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Antimicrobial peptides of the genus Bacillus: a new era for
antibiotics
Chandra Datta Sumi, Byung Wook Yang, In-Cheol Yeo, and Young Tae Hahm

Abstract: The rapid onset of resistance reduces the efficacy of most conventional antimicrobial drugs and is a general cause of
concern for human well-being. Thus, there is great demand for a continuous supply of novel antibiotics to combat this problem.
Bacteria-derived antimicrobial peptides (AMPs) have long been used as food preservatives; moreover, prior to the development
of conventional antibiotics, these AMPs served as an efficient source of antibiotics. Recently, peptides produced by members of
the genus Bacillus were shown to have a broad spectrum of antimicrobial activity against pathogenic microbes. Bacillus-derived
AMPs can be synthesized both ribosomally and nonribosomally and can be classified according to peptide biosynthesis, struc-
ture, and molecular weight. The precise mechanism of action of these AMPs is not yet clear; however, one proposed mechanism
is that these AMPs kill bacteria by forming channels in and (or) disrupting the bacterial cell wall. Bacillus-derived AMPs have
potential in the pharmaceutical industry, as well as the food and agricultural sectors. Here, we focus on Bacillus-derived AMPs as
a novel alternative approach to antibacterial drug development. We also provide an overview of the biosynthesis, mechanisms
of action, applications, and effectiveness of different AMPs produced by members of the Bacillus genus, including several recently
identified novel AMPs.
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Résumé : L’apparition rapide de l’antibiorésistance réduit l’efficacité de la plupart des médicaments antimicrobiens et fait
planer une menace sur le bien-être des humains. Pour contrer ce problème, il devient pressant de s’approvisionner en nouveaux
antibiotiques. Les peptides antimicrobiens (PAM) dérivés de bactéries sont utilisés depuis longtemps à titre d’agents de conser-
vation. D’ailleurs, avant le développement des antibiotiques conventionnels, ces PAM étaient une source abondante
d’antibiotiques. Récemment, on a démontré que des peptides produits par des membres du genre Bacillus présentaient une
activité antimicrobienne à large spectre contre des microbes pathogènes. Les PAM issus de Bacillus peuvent être synthétisés avec
ou sans l’intervention du ribosome et peuvent être classés en fonction de leur biosynthèse, leur structure ou leur poids
moléculaire. On ne sait pas encore précisément quel est le mécanisme d’action de ces PAM, mais on avance que ces PAM tuent
les bactéries par la formation de canaux ou par la perturbation de la paroi cellulaire bactérienne, ou par une combinaison des
deux mécanismes. Les PAM issus de Bacillus seraient exploitables par l’industrie pharmaceutique de même que par le secteur
agroalimentaire. Dans le présent ouvrage, nous abordons le sujet des PAM issus de Bacillus sous l’angle d’une approche alterna-
tive à l’élaboration de médicaments antibactériens. Nous faisons également un survol de la biosynthèse, des mécanismes
d’action, des applications et de l’efficacité de divers PAM produits par des membres du genre Bacillus, dont plusieurs PAM
nouvellement décrits. [Traduit par la Rédaction]

Mots-clés : antibiotiques, antibiorésistance, peptides antimicrobiens, espèces de Bacillus.

Introduction
Infectious diseases are the second most common cause of death

worldwide; therefore, it is imperative to discover new drugs to
combat microbial pathogens (Lam 2007; Pálffy et al. 2009). The
period from the 1940s to the late 1960s is referred to as the “golden
era” of antibiotic research because research in this period resulted
in the identification of a robust arsenal of effective agents from
natural sources to treat microbial infections (Walsh 2003; Brown
2006; Tenover 2006). A recent study of the antibiotics market
reported an average annual growth of 4% over the past 5 years,
with US$42 billion of antibiotics sold worldwide in 2009 (Hamad
2010). However, many pathogenic bacteria are now resistant to
almost all available antimicrobial drugs. The World Health Orga-
nization (WHO) has already warned that the world is heading back
to the pre-antibiotic era regarding therapy for these multiple

antibiotic-resistant pathogens (Parisien et al. 2008). According to
the Infectious Disease Society of America, more than 70% of the
bacterial pathogens responsible for potentially fatal infections in
2004 were predicted to be resistant to at least one of the antibiot-
ics usually used for the treatment of bacterial infections (Hassan
et al. 2012). Additionally, resistant strains rapidly acquire addi-
tional resistance to new synthetic derivatives, since these strains
are already resistant to the parent agent. The development of
novel antibacterial alternatives is the most obvious approach to
combat this increase in antimicrobial resistance (Coates et al.
2002; Walsh 2003; Clardy et al. 2006). Among the possibilities,
antimicrobial peptides (AMPs), which are ubiquitous gene-
encoded natural antibiotics, provide a promising alternative for a
new generation of antibiotics (Pálffy et al. 2009; Rotem and Mor
2009; Cotter et al. 2013).
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AMPs have the potential to play a promising role in the fight
against the rapid increase in microbial resistance to conventional
antibiotics (Rotem and Mor 2009). More than 2000 different AMPs
from a multitude of plants, animals, viruses, bacteria, and fungi
have been identified to date, and several have entered into clinical
trials (Jenssen et al. 2006; Sang and Blecha 2008; Donadio et al.
2010; Brogden and Brogden 2011). Since AMPs are a natural part of
the human antimicrobial defense system, the possibility of devel-
oping pathogen resistance or unwanted side effects is less likely
than with chemical antibiotics. Moreover, compared with conven-
tional antibiotics, which are mostly active against bacteria or
fungi, AMPs are considered to be an elementary group of novel
antibacterial, antifungal, and antiviral drugs that could be used in
the treatment of infectious diseases and parasitic infections and
may also be suitable for the treatment of cancer and HIV infection
(Jenssen et al. 2006; Pálffy et al. 2009; Rotem and Mor 2009;
Brogden and Brogden 2011). In addition, conventional antibiotics
generally target metabolic enzymes that may selectively develop
resistance, whereas AMPs kill microbes primarily through the
generation of membrane pores, thus making it inherently more
difficult for the organisms to develop resistance (Sang and Blecha
2008). The genus Bacillus is capable of producing a large number of
AMPs and is therefore viewed as a promising starting point in the
search for new inhibitory substances (Bizani et al. 2005; Xie et al.
2009). Several studies have shown that members of the genus
Bacillus sensulato produce a wide arsenal of antimicrobial sub-
stances, including ribosomally and nonribosomally synthesized
lipopeptides, bacteriocins, and other kinds of peptides (Schallmey
et al. 2004; Stein 2005; Abriouel et al. 2011). Previous studies have
isolated different strains of terrestrial Bacillus and identified their
inhibitory compounds (Moshafi et al. 2011). In this review, we
provide a detailed overview of AMPs that are derived from the
Bacillus species, with an emphasis on recent findings that high-
light their potential as alternatives to conventional antibiotics.

AMPs as an alternative approach for combating
antibiotic resistance

The initial enthusiasm over the scientific triumphs against infec-
tious diseases did not last long. The rapid emergence of resistance to
current antibiotics has resulted in increased susceptibility to micro-
bial infections and has raised public health concerns worldwide
(Overbye and Barrett 2005; Tenover 2006). Many infectious patho-
gens, especially Gram-negative bacteria, have developed resis-
tance to conventional antibiotics. In rare cases, these pathogens
are resistant to all commercially available antibiotics. This resis-
tance phenomenon is not restricted to bacteria and also extends
to pathogenic fungi, viruses, and parasites (Alba et al. 2012). The
WHO has anticipated that Mycobacterium tuberculosis will become
more virulent and antibiotic-resistant in the near future and has
also estimated that M. tuberculosis will infect almost one billion
people from 2000 to 2020, leading to approximately 35 million
deaths (Hassan et al. 2012). Resistance has developed to every main
class of antibiotic, both natural and synthetic. This resistance
typically develops over the course of 1 year but can also develop up
to more than a decade after the first clinical use (Walsh 2003;
Tenover 2006). Initially, the problem of bacterial resistance to
antimicrobial drugs was solved by the discovery of new classes of
drugs, such as aminoglycosides, macrolides, and glycopeptides, or
by the chemical modification of previously existing drugs. Unfor-
tunately, there is no assurance that the development of new anti-
microbial drugs will prevent the development of resistant strains
of pathogenic bacteria (Gold and Moellering 1996; Levy and
Marshall 2004). Moreover, in the last 5 decades, the major phar-
maceutical companies have decreased their investment in this
important research field (Overbye and Barrett 2005). Only 2 novel
classes of antibiotics have been developed over the past 30 years:
the oxazolidinone linezolid (Zyvox; Pfizer), which was introduced

in 2000, and the cyclic lipopeptide daptomycin (Cubicin; Cubist),
which was introduced in 2003 (Hamad 2010; Hassan et al. 2012).
Also, hopes were high that resistance to these synthetic antimi-
crobial agents would be slow to emerge. Unfortunately, however,
resistance to synthetic antimicrobial agents has increased quite
rapidly (Coates et al. 2002).

Considering the current prevalence of antibiotic-resistant patho-
gens, there is obviously an unmet need to discover and develop
novel classes of potent antibiotics with new inhibitory mecha-
nisms. These novel antibiotics can either replace traditional
antibiotics or be used in combinatorial approaches to combat
infectious pathogens and their antibiotic-resistant derivatives
(Hassan et al. 2012). Thus, bacterially derived AMPs are an option
that can no longer be ignored (Cotter et al. 2013). In particular,
AMPs isolated from the Bacillus species have the potential to be
promising candidates for overcoming the shortcomings of cur-
rent antibiotics (Hassan et al. 2012). The AMPs of various Bacillus
strains have been extensively characterized, and many of these
peptides have been found to be suitable for various applications
(Abriouel et al. 2011). The Bacillus genus produces a large number
of peptide antibiotics with different basic chemical structures
(Cladera-Olivera et al. 2004), including bacteriocins, glycopep-
tides, lipopeptides, and cyclic peptides (Baindara et al. 2013). More-
over, these metabolites also show antagonistic properties and can
be used against different pathogens. For example, mersacidin
(1.8 kDa), a tetracyclic peptide that belongs to the group of lantibi-
otics, is produced by Bacillus species (Chatterjee et al. 1992; Brötz
et al. 1995) and shows bactericidal activity against methicillin-
resistant Staphylococcus aureus comparable to that of vancomycin
or teicoplanin. Importantly, however, mersacidin treatment does
not lead to the development of cross resistance (Jenssen et al.
2006). Therefore, AMPs of the genus Bacillus may be promising
alternatives to conventional antibiotics for the effective treat-
ment of single-drug- and multi-drug-resistant infectious patho-
gens.

Biosynthesis of Bacillus AMPs
Members of the genus Bacillus are rod-shaped, endospore-

forming, Gram-positive bacteria that are abundant in soil. The
Bacillus species can produce structurally diverse secondary metab-
olites, which exhibit a wide spectrum of antibiotic activity (Paik
et al. 1997; Motta et al. 2008; Li et al. 2012; Sabaté and Audisio
2013). The peptide antibiotics of the Bacillus species can be divided
into 2 subgroups based on the synthesis pathway (Nakano and
Zuber 1990; Marx et al. 2001). One of these subgroups includes
small microbial peptides that are nonribosomally synthesized by
large enzymatic complexes, whereas the second subgroup com-
prises ribosomally synthesized peptides (Marx et al. 2001; Li et al.
2012).

Nonribosomally synthesized peptide antibiotics
The Bacillus-derived peptide antibiotics gramicidin, tyrocidine,

bacitracin, surfactin, iturins, and fengycins are synthesized non-
ribosomally through a multistep mechanism that involves the
selection and condensation of amino acid residues by multien-
zyme thiotemplates. This synthesis mechanism is mediated by
nonribosomal peptide synthetases. In this process, large multi-
subunit enzymes ranging from 100 to more than 1600 kDa play
a key role in the synthesis of these peptides (Stachelhaus and
Marahiel 1995). The nonribosomally synthesized peptides are as-
sembled from among more than 300 different precursors. These
peptides can be linear or cyclic and can also contain cyclic
branched structures containing a hydroxyl group, L-amino acids,
or D-amino acids. Moreover, these peptides can be further modi-
fied by N-methylation, acylation, glycosylation, or heterocyclic
ring formation (Hancock and Chapple 1999).

Gramicidin S and tyrocidine are small cyclic peptides produced
by the Brevibacillus brevis (formerly referred to as Bacillus brevis)
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strains ATCC 9999 and ATCC 8185, respectively. Synthesis of
gramicidin S is catalyzed by the gramicidin S synthetase multi-
functional enzyme complex. A multifunctional thiotemplate
mechanism is also involved in the biosynthetic pathway of the
12-amino-acid peptide antibiotic bacitracin A, which is produced
by certain strains of Bacillus licheniformis (Nakano and Zuber 1990).
Three multifunctional enzymes, BA1 (335 kDa), BA2 (240 kDa), and
BA3 (380 kDa), catalyze the synthesis of bacitracin A (Haddar et al.
2007). However, peptide antibiotic biosynthesis can also occur
via alternatives to the thiotemplate mechanism. For example, a
7-amino-acid residue lipopeptide antibiotic that contains surfactin is
produced by some Bacillus subtilis strains. This antibiotic is synthe-
sized nonribosomally; however, its mechanism of synthesis is
apparently distinct from that of the multienzyme thiotemplate
(Nakano and Zuber 1990). The regulation of surfactin biosynthesis
includes quorum-sensing control mechanisms and the control of
fermentation medium components such as glucose and glu-
tamine (Nakano and Zuber 1990; Schallmey et al. 2004).

Antifungal lipopeptides such as iturin, bacillomycin, and fengy-
cin are produced by several strains of B. subtilis. These amphi-
pathic lipopeptides have a molecular mass ranging from 1028 to
1084 Da and are synthesized by large multienzyme complexes
with modularly arranged catalytic domains (Peypoux et al. 1999;
Baindara et al. 2013). Bacilysin, a dipeptide that contains L-alanine,
is one of the simplest peptide antibiotics and is produced by the
B. subtilis Marburg 168 strain. An amino acid ligase (bacilysin syn-
thetase) synthesizes bacilysin from its precursor amino acids in
the presence of ATP and Mg2+ (Nakano and Zuber 1990). Several
Bacillus-species-derived lipopeptides in the surfactin, iturin, and
fengycin families have been described and are summarized in
Table 1.

Ribosomally synthesized peptide antibiotics
Ribosomally synthesized peptide antibiotics are widely distrib-

uted in nature and contain between 12 and 50 amino acid resi-
dues. They are typically cationic and exhibit great structural
diversity (Marx et al. 2001). Bacteriocins are ribosomally synthe-
sized AMPs that are produced by bacteria and are usually active
against strains of bacteria that are closely related to the producer
strains (Motta et al. 2008; Aunpad and Na-Bangchang 2007). These
AMPs comprise a heterogeneous group of amphiphilic and (or)
hydrophobic AMPs (Oscáriz et al. 2006). Moreover, bacteriocins
produced by Bacillus spp. exhibit a broader antimicrobial spec-

trum than most lactic acid bacteriocins (Wang et al. 2014a). These
agents include subtilin from B. subtilis; coagulin from Bacillus
coagulans; bacthuricin F4, thuricin 17, entomocin 9, and tochicin
from Bacillus thuringiensis; cerecin 7 from Bacillus cereus; bacillo-
cin 490 from B. licheniformis; and other bacteriocins (Aunpad and
Na-Bangchang 2007; Cherif et al. 2003; Hammami et al. 2012).

Bacteriocins are classified according to chemical structure, heat
stability, molecular mass, enzymatic sensitivity, presence of mod-
ified amino acids, and mode of action (Motta et al. 2008). Bacterio-
cins were first classified by Klaenhammer (1993). He suggested
4 classes for bacteriocins: class I lantibiotics (such as the modified
amino acid lanthionine and small peptides <5 kDa), classII cystibi-
otics (small peptides containing one or more disulfide bonds
that are essential for their activity, <10 kDa, heat stable, and
membrane-active), class III thiolbiotics (containing an active –SH
group, higher molecular mass, <30 kDa, and heat-labile), and
class IV (complex proteins containing one or more lipids or car-
bohydrate moieties) (Klaenhammer 1993; Rea et al. 2011). Abriouel
et al. (2011) classified Bacillus bacteriocins into 3 categories: class I
(the post-translationally modified peptides), class II (the nonmodi-
fied peptides), and class III (the large proteins). Furthermore, the
class I bacteriocins were divided into 4 subclasses, whereas the
class II bacteriocins were divided into 2 subclasses. In 2011, Rea
and his co-workers (Rea et al. 2011) also described an updated
classification of Gram-positive bacteriocins and bacteriocin-like
peptides and proteins: class I, modified peptides containing lan-
tibiotics and lantipeptides, labyrinthopeptins, and sactibiotics;
class II, nonmodified peptides containing pediocin-like peptides,
2-peptide bacteriocins, circular bacteriocins, and linear non-pediocin-
like 1-peptide bacteriocins; and lastly, bacteriolysins (formerly
class III) containing non-bacteriocin lytic peptides. They have also
subdivided lantibiotics and pediocin-like peptides into 4 subclasses,
and sactibiotics, 2-peptide bacteriocins, and circular bacteriocins
into 2 subclasses each. Recently, Cotter and his colleagues (2013)
also proposed a classification of bacteriocins based on ribosomally
synthesized bacteriocins. In this classification, class I (modified)
contain post-translationally modified peptides, including lantibi-
otics (e.g., mersacidin), sactibiotics (e.g., subtilisin A, thuricin CD),
glycocins (e.g., subclancin 168), and so on. On the other hand,
class II (unmodified or cyclic) has been divided into more 5 more
subclasses.

Table 1. Bacillus-species-derived lipopeptides of surfactin, iturin, and fengycin families.

Lipopeptide family and characteristics AMPsa Bacillus species Reference

Surfactin family
Ester or peptide bond between a �-OH fatty

acid and the C-terminal amino acid carboxyl
group; contain 7-amino-acid residues of
which the third and sixth are in the
D-configuration

Surfactin B. subtilis, B. polyfermenticus,
B. megaterium

Chen et al. 2008;
Kim et al. 2009;
Goafu et al. 2010;
Roongsawang et al. 2010

Linchenysin B. licheniformis, B. megaterium
Pumilacidin B. pumilus
WH1fungin B. amyloliquefaciens

Iturin family
Ester or peptide bond between a �-NH2 fatty

acid and the C-terminal amino acid carboxyl
group; contain 7-amino-acid residues of
which the second, third, and sixth are
always in the D-configuration

Iturin, Bacillomycins,
Mycosubtilin, Subtulene
(contains a unique Iso
C15-long chain �-amino acid)

B. subtilis, B. megaterium Chen et al. 2008;
Thasana et al. 2010;
Roongsawang et al. 2010;
Zhang et al. 2013

Fengycin family
Ester or peptide bond between a �-OH fatty

acid and the C-terminal amino acid carboxyl
group (lactone linkage: COOH-Ile and
OH-Tyr); contain 10-amino-acid residues of
which the second, fourth, sixth, and ninth
are in the D-configuration

Fengycin, Plipastatin,
Agrastatin1

B. subtilis, B. thurigiensis,
B. circulans, B. megaterium

Chen et al. 2008;
Pueyo et al. 2009;
Sivapathasekaran et al. 2009;
Roongsawang et al. 2010

aAMPs, antimicrobial peptides.

Sumi et al. 95
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Table 2. Recently identified antimicrobial peptides (AMPs) produced by different strains of Bacillus species.

Bacillus species Strain AMPs Special features Source Reference

B. subtilis JM4 Subpeptin JM4-A and
subpeptin JM4-B

Active against a broad spectrum of bacteria, including
Salmonella, Bacillus cereus, Staphylococcus aureus

Soil Wu et al. 2005

B11 Two AMPs Effective biocontrol agent against watermelon wilt and
rice sheath blight

Rhizosphere of
watermelon

Li et al. 2006

Bacitracin Neutral, water soluble, and nontoxic antibiotic that is
active against Gram-positive bacteria

Soil Awais et al. 2007

fmbj Surfactic and fengycin Antagonistic to B. cereus Huang et al. 2007
B-916 Bacisubin Antifungal protein with ribonuclease and hemagglutinating

activities
Liu et al. 2007

B29 Antifungal protein B29I Inhibitory activity on mycelial growth in Fusarium
oxysporum, Rhizoctonia solani and other fungi

Soil Li et al. 2009

LFB112 Bacteriocin-like substances Effective against both Gram-positive and
Gram-negative bacteria that are involved in
domestic animal diseases

Chinese herbs Xie et al. 2009

CMB32 Iturin A, fengycin, and
surfactin A

Potential to control the anthracnose disease caused by
Colletotrichum gloeosporioides

Soil Kim et al. 2010

EDR4 Antifungal protein E2 High activity against numerous fungal species Wheat Liu et al. 2010
Subsp. spizizenii

DSM 15029T

Entianin Subtilin-like lantibiotic active against Gram-positive
pathogens

Fuchs et al. 2011

SCK-2 AMP IC-1 Antagonistic to B. cereus Kyeopjang Yeo et al. 2011
14B Bac 14B Useful for seed disinfection Bitter almond Hammami et al. 2012
NT6 AMPNT-6 Active against marine foodborne pathogen Vibrio

parahaemolyticus, which is commonly found in
shrimp

Natto Xu et al. 2013

B. licheniformis H1 Bacteriocin-like substance Antagonistic activity against various species of
Gram-positive but not Gram-negative, bacteria

Cow dung Abdel-Mohsein et al. 2011

B. thuringiensis Kurstaki BUPM4 Bacthuricin F4 Possesses unique N-terminal sequence, DWTXWSXL Soil Kamoun et al. 2005
SM1 Fengycin Antifungal activity against Candida albicans Soil Roy et al. 2013
Kurstaki Bn-1 Thuricin Bn1 Active against B. cereus, B. weinhenstephenensis, Listeria

monocytogenes, and many other B. thuringiensis strains
Pest of hazelnut Ugras et al. 2013

B. amyloliquefaciens LBM 5006 Iturin and fengycin Antagonistic against pathogenic bacteria and
phytopathogenic fungi, including Aspergillus spp.

Soil Benitez et al. 2010

GA1 Amylolysin Antilisterial activity against L. monocytogenes Strawberry Halimi et al. 2010
FZB42 Plantazolicin Thiazole/oxazole modified microcin (TOMM) Scholz et al. 2011

Subtilosin Active against L. monocytogenes van Kuijk et al. 2011
Paenibacillus polymyxa

(formerly B. polymyxa)
VLB16 Antifungal protein Inhibits the growth of Pyricularia grisea and

Rhizoctonia solani
Soil Kavitha et al. 2005

B. pumilus Bacitracin Active against Micrococcus luteus and S. aureus Soil Awais et al. 2007
B. vallismortis ZZ185 Bacillomycin D Active against phytopathogens Stems of plant Zhao et al. 2010
B. halodurans C-125 Haloduracin Broad-spectrum 2-peptide lantibiotic Soil Lawton et al. 2007
B. mojavensis A21 Fengycin, surfactin and

pumilacidin
Strong activity against M. luteus and S. aureus Marine water Ayed et al. 2014

B. sonorensis MT39 Sonorensin Antimicrobial activity against L. monocytogenes and
S. aureus

Marine soil Chopra et al. 2014

B. coagulans ATCC 7050 Lactosporin Strong activity against M. luteus and L. monocytogenes Probiotic dietary
supplement

Riazi et al. 2009
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Lantibiotics are among the best-characterized AMPs. These
small microbial peptide antibiotics possess a variety of unusual
amino acid residues, genetic determinants, and biosynthesis
mechanisms (Paik et al. 1998; McAuliffe et al. 2001; Abriouel et al.
2011). During maturation, the premature peptides undergo post-
translational modifications through the introduction of unusual
thioether amino acids, such as lanthionine and methyllanthione,
together with the proteolytic removal of leader peptides (Lawton
et al. 2007; Dischinger et al. 2009). Mature lantibiotics typically
contain one or more unusual dehydro residues that do not partic-
ipate in lanthionine bridges and may thus be useful components
in the design of novel biomolecules (Paik et al. 1998). Arias and
colleagues (2013) identified amylolysin, a putative lantibiotic that
was isolated from the B. amyloliquefaciens GA1 strain. A putative
lantibiotic gene cluster containing a structural gene (am/A) and
genes responsible for modification (am/M), transport (am/T), reg-
ulation (am/KR), and immunity (am/FE) has been identified
through genome characterization (Arias et al. 2013).

Subtilosin A, which was isolated from the wild-type strain
B. subtilis 168, is a ribosomally synthesized and post-translationally
modified antimicrobial bacteriocin peptide. Its distinctive struc-
ture indicates that subtilosin might belong to an exceptional and
unique class of bacteriocins (Kawulka et al. 2003; Shelburne et al.
2007; Sutyak et al. 2008). Unlike most membrane-targeting cat-
ionic bacteriocins, this unique macrocyclic bacteriocin has an an-
ionic nature (Huang et al. 2009). Subtilosin is a circular molecule
of 35 amino acids with a unique post-translational structure that
includes 3 sulfur cross-links between its cysteine residues and the
�-carbons of 2 phenylalanines and 1 threonine residue (Kawulka
et al. 2003; Sutyak et al. 2008).

Interestingly, an exceptionally different class of AMPs from the
Bacillus species has also been identified. Brevibacillus brevis pro-
duces a complex mixture of antibiotic peptides, which has been
named tyrothricin. In 1944, tyrothricin was first reported to exert
antimicrobial activity similar to that of quinine against the
chicken pathogen Plasmodium gallinaceum. Tyrothricin contains 9
ribosomally produced linear gramicidins (including gramicidin D)
and up to 28 different types of nonribosomally produced tyrocid-
ines and tryptocidins (Rautenbach et al. 2007).

Mechanisms of action
Although several theories have been proposed to explain the

molecular processes induced by AMPs, it is currently unclear
which, if any, of the hypothesized mechanisms is responsible for
their biological activity (Pálffy et al. 2009). Multiple models have
been proposed, with the exact mechanism probably dependent on
the specific peptide, concentration, and bacterium. Bacteria have
also been shown to respond to AMPs and even to evolve resistance
to their toxic effects (Scott et al. 2008).

Different species of Bacillus produce bacteriocins or bacteriocin-
like substances with different modes of action. Tochicin (Paik
et al. 1997), lichenin (Pattnaik et al. 2001), thuricin 439 (Ahern et al.
2003), and thuricin S (Chehimi et al. 2010) have all been estab-
lished to exert a bactericidal effect. The antibiotic activity of
cerein 8A is most likely due to vesicularization of the protoplasm,
pore formation, and complete disintegration of the cells (Bizani
et al. 2005). In general, bacteriocins are cationic peptides that
display hydrophobic or amphiphilic properties, and in most cases,
the bacterial membrane is the target of their activity (Sirtori et al.
2006). Several models have proposed that the mechanism of ac-
tion of cationic peptides involves the formation of channels
through which ions can pass and (or) the disruption of bacterial
cytoplasmic membranes (Huang et al. 2009; Pálffy et al. 2009).
Killing of bacteria via the formation of pores in the bacterial mem-
brane requires 3 principal steps: binding to the bacterial mem-
brane, aggregation within the membrane, and formation of
channels. Channel formation leads to leakage of internal cell con-

tents and, consequently, cell death. In addition, AMPs must cross
the negatively charged outer wall of Gram-negative bacteria,
which contains lipopolysaccharides (LPS), or the outer cell wall of
Gram-positive bacteria, which contains acidic polysaccharides. In
many cases, specific metabolic activities of the target microbes
provide critical conditions for pore formation (Pálffy et al. 2009).
The lantibiotic amylolysin inhibits cell wall biosynthesis by inter-
acting with lipid II, which is the carrier of peptidoglycan mono-
mers across the cytoplasmic membrane (Arias et al. 2013).

Lipopeptides readily bind to the bacterial surface bilayer and
alter the local lipid organizational linkages on negatively charged
fatty acids, ultimately restructuring the lipid bilayer and thus
preventing cellular processes. The fatty acid moiety of lipopep-
tides also plays an important role in their antimicrobial activity.
Members of the iturin family of lipopeptides (e.g., iturin A, bacil-
lomycin D, and bacillomycin F) contain a �-hydroxy fatty acid with
a 14-carbon chain and inhibit different species of fungi but have
only narrow antibacterial activity (Baindara et al. 2013). Goafu
et al. (2010) reported the antifungal mechanism of action of a new
member of the surfactin family, named WH1fungin. This AMP is
produced by B. amyloliquefaciens WH1 and exhibits 2 types of anti-
fungal action: at a high concentration, it forms pores in the cell
membrane, and at a low concentration, it induces apoptosis. This
antifungal peptide inhibits glucan synthase, resulting in decreased
callose synthesis in the fungal cell wall. Moreover, it has been found
that this AMP binds to an ATPase on the mitochondrial membrane
and decreases its activity in fungal cells (Goafu et al. 2010). Bacil-
lomycin L, which is produced by the B. amyloliquefaciens K103
strain, has shown strong antifungal activity against filamentous
fungi, including Rhizoctonia solani Kühm. This iturinic lipopeptide
is believed to act not only through fungal membrane permeabili-
zation, like other iturins, but also by interacting with other intra-
cellular targets such as fungal DNA (Zhang et al. 2013).

Subtilosin A (subtilosin) is one of several AMPs produced by
B. subtilis (Babasaki et al. 1985). The mechanism by which this
anionic peptide kills bacteria is not yet clear. Like the lantibiotic
nisin, subtilosin may exert antimicrobial activity by interacting
with membrane-associated receptors (Widemann et al. 2001).
Moreover, nuclear magnetic resonance and fluorescence experi-
ments on model membranes suggest that this AMP is able to kill
bacteria by binding to the outer cell membrane and inducing
membrane permeabilization. However, this mechanism is unlike
that used by most cationic AMPs, which usually interact directly
with the cell membrane and cause membrane disruption, thereby
leading to bacterial cell death (Shelburne et al. 2007). The molec-
ular mechanism of action of subtilosin against Listeria monocytogenes
is yet to be elucidated. However, the mode of action of subtilosin
against the vaginal pathogen Gardnerella vaginalis has been identi-
fied. Noll et al. (2011) reported that subtilosin kills target cells by
depleting the transmembrane pH gradient (�pH) portion of the
proton motive force and causing an efflux of intracellular ATP
(Noll et al. 2011; van Kuijk et al. 2011). Thuricin CD, a post-
translationally modified AMP isolated from the B. thuringiensis
DPC 6431 strain, has shown activity against Clostridium difficile
associated diarrhea in the nanomolar range. Thuricin CD is a
2-component AMP harboring sulfur to �-carbon linkages. These
2 distinct peptides, Trn-� and Trn-�, have been shown to act syn-
ergistically to kill clinical isolates of C. difficile (Rea et al. 2010).

Resistance to AMPs by Gram-positive and
Gram-negative bacteria

In Gram-positive bacteria, with low G+C content, often resis-
tance modules facilitate an antimicrobial resistance mechanism.
For instance, the BceRS–BceAB module of B. subtilis is responsible
for bacitracin and mersacidin resistance mechanism (Kallenberg
et al. 2013). Bacillus subtilis is also resistant to lantibiotics (e.g.,
mesacidin and subtilin) by the defensive mechanism of extracyto-
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plasmic function � factors �X, �W, and �M (Kingstone et al. 2013).
Moreover, �W provides resistance to AMPs produced by other
Bacillus spp. Additionally, it has been reported that both �X and
�M factors control the BcrC gene, which is responsible for baci-
tracin resistance (Butcher and Helmann 2006). On the other hand,
Gram-negative bacteria can inhibit natural AMPs in several ways
(Gruenheid and Moual 2012). For example, firstly, these bacteria
can inactivate AMPs by proteolytic degradation. Bacterial pro-
teases secreted or localized at the outer membrane of Gram-
negative bacteria can degrade active AMPs into inactive forms.
Secondly, resistance to AMPs can be attributable to different types
of polysaccharides present in the bacterial cell envelop, such as
capsule polysaccharide, biofilm-forming exopolysaccharides, and
the O-polysaccharide of LPS. To prevent the AMPs from reaching
the bacterial membrane, these polysaccharides bind with the
AMPs. Thirdly, LPS play an important role in the resistance to
AMPs by modification of outer membrane of Gram-negative bac-
teria. And finally, resistance is also possible by the pumping out or
in of AMPs in the cell through the members of ABC transporters
and the resistance nodulation-division efflux pump families.

Recently identified AMPs produced by the Bacillus
species

The soil organism B. subtilis is extraordinary among the genus
Bacillus because it produces so many different potential antibiotics
(Stein 2005). Additionally, B. subtilis produces a series of peptide
antibiotics that include members of both classes: ribosomally syn-
thesized subtilins (e.g., subtilin, ericin A and S, mersacidin, sub-
lancin 168, bacillocin 22, and subtilosin A) (Paik et al. 1998; Zheng
and Slavik 1999; Stein 2005; Lawton et al. 2007; Shelburne et al.
2007; Xie et al. 2009) and several kinds of nonribosomally synthe-
sized small antibiotic peptides (<2000 Da) that show antibacterial
and antifungal activities (e.g., iturin and lipopeptides such as sur-
factin, fengycin, mycosubtilin, and mycobacillin) (Peypoux et al.
1999; Marx et al. 2001; Li et al. 2009). We identified an AMP pro-
duced by B. subtilis SC-8 (BSSC8), which we termed BSAP-254. This
AMP was isolated from the traditionally fermented soybean paste
Cheonggukjang. Unlike the major surfactin, fengycin, and iturin-
like compounds (m/z 1016 to 1515; 4 to 9 amino acids), this putative
lipopeptide-like antagonist is 3.4 kDa in size and contains 14 ami-
no acids (Cys, Asn or Asp, Gln or Glu, Ser, Gly, Arg, Thr, Ala, Pro,
Val, Ile, Leu, Trp, and Lys) with likely 36 amino acids and various
lipid moieties (Lee et al. 2010, 2011; Yeo et al. 2011). BSAP-254 exhibits
narrow-spectrum activity and shows an adequate antagonistic effect
against the foodborne pathogen B. cereus and other related patho-
gens, such as Bacillus anthracis and B. thuringiensis (Yeo et al. 2012).
Moreover, we mapped the genome sequence of BSSC8 (http://www.
ncbi.nlm.nih.gov/nuccore/AGFW00000000) using the CLC genomics
Workbench 4.0 program (CLC Bio, Cambridge, Massachusetts, USA)
(Yeo et al. 2012). Another strain, B. subtilis subsp. spizizenii DSM 15029T,
has been shown to produce a novel unsuccinylated entianin AMP,
which differs from subtilin at 3 amino acid positions. This subtilin-
like AMP exhibits strong antibacterial activity against Staphylococcus
aureus, Enterococcus faecalis, and other Gram-positive pathogens (Fuchs
et al. 2011). Three surfactin-producing B. subtilis strains, C4, M1, and
G2III, which were isolated from the honey and intestines of the Apis
mellifera L. bee, have been shown to exhibit antagonistic activity
against 6 different bacteriocin-resistant L. monocytogenes strains. Sur-
factin produced by the B. subtilis subsp. subtilis C4, G2III, and M1 strains
inhibited these pathogens at concentrations of 0.125, 0.25, and 1 mg/mL,
respectively (Sabaté and Audisio 2013).

The aerobic Gram-positive spore-forming bacterium B. cereus is
widely distributed throughout the environment and can be easily
isolated from a variety of foods, including dairy products, meats,
spices, and cereals. Several AMPs, including cerein 7, cerein 8A,
cerein 8B, and cerecidin, are produced by different strains of
B. cereus (Naclerio et al. 1993; Oscáriz et al. 1999; Abriouel et al.

2011; Wang et al. 2014a). Two bacteriocins (cerein 7A and 7B) have
been shown to be produced by the B. cereus Bc7 strain, which was
isolated from a soil sample. Moreover, cerein 7B has been charac-
terized on the molecular level. Mature cerein 7B contains 56 resi-
dues (Oscáriz et al. 2006), giving this peptide a molecular mass of
4.8 kDa. Cerein 7B is a small, slightly cationic (net charge of 0.77 at
pH 7.0), and very hydrophobic peptide (42.8% apolar residues). No
sequence similarity was found between mature cerein 7B and any
of the other bacteriocins that are known to be exported via a
sec-independent pathway. However, cerein 7B shares some fea-
tures with enterocin B, carnobacteriocin A, and divergicin A,
which belong to the class IId bacteriocins as outlined by Ennahar
(Ennahar et al. 2000; Oscáriz et al. 2006). Recently, Wang and col-
leagues identified the cerecidins, which are a novel class of lantibi-
otics that are produced by B. cereus. These antibiotics possess the cre
locus, which harbors 7 structural genes and is quite different from
those in other class II lantibiotics (Wang et al. 2014b).

Bacillus licheniformis is a saprophytic bacterium that is wide-
spread throughout nature. Bacitracin, the first peptide antibiotic
derived from cultures of B. licheniformis, is widely applied in the
medical and veterinary fields and exhibits an excellent safety pro-
file (He et al. 2006). The B. licheniformis DSM 13 strain produces an
antimicrobial substance that resembles the 2-peptide lantibiotic
lichenicidin and also exhibits homology to mersacidin. This AMP
shows activity against a wide range of Gram-positive bacteria,
including methicillin-resistant Staphylococcus aureus strains, but
does not cause hemolysis or inhibit the growth of Gram-negative
bacteria (Dischinger et al. 2009). Licheniocin 50.2 was isolated
from the B. licheniformis VPS50.2 strain by Berić and colleagues
(2013). This AMP was classified in the bacteriocin subclass II.3 and
is effective against L. monocytogenes, methicillin-resistant S. aureus
(MRSA), and �-hemolytic streptococci. Time course analyses of
bacterial death have also shown that licheniocin exerts a bacteri-
cidal effect against L. monocytogenes. The sequence of the N-terminal
15 amino acids of this 3.25 kDa bacteriocin is WEEYNIIXQLGNKGQ
(Berić et al. 2013).

Antibiotic, antifungal, and anticancer activities have also been
described for bacteriocins produced by B. thuringiensis strains
(Cherif et al. 2003). A number of B. thuringiensis bacteriocins have
been partially characterized, such as thuricin, which is produced
by B. thuringiensis subsp. thuringiensis HD2; thuricin B439, which is
produced by B. thuringiensis B439; chicin, which is produced by
B. thuringiensis subsp. tochigiensis HD868; and bacthuricin F4, which
was shown to be produced by a local isolate of B. thuringiensis (Paik
et al. 1997; Ahern et al. 2003; Kamoun et al. 2005; Cherif et al.
2008). In 2014, Pacheco-Cano and colleagues purified and charac-
terized Tolworthcin 524, which is a bacteriocin synthesized by
B. thuringiensis subsp. tolworthi (Pacheco-Cano et al. 2014). The pu-
rified Tolworthcin 524 product included 2 peptides of approxi-
mately 9 and 6 kDa. The partial sequences of these peptides
(METPVVQPR and DWTCWSCLVCAACS) suggest that they are pre-
bacteriocin and mature Tolworthcin 524, respectively. Sequence
analysis revealed that this AMP has high identity with Thurin-
cin H and thuricin 17, thus, it has been classified in subclass II.2
(thuricin-like peptides) of the Bacillus bacteriocins.

Many strains of B. amyloliquefaciens are known to suppress
fungal and bacterial growth in vitro by producing multiple anti-
microbial compounds (Caldeira et al. 2008; Sutyak et al. 2008; Benitez
et al. 2010). Recently, Torres and colleagues (2013) isolated subtilo-
sin from the B. amyloliquefaciens KATMIRA1933 strain and were the
first to report the antiviral activity of this peptide. The cell-free
supernatants of overnight cultures from B. amyloliquefaciens de-
rived from dairy products were active against L. monocytogenes
(Torres et al. 2013). Moreover, the N3 lipopeptide, which is
produced by the B. amyloliquefaciens M1 strain, exhibits broad-
spectrum antibacterial activity, including activity against
multidrug-resistant Vibrio species, particularly Vibrio anguillarum,
and Shewanella aquimarina, which was isolated from diseased ma-
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rine animals. This lipopeptide contains surfactin isoforms with a
common amino acid sequence (GLLVDLL) and hydroxy fatty acids
that are 12–15 carbons in length. Treatment with the lipopeptide
N3 was also shown to result in damage to the cell membrane of
V. anguillarum and disruption of the entire bacterial cell (Xu et al.
2014).

Bacillus mojavensis A21, which was isolated from marine water in
Tunisia, produces the nonribosomally synthesized lipopeptide
biosurfactants surfactin, fengycin, and pumilacidin. The mixture
of these lipopeptides has been shown to exhibit significant activ-
ity against Gram-positive bacteria, Gram-negative bacteria, and
even fungal strains (Ayed et al. 2014). Chopra and colleagues (2014)
identified a novel AMP that they termed sonorensin. This AMP is
produced by Bacillus sonorensis MT93, a new marine soil isolate.
Sonorensin belongs to the heterocyclonantracin subfamily of bac-
teriocins and has a molecular mass of 6.27 kDa. Moreover, this
AMP exhibits antimicrobial activity against common foodborne
pathogens such as L. monocytogenes and S. aureus. Furthermore, the
ethyl acetate extracts of the cell-free supernatants of 2 Bacillus
species, SS-12.6 and SS-13.1, have been shown to exhibit strong
antifungal and antibacterial activities against phytopathogens in
experiments with apple plants. These strains have been proposed
to harbor genes for the biosynthesis of the lipopeptides iturin,
surfactin, and bacillomycin (Dimkić et al. 2013).

Potential applications and beneficial roles of AMPs
of the Bacillus species

The Bacillus species are industrially important for a variety of
reasons, including their excellent safety record; their rapid
growth rates, which result in short fermentation cycles; and their
high capacity for protein secretion into the extracellular medium
(Schallmey et al. 2004; Benitez et al. 2010). Bacillus-derived peptides
have shown antibacterial, antifungal, antiviral, antitumor, anti-
amebocytic, and antimycoplasmic activities (Yilmaz et al. 2006;
Chen et al. 2008). Several 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 (Cutting
2011).

Several peptide antibiotics that are of pharmaceutical impor-
tance, such as bacitracin, polymyxin, gramicidin, tyrocidine, sub-
tilin, and bacilysin, are produced by Bacillus species (Awais et al.
2007). One of the most important polypeptides is bacitracin,
which effectively inhibits the growth of Streptococcus pyogenes and
Staphylococcus aureus. Clinically, bacitracin has been used in com-
bination with other antimicrobial agents (Haddar et al. 2007). In
1980, it was reported that oral administration of 25 000 units of
bacitracin 4 times daily for 7–10 days was successful in the treat-
ment of antibiotic-associated colitis and diarrhea caused by C. difficile
(Chang et al. 1980). Additionally, the cyclic and anionic AMP sub-
tilosin, which is produced by both B. subtilis and B. amyloliquefaciens,
has been demonstrated to exert antimicrobial activity against the
bacterial vaginosis-associated pathogens Gardnerella vaginalis,
L. monocytogenes, and other human pathogens (Sutyak et al. 2008;
van Kuijk et al. 2011). Furthermore, B. anthracis has shown activity
against anthrax (Cherif et al. 2003). Polymyxin B and polymyxin E
(also known as colistin), isolated from Bacillus polymyxa, are a lipo-
peptide antibiotic. Both of them are rapid bactericidal AMPs with
detergent-like mechanism. Polymyxins are not active against
Gram-positive bacteria and anaerobes but have strong activity
against Gram-negative bacteria including Enterobacteriaceae and
nonfermentative species (Zavascki et al. 2007). Because of serious
side effects, now it is used as an ointment for local surface wounds
(Choi et al. 2009).

Bioengineered bacteriocins have been proposed as a promising
alternative to existing antibiotics because of their effectiveness
and nontoxicity in animals and humans, the availability of both
broad-spectrum and narrow-spectrum peptides, and the possibil-

ity of in situ production by probiotics (Xie et al. 2009; Cotter et al.
2013). Moreover, bacteriocins are also rapidly digested by pro-
teases in the human digestive tract (Chen and Hoover 2003). The
emergence and dissemination of antibiotic-resistant pathogenic
bacteria, such as MRSA and vancomycin-resistant E. coli (VRE), has
become an increasingly serious problem for public health world-
wide (Cetinkaya et al. 2000). Thus, new strategies for controlling
these bacteria are urgently needed. A search for new bacteriocin-
producing bacteria with anti-MRSA activity identified B. pumilus
WAPB4. This strain produces a novel bacteriocin, termed pumili-
cin 4, which inhibits several Gram-positive bacteria, including
MRSA and VRE (Aunpad and Na-Bangchang 2007; Abriouel et al.
2011). Another emerging pathogen is L. monocytogenes, which par-
ticularly affects pregnant women, children, elderly people, and
patients with AIDS. Fortunately, Bacillus species bacteria have
been reported to inhibit and control this microorganism (Sabaté
and Audisio 2013).

The increasing trend of limiting the use of chemical food pre-
servatives has generated considerable interest in the use of natural
alternatives. Recently, antimicrobial lipopeptide microcapsules
prepared from the spray drying of the B. amyloliquefaciens ES-2
strain were tested as food additives (Wang et al. 2014c). Subtilosin
is also an attractive food preservative alternative to nisin because
of its efficacy against L. monocytogenes and other foodborne patho-
gens (Jung et al. 2008; Sutyak et al. 2008). 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-related listeriosis. At concentra-
tions of 5–10 �g/g, this bacteriocin has been shown to inhibit the
proliferation of different L. monocytogenes isolates in poultry meat.
Thus, this bacteriocin can be used as a food preservative in poultry
meat (Halimi et al. 2010).

Lipopeptides such as fengycin and iturins have antifungal activ-
ity; moreover, surfactin has exceptional surfactant activity and
emulsification properties, indicating that these AMPs have poten-
tial applications in bioremediation. The surfactin lipopeptide has
also demonstrated potential as an antitumor, antiviral, antibacte-
rial, and hypocholesterolemic agent (Guo et al. 2014; Schallmey
et al. 2004). Several Bacillus-species-derived AMPs can be used in
the agricultural sector to inhibit plant pathogens and preserve
grain. Moreover, the B. subtilis species is widely used in the bio-
control of plant diseases. Recently, Guo and colleagues (2014) dis-
covered that the B. subtilis NCD-2 strain secretes fengycin-type
lipopeptides that exhibited antifungal activity against Rhizoctonia
solani, which is the causative agent of cotton damping-off disease.

Current and future perspectives
In the effort to overcome the increasing threat of infectious

bacteria to humans, natural products from microbial sources ap-
pear to be the most favorable alternative to current antibiotics. In
this respect, AMPs from the Bacillus species are ideal therapeutic
tools because of their broad specificity and specific and rapid
killing activity against various pathogens. However, to conclu-
sively establish the safe and effective use of Bacillus-derived AMPs
such as bacteriocins, lantibiotics, lipopeptides, and biosurfactants
in medical settings, further studies on their modes of action, tox-
icities, and immunogenicities need to be carried out in humans.

During the last 20 years, bacteriocins of lactic acid bacteria
(LAB) have attracted more attention than Bacillus-derived AMPs.
This may be because the LAB AMPs appear to be nontoxic in a
variety of hosts, and some of these AMPs have exhibited strong
therapeutic activity against pathogenic organisms. Furthermore,
these AMPs have traditionally been developed as intravenously
administered antibiotics. However, studies on Bacillus-derived bac-
teriocins and bacteriocin-like substances have already yielded
promising results in the field of human health. Researchers are
currently aiming to identify the mechanisms of antimicrobial ac-
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tivity of these AMPs in model membrane systems and to evaluate
the cytotoxicity of these agents against eukaryotic cells and eryth-
rocytes.

Drug discovery from natural products presents a major chal-
lenge. Thus, it will be difficult to accomplish this goal without
extensive efforts from pharmaceutical and biotechnological in-
dustries. Inappropriate funding, strict laws and regulations for
promoting new drugs, and societal reservations regarding the use
of novel antimicrobial agents are the most common reasons for
the pharmaceutical industry to be reluctant to become involved.
As a result, naturally occurring AMPs are generally assumed to be
unsuitable for pharmaceutical development. Few detailed inves-
tigations have been performed of Bacillus-derived AMPs; more-
over, most AMPs tested did not succeed in clinical trials, and no
AMP has yet received FDA approval for clinical use.

Despite these challenges to the development of Bacillus-derived
AMPs as alternatives for conventional antibiotics, the emergence
of drug-resistant bacteria has necessitated a constant search for
new AMPs. More studies focusing on AMPs are urgently required
to bring these potential antibiotics into practical use and to fully
realize their commercial and biotechnological applications. We
are optimistic that the coming years will see comprehensive re-
search efforts into the chemical properties, biological mecha-
nisms of action, and biosynthesis of these Bacillus-derived AMPs.
These studies will ultimately lead to preclinical studies and clini-
cal trials of their safety and efficacy in humans, in addition to
patent applications for novel AMPs. Microbial peptides have the
potential to combat the escalating problem of single-drug- and
multi-drug-resistant infectious pathogens in the foreseeable fu-
ture and may constitute a new generation of antibiotics.
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