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Abstract Lactobacillus acidophilus DSM 20079 is the
producer of a novel bacteriocin termed acidocin
D20079. In this paper, mode of action using three
various concentrations of acidocin D20079 (2,048, 128
and 11.3 AU/ml) was determined against an indicator
strain L. delbrueckii subsp. lactis DSM 20076. These
concentrations all led to marked decreases in both the
number of viable cells and in optical density, indicating
that the activity of the acidocin D20079 was bacterici-
dal with concomitant cell lysis. Moreover, the probiotic
potential of L. acidophilus DSM 20079 was analyzed
for its ability to survive and retain viability at condi-
tions (acid and bile concentrations) mimicking the
gastrointestinal (GI) tract, under which it survived
exposure to pH 2.0 with a 1.2 log cycle reduction in
viability and where 45% of the original population
survived in a medium containing 0.3% bile for 3 h.
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Introduction

Development and optimization of the lactic acid bac-
teria (LAB) and their attendant ‘natural’ inhibitors as
biopreservatives to control undesirable bacteria cur-
rently remains a primary focus of several laboratories
involved in research concerning food safety and quality
[1, 2]. Strategies utilized to study incorporation of
biopreservatives into food include; (1) direct use of
LAB-strains with proven antimicrobial activity as
starter cultures or starter adjuncts (probiotic concept),
(2) use of a biopreservative preparation in the form of
previously fermented product, or (3) use of semipuri-
fied, purified, or chemically synthesized bacteriocins
[3-5]. Today LAB are involved in the fermentation
process of different kinds of food, such as dairy prod-
ucts, meat products, sour dough and other cereal
products and various fermentable vegetables [6].The
most common way to date, to develop LAB-fermented
products with a functional food approach, has been to
use probiotic LAB cultures. When selecting a probiotic
strain, a number of aspects should be considered, and
the theoretical basis for selection should involve safety,
functional as well as technological aspects [7-9]. Safety
aspects include the following specifications: strains for
human use, should have a history of being non-patho-
genic and have no association with diseases such as
gastrointestinal (GI) disorders and this is the case with
Lactobacillus acidophilus species.

Recent work in the field of probiotics have demon-
strated an impressive increase in the interest of L.
acidophilus as a probiotic agent, and have contributed
to its application in functional foods and supplements
in a worldwide market [10, 11]. L. acidophilus is a
nonpathogenic and a member of the normal intestinal
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microflora. It is widely used for production of fer-
mented dairy products in the world. Furthermore, L.
acidophilus is of considerable industrial and medical
interest because this species is believed to play a role in
human health and nutrition by its influence on the
intestinal flora, where it is both reported to aid in the
reduction of the levels of harmful bacteria and yeasts in
the small intestine and to produce lactase, an enzyme
which is important for the digestion of milk [12]. This
effect was found to be both species and strain depen-
dent.

Even though a potential probiotic strain fulfils the
necessary safety criteria, the aspects related to pro-
duction and processing are also of utmost importance.
Several technological aspects therefore have to be
considered in probiotic selection, such as, good sen-
sory properties, viability during processing, stability in
the product and during storage. Probiotic foods are
currently restricted predominantly to fermented milk
drinks and yogurt. The development of fermented,
non-diary, oat-based product requires stringent selec-
tion of probiotic strains to maintain f-glucan level
(the main active component for the cholesterol low-
ering properties recognized in oats), viability
throughout processing and storage period till con-
sumption.

In previous work [13], the survival of L. acidophilus
DSM 20079 strain from human origin, during refrig-
erated storage in three oat-based products on a step in
the development of new fermented oat-based non-
dairy products was evaluated. The L. acidophilus DSM
20079 strain exhibited a viability of 10° cfu mI™" after
30 days in the oat products during cold storage and no
change of the f-glucan level was seen.

To fully cover all the theoretical bases for selecting
probiotic strain, the functional requirements should be
established by using in vitro methods. In order to
exert probiotic effects in the human body, the strain
has to be able to survive through the Gl-tract (acid
tolerance and tolerance to human gastric juice and
bile tolerance). Also, ability of some L. acidophilus
strains to produce bacteriocin could be an important
property for a probiotic strain because a bacteriocin
will probably help in the colonization of its producer
in the GI tract. In previous study, [14] a novel natural
antimicrobial agent produced by L. acidophilus DSM
20079 was isolated and named acidocin D20079. This
peptide exhibited antimicrobial activity against a
LAB-species, from which some strains are known to
cause anaerobic spoilage of vacuum-packaged meat.
In addition, acidocin D20079 exhibited extraordinary
heat stability and can also work at a wide pH range.
Since the probiotic effect can be different between
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strains belonging to the same species, the main
objective of this study was hence to evaluate the
functional requirements to cover all the theoretical
bases for a strain to be used as probiotic. The survival
of L. acidophilus DSM 20079 using conditions simu-
lating those of GlI-tract and the mode of action
(bacteriocidal or bacteriostatic) of its bacteriocin was
studied for further applications.

Materials and methods
Bacterial strains and media

The bacteriocin producer-strain L. acidophilus DSM
20079, and the sensitive indicator strain L. delbrueckii
subsp. lactis DSM 20076 were obtained from DSMZ-
Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH, Braunschweig, Germany. The
cultures used in this study were maintained as frozen
stocks at —80°C and propagated twice (1% inoculum)
in MRS broth (Difco Laboratories, Detroit, MI, USA)
for 14-16 h at 37°C before experimental use. Agar
plates were prepared by the addition of 1.5% (w/v)
granulated agar (Difco Laboratories). Soft agar was
prepared by adding 0.75% (w/v) agar to broth media.
For bacteriocin production, a modified medium (DO-
MRS), was used. The DO-MRS broth was prepared by
dissolving all the ingredients of the MRS broth except
Tween 80, which was replaced by oleic acid (Merck,
Darmstadt, Germany) added to a final concentration of
0.1% (v/v). After adding all medium components, the
mixture was autoclaved.

Bacteriocin production

Lactobacillus acidophilus DSM 20079 was propagated
twice at 37°C (as described above) in MRS broth be-
fore inoculation in MRS [14] for bacteriocin produc-
tion. A 31 bioreactor (Chemofem FLC-B-3,
Higersten, Sweden) with a 2.5 1 working volume of
broth-medium was inoculated (1% inoculum) with the
producer strain twice propagated in MRS medium. The
cultivation temperature was maintained at 37°C and
the culture was agitated at 150 rpm. The pH was 6.0
and was controlled by an automated pH-controller by
titration with 12% ammonium hydroxide solution.
Samples of 10 ml were removed for activity assays and
optical density measurements. After 16-18 h, the cul-
ture pH was adjusted to pH 5.0 with hydrochloric acid,
and at this point, cells were harvested and removed by
centrifugation (4,000xg, 10 min) and stored at —20°C
until bacteriocin analysis started.
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Bacteriocin activity assay

The culture supernatants were assayed for bacteriocin
activity by the spot on lawn technique with MRS agar
using L. delbrueckii subsp. lactis DSM 20076 as indi-
cator strain [15]. Indicator lawns were prepared by
adding 0.125 ml of ten times diluted overnight culture
to 5 ml of MRS soft agar (0.75%). The contents of the
tubes were gently mixed and poured over the surfaces
of pre-poured MRS agar plates. Bacteriocin samples
were sterilized by passage through a 0.45 pm cellulose
acetate filter.

Activity was estimated by the critical dilution
method, using serial twofold dilutions in the same
medium as used for the growth of the indicator strain.
Activity was quantified by taking the reciprocal of the
highest dilution that exhibited a clear zone of inhibi-
tion and was expressed as activity units (AU) per
milliliter of culture medium. The titre of the bacterio-
cin solution, in AU/ml, was calculated as (1000/d) x D,
where D is the dilution factor and d is the dose (the
amount of bacteriocin solution pipetted on each spot)
[16].

Bacteriocin mode of action
Preparation of concentrated bacteriocin solution

The culture supernatant (400 ml) from cultivation in
MRS was obtained as described above. After adjust-
ment of the pH to 6.5 and treatment with catalase, the
supernatant was precipitated with 40% ammonium
sulfate for 18 h at 4°C. The precipitate was pelleted by
centrifugation 10,000xg for 30 min and resuspended in
25 ml of 50 mM sodium phosphate buffer pH 7.0, then
sterilized through 0.45 um cellulose acetate filter.
Activity was determined by the critical dilution method
(described above).

Mode of action and adsorption of the bacteriocin
to the sensitive bacterial cells

To investigate the mode of action of acidocin D20079,
the indicator strain was grown at 37°C for 14-16 h in
MRS. The cells were then washed and suspended in
sterile 50 mM sodium phosphate buffer pH 7.0 to give
ca. 10°-10° cfu ml™'. To this cell suspension, concen-
trated bacteriocin solution was added to final concen-
trations of 2,048, 128 and 11.3 AU/ml. As a control, a
sample without bacteriocin activity was used.

Samples and controls of the same final volume were
incubated at 37°C for 6 h. Optical density (615 nm),
cell numbers (log cfu ml™) and bacteriocin activity

(AU/ml) were determined at constant intervals [17].
The percentage of killing was calculated as follows:

% Killing = [((initial viable cells) — (final viable cells))/
(initial viable cells)] x 100.

Acid tolerance
Preparation of simulated gastric juice

Simulated gastric juice was prepared fresh, daily, by
suspending pepsin (3 g I"") (P=7000, Sigma—Aldrich,
St. Louis, MO, USA) in sterile saline (0.5% w/v) and
adjusting the pH to 2.0 and 2.5 with concentrated HCI
[18].

Preparation of washed cell suspensions
and acid tolerance test

Lactobacillus acidophilus DSM 20079 was propagated
twice in MRS broth, as described above. The cells from
a 100 ml MRS culture were harvested by centrifuga-
tion (4,300xg, 10 min), and washed three times in
phosphate-buffered saline, pH 7.0. Washed cell pellets,
were then suspended in (1/10) x cultivation volume in
the same buffer, hence obtaining a tenfold increase in
cell density. To 1 ml of the washed cell suspension,
5 ml of simulated gastric juice and 1.5 ml NaCl (0.5%
w/v) were added. The materials were vortexed for 10 s
and incubated at 37°C for 3 h. Aliquots of 0.1 ml were
then removed at constant intervals (0, 1, 2, 3 h) for
determination of total viable count. Dilutions were
made and cells were plated in duplicates on MRS agar
(Difco). Plates were incubated at 37°C under anaerobic
conditions using BBL anaerobic jars (BBL Micriobio-
logical systems, Division of Beekton Dickinson and
Co., Cockeysuille, MD, USA) for 72 h before enu-
meration.

Bile tolerance

Bile containing MRS broth was prepared by the addi-
tion of 0.1, 0.3, and 0.5% (v/v) of oxidized bile (Sigma-
Aldrich, B-8381). The cells from a 100 ml 16 h MRS
culture of L. acidophilus DSM 20079 were collected by
centrifugation (3,400xg, 10 min), washed twice in sal-
ine (8.5 g NaCl/l) and resuspended in 10 ml MRS
broth. This suspension was inoculated (1%) into MRS
broth lacking or containing bile. After 0, 1,2 and 3 h of
incubation at 37°C, viable counts on MRS agar plates
and optical density of the culture at 625 nm were
determined [19].
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Results < E
Mode of action and adsorption of the bacteriocin a
onto the sensitive bacterial cells
en
=
The effect of acidocin D20079 on the sensitive strain Eg o l% 5 =
(L. delbrueckii subsp. lactis DSM 20076) was examined
to establish whether it has a bactericidal or a bacte-
riostatic mode of action. A concentrated bacteriocin & IS22
extract (broth from a L. acidophilus DSM 20079 cul-
tivation in MRS, precipitated with ammonium sulfate E
(40%), and dissolved in phosphate buffer) with an 3 e
initial activity level of 4,069 AU/ml was added to cell @ | 5 A
suspensions of the sensitive strain to final concentra- = 1% o e
tions of 2,048, 128 and 11.3 AU/ml (Table 1).
These concentrations all led to marked decreases in =
both the number of viable cells and in optical density. g S| wooo
In particular, as compared to controls without bacte- R -
riocin, the addition of the two highest concentrations g
(2,048 and 128 AU/ml of acidocin D20079 to the L. 20 §
delbrueckii subsp. lactis DSM 20076 cells) resulted in E5oe D §
high reductions of the respective cell population. These M RAA I
reductions corresponded to 95 and 94% of the viable %
cells, respectively, after 2 h, while at an acidocin con- & | B
centration of 11.3 AU/ml, about 60% of the population — LS8 | 3
was killed after the same time. After 4 h, 99.5, 98.5 and _ g
85.5% of the population was killed by the bacteriocin § o e e %:
concentrations of 2,046, 128 and 11.3 AU/ml, respec- < ISRVRURY §
tively (Table 1). A clear decrease in optical density of & g exaa g
the cell suspension was also observed over time in the 2
experiment with different bacteriocin concentrations, g
and was found to be concentration-dependent (Fig. 1), E o & %
indicating that activity of the acidocin D20079 was §5 § e= 8
bactericidal with concomitant cell lysis. s I ,g
In addition, the residual bacteriocin activity was § o
found to decrease from the initial value to very low or e ERS
undetectable levels of activity after completing the 6 h E8lonaS|s 8
incubation time, suggesting that the peptide was ad- M= Fee &g
sorbed. 2 B %
2| |2 |seer|iz
Simulation tests of acid and bile tolerance indicates a _ - § -2
a probiotic potential of Lactobacillus acidophilus S| E 2 5
DSM 20079 3|2 S
g1 X X X X |
In previous work, a novel bacteriocin (acidocin S g LN £ =
D20079) was isolated from the LAB strain L. aci- g : g
dophilus DSM 20079 [14]. The presence of this peptide w oo onn |8 5
indicated a potential of the strain (or its peptide) as an -“8’ g = E E E 3 g g
antimicrobial food additive. In order to analyse sur- g é@ oy oy~ _é g
vival of the strain in the gut, simulation tests were é = aaad % }
performed. L. acidophilus DSM 20079 had a good ~ 2 2
viability in the simulated gastric juice experiments = g o ©
(which were all replicated twice). After 1 hatpH2and & |E< cavwelE S
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Fig. 1 Effect of acidocin D20079 on the indicator cells of L.
delbrueckii subsp. lactis DSM 20076. Parameters tested were:
optical density 615 nm (a), cell viability (b), and bacteriocin
activity attached to indicator cells (¢). Filled triangle 2,048 AU/
ml, filled circle 128 AU/ml, filled square 11.3 AU/ml, filled
diamond control

2.5, the number of viable cells had only slightly de-
creased to 96 and 98% of the initial viable count, at the
respective pH, and the population size was 3.0 x 10’
and 1.1 x 10% cfu mI™, respectively. After 3h, a 1.2
and 1.0 log cycle reduction in viability was found at pH
2.0 and 2.5 with final populations of 3.5 x 10° and
1.4 x 107 cfu ml™", respectively.

A bile concentration of 0.3% is usually used for
screening of bile resistant strains, as this is considered

as an average intestinal bile concentration of the
human gastrointestinal tract [20]. In this work, the
ability of the strain to survive for 3 h was examined in
the presence of bile in the concentration range of 0.1-
0.5% wiv (Fig. 2). The lowest concentration (0.1%),
did not significantly affect the survival. At 0.3 and 0.5%
bile, a decrease in the number of viable cells was first
observed after 1 h at 37°C. After completing the 3 h
incubation, 45% of the original population survived in
a medium with 0.3% bile, whereas at 0.5% bile only
5% survived the 3 h incubation. Based on these results
L. acidophilus DSM 20079 was judged to exhibit an
appreciable level of survival and was considered
intrinsically tolerant to bile.

Discussion

Bacteriocins may possess a bacteriocidal or bacterio-
static mode of action on sensitive cells, this distinction
being greatly influenced by several factors such as
bacteriocin dose and degree of purification, physio-
logical state of the indicator cells (e.g. growth phase)
and experimental conditions (e.g. temperature, pH,
presence of agents disrupting cell wall integrity and
other antimicrobial compounds). Most bacteriocins
exert bacteriocidal mode of action against the sensitive
microorganisms, although some of the bacteriocins
have been shown to act in a bacteriostatic manner.
Bacteriocidal activity of bacteriocins may be accom-
panied by lysis of sensitive cells (bacteriolytic bacte-
riocins) [21], as shown for acidocin D20079, nisin A
[22] and enterocin EFS2 [23]. The outer surface of
Gram-negative bacteria contains lipopolysaccharides
(LPS), and that of Gram-positive bacteria contains

Log cfu/ml

6 T T
0 1 2

Time (h)

© -
N

Fig. 2 The survival of L. acidophilus DSM 20079 in MRS broth
with: 0% filled square, 0.1% filled triangle, 0.3% thick line and
0.5% filled circle (w/v) bile salts during incubation at 37C, the
reported values are the mean of two trials
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acidic polysaccharids (teichoic acid), conferring a net
negative charge to the surface of both Gram-negative
and positive bacteria [24]. Binding of these bacteriocins
to the negatively charged cell wall of the sensitive
bacteria lead to release and therefore activation of
autolytic enzymes, which under normal conditions are
electrostatically bound to these polymers leading to
lysis of the sensitive cells [22, 25]. Bacteriocins exert
their bactericidal mode of action by destabilization and
permeabilization of sensitive cell membranes [25].

In order to survive and establish within the human
GIT, some of the desirable properties of probiotics
include their ability to resist the acidity (pH 2.5-3.5) of
the stomach [26] and the exposure to bile in the upper
part of the intestine. In the present study, the exposure
to pH 2.0 and 2.5 showed to be satisfactory. Although
the pH in the stomach can be as low as pH 1.0, a high
survival rate at pH 2.5 for at least 3 h, is often con-
sidered satisfactory, especially as probiotic strains can
be buffered by food or other carrier molecules and in
fact are not directly exposed to such a low pH in the
stomach [27, 28]. It is recommended to use 0.3% bile as
a proper concentration for selection of probiotic strains
[20]. In our study, 45% (considered as an appreciable
survival level) of the original population of L. acidophilus
DSM 20079 resisted 0.3% bile.
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