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Abstract Bacteriocins are the subset of antimicrobial peptides (AMPs) produced
by bacteria. They are small amphipathic peptides that interact with bacterial
membranes leading to cell death. Most of the best known are produced by lactic
acid bacteria used as food fermentation starters, because of their potential use as
food preservatives. Bacteriocins are divided into two groups: lantibiotics that pre-
sent posttranslational condensation rings and unmodified peptides. The first are
subdivided into elongated versus globular lantibiotics, while four subgroups are
recognized among unmodified bacteriocins. The genetic organization is in clusters
that may reside into plasmids or transposons, formed by the structural gene, the
export and immunity determinants, the quorum sensing governing production and
any modification genes. Bacteriocins are active at extremely low concentrations
(nM range) due to a dual mode of action: (a) binding to the membrane phospho-
lipids and (b) specific recognition of surface components, both of which collaborate
in pore formation. Development of resistance to bacteriocins is very infrequent due
to the presence of two targets and is usually due to unspecific modifications of the
cell envelope. Bacteriocins are used as food preservatives, either after total or partial
purification or as extracts of producing bacteria. In situ production is also used, with
the advantage of producing early lysis of the starter bacteria and ripening accel-
eration of the fermented product. They may also form part of hurdle technologies
and be incorporated into packaging systems to allow extended liberation. Medical
and veterinary applications are in their infancy but good results have been obtained
against infection by Gram-positive bacteria and Helicobacter pylori.
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1 Introduction

Bacteriocins are the subset of antimicrobial peptides (AMPs) produced by bacteria.
AMPs are synthesized by virtually all cellular organisms (the defensins generated
by fungi, plants, insects, and vertebrates in general and the cathelicidins typical of
mammals belong to this group). All of them have in common their size (usually less
than 10 kDa.) and general structure, amphipathic molecules with a positive net
charge (Nes et al. 1996; Perez et al. 2014). This promotes their interaction with
plasma membranes, where they bind to the negatively charged phospholipids, sink
into the fatty acid moiety and polymerize to form pores that abolish the membrane
potential and allows leakage of cytoplasm solutes, leading to cell death (see below).
AMPs from multicellular organisms tend to have a wide spectrum of action that
comprises bacteria, fungi, protozoa and enveloped viruses, thus being a substantial
component of their innate immunity. However, bacteriocins are usually only active
against bacteria related to the producer (for example, those produced by
Escherichia coli are specific for Enterobacteriaceae) although some, usually pro-
duced by Gram positive bacteria, may affect a wide range of other Gram-positive
organisms and even inhibit spore germination. This selective toxicity may facilitate
bacteriocin use for treatment of infectious diseases, especially those produced by
antibiotic multiresistant bacteria (Smith and Hillman 2008; Hassan et al. 2012;
Cotter et al. 2013).

Out of the 177 sequenced bacteriocins included in the specialized BACTIBASE
web page (http://bactibase.pfba-lab-tun.org/main.php), 156 are produced by
Gram-positive organisms, 18 by Gram-negative bacteria, and 3 by halophile
archaea (i.e., they are not bacteriocins but illustrate on the universality of AMPs
production). Out of the 156 Gram-positive bacteriocins, 113 are synthesized by
lactic acid bacteria (LAB), a heterogeneous group of low G + C anaerobic
organisms that generate lactic acid as the main end product of sugar fermentation.
This may not reflect a higher capacity of synthesizing bacteriocins but, rather, a
more profound search for them because LAB constitute the main source of fer-
mented food starters, where in situ produced bacteriocins are believed to contribute
to extend the shelf life of food products. Thus, research on bacteriocin biology has
been mostly focused on LAB bacteriocins.

2 Bacteriocin Classification

Bacteriocins are divided into two major groups; class I is composed of small
molecules (less than 5 kDa.) that present posttranslational modifications, while those
of class II are made up of peptides with unmodified amino acids (Perez et al. 2014).
The unusual residues present in class I bacteriocins arise from dehydration of serine
and threonine to give 2,3-didehydroalanine and 2,3 didehydrobutyrine respectively.
Frequently, thioether linkages with the sulfhydryl groups of neighboring cysteines
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are formed. The residues arising from this condensation are called lanthionine and
3-methyl-lanthionine respectively, this being the reason why they are collectively
termed as lantibiotics (Asaduzzaman and Sonomoto 2009; Bierbaum and Sahl
2009). Bacteriocins of classes I and II can be divided into different subgroups
depending on the secondary structure of the molecule, the number of peptides that
form the active antimicrobial, and even their spectrum of susceptible bacteria.

Lantibiotics constitute about one-third of all bacteriocins and are classified into
two main types, A and B. The first comprises peptides that have an elongated
secondary structure in at least part of the molecule. Those of type B are globular,
thus presenting a compacted arrangement. The type A lantibiotics are further
subdivided into subtype A(I), made out of molecules with a more or less lineal
structure, while subtype A(II) members have an elongated end, the rest being
globular (Asaduzzaman and Sonomoto 2009; Bierbaum and Sahl 2009). Nisin A
and subtilin are examples of subtype A(I), lacticin 481 and plantaricin C belong to
subtype A(II) and mersacidin is a typical type B lantibiotic. This classification may
need some modification, first because subtype A(II) and type B lantibiotics present
just one gene that codifies for the dehydration and cyclization of the precursor
peptide while the subtype A(I) has two separate genes. In addition, there are lan-
tibiotics whose final structure does not conform to any of those defined by types A
and B. Examples include sublancin and the two-component lantibiotics, made
out by two peptides, both of which are needed for their biological activity
(lacticin 3147).

Class II bacteriocins are traditionally subdivided into four subclasses:
pediocin-like (class IIa), two component (class IIb), circular (class IIc), and mis-
cellaneous (class IId). Class IIa is composed of a series of peptides initially grouped
by their ability to inhibit Listeria monocytogenes. Since all of them present the
YGNGV/L conserved peptide toward their NH2-end, it was postulated that this was
responsible for their antimicrobial activity. However, it is now clear that other
amino acids, forming a “cationic patch” in the NH2-terminal moiety, are also
needed for the initial electrostatic interaction with the membrane phospholipids.
The less conserved amphiphilic C-terminal part recognizes the susceptible bacteria
and penetrates the hydrophobic membrane core, thanks to a hinge that is placed
between both bacteriocin regions. Pediocin PA1/AcH, produced by Pediococcus
acidilactici, is the model bacteriocin of this group (Ennahar et al. 2000; Drider et al.
2006).

Class IIb bacteriocins are composed by two different peptides, associated in
equimolecular proportion. Each peptide may (thermophilin 13) or may not (lacto-
coccin G and lactacin F) have antimicrobial activity, but they show a synergistic
effect when acting together and, sometimes, their spectrum of susceptible bacteria
changes with respect to that of the individual peptides (Nissen-Meyer et al. 2009;
Perez et al. 2014).

Class IIc comprises the so-called circular bacteriocins. They are quite large
(between 58 and 70 amino acids) and, although being synthesized as lineal pep-
tides, become circularized by covalent binding between the first and last residues.
This conformation makes them very resistant to heat (some retain their activity after
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treatment at 121 °C for 15 min), pH variation, and proteolytic digestion. Two
subgroups have been recognized based on their physicochemical characteristics; the
first comprises cationic peptides with isoelectric points close to 10, its model
bacteriocin being AS-48, while the second has isoelectric points close to neutrality
or clearly in the acid range (gassericin A and butyrivibriocin A respectively)
(Sánchez-Hidalgo et al. 2011; Gabrielsen et al. 2014).

Finally, class IId is made out by all bacteriocins that cannot be included in any of
the first three classes. It is a miscellaneous group that includes: (i) lineal peptides
that do not present the YGNGV/L motif of pediocins, such as lactococcin A,
(ii) bacteriocins that do not have a dedicated export system but use the general
secretory mechanism of the cell; enterocin P and lactococcin 972 are well-known
representatives of this group (Cintas et al. 1997; Martínez et al. 1999) (enterocin P
presents the YGNGV/L motif of pediocins, so it may be classified as a class IIa
bacteriocin as well) and (iii) leaderless bacteriocins, such as lacticin Q, which,
significantly, has a formylated methionine as its first residue (Fujita et al. 2007).

3 Genetics and Regulation of Bacteriocin Synthesis

The genes involved in bacteriocin production are usually clustered and, frequently,
form part of mobile genetic elements such as conjugative transposons (nisin) and
plasmids (lactococcin 972) (Lubelski et al. 2008; Martínez et al. 1999). This
facilitates their spread and explains, for example, the ability of P. pentosaceus and
Lactobacillus plantarum strains to synthesize pediocin PA1/AcH (Miller et al.
2005). The clusters may also be located into the chromosome (subtilin)
(Asaduzzaman and Sonomoto 2009).

In the case of lantibiotics, two genetic organizations are found. In both cases, the
structural gene (lanA) codes for a prebacteriocin with no antimicrobial activity due
to the presence of a NH2-extension of between 23 and 59 amino acids. This leader
peptide acts as a scaffold for the posttranslational modification enzymes and serves
as an export signal for the mature lantibiotic (Fig. 1).

The differences between type A(I) and type A(II)/class B lantibiotic synthesis
clusters start with the genes that encode the posttranslational modification enzymes.
In the first case, separate genes encode the Ser and Thr dehydratase (lanB) and the
cyclase (lanC) that catalyzes their condensation with Cys to give the lanthionine
residues, while, in the second, the product of a single determinant (lanM) fulfills
both functions. LanM presents some sequence identity with LanC but no relation is
perceived with LanB. In some cases, further modifications may be introduced by
enzymes encoded by lanD genes; for instance, the C-terminal cysteine of mer-
sacidin and mutacin 1140 (a type A(I) bacteriocin) is decarboxylated and converted
into S-amino vinyl-D-cysteine (Asaduzzaman and Sonomoto 2009).

Once the posttranslational modification is completed, the lantibiotic is exported
and the leader peptide eliminated. For the type A(I) molecules, secretion is medi-
ated by the ABC transporter LanT and processing is performed by the extracellular
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protease LanP. LanT appears to recognize the leader peptide and, within it, the
oligopeptide FNLD, located between positions −20 and −15 [this oligopeptide is a
docking motive for LanB and LanC as well; Khusainov et al. (2011)] and a proline
in position −2. Consequently, prepeptides and partially modified bacteriocins are
secreted as well. In contrast, LanP only eliminates the leader peptide from totally
modified molecules, this being the activation step of the bacteriocin. In the case of
nisin, it appears that all intracellular biosynthesis steps are performed in multimeric
complexes, bound to the internal layer of the membrane and formed by NisB, NisC
and NisT dimers (Fig. 1) (Lubelski et al. 2008; Khusainov et al. 2011). Type A(II)
and class B lantibiotics present a single gene (lanT) whose product fulfills both
secretion and processing of the peptide, thanks to an extra NH2-terminal peptidase
domain that recognizes a double GG/GA motif close to the cleavage site (Altena
et al. 2000; Asaduzzaman and Sonomoto 2009).

Bacteriocin activation occurs outside but in the vicinity of the plasma membrane.
It becomes thus necessary to build a system that protects the producing cell. In the
case of lantibiotics, this is fulfilled by LanI (for immunity) a lipoprotein located on
the external layer of the membrane that binds the antimicrobial peptide and prevents

Fig. 1 Scheme of the lantibiotic nisin biosynthesis. The PnisI and PnisR promoters are constitutive
and produce NisI that protects the cell and NisR-K that senses the presence of external nisin. Upon
nisin-driven successive phosphorylation of NisK-NisR, this last protein induces expression of PnisA
and PnisF and synthesis of prenisin occurs. This is recognized by the dehydratase NisB, folded by
NisC, exported through NisT and the leader removed by NisP, to produce the active bacteriocin.
NisI and the group NisE-F-G interact with mature nisin to avoid contact with the lipid II and the
plasma membrane
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interaction with its targets. Additionally, a complex formed by the proteins LanEFG
has the capacity to expel the lantibiotic from the membrane surface. Both systems
appear to work synergistically, each one producing only 5–20 % of the full
immunity level provided by both (Ra et al. 1999).

Production of bacteriocins in general and of lantibiotics in particular, is subjected
to quorum sensing. The best characterized system is that of nisin (Fig. 1). In its
biosynthetic cluster there are two contiguous genes, nisR-nisK, that form a con-
stitutive operon and encode a response regulator and a histidine kinase, respec-
tively. NisK protrudes though the membrane and recognizes extracellular nisin but
not its precursors. Binding results in activation of the kinase activity, autophos-
phorilation of a His residue and subsequent transfer of the phosphate to NisR.
NisR-P is a transcriptional activator that recognizes operator sequences located in
the promoters of the main nisin operon, which governs expression of the nisA-B-T-
C-I-P genes, and of nisF-E-G. Immediately behind nisA there is a transcription
termination signal that is not absolute, thus allowing synthesis of high and moderate
amounts of the prepeptide and the other proteins respectively. The rational of this is
clear; nisin will be exported and diluted into the medium while the other proteins
will remain associated to the cell. The increase of nisin concentration is paralleled
with enhanced production of NisI and biosynthesis of the NisEFG proteins
(Lubelski et al. 2008).

The genetic organizations for production of class IIa, IIb, and some IId bacte-
riocins are very similar. Two possibilities exist: a single operon that comprises all
relevant genes or three clustered operons, one of which may have divergent tran-
scription with respect to the other two (Ennahar et al. 2000). In the first case, the
structural gene (or genes for class IIb) is/are followed by the immunity determinant,
the ABC transporter that also eliminates the leader peptide (usually at a GG/GA
motif) and a gene that encodes an accessory protein that might be involved in the
immunity/export of the bacteriocin. This is the case for pediocin PA-1/AcH (class
IIa) and lactococcin G (class IIb). In the case of the three-operon bacteriocins, the
first includes the structural and immunity genes; the second, the ABC
transporter/protease and the accessory protein determinants and the third carries the
genes involved in regulation of bacteriocin production. This last operon is com-
posed of three genes, the first of which encodes a pheromone peptide that struc-
turally resembles a bacteriocin (small, cationic, amphipathic, heat-resistant,
synthesized as a prepeptide that shares the processing signals) but without signif-
icant antimicrobial activity. The other two genes encode a membrane-associated
histidine kinase and a response regulator, similar to those described for nisin (see
above). Examples of this genetic organization are provided by sakacin P (class IIa)
and plantaricin E/F (class IIb) (Brurberg et al. 1997; Nissen-Meyer et al. 2010).

The genetic organization of circular bacteriocin (class IIc) biosynthesis is not
well understood. Between 5 and 7 genes appear to be needed, although some others,
clustered with them, might play a role as well (Maqueda et al. 2008; Gabrielsen
et al. 2014). Most proteins are hydrophobic, thus suggesting that bacteriocin syn-
thesis is membrane associated. The structural gene encodes a prepeptide with a
leader that may be as short as two amino acid residues. A second, cationic and
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hydrophobic, peptide is involved in immunity. The system also includes an integral
membrane protein that presents a DUF 95-like transport domain, which might be
associated to an ATPase also present in the cluster and to several other proteins, all
of which might participate in bacteriocin export. Complementarily, most clusters
have in their vicinity an accessory operon encoding a putative ABC transport
complex that might enhance bacteriocin production and/or immunity (Diaz et al.
2003).

4 Mode of Action

Bacteriocins are highly potent bactericidal agents. As mentioned before, some of
them have a narrow spectrum of activity targeting only close related species but
many, particularly those produced by lactic acid bacteria, are active against a wider
panel of Gram positive bacteria. Remarkably, antibiotic and bacteriocin resistance
are independent and, consequently, no cross-resistance has been recorded so far.
Gram-negative bacteria are intrinsically resistant to peptide bacteriocins produced
by Gram-positive organisms due to the protective role of their outer membrane that
prevents reaching of their target, i.e., the plasma membrane. Consistently with this,
Gram-negative bacteria may become susceptible to wide spectrum bacteriocins
such as nisin, when combined with EDTA or organic acids that disrupt the
outer membrane.

Pioneering studies on the mode of action of bacteriocins have been carried out
with nisin, a lantibiotic produced by Lactococcus lactis, and with class IIa bacte-
riocins. Interaction with the plasma membrane and the formation of pores is a
common theme among most LAB bacteriocins. However, in-depth structure–
function studies have revealed that bacteriocins are not just mere pore formers but
they may also interact with receptors or docking molecules, abrogating essential
cell pathways which account for their potency. Moreover, non-membrane perme-
abilizing bacteriocins have also been described. A schematic representation of the
mode of action of bacteriocins is depicted in Fig. 2. Unveiling the mode of action of
bacteriocins is important to anticipate possible mechanisms of resistance as well as
for a rational exploitation of their antimicrobial activity.

4.1 Pore Formation

The ability of many bacteriocins to interact with the plasma membrane resides on
their physicochemical and structural properties. Pore-forming bacteriocins are
unstructured in water but adopt an amphipilic α-helical structure in membrane
mimicking environments that enables pore formation when present at high con-
centrations, i.e., in the micromolar range.
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Based on their cationic character, pore formation begins with electrostatic
interactions between the peptide and the negatively charged bacterial surface. Using
model membranes, nisin has been shown, for example, to initially interact with the
anionic lipids by electrostatic forces, followed by peptide aggregation.
Translocation of the C-terminus of nisin across the membrane phospholipids is
favored by the negative membrane potential and a wedge-like transient pore is
formed (Fig. 2) (Driessen et al. 1995). In class IIa pediocin-like bacteriocins, their
conserved positively charged N-terminus interacts with the negative cell envelope
constituents and folds into a three-stranded antiparallel ß-sheet connected by a
hinge region to an α-helix and a C-terminal tail in a hairpin structure. Pore for-
mation is achieved by insertion of this hydrophobic C-terminal domain into the
cytoplasmic membrane, likely forming a barrel stave like arrangement (Drider et al.
2006; Nissen-Meyer et al. 2009). Two-peptide non-modified bacteriocins (class IIb)
also adopt a helical structure in a hydrophobic environment, with the peculiarity
that further structuring occurs upon interaction with their complementary peptides
that finally results in insertion into the membrane. The two peptides are thought to
interact through helix–helix interactions involving the GXXG motifs present in
both peptides (Nissen-Meyer et al. 2009). Bacteriocins of class IIc, such as the
circular enterocin AS-48, have a compact globular structure with 5 α-helixes whose
conformation also changes in hydrophobic environments, facilitating membrane
disruption (Sánchez-Barrena et al. 2003).

Alteration of the membrane permeability barrier leads to a total or partial dis-
sipation of the proton motive force, ultimately causing energy exhaustion and cell
death. The specificity of the pores varies, with some bacteriocins producing leakage
of just monovalent cations and others that mediate the efflux of ions, amino acids,
and ATP. Other factors, such as membrane lipid composition and a certain mem-
brane potential threshold, may also be required to determine the fate of the pore
(Moll et al. 1999).

Fig. 2 Bacteriocin mode of action. a Upon interaction with the negatively charged cell envelope,
pore-forming positively charged bacteriocins insert into the plasma membrane when present at
high concentration (µM range). b Lipid II or the membrane components of mannose-PTS may act
as receptors or docking molecules to promote pore formation. c Binding to the cell wall precursor
lipid II inhibits the synthesis of peptidoglycan, which may be combined with pore formation (nisin
and other lantibiotics) or not (Lcn972, mersacidin). Hydrolysis of the peptidoglycan is
accomplished by activation of endogenous autolysins
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4.2 Docking Molecules or Receptors Involved
in Bacteriocin Activity

When compared to the eukaryotic antimicrobial peptides, one striking feature of
pore-forming bacteriocins is their strong in vivo potency (nanomolar vs. micro-
molar range) and their narrower spectrum of activity. This is due to the formation of
target-mediated pores, i.e., disruption of membrane permeability occurs upon high
affinity interaction of the peptides with docking molecules or receptors present in
the cell envelope (Fig. 2).

The cell wall precursor lipid II is a prominent docking molecule linked to the
mode of action of several LAB lantibiotics including nisin, plantaricin C, lacticin
3147, nukacin ISK-1 and lacticin 481, among others (Breukink and de Kruijff
2006). Lipid II is an essential precursor of cell wall biosynthesis. Thereby, binding
of lipid II by pore-forming lantibiotics results in the combination of two modes of
action in the same molecule: inhibition of cell wall biosynthesis and pore formation
(Wiedemann et al. 2001). In the case of nisin, it has been shown that lipid II
stabilizes the pore and is part of the pore itself in a lipid II:nisin 4:8 stoichiometry
(Hasper et al. 2004). Interaction of nisin with lipid II also implies that the cell wall
precursor is delocalized from the sites where it is needed, interfering with normal
cell growth and division (Hasper et al. 2006). It is worth mentioning the example of
the lantibiotic lacticin 3147: in this case, one of its composing peptides, LtnA1,
binds lipid II and the complex recruits LtnA2, promoting insertion into the mem-
brane and generation of the pore (Wiedemann et al. 2006b). Pore formation upon
lipid II binding seems to occur in a species-specific fashion in the case of more
globular lantibiotics such as plantaricin C, highlighting the complex interactions of
bacteriocins and their targets (Wiedemann et al. 2006a).

Lcn972 is so far the only non-lantibiotic bacteriocin known to interact with lipid
II (Martínez et al. 2008a). Contrary to others, Lcn972 does not form pores on
susceptible cells. Instead, it inhibits cell wall biosynthesis at the division septum. As
a consequence, cells elongate and, finally, die. Lcn972 has a very narrow spectrum
of activity, targeting lactococci exclusively, suggesting that it might require other
receptor(s) that determine its specificity. Inhibition of septum formation during cell
division has also been suggested for garvicin A (Maldonado-Barragán et al. 2013).

Several class II bacteriocins use mannose phosphotransferase transport systems
(man-PTS) as receptors (Fig. 2). Lactococcin A, lactococcin B and several class IIa
bacteriocins are membrane-disrupting peptides that form complexes with the
man-PTS components IIC and IID, the two membrane-associated proteins of this
sugar transporter (Diep et al. 2007). Further experiments demonstrated that class IIa
bacteriocins that share a similar spectrum of activity specifically interact with a
40-residues N-terminal external loop of the IIC component, whereas lactococcin A
requires further interactions with the man-PTS, explaining its spectrum of activity
restricted to lactococci (Kjos et al. 2011). It is speculated that the conserved
N-terminal β-sheet domain of these bacteriocins is involved in the initial recognition
of the man-PTS receptor that further enables the C-terminal domain to insert into the
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membrane to promote helix–helix interactions between the bacteriocin and the
membrane proteins IIC/IID. It is not clear, however, how the integrity of the mem-
brane is disrupted. Pores might be formed exclusively by bacteriocin molecules that
assemble upon interaction with the man-PTS or, alternatively, the presence of the
bacteriocin might force the transporter to remain in a permanent open-conformation
(Kjos et al. 2011). Interestingly, the cognate immunity protein is part of the
man-PTS-bacteriocin complex in the producer strains, suggesting that it may provide
immunity by blocking efflux of intracellular solutes through the man-PTS.

Other putative bacteriocin receptors that have been recently proposed are the
maltose ABC transporter for the circular peptide garvicin ML, a membrane met-
allopeptidase for the leaderless bacteriocin LsbB, and UppP, a membrane protein
involved in cell wall biosynthesis, for the class IIb lactococcin G.

A large deletion encompassing several starch and maltose metabolic genes was
identified in several independent L. lactis garvicin ML resistant mutants.
Complementation with malEFG genes coding for the maltose ABC transporter
restored sensitivity in L. lactis in a concentration-dependent fashion to wild-type
levels, supporting its role in bacteriocin activity (Gabrielsen et al. 2012). The
L. lactis Zn-dependent metalopeptidase YvjB was identified as the putative LsbB
receptor using a cosmid library of a susceptible L. lactis strain. A resistant derivative
transformed with this library was screened for susceptibility to LsbB and yvjB was
identified as the only gene involved in restoration of the sensitive phenotype (Uzelac
et al. 2013). Moreover, several independent resistant mutants were shown to carry
mutations in the same gene and its heterologous expression in otherwise naturally
resistant bacteria rendered them susceptible to LsbB. In this case, the last C-terminal
8 amino acids appears to be responsible of the interaction of LsbB and its putative
receptor, as only peptides bearing these residues were able to block the inhibitory
activity of LsbB (Ovchinnikov et al. 2014). Similarly, spontaneous L. lactis resistant
mutants to lactococcin G mapped in uppP, which encodes a dispensable unde-
caprenyl pyrophosphate phosphatase involved in the synthesis of cell wall precur-
sors. When this gene was expressed in the intrinsically resistant Streptococcus
pneumoniae, it became susceptible to the bacteriocin (Kjos et al. 2014).

Physical interaction between these membrane proteins and the bacteriocins has
not been experimentally proven yet. As described, their role as receptors is based on
genetic and phenotypic evidences. Namely, knocking out the corresponding coding
gene makes sensitive cells resistant, while its expression, even in heterologous
hosts, is required for a sensitivity phenotype.

4.3 Other Modes of Action and Additional Killing Activities

The lantibiotics nisin, subtilin and bovicin HC5 inhibit spore outgrowth. The for-
mation of lipid II targeted pores by nisin halts the establishment of the membrane
potential, and consequently, inhibits metabolism in germinating spores which
cannot develop further (Gut et al. 2011).
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Besides binding to lipid II, nisin has been shown to bind to lipid-bound
precursors of the wall teichoic acid (WTA) biosynthesis pathway and promote pore
formation in artificial liposomes (Müller et al. 2012). Whether this binding blocks
WTA biosynthesis and contributes to nisin killing in vivo is unknown so far.

Pore-forming bacteriocins may have other effects on target cells that contribute
to killing (Fig. 2). Nisin and other lantibiotics have been shown to separate
endogenous autolysins from their natural inhibitors, the anionic cell envelope
polymers, by a cation exchange-like process, thus inducing cell lysis (Bierbaum and
Sahl 2009). Accumulation of highly reactive hydroxyl radicals also contribute to
the antimicrobial activity of the pore-forming lacticin Q. As described for some
antibiotics, lacticin Q increased the levels of hydroxyl radicals and cell viability of
lacticin Q-treated cells could be restored by radical scavengers (Li et al. 2013).

4.4 Mechanisms of Resistance

Bacteriocin resistance can be achieved by nonspecific and specific mechanisms.
The first mostly alter the properties of the cell envelope to reduce, or even prevent,
the interaction of these antimicrobials with the plasma membrane.
Bacteriocin-specific mechanisms protect the cells against unique or a group of
related bacteriocins; for example, as a consequence of the loss of a common
receptor (Table 1).

One of the general strategies adopted by sensitive bacteria to reduce their sus-
ceptibility toward bacteriocins is to increase the number of D-alanine esters into the
teichoic acids to reduce the net negative charge of the cell envelope. In this way the
initial electrostatic interactions are weakened and the positively charged bacteri-
ocins bind less efficiently to the cells (Peschel et al. 1999). The formation of stable
pores can be further prevented by changes in the composition of membrane
phospholipids that may alter its fluidity (Kaur et al. 2011). Production of
exopolysaccharides, reduced surface hydrophobicity, and a thicker cell wall due to
the increased activity of penicillin-binding proteins also contribute to prevent the

Table 1 Resistance mechanisms to bacteriocins

Bacteriocin Mechanism Consequence

Pore-forming Changes on the cell envelope:
Less negative surface
Thicker cell wall
Membrane fluidity

Impaired
membrane
insertion

Class IIa, lactococcin
A, lactococcin B

Downregulation of man-PTS genes Inhibition of
pore formation

Nisin Proteolytic degradation of nisin Inactivation

Lacticin 3147/nisin Active transport by ABC transporters or
immunity-like proteins (immune mimicry)

Reduced local
concentration
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interaction of bacteriocins with the cytoplasmic membrane. All these changes on
the cell envelope are often orchestrated by two-component systems that detect the
stress caused by the bacteriocin and coordinate the expression of the genes involved
in the phenotypes described above (Cotter et al. 2002; Martínez et al. 2007).

Multidrug resistance transporters and/or ABC transporters have been linked to
resistance to nisin and other antimicrobials in several species (Majchrzykiewicz
et al. 2010; Collins et al. 2010). These transporters provide protection by actively
removing bacteriocin molecules out of the membrane, reducing their local con-
centration at the cell surface. In fact, immunity to several lantibiotics is often
provided by such pumping devices in concurrence with small immunity proteins.
Interestingly, bacteria carrying functional homologues of the ABC transporters
involved in immunity have been detected in non-bacteriocin producers. This
so-called immunity mimicry mechanism might be regarded as a specific bacteriocin
resistance mechanism as it provides cross-resistance to bacteriocins that share
similar immunity systems. Homologues to LtnFE, the ABC transporter involved in
immunity to lacticin 3147, have been identified in non-lacticin 3147 producers
(Enterococcus, Bacillus) and provide protection against this bacteriocin (Draper
et al. 2009). These LtnFE homologues constitute a reservoir of bacteriocin resis-
tance genes which may spread within lacticin 3147-sensitive populations.

Among bacteriocin-specific mechanisms, high resistance levels (over 1000
times) to all class IIa and some class IId bacteriocins have been linked to down-
regulation of the man-PTS genes. Inactivating mutations have been mapped in rpoN
that specifies the sigma factor σ54 and in the gene coding for ManR, a σ54-de-
pendent transcriptional regulator required for activation of the man-PTS genes
(Kjos et al. 2011). A specific nisin-degrading enzyme, generally known as Nisin
Resistance Protein (Nsr), has been detected in non-nisin producing L. lactis,
Bacillus and several streptococcal species. L. lactis Nsr has been recently charac-
terized as a lipoprotein with protease activity that specifically removes the last
C-terminal amino acids of nisin (Sun et al. 2009).

Finally, several comparative genomic, transcriptomic, and phenomic studies of
resistant strains have uncovered a possible role of global regulators on resistance to
bacteriocins. This is the case, for example, of a putative regulator of an extracy-
toplasmic function sigma factor, which protected lactococcal cells against the cell
wall-active bacteriocin Lcn972 (Roces et al. 2012a).

It is worth mentioning that resistance to bacteriocins usually implies energy costs
that compromise the fitness of resistant mutants. In fact, despite of the wide use of
nisin as a food preservative, resistance is not an issue for concern so far.
Nevertheless, development of resistance to bacteriocins should be closely moni-
tored as well as their impact in the physiology of the target bacteria. For example,
development of bacteriocin resistance in S. aureus and L. monocytogenes inhibited
infection of these food pathogens by specific bacteriophages, which are proposed as
alternative preservatives in food (Martínez et al. 2008b; Tessema et al. 2011). In
this scenario, the use of combined food preservation technologies (bacteri-
ocins + phages) might become jeopardized.
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5 Applications of Bacteriocins

Immediately after its discovery, nisin was applied to inhibit late blowing in cheeses
caused by the gas formed by germinating Clostridium tyrobutyricum spores. The
success of this approach along with the consumer’s demands for foods without
chemically synthesized preservatives encouraged the search for other bacteriocins
to be applied as food preservatives. Furthermore, the current knowledge on bac-
teriocin biology is also paving the way for innovative strategies exploiting bacte-
riocins in other fields, from health to biotechnological processes (Fig. 3).

5.1 Preservation of Food Products

Bacteriocins produced by LAB have several attributes that make them suitable as
food biopreservatives: ability to inhibit Gram-positive pathogenic and spoilage
bacteria (L. monocytogenes, S. aureus, Bacillus cereus, Clostridium botulinum,
C. tyrobutyricum, etc.); susceptibility to digestive proteases; stability in a wide
range of temperature and pH values; no alteration of the organoleptic properties of
food as they are taste-, odor-, and colorless; no toxicity to eukaryotic cells and
simplicity to scale-up production.

Bacteriocins may be added to food as pure preparations with the advantage of
knowing exactly the doses being added, which gives a complete control of their
action. However, this increases the production costs and requires approval by

Fig. 3 Applications of bacteriocins based on their genetics and biosynthetic machinery as well as
their antimicrobial activity
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regulatory authorities. So far, nisin is the only bacteriocin approved worldwide as a
food additive and is identified in the European Union as E234. A semi-purified
preparation of Nisin A (Nisaplin® and Chrisin) is manufactured by Dupont
Nutrition Biosciences ApS and Christian Hansen A/S, respectively. As a food
additive, nisin shows high efficacy in protecting processed cheeses by controlling
the outgrowth of spores of C. botulinum and C. tyrobutyricum (5–15 mg/kg), the
development of L. monocytogenes in Riccotta cheese (2.5–5 mg/kg), also being
used in stirred yogurt (0.5–1.25 mg/kg) to avoid overacidification through the shelf
life (Delves-Broughton 2007). Nisin is less effective in meat products due to its
adsorption to fat and enzymatic inactivation by gluthatione-S-transferases present in
fresh beef muscle (Rose et al. 2002). However, nisin is effective in inhibiting the
growth of lactic acid bacteria in vacuum-packed cooked ham stored for 60 days
(Kalschne et al. 2014). Nisin and pediocins are also able to reduce L. monocyto-
genes in fresh-cut lettuce when used as a substitute of chemical disinfection in the
washing solution (Allende et al. 2007).

In some countries, such as the US and Canada, it is allowed the use of fer-
mentates as food ingredients, which may contain bacteriocins along with organic
acids. They are produced by the fermentation of food grade substrates by
bacteriocin-producing bacteria. Some already commercialized are: ALTATM 2431
(pediocin PA-1/AcH, Quest International); MICROGARDTM (with a
Propionibacterium bacteriocin; Dupont Nutrition Biosciences ApS); and Bactoferm
F-LC (a mix of a pediocin and a sakacin; manufactured by Christian Hansen A/S).

Bacteriocins can also be applied in food by in situ production. This requires
bacteriocinogenic strains (protective cultures) well adapted to the particular food
matrix (e.g., milk) where they grow and produce bacteriocin under the particular
processing, ripening, and storage conditions (Gálvez et al. 2007). This system is
cost-effective and is not affected by legal regulations. Nisin-producing L. lactis
inhibit L. monocytogenes in Camembert cheese (Maisnier-Patin et al. 1992),
S. aureus in Afuega’l Pitu cheese (Rilla et al. 2004), Listeria innocua in semi-hard
cheese made with raw milk (Rodríguez et al. 2000) and Cl. tyrobutyricum, a late
blowing agent, in semi-hard Vidiago cheese (Rilla et al. 2003). Protection against
late blowing was also provided by the bacteriocin producer Lactobacillus gasseri
K7 (Bogovic Matijasic et al. 2007). Spraying lacticin 3147 producers on the surface
of smear and cottage cheeses inhibited L. monocytogenes development (O’Sullivan
et al. 2006; McAuliffe et al. 1999). These bacteriocinogenic starters are also able to
control cheese quality by suppressing growth of nonstarter lactic acid bacteria
(NSLAB) populations during ripening. In this way, the risk of flavor defects in
low-fat Cheddar cheese was reduced (Fenelon et al. 1999). Likewise,
bacteriocin-producing cultures accelerate cheese ripening by increasing the lysis of
the starter strains with the consequent release of intracellular enzymes to the cheese
matrix. This is the case of the strain L. lactis DPC 3286 (lactococcins A, B, M
producer) in Cheddar cheese (Morgan et al. 2002) or L. lactis INIA 415 (lacticin
481 and nisin Z producer) in Hispánico cheese (Ávila et al. 2005).

Bacteriocinogenic enterococci have been used as adjunct cultures in both
cheeses and dairy fermented beverages. Enterococcus faecalis AS 48-32, the AS-48
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producer, clearly inhibited Bacillus cereus growth in nonfat hard cheese throughout
ripening (Muñoz et al. 2004). The enterocin A producer E. faecium MMRA, as
protective adjunct culture, halted the growth of L. monocytogenes but not its via-
bility during cold storage of Rayeb (Rehaiem et al. 2012).

Bacteriocins can be used in combination with other methods of preservation
(heat, chelating agents, carbon dioxide, other biocides, etc.) as part of hurdle
technology to enhance their efficacy. There are some examples compiled in the
literature, most of which aimed to broaden the inhibition spectrum, to reduce the
concentration needed of each preservative or to control the proliferation of sub-
lethally injured cells (Gálvez et al. 2007). Pediocin PA-1/AcH combined with a
CO2 atmosphere showed a synergistic effect against foodborne pathogens (Nilsson
et al. 2000), while nisin activity against C. sporogenes was enhanced by nitrites
(Rayman et al. 1981). Inactivation of this microorganism in milk was also enhanced
by combining nisin and high pressure (Arqués et al. 2005). In addition, nisin was
combined with pulse electric fields to inactivate S. aureus in milk (Sobrino-López
and Martín-Belloso 2006), L. innocua in whey (Gallo et al. 2007) and L. mono-
cytogenes in skim milk (Calderón-Miranda et al. 1999). Enhanced bactericidal
activity against L. monocytogenes was shown by enterocin AS-48 in combination
with chemical preservatives, essential oils and natural bioactive compounds
(Cobo-Molinos et al. 2009).

The incorporation of bacteriocins in packaging systems allows slow release on
the food products, thereby extending their shelf life. The antimicrobial efficacy may
even be higher than that resulting from the addition of bacteriocins to the food
matrix. In this regard, low-density polyethylene (LDPE) films coated with nisin
inhibited Micrococcus luteus in raw milk (Mauriello et al. 2005), while enterocin
416K1 showed antilisterial activity on cheeses during cold storage (Issepi et al.
2008). Soy-based films impregnated with nisin and lauric acid reduced up to 6 log
units the L. monocytogenes concentration on turkey bologna after 21 days at 4 °C
(Dawson et al. 2002), while the immobilization of nisin on polyamide and cellulose
lowered S. aureus concentration in Cheddar cheese (Scannell et al. 2000a) and in
cheese slices under cold conditions for 3 months (Scannell et al. 2000b). Going
further in the antimicrobial active packaging concept, nisin has also been incor-
porated (1–2 %) into polypropylene/montmorillonite nanocomposites to make
packaging food material and inhibited L. monocytogenes, S. aureus and C. per-
fringens when tested on skimmed milk agar plates, thereby having a great potential
to reduce post-process growth of food pathogens (Meira et al. 2014).

5.2 Medical and Veterinary Applications

The potency of bacteriocins in vitro, their low toxicity, and no cross-resistance with
antibiotics supports their use as antimicrobials in clinical settings. Narrow spectrum
bacteriocins can be used to fight against targeted pathogens without disturbing

Antimicrobial Peptides Produced by Bacteria: The Bacteriocins 29



commensal populations. By contrast, broad-spectrum bacteriocins might be effec-
tive against unidentified infections produced by Gram-positive bacteria.

Lantibiotics such as nisin and lacticin 3147 exhibit in vitro activity against S.
pneumoniae, methicillin-resistant S. aureus (MRSA), vancomycin-resistant ente-
rococci (VRE), and Clostridium difficile (Piper et al. 2009). The combination of
nisin with ramoplanin, an antibiotic that inhibits peptidoglycan biosynthesis, exerts
a synergistic effect on MRSA and VRE (Brumfitt et al. 2002). Topic formulations
containing bacteriocins active against Propionibacterium acnes have also been
tested for the treatment of acne (Kang et al. 2009). Lacticin 3147 was effective
in vivo to treat a systemic infection by S. aureus Xen 29 in a murine model by
subcutaneal treatment (Piper et al. 2012).

Nisin and lacticin 3147 have also been tested against clinically significant
Mycobacteria (Mycobacterium tuberculosis, M. avium, M. kansasii). Lacticin
appeared to be more effective than nisin (MIC90 7.5 vs. 60 mg/L) (Carroll et al.
2010).

Nisin appears to be an efficient alternative to antibiotics for treatment of mastitis
treatment when applied as a topic solution (6 µg/mL) according to the results
obtained in a clinical trial with the participation of eight women with clinical signs
of staphylococcal mastitis (Fernández et al. 2008). In addition, an intramammary
infusion containing nisin (MasOut®) is being developed as an alternative treatment
for mastitis in lactating cows. The combination of lacticin 3147 with a commercial
teat seal resulted in increasing protection against the mastitis-causing pathogen
Streptococcus dysgalactiae (Ryan et al. 1998).

Another medical application of bacteriocins under exploration is their use
against the etiological agent of gastroduodenal ulcer Helicobacter pylori, based on
its in vitro susceptibility to nisin, pediocin O2, leucocin K, lacticins A164, BH5,
JW3, and NK24 (Kim et al. 2003). Previously, a combination of nisin with glycerol
monolaurate has been patented by Applied Microbiology Inc, as a method for
treatment H. pylori infection and eradication of its colonization (Blackburn et al.
1997).

Currently, a few healthcare products containing bacteriocins are commercially
available, including an edible toothpaste in Japan (www.neonisin.com) and a
topical cream for treatment of skin infections (Biosynexus Inc, MA, USA).
Nevertheless, some chemical properties of bacteriocins, in particular of lantibiotics,
such as their low solubility, low activity at high pH, rapid degradation by intestinal
enzymes and interaction with blood components should be improved to promote
their use in health care.

5.3 Role of Bacteriocins in Probiosis

Bacteriocin production by probiotic bacterial strains may be regarded as an
important trait in strain selection due to the putative advantage in the competitive
dynamics established between bacteriocin producers and closely related species
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within very complex microbial communities as those of the gastrointestinal tract.
The mechanisms behind the probiotic effect of bacteriocin production in vivo are
still obscure. The contribution of bacteriocins to a positive effect on host health
might be attributed to: (i) their action as colonizing peptides that allow probiotics
competition with the indigenous microbiota; (ii) the elimination of pathogens by
virtue of their antimicrobial activity; (iii) their role as signaling peptides that recruit
other bacteria and/or the immune system to eliminate infectious microorganisms
(Dobson et al. 2012).

Up to 56 species of Lactobacillus have been found as part of the intestinal
microbiota. Most of them produced bacteriocins in vitro, and some also in vivo
(Gillor et al. 2005), with activity against both Gram positive and Gram negative
pathogens. L. johnsonii LA1 (Gotteland and Cruchet 2003) and L. acidophilus LB
(Coconnier et al. 1998) inhibited H. pylori bound to intestinal epithelial cells.
Another interesting study demonstrated that L. salivarius UC118 produces in vivo
the potent bacteriocin Abp118 that protected mice from L. monocytogenes infection
(Corr et al. 2007). Similarly, L. casei L26 LAFTI inhibited enterohemorrhagic
E. coli and L. monocytogenes in mice (Su et al. 2007). Moreover, it has been
reported that bacteriocin production by probiotic lactobacilli inhibited pathogens
(e.g., Gardnerella vaginalis) in the human vagina (Aroutcheva et al. 2001).

Probiotic supplements containing bacteriocins administered to broiler chickens
resulted in an increased rate survival when they were challenged with Salmonella
pullorum (Audisio et al. 2000). Bacteriocin production is also one of the factors
associated to the antibacterial effect of probiotics used as biocontrol agents in
aquaculture (Verschuere et al. 2000). They are used as food supplements to improve
the performance of aquatic microorganisms, being effective as growth promoters
and pathogen inhibitors.

5.4 Expanding the Biotechnological Potential
of Bacteriocins

The primary metabolite nature of bacteriocins along with a rather simple biosyn-
thetic pathway facilitates the design of novel molecules through gene-based peptide
engineering and, consequently, may expand their use as antimicrobials (Perez et al.
2014). The spectrum of inhibition, stability, interaction with food matrices or
specific activity of bacteriocins could be modified by genetic engineering. For
instance, a single amino acid change in nisin Z (the methionine at position 21 was
replaced by lysine) resulted in a fivefold increase of its solubility at pH 8, which
was accompanied by inhibition of Gram-negative bacteria (Yuan et al. 2004).
Similarly, a nisin A derivative (glycine at position 29 was replaced by serine) had
an extended inhibitory spectrum toward foodborne pathogens such as Cronobacter
sakazakii, E. coli and Salmonella enterica serovar Tiphymurium (Field et al. 2012).
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It has been also possible to create bacterial strains that produce several bacte-
riocins by conjugation of multiple bacteriocinogenic plasmids. In this way, the
performance of commercial dairy starters can be enhanced as exemplified by
transferring the lacticin 3147-encoding conjugative plasmid pMRC01 to Cheddar
cheese starter strains (Coakley et al. 1997).

Genes involved in bacteriocin biosynthesis have been used to develop tools for
genetic engineering, including regulated gene expression in Gram-positive bacteria.
An important property of the nisin-inducible promoters is that the degree of acti-
vation depends on the intensity of the stimulus, i.e., the concentration of the
extracellular nisin. This has been used for designing the NICE system, made out by
cells that express nisR-K and vectors with multicloning sites behind the nisA pro-
moter, where protein determinants can be inserted. Production of these proteins will
be a function of the concentration of nisin added to the cell culture (Mierau and
Kleerebezem 2005). The immunity determinants have also been exploited as
food-grade markers in cloning vectors that make use of bacteriocins as selecting
agents and, more recently, the introduction of full bacteriocin operons into plasmids
has demonstrated to prevent plasmid segregation under non-selecting conditions
(Takala and Saris 2002; Campelo et al. 2014). The development of these plasmids
helps to reduce the use of antibiotics in biotechnological processes with genetically
modified bacteria. Other strategies encompassed the use of the nisin biosynthetic
machinery to introduce thioether rings into foreign peptides to improve their sta-
bility under harsh conditions (Kluskens et al. 2005).

Finally, bacteriocins may be very useful tools to uncover the molecular mech-
anisms and the physiology behind the stress response in susceptible bacteria. For
example, the use of the cell wall-active bacteriocin Lcn972 has been instrumental to
define the core response of L. lactis to cell envelope stress and to identify
biomarkers for strain robustness (Roces et al. 2012b).
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