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Abstract This paper describes the production, the puri-
fication and the antilisterial activity of amylolysin, a novel
bacteriocin from B. amyloliquefaciens GAl. The strain
genome was first analysed using PCR techniques for the
presence of gene clusters that direct the synthesis of
characterised bacteriocins from B. amyloliquefaciens and
the closely related B. subtilis. Our results suggest that
amylolysin corresponds to a novel bacteriocin. The effect
of amylolysin on the growth of different isolates of Listeria
monocytogenes was evaluated in poultry meat during
21 days of storage at 4 °C. A potent antilisterial effect was
observed for all the indicator strains tested, demonstrating
that amylolysin is a novel bacteriocin that could be used as
a food preservative.
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Introduction

Listeria monocytogenes is the causative agent of food-
related listeriosis especially in newborn, elderly and
immunocompromised patients [25]. This bacterium has the
ability to grow in vacuum-packaged food at chiller tem-
peratures and is relatively tolerant to salt and low pH,
rendering its control in food difficult. L. monocytogenes is
the main food-borne pathogen causing the highest mor-
tality rate, far ahead of Campylobacter, Salmonella or
Escherichia coli [21]. Consequently, its control in food
has become a major concern in the food industry. To
minimise the risk of such a bacterial development in food,
synthetic preservatives are used in addition to refrigera-
tion. However, the safety of these compounds has been
more and more questioned in recent years, increasing
consumer demand for natural products as alternative food
preservatives.

Bacteriocins are proteinaceous antimicrobial compounds
synthetised by many bacteria, with some active against a
wide range of bacteria [22]. Nisin from Lactococcus lactis
is to date the most studied antimicrobial peptide (for review
see [19]). This bacteriocin has been attributed GRAS status
and is used commercially as a food preservative in more
than 40 countries [8]. However, its inactivation in certain
types of food and the emergence of nisin-resistant strains
point out the need for the characterisation of new bacteri-
ocins or bacteriocin-like compounds to overcome these
problems [5, 15, 18].

Most of the bacteriocins studied are from lactic acid
bacteria because they are commonly associated in food,
especially in meat and dairy products [5, 11]. However,
Bacillus is an alternative genus to investigate for antimi-
crobial peptides, because it includes many industrial spe-
cies and has a history of safe use in the food industry [23].
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Several bacteriocins or related substances produced by
Bacillus have been reported. These include subtilin from
B. subtilis [17], megacin A-216 from B. megaterium [16],
cerein 7 from B. cereus [4] and subtilosin A, produced by
some strains of both B. subtilis and B. amyloliquefaciens
[3, 4, 24]. Some of these substances have been successfully
tested as food preservatives in dairy products [4].
Recently, we have isolated a proteinaceous compound
from B. amyloliquefaciens GA1 which presents an anti-
microbial activity against several Gram positive bacteria,
including L. monocytogenes (Fickers et al., unpublished).
The objective of the present study was to produce and
evaluate the ability of this bacteriocin, named amylolysin,
to inhibit the growth of L. monocytogenes in poultry meat.

Materials and Methods
Strains, Media and General Genetic Techniques

Bacillus amyloliquefaciens GA1 was isolated from straw-
berry and identified in our laboratory by sequencing recA
and recN genes [2]. The Listeria isolates used as indicator
strains are listed in Table 1. Luria—Bertani (LB), brain—
heart (BH) and PALCAM media were of commercial
origin (Becton-Dickinson, Le Pont de Chaix, France),
whereas CAT medium composition was as described
elsewhere [6]. Genomic DNA was purified using the
Wizard genomic purification kit (Promega). PCR amplifi-
cations were performed with Fideli Taq polymerase (USB
Corporation, Cleveland, OH, USA) and amplified frag-
ments were purified with the Qiagen purification kit
(Hilden, Germany). Primers used for PCR amplification are
listed in Table 1. DNA sequencing was performed at GIGA
Genomics Facilities (University of Liege, Liege, Belgium).

Activity Spectrum of Cell-Free Supernatant

Antimicrobial activity was estimated by agar diffusion
assay [10]. Listeria strains were grown in BH liquid
medium for 24 h at 37 °C. Three hundred microlitres of the
resulting cell suspension was used to inoculate 120 ml of

brain-heart (BH) medium containing 0.85 g of agar.
Aliquots (2 x 10 pl) of B. amyloliquefaciens GA1 culture
supernatant were applied on sterile paper discs (5 mm
diameter) and deposited after drying onto BH agar plates
inoculated with the Listeria indicator strain. The antiliste-
rial activity was estimated by measuring the diameter
(in mm) of the growth inhibition zone obtained after 16 h
of incubation at 37 °C.

PCR Amplification of the Subtilosin, Mersacidin
and Subtilin Structural Genes

Subtilin, subtilosin A, sublancin 168, mersacidin, ericin A
and ericin S structural genes were PCR-amplified with
primer pairs spaSfo/spoSrev, sboAfo/sboArev, sunAfo/
sunArev, mrsAfo/mrsArev and eriAfo/eriSrev, respectively
(Table 2), using genomic DNA from B. amyloliquefaciens
GALI strain as a template.

Culture of B. amyloliquefaciens GA1 and Amylolysin
Production

Cell growth and amylolysin production were monitored in
LB and CAT media. Growth was observed at 37 °C in
400 ml of medium inoculated at an initial cell concentra-
tion of 10 CFU ml™'. At specific time intervals, samples
were collected. Cell growth was monitored either by
determining the optical density at 600 nm or by cell dry
weight determination. Amylolysin concentration in the
culture supernatant was determined by reverse-phase
high performance liquid chromatography (RP-HPLC, see
below) after extraction using Chromafix C;g EC cartridges
(Macherey—Nagel, Duren, Germany). Growths were per-
formed in triplicate. Large-scale production of amylolysin
was performed in a Bioflo 4500 bioreactor (New Bruns-
wick, Edison, NJ, USA) with a working volume of 15 1.
Seeding was performed at an initial cell concentration of
10° CFU ml~'. Experiments were conducted for 6 h at
37 °C at a stirring speed of 250 rpm and an aeration flow of
0.5 VVM (volume of air per volume of medium per min-
ute). Cell-free supernatant was obtained by cross flow fil-
tration using a Hollow fibre cartridge (0.45 pum, 8400 cmz,

Table 1 Activity spectrum of
cell-free culture supernatant of
B. amyloliquefaciens GA1

Strain

Zone of inhibition
(diameter in mm)

Origin, reference

L. monocytogenes LMG23905
L. monocytogenes LMG21263
L. monocytogenes LM2234

L. innocua ATCC33090"

L. innocua RFB159
L.

* American Type Culture ivanovii RFB160

Collection

20 Poultry, [9]

24 Poultry, [9]

20 Fish, [9]

14 Cow brain

14 Laboratory stock
16 Laboratory stock
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Table 2 Synthetic primers used for PCR amplification

Name Sequence (5'-3)

spaSfo CAAAGTTCGATGAATTCGATTTGGATGT
spaSrev GCAGTTACAAGTTAGTGTTTGAAGGAA
sboAfo CGCGCAAGTAGTCGATTTCTAACA
sboArev CGCGCAAGTAGTCGATTTCTAACA
mrsAfo GGGTATATGCGGTATAAACTTATG
mrsArev GTTTCCCCAATGATTTACCCTC

sunAfo GAGGAACTCGAAAACCAAAAAGG
sunArev GGAATTGACTCTTTGTCAATTTC

eriAfo GTGACTAATATGTCAAAGTTCGATG
eriSrev GAGATATGGCAGTTACAAGTAATTG

GE Healthcare, Uppsala, Sweden) according to the manu-
facturer’s recommendations.

Purification and Quantification of Amylolysin

Amylolysin purification was performed by hydrophobic
chromatography using Amberlite XAD-16 resin (Sigma-—
Aldrich, St. Louis, USA). The resin was dispersed in the
growth supernatant (40 g per litre) and stirred at 4 °C for
4 h before being washed successively with 5 volumes of
water and 5 volumes of a water/methanol mixture (1:1 v/v).
The bacteriocin was eluted with two volumes of methanol
and concentrated by rotary evaporation at 50 °C. Amylol-
ysin concentration was determined by RP-HPLC using a
Nucleodur C18 column (250 x 4.6 mm, 5 um packing,
Macherey—Nagel, Duren, Germany) and an acetonitrile/
H,O/trifluoroacetic acid mixture (41.5/59/0.5, v/v/v) as
mobile phase. Samples (100 pl) were eluted at a flow rate
of 1 ml min~—"'. Purified nisin (Molekula, Dorset, UK) was
used as a standard for quantification. Amylolysin was
identified based on the second derivatives of its UV—visible
spectra (Waters PDA 996 diode array; Millenium Software,
Milford, MA, USA).

25 25

LMG23905 LMG21263

Protease Sensitivity

For protease sensitivity, purified amylolysin (100 ng) was
incubated with pronase (Fluka, St Louis, MO) at a final
concentration of 1 mg ml™' at 37 °C for 2h in 0.2 M
KH,PO,/K,HPO, buffer at pH 7. Residual bacteriocin
activity was then determined by the agar well diffusion
assay using L. monocytogenes LM21263 as indicator strain.
Pronase untreated samples were used as a control.

Antilisterial Activity on Chicken Meat

Chicken breast cuts were bought in a local butcher shop
(Liege, Belgium). They were carved aseptically into 100 g
portions and surface-inoculated with 2 x 10° CFU g~' of
L. monocytogenes. Meat pieces were sprayed with different
amounts of amylolysin (5 or 10 pg g™, see Fig. 1) or nisin
(10 pg g7 ") and stored at 4 °C in sealed bags. Samples
(10 g) were taken aseptically after 0, 3, 7, 14 and 21 days
of storage. They were homogenised in 10 ml of saline-
peptone water (5 gl~' NaCl, 1 ml 17" Tween 80, 1 gl™'
casein peptone) for 180 s with a stomacher (Lab Blender
400, Seward, London, UK). Cell concentration of
L. monocytogenes was determined after decimal dilution of
the suspension in saline-peptone water by plating the
appropriated dilutions onto PALCAM medium for 48 h at
37 °C. Samples inoculated only with L. monocytogenes
were used as controls. Experiments were performed in
triplicate and the significance of the results analysed by
Student’s #-test at p < 0.05.

Stability of Amylolysin Towards Meat Protease

Ten grams of poultry breast muscle was homogenised in a
blender with 10 ml of 50 mM phosphate buffer pH 7.5 for
2 min at full speed. The resulting mixture was then cen-
trifuged for 15 min at 15,000xg, and the clarified sus-
pension was filter sterilised using a 22-um acrodisk filter

% LM2234
20
15

10

25 0 5

Listeria monocytogenes(103 cfu g-1)

Fig. 1 Growth of Listeria monocytogenes LMG23905, LMG21263
and LM2234 in raw poultry meat upon storage at 4 °C in the presence
of amylolysin 5 pg g~' (dotted line), 10 pg g=" (solid line) or in its
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absence (dashed line). Values are mean and standard deviations of
three independent experiments
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(Millipore, Billerica, MA, USA). Amylolysin and nisin
(200 ng) were added aseptically to 1 ml of the clarified
suspension. Samples containing only amylolysin or nisin in
phosphate buffer were used as control. Antilisterial activity
was determined by agar diffusion assay for samples incu-
bated at 37 °C for 0, 24, 48 and 72 h using L. monocyt-
ogenes LM21263 as indicator strain. The remaining
antimicrobial activity was defined as the ratio of the
diameter of the growth inhibition zone obtained for the
treated samples to that obtained for control samples.
Experiments were performed in triplicate and the signifi-
cance of the results analysed by Student’s #-test at
p < 0.05.

Results
Activity Spectrum of Cell-Free Supernatant

The susceptibility to amylolysin of six Listeria isolates
from various origins was evaluated. As shown in Table 1,
the cell-free supernatant of B. amyloliquefaciens GA1 was
determined to have similar antimicrobial activity against
the three L. monocytogenes isolates tested. Inhibitory
activity was also observed towards L. innocua and L. iva-
novii isolates, although to a lesser extent.

Genetic Analysis

Polymerase chain reactions were performed to assess the
relatedness of amylolysin to the different known bacterio-
cins from the Bacillus genera. PCR amplifications were
performed on strain GA1 genomic DNA using primer pairs
designed according to the corresponding structural gene
sequence available in GenBank. The absence of PCR
amplification products indicated that B. amyloliquefaciens
GALl is negative for the genes encoding subtilin (spaS),
subtilosin A (sboA), sublancin 168 (sunA), mersacidin
(mrsA), ericin A (eriA) and ericin S (eriS) (data not shown).
This suggests that the antilisterial compound produced
by strain GAl does not correspond to any of these
bacteriocins.

Production and Purification of Amylolysin

Amylolysin production was first investigated by growing
strain GAI in shaking flasks containing either complex
(LB) or defined (CAT) medium. Cell growth and amylol-
ysin production were determined at different time periods
over 24 h. In both cases, the maximal amylolysin con-
centration was obtained at the end of the growth phase. It
decreased thereafter during the stationary phase (data not
shown). For culture performed in CAT medium, very low

Table 3 Amylolysin concentration in cell-free culture supernatant of
B. amyloliquefaciens GA1l

Medium, culture condition Productivity (mg/l/mg DW) Time" (h)

CAT, flask 0.09
LB, flask 2.51
LB, bioreactor 4.83 6

DW dry weight

* Refers to the time culture when amylolysin concentration was
maximal

amylolysin productivity was obtained (0.09 mg/l/mg DW)
compared to complex medium (2.51 mg/l/mg DW)
(Table 3). Based on these observations, large-scale pro-
duction of amylolysin in a bioreactor was performed in LB
medium for 6 h at 37 °C. During the culture, a slight
medium acidification from pH 7.5-6.9 could be observed
and dissolved oxygen was never below 30% of saturation,
indicating that the culture was never in anoxia under these
conditions (data not shown). The maximal amylolysin
productivity (4.83 mg/l/mg DW), obtained after 6 h of
growth, represents a 1.8-fold increase compared to that
obtained in flask culture. The purification of the bacteriocin
from the 151 of growth supernatant was conducted by
hydrophobic chromatography. After adsorption and sub-
sequent desorption on Amberlite XAD-16 resin, the puri-
fied bacteriocin was concentrated and quantified by
RP-HPLC using nisin as a reference. From the 151 of
culture supernatant, 120 mg of purified amylolysin was
recovered. The loss of 75% of the antilisterial activity after
pronase treatment of the purified amylolysin demonstrated
its proteinaceous nature (data not shown).

Effect of Amylolysin on Listeria monocytogenes
Growth in Poultry Meat

Chicken breast cuts were used to evaluate the effect of
amylolysin on the growth of three different L. monocyt-
ogenes isolates. In control samples, the population of the
indicator strains increased by at least a log of magnitude
after 21 days of storage at 4 °C (Fig. 1). Indeed, the ini-
tial L. monocytogenes population (2 x 10° CFU g™
increased to a level of 2.0 x 104, 2.1 x 10*and 1.8 x 10*
CFU g~ for strains LMG23905, LMG21263 and LM2234,
respectively. By contrast, addition of amylolysin led to an
inhibition of growth for the three strains tested. After
21 days of storage, plate counts showed that L. monocyt-
ogenes populations were equal to 1.9 10° CFU g~ ..
Addition of nisin under the same conditions immediately
reduced the population of L. monocytogenes by 0.4 log
(5 x 10> CFU g~ at day O to 1.2 log (4 x 10' CFU g™
after 14 days and up to 21 days of storage at 4 °C (data not
shown).

@ Springer
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Fig. 2 Recovery of amylolysin and nisin inhibitory effect on the
growth of L. monocytogenes LM21263 after incubation for 0, 24, 48
and 72 h with poultry meat extract. Values were normalised to those
obtained in the absence of poultry meat extract. Values are mean and
standard deviations of three independent experiments

Stability of Amylolysin Towards Poultry Meat Protease

Sensitivity of amylolysin to meat protease (i.e. that secre-
ted by endogenous meat flora and that released from
myocytes) was determined. Amylolysin and nisin were
incubated with poultry breast muscle extract for various
time periods over 72 h. The remaining ability of the two
bacteriocins to inhibit the growth of L. monocytogenes
LM21263 was then determined and normalised with values
obtained for non-treated samples at the corresponding
time. As shown in Fig. 2, residual inhibitory activities of
amylolysin were not significantly different for any of the
samples tested by contrast to nisin, which were found
significantly lower after 72 h of incubation (p < 0.05).

Discussion

Among the few bacteriocins characterised from Bacillus,
those from B. amyloliquefaciens are scarce. The only fully
characterised bacteriocin from B. amyloliquefaciens was
found to correspond to subtilosin A, a bacteriocin previ-
ously reported in B. subtilis [24]. However, genetic evi-
dence suggests that this results rather from an intra-species
horizontal transfer of gene (HGT) than from a mechanism
selected by evolution. Other examples of HGT involving
bacteriocin gene cluster were previously reported, notably
for the class I bacteriocin nisin [14, 26]. The recent com-
parative analysis of the complete genome sequence of the
reference strain B. amyloliquefaciens FZB42 revealed the
presence of two partial gene clusters conferring resistance
to the lanthionine-containing antibiotic mersacidin and
subtilin [7]. The presence of these gene clusters only
described to date in B. subtilis suggests that a similar HGT
could have occurred in strain FZB42. Unfortunately, the

@ Springer

genes involved in the synthesis of these two bacteriocins
are missing, leading to a non-productive strain. However,
all of these highlight B. amyloliquefaciens as a potential
alternative organism for isolation of bacteriocin. In our
laboratory, B. amyloliquefaciens GAl, isolated from
strawberry, was selected as a producer of a heat-stable
proteinous compound with potent antimicrobial activity on
various Gram-positive bacteria (Fickers et al., unpub-
lished). The antilisterial activity of this bacteriocin, named
amylolysin, points to its potential utilisation as a food
preservative.

The failure of structural gene detection for all the
genetically described bacteriocins from B. subtillis strongly
suggests that amylolysin is not the consequence of an HGT
but rather corresponds to a novel bacteriocin not described
to date. As a first characterisation, the aim of the present
work was to produce and purify amylolysin in order to test
its ability to inhibit the growth of the food-borne pathogen
L. monocytogenes in meat.

It is well established that bacteriocin production
undergoes a complex mechanism of regulation in which
medium composition is one of the key factors. In this
perspective, the higher level of amylolysin synthesis
obtained in complex medium emphasises the important
role played by tryptone and yeast extract components in
these mechanisms.

Activity of bacteriocin in food is greatly influenced by
factors such as food composition, interaction with food
components, sensitivity to meat protease, pH or storage
temperature [12, 13]. Degradation within a few hours
attributed to proteolytic activity has been demonstrated for
different bacteriocins including pediocin AcH, nisin and
sakacin P in different food matrices [1, 20]. By contrast to
nisin, the stability of amylolysin during incubation with
meat protease points to its low sensitivity to meat endog-
enous proteolytic content. The capacity of amylolysin to
inhibit proliferation of different isolates of L. monocytog-
enes in poultry meat was demonstrated for an amylolysin
concentration of 5-10 pg/g. This highlights the potent
antilisterial activity of the bacteriocin. By contrast to nisin,
which clearly showed a bactericidal effect, amylolysin had
a bacteriostatic effect on L. monocytogenes under our
experimental conditions.

This first characterisation demonstrated that amylolysin,
a bacteriocin produced by B. amyloliquefaciens GA1, has a
potent ability to protect poultry meat from the food-borne
pathogens L. monocytogenes, suggesting its potential use as
a biopreservative. However, further investigations on other
food matrices and commercial foods and on the interaction
of amylolysin with their constituents must be conducted.
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