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In developing this special issue, we sought to raise awareness
of the potential of antimicrobial peptides (AMPs) for clinical
use and to highlight recent developments in the field. The
issue contains research articles covering the full spectrum
of contemporary work, ranging from the rational design of
synthetic peptides and discovery of bacteriocins, to testing of
the efficacy of AMPs in animal models. We have included two
expert reviews reflecting on the potential of both eukaryotic
and prokaryotic peptide antibiotics for clinical use.

The antibiotic development pipeline is devoid of immi-
nent solutions to the problems caused by resistant gram-
negative bacteria and only a small number of new agents
exist for therapy of infections caused by gram-positives. The
pathway for development of new antibiotics is both long and
extremely expensive and, therefore, “big-pharma” has not
invested significantly in this area for decades.

The scarcity of antibiotics to combat infectious disease
is commonly acknowledged and the specter of untreat-
able infections has been widely publicized. However, some
additional potential impacts of the absence of efficacious
antibiotics are not as widely discussed. The inability to reli-
ably treat infections could potentially mean that all elective
surgery ceases, and, moreover, there could be significant
restrictions placed on the use of cancer chemotherapy. Thus,
in order to maintain anything like the level of medical care
that many of us now enjoy, we must devote considerable
effort to find solutions to this steadily-evolving clinical
dilemma. AMPs appear to merit a prominent position in
the catalogue of pharmaceuticals that should be more ex-
haustively investigated in our search for new antimicrobial
agents.

Many AMPs have potent activity against bacteria, includ-
ing those that are resistant to conventional antibiotics. Their

activity is often relatively-specifically directed against certain
genera or groups of bacteria, which could limit damaging
effects on a patient’s commensal flora. AMPs generally
exhibit high stability to wide ranges in pH and temperature,
characteristics that may be beneficial for their scaled-up pro-
duction and formulation into deliverable products. Also, due
to their rather specific modes of action, many AMPs exhibit
low toxicity for eukaryotic cells, providing an opportunity for
a wide therapeutic window. Their typical mode of action is
also linked to a low propensity for resistance development
in target bacteria. These unique features differentiate AMPs
from many conventional antibiotics.

Outside of the potential use of AMPs as alternatives
to antibiotics with respect to the treatment/prevention of
disease, numerous recent reports have also described the
activity of AMPs against bacteria growing in biofilms, that is,
communities encased in structured matrices of extracellular
macromolecules, on medical devices. Medical devices can
become colonized with bacteria growing in biofilms, which
are resistant to elements of the host immune response and
to extremely high concentrations of conventional antibiotics.
Consequently, resolution of medical device-related infec-
tions usually requires the removal of the device. Notably,
low concentrations of some AMPs have been shown to have
inhibitory and disruptive properties that can eliminate even
well-established biofilms.

It is also important to consider the fact that some AMPs
have been shown to exhibit immunomodulatory properties;
that is, they can reduce the tissue-damaging inflamma-
tory response to infection, whilst stimulating antimicrobial
immune activities. Peptides exhibiting modulatory features,
as well as overt antimicrobial activity, are now being selected
as favoured candidates for further evaluation in clinical trials.



2 International Journal of Microbiology

Recently, the search for AMPs has benefited from a
number of advances in informatics and peptide engineer-
ing strategies. This, coupled with renewed interest from
big-pharma, manifested by some recent acquisitions of
companies using natural product screening approaches, is
increasing the prominence of AMPs. This current special
issue includes research articles and reviews that together
describe the process of discovery of AMPs, their testing in
in vivo models and outlines steps taken in the development
of clinically-relevant agents.

The paper by H. Jin-Jiang and colleagues describes the
design and synthesis of a range of AMPs and reports on
the activity of K11, a 20 mer highly cationic helical pep-
tide with activity against gram-positive and gram-negative
bacteria, including drug resistant clinical isolates. K11 has a
high therapeutic index/window and clearly warrants further
investigation. Thus, the paper demonstrates the utility of
synthetic approaches to the development of novel chimeric
AMPs.

Also included in the special issue is a report by P. A.
Wescombe and colleagues, which focuses on the character-
ization of a bacteriocin from the SA-FF22 family produced
by members of the Streptococcaceae. The plasmid-encoded
peptide G32 was purified from a culture of Streptococcus
salivarius, a species known to include numerous bacteriocin
producers, and is active against the pathogen Streptococcus
pyogenes. An interesting feature of this lantibiotic peptide
is the apparent absence of an auto-induction capability.
The work supports previous suggestions that Streptococcus
salivarius mega-plasmids are repositories for lantibiotic loci
and that bacteria producing these lantibiotics can be effective
probiotics.

C. Piper and colleagues demonstrate the utility of whole
animal bioimaging approaches to demonstrate that the
lactococcal lantibiotic lacticin 3147 could prevent systemic
spread of Staphylococcus aureus following subcutaneous
delivery of the peptide. This is important work as it adds
to the growing evidence base that suggests that lantibiotics
and other AMPs could potentially be used to control systemic
infections, most previous approaches having been restricted
to topical applications.

The two reviews included in this issue elegantly précis
recent advances that have been made with AMPs derived
from both bacteria and insects. M. Ntwasa and colleagues
describe the medical potential of immune system peptides of
the coleopteran insects. The authors report that these ancient
eukaryotes have a highly developed and robust immune
system that has contributed to their survival. Exploitation
of the immune effectors from these organisms holds great
potential for use in clinical medicine. The review also
describes the utility of databases and full genome sequence
determination in AMP discovery.

The paper by C. T. Lohans and J. C. Vederas is an exten-
sive review of the potential utility of the unmodified, or class
IIa, bacteriocins. The paper describes peptide engineering
approaches for increasing the value of bacteriocins, methods
for improved in vitro production and efficient purification,
various in vivo delivery options and, finally, gives some atten-
tion to the important issue of the development of resistance

to bacteriocins. The paper concludes with a positive outlook
for the use of bacteriocins in medical therapy.

We agree that there is great potential for the use of AMPs
in clinical therapy for infectious disease, either through
direct antimicrobial activity or modulation of the immune
response to infection. Contributors to this special issue also
discuss the possibility for use of some AMPs in antitumor
therapy. AMPs offer some significant advantages over con-
ventional antibiotics and we are now making important
advances in the discovery, optimization, and activity testing
of these agents. In parallel, publications in this field are
attracting the attention of increasing numbers of academic
and industrial researchers. It is genuinely an exciting time to
be involved in the development of AMPs and we trust that
this special issue leaves readers similarly enthused about the
subject.

Mathew Upton
Paul Cotter

John Tagg
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Salivaricin G32, a 2667 Da novel member of the SA-FF22 cluster of lantibiotics, has been purified and characterized from
Streptococcus salivarius strain G32. The inhibitory peptide differs from the Streptococcus pyogenes—produced SA-FF22 in the
absence of lysine in position 2. The salivaricin G32 locus was widely distributed in BLIS-producing S. salivarius, with 6 (23%)
of 26 strains PCR-positive for the structural gene, slnA. As for most other lantibiotics produced by S. salivarius, the salivaricin
G32 locus can be megaplasmid encoded. Another member of the SA-FF22 family was detected in two Streptococcus dysgalactiae
of bovine origin, an observation supportive of widespread distribution of this lantibiotic within the genus Streptococcus. Since the
inhibitory spectrum of salivaricin G32 includes Streptococcus pyogenes, its production by S. salivarius, either as a member of the
normal oral microflora or as a commercial probiotic, could serve to enhance protection of the human host against S. pyogenes
infection.

1. Introduction

The Streptococcus pyogenes (Lancefield group A strepto-
coccus)-derived streptococcin A-FF22 (SA-FF22) was the
first of the streptococcal bacteriocins to be isolated [1] and
then characterized both chemically [2, 3] and genetically
[4, 5]. Prior to its complete characterization, it was already
apparent that SA-FF22 was closely similar to the well-known
Lactococcus lactis bacteriocin, nisin [1]. Nisin, a widely-
used biopreservative agent, is regarded as the prototype of
the lantibiotics, a heterogeneous group of lanthionine-
containing bacteriocins produced by a wide variety of Gram-
positive bacteria. Strain FF22, the producer of the 26-amino
acid 2791 Da SA-FF22, gives a characteristic bacteriocin
production ([P]-type) inhibitory pattern referred to as 436
when tested against a set of nine standard indicator bacteria

in a standardized deferred antagonism bacteriocin-typing
protocol [6].

The SA-FF22 genetic locus comprises nine open reading
frames arranged in three operons responsible, respectively,
for SA-FF22 regulation, biosynthesis, and immunity [7].
Interestingly, immediately downstream of the SA-FF22 struc-
tural gene (scnA), there is another open reading frame-
designated scnA′ which has close similarity to scnA. Although
this reading frame has been shown to be transcribed [7], its
function has not been established. The inducing factor
for upregulation of SA-FF22 production has also not been
identified. Many lantibiotics, such as nisin [8] and salivaricin
A [9], have been shown to function as the signal peptides
for their own upregulation. In the present study we have
attempted to identify the signal for the regulation of SA-FF22
transcription and show that this is not the SA-FF22 peptide.
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Relatively recently a lantibiotic peptide identical to SA-
FF22 was shown to be produced by the food-grade species
Streptococcus macedonicus and named macedocin [10]. In
screening tests of streptococcal strains for their production
of bacteriocin-like inhibitory substances (BLISs), we have
detected a number of P-type 436 strains in the species Strep-
tococcus salivarius, Streptococcus mutans, and Streptococcus
dysgalactiae [11]. In the present study we show that the agent
responsible for the P-type 436 BLIS activity of S. salivarius
G32 is a SA-FF22-like peptide named salivaricin G32.

2. Materials and Methods

2.1. Bacterial Strains and Culture Conditions. All strains were
maintained on Columbia blood agar base (Difco, Sparks,
MD) supplemented with 5% human blood and 0.1% wt/vol.
CaCO3 (BACa) with incubation in 5% CO2 in air at 37◦C.
Liquid culture media were Todd Hewitt broth (THB) (Difco)
and THB supplemented with CaCO3 (4 μmol·L−1) and glu-
cose (0.1% wt/vol.) (THBCaGlu). S. pyogenes strain FF22 [4]
and S. salivarius strain G32 were originally sourced from
human throat and human saliva, respectively. S. dysgalactiae
strains 61 and 67 were from bovine mastitis (courtesy of
Dr. B. Jayarao, University of Tennessee). The details of other
strains are listed in the tables in which they appear.

2.2. Screening for Antimicrobial Activity. BLIS activity was
detected using the deferred antagonism method essentially as
originally described by Tagg and Bannister [6]. Briefly, a
BACa plate was seeded from one side to the other with a 1 cm
wide inoculum of the test strain from an 18 hr BACa culture
using a cotton swab. Following incubation for 18 hr at 37◦C
in 5% CO2 in air, the 1 cm wide culture growth was removed
using a glass slide and the agar surface sterilised by exposure
to chloroform vapours for 30 min, followed by airing for a
further 30 min. Indicator bacteria (from 18 hr THB cultures)
were then inoculated with a swab at right angles across the
line of the original diametric streak culture of the test strain
and the plate re-incubated for 18 hr at 37◦C in 5% CO2 in
air. Zones of inhibition were scored as − for no inhibition
or + if definite interference with the growth of the indicator
was evident. Variations to the deferred antagonism method
included supplementation of the agar with either 2 mg·mL−1

Trypan Blue or 1% MgCl2, to test for interference of these
agents with BLIS activity.

2.3. Purification of Salivaricin G32. Crude preparations of
salivaricin G32 were obtained by freeze-thaw extraction of
80 lawn cultures of S. salivarius G32 that had been grown for
18 hr at 37◦C in 5% CO2 in air on tryptic soy broth (BBL)
supplemented with 2% yeast extract (Difco), 1% CaCO3,
and 0.7% Bacto agar adjusted to pH 6.5 before autoclaving
(TsYECa). The freeze thaw extraction process consisted of
the agar cultures (entire agar plate including bacterial lawn)
being frozen at −70◦C and then subsequently thawed.
The exudate on thawing was collected and clarified by
centrifugation (15300× g for 25 min). Salivaricin G32 purifi-
cation from this preparation (volume 2 L) was essentially as

described previously for SA-FF22 [3]. The supernatant was
passed through an XAD-2 column (bed volume 330 mL
Serva, Heidelburg) followed by washing with MQ water,
then one bed volume of each of 50% and 70% methanol.
The active peptide was eluted in one bed volume of 95%
methanol (pH 2). Rotary evaporation removed the methanol
and the aqueous phase was clarified by centrifugation at
5000× g for 15 min prior to loading 500 μL aliquots onto
a Brownlee C8 reversed phase (RP-300, Aquapore Octyl,
300 Å, 7 U) column. Elution of the inhibitory peptide was
achieved in a gradient of 18–30% acetonitrile over 60 min
at 1 mL/min pump speed using a Pharmacia FPLC system.
The active fractions (detected by spot test assay on a
lawn of Micrococcus luteus indicator I1) were pooled and
further fractionated by HPLC using a reversed phase C18

column (Phenomenex Jupiter C18, 5 μm, 300 Å, 250 ×
4.6 mm) equilibrated in 0.1% trifluoroacetic acid. Elution
was in isocratic 45% acetonitrile over 60 min. The active
fractions were pooled and analysed by Matrix Assisted Laser
Desorption Time of Flight Mass Spectrometry (MALDI-TOF
MS). A sample of purified salivaricin G32 was subjected to
automated sequential Edman degradation on a gas-phase
protein sequencer equipped with an on-line microbore PTH-
amino acid analyser (Applied Microsystems).

2.4. Cloning and Sequencing of svnA. To take advantage of the
apparent close similarity of the salivaricin G32 peptide
sequence to that of the previously-identified SA-FF22, the
SA-FF22 primer pair scnF (5′-GCACCTATCCTTCTGAAG-
AAAG) and scnR (5′-GCACCTAGGCACATTTTTTCT-
TCC) was used to amplify the SA-FF22 structural gene,
and this was used to probe a series of chromosomal digests
of strain G32 (results not shown). A 1.9-Kb HindIII-EcoRI
derived restriction fragment containing the salivaricin G32
structural gene (slnA) was subsequently cloned into pUC19
using standard techniques [12] and sequenced. The LanM
universal primers [13] were used to sequence part of the
slnM gene in strain G32, and then PCR was used to close the
gap between slnA and slnM in order to obtain the complete
sequence of slnA1 (Figure 3).

2.5. Distribution of scnA and slnA in S. pyogenes and S.
salivarius. The species distribution of the SA-FF22 and sali-
varicin G32 structural genes was determined using PCR. All
amplifications were carried out using Hotmaster taq poly-
merase (Eppendorf, Hamburg, Germany). Typical PCR re-
actions consisted of 40.5 μL PCR grade water (Eppendorf),
5 μL of 10 × Buffer (Hotmaster, Eppendorf), 1 μL nucleotide
mix (Roche), 1 μL each of the appropriate forward and
reverse primers (primer stocks at 0.01 ng·μL−1), 0.5 μL Taq
(Hotmaster 5 U·μL−1), and 1 μL of template DNA. Initial
denaturation at 95◦C for 2 min was followed by 30 cycles of
95◦C for 30 sec, annealing at 60◦C for 30 sec and elongation
for 30 sec at 65◦C. Two percent agarose gels were used to
analyse the PCR products.

2.6. Megaplasmid DNA Detection Using Pulsed Field Gel
Electrophoresis. Using previously described methods [14],
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pulsed field gel electrophoresis (PFGE) was used to detect the
megaplasmid DNA content of S. salivarius G32, S. salivarius
20P3, S. dysgalactiae 61, S. dysgalactiae 67, and S. pyogenes
FF22. One mL of 18 hr THB cultures of the test strains was
used to inoculate 20 mL THBs, which in turn were incubated
at 37◦C in 5% CO2 in air to an optical density (650 nm) of
0.5. The cells were then embedded in low-melting-point
agarose (SeaPlaque, FMC BioProducts, Rockland, ME, USA)
and lysed using 40 mg lysozyme mL−1 (Roche), followed by
treatment with proteinase K (1 mg·mL−1) (Sigma). The pro-
teinase K was removed by six 1 hr TE (10 mM Tris, 1 mM
EDTA pH 7.5) washes with shaking (120 rpm) at room
temperature. The DNA was separated using a CHEF-DR III
Pulsed Field Electrophoresis System (Bio-Rad) over 20 hr
in a 1% agarose gel (Pulsed Field Certified Agarose, Bio-
Rad Laboratories). An initial pulse time of 6 sec and final of
18 sec was used. The included angle (change in orientation
of the field) was 120◦, and the gel was run at 4.5 V·cm−1

with the buffer maintained at 14◦C. Gels were stained
with ethidium bromide (5 mg·mL−1) and examined by UV
transillumination.

2.7. Induction of SA-FF22 and Salivaricin G32 Production.
The lantibiotic-producer strain (either S. pyogenes FF22 or S.
salivarius G32) was grown for 18 hr in THB. Putative inducer
preparations (freeze thaw extracts of lawn cultures of strains
FF22, G32, EB1 (SA-FF22-negative derivative of strain FF22)
or strains of various other P-type designations) were added
as 20 μL spots on the “test” side of a BACa plate and allowed
to dry into the agar. The lantibiotic producer strain was
then inoculated (by swabbing from the 18 hr THB culture)
over the whole plate and incubated for a specified time.
Approximately 1-2 hr before the bacteriocin produced by the
uninduced bacteria in the lawn culture was expected to attain
inhibitory levels; the bacterial growth was scraped from the
agar surface. On the “control” side of the plate, 20 μL drops
of inducer extracts equivalent to those previously deposited
on the “test side” were added and allowed to dry. The agar
surface was then sterilized with chloroform vapour. After
airing, an indicator strain culture was inoculated over the
entire agar surface and incubated. Zone sizes (diameter in
mm) were compared between the test and control halves
of the plate and induction was considered to have occurred
when, at a particular time, the test zone was at least twice
the width of the corresponding control zone. Different
times for exposure to the putative inducer preparations were
evaluated in each experiment, depending on the anticipated
bacteriocin production characteristics of the strain under
investigation.

2.8. Genbank Accession Number. The GenBank accession nu-
mber for the partial salivaricin G32 (sln) locus from S. sali-
varius strain G32 is JN831266.

3. Results/Discussion

3.1. Inhibitory Activity of S. salivarius G32. Application of the
P-typing scheme allows for a preliminary categorization of

bacteriocin-producing strains on the basis of their inhibitory
profile against nine standard indicator bacteria [6]. In this
test, S. salivarius G32 and S. dysgalactiae 61 both gave P-
type 436 inhibitory profiles identical to that of S. pyogenes
FF22 (Table 1). This can be considered to be a good pre-
liminary indication that all three strains produce closely-
similar inhibitory agents. A further indication of inhibitor
similarity was the apparent cross-immunity displayed when
each of these producers was tested for sensitivity to the
homologous (same strain) and heterologous (other two
strains) inhibitory products (Table 1) and also the failure
of all three strains to produce detectable inhibitory activity
when the P-typing medium was supplemented with either
2 mg·mL−1 Trypan blue or 1% MgCl2, two agents previously
shown to specifically suppress SA-FF22 production by S.
pyogenes FF22 [22].

3.2. Purification of Salivaricin G32. Salivaricin G32 was
purified to apparent homogeneity from TsYECa agar cultures
using XAD-2 and a combination of C8 and C18 reversed
phase chromatography (Figure 1). MALDI-TOF MS anal-
ysis of the purified fraction identified a mass of 2667 Da
(Figure 1), and Edman N-terminal sequencing revealed
a partial peptide sequence GNGVFKXIXHEXXLNXXAFL,
where X corresponds to an unidentifiable residue or blank
cycle. This amino acid sequence corresponds closely to that
of SA-FF22, the only difference being the absence of a
lysine residue at position two of the salivaricin G32 peptide
compared to the SA-FF22 peptide (Figure 2). On the basis
of the apparently closely-similar inhibitory spectra of strains
G32 and FF22, it appears that this lysine residue difference,
although changing the isoelectric point of the molecule, may
have relatively minimal impact on the target range of the
peptide.

3.3. Identification of the Salivaricin G32 Structural Gene.
Attempts to amplify the salivaricin G32 structural gene using
primers designed to the SA-FF22 locus were unsuccessful and
so a cloning approach was taken using the SA-FF22 structural
gene scnA as a probe for Southern blotting. Following
sequencing of the region surrounding slnA, the salivaricin
G32 structural gene (slnA) was shown to be present as two
almost identical copies in strain G32 (Figure 3). An align-
ment of scnA, mcdA, and slnA and some other known
variants is shown in Figure 2. The predicted propeptide
resulting from translation of slnA differs from SA-FF22 in
only the absence of a Lys residue in position 2 of the
salivaricin G32 propeptide. However, there are also five
different amino acids in the predicted leader sequence
encoded by slnA and six differences in slnA′ when compared
to the scnA-encoded leader region (Figure 2). The first 483 bp
of slnR was sequenced and the predicted amino acid sequence
showed 85% identity to the corresponding region encoded by
scnR. Similarly, translation of the first 903 bp of slnM showed
63% identity to that encoded by scnM. Based on these
comparisons, it appears that there is significant heterogeneity
within the processing genes for the SA-FF22-like lantibiotics
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Figure 1: Reversed phase fractionation of salivaricin G32 preparations. (a) Representative C8 reversed phase fractionation of concentrated
XAD-2 fractions containing inhibitory activity against indicator organism Micrococcus luteus. Elution of the column was with a gradient of
18–30% acetonitrile at a flow rate of 1 mL·min−1 with detection of absorbance at 214 nm. (b) C18 reversed phase fractionation of pooled C8

reversed phase fractionated samples having inhibitory activity as indicated in panel A by the solid bar labelled 1. Elution was with isocratic
45% acetonitrile (containing 0.1% TFA) over 60 minutes at a flow rate of 0.7 mL·min−1. Active fractions (solid bar 2) from multiple runs
were pooled then analysed by MALDI-TOF MS as indicated by the grey insert.
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Figure 2: (1) Alignment of (a) the leader sequences and (b) the propeptide sequences of salivaricin G32, SA-FF22, and macedocin (- indicates
a spacer introduced to aid the alignment). The N-terminal sequence derived from the purified G32 preparation is shown below, where X
indicates a blank cycle in the Edman reaction. (2) Alignment of (a) the predicted translated leader sequences and (b) the predicted translated
propeptide sequences for slnA1, scnA1, and mcdA1. The number of amino acids in each sequence is indicated in front of each sequence name.

indicating a considerable degree of compositional flexibility
in a locus that appears to have dispersed widely amongst
a variety of streptococcal species.

3.4. Distribution of slnA and scnA in S. salivarius and S.
pyogenes. PCR detected slnA in 7 (23%) of 27 BLIS-pro-

ducing S. salivarius (Table 2). In S. pyogenes, only thirteen
(9%) of 144 tested strains of a wide variety of serotypes were
PCR-positive for scnA (Table 3). By contrast, 125 of the 144
S. pyogenes were determined to be positive for the salivaricin
A structural gene (salA) (results not shown). Interestingly,
scnA-like genes were detected in some S. pyogenes strains
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Table 2: Distribution of S. salivarius lantibiotic structural genes in S. salivarius strains of different P-type designations.

S. salivarius strain P-type
Presence of salivaricin gene

Strain source/reference
slnA salA sboB sivA srtA-like∗

193 777 − − − − − [14]

20P3 677 + + − − − [15]

220 634 − − − + − Laboratory collection of J. R.
Tagg

36 777 − − − − − [16]

5 677 + + − + − [16]

6 777 − + + − − [16]

9 676 − + − + − [16]

DC135 B 677 + + − + +
Laboratory collection of J. R.

Tagg

DC 156A 636 − − − + − Laboratory collection of J. R.
Tagg

G32 436 + − − − +
Laboratory collection of J. R.

Tagg

GR 677 − + − − − Laboratory collection of J. R.
Tagg

H7f 677 + + − − +
Laboratory collection of J. R.

Tagg

H21 777 − + + − − [17]

H25 777 − + + − − Laboratory collection of J. R.
Tagg

JH 677 + + − − + [18]

JIM8777 226 − − − − − [19]

JIM8780 (CCHSS3) 636 − − − + − [20]

JO-1 777 + − − + − Laboratory collection of J. R.
Tagg

K12 777 − + + − − [21]

K30 777 − + + − − [17]

K-8P 226 − − − + − Laboratory collection of J. R.
Tagg

M18 677 − + − + − [13]

Min5 777 − + + + − [17]

MPS 636 − + − + +
Laboratory collection of J. R.

Tagg

NR 777 − − + − − [17]

Pirie 777 − + − − +
Laboratory collection of J. R.

Tagg

Strong SA 777 − + + − − [17]

Total positive/total tested 7/27 17/27 8/27 11/27 6/27
∗

A lantibiotic structural gene having close homology with the streptin lantibiotic gene srtA (O. Hyink, unpublished 2009).

that did not appear to produce SA-FF22-like P-type activity
such as the P-type 614 strain M57-71724, the P-type 324
strains M58-78234, M58-71726, M77-79305 and emm109-
99454, the P-type 577 strains emm83-60173 and emm113-
99458, the P-type 400 strain ST 2037-99448 and the BLIS-
negative (P-type 000) strains emm88-60183 and emm105-
99449. This indicates that in many S. pyogenes the SA-FF22
operon is incomplete, as has previously been shown to be the
case in S. pyogenes for the streptin and salivaricin A loci
[23, 24]. Interestingly, a selection of the S. pyogenes positive

for scnA but apparently not producing SA-FF22 was found to
be resistant to SA-FF22 (strains M58-78234, M77-79305, ST
2037-99448, emm105-99449, and emm109-99454), indicat-
ing that the immunity component of the SA-FF22 locus was
functional for these strains and may provide an ecological
advantage in the presence of S. salivarius or S. pyogenes
producing SA-FF22-like inhibitors. In addition, it appears
that the salivaricin G32 locus can be expressed as part of a
battery of antimicrobial peptides in certain strains such as
S. salivarius strain T32 [14]. Four S. pyogenes strains A1020,
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Table 4: Screen of extracts for their potential to induce inhibitor production by members of the SA-FF22 family.

Inhibitor-positive preparation
tested for inducing activity

P-type of strain used as the source
of inhibitor preparation

Preparation induces inhibitor production in

S. pyogenes
FF22

S. salivarius
G32

S. dysgalactiae 61

S. pyogenes FF22 436 Yes Yes Yes

S. pyogenes EB1 000 No No No

S. salivarius G32 436 Yes Yes Yes

S. dysgalactiae 61 436 Yes Yes Yes

L. lactis C2102 636 No No No

S. mutans K24 636 No No No

S. mutans H10 777 No No No

S. mitis SK653 777 No No No

K. varians NCC1482 777 No No No

Salivaricin G32 (pure) 436 No No No

slnR slnA slnA1 slnM

scnK scnR scnA scnM scnT scnE scnE scnG
scn  A

sln  A

Figure 3: Graphical representation of the SA-FF22 locus illustrating
the section of the salivaricin G32 locus that has been sequenced.
Black-filled arrows indicate genes that have been completely
sequenced. Unfilled arrows indicate genes for which the complete
sequence has not yet been determined.

FF45, Min19, and Min52 were shown to have two copies of
scnA, an arrangement similar to that of the scnA locus in S.
pyogenes strain M49 and for the slnA locus in S. salivarius
strains G32 and JH.

These observations indicate that the production of sali-
varicin G32 could be a useful component of the anti-S. pyo-
genes armoury of S. salivarius probiotics. The antibacterial
spectrum of the SA-FF22 family of lantibiotics is known to
extend beyond streptococci to also include a broad variety of
potential pathogens and food spoilage bacteria such as Liste-
ria, Leuconostoc, and Enterococcus [10]. As has been found for
nisin-producing strains of the food grade species Lactococcus
lactis, BLIS-producing S. salivarius also has potential efficacy
and applicability when added to foods as preservatives,
since they are known to be nonpathogenic [25]. Indeed the
widely-used BLIS-producing probiotic, S. salivarius strain
K12, has recently received self-affirmed generally regarded
as safe (GRAS) status for addition to food in the USA.
One additional potential benefit for the human consumer of
food containing salivaricin G32- (or macedocin-) producing
bacteria is that the coproduced induction peptide may boost
the BLIS activity of salivaricin G32-positive S. salivarius
present in the consumer’s oral microflora, thereby potentially

providing increased protection against S. pyogenes, as has
been previously reported for the stimulation of salivaricin
A production by the host’s indigenous microflora upon
ingestion of inducer peptide-containing milk [26].

3.5. Amplification of an scnA-Like Gene in S. dysgalactiae . A
scnA-like gene was also detected in S. dysgalactiae strain 61
by PCR using primers designed to conserved regions of the
SA-FF22 and salivaricin G32 structural genes. The structural
gene in S. dysgalactiae strain 61 appeared identical to that in
strain FF22, although it is possible that the regions defined
by these scnA-internal primers may differ in strain 61. S.
dysgalactiae strain 61 was shown to produce a P-type of 436
and freeze-thaw extracts cross-induced production of both
SA-FF22 and G32 (Table 4).

3.6. Megaplasmid Detection Using Pulsed Field Gel Elec-
trophoresis. Analysis of S. salivarius G32, S. dysgalactiae 61,
and S. pyogenes FF22 showed megaplasmid DNA (ca. 170 kb)
to be present only in strain G32 (Figure 4). An apparently
intact salivaricin G32 locus has also been detected on a
220 kb megaplasmid in S. salivarius strain JH, where it
comprises part of a lantibiotic island adjacent to loci encod-
ing salivaricin A and streptin [14] (N. Heng unpublished,
2011). It is interesting to note that S. pyogenes strain FF22
does not appear to contain megaplasmid DNA; however,
both S. dysgalactiae 61 and 67 have similar-sized (48 kb)
exogenous DNA fragments (which may be bacteriophage or
plasmid). The S. salivarius megaplasmids do not therefore in
themselves appear to comprise the structural entity whereby
lantibiotic determinants translocate to other streptococcal
species, but rather, may act as repositories for lantibiotic-
encoding DNA acquired from other bacteria.

3.7. Induction of SA-FF22 and Salivaricin G32 Production.
The bacteriocin production of strains FF22, G32, and 61
was increased (induced) following the addition of freeze
thaw extracts from 18 hr TsYECa cultures of either S. sali-
varius G32 or S. dysgalactiae 61 and also by 18 hr THB
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1 2 3 54 6 7

48.5

145

97

194(kb)

Figure 4: PFGE Analysis of megaplasmid content of total DNA
of S. salivarius strains G32 (lane 1), 20P3 (lane 2), S. dysgalactiae
strains 67 (lane 3), and 61 (lane 4), and S. pyogenes strain FF22
(lane 5). Lane 6 was left blank and lane 7 contained low range PFG
marker (New England Biolabs). Megaplasmid bands are indicated
with white arrows and marker sizes are indicated to the right of the
gel.

cultures of S. pyogenes strain FF22. No enhanced production
followed addition of extracts from strains having different
P-type profiles or preparations of purified salivaricin G32
(Table 4). The inability of pure salivaricin G32 to induce
production of any of this family of SA-FF22 lantibiotics
indicates that the signal for upregulation of their production
is not the antimicrobial peptide itself, but rather, some
other molecule formed by the lantibiotic producer strain.
In an attempt to identify the inducing molecule, the SA-
FF22-like peptides from a strain FF22 THB culture were
separated by XAD-2 chromatography followed by anionic
exchange then reversed phase HPLC using a C18 column.
Individual fractions were assayed for induction of SA-FF22
production in the liquid induction assay. The inducing agent
initially copurified with fractions also exhibiting inhibitory
activity, but during C18 separation it eluted earlier (results
not shown). MALDI-TOF MS analysis of inducer active
fractions however, only detected peptide having the mass
of SA-FF22, indicating that the molecule responsible (even
when in very small amounts) for the induction of SA-
FF22 production may have copurified with residual (but
nevertheless subinhibitory) quantities of SA-FF22 present in
that fraction. This is consistent with reports that the amounts
of inducer peptide required to induce other lantibiotic
systems are also extremely small [8]. Furthermore, the recent
report that macedocin is not an autoinducing molecule, but
rather that an αS1-casein medium component can serve to
induce macedocin production in laboratory-grown cultures
[27], lends further support to our contention that the SA-
FF22 family of lantibiotics may not be autoinducible.
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Antimicrobial peptides (AMPs) are activated in response to septic injury and have important roles in vertebrate and invertebrate
immune systems. AMPs act directly against pathogens and have both wound healing and antitumor activities. Although
coleopterans comprise the largest and most diverse order of eukaryotes and occupy an earlier branch than Drosophila in the
holometabolous lineage of insects, their immune system has not been studied extensively. Initial research reports, however, indicate
that coleopterans possess unique immune response mechanisms, and studies of these novel mechanisms may help to further
elucidate innate immunity. Recently, the complete genome sequence of Tribolium was published, boosting research on coleopteran
immunity and leading to the identification of Tribolium AMPs that are shared by Drosophila and mammals, as well as other
AMPs that are unique. AMPs have potential applicability in the development of vaccines. Here, we review coleopteran AMPs, their
potential impact on clinical medicine, and the molecular basis of immune defense.

1. Overview

Research on innate immunity has led to an accumulation of
information that offers prospects for the development of an-
timicrobial therapeutic drugs and vaccines. The low rate of
discovery of new antibiotics, the emergence of multiple-drug
resistance, and the alarming death rate due to infection indi-
cate a clear need for the development of alternative means to
combat infections. A highlight of the 20th century was the
discovery of vaccines that led to the eradication of diseases
such as polio, small pox, and others. Even after more than
two decades, however, a vaccine against the highly mutable
human immune-deficiency virus remains to be developed,
illustrating the need for new strategies to produce vaccines.
A better understanding of innate immunity has revealed im-
portant links between innate and adaptive immune systems
that could lead to effective approaches in vaccine develop-
ment.

Coleopterans comprise 40% of the 360,000 currently
known insect species and are therefore the largest and most
diverse order of eukaryotic organisms [1]. Tribolium, the co-
leopteran model, is proposed to be a better model than

Drosophila, especially for evolutionary studies, as it is ac-
knowledged to be the most evolutionarily successful meta-
zoan and to be more representative of insects in general than
Drosophila [1, 2]. Coleopterans, with no adaptive immunity,
thrive on this planet. Studies of the molecular basis of cole-
opteran immunity could therefore lead to a better under-
standing of the evolution of the innate immune system.
Much of the work on innate immunity and studies of the
functional aspects of antimicrobial peptides (AMPs) has
been performed using Drosophila, which represents dipter-
ans, while studies on coleopterans lag behind. Insects and
humans share innate immunity, but humans also have adap-
tive immunity. Some of the conserved molecular signaling
pathways that are used by insects and humans for immune
defense are also used for early embryonic development in
insects, but there are notable differences, probably due to
the fact that the innate immune systems of invertebrates and
vertebrates diverged some 800 million years ago, and adap-
tive immunity appeared in the vertebrate branch only about
500 million years ago [3, 4]. The divergence of dipterans
and coleoptera occurred some 284 million years ago, and
Drosophila, in the dipteran branch, exhibits a remarkably
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accelerated protein evolution [5]. Furthermore, despite these
separate evolutionary paths, molecular coevolution could
have occurred between coleoptera and mammals due to in-
terdependence, that is, sharing common habitats and resour-
ces.

While the majority of the work on immunity has been
conducted using Drosophila as a model, there is evidence
that coleoptera has retained many ancestral vertebrate genes,
suggesting that studies of coleoptera could provide more
insight into the properties and evolution of innate immunity.
For example, Tribolium has many ancestral genes that are
present in vertebrates and absent in Drosophila [6]. Similarly,
the sequenced Tribolium genome revealed that ancestral
genes involved in cell-cell communication and development
are retained in Tribolium, but not in Drosophila [2]. Further-
more, in homology searches, human genes compare signifi-
cantly better with Tribolium than Drosophila [5].

AMPs are small peptides characterized by an overall pos-
itive charge (cationic), hydrophobicity, and amphipathicity.
Structurally, they fall into two broad groups: linear α-helical
and cysteine-containing forms with one or more disulfide
bridges and β-hairpin-like, β-sheet, or mixed α-helical/β-
sheet structures. The peptides assume these conformations
upon contact with the target membranes [7–9]. Their char-
acteristic physicochemical properties facilitate interactions
with the phospholipid bilayer in the cell membranes of
pathogens [10–12]. AMPs have been shown to kill pathogens
directly by disrupting their membranes using mechanisms
that are not fully understood. Several models, however,
have been proposed. First, there is the “barrel-stave” model
whereby a transmembrane pore is created by amphipathic α-
helical peptides, disrupting the cell membrane of a pathogen.
Second, the “carpet” model proposes that the peptides
solubilize the membrane by interacting with the lipid head
groups on the pathogen cell surface. This model was also
proposed for viral killing [13]. Another is the aggregation
model that is exhibited by sapecin from Sarcophaga pereg-
rina, based on the existence of hydrophobic and hydrophilic
domains on the AMPs. These structural features allow
the peptides to form pores with hydrophilic walls and
hydrophobic regions facing the acyl side chains of pathogen
membrane phospholipids, thus facilitating movement of
hydrophilic molecules through the pore [14]. Finally, the
toroidal model, a subtle variation of the aggregation model,
involves the formation of a dynamic lipid-layer core by
hydrophilic regions of the peptide and lipid head groups
and is induced by magainins, melittin, and protegrins [15–
17]. While the indispensability of the structural features
of cationic peptides in pathogen killing is under debate,
charge differences between cationic peptides and lipids on
the membrane are considered crucial. This may be the basis
for their selective activity as nonhemolytic peptides have a
high net positive charge distributed along the peptide length,
whereas hemolytic peptides have a low negative charge [10,
11]. Evidence suggests that AMPs have intracellular targets.
This is exemplified by elafin, a cationic and α-helical human
innate defense AMP that does not lyse the bacterial mem-
brane and is translocated into the cytoplasm. In vitro analysis
using a mobility shift assay revealed that elafin binds DNA

[18]. The histone-derived peptide buforin II binds nucleic
acids in gel retardation assays and rapidly kills Escherichia
coli by translocating into the cytoplasm of the pathogen and
probably interfering with the functions of DNA or RNA.
The structurally similar magainin 2 also kills E. coli but does
not enter the cytoplasm [19]. Similarly, cationic antibacterial
peptides enter the cytoplasm of Aspergillus nidulans and
kill the fungus by targeting intracellular molecules whose
identity has not been verified [20]. An excellent review of
the intracellular targets of AMPs was recently published [21].
More studies are required, however, to confirm the existence
and actual mode of action of AMPs with intracellular targets.

Insects produce AMPs constitutively at local sites or the
AMPs are released systemically upon pathogenic infection to
initiate pathogen-killing activities. In addition to the well-
characterized Drosophila and mouse innate immune signal-
ing pathways, the sequencing of the Tribolium genome has
boosted research progress because bioinformatics analyses
revealed putative immune-related genes based on compar-
isons with the genomes of other species [22].

AMPs are multifunctional molecules that, in addition to
their well-known role as effectors of the innate immune sys-
tem, are involved in several biologic processes and pathologic
conditions, such as immune modulation, angiogenesis, and
cytokine and histamine release [23–27]. Probably due to the
negative charge in the plasma membrane of many cancer
cells, some cationic peptides also have anticancer activity [28,
29]. These properties can be potentially exploited for clinical
purposes [12, 30]. Cecropins are selectively cytotoxic to
cancer cells, preventing their proliferation in bladder cancer,
and are therefore likely candidates in strategies for the devel-
opment of anticancer drugs [31]. In addition to antimicro-
bial activity, defensins facilitate the induction of adaptive
immunity and promote cell proliferation and wound healing.
Defensins show chemotactic activity whereby dendritic cells,
monocytes, and T cells are recruited to the site of infection.
Moreover, human β-defensins and the cathelicidin LL-37
stimulate the production of pruritogenic cytokines, such as
interleukin-31, leukotrienes, prostaglandin E2, and others,
suggesting an important role in allergic reactions [32–34].
AMPs also form the basis of the potentially lucrative com-
mercial area of “cosmeceuticals”-products with beneficial
topical activities that are delivered by rubbing, sprinkling,
spraying, and so forth [35].

Here, we review the progress made in discovery of co-
leopteran AMPs, the molecular basis of Tribolium innate
immunity, and prospects for the application of antimicrobial
peptides in medicine.

2. The Discovery Process

2.1. Antimicrobial Peptides in Tribolium . The first wide-scale
study of Tribolium immunity was conducted by Zou et al.
in 2007 [22]. Taking advantage of the fully sequenced Tri-
bolium genome to predict putative immune genes using bi-
oinformatics techniques and real-time polymerase chain
reaction (PCR), Zou et al. [22] predicted 12 AMPs in Tri-
bolium compared to 20 in Drosophila, the most studied
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invertebrate. Another study using suppression subtractive
hybridization led to the addition of a few more AMPs to this
list [36] (see Table 1). Both studies identified four defensins
in Tribolium, and phylogenetic analysis indicated that three
of these are found in the evolutionary branch comprising
only coleopterans. The fourth defensin (Def4) is found in
a mixed branch that includes hymenopterans. A search of
the Defensins Knowledgebase [37] revealed that the sequence
information of this defensin is not available in the public
domain, although its existence has been reported [22]. Atta-
cins, which were identified in lepidopterans, were found in a
cluster of three genes. Attacins are rich in glycine and proline,
are structurally similar to coleoptericins, and are inducible
by bacteria. Furthermore, Drosophila studies demonstrated
that the induction of attacin is reduced in both imd and
Tl− mutants [38]. Coleoptericins were first isolated from the
larvae of Allomyrina dichotoma beetles immunized with E.
coli. Coleoptericins also show activity against Staphylococcus
aureus, methicillin-resistant S. aureus, and Bacillus subtilis.
Like attacins, but unlike cecropins, coleoptericins do not
form pores on the bacterial membrane, but do cause defects
in cell division, as liposomes containing E. coli or S. aureus
membrane constituents do not leak upon treatment with the
recombinant form of coleoptericin, but instead form chains
[39].

Tribolium cecropins are predicted to be pseudogenes be-
cause of a shift in the open reading frame; some cecropin-
related proteins with an unusual structure, however, have
been reported [22]. A cecropin has been reported in at least
one coleopteran, Acalolepta luxuriosa [44].

Four thaumatin-like genes were found in Tribolium using
suppression subtractive hybridization and genome search.
Experimentally, septic injury induces thaumatin-1 and
defensins in Tribolium [36]. Sterile wounding also induces
thaumatin-1 and defensin-2. Furthermore, recombinant
thaumatin-1 heterologously overexpressed in E. coli is active
against fungi [36]. Coleopteran cationic peptides might be
remarkably different from other known peptides and are
therefore not readily identified by homology searches. A clear
homolog of the Drosophila antifungal drosomycin could not
be found in the Tribolium genome, but a weakly homologous
protein with a cysteine-rich sequence was detected [22].
An overview of Tribolium AMPs indicates similarities with
other coleopterans, but some differences with Drosophila.
The work reported by these groups provides a good basis for
advancing research on coleopteran AMPs.

2.2. Other Antimicrobial Peptides Identified in Coleopterans.
A number of AMPs present in certain coleopterans have not
yet been identified in Tribolium (see Table 2). One of these is
an interesting class of insect peptides that adopts the knottin
fold and was first identified in 2003 from the harlequin bee-
tle, Acrocinus longimanus. Members of this class include Alo-
1, Alo-2, and Alo3 [42]. Psacotheasin from the yellow star
longhorn beetle Psacothea hilaris has also been identified as
a member of this class [43, 45]. Alo-3 is active against fungi,
while psacotheasin is active against bacteria and fungi. The
knottin fold is characterized by a disulfide topology of the

“abcabc” type, in which disulfide bridges are formed between
the first cysteine and the fourth, second, and fifth cysteines,
and the third and sixth cysteines [46]. Disulfide bridge for-
mation may confer important properties to the peptides,
such as stability and resistance to protease cleavage. Members
of the knottin family in general have low sequence simi-
larity, reducing their chances of identification by homology
searches [46]. In contrast, however, the coleopteran knottin
fold AMPs share sequence similarities with several plant
antifungal peptides [42]. Although the mechanism by which
these peptides function is not fully understood, psacotheasin
kills Candida albicans by inducing apoptosis [47]. This has
clinical significance as C. albicans can cause mild superficial
to severe infections in immunocompromised patients. A
better understanding of the molecular events that are critical
to the induction of apoptosis by cationic peptides could lead
to new targets for antifungal drug development. Alarmingly,
candidemia, a systemic Candida infection, is on the increase
and is accompanied by the reemergence of resistance against
common drugs, pointing to the urgency of finding alterna-
tive means of treating fungal infections [48, 49].

2.3. Databases. The Antimicrobial Peptides database, a com-
prehensive and searchable database for AMPs was established
based on information from literature surveys [50, 51]. Cur-
rently, an updated version on the website indicates that there
are 1773 cationic peptides in the database, including antiviral
(5.8%), antibacterial (78.56%), antifungal (31.19%), and
antitumor (6.14%) peptides. Some of these peptides function
against more than one type of pathogens. The structures of
231 of these peptides have been determined by nuclear mag-
netic resonance and X-ray diffraction studies. Another useful
database is the Defensins Knowledgebase, which allows text-
based searches for information on this large family of AMPs
[37]. It is a manually curated and specialized database sim-
ilar to the shrimp penaeidin database, PenBase [52]. We have
also started molecular studies of another coleopteran, the
dung beetle Euoniticellus intermedius, and sequenced the
adult transcriptome with a view to study its immune system
[53]. These databases serve as useful tools for the discovery
and design of new peptides. Indeed, key features upon which
antimicrobial activity is based have been studied using the
Antimicrobial Peptides database [54, 55]. Such analyses gen-
erate an important information pool for drug design.

3. Regulation of AMP Expression
by Coleopterans

The signaling pathways that mediate the immune response
in Tribolium castaneum were initially predicted based on a
combination of in silico studies and experimental work by
Zou et al. [22] and more recently another study involving
the burying beetle Nicrophorus vespilloides [56]. In addition,
studies using adult beetles exposed to E. coli, M. luteus,
C. albicans, and S. cerevisiae have provided information on
the signaling pathways. Accordingly, large-scale studies using
real-time PCR revealed the presence of innate immune
genes, such as PGRP-LA, PGRP-LE, PGRP-SA, PGRP-SB,
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Table 1: Antimicrobial peptides currently predicted or identified in Tribolium.

Antimicrobial peptide Accession number Reference Target Method of identification

Attacin1 GLEAN 07737 [22] Homology searches

Attacin2 GLEAN 07738 [22] Homology searches

Attacin3 GLEAN 07739 [22] Homology searches

Cecropin1 GLEAN 00499 [22, 31] Antibacterial, antitumor Homology searches

Cecropin2 Cec2 [22, 31] Antibacterial, antitumor Homology searches

Cecropin3 GLEAN 00500 [22, 31] Antibacterial, antitumor Homology searches

Defensin1
GLEAN 06250;

XM 962101
[22, 36] Antibacterial

Homology searches and suppression
subtractive hybridization

Defensin2
GLEAN 10517;

XM 963144
[22, 36] Antibacterial

Homology searches and suppression
subtractive hybridization

Defensin3
GLEAN 12469;

XM 968482
[22, 36] Antibacterial

Homology searches and suppression
subtractive hybridization

Defensin4 Def4 [22] Homology searches

Coleoptericin1 GLEAN 05093 [22] Antibacterial Homology searches

Coleoptericin2 GLEAN 05096 [22] Antibacterial Homology searches

Similar to thaumatin family XM 963631 [36] Antifungal Suppression subtractive hybridization

Probable antimicrobial peptide Tc11324 [22] Homology searches

Putative antimicrobial peptide AM712902 [36] Suppression subtractive hybridization

Table 2: Antimicrobial peptides expressed in other coleopterans not yet identified in Tribolium.

Antimicrobial peptide Organism Accession no. Reference

Diptericin A S. zeamis, (G. morsitans) Q8WTD5 [40]

Acaloleptin A S. zeamis (A. luxuriosa) Q76K70 [40]

Sarcotoxin II-1 S. zeamis, (S. peregrina) P24491 [40]

Tenecin-1 S. zeamis, (T. molitor) Q27023 [40, 41]

Tenecin-2 T. molitor [41]

Luxuriosin S. zeamis, (A. luxuriosa) Q60FC9 [40]

Alo-3 (knottin type) A. longimanus P83653 [42]

Psacotheasin (Knottin
type)

P. hilaris [43]

several Toll proteins, and the immune deficiency (IMD) pro-
tein. Notably, some of the PGRPs had no orthologs in Dro-
sophila, indicating a diversity of specificity. Recent biochem-
ical studies using the large beetles Tenebrio molitor and Hol-
otrichia diomphalia further elucidated the extracellular sig-
naling network involved in responses to fungal and bacterial
infections [41, 57]. Overall, coleopteran signaling appears to
occur via the Toll and IMD pathways (Figure 1).

The Toll pathway is activated by PAMPS such as β-1,3-
glucans, found in fungi, and by Lys-type peptidoglycans
(PGN), found primarily in Gram-positive bacteria. A com-
plex of the PAMPS and pathogen recognition receptors
(PRRs) activates an apical protease, leading to a three-step
serine protease cascade that culminates in the generation of
active spaëtzle, the ligand of the transmembrane receptor
Toll. Subsequent intracellular signaling leads to the transcrip-
tional activation of genes that encode antimicrobial peptides.

Activation of the immune response by DAP-type PGN
found primarily in Gram-negative bacteria and Gram-
positive bacilli is still poorly understood in flies and beetles.

Generally, it is understood that Gram-negative bacteria
require the IMD pathway because imd− mutants cannot ex-
press antimicrobial peptides against Gram-negative bacte-
ria. In Drosophila, candidates for the signal transduction-
activated Gram-negative bacteria are the transmembrane
receptor PGRP-LC and PGRPP-LE. Both molecules can
activate the IMD pathway [3, 58]. Because these molecules
are present in beetles and PGRP-LE is orthologous to the
Drosophila protein, it is likely that the corresponding path-
ways are conserved. In Tribolium, PGRP-LA and PGRP-LE
are activated by bacterial infection, but poorly activated by
C. albicans and M. luteus [22]. Other Tribolium studies show
that the IMD pathway is activated by two Gram-negative
bacteria, Xenorhabdus nematophila and E. coli, inducing 12
AMPs of which 5 are significantly dependent on the IMD
pathway as demonstrated by RNA interference studies [59].
The same study, however, demonstrated that two Gram-
positive bacteria with different peptidoglycans expressed the
same AMPs with only defensin-1 being dependent on Toll.
Taken together, these studies show that while the pathways
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Figure 1: Activation mechanisms in the coleopteran immune system. Immune response pathways activated by bacteria and fungi showing a
pathogen-associated recognition pattern (PAMP), pattern recognition receptors (PRRs), and downstream signaling molecules. The protease
cascade in the Toll pathway involves the modular apical modular serine protease (MSP), the Spz-processing enzyme-activating enzyme
(SAE), and the spaëtzle processing enzyme (SPE). GNBP3: glucan binding protein 3; PGRP: peptidoglycan recognition protein.

may be conserved, differences in PAMPS recognition and sig-
nal transduction exist between Tribolium and Drosophila.

The discovery of another PRR known as the LPS recog-
nition protein (LRP) based on its E. coli agglutinating prop-
erties suggests the existence of an LPS pathway. LRP circu-
lates in the hemolymph and does not agglutinate S. aureus
or C. albicans. Interestingly, LRP comprises six repeats of an
epidermal-growth-factor- (EGF)-like domain, an unusual
structural feature for PRRs [60]. The downstream events in
this pathway remain unclear.

4. Antimicrobial Peptides in Clinical Medicine

Cationic peptides have emerged as important targets for the
development of therapeutics against bacteria, fungi, viruses,
and parasites. They are key effector molecules in host de-
fense through direct and indirect antimicrobial activity. Fur-
thermore, in vertebrates, these peptides mediate a variety of
cellular processes such as immunomodulation, wound heal-
ing, and tumorigenesis. These roles provide opportunities
for the development of therapeutic products and vaccines.

AMPs are attractive molecules for the development of clinical
and veterinary therapeutics because they are fast acting and
effective against susceptible pathogens, are less likely to cause
the emergence of resistance compared to traditional antibi-
otics, have low toxicity to mammalian cells, and their mode
of action tends to be more physical rather than targeted at
metabolic pathways. A search of the FreePatentsOnline data-
base using the word “antimicrobial peptide” produced more
than 66.000 hits, and a number of AMPs have undergone
clinical development [30]. A recent review of cationic pep-
tides lists the peptides that are in various stages of clinical
trials [29].

As mentioned above, the predicted Tribolium AMPs
include defensins, attacin, coleoptericin, thaumatin, and ce-
cropin. Defensins exhibit a broad spectrum of antimicrobial
activity directed at bacteria, fungi, and viruses and are prob-
ably the most studied class of AMPs. Many therapeutic pro-
ducts have been modeled on them. The different types of
defensins are either expressed constitutively or induced by
infections to control the composition of microorganisms on
surfaces such as the small and large intestines [61].
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Many challenges remain that hamper the development
of commercially viable peptides. The pressing issues concern
pharmacokinetics (how the body deals with peptide drugs).
When peptides are administered orally, the gastrointestinal
tract may prevent their reabsorption into the systemic cir-
culation. Furthermore, peptides may elicit an antigenic re-
sponse when injected directly in the blood. This leaves
topical medication the most feasible formulation while more
research is being pursued to address the remaining obstacles.
Despite these obstacles, the prospects for AMPs are not bleak
because some have proceeded to clinical application. There
is some optimism that these obstacles may soon be overcome
by new strategies that combine natural cationic peptides and
stable synthetic immunomodulatory peptides [29]. In this
regard, peptide drugs such as Polymyxin B and gramicidin
that are used for the treatment of Gram-negative bacterial
infections are reported to be safe and effective, and peptides
such as the indolicidin-derived CLS001 (previously known
as MX594AN) have reached phase III clinical trials with
promising prospects [62–64]. Because of their evolutionary
distance, during which their survival against microbes has
been solely dependent on innate immunity, insects provide
interesting models for novel AMP drug design [65, 66].

5. Conclusions

The emergence of multidrug-resistant pathogens threatens
human health globally and presents an urgent need to find
antimicrobials with a reduced chance of inducing resistance.
Cationic peptides for which the mechanism of action
involves targeting the plasma membrane in a nonspecific
manner, but does not involve specific proteins, offer good
prospects. Admittedly, more work is needed to elucidate the
mechanism of action of these peptides, as there is some
evidence for intracellular targets. The importance of cationic
peptides is further highlighted by their emerging prospects in
other aspects of medicine, such as cancer treatment and vac-
cine development. Coleopterans are the most evolutionarily
successful group of insects and are more representative of
insects than Drosophila. In addition, human genes are more
comparable to those of Tribolium than those of Drosophila.
Thus, coleopterans are emerging as an important species
for study as, like vertebrates, they have retained ancestral
genes that are not present in Drosophila. Indeed, there is
overwhelming evidence that coleopterans are more suitable
for comparative studies between phyla than the commonly
used dipterans. Here, we suggest that perhaps the outstand-
ing evolutionary success of coleopterans is consistent with a
robust immune system that warrants more attention than it
has received to date.
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Amphipathic α-helical antimicrobial peptides comprise a class of broad-spectrum agents that are used against pathogens. We
designed a series of antimicrobial peptides, CP-P (KWKSFIKKLTSKFLHLAKKF) and its derivatives, and determined their
minimum inhibitory concentrations (MICs) against Pseudomonas aeruginosa, their minimum hemolytic concentrations (MHCs)
for human erythrocytes, and the Therapeutic Index (MHC/MIC ratio). We selected the derivative peptide K11, which had the
highest therapeutic index (320) among the tested peptides, to determine the MICs against Gram-positive and Gram-negative
bacteria and 22 clinical isolates including Acinetobacter baumannii, methicillin-resistant Staphylococcus aureus, Pseudomonas
aeruginosa, Staphylococcus epidermidis, and Klebsiella pneumonia. K11 exhibited low MICs (less than 10 μg/mL) and broad-
spectrum antimicrobial activity, especially against clinically isolated drug-resistant pathogens. Therefore, these results indicate
that K11 is a promising candidate antimicrobial peptide for further studies.

1. Introduction

The extensive and intensive use of antibiotics has led to the
emergence of resistant strains of bacteria. During the last
few years, only three new types of antibiotics have been
developed for clinical use [1]. Antimicrobial peptides have
been identified from a wide variety of sources, including
bacteria, insects, plants, and animals [2, 3]. Most native
antimicrobial peptides are effective against a broad spectrum
of pathogens but can also be toxic to normal cells [4].

The intensive study of the structure and function of
antimicrobial peptides has led to the development and
clinical application of many peptides with enhanced activity
and low toxicity; these peptides have been developed through
sequence splicing, amino acid substitution, and changing the
ratio of hydrophobic amino acids [5–7]. Among them, α-
helical antimicrobial peptides are one of the most studied
types [8]. CP26, composed of the N-terminal 8 amino acid
residues of cecropin A1 and the N-terminal 18 amino acid
residues of melittin, has high antimicrobial activity and

low toxicity [9]. P18, composed of 8 amino acid residues
of the N-terminus of cecropin A1 and the N-terminal 12
amino acid residues of magainin 2, showed satisfactory
antimicrobial activity and no toxicity [10].

In this study, CP26 and P18 were chosen as template
peptides for the synthesis of CP-P, which is composed of
amino acids 1 to 11 at the N-terminus (KWKSFIKKLTS)
of CP26 and amino acids 10 to 18 at the C-terminus
(KFLHLAKKF) of P18. CP-P was modified to yield a number
of peptides with single amino acid substitutions at different
sites on the polar or nonpolar faces, and their therapeutic
indices (MIC/MHC) were evaluated against Pseudomonas
aeruginosa. The in vitro activities of the selected peptides
with high therapeutic indices were evaluated against a set
of multiresistant clinical isolates of both Gram-positive
and Gram-negative pathogens. The results indicate that
the modifications changed the antimicrobial activities and
hemolytic toxicities. Among the derivatives, K11 exhibited
a high therapeutic index and may have potential for use in
further studies.
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2. Materials and Methods

2.1. Bacterial Strains. Twenty-two clinical isolates and night
standard laboratory strains were used in this study: 4 Acine-
tobacter baumannii, 4 Pseudomonas aeruginosa, 3 Staphylo-
coccus epidermidis, and 6 Klebsiella pneumonia (Changhai
Hospital, Shanghai, China); 5 methicillin-resistance Staphy-
lococcus aureus (Ruijin Hospital, Shanghai, China); Staphy-
lococcus aureus CMCC26003; Bacillus subtilis DB430; Bacil-
lus pumilus CMCC63202; Micrococcus luteus CMCC28001;
E. coli ATCC8099; Klebsiella pneumoniae CMCC46117;
Salmonella paratyphi B CMCC50094; Pseudomonas aerug-
inosa CMCC10104; Micrococcus S1.634. In addition, Pseu-
domonas aeruginosa CMCC10104 was used during the design
of the peptides for evaluating antimicrobial activities. All
strains were cultured on Mueller-Hinton medium.

2.2. Design of Peptides. CP-P was designed by splicing the
sequences of CP26 and P18. S16, which has a single amino
acid change at the 16th site of CP-P, served as a template
peptide from which several peptides were derived by single
amino acid substitution at different sites. All of the peptide
sequences are listed in Table 1.

2.3. Synthesis and Purification of Peptides. The syntheses of
the peptides CP26, P18, CP-P, S16, and the S16 derivatives (a
total of 23) were carried out by solid-phase peptide synthesis
(SPPS) [11]. The crude peptides were purified by RP-HPLC
using a Kromasil C18-5 column at a flow rate of 1 mL/min
with a linear AB gradient (1% acetonitrile/min); mobile
phase A was 0.1% trifluoroacetic in 100% water, and mobile
phase B was 0.1% trifluoroacetic in 100% acetonitrile. The
identities of the purified peptides were confirmed by mass
spectrometry.

2.4. Circular Dichroism (CD). CD spectra were obtained
with a Jasco J-710 instrument (Jasco, Tokyo, Japan) utilizing
quartz cells with a 2 mm path length and peptide concentra-
tions of 100 μM in a 10 mM sodium phosphate buffer with
a pH of 7.5 containing 50% trifluoroethanol. Each spectrum
was obtained from an average of 5 pairs of duplicates, and
the percentage helicity of each peptide was determined [12].

2.5. Measurement of the Antibacterial Activity. The antibac-
terial activities of the different peptides were evaluated using
the minimum inhibitory concentration (MIC). The process
followed the standard microtiter dilution method in LB
medium without salt. Briefly, bacteria were grown overnight
in LB at 37◦C and diluted in the same medium. Then,
100 μL of the medium was dispensed into each well of a
96-well plate. The number of bacteria was between 104 and
105 CFU/mL. Serial dilutions of peptides were performed
consecutively in each well in 10 μL. Plates were incubated at
37◦C for 24 h; then, the OD620 was measured to determine
the MIC of each peptide [13].

2.6. Measurement of Hemolytic Activity (MHC). The MHCs
were measured by the method as described in Chen et
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Figure 1: Helical wheel structure and sequence of peptide CP-P.

al. [7]: peptides were added to 1% human erythrocytes
in phosphate-buffered saline (0.08 mol/L NaCl, 0.043 mol/L
Na2HPO4, 0.011 mol/L KH2PO4) and then kept at 37◦C for
1 h in microtiter plates. The supernatants were collected by
centrifugation (800 g), and the OD562 of each supernatant
was determined. We chose a 0.1% Triton X-100 solution as
the positive control because this solution causes the total
release of hemoglobin. We defined the MHC as the highest
peptide concentration that caused no detectable release of
hemoglobin (the ratio of the OD562 for the peptide solution
to the OD562 for the positive control should be less than 1%).

3. Results

3.1. Design and Construction of Peptides. All of the peptides
were designed based on a CP-P template, which had a higher
therapeutic index than P18 and P26. S16, a derivative of
CP-P with only one amino acid substitution at the 16th
site, exhibited an 8-fold on the therapeutic index. This
result indicates that a polar amino acid substitution on
the nonpolar face could decrease the amphipathicity and
influence the antimicrobial activity to some extent. Figure 1
[14] shows the helical wheel structure of CP-P, which
illustrates the polar and non-polar faces of CP-P clearly.
We chose specific sites for single amino acid substitutions,
constructed a series of peptides and then calculated the
therapeutic index of all of the derivatives.

3.2. The Purification and Determination of the Molecular
Confirmation of the Peptides. After purification, the designed
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Table 1: Peptide sequences.

Peptide Sequence MW (Calc)a MW (Deter)b

CP26 KWKSFIKKLTSAAKKVVTTAKPLISS-NH2 2859.7 2860.5

P18 KWKLFKKIPKFLHLAKKF-NH2 2299.4 2300.5

CP-P KWKSFIKKLTSKFLHLAKKF-NH2 2480.1 2479.1

S16 KWKSFIKKLTSKFLHSAKKF-NH2 2453 2452.1

F2 KFKSFIKKLTSKFLHSAKKF-NH2 2415 2414.1

N3 KWNSFIKKLTSKFLHSAKKF-NH2 2439.9 2439.1

K6 KWKSFKKKLTSKFLHSAKKF-NH2 2469 2468.1

N7 KWKSFINKLTSKFLHSAKKF-NH2 2439.9 2438.9

A9 KWKSFIKKAKTSFLHSAKKF-NH2 2411.9 2410.7

K9 KWKSFIKKKTSKFLHSAKKF-NH2 2469 2468.1

S9 KWKSFIKKSTSKFLHSAKKF-NH2 2427.9 2426.7

R9 KWKSFIKKRTSKFLHSAKKF-NH2 2497 2496.1

A10 KWKSFIKKLASKFLHSAKKF-NH2 2424 2424.1

L10 KWKSFIKKLLSKFLHSAKKF-NH2 2466 2465.1

D11 KWKSFIKKLTDKFLHSAKKF-NH2 2482 2481.7

K11 KWKSFIKKLTKKFLHSAKKF-NH2 2495.1 2494.4

L11 KWKSFIKKLTLKFLHSKKKF-NH2 2480.1 2479.2

A13 KWKSFIKKLTSKALHSAKKF-NH2 2377.9 2378.1

K13 KWKSFIKKLTSKKLHSAKKF-NH2 2435 2434.3

K17 KWKSFIKKLTSKFLHSKKKF-NH2 2511.1 2510.2

D18 KWKSFIKKLTSKFLHSADKF-NH2 2440.9 2440.2

N18 KWKSFIKKLTSKFLHSANKF-NH2 2439.9 2440

N20 KWKSFIKKLTSKFLHSAKKN-NH2 2420.9 2419.6
a
Calculated using BioPerl.

bDetermined using mass spectrometry.

Table 2: The MICs, MHCs, and therapeutic indices of the designed peptides.

Peptide MIC (μg/mL) MHC (μg/mL) Therapeutic index Hydrophobicity Hydrophobic moment %Helix Net charge

P18 25 250 10 0.486 0.405 N 7

CP-P 12.5 250 20 0.411 0.648 63.2 7

S16 3.125 >500 160 0.323 0.596 71.8 7

F2 12.5 250 20 0.3 0.574 N 7

N3 12.5 N N 0.343 0.599 72.5 6

K6 12.5 N N 0.184 0.471 N 8

N7 12.5 >500 40 0.343 0.586 72.1 6

K9 >50 N N 0.189 0.495 51.5 8

S9 50 >500 10 0.236 0.529 68.2 7

R9 >50 N N 0.188 0.494 N 8

A9 25 >500 20 0.254 0.496 64.6 7

L10 12.5 <125 10 0.395 0.632 72.1 7

A10 12.5 250 20 0.326 0.597 72.5 7

D11 25 >500 20 0.287 0.631 71.6 6

K11 1.6 >500 320 0.276 0.642 67.4 8

L11 >50 N N 0.411 0.513 N 7

A13 6.25 >500 80 0.249 0.522 45.9 7

K13 >50 N N 0.184 0.457 62.6 8

K17 12.5 >500 40 0.258 0.551 58.7 8

D18 25 >500 20 0.343 0.587 51.4 5

N18 6.25 >500 80 0.343 0.58 37.2 6

N20 6.25 >500 80 0.204 0.483 N 7

Note: “N” signifies that the data were not determined.
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Figure 2: Analysis of the purity of peptide S16 by HPLC

Table 3: MIC tests on four strains of clinical Acinetobacter
baumannii isolates.

Peptide
MIC (μg /mL)

b-01 b-02 b-03 b-04

P18 6.25 25 12.5 12.5

S16 3.125 6.25 6.25 3.125

K11 0.8 3.125 3.25 1.6

peptides were analyzed by RP-HPLC, which showed that
their purities were greater than 90%. Figure 2 shows that
peptide S16 reached a purity of 92.3% after purification. The
S16 peak was collected and analyzed by mass spectrometry.
Table 1 shows that the mass spectrometry results of the
synthetic peptides matched well with those calculated by
BioPerl [15].

3.3. Evaluation of the Designed Peptides. After the mutation
of the 16th site to serine (S16), the MIC decreased to 1/4
of that of CP-P (Table 2). Table 2 also provides information
about other peptides that are based on modifications of
S16 by amino acid substitutions. Among these 21 peptides,
peptide K11 showed the highest efficacy, with an MIC
of 1.6 μg/mL, an MHC of more than 500 μg/mL and a
therapeutic index of 320.

The hydrophobic moments were determined with the
HeliQuest web server [16], which can be used to evaluate
amphipathicity. The percent helix values were determined
based on CD spectra.

3.4. Antimicrobial Activity Against Clinical Acinetobacter Bau-
mannii Isolates. After comparison, three designed peptides,
S16, K11, and P18, were chosen to use in MIC tests on
four strains of clinically isolated Acinetobacter baumannii.
Table 3 illustrates that peptide K11 had the lowest MICs

Table 4: MICs of peptide K11 for different bacteria.

Bacteria MIC (μg/mL)

Gram-positive bacteria

Staphylococcus aureus
CMCC26003

0.5

Bacillus subtilis
DB430

2

Bacillus pumilus
CMCC63202

0.5

Soluble wall Micrococcus
S1.634

1

Micrococcus luteus
CMCC28001

2

Gram-negative bacteria

E. coli
ATCC8099

0.5

Klebsiella pneumoniae
CMCC46117

2

Salmonella paratyphi B
CMCC50094

2

Pseudomonas aeruginosa
CMCC10104

4

Table 5: MICs of K11 for clinically isolated bacteria.

Bacteria MIC (μg/mL)

MRSA (5) 0.25−4

Pseudomonas aeruginosa (4) 1.0−8.0

Staphylococcus epidermidis (3) 0.5−8

Klebsiella pneumonia (6) 0.5−4.0

for the four strains of Acinetobacter baumannii; these MICs
were between 0.8 and 3.25 μg/mL. Upon consideration of this
result, we evaluated the antimicrobial activity of K11 against
clinical isolates of both Gram-positive and Gram-negative
pathogens.

3.5. Antimicrobial Activity of Peptide K11 Against Different
Bacteria. Similar to the results above, peptide K11 had a
lower MIC than the other designed peptides. Table 4 shows
the MICs of K11 against different bacteria, revealing that K11
exhibited broad-spectrum antimicrobial activity.

3.6. Antimicrobial Activities of Peptide K11 Against Clinical
Isolates. The results of MIC tests on different clinical bacte-
rial isolates can be found in Table 5. The clinically isolated
bacteria included 5 strains of MRSA, 4 strains of Pseu-
domonas aeruginosa, 3 strains of Staphylococcus epidermidis
and 6 strains of Klebsiella pneumonia. Peptide K11 exhibited
a low MIC for almost all of the strains of bacteria, which
indicated that this peptide has a high antimicrobial activity
against several clinically isolated drug-resistant bacteria.

4. Discussion

To design novel antimicrobial peptides with enhanced bio-
logical properties, we searched native antimicrobial peptides
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and selected CP26 and P18 as frameworks. CP26 and
P18 have been reported to be two α-helical peptides with
high antimicrobial activities. Starting with CP26 and P18,
we designed and constructed a dozen novel peptides by
sequence splicing and amino acid substitution. Several of
these peptides had lower MICs and higher therapeutic
indices than CP26 and P18. Among them, K11 showed the
maximum antimicrobial activity and minimum eukaryotic
cell toxicity, with an MIC 1/16 of that of P18 and a 32-fold
higher therapeutic index than P18.

Recent studies on α-helical antimicrobial peptides have
revealed that the amphipathic structure plays a primary
role in the antimicrobial activity of these compounds.
The reduction of antimicrobial activity resulting from the
enhanced ability of self-aggregation caused by increasing
amphipathicity has been reported [17]. The mechanism
responsible for this effect may be the reduction of the
effective molecular number after self-aggregation. In our
study, we used HeliQuest to calculate the hydrophobic
moment of peptides to evaluate the amphipathicity and
came to the conclusion that high amphipathicity reduced
the therapeutic index. S16 has a lower hydrophobic moment
than CP-P (0.596 to 0.648) and was found to have a higher
therapeutic index (160 to 20). Peptides L10 and D11 have
high hydrophobic moments (0.632 and 0.631, resp.) and
exhibited low therapeutic indices (<20). The MICs increased
from 3.125 μg/mL for S16 to 12.5 μg/mL and 25 μg/mL,
and the MHCs decreased from >500 μg/mL for S16 to
<125 μg/mL. These results confirm the conclusion above,
but high hydrophobic moments may also lead to increased
antibacterial activities and decreased hemolytic activities.
The results agree with the results of other studies that there is
a threshold hydrophobicity at which optimal antimicrobial
activity can be achieved [18]. In this study, K11 reached
a therapeutic index of 320 and has a high hydrophobic
moment (0.642).

We found that substitutions at certain specific sites (9, 11,
and 13 from the N-terminus) can change the antimicrobial
activity of S16 more effectively. The 9th residue of S16 is L,
which is on the nonpolar face. If a polar amino acid were
substituted at this site, there could be an increase in the MIC.
R9, S9, and K9 are three derivatives that showed high MICs
(>50 μg/mL) and decreased hydrophobic moments (0.494,
0.529, and 0.495, resp.). The substitutions at the 11th and
13th sites with opposite polar amino acids can also lead
to significant increases in the MIC and decreases in the
amphipathicity. We think that this structural implication
should be investigated more closely in future studies.

The net positive charge on the polar face is important for
the antimicrobial and hemolytic activities of antimicrobial
peptides [19]. We constructed K11 by changing S to K at
position 11 on the polar face of S16. This one addition to
the net charge resulted in K11 showing the best biological
properties among the tested peptides.

In conclusion, our results showed that the therapeutic
index of a peptide depends on several factors. Modification
of specific sites can change the amphipathicity to different
extents, which can be used to predict the antimicrobial
activity. In our study, we found a highly effective peptide,

S16, and used it as template to establish a series of peptides
with single amino acid substitutions. Among these peptides,
K11 showed strong therapeutic action against antibiotic-
resistant clinical isolates of both Gram-positive and Gram-
negative bacteria, making it a promising antimicrobial
peptide candidate for further study, especially in vivo studies
and clinical tests.
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The objective of this study was to investigate the in vivo activity of the lantibiotic lacticin 3147 against the luminescent
Staphylococcus aureus strain Xen 29 using a murine model. Female BALB/c mice (7 weeks old, 17 g) were divided into groups
(n = 5) and infected with the Xen 29 strain via the intraperitoneal route at a dose of 1 × 106 cfu/animal. After 1.5 hr, the animals
were treated subcutaneously with doses of phosphate-buffered saline (PBS; negative control) or lacticin 3147. Luminescent imaging
was carried 3 and 5 hours postinfection. Mice were then sacrificed, and the levels of S. aureus Xen 29 in the liver, spleen, and kidneys
were quantified. Notably, photoluminescence and culture-based analysis both revealed that lacticin 3147 successfully controlled
the systemic spread of S. aureus in mice thus indicating that lacticin 3147 has potential as a chemotherapeutic agent for in vivo
applications.

1. Introduction

Staphylococcus aureus is one of the most significant bacterial
pathogens and can cause diseases ranging from minor and
surgical site infections [1] to potentially life-threatening
endocarditis [2–4] and bacteraemia [5–8]. It is a particular
problem in hospitals as a consequence of the emergence
and dissemination of multidrug-resistant forms such as
methicillin-resistant S. aureus (MRSA), vancomycin inter-
mediate susceptibility S. aureus (VISA), and heterogenous
VISA (hVISA). The prevalence of these antibiotic resistant
forms means that the discovery of novel chemotherapeutic
agents to combat these pathogens is of key importance
[9, 10]. The lantibiotics (lanthionine-containing antibiotics
[11]) are a group of posttranslationally modified antimicro-
bial peptides of which nisin and lacticin 3147 are among the
most extensively investigated. A number of lantibiotics have
been noted to exhibit potent antimicrobial activity against
staphylococci of clinical relevance. In agar diffusion assays,
the type I lantibiotics epidermin, Pep5, epicidin K7, and
epilancin 280 display impressive levels of activity against
coagulase negative staphylococci (CNS) [12], and it has

been suggested that their potential could be exploited to
prevent the colonization of medical devices [12]. Nisin has
also been shown on several occasions to possess significant
anti-Staphylococcus activity. When tested against 20 MRSA
strains, one study revealed that the minimum inhibitory
concentration (MIC) of nisin A ranged between 1.5 and
16 mg/L [13], while a more recent investigation revealed
MICs of 0.5–4.1 mg/L [14]. The in vitro activity of other
forms of nisin (nisin F, Q, and Z) against MRSA has also
recently been highlighted [15]. The in vivo activity of a
number of lantibiotics against staphylococci has also been
investigated. The effectiveness of the epidermin-like mutacin
B-Ny266 was tested on mice infected by intraperitoneal (IP)
injection with 3.1× 107 cfu of S. aureus Smith/mouse. Imme-
diately after injection, mutacin B-Ny266 was administered,
also via the IP route, at concentrations of 1–10 mg/kg of
mouse and was found to be protective [16]. More recently,
it has been established that microbisporicin, in addition
to having potent in vitro activity (MIC ≤ 0.13μg/mL),
effectively controls murine septicemia caused by S. aureus
in female CD-1 mice (23–25 g). The mice were infected via
the IP route with 1 × 106 cfu of S. aureus Smith 819 ATCC
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19636 in 0.5 mls gastric hog mucin. Microbisporicin was
then administered intravenously or subcutaneously (SC) 10–
15 mins after infection at final concentrations of 10–15 mg/L
[17]. The effective dose 50 (ED50) of microbisporicin
was found to be 2.1 mg/kg regardless of whether it was
administered via IV or SC. ED50 values were determined
on the bases of survival of the mice to the seventh day.
Higher doses of microbisporicin (≥200 mg/kg) led to the
survival of all animals treated and were nontoxic [16]. Nisin
F effectively controlled the MRSA strain, S. aureus K, in
immunocompromised Wistar rats following the introduc-
tion of 4 × 105 S. aureus cells into the nostrils of the rats
for 4 consecutive days before treating with 8192 arbitrary
units (AU) of nisin F intranasally for the subsequent 4 days
[18]. In contrast, however, when 1 x108 S. aureus Xen 36
cells were injected intraperitoneally, the administration of
a lower concentration of nisin F (640 AU) after 4 hours
succeeded in inhibiting the growth of the pathogen for only
15 minutes after which time the pathogen reemerged [19].
Finally, short- and long-term in vivo studies with mersacidin
established that this lantibiotic quite effectively inhibited
MRSA introduced intranasally into immunocompromised
(hydrocortisone-treated) BALB/C mice [20]. For the short
term trial, the mice were infected on days 5, 7, and 9 with
3 × 102–104 cfu of the S. aureus strain. The mice were
then treated intranasally with mersacidin (1.66 mg/kg per
treatment) twice a day on days 10, 11, and 12. For the longer
trial, the mice were challenged with S. aureus on days 5, 7, 9,
30, 32, and 34 and subsequently treated with mersacidin on
days 35, 36, and 37. In both cases the mersacidin treatment
successfully inhibited MRSA-induced rhinitis [20]. Notably,
a comparison of the in vitro and in vivo activity of mersacidin
against a number of MRSA strains indicates that mersacidin
more effectively inhibits S. aureus in vivo [21].

Lacticin 3147 is the most extensively investigated of
the two peptide lantibiotics. These peptides are active
as a consequence of the synergistic activity of two
lanthionine-containing peptides [22, 23]. Lacticin 3147 has
been found to exhibit potent in vitro activity against a
range of pathogenic bacteria including Clostridium difficile,
vancomycin-resistant enterococci, Propionibacterium acne,
penicillin-resistant Pneumococcus, and Streptococcus mutans
[14, 24–26] as well as pathogenic mycobacteria such as
Mycobacterium avium subsp paratuberculosis and Mycobac-
terium tuberculosis H37Ra [27]. Of greatest relevance to
this study is the fact that lacticin 3147 possesses anti-
Staphylococcus activity. The lantibiotic itself, when incorpo-
rated into a teat seal, protects against S. aureus-associated
bovine mastitis [28, 29], while use of a lacticin 3147-
producing Lactococcus lactis DPC 3251 within a teat dip
inhibits S. aureus both in vitro and also in vivo [30]. The in
vitro activity of lacticin 3147 against clinical MRSA isolates
has also been established with MICs ranging from 1.9 to
15.4 mg/L [14].

Despite lacticin 3147 being one of the most extensively
studied lantibiotics, its ability to control a systemic infection
caused by S. aureus, or indeed any other pathogen, has
not been investigated. Here we address this issue using
BALB/c mice infected via the IP route with S. aureus Xen

29, a strain of methicillin sensitive S. aureus (MSSA) that
has been genetically modified to express the Photorhabdus
luminescens lux genes to facilitate in vivo imaging. The ability
of subcutaneously administered lacticin 3147 to control
infection was assessed by in vivo imaging and microbiological
analysis of the organs of sacrificed animals.

2. Materials and Methods

2.1. Antimicrobial Activity Assays. The in vitro activity of
lacticin 3147 and vancomycin (employed as a positive
control) against S. aureus Xen 29 was assessed through MIC
determination assays carried out in triplicate as described
previously [14] with purified lacticin 3147, prepared via
HPLC, again as described previously [14]. Vancomycin was
obtained from Sigma Aldrich.

2.2. Inoculum Preparation. S. aureus Xen 29 (derived from
the parental pleural isolate S. aureus 12600; Xenogen Cor-
poration, Almeda, CA) possesses a copy of the modified
luxABCDE operon of P. luminescens integrated at a single site
on the chromosome. S. aureus Xen 29 was cultured overnight
in brain heart infusion (BHI) broth aerobically at 37◦C
from an isolated colony growing on BHI agar containing
200 μg/mL kanamycin. On the day of the trial, the overnight
culture was subcultured (1 : 100 dilution) into fresh BHI and
grown to log phase (OD600nm of 0.5). This culture was diluted
to facilitate the ultimate administration of the culture in the
form of a 1 × 106 cfu/100 μL dose in 0.5% hog gastric mucin
(Sigma Aldrich).

2.3. Mouse Peritonitis Model. Mice were fed a standard
rodent diet ad libitum and all animal studies were approved
by the Animal Experimentation Ethics Committee. 13
BALB/c female mice (7 weeks old, 15 g ± 2 g in weight) were
divided into 3 groups (A, B, C; n = 3, 5, and 5, resp.). At T0

mice in groups A–C received the 1 × 106 cfu dose (100 μL
volume) via the IP route in 0.5% gastic hog mucin (Sigma
Aldrich). At T1.5 hrs, the mice in group C were administered
lacticin 3147 (50.85 mg/kg of Ltnα and 43.8 mg/kg of Ltnβ,
corresponding to 30.76 mM lacticin 3147/kg) in a single
dose and a second dose at T3hrs (25.425 mg/kg Ltnα and
21.90 mg/kg Ltnβ; 15.382 mM lacticin 3147/kg). Vancomycin
(50 mg/kg; 33.6 mM/kg) was administered at T1.5 hrs and at
T3hrs to the mice in group B while the mice in group A
received PBS (once) as a control. Both antimicrobials and
PBS were adminisitered subcutaneously in 100 μL doses.
In vivo imaging was carried out at two time points that
is, 3 hours and 5 hours postinfection. Mice were anaes-
thetized for bioluminescent imaging via the inhalation of
aerosolized isoflurane mixed with oxygen. The mice were
then transferred to the IVIS chamber ventral side up, and
luminescence was measured over a 3-to-5 mins exposure
time. The imaging system measures the number of photons
reaching each detector of the charged-couple device camera,
and the IVIS software translates these data into false color
images that display regions of intense luminescence with
red, moderate luminescence in yellow and green and mild
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luminescence in blue. The images contained herein are
photographic images with an overlay of bioluminescence
that uses this computer-generated color scale [31]. The
mice were euthanized approximately 6 hours postinfection.
Liver, kidneys, and spleen were extracted. These organs were
mechanically disrupted and serial dilutions made which were
subsequently plated in 100 μL volumes on TSA−Kan200μg/mL

plates in order to enumerate the staphylococci present in
each organ.

2.4. Quantification of Luminescence. Luminescent images
were quantified with IVIS imaging software. The total flux
(number of photons/s/cm2) was calculated by a user defined
area (region of interest) covering the infection site. The flux
was averaged across all mice from each respective group. The
reduction in luminescence was quantified and represents a
comparison with the luminescence from mice administered
phosphate-buffered saline control at the same time point.

2.5. Statistical Analysis. The mean and standard error of the
mean (SEM) of the luminescence at the final time point
and bacterial counts for the mice were calculated for all
groups. Differences in the bioluminescence and bacterial
counts analyzed through a one-way analysis of variance,
followed by the Holm-Sidak posttest (Sigma Stat, version
3.5).

3. Results/Discussion

3.1. Assessment of the In Vivo Activity of Lacticin 3147 against
S. aureus Xen 29 Using a Murine Peritonitis Model. The
ability of subcutaneously injected lacticin 3147 to control a
systemic S. aureus infection following the introduction of the
pathogen into the murine peritoneal cavity was investigated.
This involved in vivo imaging to detect levels of light emitted
by the pathogen within mice and through the postmortem
microbiological analysis of organs. Negative and positive
controls were employed in the form of mice treated with PBS
and the glycopeptide antibiotic vancomycin, respectively.
The target strain S. aureus Xen 29 is a methicillin sensitive
isolate which has been employed previously to facilitate an
investigation of acute in vivo infections [32–36]. Prior to
commencement of the study, the in vitro sensitivity of Xen
29 to lacticin 3147 was assessed. The corresponding MIC
values were 1.013 mg/L and 19.1 mg/L for vancomycin and
lacticin 3147, respectively (Table 1). For in vivo studies, mice
received a dose of 1 × 106 cfu and, 1.5 hrs postinfection,
were administered lacticin 3147 (50.85 mg/kg of Ltnα and
43.8 mg/kg of Ltnβ), vancomycin (50 mg/kg), or PBS. At
T3hrs, the mice were subject to IVIS imaging, and second
doses of lacticin 3147 (25.425 mg/kg and 21.90 mg/kg) and
vancomycin (50 mg/kg) were administered to the relevant
mice. IVIS analysis of the progression of the S. aureus Xen 29
infection showed that the pathogen spreads systemically and
eventually also occupies the thoracic cavity in mice injected
with PBS 5 hrs (T5hrs) after injection of the pathogen. A sig-
nificant (P = 0.000116) reduction in the RLU measurements
corresponding to the thoracic region of the lacticin 3147

Table 1: The standard deviation in all cases is 0 reflecting identical
triplicate results.

S. aureus Xen 29 MIC (mg/L)

Vancomycin 1.013

Lacticin 3147 19.1

treated group was evident when compared to that of the
PBS (negative) control group (Figure 1) at this time point
highlighting the ability of the lantibiotic to prevent systemic
spread of the S. aureus Xen 29 infection. In contrast, lacticin
3147 does not significantly reduce RLU values corresponding
to the peritoneal cavity relative to the control. It may be
that lacticin 3147 is deficient in penetrating the peritoneal
cavity (Figure 1). To further ascertain lacticin 3147 efficacy,
culture-based analysis of staphylococcal levels in the organs
was determined after the mice were sacrificed. This analysis
further highlighted the success of lacticin 3147 in controlling
systemic infection. Lacticin 3147 treatment resulted in a
significant reduction (P < 0.05 in all cases; Figure 1) in
pathogen numbers in the liver, spleen, and kidneys of the
mice treated relative to the PBS-treated controls (Figure 1).

As expected, vancomycin brought about a significant
reduction in S. aureus levels relative to the PBS-treated con-
trols as determined by both bioimaging and culture-based
analysis. Notably, numbers of S. aureus in the spleens of
lacticin 3147- and vancomycin-treated mice were statistically
indifferent. However, vancomycin treatment more success-
fully lowered S. aureus numbers in the liver and kidneys.
While both lacticin 3147 and vancomycin bind lipid II,
[10, 37, 38] differences exist with respect to their mechanism
of action. Vancomycin binds to the C-terminal D-Ala-D-
Ala motif of the pentapeptide of lipid II [10] whereas, on
the basis of similarities between Ltnα and mersacidin, it is
proposed that lacticin 3147 binds to the sugar phosphate
head group of lipid II [39]. Furthermore, lacticin 3147 is also
capable of forming pores in the membranes of target cells
[37, 38]. It should be noted that while similar mg/kg doses of
lacticin 3147 and vancomycin were employed in this study,
our in vitro investigations established that vancomycin is 19
times more potent than lacticin 3147 against Xen29 (MIC
values; 1.013 mg/L and 19.1 mg/L of vancomycin and lacticin
3147, resp.). Thus the dose of vancomycin administered
in vivo corresponded to 100-fold that of the in vitro MIC
whereas lacticin 3147 was administered at a level 8-fold
greater than its in vitro MIC. This may explain the enhanced
ability of vancomycin with respect to clearance of Xen 29
from the peritoneal cavity. This is the first occasion upon
which the impact of lacticin 3147 against a systemic infection
has been assessed and thus it is also the first instance of
its administration subcutaneously. It may be that lacticin
3147 cannot travel to the peritoneum to eradicate the
infection but can prevent the spread of infection throughout
the blood stream. As stated previously, mersacidin has
successfully been shown to inhibit a systemic MRSA infection
in mice when administered via the subcutaneous route [20].
However, mersacidin is a one-component lantibiotic and is
also globular which may provide facile delivery through the
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Figure 1: Impact of lacticin 3147 on the systemic spread of S. aureus Xen 29 in mice. Images are of representative mice from each group 3
and 5 hours postinfection. Values (i.e., RLU measurements and cfu/mL of organs) represent averages of data collected at T5hrs, and P values
refer to the significance of differences between the treated and untreated equivalents at T5hrs as determined by one-way analysis of variance,
followed by the Holm-Sidak posttest. The imaging system depicts false-color images representative of different levels of total flux. False color
imaging represents intense luminescence in red, moderate luminescence in green, and low level luminescence in blue/purple.

skin. It, like vancomycin, is quite a small peptide with a
molecular weight of 1, 825 Da [40]. Lacticin 3147 consists
of 2 peptides with molecular weights of 3305 Da (Ltnα)
and 2847 Da (Ltnβ), and it may be that the larger size
of the individual peptides or a specific difficulty relating
the transport of one of the components to the peritoneal
cavity may be an issue. Mutacin B-Ny266 has also been
shown to protect against S. aureus in the peritoneum, but
this lantibiotic was administered intraperitoneally, and thus
transfer to the site of infection was not an issue [16].

3.2. Conclusion. In conclusion, here we have provided
evidence that lacticin 3147 could be employed to treat
systemic infections. Both culture- and bioluminescence-
based analyses reveal that the lantibiotic significantly reduces
numbers of the S. aureus Xen29 relative to the negative
control by preventing the dissemination of the pathogen.
Although these results are more promising than those
described when nisin F was employed in a similar manner
(19), differences with respect to the strains of S. aureus
employed, concentrations of lantibiotic, and other factors
mean that a direct comparison of outcomes is not possible.
While further investigations are required, over longer periods

of time, to more extensively assess the clinical potential
of lacticin 3147, it is worth noting that lacticin 3147
possesses many physicochemical properties that favour its
in vivo application. These include excellent activity over
a broad pH range, especially at physiological pH (pH 7),
the absence of cytotoxicity towards eukaryotic cells [41],
its broad spectrum of activity at nanomolar concentrations
[42], its alternative mode of action [38], and the presence
of (methyl)lanthionine bridges that confer structural rigidity
to lantibiotics and reduce proteolytic attack [43]. These
properties, accompanied by its ability to inhibit a systemic S.
aureus infection, make lacticin 3147 a promising candidate
for potential applications in human medicine.
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Class IIa bacteriocins have been primarily explored as natural food preservatives, but there is much interest in exploring the ap-
plication of these peptides as therapeutic antimicrobial agents. Bacteriocins of this class possess antimicrobial activity against sever-
al important human pathogens. Therefore, the therapeutic development of these bacteriocins will be reviewed. Biological and
chemical modifications to both stabilize and increase the potency of bacteriocins are discussed, as well as the optimization of their
production and purification. The suitability of bacteriocins as pharmaceuticals is explored through determinations of cytotoxicity,
effects on the natural microbiota, and in vivo efficacy in mouse models. Recent results suggest that class IIa bacteriocins show pro-
mise as a class of therapeutic agents.

1. Introduction

Bacteriocins are natural peptides secreted by many varieties
of bacteria for the purpose of killing other bacteria. This pro-
vides them with a competitive advantage in their environ-
ment, eliminating competitors to gain resources. These pep-
tides are ribosomally synthesized, although some are exten-
sively posttranslationally modified.

The classification system for bacteriocins has been sub-
ject to ongoing revision [1–3]. However, bacteriocins from
Gram-positive bacteria are generally classified according to
size, structure, and modifications. Class I bacteriocins are the
lantibiotics, which are highly posttranslationally modified
peptides containing lanthionine and methyllanthionine resi-
dues. Class II consists of small peptides that do not contain
modified residues. Cotter et al. suggested to divide class II
bacteriocins into several subclasses: class IIa (pediocin-like
bacteriocins), class IIb (two-peptide bacteriocins), and class
IIc (circular bacteriocins) [3]. However, others have suggest-
ed to consider circular bacteriocins as a separate class [4].
Nonbacteriocin lytic proteins, termed bacteriolysins (also re-
ferred to as class III bacteriocins), are large and heat-labile
proteins with a distinct mechanism of action from other
Gram-positive bacteriocins [3].

Class IIa bacteriocins are generally from 37 to 48
amino acids long, and are characterized by several features.

Although they do not have broad spectrum antimicrobial
activity compared to other antibiotics, they are particularly
potent inhibitors of Listeria species, showing activity at low
nanomolar concentrations [5]. They are heat-stable, and not
posttranslationally modified beyond the proteolytic removal
of a leader peptide and the formation of a conserved N-ter-
minal disulfide bridge (although some members contain an
additional C-terminal disulfide bridge). The N-terminal re-
gion contains a characteristic YGNGV amino acid sequence,
although variants with the alternate YGNGL sequence have
been classified in class IIa [6]. A representative class IIa bac-
teriocin is shown in Figure 1. There have been a number of
thorough reviews describing aspects of the genetics, biosyn-
thesis, immunity, structure, mode of action, and the applica-
tion of class IIa bacteriocins to foods [7–13].

Briefly, class IIa bacteriocins kill susceptible bacteria by
forming pores in their membranes, resulting in the loss of the
proton-motive force and depletion of ATP [14]. It is thought
that these cationic bacteriocins are drawn to bacterial cells
through an initial electrostatic interaction [15]. Then, the
amphiphilic C-terminal α-helix inserts into the membrane,
wherein the bacteriocin induces the formation of hydrophilic
pores. This mechanism of action is reliant on a mannose
phosphotransferase (MPT) protein complex found in the
membranes of susceptible organisms, but the exact nature
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Figure 1: A representation of class IIa bacteriocin leucocin A,
with the YGNGV consensus sequence and an N-terminal disulfide
bridge.

Figure 2: The NMR solution structure of leucocin A [20].

of this interaction is not yet clear [16–18]. This is covered in
more detail by Drider et al. [12] and Nissen-Meyer et al. [19].

Structurally, the N-termini of class IIa bacteriocins tend
to exhibit a three-strand antiparallel beta-sheet structure
rigidified by a disulfide bridge. The C-terminal region shows
an amphiphilic helix terminating in a hairpin structure. In
aqueous conditions, class IIa bacteriocins are randomly stru-
ctured. However, membrane-mimicking conditions such as
dodecylphosphocholine micelles or trifluoroethanol induce
structure formation [20]. This is not unexpected as their
mode of action involves membrane permeabilization [14].
The NMR solution structures of class IIa bacteriocins leuco-
cin A (shown in Figure 2) [20], carnobacteriocin B2 [21] and
its precursor precarnobacteriocin B2 [22], sakacin P [23],
and curvacin P [24] have been solved to date.

Much of the research on class IIa bacteriocins has focus-
ed on their application for food preservation. While they may
be well-suited for this purpose, there is a growing body of
research exploring the prospect of using these bacteriocins as
in vivo therapeutic agents. Bacteriocins are a promising sub-
stitute for conventional antibiotics for several reasons. The
restricted target specificity of some bacteriocins minimizes
their impact on commensal microbiota and may decrease the
threat of opportunistic pathogens. Furthermore, most bacte-
riocins are active at low concentrations, and their degrada-
tion products are easily metabolized by the body. With the
development of resistance to many important antibiotics,
another tool for fighting bacteria is invaluable.

Class IIa bacteriocins are active against several important
human pathogens. Perhaps most promising is their activity
against the foodborne pathogen Listeria monocytogenes, the
deadliest bacterial source of food poisoning [25]. Up to 30%
of foodborne infections by L. monocytogenes in high-risk in-
dividuals are fatal. Other bacterial foodborne pathogens in-
hibited by some class IIa bacteriocins include Bacillus cereus,
Clostridium botulinum, and C. perfringens [5].

Beyond foodborne pathogens, class IIa bacteriocins are
also active against other human pathogens, such as vanco-
mycin-resistant enterococci [26] and the opportunistic path-
ogen Staphylococcus aureus [5]. Although bacteria sensitive
to class IIa bacteriocins are almost exclusively Gram-posi-
tive, the Gram-negative opportunistic pathogen Aeromonas
hydrophila is also inhibited [27]. Bacteriocins from this class
also show other potentially therapeutic properties as antineo-
plastic [28, 29] and antiviral [30] agents.

The potential of other groups of bacteriocins such as lan-
tibiotics, colicins, and microcins as oral and gastrointestinal
antibiotics has been reviewed by Kirkup [31]. Focusing on
bacteriocins from Gram-positive bacteria, there have been
successes with the administration of either lantibiotic-pro-
ducing bacteria [26] or purified lantibiotics [32–38] for the
treatment of infections by several different pathogens. How-
ever, less is known about the in vivo use of class IIa bacterio-
cins.

One method for the therapeutic use of bacteriocins is to
introduce bacteriocinogenic bacteria to the gastrointestinal
tract as probiotics, which has yielded positive results. Fre-
quently, the mechanisms by which probiotic bacteria benefit
the host are not well characterized, but convincing evidence
has been put forth by Corr et al. for the production of class
IIb bacteriocin Abp118 in vivo [39]. Generally, the intro-
duction of bacteriocinogenic bacteria prior to infection with
a pathogen has been more effective [26, 39] than the con-
comitant introduction of both species [40]. This suggests
that probiotic strains may be valuable for prophylactic pur-
poses, but less suited for treating preexisting infections.

Indeed, introduction of a bacteriocin either concomi-
tantly with the infectious agent or postchallenge has proven
effective [32–38]. A variety of administration methods have
been used successfully: subcutaneous, intravenous, intran-
asal, intragastric, intraperitoneal, and topical [41]. The effi-
cacy of the different methods has not been directly compared
and likely depends on the pathogen targeted. Furthermore,
some of these methods may be unnecessarily invasive for use
in humans, with oral administration being preferred.
Although the possibility exists of using crude bacteriocin ex-
tract instead of purified bacteriocin, the introduction of
complex mixtures into a human may be hazardous and less
reproducible. Instead, this paper will focus on the adminis-
tration of purified class IIa bacteriocin.

Compared to other classes of Gram-positive bacteriocins,
the engineering of improved class IIa bacteriocins is some-
what simplified due to their unmodified nature. Creating
analogues, by biological or chemical means, does not require
implementation of the thioether bridges found in lantibiotics
or the cyclization required for circular bacteriocins. Nor does
the recombinant expression of class IIa bacteriocins require
the biosynthetic machinery, such as dehydratases and cyclas-
es, required for some other bacteriocins. This also allows for
the production of class IIa bacteriocins as fusion proteins, a
means of increasing production levels and simplifying puri-
fications.

This paper will explore different aspects of the develop-
ment of class IIa bacteriocins as therapeutic agents for in vivo
utilization. The first section discusses attempts to design
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bacteriocins and bacteriocin analogues with increased sta-
bility and potency. Next, methods for improving production
and purification of large amounts of bacteriocin from fer-
mentation and recombinant expression will be explored.
Finally, the suitability of class IIa bacteriocins for therapeutic
use, based on studies testing cytotoxicity, stability, the de-
velopment of resistance, and the in vivo potential of class IIa
bacteriocins will be examined.

2. Engineering Class IIa Bacteriocins for
Increased Stability and Potency

The structure-function relationship of class IIa bacteriocins
has been well studied, and its implications for their mode of
action has been well reviewed [8, 12, 19]. This paper focuses
on structure-function as it contributes to the development of
improved therapeutics. Specifically, engineering bacteriocins
to increase their stability, potency, and spectrum of activity,
such that they are more suitable for in vivo utilization and
other applications will be discussed.

The introduction of an additional disulfide bridge likely
has the effect of rigidifying a specific conformation and could
result in improved bacteriocin activity. There is a subgroup of
class IIa bacteriocins, including pediocin PA-1, that contain
an additional disulfide bridge near the C-terminus. The effect
of introducing a C-terminal disulfide bridge into sakacin P,
a bacteriocin containing only the conserved N-terminal di-
sulfide bridge, was examined [42]. This modification broad-
ened its spectrum of antimicrobial activity in addition to de-
creasing the detrimental effect of increased temperature on
potency. The C-terminus has been otherwise associated with
the target specificity of class IIa bacteriocins [43]. Notably,
this sakacin P mutant was found to retain much of its activity
at 37◦C compared to the natural peptide, and thus is more
effective at human physiological temperature [42].

The necessity of the N-terminal disulfide bridge for activ-
ity in class IIa bacteriocins has also been explored. Removal
of this disulfide bridge could render bacteriocins more stable
in reductive environments. Substitution of cysteines 9 and 14
of leucocin A [44] and mesentericin Y105 [45] with serines
resulted in a complete loss of activity. However, replacement
with hydrophobic residues such as allylglycine, norvaline,
and phenylalanine resulted in retention of activity in leucocin
A [46]. Furthermore, the replacement of the disulfide bridge
with a carbocycle also yielded a biologically active peptide,
although the activity was decreased by an order of magnitude
[44]. However, the substitution of cysteines 9 and 14 of ped-
iocin PA-1 with allylglycine and phenylalanine residues re-
sulted in no observable activity [46]. This work has been dis-
cussed further in a mini-review by Sit and Vederas [47].

Class IIa bacteriocins may also be stabilized by simple
amino acid substitutions. Methionine-31 of pediocin PA-1
was found to oxidize over time with an accompanying loss of
activity [48]. Mutation of this residue to leucine, isoleucine
or alanine resulted in only minor decreases in potency while
stabilizing the mutant [48]. Similarly, a 4- to 8-fold decrease
in activity was reported for carnobacteriocin BM1 due to an
oxidized methionine residue [49], but replacement with

a valine residue yielded a mutant with comparable activity
[50]. However, in some cases substitution of only a single
amino acid residue in class IIa bacteriocins results in drama-
tically decreased activity relative to their wild-type counter-
parts [51].

Consideration of the mode of action of class IIa bacterio-
cins may permit the rational design of mutants with increas-
ed potency. Enhancing the net positive charge of a bacterio-
cin may be expected to promote the initial electrostatic inter-
action with the membrane of the target and thus result in
an increase in activity. Support for this was found in the 44 K
(with an additional lysine introduced to the C-terminus) and
T20K mutants of sakacin P, which show increased cell bind-
ing and potency relative to the wild-type peptide [52].

Approaches to stabilizing other classes of bacteriocins
may have potential for use with class IIa bacteriocins. Due to
their composition, proteolytic cleavage of bacteriocins in the
gastrointestinal tract represents a major hurdle for any at-
tempts to control gastrointestinal infections. Careful alter-
ation of trypsin recognition sites in class IIb bacteriocin sali-
varicin P had only minor effects on activity [53]. Chemically
synthesized peptides with incorporated d-amino acids may
be similarly expected to render the peptide less susceptible to
proteolytic cleavage. Analogues of class IIb bacteriocin lacto-
coccin G were synthesized with the N- and C-terminal resid-
ues replaced with d-amino acids, which decreased their sus-
ceptibility to exopeptidases without much effect on activity
[54]. However, the extent of incorporation of d-amino acids
has limitations. The enantiomer of leucocin A was synthe-
sized containing exclusively d-amino acids, but it was found
to be largely inactive [55]. This may be rationalized based on
a chiral interaction between class IIa bacteriocins with the
MPT complex [16]. Nonetheless, these methods may be val-
uable for stabilizing class IIa bacteriocins.

Much work is focused on using biological means to create
bacteriocin analogues. Mutagenesis of bacteriocins can be
readily achieved, and large quantities of a desired mutant are
readily available through recombinant expression. However,
the biological production of analogues suffers the restriction
of the proteogenic amino acid library. As a contrast, chemical
peptide synthesis offers a vast array of possibilities for the
introduction of nonproteogenic amino acids. Furthermore,
unnatural structural features not found in class IIa bacter-
iocins such as carbocyclic rings and d-amino acids are feasi-
ble. However, chemical peptide synthesis is not trivial, and it
is relatively time consuming and costly. For a chemically syn-
thesized bacteriocin to be considered a viable therapeutic
agent, it would have to be greatly superior to any biologically
producible bacteriocins.

The rational substitution of amino acids in class IIa bac-
teriocins is one method of creating mutants, and this has pro-
vided much information about the structure-function rela-
tionship of these bacteriocins. However, for the most part,
the mutants have had decreased activity relative to the wild-
type bacteriocin. Another common approach uses error-
prone PCR to randomly generate mutants in the hope of
finding interesting or improved activity. However, approach-
es such as DNA shuffling [51] of related bacteriocins and
NNK scanning [56] have been used to randomly generate
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vast numbers of mutants, greatly increasing the number
of variants produced without requiring a proportionate
amount of labour.

NNK scanning allows for the systematic examination of
the role of each residue in a peptide. The native codons are
replaced one by one with the NNK triplet oligonucleotide,
replacing the amino acid coded for by that codon with any
of the 20 proteogenic amino acids. This allows for testing a
much larger number of variants without requiring the time
consuming preparation of each mutant separately. Conseq-
uently, the possibility of discovering a mutant with increased
potency is greater. NNK scanning has been applied to pedio-
cin PA-1 to examine the importance of each residue for bac-
tericidal activity and was indeed successful in creating some
mutants with increased activity [56].

Often, changing one amino acid at a time is not sufficient
to create improved variants. It has been suggested that bacter-
iocins have evolved to be as effective as possible, and so the
creation of improved bacteriocins requires greater modifica-
tion [51]. This is possible using an alternate approach that
allows for the swapping of multiamino acid sequences bet-
ween different class IIa bacteriocins to create a hybrid bacter-
iocin. This approach has been used to create a DNA-shuffling
library in which regions of pediocin PA-1 have been shuffled
with 10 other class IIa bacteriocins [51]. Some of the hybrids
did indeed show increased activity relative to the wild-type
bacteriocins from which they were derived [51].

Another approach explored for creating new analogues
is to mix the N-terminus of one bacteriocin with the C-ter-
minus of another, thereby creating a chimera. Some chimeras
of pediocin PA-1 with other class IIa bacteriocins showed
either comparable or greater bactericidal activities to the cor-
responding natural bacteriocins against certain indicator
strains [43, 51].

These approaches to randomly generate vast numbers of
mutants and hybrids may allow for simplified drug develop-
ment, facilitating the discovery of novel potent bacteriocins.
Furthermore, these approaches enable the development of
new bacteriocins tailored towards different strains of patho-
genic bacteria.

3. Methods for Improving Production of
Class IIa Bacteriocins

For any potential therapeutic use of class IIa bacteriocins, an
inexpensive method for the production of large quantities
must be available. One possibility is to purify class IIa bacter-
iocins from their natural producer strain, taking advantage
of the cationic and hydrophobic characters of these peptides.
However, these purifications typically yield only small
amounts of purified peptide, often consisting of less than a
milligram per liter of culture [49, 57]. However, the outlook
is not bleak, as optimizing culture conditions and improving
the design of purifications maximizes bacteriocin recovery
and permits increased scale.

Of the class IIa bacteriocins, pediocin PA-1 is most well
characterized in terms of optimization of fermentation. Even

then, reported yields must be interpreted carefully, as the sen-
sitivity of indicator strains varies and activity tests are per-
formed differently. A variety of different cultivation methods
have been used, such as shake-flasks, batch cultures, and
fed-batch cultures. Batch cultures in reactors generally allow
for greater control over conditions than shake-flask cultur
es, with precise control of stirring, aeration, and pH. Fed-
batch cultures are similar to batch cultures, except a growth-
limiting nutrient is added over time, allowing for higher cell
densities.

For the large-scale production of class IIa bacteriocins
to be feasible, several conditions must be met. The yield of
the fermentation must be satisfactory, otherwise production
costs will be high. The growth media must also be inexpen-
sive, although this must be balanced with the bacteriocin
yield as the use of more expensive media has been related to
improved bacterial growth and bacteriocin production [58].

The highest reported volumetric productivity was
accomplished by a repeated-cycle batch culture of Pedio-
coccus acidilactici UL5 immobilized in κ-carrageenan/locust
bean gum gel beads, reaching levels of 133 mg of pediocin
PA-1 produced per liter per hour in complex de Man
Rogosa and Sharpe (MRS) media [58]. Using less expensive
supplemented whey permeate (SWP) media under otherwise
identical conditions, 50 mg of pediocin PA-1 was produced
per liter per hour. The production of bacteriocins has
tended to be much superior in immobilized cell cultures
compared to free cell cultures [59], as exemplified by the
greater than tenfold increase in production of pediocin PA-1
under immobilized conditions [58]. Naghmouchi et al. have
published an informative literature summary of recent work
on fermentation yields of pediocin PA-1 [58].

Bacteriocin-producing fermentations have been tested
in a large variety of media as an attempt to minimize
production costs. Waste from the food industry especially has
been investigated as an inexpensive alternative to complex
growth media. Examples of this include mussel-processing
waste [60, 61], whey permeate [58, 62–64], trout and squid
viscera, and swordfish muscle [65]. Complex growth media
tend to be composed of a mixture of nutrients tailored to cer-
tain types of bacteria to meet their specific nutritional re-
quirements, while industrial effluents are not so optimized
[63, 66].

Although the production of large amounts of bacteriocin
is feasible, the purification of these peptides is another
matter. A review by Carolissen-Mackay et al. discusses pre-
vious purification approaches for bacteriocins [57]. Many
purification protocols provide poor yields of bacteriocin with
recoveries of under 20% [57]. These poor yields are likely due
to unoptimized protocols requiring a large number of steps.
More recently, several general protocols have been published
specifically for the purpose of purifying class IIa bacteriocins
[67–69]. For the industrial-scale production of bacteriocins
required for therapeutic use, an efficient, inexpensive, and
scalable purification scheme with high recovery is needed.

Commonly, the purification of class IIa bacteriocins re-
quires precipitation and centrifugation steps. The latter re-
presents a major bottleneck when attempts are made to in-
crease the scale of production. Furthermore, ammonium
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sulfate precipitations are frequently a source of loss of mater-
ial, yielding only 40%± 20% for a reported pediocin PA-1
purification [67]. Using an initial ion-exchange chromato-
graphic step to concentrate the bacteriocin directly from the
culture media is a possible solution [67].

More recent general purification schemes generally fol-
low a similar sequence, taking advantage of the cationic and
hydrophobic character of class IIa bacteriocins. First, the cul-
ture supernatant is passed through a cation-exchange col-
umn [67–69] although loading the whole bacterial culture to
avoid centrifugation has been reported [67]. Following this
step, the eluate is further purified using hydrophobic inter-
action chromatography, yielding greater than 90% pure bac-
teriocin in only two steps [67, 69]. HPLC may also be used
to further clean up the sample at this stage [68]. These puri-
fications allow for the acquisition of purified bacteriocin in
only a few hours [67], with bacteriocin recovery rates report-
ed ranging from 60% [68] to greater than 80% [67].

The development of antibodies capable of recognizing
bacteriocins has allowed for an alternate approach to purifi-
cation, namely, immunoaffinity chromatography [70–73].
Indeed, this approach has been used to purify divercin V41,
piscicocin V1b, enterocin P, and pediocin PA-1 from culture
supernatant in a single step. Although reported yields are
sparse, the recovery of enterocin P was 44% [71], while 53%
of pediocin PA-1 was retained [73]. Although pure bacterio-
cin is obtained after a single step, superior yields have been
reported for lengthier procedures [67], and the immuno-
affinity purification requires costly noncommercial anti-
body-conjugated resins.

Another notable purification approach uses triton X-114
phase partitioning, which has been applied to the purifica-
tion of divercin V41 [74]. This approach does not require re-
moval of bacterial cells from the culture, thereby enabling
collection of the bacteriocin normally lost adhered to the cell
pellet. After the two phases partition, the detergent rich phase
is removed, diluted, and loaded on to an ion-exchange col-
umn. Purified bacteriocin is simply eluted from the column,
with a recovery of greater than 55% [74].

All of these reported purifications have unique advan-
tages and drawbacks. However, the focus has shifted to the
large-scale production of bacteriocins instead of purifying
only enough for characterization. These approaches have fo-
cused on attaining improved yields in fewer steps with mostly
scalable steps.

3.1. Heterologous Expression. As an alternative to purification
from the natural producer, the recombinant expression of
bacteriocins offers a promising means for producing the large
amounts of material required for any potential therapeutic
use. There have been many reports of the heterologous ex-
pression of class IIa bacteriocins in many different hosts,
although the focus has been on Gram-positive lactic acid
bacteria phylogenetically similar to the producer strain.
Gram-negative bacteria such as Escherichia coli and yeast ex-
pression platforms such as Saccharomyces cerevisiae have also
been used as expression hosts.

The subject of the heterologous expression of mature
bacteriocins in lactic acid bacteria has been summarized in

an excellent review by Rodrı́guez et al. [89], which also dis-
cusses heterologous bacteriocin production in E. coli and
other bacterial strains. Although some of these expression
systems allow for the secretion of active bacteriocin into the
culture supernatant, the quantity of bacteriocin obtained
from these cultures tends to be lower than from the natural
producer strain. As such, this is not yet suitable for the large-
scale production of bacteriocins required for any potential
therapeutic use. However, these heterologous producers may
be suitable for food preservation as many lactic acid bacteria
are generally recognized as safe. Furthermore, these organ-
isms are capable of simultaneously producing multiple dif-
ferent bacteriocins allowing for a greater spectrum of activity
in addition to the possibility of overcoming the development
of resistance [90–92]. However, the use of genetically modi-
fied organisms in food products is still a contentious issue.

The heterologous expression of bacteriocins as fusion
proteins in E. coli has been successfully used for the produc-
tion of larger amounts of bacteriocin than obtained using
other approaches. In particular, the commercial strain E. coli
Origami (DE3) has been used extensively in this area. Muta-
tions in the genes encoding the glutathione and thioredoxin
reductases of this strain allow for the facile formation of the
conserved disulfide bridge in the host cytosol.

Additionally, the heterologous expression of class IIa bac-
teriocins in E. coli as fusion proteins offers many advantages.
A summary of the reported use of fusion proteins partnered
with class IIa bacteriocins is presented in Table 1. Fusions
with affinity labels, such as hexahistidine tags, allow for
simplified purification protocols. Additionally, some fusion
partners help solubilize the bacteriocin and prevent the desir-
ed peptide from forming inclusion bodies, allowing for in-
creased bacteriocin production. The presence of a fusion
partner also decreases the antimicrobial activity, avoiding
possible toxic effects on the host cell [93–95], although there
are exceptions [96]. Thioredoxin in particular is useful as
a fusion partner. Beyond circumventing the formation of
inclusion bodies, a thermostable thioredoxin fusion allows
for a thermal coagulation purification step [97]. This has
been used to remove high molecular weight contaminants
during the purification of carnobacteriocins BM1 and B2
[50]. Furthermore, thioredoxin may even assist in the for-
mation of the conserved N-terminal disulfide bridge [97].

Expression of a bacteriocin solely with a hexahistidine tag
has been reported for pediocin PA-1 [104]. However, this re-
combinant pediocin PA-1 was found to be toxic to the E. coli
producer. The purification was complicated by the require-
ment for denaturing conditions to allow for immobilized-
metal affinity chromatography, although the His-tagged pep-
tide was antimicrobially active. Furthermore, expression of
small-sized recombinant peptides in E. coli is complicated
due to the presence of proteases [105]. The expression of bac-
teriocins with a larger fusion partner is likely to be advanta-
geous.

The conditions used for fermentations have a significant
impact on the amount of fusion protein produced. The final
yield of purified bacteriocin is influenced by the purification
protocol as well as the method used for fusion protein
cleavage. Simple shake-flask cultures have been reported
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Table 1: Fusion partners used for class IIa bacteriocins.

Fusion partner Bacteriocin

Thioredoxin

Pediocin PA-1 [95, 98],
carnobacteriocins BM1 and
B2 [50], divercin V41 [96],
enterocin P [72], piscicolin

126 [99]

Maltose-binding protein
Carnobacteriocin B2 [93]

and its precursor [22],
Pediocin AcH [100]

Intein-chitin-binding domain
Piscicolin 126, divercin

V41, enterocin P, pediocin
PA-1 [101]

Dihydrofolate reductase Pediocin PA-1 [94]

Xpress tag Pediocin PA-1 [102]

Cellulose-binding domain Enterocin A [103]

Hexahistidine tag Pediocin PA-1 [104]

most, although many of the reported yields are admittedly
not optimized. Piscicolin 126 was cleaved from a thioredoxin
fusion yielding 26 mg per liter [99], while a divercin RV41-
thioredoxin fusion yielded between 18 and 23 mg of purified
peptide per liter of culture [96, 106].

High-cell density E. coli cultures have also been explored
as a means to further increase the production of bacteriocin
fusion proteins [50, 106]. The level of production of a recom-
binant divercin V41-thioredoxin fusion in batch and fed-
batch cultivation has been compared to shake-flask cultures
[106]. Compared to the yield of 18 ± 1 mg obtained per liter
in shake flask cultures, batch and fed-batch yielded 30 ± 2
and 74 ± 5 mg per liter, respectively. However, the highest
yields reported are for carnobacteriocins BM1 and B2. These
bacteriocins were expressed as thioredoxin fusions in a fed-
batch fermentation induced with lactose. The final yields re-
ported are around 320 mg of carnobacteriocin BM1 and car-
nobacteriocin B2 per liter of the culture, fourfold greater
than previous reports [50].

A disadvantage of using bacteriocin fusion proteins is the
necessary cleavage and further purification required to get
pure bacteriocin. Enzymatic cleavage methods are the most
common approach, while chemical methods have also been
used. Enzymatic approaches offer the advantage of more
specific recognition sites and are thus more compatible with
most bacteriocin sequences—although the enzyme recogni-
tion is not always infallible [22].

Cyanogen bromide (CNBr) is a common chemical means
of cleaving fusion proteins, selectively cleaving on the C-ter-
minal side of methionine residues. However, methionine is
found in many class IIa bacteriocins. This has been circum-
vented with carnobacteriocin BM1, wherein methionine-41
was substituted with a valine residue with some impact on
activity [50]. However, CNBr has significant advantages over
proteases: cost and cleavage efficiency. Besides being much
less expensive, the cleavage efficiency of CNBr has been re-
ported to be up to twofold higher than enterokinase [50, 95].

An alternative approach for fusion protein cleavage re-
quires the presence of the amino acid sequence Asp-Pro just
N-terminal to the desired sequence. This cleavage method re-
quires heating under strongly acidic conditions, as has been
applied for the cleavage of a divercin V41 thioredoxin fusion
[106]. This offers an inexpensive method to remove the fu-
sion tag, although these may seem like unsuitable conditions
for a peptide. However, class IIa bacteriocins tend to be stable
at elevated temperatures and in acidic conditions [49].

The use of the intein-chitin-binding domain as a fusion
partner allows for circumvention of several of the issues relat-
ed to fusion proteins. Following the binding of the fusion
protein on a chitin resin, cleavage is induced with DTT, re-
sulting in elution of purified bacteriocin without requiring
purification from the fusion partner. This has been success-
fully applied for a variety of class IIa bacteriocins, although
the yields have not been very substantial [101].

Yeast expression platforms are another option for the
production of class IIa bacteriocins. Saccharomyces cerevisiae
has been used as an expression host for pediocin PA-1 [107]
and plantaricin 423 [108]. Antimicrobial activity was indeed
observed, and colonies of yeast growing on agar inoculated
with Listeria showed zones of inhibition. However, very little
antimicrobial activity was observed in the supernatant [107,
108]. This low level of activity may be attributed to the bac-
teriocin remaining associated with the fungal cell wall [107].

The use of Pichia pastoris as an expression host is more
promising, showing much higher levels of activity. The levels
of enterocin P produced by P. pastoris reached levels up to
28 mg/L, almost four-fold higher than that produced by the
natural producer strain, Enterococcus faecium P13 [109].
However, the final purified yield of enterocin P from
E. faecium P13 was still superior, demonstrating that im-
proved purification methods are required to take advantage
of any increased production. Class IIa-like bacteriocin hira-
cin JM79 has also been expressed in P. pastoris, with similar
issues [91]. Although the quantified amount of bacteriocin
exceeds that of the natural producer, the observed antimi-
crobial activity was found to be relatively smaller. Neutral
proteases have been suggested as a possible reason for this
discrepancy, and bacteriocin amounts may be overestimated
due to the nature of the quantitative techniques used [91,
109]. Furthermore, the activity of pediocin PA-1 produced
by P. pastoris was found to be inhibited by the presence of
a collagen-like material, which appeared to be covalently
bound to the pediocin [110].

4. In Vivo Utilization of Class IIa Bacteriocins

As previously discussed, most published work regarding the
in vivo use of bacteriocins has focused on the introduction
of probiotic bacteria to the gastrointestinal tract, where they
will potentially secrete bacteriocins. Considerably less re-
search has been done on the administration of purified bac-
teriocin. The use of probiotic strains may prove beneficial as
a prophylactic, but the use of purified bacteriocins appears to
be superior for countering an established infection. This has
been demonstrated by the administration of either pediocin
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PA-1 or Pediococcus acidilactici UL5, a producer of pediocin
PA-1, to mice infected with L. monocytogenes [40].

An important concern regarding the use of antibiotics is
the effects they have on the microbiota of the body. The pre-
sence of commensal bacteria offers an invaluable barrier to
infection by opportunistic pathogens. Ideally, an antimicro-
bial agent should specifically target the pathogenic bacteria
with only minimal impact on the natural flora. In fact, the
spectrum of activity for class IIa bacteriocins may be extrem-
ely well suited for targeting specific pathogens such as L.
monocytogenes in vivo. Pediocin PA-1 has been tested in vitro
against screens of common human intestinal bacteria such as
bifidobacteria [75, 76], and at the concentrations tested, no
antagonistic activity was observed against any of the assayed
organisms. This differs from class I lantibiotics nisin A and
nisin Z, both of which inhibited the majority of Gram-posi-
tive strains tested [75, 76]. Similarly, culture supernatant
containing pediocin PA-1 was found to only inhibit one
strain of a screen of common gut bacterial species [77]. Fur-
thermore, an in vivo study of pediocin PA-1 in a mouse
model showed no effect on the composition of the mouse in-
testinal flora. Likewise, purified pediocin PA-1 fed to rats did
not affect the majority of their microbiota [77]. As a contrast,
antibiotics such as penicillin and tetracycline strongly inhib-
ited most of the common intestinal microbiota tested [76].

Two different routes of bacteriocin administration to
fight L. monocytogenes have been tested in mouse models: in-
travenous [78, 79] and intragastric [40]. The effects of pedio-
cin PA-1 have also been studied in uninfected mice [80], rab-
bits [80], and rats [77]. The suitability of the route depends
on the nature of the pathogen being targeted, as well as the
stage of the infection. However, as peptides, bacteriocins face
challenges related to their structure not shared by many anti-
biotics.

Piscicolin 126, recombinant divercin RV41 (DvnRV41),
and structural variants of DvnRV41 were all administered
intravenously to mice previously or soon to be infected with
L. monocytogenes [78, 79]. In the control, the intravenous and
intraperitoneal injection of these bacteriocins into healthy
mice resulted in no visible ill effects [78, 79]. The efficacy of
intravenous administration of bacteriocin was tested both
prior to and after the intravenous introduction of Listeria.
Injection of bacteriocins was effective both 15 minutes pre-
challenge and 30 minutes postchallenge. However, adminis-
tration of piscicolin 126 24 hours postchallenge showed no
significant reduction in listerial counts. Both of these exper-
iments used only 2 μg of purified bacteriocin. The intracel-
lular nature of Listeria as a pathogen may explain the lack of
sensitivity observed following bacteriocin administration 24
hours postchallenge [25].

A possible concern with the intravenous administration
of peptides is the possibility of an immune response. Foreign
peptides are often antigenic, and the introduction of these
peptides could trigger an immune response. To test this,
pediocin AcH was intraperitoneally introduced into mice
and rabbits to determine its antigenic properties. However,
it did not elicit an antibody response and appears to be
nonimmunogenic [80]. In fact, approaches to develop anti-
bodies to class IIa bacteriocins have required conjugation to

polyacrylamide gel [81] or carrier proteins such as keyhole
limpet hemocyanin [70, 71, 82, 83].

The intragastric administration of bacteriocins suffers
from its own set of problems. Bacteriocins are subjected to
harsh environments designed precisely for the proteolytic
cleavage of peptides and proteins. Class IIa bacteriocins are
susceptible to common digestive proteases. Furthermore, the
stomach is a highly acidic environment. However, class IIa
bacteriocins tend to be relatively stable to acidic conditions,
and pediocin PA-1 was stable at pH 2.5 for at least two hours
[84].

The stability of bacteriocins in the gastrointestinal tract
has been examined by passing purified pediocin PA-1
through an artificial system mimicking the human stomach
and small intestine [85]. Pediocin PA-1 retained some acti-
vity after 90 minutes in the artificial gastric conditions, while
all activity was lost once the sample was in the duodenal com-
partment. It was suggested that pancreatin in the duodenum
was responsible for the ultimate cleavage of the pediocin
PA-1, while a combination of pepsin and low pH may be
responsible for the decrease in activity observed in the gastric
chamber. This is in agreement with in vivo results, as pedio-
cin PA-1 fed to rats was not detected in their fecal samples
[77]. Despite this, the intragastric administration of pediocin
PA-1 has been proven effective for decreasing the load of
L. monocytogenes in a mouse model [40]. Furthermore,
enca-psulation may preserve bacteriocin potency in the
gastrointestinal tract, although this has not been reported for
class IIa bacteriocins as of yet. However, encapsulating the
lantibiotic nisin in liposomes has shown some success [86–
88].

The intragastric administration of pediocin PA-1 to mice
infected with L. monocytogenes has been examined [40].
Treatment with 250 μg of pediocin PA-1 a day for three
consecutive days resulted in a 2-log reduction in fecal listerial
counts. L. monocytogenes generally crosses the epithelial
barrier once it enters the small intestine and then spreads
to the liver, spleen, and central nervous system [25]. This
bacteriocin treatment was found to decrease the amount of
L. monocytogenes reaching the liver and spleen [40].

4.1. Toxicity. An advantage that bacteriocins hold over some
other antimicrobial therapies is their composition. These
peptides can be easily broken down to simple nontoxic
amino acids that are metabolized, although this also means
that they may not be as long-lasting compared to antibiotics.
However, information regarding the in vitro cytotoxicity of
class IIa bacteriocins is relatively limited. The cytotoxicity of
pediocin PA-1 was tested against simian virus 40-transfected
human colon cells and Vero monkey kidney cells [111]. At
the levels tested, pediocin PA-1 did show cytotoxic effects
on both cell lines, with a bacteriocin dose of 700 AU/mL
(likely around 10–20 mg/mL) causing a decrease of greater
than 50% on the viable cell counts. Lower dosages also
affected the viable cell count, although this was not as
dramatic. However, combinations of carnobacteriocins BM1
and B2 at concentrations 100-fold higher than required
for antimicrobial activity displayed no significant cytotoxic
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effects to the human gastrointestinal Caco-2 cell line [112].
The means of bacteriocin production and purification must
also be considered with respect to potential toxic effects.
Although this paper focuses on the administration of
purified bacteriocin only, there still may be the possibility of
toxic contaminants retained in the bacteriocin sample, which
could confuse any toxicity results obtained.

Based on the differing results obtained from these two
in vitro studies, further work must be done to carefully
examine what amounts of class IIa bacteriocins can be used
safely without cytotoxic effects. However, it is promising that
mouse and rabbit models did not show detrimental effects
from bacteriocin introduction [40, 79, 80].

4.2. Resistance Mechanisms. As with all therapeutic antibi-
otics, the development of resistance to class IIa bacteriocins
in pathogenic bacteria is a critical issue to consider. This
topic has been the subject of a recent review by Kaur et
al. [113]. Much evidence has shown that the sensitivity
of a bacterial strain to class IIa bacteriocins is dependent
on the presence of a mannose phosphotransferase (MPT)
transporter system [16, 114–116]. Additionally, there is
evidence that nonclass IIa bacteriocin lactococcin A also
requires MPT as a receptor [17]. Decreased expression levels
of MPT have been implicated in resistance to class IIa
bacteriocins in many strains of L. monocytogenes insensitive
to bacteriocins [114].

Beyond decreased receptor expression, L. monocytogenes
and other susceptible strains have developed other resistance
mechanisms. Multiple mechanisms may be operative at once
contributing to an overall resistant phenotype. Modifications
of the bacterial membrane have been implicated as another
source of bacterial resistance. Alterations of the bacterial
membrane, such that the acyl chains of phosphotidylglyc-
erols are shorter and more unsaturated, affect membrane
fluidity and the efficiency of bacteriocin insertion [117, 118].
Several other observed cell surface adaptations have been
implicated in resistance, such as increasing the net positive
charge on the membrane and lysinylation of membrane
phospholipids [119].

Of special concern is the cross-resistance that has been
observed for bacteriocins from different classes. For example,
a strain of L. monocytogenes has shown resistance to nisin,
pediocin PA-1, and leuconocin S, bacteriocins from three
separate classes [120]. Based on this, the prospect of using
multiple bacteriocins to overcome resistant strains may not
be entirely feasible. Like other antibiotics, bacteriocins need
to be used judiciously to minimize the spread of resistant
phenotypes.

5. Conclusions

Class IIa bacteriocins are antagonistic to many important
human pathogens. These bacteriocins have the ability to
target a relatively narrow range of bacteria without affecting
much of the natural microbiota of the body, which is an
important advantage, especially when compared to other
antibiotics. Although these bacteriocins do not target as

many pathogens as other antibiotics, they have the potential
to perform a very specific role. Having another tool to
combat infections is especially important with consideration
of the ever-growing problem of antibiotic resistance.

Although relatively little has been published about the
actual in vivo use of class IIa bacteriocins to control bacter-
ial infections, what is known is promising. Preliminary ex-
periments have shown these bacteriocins to be effective at
fighting L. monocytogenes infections in mouse models.

Now, more is known about the mode of action of bac-
teriocins, and attempts at engineering bacteriocins with
greater potency and stability have been successful. Compared
to some other classes of bacteriocins, class IIa bacteriocins are
especially suitable for facile recombinant production and the
preparation of analogues. Improved fermentation conditions
in combination with scalable efficient purifications are now
known, allowing for the industrial-scale production of pure
bacteriocin. The recombinant production of class IIa bacte-
riocins as a variety of fusion proteins in E. coli has also been
successful, allowing for the production of even greater
amounts of bacteriocin.

The application of class IIa bacteriocins as therapeutic
agents is a rapidly developing area, and there is still much
to investigate. In particular, determination of their efficacy
against pathogens other than L. monocytogenes is open for ex-
ploration and would further reveal their potential for thera-
peutic use. In addition, it would be informative to test these
bacteriocins against a wider range of targets beyond Gram-
positive bacteria, as they have displayed unexpected activity.

The methodology is now in place to produce and purify
large amounts of class IIa bacteriocins. The preliminary
characterization that has been done reveals that this class of
bacteriocins possesses several desirable and useful properties
as in vivo antimicrobial agents. What remains now is to use
that knowledge to fully explore the suitability of these pep-
tides as in vivo antibiotics.
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