oliva-Teles A, Pousao-Ferreira P, Jerusik
R, Saavedra MJ, Enes P, Serra CR. Isolation and
characterization of fish-gut Bacillus spp. as source of
natural antimicrobial compounds to fight aquaculture
bacterial diseases. Mar Biotechnol (NY). 2021; 23:276-
293.

Behnam S, Anvari M, Rezaei M, Soltanian S, Safari
R. Effect of nisin as a biopreservative agent on quality
and shelf life of vacuum packaged rainbow trout
(Oncorhynchus mykiss) stored at 4 degrees C. J Food Sci
Technol. 2015; 52:2184-2192.

Guo Q, Dong W, Li S, Lu X, Wang P, Zhang X, Wang
Y, Ma P. Fengycin produced by Bacillus subtilis NCD-
2 plays a major role in biocontrol of cotton seedling
damping-off disease. Microbiol Res. 2014; 169:533-540.
Schallmey M, Singh A, Ward OP. Developments in the
use of Bacillus species for industrial production. Can J
Microbiol. 2004; 50:1-17.

Korenblum E, Sebastian GV, Paiva MM, Coutinho
CM, Magalhaes FC, Peyton BM, Seldin L. Action
of antimicrobial substances produced by different oil
reservoir Bacillus strains against biofilm formation. Appl
Microbiol Biotechnol. 2008; 79:97-103.

Etayash H, Azmi S, Dangeti R, Kaur K. Peptide
Bacteriocins — structure activity relationships. Curr Top
Med Chem. 2015; 16:220-241.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Rink R, Wierenga J, Kuipers A, Kluskens LD, Driessen
AlJ, Kuipers OP, Moll GN. Dissection and modulation
of the four distinct activities of nisin by mutagenesis of
rings A and B and by C-terminal truncation. Appl Environ
Microbiol. 2007; 73:5809-5816.

Field D, Connor PM, Cotter PD, Hill C, Ross RP. The
generation of nisin variants with enhanced activity against
specific gram-positive pathogens. Mol Microbiol. 2008;
69:218-230.

Field D, Begley M, O'Connor PM, Daly KM, Hugenholtz
F, Cotter PD, Hill C, Ross RP. Bioengineered nisin A
derivatives with enhanced activity against both Gram
positive and Gram negative pathogens. Plos One. 2012;
7:46884.

Healy B, Field D, O'Connor PM, Hill C, Cotter PD, Ross
RP. Intensive mutagenesis of the nisin hinge leads to the
rational design of enhanced derivatives. Plos One. 2013;
8:679563.

Molloy EM, Field D, PM OC, Cotter PD, Hill C, Ross
RP. Saturation mutagenesis of lysine 12 leads to the
identification of derivatives of nisin A with enhanced
antimicrobial activity. Plos One. 2013; 8:e58530.
Arnusch CJ, Bonvin AM, Verel AM, Jansen WT,
Liskamp RM, de Kruijff B, Pieters RJ, Breukink E. The
vancomycin-nisin(1-12) hybrid restores activity against
vancomycin resistant Enterococci. Biochemistry. 2008;
47:12661-12663.

Tominaga T, Hatakeyama Y. Determination of essential
and variable residues in pediocin PA-1 by NNK scanning.
Appl Environ Microbiol. 2006; 72:1141-1147.
Papagianni M, Anastasiadou S. Pediocins: The
bacteriocins of Pediococci. sources, production, properties
and applications. Microb Cell Fact. 2009; 8:3.

Tominaga T, Hatakeyama Y. Development of innovative
pediocin PA-1 by DNA shuffling among class Ila
bacteriocins. Appl Environ Microbiol. 2007; 73:5292-
5299.

Song DF, Li X, Zhang YH, Zhu MY, Gu Q. Mutational
analysis of positively charged residues in the N-terminal
region of the class Ila bacteriocin pediocin PA-1. Lett
Appl Microbiol. 2014; 58:356-361.

Fimland G, Jack R, Jung G, Nes IF, Nissen-Meyer J.
The bactericidal activity of pediocin PA-1 is specifically
inhibited by a 15-mer fragment that spans the bacteriocin
from the center toward the C terminus. Appl Environ
Microbiol. 1998; 64:5057-5060.

Lee SG, Chang HC. Purification & characterization of
mejucin, a new bacteriocin produced by Bacillus subtilis
SN7. LWT. 2018; 87:8-15.

Received September 24, 2021; Revised April 14, 2022;
Accepted April 17, 2022.

*Address correspondence to:
Saphala Dhital, Department of Bioengineering, Clemson
University, SC, 29634, USA.
Email: dsaphala@gmail.com

Shradha Basi-Chipalu, Department of Microbiology, Tri-
Chandra Multiple Campus, Ghantaghar, Kathmandu, Nepal.
Email: shradhabc@hotmail.com

Released online in J-STAGE as advance publication April 23,
2022.

www.ddtjournal.com



