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SUMMARY

The dramatic rise in the incidence of antibiotic resistance de-
mands that new therapeutic options will have to be developed.
One potentially interesting class of antimicrobials are the modi-
fied bacteriocins termed lantibiotics, which are bacterially pro-
duced, posttranslationally modified, lanthionine/methyllanthio-
nine-containing peptides. It is interesting that low levels of
resistance have been reported for lantibiotics compared with com-
mercial antibiotics. Given that there are very few examples of nat-
urally occurring lantibiotic resistance, attempts have been made to
deliberately induce resistance phenotypes in order to investigate
this phenomenon. Mechanisms that hinder the action of lantibi-
otics are often innate systems that react to the presence of any

cationic peptides/proteins or ones which result from cell well
damage, rather than being lantibiotic specific. Such resistance
mechanisms often arise due to altered gene regulation following
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detection of antimicrobials/cell wall damage by sensory proteins
at the membrane. This facilitates alterations to the cell wall or
changes in the composition of the membrane. Other general
forms of resistance include the formation of spores or biofilms,
which are a common mechanistic response to many classes of
antimicrobials. In rare cases, bacteria have been shown to possess
specific antilantibiotic mechanisms. These are often species spe-
cific and include the nisin lytic protein nisinase and the phenom-
enon of immune mimicry.

INTRODUCTION

Lantibiotics are ribosomally synthesized antimicrobial peptides
produced by Gram-positive bacteria. They undergo posttrans-

lational modifications which result in the creation of unusual
amino acids, such as dehydroalanine (Dha) and dehydrobutyrine
(Dhb), as well as the eponymous lanthionine/methyllanthionine
residues. Lantibiotics are subclassified on the basis of their biosyn-
thetic machinery and the amino acid sequence of the structural
peptide (1). The most characterized lantibiotic is nisin A (subclass
1), which has been used in the dairy and food industries for de-
cades. It is a 3,353-Da, cationic, linear peptide of 34 amino acids,
produced by Lactococcus lactis subsp. lactis, that contains five in-
tramolecular ring structures. It has a dual mode of action, in that
it prevents cell wall biosynthesis and also forms pores in the cell
membranes of susceptible cells (2). Lantibiotics are readily used as
food preservatives and have frequently been suggested to have the
potential to be utilized in a wide range of medical applications (for
reviews, see references 3, 4, and 5). With these existing and pro-
spective applications in mind, the incidence of lantibiotic resis-
tance is a real consideration, especially in view of the prevalence of
resistance to commercial antibiotics following their extensive uti-
lization. To date, little is known of lantibiotic resistance in com-
parison to resistance to commercial antibiotics. However, lantibi-
otic resistance has been induced in laboratory settings, and this
resistance, in addition to the innate resistance characteristics of
the bacterial cell, is the subject of this review.

MODE OF ACTION

In order to appreciate the various mechanisms by which bacteria
are or become resistant to lantibiotics, it is first necessary to un-
derstand the mode of action of these compounds. In the case of
many cationic lantibiotics, or lantibiotics with cationic domains,
there is an initial attraction to the anionic cell membrane of target
microbes (6–8). Notably, changes in lantibiotic charge as a result
of genetic engineering alter the efficacy of such lantibiotics, pre-
sumably due to a reduced attraction/interaction with the cell
membrane (8, 9). In addition, it is believed that lantibiotics most
probably recognize a specific receptor molecule on sensitive bac-
terial cells. To date, however, only one receptor-like protein has
been discovered, with the identification in Streptococcus pyogenes
of a gene encoding a protein named LsrS, which exhibits a recep-
tor-like function for the lantibiotic Smb (10). LsrS is a membrane
protein that belongs to the CAAX protease family and is well con-
served across streptococcal species. Overexpression of LsrS in
Streptococcus mutans increased cellular susceptibility to Smb. In
addition, nisin also requires LsrS for optimum inhibitory activity.
However, it is not required for the antimicrobial actions of halo-
duracin and galolacticin. The mechanism of action of this recep-
tor-like function is as yet unknown; however, it has been shown
that the CAAX protease domain is not essential for function.

Once at the membrane, lantibiotics, such as nisin, mersacidin,
epidermin, plantaricin C, and lacticin 3147 (Ltn�; one of two
components of a dual-peptide bacteriocin), bind to and form a
complex with a docking molecule, lipid II (11–15). Lipid II is a
precursor of cell wall peptidoglycan and is found at the outer
leaflet of the bacterial membrane. The resulting lantibiotic-lipid II
complex inhibits peptidoglycan synthesis. Nisin binds the pyro-
phosphate linker of lipid II (16), as does plantaricin C and lacticin
3147 (Ltn�) (13, 14). Mersacidin and members of the mersacidin
group of lantibiotics target the N-acetylglucosamine (GlcNAc)
moiety and most probably the sugar and phosphate residues of
lipid II (17). Lipid I has also been identified as a target of nisin and
epidermin (11); lipid I is essentially lipid II before the acquisition
of the GlcNAc moiety. However, binding to lipid II has a more
pronounced effect. It should be noted that lipid I or lipid II is not
the target of all lantibiotics; for example, targets have yet to be
found for Pep5 and epilancin K7 (18). For some lantibiotics that
bind lipid II, including nisin, this binding not only inhibits cell
wall biosynthesis but also facilitates pore formation and leads to
the release of ions and small molecules from the target bacteria
(17, 19). Two-component lantibiotics, such as lacticin 3147, are
thought to function through the formation of a three-member
complex, with the Ltn� peptide targeting lipid II and then seques-
tering the Ltn� peptide for pore formation (13). There are a few
models which describe how the structural conformation of lan-
tibiotics within the membrane leads to pore formation. This in-
cludes the barrel-stave mechanism described by Sahl (20), the
wedge model (21), and a model described by Chikindas et al. (22).
However, not all lantibiotics form pores. Mersacidin, actagardine,
and cinnamycin (all members of the globular subclass II lantibi-
otics) only block cell wall/membrane synthesis by binding to re-
ceptors such as lipid II or phosphatidylethanolamine (23, 24).
Gallidermin (and related peptides) is unusual in that, while it
possesses the same putative lipid II-binding motif as nisin, it is
considerably shorter (22 amino acids, compared to the 34 amino
acids of nisin). As a result, the ability of gallidermin to form pores
depends on the membrane thickness of the target cell; thus,
against some target cells, it is the interaction with lipids I and II
alone, not pore formation, that is responsible for inhibiting these
targets. The superior activity of gallidermin over that of nisin in a
cell wall biosynthesis assay would seem to explain its high killing
potency even in situations where it does not form pores (25).

Another activity that has been attributed to a number of lan-
tibiotics, including nisin, subtilin, and sublancin, is the ability to
prevent spore outgrowth by Bacillus and Clostridium species (26,
27). An in-depth study into the mechanism of action in Bacillus
anthracis identified that the initiation of germination is essential
for the action of nisin. The action of nisin is governed by two
events during the outgrowth of spores: the establishment of an
active metabolism and the shedding of the external spore struc-
tures (28). In L. lactis, truncated nisin A mutants lacking rings D
and E were unable to form pores in the membranes or to cause a
disruption of the membrane potential but were still able to inhibit
the outgrowth of Bacillus subtilis spores (29). In contrast, mutants
in the hinge region of nisin (N20P/M21P and M21P/K22P), which
retained the ability to bind lipid II but were unable to form pores,
had antimicrobial activity against vegetative cells of B. anthracis
but did not inhibit spore outgrowth. Therefore, at least in B. an-
thracis, pore formation is essential for limiting spore outgrowth,
which suggests that nisin utilizes lipid II as the germinated spore
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target during outgrowth inhibition and that nisin-mediated
membrane disruption is essential for inhibiting spore develop-
ment into vegetative cells (30).

It should be noted that there are a number of specific anti-
microbial activities associated with individual lantibiotics (6).
In addition, related peptides, referred to as lanthipeptides, have
functions other than those of antimicrobial agents (31). The
morphogenetic peptides SapB and SapT from Streptomycetes act
in such a manner (32). These peptides are believed to function as
biosurfactants during the formation of aerial hyphae (33).

ROLE OF CELL WALL MODIFICATIONS IN RESISTANCE

Lipid II

In addition to many lantibiotics, a number of other antibiotics
also interact with lipid II (e.g., vancomycin), albeit by binding to
different parts of the target molecule. Lipid II is the precursor of
cell wall biosynthesis found at the outer leaflet of the bacterial
membrane. The main structural component of the bacterial cell
wall consists of peptidoglycan, which is a polymer of a repeating
N-acetylmuramic acid (MurNAc) and GlcNAc motif, cross-
linked via peptides attached to MurNAc. The final steps in matu-
ration are catalyzed by a penicillin-binding protein (PBP), a bi-
functional enzyme which catalyzes polymerization of the sugar
units (glycosyltransfer) as well as peptide cross-linking (transpep-
tidation), utilizing lipid II as the substrate (34). Lipid II, as the
corresponding monomer, consists of a single disaccharide penta-
peptide bound by a pyrophosphate linker to a polyisoprenoid an-
chor called undecaprenyl. Binding of antimicrobial substances to
lipid II interferes with peptidoglycan biosynthesis by physically
sequestering the compound and preventing its utilization by
transpeptidase and transglycosylase enzymes that install the cross-
linked network of the bacterial cell wall (35).

Recently, it was shown that nisin and gallidermin also bind to
other intermediates of the wall teichoic acid (WTA) biosynthesis
pathway, including lipid III (undecaprenol-pyrophosphate-N-
acetylglucosamine) and lipid IV (undecaprenol-pyrophosphate-
N-acetylglucosamine-N-acetylmannosamine), and it has also
been shown that the specific interaction with WTA precursors
promotes pore formation in artificial lipid bilayers (36).

Despite the importance of lipid II to the activity of many lan-
tibiotics, quantification of the levels of lipid II in nisin-sensitive
Micrococcus flavus, nisin-sensitive Listeria monocytogenes, and
their nisin-resistant variants indicated that nisin resistance/sensi-
tivity is independent of lipid II levels (37).

DltA

Bacterial membranes usually have an overall negative net charge.
Bacteriocins, including the lantibiotics, resemble a considerable
proportion of the antimicrobial molecules associated with hu-
man, vertebrate, invertebrate, and plant host defense systems in
that they have cationic properties that confer a high affinity for the
anionic bacterial cell envelope (38). The Gram-positive bacterial
cell wall comprises a thick peptidoglycan fabric as well as polymers
of alternating phosphate and alditol groups, called teichoic acids.
Teichoic acids are classified into two groups: WTA (as mentioned
previously), which are phosphodiester linked via a linkage unit to
muramic acid residues of peptidoglycan (39, 40); and lipoteichoic
acids (LTA), which are macroamphiphiles anchored hydrophobi-
cally through the fatty acid residues of their glycolipid component

in the outer layer of the cytoplasmic membrane (41). The dlt (D-
alanyl-lipoteichoic acid) operon is responsible for D-alanine ester-
ification of both LTA and WTA (Fig. 1A) (42). The dlt operon has
been characterized across many species and contains four genes
required for functionality: dltABCD (43). The role of DltA is to act
as a D-alanine-D-alanyl carrier protein ligase (Dcl), which activates
D-alanine by hydrolysis of ATP and transfers it to the phospho-
pantetheine cofactor of a specified alanine carrier protein (Dcp),
encoded by dltC (44). The hydrophobic DltB protein, which may
have a transmembrane location, is required for D-alanine incor-
poration into teichoic acids, possibly through the transfer of acti-
vated D-alanine across the cytoplasmic membrane (42). It is
thought that DltD transfers D-alanine from the membrane carrier
to teichoic acids, as indicated by the apparent presence of an N-
terminal signal peptide. The dltABCD gene sequence and organi-
zation are highly conserved across a range of species (45). In Strep-
tococcus agalactiae, two regulatory genes of the dlt operon,
designated dltR and dltS, are located upstream of dltA (46). In
Clostridium difficile, a putative regulatory protein (CD2850) is
thought to negatively regulate the dlt operon (47).

As a result of the D-alanylation of teichoic acids, positive charges
are incorporated into the cell wall. Hence, cationic antimicrobial
peptides (CAMPs), such as nisin and gallidermin, are repelled
from the cell envelope of target microorganisms, such as L. mono-
cytogenes, Bacillus cereus, Clostridium difficile, Streptococcus pneu-
moniae, and Staphylococcus aureus (45, 47–50). This is a form of
innate lantibiotic resistance and becomes particularly evident in
the presence of antimicrobial peptides that trigger a signaling
pathway that upregulates the process (45). This phenomenon was
first reported by Peschel et al. (45), who determined that a dltA
mutant of S. aureus and dltA, dltB, and dltD mutants of Staphylo-
coccus xylosus did not produce D-alanine esters in their teichoic
acids and that these conditions increased their sensitivity to
CAMPs, including the lantibiotic gallidermin. Additionally, this
study showed that wild-type strains of Staphylococcus bearing ad-
ditional copies of the dlt operon contained larger amounts of D-
alanylated teichoic acids and hence repelled cationic proteins
more effectively and were less sensitive to gallidermin (45). It was
also notable that spontaneously nisin-resistant mutants of L. lactis
IL1403 expressed the dlt and gal operons at higher levels (51). The
relevance of the gal operon, associated with the Leloir pathway
(52), is that galE encodes a UDP-glucose 4-epimerase that is re-
sponsible for the synthesis of �-galactose, which is transported
across the membrane to become a substituent of LTA. This obser-
vation led to further studies of L. lactis MG1363, which established
that L. lactis MG1363 �galAMK was twice as sensitive to nisin as
the wild type, suggesting that �-galactose incorporation has an
effect on LTA structure and thus is important in nisin resistance.
In addition, the LTA of the resistant strain contained twice as
much �-galactose as the wild type, which may indicate a more
densely packed LTA, ultimately making the cell wall barrier less
negatively charged due to the action of DltA (51). Nisin-resistant
cells also appeared to have more lipoteichoic acid than nisin-sen-
sitive cells. In addition, deesterified lipoteichoic acids from nisin-
resistant cells migrated more slowly through a polyacrylamide gel
than those from nisin-sensitive cells. These results indicated that
lipoteichoic acids could be modified to increase the resistance of
Streptococcus bovis to nisin (53). LTA alanylation also seems to
affect the susceptibility of Streptococcus pneumoniae to nisin (49).

Abachin et al. (48) discovered that in the absence of dltA, L.
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monocytogenes was severely impaired in a mouse infection model
(4-log increase in 50% lethal dose [LD50]), and also that, in vitro,
the adherence of the mutant to various cell lines was impaired,
although the amounts of surface proteins associated with viru-
lence (ActA, InlA, and InlB) remained unaffected. These results
show that the D-alanylation of LTA contributes to the virulence of
the intracellular pathogen L. monocytogenes (48). However, to
date, the opposite case, where increased levels of DltA contribute
to virulence, has not been identified. Thus, whether such a mech-
anism enhances virulence due to sensing increased levels of DltA
as well as enhancing the lantibiotic resistance of a strain has yet to
be determined.

Penicillin-Binding Proteins

Multimodular penicillin-binding proteins (PBPs) are responsible
for peptidoglycan assembly. They are subcategorized as class A or
B PBPs, depending on the structure and catalytic activity of the
N-terminal module. The C-terminal ends of the penicillin-bind-
ing protein modules of both classes catalyze peptide cross-linking
between two adjacent glycan chains through their transpeptidase
activity (54). The N-terminal module of PBPs belonging to class A
is responsible for the glycosyltransferase activity leading to glycan
chain elongation (55), whereas in class B PBPs, this domain is
responsible for interactions with other proteins during septation
and also regulates the shape of bacterial cells (56).

There have been a number of instances in which a relationship
between lantibiotic resistance and PBPs has been noted. First, the
expression level of a putative PBP was found to be increased sig-
nificantly in a spontaneously nisin-resistant strain of L. monocy-

togenes compared to the wild-type, nonresistant strain (57). This
strain was also slightly more resistant to mersacidin but was sen-
sitive to a variety of beta-lactam antibiotics. Similarly, expression
of the gene encoding PBP2A (a class B PBP) was higher in a nisin-
resistant mutant of L. lactis IL1403 than in the corresponding
wild-type strain, leading to speculation that resistance was pro-
vided by a thicker and more densely packed cell wall (51).

The class A penicillin-binding protein PBP4 (encoded by
lmo2229 [also known as pbp2229]) of L. monocytogenes has been
implicated in nisin resistance, as disruption of the encoding gene
enhanced nisin sensitivity, with a 1.66-fold decrease in the MIC
(58). It was also observed that increased expression of LiaS, a his-
tidine kinase element which regulates PBP2229 (PBP4), resulted
in increased levels of PBP and nisin resistance in Listeria (59).
Gravesen et al. suggested that PBP2229 mediates enhanced nisin
resistance by shielding lipid II and, in addition, reduces the extra-
cellular lipid II concentration (59). This hypothesis is in accor-
dance with previous studies suggesting that nisin sensitivity is af-
fected by the accessibility of lipid II (12, 57). Curiously, mutation
of another histidine kinase element, LisK, resulted in enhanced
nisin resistance despite reducing expression of both pbp2229 and
liaS (60).

IrpT/RmlD

Another novel gene involved in nisin resistance is irpT, whose
disruption leads to an increased level of resistance. While IrpT is
not directly involved in nisin resistance, it has a role in gene reg-
ulation. In the absence of IrpT, the rmlD gene and four others are
upregulated in Lactococcus lactis subsp. lactis N8 (61). RmlD is

FIG 1 Mechanisms of lantibiotic resistance which relate to the cell wall and membrane. (A) D-Alanylation of lipoteichoic acids (LTA) and wall teichoic acids
(WTA) by the dltABCD operon, which confers a positive charge. (B) Changes in phospholipid composition. (C) Changes in membrane fatty acid composition.
(D) Cell wall thickening. (E) Lysine esterification of one of the two hydroxyl groups of phosphatidylglycerol (PG) by Mprf. (F) Gram-negative outer cell
membrane containing lipopolysaccharide (LPS).
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involved in the synthesis of dTDP-L-rhamnose, which is a precur-
sor involved in cell wall polysaccharide backbone production
(62). The importance of RmlD was confirmed when it was estab-
lished that overexpression of the corresponding gene in L. lactis
MG1363 enhanced nisin resistance (61).

Resistance of Spores to Lantibiotics

Bacterial spores are extremely resistant to biocides, thanks in par-
ticular to their thickly layered proteinaceous spore coat (for a re-
view, see reference 63). Although they do not kill spores, lantibi-
otics such as nisin can be sporostatic, preventing spore outgrowth.
An investigation of nisin-resistant mutants of Clostridium botuli-
num created through continuous exposure to the lantibiotic re-
sulted in resistant mutants (both spores and vegetative cells)
which had the ability to germinate in levels of nisin that reduced
the parental strain by 7 to 8 log (64). Although the mechanism by
which the action of nisin is circumvented in these resistant mu-
tants is unknown, it appears that it is not a nisin-specific phenom-
enon, as resistance was observed to a variety of bacteriocins across
a range of classes.

CELL MEMBRANE MODIFICATIONS

Lipopolysaccharide

Lantibiotics are generally produced by Gram-positive bacteria
and are most active against other Gram-positive strains. Gram-
negative target microorganisms are usually very resistant to lan-
tibiotics, as the architecture of their outer membrane prevents the
penetration of the lantibiotics (with sizes of approximately 1,800
to 4,600 Da) to the cytoplasmic membrane (Fig. 1F) (65–67). The
outer layer of the outer membrane serves as the site of attachment
for lipid A, an anionic dimer of glucosamine linked to fatty acid
chains and flanked by polar phosphate groups. Lipid A is cova-
lently bound to a core polysaccharide and a specific O chain con-
sisting of repeating oligosaccharide units. This complex is referred
to as lipopolysaccharide (LPS), unless it lacks the O chain, in
which case it is named lipooligosaccharide (LOS) (68). Chelating
agents such as EDTA, as well as the application of sublethal
stresses, such as heating or freezing, can disrupt the LPS barrier,
leading to an increased sensitivity of enterobacteria to lantibiotics
(66, 69, 70). Even without such treatments, some lantibiotics pos-
sess limited activity against Gram-negative targets. Microbispori-
cin, which selectively blocks peptidoglycan biosynthesis, causing
cytoplasmic UDP-linked precursor accumulation, has some
activity against Gram-negative species (such as Escherichia coli,
Moraxella catarrhalis, Neisseria spp., and Haemophilus influen-
zae), which is unseen for other lantibiotics (71). However, the
mechanistic basis for this enhanced activity has yet to be eluci-
dated. Some bioengineered nisin mutants, altered at serine residue
29, are also exceptional by virtue of their enhanced activity against
Gram-negative organisms, such as Cronobacter sakazakii, E. coli,
and Salmonella enterica serovar Typhimurium (72).

Lipid Composition

The lipid composition of the bacterial cell membrane also has
impacts on the levels of resistance. Membranes contain phospho-
lipids whose composition and relative abundance vary pro-
foundly, both between species and under various environmental
conditions and growth phases (73, 74). The most common bacte-
rial phospholipids are phosphatidylglycerol (PG) and diphos-

phatidylglycerol (cardiolipin), whose head groups are negatively
charged (75). Others, such as phosphatidylethanolamine (PE) (a
zwitterion), are found in Enterobacteriaceae (76) and bacilli (77)
but not in Staphylococcus (78) or Listeria (79) species. In a nisin-
resistant variant of L. monocytogenes, Scott A, increased levels of
PG over cardiolipin were identified as the mechanism of resistance
(80). There are corroborating reports that nisin has a greater pro-
pensity to penetrate membranes composed of cardiolipin over
PG, PE, phosphatidylcholine (PC), monogalactisyldiacylglycerol
(MGDG), and digalactisyldiacylglycerol (DGDG) (81). Decreased
levels of the anionic phospholipids PG and cardiolipin and in-
creased levels of the neutrally charged phospholipid PE were also
associated with nisin resistance in L. monocytogenes ATCC 700302
(82). Such a phospholipid composition results in a decrease in
membrane net negative charge and hence potentially diminishes
the ability of nisin to interact with the membrane (Fig. 1B). Nisin-
resistant cells have been reported to have decreased levels of phos-
pholipids and to have a higher ratio of straight-chain/branched-
chain fatty acids than that of parental cells (Fig. 1C) (83). Reduced
membrane fluidity has also been associated with nisin resistance,
with increased long-chain fatty acids and reduced ratios of C15/C17

fatty acids contributing to a more rigid membrane conformation
(84–86).

MprF

Lysine esterification of one of the two hydroxyl groups of PG
results in the free amino groups imparting a net positive charge on
PG, creating lysyl-phosphatidylglycerol (L-PG) (73, 87). The pres-
ence of L-PG and the process of lysinylation have been described
for several bacterial pathogens, including S. aureus (78, 87), L.
monocytogenes (79, 88), and Mycobacterium tuberculosis (89), as
well as some soil organisms, such as Bacillus species (90, 91). This
lysinylation process is performed by MprF (multiple peptide re-
sistance factor), which catalyzes the transfer of lysine residues
from lysyl-tRNAs to PG (92–94) and which appears to have a
major role in resistance to antimicrobial peptides (Fig. 1E). Iden-
tification of the protein responsible led to the corresponding gene
being detected in a considerable number of Gram-positive and
Gram-negative genomes (38). In fact, sequence comparisons with
known PG synthase sequences allowed the identification of mprF
homologues in 347 microorganisms, including 31 genera of
Gram-positive bacteria (mostly Firmicutes and Actinobacteria), 59
genera of Gram-negative bacteria (mostly Proteobacteria), and 3
species of Archaea, within the genus Methanosarcina (95).

MprF proteins are integral membrane proteins with two sepa-
rable functional domains: a well-conserved hydrophilic cytoplas-
mic domain at the C terminus that synthesizes L-PG and a large
hydrophobic domain at the N terminus that facilitates the flipping
of L-PG (96). Both domains of MprF are necessary for the resis-
tance phenotype. The C-terminal domain and 6 of the 14 pro-
posed transmembrane segments of MprF are sufficient for the full
synthesis of L-PG, but they do not lead to an efficient resistance
phenotype, since most of the L-PG remains in the inner layer of
the cytoplasmic membrane. However, full resistance is achieved
when the N-terminal domain is coexpressed with the L-PG syn-
thase domain and the L-PG is translocated to the outer layer of the
membrane (96). L-PG-deficient mutants exhibit increased sus-
ceptibilities to many cationic peptides. This was first noted when a
mutant of S. aureus devoid of L-PG was found to be more suscep-
tible to gallidermin and nisin (87). Comparable effects due to a
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loss of L-PG synthesis were observed for L. monocytogenes, with
the corresponding deletion mutant being significantly more sus-
ceptible to gallidermin and the �-defensins HNP-1 and HNP-2
(88).

Some Gram-positive bacteria, such as Clostridium perfringens
SM101, possess two mprF-homologous genes (mprF1 and
mprF2). While mprF2 encodes a lysyl-phosphatidylglycerol syn-
thase (L-PGS), mprF1 encodes an alanyl phosphatidylglycerol
synthase (A-PGS). The formation of alanyl phosphatidylglycerol
(A-PG) and L-PG was shown to be tRNA dependent, using Ala-
tRNAs and Lys-tRNAs, respectively (94, 97). In Enterococcus
faecalis, mprF1 and mprF2 homologues have been identified, al-
though only MprF2 is involved in aminoacylation and formation
of L-PG, A-PG, and R-PG (98), a task also carried out by a single
MprF protein found in Enterococcus faecium (99). Aminoacyla-
tion of PG with glycine and ornithine has also been described (93,
100). By producing the MprF A-PGS protein of C. perfringens in
an S. aureus mprF deletion mutant, it was established that the
production of A-PG rather than L-PG did not affect susceptibility
to antimicrobials, such as nisin and gallidermin, or to the antibi-
otic daptomycin (101). This indicates that the zwitterion A-PG is
just as effective as the cationic L-PG phospholipid in protecting
the cell and maintaining resistance. A-PG contributes up to 6% of
the overall lipid content of Pseudomonas aeruginosa. A-PG defi-
ciency (due to deletion of an mprf homologue) leads to increased
susceptibility to �-lactam antibiotics (ampicillin, oxacillin, and
cefsulodin), the lipopeptide antibiotic daptomycin, and other an-
timicrobials (protamine sulfate, poly-L-lysine, and polymyxin E),
as well as chromium ions (102, 103), indicating that MprF con-
tributes to reducing the antimicrobial susceptibility of both
Gram-positive and Gram-negative microorganisms.

A similar protective mechanism has been identified in M. tuber-
culosis. In this bacterium, the lysX gene, encoding the two-domain
lysyl-transferase (MprF)–lysyl-tRNA synthetase (LysU) protein,
is responsible for L-PG production. A lysX deletion mutant shows
sensitivity to cationic antibiotics and antimicrobial peptides. This
mutant also shows altered membrane potential compared to the
wild-type strain and an increased association with lysosome-asso-
ciated membrane protein-positive vesicles. This indicates that the
lysX mutant strain is not as adept at preventing fusion of phago-
somes with lysosomes, a process which is partly required to allow
intramacrophage replication (89). It is interesting that the expres-
sion of the mprF fragment of lysX alone does not lead to the pro-
duction of L-PG. This is notable because two lysU genes are ex-
pressed by M. tuberculosis, one as a cytosolic essential protein and
the other as a domain of LysX. It therefore appears that unlike the
case in other bacteria, cytosolic LysU and membrane-bound
MprF do not cooperate to produce L-PG (89).

In conclusion, the presence of these aminoacylated PGs pro-
vides a way for bacteria to shield themselves from the action of
lantibiotics and the action of CAMPs in general. The extent of this
protection can be considerable, ranging from a 1.5-fold increase in
the amount of gallidermin required to inhibit L. monocytogenes
(88) to 7- and 28-fold increases in resistance to gallidermin and
nisin, respectively, in S. aureus (87).

fab Operon

In a nisin-resistant L. lactis strain, the fabDG1G2Z1Z2 operon is
expressed to a lesser extent than in the sensitive wild type (51).
This operon is involved in membrane synthesis via saturation and

elongation of phospholipids (104). The decreased expression of
the fab operon might lead to a reduced amount of saturated fatty
acids and fewer elongated fatty acids in the membrane, making it
less densely packed. Such alterations in cytoplasmic membrane
composition might influence the ability of nisin to interact with
the membrane and thus to increase resistance. However, further
investigations are required to definitively establish the contribu-
tion of this operon to providing protection against lantibiotics.

TWO-COMPONENT SYSTEMS ASSOCIATED WITH
LANTIBIOTIC RESISTANCE

Two-component systems (TCSs) are thought to function as mon-
itors that allow the cell to sense and respond to specific environ-
mental conditions. They contain a sensor that encodes a sensory
histidine kinase (HK) and a regulator that encodes a cognate re-
sponse regulator. In addition, an intramembrane-sensing HK
(IM-HK) lacks an extracytoplasmic domain, indicative of a sens-
ing process at or within the membrane. Two major groups are
found in Firmicutes, linked to maintaining cell envelope integrity,
to mediating antibiotic resistance, or to detoxification processes,
and can be differentiated based on sequence similarity and
genomic context: (i) BceS-like IM-HK that are functionally and
genetically linked to ABC transporters and (ii) LiaS-like IM-HK as
part of three-component systems (Fig. 2).

BceRS-Like Two-Component Systems

BceRS of B. subtilis. BceS-like IM-HK possess two transmem-
brane helices but lack any extracellular sensory domains. They are
functionally and genetically linked to ABC transporters named
BceAB (105, 106). They are found almost exclusively in Firmicutes,
with 80% of the transporters associated with a BceRS-like TCS
(105). It appears that the presence of antimicrobial peptides can-
not be detected by these histidine kinases alone but rather that this
resistance module relies on the transporters for stimulus recogni-
tion, i.e., in the presence of an antimicrobial peptide, the trans-
porter somehow communicates with the sensor kinase. It is be-
lieved that this involves direct contact between the transporter and
the histidine kinase (105, 107). However, the mechanism by which
signaling occurs is as yet unknown. This communication leads to
activation of the cognate response regulator and, subsequently, an
induction of transporter gene expression. Importantly, ATP hy-
drolysis by the transporter, and therefore active transport, is re-
quired for the signaling process (Fig. 2) (108, 109).

Experimental evidence from a number of homologous sys-
tems, from B. subtilis, Staphylococcus aureus, Streptococcus mutans,
Enterococcus faecalis, and Lactobacillus casei, confirms that this sig-
naling pathway is a general characteristic of the Bce-type modules,
and on a number of occasions, this pathway has been associated
with lantibiotic resistance (107–113). For example, in L. lactis, a
homologue named LlrG/KinG is found encoded to either side of
the gene for a VanZ-like protein. VanZ is found in E. faecium and
confers resistance to teicoplanin (114). Downstream from llrG/
kinG is an ABC transporter gene, ysaBC. The expression of this
transporter is induced by nisin and consequently confers resis-
tance to this lantibiotic (51).

The BceAB-type transporters are well characterized and have
been classified within the peptide 7 exporter (Pep7E) family in the
Transport Classification Database (TCDB) (115). These trans-
porters are composed of an ATPase (BceA) and a permease (BceB)
component with 10 transmembrane helices and a characteristic,
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large, extracellular domain of approximately 200 amino acids be-
tween helices VII and VIII. These transporters contribute to B.
subtilis bacitracin and lantibiotic resistance, with the observed
MIC of bacitracin for the bceAB mutant reduced �30-fold and
resistance to actagardine and mersacidin reduced �2- to 4-fold
(109, 110, 116, 117). Through random mutagenesis, the specific
functions of the transporter were found to be associated primarily
with the C-terminal region of the permease, BceB, particularly in
the eighth transmembrane helix. Furthermore, although signaling
and resistance are functionally interconnected, several identified
mutations had stronger effects over one than the other (118). The
cooccurrence and coevolution of Pep7E transporters and the
BceRS-like TCS led to the hypothesis that a functional link always
exists between these systems, in which they cooperate in both
signaling and detoxification (105). The exact means by which
BceAB detoxification occurs has not been fully elucidated. A re-
cent study on bacitracin resistance, however, revealed that rather
than acting as an efflux pump for the antimicrobial peptide,
BceAB may function by transfer of the bacitracin target undeca-
prenyl pyrophosphate (UPP) from the external to the internal
leaflet of the inner membrane, where it is no longer susceptible to
binding by bacitracin or, indeed, lantibiotics that utilize the same
lipid II target (Fig. 2) (119).

In addition to BceRS-AB, there are two further paralogous
peptide-sensing and detoxification (ABC transporter) modules
encoded within the B. subtilis genome, i.e., YxdJK-LM and
PsdRS-AB (formerly YvcPQ-RS). The YxdJK-LM system re-
sponds to the human antimicrobial peptide LL-37 (120), and the
PsdRS-AB system responds primarily to lipid II-binding lantibi-
otics, such as nisin, gallidermin, subtilin, and actagardine (stron-
gest inducer), as well as the lipid II-binding lipopeptide enduraci-
din. Other lantibiotics, including Pep5, mersacidin, sublancin,
and duramycin, as well as the lipid II-binding antibiotics vanco-
mycin and ramoplanin, are not inducers (110). On the basis of
these findings and the different lipid II-associated motifs that
these peptides target, it seems that PsdRS-induced expression is
linked to antimicrobials with an N-terminal lipid II-binding mo-

tif, referred to as a pyrophosphate cage. A range of TCSs were
characterized for L. casei BL23, and insertional mutations identi-
fied that among these, TC09 and TC12, which are homologous to
the three paralogous TCSs of B. subtilis, BceRS, PsdRS, and YxdJK,
are responsible for nisin resistance. Of the remaining mutated
TCSs identified, some showed more sensitivity to nisin and one
(T04) showed more resistance (121).

BraRS of S. aureus. A BceRS-like (IM-HK) TCS associated with
S. aureus, BraRS, has been shown to be essential for resistance to
bacitracin, nisin, and nukacin ISK-1 (108, 122–124). As a conse-
quence of having been identified in three separate studies, this
TCS is also referred to as BceRS (123) and NsaRS (125). The name
BraRS (bacitracin resistance associated) is representative of its
characteristics and thus has been chosen for further referral (108).
Through use of a lacZ reporter-gene fusion, it was demonstrated
that braRS expression is upregulated by a variety of cell-envelope-
damaging antibiotics, including phosphomycin, ampicillin, nisin,
gramicidin, carbonyl cyanide m-chlorophenylhydrazone, and
penicillin G (122). Immediately downstream of braRS are the
genes which encode the ABC transporter BraDE (an example of
the BceAB-type transporters discussed above), which is also of key
importance to bacitracin and nisin resistance through sensing and
signaling through BraRS. BraRS also activates transcription of the
detoxification ABC transporter encoded by vraDE (108) (Fig. 3).
Highly conserved imperfect palindromic sequences, essential for
transcriptional activation by BraRS, have been identified up-
stream from the braDE and vraDE transcription start sites (108).
Microarray analysis revealed that the transcription of 245 genes is
altered in a �braS mutant (with the majority being downregu-
lated). These 245 genes include several that are involved in trans-
port, drug resistance, cell envelope synthesis, transcriptional reg-
ulation, amino acid metabolism, and virulence (126). Thus, BraRS
has an important resistance role in S. aureus and functions to
reprogram gene expression to modify cell envelope architecture,
facilitating adaptation and survival.

The extent of the contribution of BraRS to antimicrobial resis-
tance relative to those of other TCSs has been assessed through the

FIG 2 Two main types of two-component systems (TCSs) are responsible for lantibiotic resistance: the Bce-like TCSs (A) and the Lia-like TCSs (B). The presence
of antimicrobials, such as lantibiotics, or the cell damage incurred as a result of their presence causes these TCSs to mediate the transcription of genes whose
products confer a resistance phenotype.
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creation and analysis of a number of mutants. When an S. aureus
�braRS mutant was cocultured with a nukacin ISK-1 or nisin A
producer, a significant decrease in numbers was observed, which
was not apparent for the parental S. aureus strain. In contrast,
�vraSR and �graRS (GraRS is yet another TCS) mutants were
more moderately affected, thus establishing the greater impor-
tance of BraRS and its associated transporters (124). Interestingly,
through screening of a bank of nisin-resistant mutants, a single
mutation was identified in braS (A20E) that conferred an 8- to
16-fold increase in nisin resistance (125). It is thus apparent that
changes to BraRS can provide a means via which S. aureus can
attain enhanced resistance to lantibiotics.

GraRS of S. aureus. Overexpression of a second IM-HK iden-
tified in S. aureus and its associated response regulator, named
GraRS, has been linked with the vancomycin-intermediate S. au-
reus (VISA) phenotype. This TCS is also referred to as vraCA (127)
and closely resembles bceRS of B. subtilis (128). GraRS induces
expression of the adjacently located genes vraFG, which encode an
ABC transporter (129) known to be overexpressed in strains ex-
hibiting increased vancomycin resistance (130). This transporter
was revealed to be involved in antimicrobial sensing and signaling
through GraRS (107). A recent study identified an upstream gene
whose product, GraX, appears to be a cytosolic accessory protein
which acts by signaling through the GraS kinase and also effec-
tively interacts with VraF and VraR. GraXRS-VraFG has been de-
fined as a five-component system involved in cationic antimicro-
bial peptide sensing and signal transduction to promote resistance
to these peptides in S. aureus (Fig. 3) (107). It has also been sug-
gested that GraRS may regulate more than just vraFG. Analysis of
graR and graS mutants highlighted alterations in the overall sur-
face charge, with the charge becoming more negative than that of
wild-type cells (129). It has also been discovered that these cell

surface changes are due to the regulation of dlt and mprF by GraRS
(127, 131). GraRS is also thought to contribute to tolerance of high
temperatures, survival upon exposure to oxidative stress, and reg-
ulation of pathogenicity (132).

With respect to lantibiotic resistance/sensitivity, it has been
noted that a graRS-negative mutant exhibits a greater susceptibil-
ity to nukacin ISK-1 than to nisin A, while no susceptibility to
bacitracin has been observed (124). A previous study found that a
graR mutant had increased susceptibility to vancomycin and poly-
myxin B. Interestingly, single or multiple amino acid changes
within GraR, including an S197N mutation, have been associated
with enhanced resistance (128, 129). Expression of graR tran-
scripts was not found to increase upon exposure of the cell to
nukacin ISK-1 or nisin (124). This supports the model proposed
in the same study, which details the coordinated effort achieved by
GraRS and BraRS upon exposure of S. aureus to a relatively high
level of nisin A, nukacin ISK-1, or such cationic antimicrobials.
That is, GraRS is seen as important for resistance until a significant
induction of VraDE expression by BraRS occurs. In conclusion, S.
aureus possesses three distinct class I bacteriocin resistance sys-
tems, implemented through the independent action of VraSR (an
LiaRS-like TCS) and the coordinated function of the two TCSs
mentioned above (Fig. 3) (124). Staphylococcus epidermidis also
harbors a GraRS equivalent, named ApsRS, that has been found to
be induced by nisin and other antimicrobials (133).

AnrAB transporter of L. monocytogenes. AnrAB was named
on the basis of its role, i.e., it is an ABC transporter involved in
nisin resistance. The permease component of the transporter was
discovered as a result of screening of a mariner transposon bank of
L. monocytogenes EGD-e mutants for nisin sensitivity and was
found to be a BceAB-like transporter. Examination of a subse-
quently generated �anrB deletion mutant also revealed associated

FIG 3 In S. aureus, three main TCSs are responsible for lantibiotic/antimicrobial resistance. These include two Bce-like TCSs, BraRS and GraRS, and an Lia-like
TCS, VraSR. A coordinated resistance effort results from the actions of these TCSs, causing upregulation of genes whose products alter the composition of the cell
wall and membrane and also of genes encoding ABC transporters which expel antimicrobials from the cell.
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increased sensitivities to the lantibiotic gallidermin, to bacitracin,
and to a large number of �-lactam antibiotics (134). Based on
these results, it was proposed that AnrAB is a multidrug resistance
(MDR) transporter that contributes to the innate antimicrobial
resistance of L. monocytogenes. The TCS VirRS and RpoN (�54) are
responsible for regulation of anrAB (135, 136). It has been pro-
posed that Lmo1746-Lmo1747 (a BceAB-like ABC transporter
encoded downstream from VirR), along with AnrAB and VirRS,
may form an antimicrobial sensing and detoxification module
similar to the VraDE-BraRS-BraDE network in S. aureus (137).

Interestingly, AnrAB, which is a BceAB-like transporter, is
most similar to an ABC transporter in Streptococcus pneumoniae
D39 (Sp0912-Sp0913) which was found to contribute to the in-
nate resistance of this strain to nisin, bacitracin, gramicidin (all
cell envelope-active antimicrobials), and lincomycin (a protein
synthesis inhibitor). Furthermore, expression of sp0912 was in-
duced by up to 13-fold upon treatment with nisin or bacitracin
(138) and, more recently, was found to be regulated by a TCS
designated Rr01-Hk01 (105).

LiaRS and LiaRS-Like Two-Component Systems

Most members of the phylum Firmicutes harbor a TCS, generally
referred to as LiaRS (formerly known as YvqEC), which is in-
volved in the response to cell envelope stress elicited by inhibitors
of the lipid II cycle (Fig. 2B). Upon the addition of vancomycin or
bacitracin, LiaRS autoregulates the genes liaIHGFSR, which are
organized across two operons, liaIH and lia(G)FSR. Across the
Firmicutes, liaG is present only in Bacillus spp. closely related to B.
subtilis (139). Systematic deletion of the operon revealed the func-
tions of each gene product. LiaF is a potent negative regulator of
LiaR-dependent gene expression. As the sequence and genomic
location of the liaF gene are conserved in the Firmicutes, it seems
that LiaFRS is a common three-component system, with both
positive- and negative-feedback loops that sense and respond to
cell envelope stress signals. LiaH, a homologue of E. coli phage
shock protein A, responds through damage sensing. In silico anal-
ysis could not predict the role of liaI or liaG, though the fact that
liaI harbors two transmembrane domains and liaG harbors one
transmembrane domain is indicative of membrane localization.
However, LiaI seems to be involved in sensing and counteracting
membrane damage (139, 140). In addition to characterization of
the genes within the operon, the promoter of the lia operon and
the cis-acting sequences necessary for antibiotic-inducible gene
expression were also identified (141). This promoter responded
strongly to a subset of cell wall-active antibiotics that interfere
with the lipid II cycle, such as bacitracin, ramoplanin, vancomy-
cin, and nisin (141). A detailed analysis strongly suggests that the
stimulus sensed by the LiaRS system is some aspect of interference
with cell wall biosynthesis by such antimicrobials, rather than the
system directly sensing their presence. In that instance, LiaRS acts
as a damage-sensing and signal-transducing system and thus con-
trasts with BceRS-AB, which is thought to function through direct
drug sensing and signal transduction (142).

The role of LiaRS in L. monocytogenes has been investigated (59,
143, 144). LiaRS-mediated signal transduction is also negatively
regulated by LiaF, in a fashion similar to that described for B.
subtilis (143). LiaFRS in B. subtilis is seen to regulate expression of
itself and liaIH (139), and as seen in L. monocytogenes sv1/2a EGD,
this occurs in response to exposure to the cell wall-active antibi-
otics vancomycin and bacitracin. In L. monocytogenes, however,

the expression of 27 genes (143), including a PBP gene (57) and
telA, which encodes a protein involved in toxic ion resistance
(145), is also regulated. Collins et al. (144) reported that a �liaS
strain grew more successfully than the corresponding wild type in
the presence of nisin. A mutant lacking another histidine kinase,
the �lisK mutant, which also has a nisin resistance phenotype, was
previously reported to alter liaS and PBP expression. With this in
mind, the nisin resistances of 3 mutants, the �liaS, �liaS �lisK,
and �lisK mutants, were compared, and it was discovered that the
�lisK mutant was 2-fold more resistant than the wild type and that
the �liaS and �liaS �lisK mutants were another 2-fold more re-
sistant. On the basis of the nisin resistance phenotypes of these
mutants, it was postulated that these phenotypes were attributable
to the increased production of the corresponding PBP, whose ex-
pression was also increased in the �liaS mutant (144). In contrast,
mutation of the corresponding response regulator (�liaR muta-
tion) in seven wild-type strains of L. monocytogenes resulted in an
average decrease in cell density of 5.2 � 0.7 log10 CFU ml�1 after
24 h for the 7 �liaR strains compared to the wild type on exposure
to nisin (146). Furthermore, this study established that lmo1746, a
gene downstream from virR (encoding a response regulator) that
encodes an ABC transporter permease, contributed to LiaR-me-
diated nisin resistance (146). A group B Streptococcus �liaR mu-
tant has also been found to be more susceptible to cell wall-active
antibiotics (vancomycin and bacitracin) and to antimicrobial
peptides (polymyxin B, colistin, and nisin) than the parent strain.
In the absence of LiaR, this strain also became avirulent, no longer
causing sepsis and pneumonia in mouse models (147). The differ-
ent consequences of mutating LiaS and LiaR most likely reflect the
inactivation of different members of the three-component system,
with deletion of LiaS potentially resulting in the cross-activation
of LiaR by other histidine kinases.

The LiaFSR system of S. mutans has also been characterized and
is known to regulate genes encoding membrane- and cell wall-
associated proteases and chaperones, as well as genes encoding
proteins involved in cell envelope biogenesis and remodeling
(148). LiaRS has also been identified as upregulating dltA expres-
sion in Streptococcus gordonii (149). CesSR (also referred to as
TCS-D) (141, 150) is an LiaRS homologue found in L. lactis. Up-
stream of cesSR is llmg1650, an liaF homologue. An L. lactis �cesR
mutant was found to be approximately 2-fold more sensitive to
nisin, plantaricin C, and bacitracin than the corresponding parent
strain. It has also been established that the bacteriocins lactococcin
972 and plantaricin C, as well as bacitracin and vancomycin, act as
inducers of the llmg1650 promoter, in a concentration-dependent
manner, but that nisin does not induce this promoter (151).

VraSR of S. aureus. To date, four two-component systems in-
volved in both cell wall synthesis and drug resistance have been
identified in S. aureus: WalKR, BraRS, GraRS, and VraSR. While
WalKR is more specifically involved in cell wall metabolism and its
regulation, the other three TCSs contribute significantly to anti-
microbial resistance (106, 152). The vraSR genes are homologous
to liaRS of B. subtilis. VraSR, a vancomycin resistance-associated
sensor/regulator, contributes to resistance to cell wall-targeting
agents, such as lantibiotics, and has been shown to protect against
cell damage by modulating components of the peptidoglycan bio-
synthesis pathway. Through microarray analysis of S. aureus strain
N315 and its vraSR null mutant, Kuroda et al. discovered that of
139 transcripts induced by exposure of the parent strain to vanco-
mycin, 46 were no longer transcribed in the mutant strain (153).
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Among the genes regulated by VraSR are those encoding SgtB (a
monofunctional glycosyltransferase involved in the polymeriza-
tion of peptidoglycan), PBP2 (penicillin-binding protein 2; also
involved in peptidoglycan polymerization), and MurZ (UDP-N-
acetylglucosamine enolpyruvyl transferase; required for murein
monomer precursor synthesis), all involved in cell wall biosynthe-
sis. A number of genes previously associated with �-lactam as well
as glycopeptide resistance in S. aureus have also been identified to
be under the control of VraSR. Among them are the vraDE genes,
which encode an ABC transporter that is linked with bacitracin
and nisin resistance. This transporter is also regulated by another
S. aureus TCS, BraRS (108). It has been demonstrated that over-
production of PBP2 significantly increases resistance to the lipid II
cycle-disrupting antibiotic teicoplanin (154). Therefore, the sig-
nificant reduction in teicoplanin resistance observed in vraSR null
mutants agrees well with the loss of PBP2 induction. Kuroda et al.
also revealed that overexpression of vraSR via a high-copy-num-
ber plasmid alone did not increase transcription of pbp2 and sgtB
(153). Induction thus requires exposure to cell wall synthesis in-
hibitors in the presence of VraSR. In other words, resistance is
dependent on attack in the form of inhibition of cell wall synthesis,
which in turn activates the VraS sensor kinase. In addition, VraSR
is independently activated upon inhibition of cell wall biosynthe-
sis, such as that observed through the action of mersacidin, dap-
tomycin, and vancomycin (124, 155). However, a study by Muth-
aiyan et al. revealed that unlike daptomcin and vancomycin in the
previous study, nisin treatment did not induce vraSR expression
(156). This was confirmed by a second study that demonstrated
that the lantibiotic nukacin ISK-1 had such induction properties;
this difference was attributed to their differing structures and
modes of action (124).

In the absence of VraSR, S. aureus shows a significant increase
in susceptibility to various cell wall synthesis inhibitors and anti-
microbials, including nukacin ISK-1, oxacillin, cefoxitin, tunica-
mycin, cycloserine, daptomycin, vancomycin, and bacitracin
(124, 153, 157). The vraSR genes have been found to be more
highly expressed in some vancomycin-intermediate S. aureus
(VISA) strains than in vancomycin-susceptible S. aureus (VSSA).
In fact, VraSR has been proposed to be involved in the VISA-type
resistance mechanism via a contribution to cell wall thickening
which prevents antimicrobials from reaching their target mole-
cules, as is the case for vancomycin and lipid II (Fig. 1D). In the
case of the thickened cell wall, increased free amounts of false
target sites are present, leading to a reduced diffusion velocity of
vancomycin through the cell wall. Although mersacidin also has
the same target molecule, it does not bind to the D-alanyl–D-ala-
nine terminus. Resistance to mersacidin is not hindered in such a
manner but is still observed to induce the VraSR TCS (130, 155,
158). However, a recent study by Berscheid et al. identified two
mutations in VraS (L114S and D242G) which contribute to an
enhanced thickening of the cell wall and lead to increased resis-
tance to mersacidin (159).

Other Two-Component Systems

LisRK of L. monocytogenes. LisRK is a TCS associated with a
significant role in the virulence potential of L. monocytogenes.
Originally identified in strain LO28, it has since been revealed that
in addition to its major contribution in responding to ethanol,
pH, and hydrogen peroxide stresses, LisRK is involved in the cell’s
tolerance to antimicrobials, including nisin and the cephalosporin

family of antibiotics (160, 161). A �lisK mutant showed a large
reduction in the expression of three genes. One is thought to en-
code a penicillin-binding protein that shows homology to PBP2a
of Streptococcus pneumoniae and PBP1a of B. subtilis, both of
which are high-molecular-weight PBPs possessing glycosyltrans-
ferase and transpeptidase domains (60). The other LisK-regulated
genes encode another histidine kinase that is homologous to LiaR
of B. subtilis and a protein of unknown function with homology to
B. subtilis YvlB (60).

VirRS of L. monocytogenes. In almost all cases, genes encoding
two-component systems are contiguous on the chromosome.
This is not the case for virR (regulator gene) and virS (HK gene),
which are separated by three genes. L. monocytogenes transcrip-
tomic analysis of both the virR::Tn917 and �virS mutants revealed
that VirR positively controlled 12 genes and that, while VirS also
regulated these genes, it also regulated another 108 genes, in both
a positive and a negative manner. The simplest explanation for
this difference is that the VirS histidine kinase is able to interact
with one or several other response regulators, leading to the acti-
vation/repression of the transcription of these genes (135). The
putative VirR DNA-binding site, a palindromic region of 16 bases,
was found upstream of transcriptional units commonly regulated
by VirR and VirS. The palindrome was highly conserved between
the different promoter regions and showed a common organiza-
tion (135).

The VirR/VirS system was originally identified as being in-
volved in L. monocytogenes virulence, with in vivo upregulation of
VirR mediated by the major virulence regulator PrfA (162). With
respect to genes known to contribute to innate nisin resistance, it
is notable that dltA, mprF, and anrB have been shown to be regu-
lated by VirRS in L. monocytogenes (134, 135). This strongly sug-
gests that a significant role of the VirR/VirS system is to regulate
resistance of L. monocytogenes to cationic peptides.

CprRK of C. difficile. The CprK sensor kinase and an orphan
response regulator, CprR, encoded elsewhere on the chromo-
some, are responsible for the resistance of C. difficile to cationic
antimicrobial peptides, including lantibiotics such as nisin and
gallidermin (163). The lantibiotics nisin, gallidermin, subtilin,
mutacin 1140, and cinnamycin were found to activate the CprK-
CprR system, while sublancin, cytolysin, and actagardine did not.
It was proposed by Suarez et al. (163) that a combination of the
(methyl)lanthionine groups along with proline and glycine resi-
dues forms a motif that interacts with CprK and leads to activation
of the CprK-CprR two-component system. CprK and CprR are
both expressed at low levels prior to lantibiotic exposure, but
CprK expression is markedly induced upon activation, while
CprR expression is not (163). The separate locations of the cprR
and cprK transcripts may explain the fact that they are not coor-
dinately regulated. The genes encoding the ABC transporter
CprABC are regulated by CprK-CprR and found adjacent to cprK
in the genome. Insertional disruption of one of the transporter
genes resulted in significant decreases in resistance to both nisin
and gallidermin (164). Hence, this TCS and ABC transporter pair
contributes to the resistance of C. difficile to many lantibiotics.

NsrRS and LcrRS of S. mutans. In S. mutans, two novel two-
component systems, NsrRS and LcrRS, are associated with resis-
tance to nisin A, lacticin 481, and nukacin ISK-1. NsrRS regulates
the expression of NsrX, a protein which shares homology with
several acetyltransferases, including those of the TraX family,
which is associated with F pilin acetylation in E. coli. Nisin-bind-
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ing studies revealed that more nisin bound to cells that had a
complemented �nsrX mutation than to the mutant. Thus, it was
determined that NsrX (or an as yet unidentified factor modified
through NsrX) is involved in binding nisin A and preventing its
interaction with lipid II. LcrRS regulates the expression of the ABC
transporter LctFEG. Mutation of the lcrRS and lctFEG genes re-
sults in increased susceptibility to nukacin ISK-1 (and lacticin 481
with respect to the �lcrRS strain) (165).

OTHER RESISTANCE ELEMENTS

Biofilms

The resistance of biofilms to lantibiotics has been investigated,
and it is clear that, like many other antimicrobials, lantibiotics can
be effective at preventing the formation of biofilms but are less
successful at killing microorganisms present in established bio-
films. In one instance, the lantibiotic gallidermin and the well-
studied biofilm-forming S. aureus SA113 and S. epidermidis O47
strains were the subjects of investigation (166). When gallidermin
was used at MICs determined with planktonic cells, cells treated
with gallidermin were completely unable to form a biofilm. In the
case of S. aureus, a biofilm-inhibiting effect was evident even in the
sub-MIC range. It was particularly notable that the transcription
levels of a gene involved in primary adhesion (the major autolysin
gene atl) and another involved in exopolysaccharide production
(the intercellular adhesin gene ica) were significantly decreased in
the presence of gallidermin. In contrast, when biofilm-associated
staphylococci were treated with 8	 MIC of gallidermin, the num-
ber of CFU was decreased 3 log in 24-h biofilms and only 1 to 2 log
in 5-day biofilms (166). The activity of the two-peptide lantibiotic
lacticin 3147 against S. mutans in biofilms has also been tested. At
2	 MIC (6.25 
mol liter�1), lacticin 3147 reduced S. mutans
biofilm formation by �90%. However, when 50 
mol liter�1 lac-
ticin 3147 was tested against 1-day-old biofilms of S. mutans, only
24 to 50% reductions were apparent (167). It is worth noting that
many S. mutans strains are capable of producing lantibiotics
and/or other bacteriocins, known as mutacins. The production of
these antimicrobials may allow these strains to compete within the
dental biofilm and to persist when nutrients become limited in the
dental plaque (168). Similarly, nisin has been shown to prevent
biofilm formation of 25 S. aureus strains at the MICs; however, at
subinhibitory concentrations, biofilm formation was not pre-
vented (169).

A recent study compared the potentials of lantibiotics nisin A,
nukacin ISK-1, and the class II bacteriocin lacticin Q to inhibit
24-h established methicillin-resistant S. aureus (MRSA) biofilms
(170). Despite targeting lipid II, nukacin ISK-1 has a bacteriostatic
mode of action only, inhibiting cell wall synthesis but not forming
pores (171). Lacticin Q functions by forming toroidal pores in
target membranes (172). From this study, it appears that pore
formation leading to ATP efflux is important for bactericidal ac-
tivity against biofilm cells. Of the antimicrobials tested, nisin A
most closely fits this requirement, with ATP efflux observed
through the action of nisin A at 0.25	 MIC (0.625 
M), whereas
1	 MIC (5.0 
M) lacticin Q was required. Nukacin ISK-1 had no
effect on ATP efflux even at 8	 MIC (96 
M) (170).

Nisin has been encapsulated within liposomes (nisin-lipo-
somes) in order to prolong the inhibition of S. mutans strain
10449b glucan biofilms on microplates. While unencapsulated ni-
sin lost its potency within 6 h, only 76% of the nisin within nisin-

liposomes was released within this time, thus prolonging the in-
hibitory effects (173). Nisin has also been combined with sodium
fluoride to provide a stronger bactericidal effect on S. mutans. The
observed synergy revealed through checkerboard and survival as-
says was also more effective at preventing biofilm formation over
4 h and 16 h than the action of sodium fluoride alone (174). Nisin
also functions synergistically with daptomycin and ciprofloxacin
with respect to inhibiting established (24 h) MRSA biofilms.
Time-kill assays using the minimum biofilm eradication concen-
trations of these antimicrobials demonstrated that a 3-log reduc-
tion in CFU of an MRSA control and two clinically obtained
MRSA biofilms occurred within 4 h when the antimicrobials were
used in combination, while the individual antimicrobials never
obtained such kill levels even at 24 h postapplication (175).

The immobilization of nisin via a polyethylene glycol 1000
(PEG 1000) linker to multiwalled carbon nanotubes significantly
enhanced the antimicrobial and antibiofilm properties of the
nanotubes, up to 7-fold (176). Similarly, nisin has been covalently
bound to stainless steel surfaces, with the same effect, reducing
adhesion of bacteria and thus biofilm formation (177). Incorpo-
rating different concentrations (0.1%, 0.5%, and 1%) of nisin into
polyethylene-covinyl acetate (EVA) films reduced biofilm forma-
tion on these surfaces, with the beneficial effects being more evi-
dent against a strain of S. epidermidis than against representative L.
monocytogenes or S. aureus strains (178). A very recent break-
through involves acyldepsipeptides, which have been shown to
effectively assist in the killing of biofilm persister cells as a result of
uncontrolled activation of a subunit (ClpP) of the protease en-
zyme Clp. This activation causes a dramatic increase in the size of
the central pore in ClpP, allowing access of peptides and proteins
to the proteolytic chamber, resulting in an increase in protein
degradation and, ultimately, cell death (179).

Nisin Resistance Protein

A 35-kDa nisin resistance protein (NSR) has been found to be
present in some strains of L. lactis. Originally nsr was observed as a
specific nisin resistance gene located on a 60-kb plasmid in the
nisin nonproducer L. lactis subsp. diacetylactis DRC3 (180). Since
then, several groups have isolated nisin-resistant lactococcal
strains containing nsr on a plasmid (181–183). The mechanism by
which NSR confers resistance is proposed to involve the proteo-
lytic degradation of nisin, mediated by a C-terminally conserved,
tail-specific protease (TSPc) domain (184, 185). TSPc-containing
enzymes efficiently cleave substrates that have apolar residues and
a free alpha-carboxylate at the C terminus and have been identi-
fied and characterized in a range of species, including E. coli (186).
Such proteases contain a conserved PDZ domain adjacent to the
TSPc domain, which is indispensable for binding of the TSPc do-
main to nonpolar C termini of its peptide substrates and thus for
the catalytic activity (187, 188). However, NSR does not possess a
PDZ domain. NSR also differs from other TSPc-containing pro-
teins in that it harbors charged and polar residues (Lys, His, and
Ser) at the C terminus (189). More detailed analyses have revealed
that NSR and purified NSRSD (a version of NSR without the pre-
dicted N-terminal signal peptide sequence) proteolytically inacti-
vate nisin by cleaving the peptide bond between MeLan28 and
Ser29. This truncated nisin (nisin1–28) shows a noticeably reduced
affinity for the lactococcal membrane, a significantly reduced ef-
fectiveness in pore formation in the target membrane and a 100-
fold decrease in bactericidal activity against L. lactis MG1363 com-
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pared to whole nisin (183). An nsr gene has also been identified in
S. agalactiae ATCC 13813; the gene product is referred to as
SaNSR. A plasmid expressing this resistance gene was shown to
confer a 20-fold increase in resistance to the host strain. In silico
screening for nsr-like genes revealed their presence across a range
of species, including Corynebacterium casei and Corynebacterium
ammoniagenes and various strains of Leuconostoc mesenteroides,
Leuconostoc carnosum, Enterococcus faecium, Staphylococcus epi-
dermidis, Streptococcus ictaluri, Streptococcus sanguinis, Streptococ-
cus dysgalactiae, and Streptococcus agalactiae. These genes were
found within operons that also contained genes encoding an ABC
transporter, named NsrFP, and a TCS, NsrRK. It is proposed that
these genes confer nisin resistance in these strains (190).

Nisinase

In a study dating back to 1967, antinisin activity was detected in
extracts of bacilli and endospores of organisms that had a lytic
mechanism for rupture of the spore coat (type L), which was not
detectable in spores which ruptured the spore coat mechanically
(type M). Further investigation of cell extracts of Bacillus cereus
and Bacillus polymyxa revealed that the antinisin phenotype was
not a result of proteolytic activity and was somewhat specific, as it
did not affect polymyxin, gramicidin, or bacitracin but did inac-
tivate nisin and subtilin (191). Nisinase was isolated from several
Bacillus sp. and was shown to be a dehydropeptide reductase, as it
specifically reduced the C-terminal dehydroalanyl-lysine of nisin
to alanyl-lysine (192). Nisinase activity has also been associated
with Lactobacillus plantarum (193), Streptococcus thermophilus
(194), C. botulinum (195), L. lactis subsp. cremoris, E. faecalis, and
S. aureus (196).

Gad System

In L. monocytogenes, several systems help the organism to with-
stand low-pH stress, but the glutamate decarboxylase (GAD) sys-
tem is probably the most important (197–199). Of the five gad
genes, gadD1, gadD2, and gadD3 encode decarboxylases that cat-
alyze the conversion of glutamate to �-aminobutyrate (GABA)
and carbon dioxide (CO2). gadT1 and gadT2 encode antiporters
which import glutamate and export GABA. Deletion of gadD1
impairs the ability of a strain to tolerate exposure to both sublethal
and lethal levels of nisin (200). It was discovered that the intracel-
lular ATP levels were reduced in the �gadD1 mutant, being only
approximately 60% of those of the parent, suggesting that GadD1
contributes significantly to ATP pools and hence to tolerance of
nisin (200).

arc Operon

The arc genes are involved in the breakdown of arginine via the
arginine deiminase pathway. This pathway is responsible for the
breakdown of arginine into ornithine, ammonium, and carbon
dioxide. Arginine deiminase (ArcA), ornithine carbamoyltrans-
ferase (ArcB), and carbamate kinase (ArcC) are the three enzymes
responsible for this degradation process (201). The arc operon is
thought to contribute to acquired nisin resistance, as a 4-fold
overexpression of the arcAC1C2DT2 genes was observed in a ni-
sin-resistant L. lactis strain compared to the corresponding wild-
type strain. The conversion of arginine to ammonium might re-
sult in a locally less acidic pH at the outer side of the cytoplasmic
membrane, preventing nisin from attaching to the lipid II mole-
cule (51).

TelA

The tellurite resistance gene, telA, was identified from the screen-
ing of a mariner random mutant bank for nisin-sensitive L. mono-
cytogenes mutants. The telA gene encodes a toxic ion resistance trans-
porter that also plays a role in resistance to cell wall-acting antibiotics.
LiaR has been reported to regulate telA expression under salt-induced
nisin resistance conditions (146). The telA gene also forms a two-gene
operon with xpaC, which encodes a putative member of the halogen
hydrol superfamily. The same genetic organization is conserved
across many members of the Firmicutes and Proteobacteria. The
creation of a nonpolar deletion mutant of telA confirmed its in-
volvement in resistance, as the strain was found to be 4-fold more
sensitive to nisin, and the �telA strain was also 8-fold more sus-
ceptible to gallidermin and 2-fold more susceptible to bacitracin,
cefuroxime, cefotaxime, and tellurite (145).

PurR

Three mutations within the purR gene (encoding a purine operon
repressor) were identified in a nisin-resistant mutant of S. aureus
SH1000. However, this gene does not seem to be essential for
resistance, as it is intact in other cases of spontaneous nisin resis-
tance in S. aureus (125). However, the fact that the three muta-
tions (G228E, V229G, and E184STOP) were retrieved from indepen-
dently selected nisin-resistant mutants of SH1000 strongly
suggests that this locus is involved in resistance in this strain.

IreK-IreP-IreB

One of the mechanisms employed by E. faecalis to survive in the
presence of therapeutic concentrations of cephalosporins may
also be involved in determining resistance to lantibiotics. This
means of resistance involves a signaling system comprised of a
eukaryotic-like serine/threonine kinase (IreK) and phosphatase
(IreP) pair that antagonistically regulates cephalosporin resistance
(202). A third protein, IreB, is modulated by IreK-dependent
phosphorylation, and although its role is unknown, it has been
found to contribute to negative regulation of resistance and to be
an endogenous substrate of both IreK and IreP (203). Homo-
logues of these three proteins are found in the genomes of nearly
all Gram-positive bacteria. A strain bearing a deletion in ireK ex-
hibited reduced resistance to sodium cholate (a detergent found in
bile) and to nisin (202, 203). In addition, a double mutant lacking
ireK and ireB showed enhanced resistance to both these bacteri-
cidal agents (202, 203).

Sigma Factors

One important mediator of the stress response in many Gram-
positive bacteria is the alternative sigma factor SigB. In B. subtilis,
SigB activity is regulated by a complex network of protein-protein
interactions governed by a variety of environmental or metabolic
stresses, such as heat shock, osmotic shock, ethanol treatment, or
entry into stationary growth phase (204). The growth of an L.
monocytogenes EGDe sigB mutant was noticeably reduced in the
presence of nisin or lacticin 3147 relative to that of its parental
strain (205). It was hypothesized that SigB regulates general stress
proteins or proteins involved in extrusion of antimicrobials out of
the cell. Indeed, SigB-binding sites are located upstream of htrA
(lmo0292), which encodes a putative molecular chaperone shown
to be involved in tolerance of penicillin G (206). Another SigB-
binding site is upstream of mdrL (lmo1409), encoding an antibi-
otic efflux pump (207).
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TABLE 1 Summary of lantibiotic resistance methodsa

Resistance mechanism and
relevant protein(s) or operon Species Regulator(s) Lantibiotic resistance(s)

Cell wall/membrane-altering
mechanisms

Mprf S. aureus, L. monocytogenes VirRS/GraRS Nisin, gallidermin
DltA Streptococcus spp., Staphylococcus spp.,

L. monocytogenes, L. lactis, B. subtilis, C. difficile
VirRS/sigma factors Nisin, gallidermin

gal operon L. lactis Nisin
Penicillin-binding protein L. monocytogenes, L. lactis, S. aureus LiaRS, LisRK, VraSR,

sigma factors
Nisin

Lipid composition, including
the fab operon

L. monocytogenes, L. lactis Nisin

Miscellaneous resistance
mechanisms

Nisin resistance protein* L. lactis, Corynebacterium spp., Leuconostoc spp.,
Enterococcus spp., Streptococcus spp.

Nisin

Nisinase* S. thermophilus, L. plantarum, C. botulinum,
L. lactis, E. faecalis, S. aureus, Bacillus spp.

Nisin, subtilin

Gad L. monocytogenes Nisin
NsrX S. mutans NsrRS Nisin
arc operon L. lactis Nisin
PurR S. aureus Nisin
IreK-IreP-IreB E. faecalis Nisin
Sigma factors L. monocytogenes, B. subtilis Nisin, sublancin, mersacidin, subtilin

gallidermin
VraFG S. aureus GraXRS Nisin, nukacin ISK-1
CprABC C. difficile CprRK Nisin, gallidermin
AnrAB L. monocytogenes VirRS Nisin
VraDE S. aureus BraRS, VraSR Nisin
YsaBC L. lactis LlrG/KinG Nisin
BraDE S. aureus BraRS Nisin
Lmo1746-Lmo1747 L. monocytogenes VirRS, LiaRS Nisin
BceAB B. subtilis BceRS Actagardine, mersacidin
PsdAB B. subtilis PsdRS Nisin, gallidermin, subtilin, actagardine
Sp0912-Sp0913 S. pneumoniae Rr01-Hk01 Nisin
LctFEG S. mutans LcrRS Nukacin ISK-1, lacticin 481
NsrFP Corynebacterium spp., Leuconostoc spp.,

Enterococcus spp., Streptococcus spp.
NsrRK Nisin

TelA L. monocytogenes LiaRS Nisin, gallidermin
EfdFE* E. faecium Lacticin 3147
SpiFEG* S. infantarius SpiRR=K? Nisin

Two-component systems
TC09, TC12 L. casei Nisin
GrsRS S. aureus Nisin, nukacin ISK-1
BraRS S. aureus Nisin, nukacin ISK-1
PsdRS B. subtilis Nisin, gallidermin, subtilin, actagardine
LlrG/KinG L. lactis Nisin
ApsRS S. epidermidis Nisin
BceRS Bacillus spp. Actagardine, mersacidin
LiaRS Bacillus spp., Streptococcus spp.,

L. monocytogenes
Nisin

NsrRS S. mutans Nisin, lacticin 481, nukacin ISK-1
LcrRS S. mutans Nukacin ISK-1, lacticin 481
VraSR S. aureus Nisin, mersacidin, nukacin ISK-1
LisRK L. monocytogenes Nisin
CesSR L. lactis Nisin, plantaricin C
VirRS L. monocytogenes Nisin
CprRK C. difficile Nisin, gallidermin, subtilin, mutacin 1140,

cinnamycin
a The table lists the strains in which lantibiotic resistance has been observed and the lantibiotics to which this resistance is targeted. Not included in the table are the general
resistance mechanism inferred by the Gram-negative cell wall and that of spore or biofilm formation. Lantibiotic-specific resistance methods are indicated with asterisks.

Lantibiotic Resistance

June 2015 Volume 79 Number 2 mmbr.asm.org 183Microbiology and Molecular Biology Reviews

http://mmbr.asm.org


Another alternative sigma factor, SigL, also contributes to anti-
microbial resistance. Nisin survival assays showed that both SigB
and SigL affect the sensitivity of L. monocytogenes 10403S to nisin
in broth survival assays. In contrast to the findings of Begley et al.
(205), the �sigB mutant was seen to be more resistant to nisin.
The differences observed were attributed to the class of peptide,
the strain, the initial number of bacteria, the growth phase, and the
assay used for evaluation (208). Interestingly, a sigB null mutation
was revealed to sensitize the cell in a �sigL background, leading to
reduced nisin resistance (208). In addition, Butcher and Helmann
proposed that the extracytoplasmic function (ECF) sigma factors
�M, �X, and �W all contribute to antibiotic resistance in B. subtilis
(209). A B. subtilis sigX deletion mutant has been found to be more
sensitive to nisin than the wild type. Furthermore, most genes
under �X control processes contribute to the biosynthesis or me-
tabolism of the cell envelope, including the dlt operon and pbpX
(penicillin-binding protein gene), among many others (210). �M

was found to contribute to bacitracin resistance via regulation of
the bcrC (ywoA) gene, encoding a putative bacitracin transport
permease (211, 212). With respect to nisin resistance, the major
contribution of �M is expression of ltaSa, encoding a stress-acti-
vated lipoteichoic acid synthase. Lipoteichoic acids (LTA) adsorb
cations from the environment, including antimicrobials such as
nisin. Binding of such cations to LTA may inhibit their transit
through the cell wall and thereby increase resistance (213). To-
gether, �M and �X regulate cell envelope structure to decrease
access of nisin to its lipid II target. SigW has been linked with
increased rigidity and decreased fluidity of the membrane (214,
215) and has been linked directly with lantibiotic resistance. The
�W-dependent operons, such as the B. subtilis resistance module
yqeZ-yqfAB, are seen as critical for sublancin resistance. The mem-
brane-integrated protease encoded within this operon, YqeZ, is
thought to degrade lantibiotics that integrate into the membrane
(209). In terms of nisin resistance, the �W-associated SppA pro-
tein appears to be the only signal peptide peptidase in B. subtilis
that makes a contribution. In addition, �W regulates expression of
the phage shock proteins PspA and YvlC, which enhance mem-
brane stability and thus provide resistance specifically against the
membrane-perturbing and pore-forming activities of nisin (213).
Tellurite resistance-related proteins (YceGHI) are also regulated
by �W, with the protein YceG, homologous to TelA, found in L.
monocytogenes (145, 213). These self-protective mechanisms also
provide resistance to other lantibiotics, such as mersacidin, galli-
dermin, and subtilin (213).

Immune Mimicry

Lantibiotic self-immunity mechanisms are the means by which
lantibiotic producers protect themselves against their own bacte-
ricidal agents. Immunity-specific proteins (LanI) or specific self-
protection ABC transporters [LanFE(G)] are found alone or in
combination, providing specific resistance to lantibiotic self-pro-
ducers. Cross immunity is extremely rare between lantibiotic pro-
ducers, and these immunity mechanisms are specific to the par-
ticular lantibiotic produced by the cell (for a review, see reference
216). An unusual means of resistance was recently revealed, in
which non-lantibiotic-producing bacteria were shown to possess
genes homologous to the lantibiotic immunity genes. With re-
spect to lacticin 3147, functional immunity homologues were
found in E. faecium DO and Bacillus licheniformis DSM 13. The B.
licheniformis BliI protein has 37% identity with the lacticin 3147

immunity protein LtnI, and when bliI was expressed constitutively
in a lacticin 3147-sensitive strain, L. lactis MG1363, the resistance
of the strain was increased 20-fold (217). A similar result was seen
when the genes encoding the LtnFE ABC transporter homologue
from E. faecium DO, i.e., EfdFE, were also expressed in the
MG1363 background. The protection provided was specific in
that no resistance to the distantly related one-peptide lantibiotic
nisin was apparent (217). This phenomenon appears to extend
beyond lacticin 3147 resistance, as genes encoding immunity ho-
mologues have been found in Streptococcus infantarius subsp. in-
fantarius BAA-102. These genes, spiFEG, encode an ABC trans-
porter with �50% identity to that encoded in the nisin U operon
and associated with immunity. Interestingly, genes homologous
to the individual components of the nisin two-component system
known as NisRK (or NsuRK in the case of nisin U), referred to as
spiRR=K, are colocated with the spiFEG genes. While these regula-
tory genes did not confer a nisin U resistance phenotype when
coexpressed with spiFEG, protection was provided when spiFEG
was expressed constitutively in the nisin U-sensitive strain Lacto-
coccus lactis subsp. cremoris HP (218).

CONCLUSIONS

The emergence of antimicrobial resistance represents a grand chal-
lenge to humanity; an understanding of how and by what means
bacteria become resistant facilitates the development of new thera-
peutic treatments. In tandem, it allows for the reassessment of current
antimicrobials and the potential to improve current therapeutic reg-
imens. With low levels of naturally occurring lantibiotic resistance,
these modified peptides serve as a credible alternative to commercial
antibiotics. As some lantibiotics have a dual mode of action, forming
pores and also inhibiting cell wall biosynthesis, they represent a sig-
nificant challenge to the target cell. A detailed classification of the
known means of lantibiotic resistance is summarized in Table 1. Such
a future characterization may allow for further tailoring of genetic
variants of lantibiotic peptides that may circumvent resistance issues
and inform the development of appropriate therapeutic regimens to
overcome such issues if and when lantibiotics are deployed in clinical
settings.
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