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Abstract
Antibiotic-resistant Staphylococcus aureus is beginning to pose a social issue. Thus, there is an urgent need
for the development of effective anti-staphylococcal agents to eradicate antibiotic-resistant S. aureus in food systems and to treat the pathogen in clinical areas. To address this need, lactic acid bacteria (LAB) from kimchi
were screened for the production of anti-staphylococcal bacteriocin. From this screening, a bacteriocin generated
by the MK3 strain, which was identified by 16S rRNA gene sequence analysis as Enterococcus faecium, demonstrated antimicrobial activity against an S. aureus strain, and was designated enterocin MK3. Enterocin MK3 also
demonstrated activity against other gram-positive bacteria, including several LAB and Listeria monocytogenes,
but not gram-negative Escherichia coli. The molecular mass of enterocin MK3 was estimated as approximately
6.5 kDa on an SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) gel.
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INTRODUCTION
Staphylococcus aureus is a clinically important pathogen and has been identified as a food-borne pathogen
that generates a heat-stable toxin (1). S. aureus has been
previously associated with a variety of fatal diseases, including bacteremia, endocarditis, metastatic infection,
sepsis, and toxic shock syndrome (2). Furthermore, methicillin-resistant S. aureus (MRSA) has been frequently
detected in clinical areas (3) and can be spread from
hospitals. Thus, there is a clear need for the development
of alternative antimicrobial agents against S. aureus.
Bacteriocins are ribosomally-synthesized antimicrobial
peptides produced and exported by both gram-positive
and gram-negative bacteria (4). In particular, bacteriocins from lactic acid bacteria (LAB) have been the focus of many studies, owing to their broad antimicrobial
spectra and their general safety (5). The bacteriocins
generated by LAB have been principally categorized into
two major classes: Class I, called lantibiotics, contain
post-translational modifications to form 2,3-dehydroalanine and 2,3-dehydrobutyrine, and Class II, which are
small, heat-stable, and unmodified. Class II bacteriocins
are grouped into four subclasses, in which Class IIa, pediocin-like bacteriocin, is the most abundant group (6).
An increasing number of basic and clinical studies
have been conducted (4,7-9) to develop alternative
LAB-derived bacteriocins into antimicrobial agents effective against antibiotic-resistant bacterial pathogens
such as MRSA, VISA (vancomycin-insensitive S. aur†
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eus), and VRE (vancomycin-resistant enterococci). In
this study, we screened a bacteriocin-producing enterococcal strain that demonstrated antimicrobial activity
against S. aureus. We analyzed the antimicrobial spectrum, action mode, and molecular mass of the bacteriocin
to obtain preliminary information.

MATERIALS AND METHODS
Bacterial strains and culture conditions
All the bacteria used as indicators including
Escherichia coli DH5α, Lactobacillus bulgaricus CH2,
Lactobacillus plantarum KFRI 812, Lactococcus lactis
MG 1363, Leuconostoc mesenteroides KFRI 820,
Listeria monocytogenes KCTC 3569, Pediococcus acidilactici K10, and S. aureus ATCC 14458 have been stored as stock cultures in our laboratory. ATCC, KCTC,
and KFRI strains were previously purchased from
American Type Culture Collection, Korean Collection
for Type Cultures, and Korea Food Research Institute,
respectively. Particularly, S. aureus ATCC 14458 was
isolated from feces of a child with acute, non-specific diarrhea (http://www.atcc.org/ATCCAdvancedCatalogSearch/
ProductDetails/tabid/452/Default.aspx) and used as a target bacterium for this study.
LAB, Lis. monocytogenes, and S. aureus were cultivated in MRS broth (Merck, Darmstadt, Germany) at
o
37 C without agitation, and E. coli was grown in LB
(Luria-Bertani) broth (10 g/L tryptone, 10 g/L NaCl, and
o
5 g/L yeast extract, pH 7.0) at 37 C with vigorous
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shaking.
Bacteriocin production assay
Bacteriocin production was analyzed via a deferred
antagonism assay (10) for cells, and spot on the lawn
test (11) for culture supernatants. Specifically, 1 μL of
overnight culture (～109 CFU/mL) was spotted on an
MRS agar plate and incubated for 12 hr at 37oC. Soft
agar (0.7%, w/v) inoculated with S. aureus was poured
onto the plate and incubated for an additional 12 hr at
37oC, and the inhibition zone was evaluated (deferred
antagonism assay). In the spot on the lawn test, the pH
of an overnight culture was neutralized, and the culture
was centrifuged and filtered with a 0.2 μm syringe filter
(Millipore Co., Billerica, MA, USA). The filtrate (2 μL)
was loaded onto a plate overlaid with soft agar inoculated with S. aureus, and incubated for 12 hr at 37oC,
after which the inhibition zone was examined.
Identification of bacteriocin-producing strain
The 16S rRNA gene sequence of the strain was used
for identification. The bacteriocin-generated strain was
cultured in MRS broth and sent to a biotech company
(Macrogen Co., Seoul, Korea) for the analysis of the
16S rRNA gene sequence. The DNA sequence homology
search was conducted using the BLAST (Basic Local
Alignment Search Tool) program (blastn) from the
National Center for Biotechnology Information (NCBI;
http://www.ncbi.nlm.nih.gov/).
Preparation of crude bacteriocin
Overnight culture (200 mL) of the bacteriocin-producing strain was centrifuged for 30 min at 8,000 rpm, and
the culture supernatant was filtered through 0.2 μm
membrane filters (Millipore Co.). Ammonium sulfate
(Sigma-Aldrich Co., St. Louis, MO, USA) was added
to the supernatant and stirred until a 50% saturation rate
was reached. The mixture was centrifuged for 1 hr at
12,000 rpm and the precipitate was resolved with ultra®
®
pure water and dialyzed with Spectra/Por DispoDialyzer
(MWCO 1,000; Spectrum Co., Rancho Dominguez, CA,
USA) against ultrapure water. The dialysate was freezeo
dried and stored at -75 C until use.
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bacteriocin was added to the inoculum. The inoculum
o
was then incubated for 6 hr at 37 C. Every 2 hr, the
viable cell count of S. aureus in the inoculum was analyzed and compared with a control sample into which
only S. aureus was inoculated.
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide
gel electrophoresis) and bioassay
The molecular mass of the bacteriocin was estimated
via SDS-PAGE using 12% tris-glycine gel. The gel was
®
assembled in a Mini-PROTEAN Tetra Cell electrophoresis unit (Bio-Rad Co.), running buffer (25 mM tris,
192 mM glycine, 0.1% SDS, pH 8.3) was poured into
the buffer tank, and the samples were loaded onto wells.
The unit was run for 60 min at 150 V and the gel was
fixed for 30 min in a fixation solution [40% (v/v) MeOH,
10% (v/v) acetic acid]. The fixed gel was stained with
Bio-Safe™ Coomassie (Bio-Rad Co.) and washed with
ultrapure water, and the protein bands were evaluated.
A bioassay was also conducted to confirm the bacteriocin band. Half of the gel run in the same unit was
washed with ultrapure water to eradicate SDS and loaded
onto an MRS agar plate. Soft agar (0.7%, w/v) inoculated with S. aureus was overlaid on the plate. The
o
plate was incubated for 12 hr at 37 C and the inhibition
zone was examined.

RESULTS AND DISCUSSION
From the screening for bacteriocin-producing LAB
against S. aureus ATCC 14458, the MK3 strain, which
was previously isolated from kimchi, was selected (Fig.
1). As anticipated, the strain cells inhibited several
gram-positive bacteria, including other LAB such as L.
lactis MG 1363, L. plantarum KFRI 812, L. bulgaricus
CH2, P. acidilactici K10, and Leu. mesenteroides KFRI
820 and food-borne pathogens such as Lis. monocytogenes KCTC 3569 as well as S. aureus, but not
gram-negative E. coli DH5α. However, the pH-neutralA

B

Bacteriocin activity and total protein concentration
The bacteriocin activity, expressed as arbitrary units
(AU)/mL, was defined as the reciprocal of the highest
two-fold dilution generating an inhibition zone (12). The
concentration of crude bacteriocin protein was analyzed
using a Bio-Rad protein assay kit (Hercules, CA, USA).
Action mode of the bacteriocin
Overnight culture of S. aureus was inoculated into 5
mL of 10-fold diluted MRS broth, and 400 AU of the

Fig. 1. Anti-staphylococcal activities of cells (A) and the culture supernatant (B) of MK3 strain. A, deferred antagonism
assay; B, spot on the lawn test.
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ized culture supernatant did not inhibit L. plantarum and
Leu. mesenteroides. In general, the bacteriocins generated by LAB do not inhibit gram-negative bacteria
such as E. coli and Salmonella sp. The majority of the
bacteriocins can inhibit strains closely related to the producers (11,13,14).
The MK3 strain was identified by 16S rRNA gene
sequence homology search. The MK3 sequence best
matched (99% identity) that of an Enterococcus faecium
strain (GenBank accession number, EU003447.1) and
thus the strain was designated E. faecium MK3. The bacteriocin generated by E. faecium MK3 was designated
enterocin MK3. The enterococci are the predominant
LAB in human and animal intestines (6). These bacteria
have often been detected in fermented foods, such as
kimchi and cheese (13,15). The enterococcal species producing bacteriocins were primarily identified as E. faecium and E. faecalis. These bacteriocins belonged to either Class I or Class II. The molecular masses of the
bacteriocins ranged from 2,032 to 7,998 Da (6). In particular, bacteriocin AS-48, a 70-residue cyclic peptide
generated by E. faecalis, evidenced bactericidal activity
against some gram-negative as well as gram-positive
bacteria, thereby indicating that this bacteriocin might
be a promising candidate for a biopreservative or a
next-generation antimicrobial agent (16).
The molecular mass of enterocin MK3 was estimated
to be 6.5 kDa on the basis of the SDS-PAGE gel staining
and bioassay described in the Materials and Methods
(Fig. 2). We observed that a protein band at 6.5 kDa
became correspondingly thicker as the concentration of
the crude bacteriocin increased (Fig. 2A) and inhibition
zones corresponding to the protein bands (lane 1～3)
were shown in the bioassay (Fig. 2B), which indicate
the protein bands represent enterocin MK3. We also attempted to obtain more detailed information, such as the
accurate molecular mass and peptide fingerprint of enterocin MK3 via MALDI-TOF (matrix assisted laser desorption ionization-time of flight) mass spectrometry using gel-eluted bacteriocin peptides, however, we were
unable to obtain accurate data due to protein contamination (data not shown).
Finally, we tested the action mode of enterocin MK3
against S. aureus (Fig. 3). From this test, the viable cell
count of S. aureus was shown to decrease dramatically
when it was cultured with 400 AU of crude enterocin
MK3. In detail, the viable cell count was 7.3 log
CFU/mL at time point 0, and changed to 5.7 log
CFU/mL after 6 hr, whereas the count reached 8.4 log
CFU/mL in the control into which only S. aureus was
inoculated. This result shows that enterocin MK3 evi-
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Fig. 2. Staining (A) and bioassay (B) after sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of
crude enterocin MK3. A, The gel stained with Bio-Safe™
Coomassie (Bio-Rad Co.). M, Polypeptide SDS-PAGE MW
standards (Bio-Rad Co.); lane 1, 250 ng; lane 2, 500 ng; lane
3, 750 ng; lane 4, 1 μg; lane 5, 2 μg; lane 6, 3 μg loading
of crude enterocin MK3. B, Staphylococcus aureus strain was
used as the indicator in the bioassay. Lane 1, 250 ng; lane
2, 500 ng; lane 3, 750 ng loading of crude enterocin MK3.
Viable cell count of S. aureus
8.5
8
Log CFU/mL .

76

7.5
7
6.5
6

S.aureus
aureus
S.
S.aureus
aureus+400
AU
S.
+ 400 AU

5.5
5
0

2

4

6

Time (hr)

Fig. 3. Action mode of enterocin MK3 against Staphylococcus
aureus. S. aureus means only S. aureus was inoculated in
10-fold diluted MRS broth; S. aureus+400 AU means S. aureus was inoculated with 400 AU (arbitrary unit) of crude enterocin MK3.

dences a bactericidal action mode against S. aureus,
which is a good characteristic for the effective inhibition
of the pathogen.
In the mechanistic model experiments, bacteriocins
function at the cell membranes of target cells, forming
pores, destroying membrane potentials, and introducing
the cells to death (17). The Class IIa bacteriocins consist
of highly conserved N- and C-termini (18), where the
N-terminal regions are hydrophilic and charged for the
binding of the target cell membrane and the C-terminal
regions are hydrophobic and/or amphiphilic for the in-
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tegration of cell membrane lipids.
In order to confirm whether or not E. faecium MK3
harbors a plasmid, a plasmid preparation method (19)
was used. According to the results, E. faecium MK3 harbored no plasmids (data not shown), thereby indicating
that the structural genes for enterocin MK3 production
reside within the chromosome. The absence of plasmids
in E. faecium MK3 is promising in terms of safety, since
plasmids harboring antibiotic-resistance genes could be
transferred into pathogenic bacteria, thereby resulting in
the occurrence of antibiotic-resistant pathogens (20). In
general, enterococci tend to contain plasmids that harbor
antibiotic-resistance genes, and thus the enterococci have
been reluctantly used for commercial purposes only because of safety concerns, even though they are members
of the LAB. In accordance with the results of this study,
we have selected a bacteriocin-producing E. faecium
strain, and this bacteriocin efficiently inhibited S. aureus
with a bactericidal action mode.
Antibiotic-resistant S. aureus is expected to become
widely prevalent in foods as well as clinical areas. Thus,
there is an urgent need to develop effective antimicrobial
agents that can effectively control S. aureus. In this regard, bacteriocins from LAB might be considered promising alternative candidates for antibiotics, and could
eventually be used as food biopreservatives or therapeutic agents. In the future, the amino acid sequence
of enterocin MK3 and the structural genes for bacteriocin
production will be analyzed for mass production and further studies.
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