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Enterococci are among the most common human intestinal lactic acid bacteria, and they are known to
produce bacteriocins. In this study, fecal enterococci were isolated from infants and screened for bacteriocin
production. Bacteriocin-producing Enterococcus avium isolates were obtained, and a new pediocin-like bacte-
riocin was purified and characterized. This bacteriocin, termed avicin A, was found to be produced by isolates
from two healthy infants. It was purified to homogeneity from culture supernatant by ion-exchange and
reversed-phase chromatography, and part of its amino acid sequence was obtained. The sequence of a 7-kb
DNA fragment of a bacteriocin locus was determined by PCR and DNA sequencing. The bacteriocin locus was
organized into four operon-like structures consisting of (i) the structural genes encoding avicin A and its
immunity protein, (ii) a divergicin-like bacteriocin (avicin B) gene, (iii) an ABC bacteriocin transporter gene
and two regulatory genes (histamine protein kinase- and response regulator-encoding genes), and (iv) induc-
tion peptide pheromone- and transport accessory protein-encoding genes. It was shown that the production of
avicin A was regulated by the peptide pheromone-inducible regulatory system. Avicin A shows very high levels
of similarity to mundticin KS and enterocin CRL35. This bacteriocin showed strong antimicrobial activity
against many species of Gram-positive bacteria, including the food-borne pathogen Listeria monocytogenes. The
avicin A locus is the first bacteriocin locus identified in E. avium to be characterized at the molecular level.

Bacteriocins are ribosomally synthesized antimicrobial pep-
tides and proteins. Production of these compounds is wide-
spread in Gram-negative and Gram-positive bacteria (23).
Bacteriocins produced by lactic acid bacteria (LAB) have re-
cently been classified into two major categories: the lantibiotics
or lanthionine-containing bacteriocins (class I) and the non-
lanthionine-containing bacteriocins (class II) (5). According to
this classification, the former class III bacteriocins (large heat-
labile bacteriocins) were considered nonbacteriocins and
hence designated bacteriolysins. The class II bacteriocins are
further subdivided into four subclasses: subclass Ila (pediocin-
like bacteriocins), subclass IIb (two-peptide bacteriocins), sub-
class Ilc (cyclic bacteriocins), and subclass IId (nonpediocin
linear peptide bacteriocins). Class II bacteriocins are most
commonly found in enterococci. The subclass Ila bacteriocins
are known for their strong antilisterial activity, and they are
distinguished by their N-terminal conserved YYGNG motif
and two covalently S-S-linked cysteines separated by four amino
acid residues (11).

The production of subclass Ila bacteriocins usually requires
four genes: a bacteriocin gene (which encodes the bacteriocin
precursor), an immunity gene (which protects the producer
from its bacteriocin), and the ABC transporter and transport
accessory genes (31, 44). Bacteriocins are synthesized as bio-
logically inactive prepeptides (precursors) containing an N-
terminal leader peptide that is cleaved off during maturation

* Corresponding author. Mailing address: Laboratory of Microbial
Gene Technology and Food Microbiology, Department of Chemistry,
Biotechnology and Food Science, Norwegian University of Life Sci-
ences, N1432 As, Norway. Phone: 47 64965878. Fax: 47 64941465.
E-mail: ingolf.nes@umb.no.

¥ Published ahead of print on 20 November 2009.

483

and exported (23, 31) by a dedicated ABC transporter. The
biosynthesis of subclass IIa bacteriocins is frequently regulated
by a quorum-sensing regulatory mechanism that consists of a
peptide pheromone (inducing peptide) that acts as a signal in
a phosphorylation reaction with the receptor histidine protein
kinase; this is followed by phosphorylation of the response
regulator to activate gene expression in the various operons
required for bacteriocin production (32).

Bacteriocins have a narrow spectrum of antimicrobial activ-
ity, killing only strains of the same species or closely related
species (26, 27), but they can be very potent and are able to kill
other bacteria at nanomolar concentrations. Most bacteriocin-
producing LAB have been isolated from foods, and very few
bacteriocin producers have been isolated from humans so far
(14). It has been proposed that bacteriocins can be used not
only in food preservation but also in medicine as selective
antimicrobials to inhibit pathogens without affecting the nor-
mal flora (17). Bacteriocin production is considered a probiotic
feature, and it has convincingly been shown that bacteriocin-
producing LAB can effectively inhibit the growth of and kill
listeriae in mice (4). Thus, identification and characterization of
bacteriocin-producing LAB of human origin are needed in order
to develop probiotic bacteria with diverse antimicrobial potential.
In line with this goal, we aimed at isolating bacteriocin-producing
LAB from healthy human infants. In two independent screenings
for bacteriocin-producing LAB in fecal samples from healthy
infants, a new bacteriocin from Enterococcus avium was purified
and characterized at the molecular and genetic levels.

MATERIALS AND METHODS

Isolation and identification of bacteriocin-producing strains. In order to
screen for bacteriocin-producing LAB, we isolated LAB from feces of 13 healthy
Norwegian infants in 2005 and 20 Ethiopian infants in 2007. Bacteriocin-pro-
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Description® Source or reference”
Strains
Carnobacterium divergens NCDO 2763 Sensitive to avicin A NCDO
Carnobacterium divergens NCDO 2306 Sensitive to avicin A NCDO
Carnobacterium piscicola NCDO 2762" Sensitive to avicin A NCDO
Carnobacterium piscicola NCDO 2764 Sensitive to avicin A NCDO
Carnobacterium piscicola UI 49 Bacteriocin producer 45
Escherichia coli DH5a &80dlacZAMIS recAl endAl gyrA96 thi-1 hsdRI17(r~ my™") Promega
supE44 relA1 deoR A(lacZYA-argF)U169
Enterococcus avium 208 Avicin A producer, Norwegian infant isolate This study
Enterococcus avium GM62 Sensitive to avicin A This study
Enterococcus avium UA62 Sensitive to avicin A This study
Enterococcus avium UMS83 Sensitive to avicin A This study
Enterococcus avium XA83 Avicin A producer, Ethiopian infant isolate This study
Enterococcus faecalis 185 Infant isolate, sensitive to avicin A This study
Enterococcus faecalis LMGT 2708RA Pediocin-resistant mutant of E. faecalis EF BRIDGE (B) LMGT
Enterococcus faecium P21 LMGT
Enterococcus maldoratus XM83 Infant isolate, sensitive to avicin A This study
Enterococcus faecalis EF BRIDGE (B) Indicator sensitive to avicin A LMGT
Lactobacillus fermentum KLD LMGT
Lactobacillus plantarum 965 LMGT
Lactobacillus rhamnosus 205 Infant isolate, sensitive to avicin A This study
Lactobacillus sakei NCDO 2714 Indicator sensitive to avicin A NCDO
Lactobacillus sakei 5 Bacteriocin producer V. Eijsink
Lactococcus lactis 1L 1403 Host for transformation, contains lcnC and lcnD analogues 49
Lactococcus lactis CM4
Leuconostoc gelidum Ta 11a LMGT
Listeria innocua BL86/26 B Sensitive to avicin A LMGT
Pediococcus acidilactici Pediocin producer LMGT
Pediococcus pentosaceus NCDO 559 NCDO
Plasmids
pBluescript KS 3.0-kb cloning vector, alacZ, Ap* Stratagene
pMG36e 3.7-kb lactococcal expression vector, Em" 47
pMG36eDV pMG36e containing divergicin-like ORF, avcB This study
pCR2.1-TOPO 3.9-kb cloning vector, Ap* Invitrogen

“ Ap', ampicillin resistant; Em", erythromycin resistant.

® NCDO, National Collection of Dairy Organisms (Reading, United Kingdom); LMGT, Laboratory of Microbial Gene Technology, Norwegian University of Life

Sciences.

ducing strains were obtained from fecal samples from one Norwegian infant and
one Ethiopian infant. The strains were isolated on reinforced clostridial medium
or de Man-Rogosa-Sharpe medium (MRS) after fecal samples were diluted. The
species was identified by using 16S rRNA gene sequencing and BLAST analysis.

Bacterial strains, plasmids, and culture conditions. Strains and plasmids used
in this study are shown in Table 1. Solid media and soft agar were prepared with
1.5% and 0.7% agar, respectively. All strains were maintained as frozen stocks at
—80°C in 13% glycerol. Enterococcus species were grown in GM17 or MRS at
37°C. Lactobacillus, Pediococcus, Leuconostoc, and Carnobacterium species were
grown in MRS at 25°C or 30°C. Lactococcus species were grown in GM17 or
MRS at 30°C. Escherichia coli was grown in Luria-Bertani (LB) medium at 37°C.
Listeria species were grown in GM17 at 37°C.

Bacteriocin antimicrobial activity assay. Antimicrobial activity was detected
by using a deferred antagonism assay (41). The isolated bacteria were spotted
onto MRS agar plates and incubated for 16 h at 37°C. The colonies were overlaid
with an overnight culture (diluted 400-fold) of the indicator strain (Table 1).
After overnight incubation, the formation of growth inhibition zones around the
colonies was used as an indication of antimicrobial activity. To investigate
whether the antimicrobial activity observed was caused by a proteinaceous com-
pound, the sensitivity to proteinase K was tested. Only proteinase K-sensitive
activities were used in further studies.

Quantitative determination of the antimicrobial activity of the bacteriocin in
cell-free culture supernatant (CFS) was performed by using a microtiter assay
system (21). A twofold serial dilution (in MRS) of 100 wl CFS (with the pH
adjusted to about 7) was prepared in a microtiter plate well containing 50 pl
MRS to which 150 pl of a diluted (400-fold in MRS) overnight culture of the
indicator strain Lactobacillus sakei NCDO 2714 was added. The plate was incu-
bated for 16 h, after which growth inhibition was measured turbidometrically at

620 nm with a microtiter plate reader (Labsystems iEMS reader MF; Lab-
systems, Helsinki, Finland). One bacteriocin unit was defined as the amount of
bacteriocin that inhibited the growth of the NCDO 2714 indicator strain by 50%.
Likewise, the MICs of the purified bacteriocin for sensitive strains were deter-
mined by using a microtiter assay. Purified bacteriocin was used to determine the
molar MICs for the individual indicator strains tested.

Bacteriocin induction assay. Quorum-sensing-dependent regulation of bacte-
riocin production was tested by using a slight modification of a previously de-
scribed method (7). In order to obtain non-bacteriocin-producing E. avium
XAS83 (bac™ phenotype) from the bacteriocin-producing culture (bac™ pheno-
type), this culture was serially diluted in MRS and grown overnight, and a bac™
culture was obtained with the highest dilutions. In order to induce bacteriocin
production, 50 pl of CFS from a bacteriocin-producing overnight culture was
added to 5 ml of a bac™ strain-inoculated culture in MRS broth and incubated
overnight. Also, the inducing peptide AvcP, which was synthesized and purified
(>95% pure) by EZBiolab (United States), was used in induction experiments.

Purification of bacteriocin. The supernatant from a 500-ml overnight culture
(21 h at 37°C in MRS) of E. avium XA83 was collected. Ammonium sulfate (40
g per 100 ml) was added to the supernatant, which was then agitated for 30 min
at 4°C. The bacteriocin was precipitated from the supernatant by centrifugation
(14,000 rpm for 30 min at 4°C) and dissolved in 50 ml sterile distilled water, and
the pH was adjusted to 3.5 with 1 M HCI.

The preparation was then passed through a 5-ml SP Sepharose Fast Flow
column (GE Healthcare Biosciences, Uppsala, Sweden) equilibrated with 10 mM
acetic acid. The column was washed twice with 20 ml of 20 mM sodium phos-
phate (pH 6.8). The column was eluted with a stepwise gradient consisting of 10
ml of 0.1 NaCl (two runs), 10 ml of 0.3 NaCl (two runs), and 10 ml of 1 M NaCl
(two runs) at a flow rate of 1 ml per min. All fractions except the second 10-ml



VoL. 76, 2010 NOVEL BACTERIOCIN LOCUS IN E. AVIUM 485
T 60
T 55
T 50
S
1. E
T4 =
(=]
1
’ R
[o\]
T+ 40 X
T 35
30
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Fractions
x104 4289.155
z .
< 10 B
w
el
k)
0.8
0.6
0.4
0.2
.-JLJIJ . o J“ ) u
0.0 ' .
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
m/z

FIG. 1. (A) Results of second reversed-phase chromatography of avicin A. Elution was performed by using a 30-CV linear gradient of 0 to

100% 2-propanol containing 0.1% TFA. Solid line, absorbance at 280 nm; d

ashed line, isopropanol gradient; bars, bacteriocin units (BU) in eluted

active fractions. A sample for mass spectroscopy analysis was obtained from fraction 9. (B) Mass spectrometry analysis of avicin A obtained from
the second reversed-phase chromatography. Intens., intensity; a.u., arbitrary units.

0.1 M NaCl fraction contained bacteriocin activity, and the most activity was
found in the first 10-ml 0.3 M NaCl eluate. Subsequent purification was per-
formed by using reversed-phase chromatography with an Akta Purifier fast
protein liquid chromatography system. The most active fraction (0.3 M eluate)
from the ion-exchange chromatography step was applied to a reversed-phase
column (Resource I; Pharmacia Biotechnology) equilibrated with 0.1% triflu-
oroacetic acid (TFA) in water. Elution was performed by using a 30-column
volume (CV) linear gradient from 0 to 100% 2-propanol containing 0.1% TFA,
and 2-ml fractions were collected. The two fractions with the most activity
(fractions 9 and 10) were combined and diluted in sterile water (final volume, 20
ml), and then they were applied to a Source SRPC ST 4.6/415 column (Phar-
macia Biotechnology) and eluted with a 5-CV linear gradient as described above
in 1-ml fractions (Fig. 1A). The fractions were assayed for antimicrobial activity,

and the two most active fractions (fractions 8 and 9) coincided with the single
peak of absorbance at 280 nm (Fig. 1A) and were stored at —20°C until further
analysis.

Mass spectrometry and N-terminal amino acid sequencing. The molecular
weight of the purified bacteriocin was determined by mass spectrometry as
previously described (6). Briefly, a bacteriocin sample (fraction 9 [Fig. 1A]) was
mixed 1:1 with a saturated solution of a-cyano-4-hydroxycinnamic acid in 0.1%
TFA-acetonitrile (2:1) and deposited on a ground steel matrix-assisted laser
desorption ionization target. Mass spectra were recorded in reflection mode with
an Ultraflex TOF/TOF (Daltonics), using a pulsed ion extraction setting of 40 ns
and an acceleration voltage of 25 kV. The spectra displayed the accumulated
signals of 200 laser shots with the laser power adjusted to just above the threshold
level. A peptide mass similarity search was done at ExXPASy with the Tagldent
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Sequence (5'-3")
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NCBI (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). A similarity search was done
by using blastn and/or blastx at NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Cloning of the divergicin-like ORF. Primers aviB-F1 and aviB-R1 (Table 2)

. AACTGCTTTAATTGTGGCTAA
..GGAGTGTGTTGATATGACAAG
GCTTTGCGAAATGATGGAGT
TGCGACATTTAATATGAAGAG

AGCATGACGAAAAGGATTGC
GTATTAACAGCAGTCCCAGACG
..CCCAATAATCCCAAATCCTG
..AGCAAACGAGGAACAGATGG
..TTCCCAGAACCACTCATACC
GAACTAGCGCAAATAAGGGAG
CATGATAGGAAGTGAGTCTGTG
..GTTGCTTGGGTTAAAAGCTG
TTACAGTTAATCCCGTTTGCTC
GATGTGATTAATATGGATGAGG

TAGAGAAATGCAACCCTTCAG
GTAATACGACTCACTATAGGG
..CAGGAAACAGCTATGAC
..ACNTAYTAYGGNAAYGGNGT
..GCNCCNCCNGTNGCNARRTTNGC
TGACTGGGGAAAGCCATCAG
GGCTTTGCCCCAGTCACCTGA

aviB-F17.............. TGGTGGTCTAGATAGTGCGACATTTAATATGA
AGAGC
aviB-R1“ ............ TGGTGGCTGCAGCTAACCAAAACACCCACCTG

“ Primers used for cloning, not for primer walking. Underlining indicates Xbal
and Pstl restriction sites; bold type indicates sequences complementary to the
template DNA.

tool (http://au.expasy.org/tools/tagident). The N-terminal amino acid sequence
of the peptide (bacteriocin) was determined by Edman degradation as previously
described (21).

General molecular techniques. Genomic DNA was isolated from LAB strains
by the cetyltrimethylammonium bromide method (1), with some modifications,
and was purified using a QIAquick PCR purification kit (Qiagen, Germany).
Plasmid DNA was isolated from E. coli and Lactococcus lactis using a Qiagen
plasmid miniprep kit (Qiagen, Germany). All enzymes used for DNA manipu-
lation were purchased from New England Biolabs and were used according to
the manufacturer’s instructions. Primers were synthesized by Thermo Scientific
(Germany). PCR products and DNA digests were purified with a QIAquick PCR
product purification kit. PCR products were purified from an agarose gel using
a Wizard SV gel and the PCR Clean-Up system (Promega, United States).

PCR and sequencing. Genomic DNA of the bacteriocin producers XA83 and
208 were digested with Dral, Rsal, Clal, EcoRV, HindIII, and Spel, and purified
fragments were ligated into plasmid pCR2.1-TOPO digested with Dral and Rsal
and plasmid pBluescript KS digested with Clal, EcoRV, HindIII and Spel,
respectively. Each ligation product in pCR2.1-TOPO was used as a PCR tem-
plate to amplify part of the bacteriocin gene (113 bp) by using the degenerate
primers AvFwr and AvRev (Table 2) deduced from the N-terminal peptide
sequence. The PCR product was cloned into the vector pCR2.1-TOPO and
sequenced with the T7 universal primer. T7 and new primers that were designed
based on the sequence were used to amplify and sequence flanking regions of the
bacteriocin gene using ligation products in pBluescript KS as PCR templates.
This procedure was repeated until the bacteriocin locus was completely se-
quenced. Primers used in this study are listed in Table 2. Cycle sequencing was
done by using a BigDye Terminator v3.1 cycle sequencing kit (Applied Biosys-
tems, United States), and the PCR products were sequenced by using the ABI
Prism 377 DNA sequencing system (Applied Biosystems, United States). Contigs
were assembled by using the BioEdit software, version 7.0.0. The integrity of the
contigs was confirmed by performing PCR with genomic DNA and sequencing
the products. Both strands were sequenced to make sure that the whole sequence
was error-free. Open reading frames (ORFs) were identified by ORF finder at

containing Xbal and PstI restriction sites were designed for the regions flanking
the two ends of the divergicin-like ORF (avcB) to amplify a 309-bp product from
genomic DNA. The PCR product was cloned in plasmid pMG36e using standard
protocols (43). The recombinant plasmid was used to transform competent E.
coli DH5a prepared by the CaCl, method (43) and grown on LB plates contain-
ing 200 pg/ml erythromycin. The plasmid extracted from positive transformants
was digested with Xbal and PstI to check for the presence of the insert. The
presence and integrity of the insert were confirmed by PCR and sequencing.
pMG36e with the correct aveB sequence was designated pMG36eDV.
pMG36eDV was electroporated into competent L. lactis IL 1403 (19, 20), and
the transformation mixture was grown on SR medium containing 1 pg/ml eryth-
romycin. pMG36eDV was extracted from positive transformants after they were
lysed as described below. Cells were pelleted by centrifugation, washed with 0.5
ml TES buffer (10 mM Tris-HCI [pH 8], 100 mM NaCl, 1 mM EDTA; pH 8),
resuspended in 250 pl GTE buffer (50 mM glucose, 25 mM Tris-HCI [pH 8], 10
mM EDTA; pH 8) containing 5 mg/ml lysozyme and 100 pg/ml RNase A, and
incubated at 37°C for 30 min. The presence of the insert in pMG36eDV was
confirmed by PCR. In order to determine if the L. lactis IL 1403 avcB clone
expressed antimicrobial activity, both a CFS and an ammonium sulfate precipi-
tate of a CFS from an overnight culture were tested with strains sensitive to the
E. avium bacteriocin (avicin A) and avicin A-resistant mutants of Enterococcus
faecalis and E. avium.

Nucleotide sequence accession number. The nucleotide sequence obtained in
this study has been deposited in the NCBI database under accession number
FJ851402.

RESULTS

Identification of bacteriocin-producing strains. A total of
103 fecal LAB isolates were obtained from 20 Ethiopian in-
fants, and E. avium isolates were obtained from 3 infants. The
E. avium isolate from one infant produced bacteriocin-like
activity. The 16S rRNA gene sequence of this strain showed
99% sequence identity to the 16S rRNA gene sequence of E.
avium ATCC 14025 (type strain) (36). This isolate of E. avium
(XA83) was selected for further study. Only 1 of 13 Norwegian
infants was found to carry E. avium that produced a bacteriocin
identical to the bacteriocin produced by the E. avium isolate
from Ethiopia (15). Inactivation by protease K treatment sug-
gested that the antimicrobial activity was a due to a protein-
aceous substance.

Purification of avicin A. A supernatant from a 0.5-liter over-
night culture of E. avium XA83 grown in MRS was used for
bacteriocin purification. This supernatant was precipitated
with ammonium sulfate (40%) and subsequently purified by
ion-exchange chromatography, followed by two-step reversed-
phase chromatography (Table 3). The culture supernatant
contained 1,280 bacteriocin units/ml as determined with the
indicator strain L. sakei NCDO 2714. Ammonium sulfate pre-
cipitation resulted in 80% recovery and an approximately 26-
fold increase in the specific activity. The level of recovery by
ion-exchange and reversed-phase chromatography was low
(due to loss of activity to other fractions). The results of the
purification procedure are summarized in Table 3. The specific
activity of the final purified elute from the second reversed-
phase chromatography was about 29,000-fold higher than that
of the culture supernatant (Fig. 1A). The monoisotopic mo-
lecular mass of the purified bacteriocin (termed avicin A) was
determined by mass spectrometry to be 4,288.2 Da (M+1,
4,289.2) (Fig. 1B), which is close to the molecular mass of the
subclass Ila bacteriocin mundticin, whose monoisotopic mo-
lecular mass is 4,285 Da (3). The following sequence was ob-
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TABLE 3. Purification of avicin A

. . Recove Protein concn Antimicrobial activit Sp act (bacteriocin Increase in
Purification step Vol (ml) (%) N (mg/ml)* (bacteriocin units/ml}), ’ un(its/mg) sp act (fold)
Culture supernatant 500 100 19.9 1.3 x 10° 65 1.0
Ammonium sulfate precipitate 50 80 6.06 1.0 x 10* 1,650 26
Ton-exchange chromatography 10 16 0.28 1.0 x 10* 35,700 570
First reversed-phase chromatography 2 26 0.8 8.2 x 10* 1.02 X 10° 1,600
Second reversed-phase chromatography 1 32 0.11 2.05 X 10° 1.86 X 10° 29,000

“ The protein concentration was determined either by determining the optical density at 280 nm or by using the calculated absorbance value for purified avicin A

(from the second reversed-phase chromatography fraction) (1 mg/ml = 3.257).

tained by N-terminal peptide sequencing: TYYGNGVSCNK
KGCSVDWGKAL

Inhibition spectrum of avicin A. Members of several species
of Gram-positive bacteria (Listeria, Enterococcus, Lactobacil-
lus, Leuconostoc, Pediococcus, and Carnobacterium species)
were susceptible to avicin A (Table 4), while the Lactococcus
strains tested were not affected. Based on the MICs, Lactoba-
cillus rhamnosus 205 and Listeria species seem to be the or-
ganisms most sensitive to avicin A, whereas pediococci appear
to be less sensitive (Table 4). The subclass Ila bacteriocin-
resistant strain E. faecalis LMGT 2708RA was also found to be
resistant to avicin A (Table 4), as expected for a subclass Ila
bacteriocin. The antimicrobial spectrum of the avicin A pro-
ducer was also tested with the same indicators using the de-
ferred overlay assay. The results are consistent with the results
obtained using purified avicin A, which indicates that no other
bacteriocins are produced by E. avium XAS83.

Identification of the bacteriocin gene locus. Based on infor-
mation for the N-terminal amino acid sequence, the gene se-

TABLE 4. Inhibition spectrum of avicin A

Strain Inhibition®  MIC (nM)®

Carnobacterium divergens NCDO 2763 + 1.25
Carnobacterium divergens NCDO 2306 + 2.51
Carnobacterium piscicola NCDO 2762" + 0.31
Carnobacterium piscicola NCDO 2764 + 0.31
Enterococcus avium GM62 + 0.63
Enterococcus avium UA62 + 5.02
Enterococcus avium UMS83 + 0.31
Enterococcus faecalis EF BRIDGE (B) + 10.04
Enterococcus faecalis LMGT 2708RA -

Enterococcus maldoratus XM83 + 5.02
Lactobacillus plantarum LMG 2003 -

Lactobacillus rhamnosus 205 + <0.31
Lactobacillus sakei NCDO 2714 + 1.25
Lactobacillus sakei 5 -

Lactococcus lactis 1L 1403 —

Lactococcus lactis CM4 -

Leuconostoc lactis NCDO 533 + 5.02
Leuconostoc mesentereroides NCDO 5297 + 2.51
Leuconostoc gelidum Ta 11a -

Listeria innocua BL86/26 B + <0.31
Listeria monocytogenes 223 serotype 1 + <0.31
Listeria monocytogenes 400 serotype 4 + <0.31
Pediococcus acidilactici NCDO 1851 + 40.16
Pediococcus acidilactici Pacl —

Pediococcus pentosaceus NCDO 814 + 20.08

“ +, inhibition; —, no inhibition. Antimicrobial tests with E. avium XA83 were
performed by using the deferred assay. The MICs were not determined for
insensitive indicators. The MICs varied within +30%.

& MICs of purified avicin A.

quence of avicin A was obtained by performing PCR with
degenerate primers (AvFwr and AvRev) and sequencing the
113-bp PCR product. New primers were designed based on the
nucleotide sequence for further sequencing by primer walking,
and the avicin locus sequence was obtained. Specific fragments
generated by restriction digestion and PCR were sequenced
and assembled into an 8,660-bp contig. Southern blot analysis
showed that the avicin A locus is located on chromosomal
DNA (data not shown).

DNA sequence analysis. DNA sequence analysis of the
8,660-bp contig identified eight putative ORFs, seven of which
are apparently bacteriocin related and localized in a 7-kb locus
on the sequenced fragment. The unrelated ORF is probably
involved in carbohydrate metabolism, as the deduced amino
acid sequence encoded by it showed significant similarity (95%
identity) to an annotated maltose-6’-phosphate glucosidase of
Clostridium sp. 7_2_43FAA (accession number ZP_05129714).
A similarity search in public databases revealed that the seven
OREFs include the genes that encode a structural bacteriocin
(avcA) and its immunity protein (avcl), a divergicin A-like
bacteriocin (aveB), a dedicated ABC-type transporter (aveT), a
peptide induced two-component regulatory system (histidine
kinase [avcK], a response regulator [avcR], a peptide phero-
mone [avcP)), and a transport accessory protein (aveD) (Table
5). All ORFs were unidirectionally oriented (Fig. 2A) and, with
the exception of avcR, preceded by a putative ribosome bind-
ing site. The bacteriocin gene cluster is organized into four
predicted operon structures, all of which contain putative —10
and —35 sites in the upstream noncoding region of the operon
(Fig. 2B).

The first operon (avcAl) includes the structural gene for
avicin A (avcA) and the immunity gene (avcl), which is located
40 nucleotides downstream of avcA. The promoter region up-
stream of aveA contains a pair of 9-nucleotide identical direct
repeats that are separated by 12 nucleotides (Fig. 2B). Right
after the stop codon of avcl, there is a pair of 9-nucleotide
inverted repeats separated by 12 nucleotides.

The second operon was predicted to be a monosistronic
transcript unit consisting of a single ORF (avcB), which is
located 368 nucleotides downstream of avcl. The product
shows significant similarity to divergicin A (51). No repeats
were found in the promoter region of aveB. A pair of 10-
nucleotide inverted repeats separated by 24 nucleotides is lo-
cated 15 nucleotides downstream of the termination codon of
aveB.

The third operon (avcTKR) contains genes encoding an
ABC transporter (avcT), a histidine protein kinase (avcK), and
a response regulator (avcR). As in the promoter of avcAIl, a
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TABLE 5. Proteins similar to ORF products of the avicin A locus
Length of Similar protein
ORF prodpct Length % %
(amino Designation ~ (amino Producer(s) ‘. A E value(s) Function Reference(s)
acids) acids) Identity  Similarity
aveA 61  MunA 58  Enterococcus mundtii 87 89 9 x107%%,107"  Precursor of mundticin 25, 42
strains KS, enterocin CRL35
avel 97 SakXIM 97  Lactobacillus sakei 5 65 80 2x 107 Sakacin X immunity 48
protein
aveB 67  Divergicin A 75  Carnobacterium 45 60 7 X 1071 Divergicin A 51
divergens LV13
aveT 725 StxT 723 Lactobacillus sakei 5 70 86 0 ABC transporter 48
avcK 442 StxK 437 Lactobacillus sakei 5 58 80 4 x 10144 Histidine protein kinase 48
avcR 244 StxR 252 Lactobacillus sakei 5 77 90 6x 107113 Response regulator 48
avcP 45 IP-TX 45 Lactobacillus sakei 5 62 77 1078 Inducer peptide 48
aveD 171 BrcD 158 Brochothrix campestris 45 69 8 X 1073¢ Transport accessory 28
ATCC 43754 protein

pair of 9-nucleotide direct repeats with one mismatch that
were separated by 12 nucleotides were identified upstream of
the —35 site of the aveTKR promoter (Fig. 3B). In addition, a
pair of 17-nucleotide inverted repeats having four mismatches
and separated by 12 nucleotides is located 42 nucleotides
downstream of the termination codon of the ORF avcR.

The fourth operon comprises genes encoding a putative
peptide pheromone (avcP) and a transport accessory protein
(aveD). A pair of direct repeats similar to those identified in
the promoter regions of the aveAl and avcTKR operons was
also found in the promoter region of this operon (Fig. 2B).
These repeats contain 9 nucleotides with four mismatches
(three mismatches are consecutive), and one of the pairs is
identical to the pairs that occur in avcAl. One nucleotide
downstream of the termination codon of aveD, a perfect 16-
nucleotide inverted repeats pair separated by 19 nucleotides
was identified.

The inverted repeats at the 3'OH end of the mRNAs may
function as rho-independent transcription terminators, al-
though no obvious U tract follows the stem structure. The
direct repeats identified in the promoter region may serve as
binding sites for a response regulator (8, 39, 40).

Protein sequence analysis. avcA encodes a 61-amino-acid
prepeptide that includes an N-terminal double-glycine leader
consisting of 18 amino acid residues and a mature peptide

A

1750

aveT aveK

avcA avel aveB

B L R

avcA
aveT
avck
cons.

12 nt

consisting of 43 residues. The pI is 9.18, and the theoretical
monoisotopic molecular mass of avicin A (the two cysteines
are assumed to form a disulfide bridge) was estimated to be
4,288.2 Da. The extinction coefficient at 280 nm (path length,
1 cm) was calculated to be 3.26 (1 U of optical density at 280
nm = 3.26 mg/ml).

The mature peptide (43 amino acids) contains the N-termi-
nal conserved motif YYGNG (Fig. 3A), as well as the two
conserved cysteine residues (at positions 9 and 14) typical of
subclass IIa bacteriocins.

The deduced amino acid sequence of the prepeptide showed
high levels of similarity to other Ila bacteriocins (Table 5).
Mature avicin A is 97% identical to mundticin KS (25) and
enterocin CRL35 (42) and differs only at amino acid residues
1 and 23. Also, mature avicin A is 95%, 85%, and 82% iden-
tical to mundticin L (12), sakacin X (48), and piscicolin 126
(24), respectively. The double-glycine leader peptide of avicin
A exhibits high levels of similarity (64% identity) to the leader
peptides of sakacin X (48), mundticin KS (25), mundticin L
(12), and enterocin CRL35 (45).

avcl encodes a 97-amino-acid peptide that is significantly
similar to the immunity proteins of sakacin X (48) and pisci-
colin 126 (Table 5) (18, 24). The immunity proteins of pedi-
ocin-like bacteriocins have recently been divided into sub-
groups A, B, and C (13). Avicin A immunity protein is a

8660

aveR aveP aveD

CAACCATTTCATGATGATTATTTTTATTTCATGACT TTTTAGCCACAATTAAAGCAGTTTTTG@ACTCTITTTTC
TTGCCACTTTAGGATCAATACTTAARATTTTAGGACT TTTTACAGTAGATACGAATAATTGTATTATTCTTATGTE
TTTTTATTTCATGATCGAATTGTTTCATTTGCGACAAAGCGAACAAATTATCTGCTAATTTACAACACTGAATTT

ATTTCATGA <—> ATTTTA GA

=35 -10

FIG. 2. (A) Genetic organization of avicin A locus (GenBank accession number FI851402). avcA is the avicin A precursor gene (183 bp), avcl
is the immunity gene (291 bp), avcB is the divergicin-like bacteriocin gene (201 bp), avcT is the ABC transporter gene (2,175 bp), aveK is the
histidine kinase gene (1,326 bp), avcR is the response regulator gene (732 bp), avcP is the peptide-pheromone gene (135 bp), and aveD is the
transport accessory protein gene (513 bp). p indicates promoter positions. The vertical bars immediately after arrows indicate inverted repeats.
(B) Alignment of putative promoter sequences. Putative —10 and —35 sequences are underlined. Direct repeats (L and R) are enclosed in boxes,
and the consensus sequence (cons.) is indicated below the boxes. The direct repeats were not identified in the promoter of avcB.
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Mature peptide
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FIG. 3. (A) Multiple alignment of avicin A precursor with precursors of closely related subclass Ila bacteriocins. Mun KS, precursor of
mundticin KS; Mun L, precursor of mundticin L; Ent CRL35, precursor of enterocin CRL35; Sak X, precursor of sakacin X; Pis 126, precursor
of piscolin 126; Sak P, precursor of sakacin P. The vertical arrow indicates a cleavage site where the leader peptide is removed from the mature
peptide. The YYGNG motif is underlined. (B) Pairwise alignment of avicin B (Avc B) and divergicin A precursor (Dvn A). PS indicates the

processing site for divergicin A.

member of subgroup B, which includes the immunity proteins
of sakacin X, piscicolin 126, sakacin P, and mundticin KS.
Because of the similarity between Avcl and sakacin X immu-
nity protein produced by L. sakei 5, we examined whether there
is cross-protection between E. avium XA83 and L. sakei 5. The
results showed that neither E. avium nor purified avicin A
inhibited L. sakei 5 but L. sakei 5 inhibited E. avium XAS83,
demonstrating that the immunity protein of avicin A is not
sufficient to provide protection against the plethora of bacte-
riocins produced by L. sakei 5.

aveB may code for a 67-amino-acid glycine-rich (30%) pep-
tide that shares 45% identity (60% similarity) with divergicin
A, a bacteriocin that inhibits Carnobacterium divergens (Table
5 and Fig. 3B) (51). Both avicin-producing strains contain the
avcB gene, but neither strain had any apparent immunity-
encoding ORF. In order to investigate whether aveB encodes a
functionally expressed bacteriocin, we tested the inhibition of
bac™ strain XA83 using pediocin-resistant mutants of E. avium
and E. faecalis, but no activity was observed. Notably, no sec
leader sequence was found in the N-terminal part of translated
avceB; however, a potential double-glycine leader was identified
(Fig. 3B.).

In order to investigate whether the aveB gene encodes a
functional bacteriocin, it was cloned in pMG36e and expressed
in L. lactis IL 1403, which contains the lactococcin A transport
gene apparatus (49). The resulting clone did not show antibac-
terial activity against the bacteria tested. Neither CFS nor the
ammonium sulfate precipitate fraction inhibited the growth of
strains that are sensitive or resistant (E. avium and E. faecalis)
to avicin A. However, we cannot exclude the possibility that the

lack of antimicrobial activity could have been due to improper
processing of the AvcB leader peptide in IL 1403 or due to lack
of expression, although the host carried the proper processing
and transport mechanisms for such bacteriocins. When a very
small inoculum of E. avium XAS83 is added to new broth
(dilution factor, 10°), avicin A is not produced because its
quorum-sensing regulatory system is not turned on (see be-
low). The avaB gene is apparently not regulated by quorum
sensing since no binding site for the response regulator was
found, but no antimicrobial activity was observed in this cul-
ture, which suggests that avcB was not expressed. Based on the
cumulative evidence it is very unlikely that avicin B is a func-
tional bacteriocin.

aveT encoded a 725-amino-acid protein that showed a high
level of similarity to a putative ABC transporter of sakacin X
and significant levels of similarity to other bacteriocin ABC
transporters, suggesting that it is involved in the export of
avicin A (Table 5) (48).

The avcK, avcR, and avcP genes, which constitute a three-
component regulatory system, are located adjacent to one an-
other but in two different operons (Fig. 2A), and they encode
proteins composed of 442, 244, and 45 amino acids, respec-
tively. These ORFs share significant similarity with genes en-
coding histidine protein kinase, a response regulator, and an
inducing peptide of sakacin X, respectively (Table 5) (48).

aveD encodes a 171-amino-acid peptide that shares similar-
ity with a transport accessory protein of brochocin C, a two-
peptide bacteriocin (Table 5) (28). The N-terminal half of
AvcD is 56% identical to the deduced amino acid sequence of
OREF § in the TX locus of L. sakei 5 (48). This region of AvcD
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is only 38% identical to the corresponding region in the trans-
port accessory protein of brochocin C.

Induction of avicin A production. A bac™ phenotype could
be obtained by extensive dilution of a bacteriocin-producing
culture; 10~¢ dilution of an overnight bacteriocin-producing
culture resulted in a non-bacteriocin-producing culture (bac™).
Only addition of cell-free culture supernatant (CFS) from a
bacteriocin-producing culture or a synthetic inducing peptide
(AvcP) could then induce bacteriocin production in the bac™
culture.

The induction activity was tested with a synthetic AvcP pep-
tide pheromone. The minimum concentration of the synthetic
peptide that induced bacteriocin production in a bac™ culture
was 1 ng/ml; 0.1 ng/ml could not induce bacteriocin production.
This result confirms that avcP encodes the peptide pheromone
that regulates avicin A production. Although the inducer pep-
tides of avicin A and sakacin X share significant similarity, CFS
from L. sakei 5 did not induce bacteriocin production in a
strain with the avicin A-negative phenotype.

DISCUSSION

In this study, we report biochemical and genetic character-
ization of a novel subclass Ila bacteriocin produced by two
different E. avium strains (XA83 and 208) isolated from two
healthy human infants from two different countries, Ethiopia
and Norway. The structural and immunity genes of the bacte-
riocins produced by these two strains are identical. PCR con-
firmed that the gene structures of the two strains are identical.
For these reasons, their bacteriocins were given the same des-
ignation, avicin A. An interesting observation was that the
levels of bacteriocin-producing isolates XA83 and 208 were
higher (>10"° CFU g~ feces) than the levels of nonproducing
isolates of E. avium (107> CFU g~ feces). The bacteriocin
producers also accounted for 25 to 45% of the total bacterial
plate counts on the LAB selective growth media. Moreover,
the frequent occurrence of E. avium in healthy infants (both
Norwegian and Ethiopian) suggests that bacteriocin-producing
E. avium may play an important role in the succession of a
healthy gut microbiota in some neonates. It is not uncommon
that different bacterial strains or species produce identical bac-
teriocins. For example, mundticin ATO6 and mundticin KS are
two identical subclass Ila bacteriocins isolated from two dif-
ferent strains (ATO6 and NFRI 7393) of E. mundtii obtained
from different sources (25, 42). To our knowledge, this the first
report of a thorough elucidation of the activity spectrum, gene
structure, and regulation of a bacteriocin system of E. avium.

The subclass Ila bacteriocin inhibition spectrum includes
species of the genera Listeria, Lactobacillus, Leuconostoc, Pe-
diococcus, Lactococcus, Carnobacterium, Enterococcus, Staph-
ylococcus, Micrococcus, Streptococcus, Clostridium, Bacillus,
and Brochotrix (10, 30). The inhibition spectrum of avicin A is
similar and crosses species borders as this bacteriocin inhibits
Listeria, Lactobacillus, Leuconostoc, Pediococcus, and Car-
nobacterium species in addition to Enterococcus.

Amino acid sequence analysis revealed that avicin A con-
tains the N-terminal pediocin consensus motif (YYGNG) and
two cysteine residues, indicating that avicin A belongs to bac-
teriocin subclass ITa. Recently, subclass Ila bacteriocins have
been divided into four subgroups on the basis of similarities
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and differences in their C-terminal regions (33). Avicin A be-
longs to subgroup 1, which encompasses mundticin KS, pisci-
colin 126, sakacin X, sakacin P, enterocin A, and pediocin
PA-1. Mundticin KS, which is produced by E. mundtii NFRI
7393 isolated from grass silage (25), is the bacteriocin most
closely related to avicin A both in the leader sequence and in
the mature peptide. However, unlike the avicin A gene, which
is located on a chromosome, the mundticin KS gene is located
on a plasmid. In addition, the structural gene of mundticin A
(munA) and the immunity gene (munC) are located in differ-
ent operons, whereas in the case of avicin A the structural gene
and the immunity gene are in the same operon, like the genes
of most subclass Ila bacteriocins characterized to date (23).
Moreover, it has been shown by heterologous expression of
mundticin KS in E. faecium and Lactobacillus curvatus that an
accessory protein is not needed for transport of mundticin KS,
but the data did not confirm the absence of an accessory gene
in the cloning host. Other studies have shown by using deletion
analysis that an accessory protein is required for export of
leucocin A and pediocin PA-1 (46, 50). Since the gene encod-
ing the accessory protein is present in the avicin A locus, this
protein might be crucial for bacteriocin externalization.

The biosynthesis of many class II bacteriocins is regulated by
a quorum-sensing mechanism through a three-component reg-
ulatory system which consists of an inducing peptide, a histi-
dine protein kinase, and a response regulator (31). The pres-
ence of genes encoding these three components in the avicin A
locus indicates that biosynthesis of avicin A is regulated by a
quorum-sensing system. However, some differences have been
observed between the genetic organization of the avicin locus
and the genetic organization of the loci of other class II bac-
teriocins. The most surprising difference is the difference in the
organization of the three-component regulatory system, where
the histidine protein kinase and response regulator genes are
in an operon together with the ABC transporter gene, while
the peptide pheromone gene is located with the gene encoding
the accessory transporter protein AveD in another operon
(Fig. 2A). This organization is different from the organization
of most of the regulated class II bacteriocins, where the three
genes responsible for regulation are located in the same
operon (2, 16, 18, 22, 34, 38). Our results conclusively show
that avicin P functions as a pheromone to induce avicin A
production in a nonproducing culture, which is consistent with
a quorum-sensing regulatory mechanism (32).

Our experiments indicate that aveB is not functional and is
probably a relic of a previous functional bacteriocin. This hy-
pothesis is also supported by the absence of a dedicated im-
munity protein, and the fact that avcB clones in L. lactis 1L
1403 did not show antimicrobial activity may support this no-
tion.

Almost all strains that produce subclass Ila bacteriocins
characterized thus far were isolated from foods or related
products (9). In contrast, avicin A is produced by a bacterium
isolated from human feces, suggesting that it is capable of
establishing and proliferating in the gut. Human origin and
survival in the gut are two of the several selection criteria that
must be met by probiotics. In addition, our strains produce a
bacteriocin that inhibits pathogenic bacteria, and bacteriocin
production is an important probiotic feature (4). Diseases as-
sociated with E. avium (such as brain abscesses, endocarditis,
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and bacteremia) are rarely reported (29, 35, 37). In contrast,
our strains might be proven to be beneficial as intestinal LAB
and possibly also as probiotics; however, further studies have
to be performed to determine this.
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