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Three surfactin-producing Bacillus subtilis strains, C4, M1 and G2lIII, previously isolated from honey and
intestines from the Apis mellifera L. bee, were phylogenetically characterized at sub-species level as B.
subtilis subsp. subtilis using gyrA gene sequencing. The antagonistic effect of surfactin was studied against
seven different Listeria monocytogenes strains, 6 of which were resistant to bacteriocins. Surfactin showed
anti-Listeria activity against all 7 strains and a dose of 0.125 mg/mL of surfactin was enough to inhibit this
pathogen. Surfactin sintetized by B. subtilis subsp. subtilis C4 inhibited the pathogen in lower concentra-

g?c/x;z;cﬁibtilis subsp. subtilis tions, 0.125 mg/mL, followed by G2IIl and M1 with 0.25 and 1 mg/mL, respectively. In particular, a dose
Surfactin ’ of 0.125 mg/mL reduced the viability of L. monocytogenes 99/287 RB6, a bacteriocin-resistant strain, to

5 log orders. Surfactin assayed maintained anti-Listeria activity within a pH range of between 2 and 10,
after heat treatment (boiling for 10 min and autoclaving at 121 °C for 15 min) and after treatment with
proteolytic enzymes. These results suggest that surfactin can be used as a new tool for prevention and

Listeria monocytogenes
Bacteriocin-resistance

the control of L. monocytogenes in different environments, for example, in the food industry.

© 2012 Elsevier GmbH. All rights reserved.

1. Introduction

Bacillus species are ubiquitous, endospore-forming, Gram-
positive bacteria that are of great economic importance due
to their ability to produce a wide range of bioactive peptides.
The cells are widely used in industrial processes for enzyme
production (Manachini et al. 1987b; Manachini et al. 1988),
especially proteases (Manachini et al. 1987a), in large-scale indus-
trial fermentations (Fiechter 1992; Zukowski 1992) and as plant
growth-promoting microorganisms (Bai et al. 2002; Joo et al. 2004).
Their metabolites show antagonistic properties, so they are used
against different pathogens (Czaczyk et al. 2000; Mannanov 2001;
Al-Ajlani et al. 2007; Ongena and Jacques 2008). These bacteria
are also employed as constituents of probiotic supplements for ani-
mals and humans (Cutting 2011). Bacillus subtilis is one of the most
important species of this genus because of the synthesis of a wide
range of metabolites with diverse properties (Huang et al. 2007;
Etchegaray et al. 2008; Ongena and Jacques 2008; Velmurugan
et al. 2009). Among these metabolites the most important com-
pounds are the cyclic lipopeptides surfactin, iturin and fengycin,
which are used in biotechnological and pharmaceutical processes
due to their surface and antimicrobial properties. Surfactin in
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particular presents antagonistic activity against bacteria, whereas
iturin and fengycin show important antifungal spectrums (Ongena
and Jacques 2008; Raaijmakers et al. 2010). However, the inhibitory
effect of surfactin against Listeria spp. has hardly been studied (de
Araujo et al. 2011).

Listeria monocytogenes is a Gram-positive pathogen of humans
and animals, which causes listeriosis (McLauchlin et al. 2004). In
humans it is mainly transmitted by food and it is especially harmful
to immunodeficient patients, elderly people, children and pregnant
women (Jurado et al. 1993; McLauchlin et al. 2004; Gandhi and
Chikindas 2007). Nisin, is a biological food preservative used to
control Listeria in food (Gandhi and Chikindas 2007). However,
resistant Listeria strains have been reported, making the search for
alternative drugs or natural compounds, such as bacterial metabo-
lites, necessary (Ming and Daeschel 1993; Holzapfel et al. 1995;
Vadyvaloo et al. 2004).

In a previous study, B. subtilis strains were isolated in our lab-
oratory from different honey samples and from the gut of Apis
mellifera L. and three were selected because of their surfactin syn-
thesis and antimicrobial activity against bee pathogens (Sabaté
et al. 2009). The aim of the current work was to study the effect
of surfactin on the food-borne pathogen L. monocytogenes. Thus,
bacteriocin-resistant and sensitive L. monocytogenes strains were
analyzed (Audisio et al. 2005; Ibarguren et al. 2010). Also, the
surfactin stability at different pH values, after heating and treat-
ing with proteolytic enzymes, was determined to evaluate its
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Table 1
Listeria monocytogenes strains used as indicators.

Strain Origin

INEI-ANLIS, Malbran
Audisio et al. (2005)
Audisio et al. (2005)
Ibarguren et al. (2010)
Audisio et al. (2005)
Ibarguren et al. (2010)
Ibarguren et al. (2010)

Listeria monocytogenes 99/2872
Listeria monocytogenes 99/287 RB6P
Listeria monocytogenes 99/287 RC1
Listeria monocytogenes99/287 RMoril
Listeria monocytogenes99/287 RJuli4b
Listeria monocytogenes99/287 RM2d
Listeria monocytogenes99/287 RM1b

2 GenBank access code JN086993.
b GenBank access code JN086995.

possible incorporation at a certain stage in the food production
chain.

2. Materials and methods
2.1. Bacterial strains and culture conditions

Bacillus subtilis C4, M1 and G211, selected and characterized phy-
logenetically in previous studies (Sabaté et al. 2009), were activated
in BHI broth (Brain-Heart-Infusion, Britania, Argentina) at 37 °C for
24h.

Seven L. monocytogenes strains, six of which were resistant to
different bacteriocins, were used as indicator strains of antimicro-
bial activity (Audisio et al. 2005; Ibarguren et al. 2010) (Table 1).
These strains were also activated in BHI broth at 37°C and incu-
bated for 24 h.

2.2. Phylogenetic characterization of the Bacillus subtilis strains
at sub-species level

DNA extraction was carried out with an active culture after incu-
bation in 5mL of BHI broth at 37°C for 24 h according to Miller
(1972). B. subtilis gyrA gene fragments were amplified with PCR
using gyrA-f (5-CAGTCAGGAAATGCGTACGTCCTT-3) and gyrA-r (5-
CAAGGTAATGCTCCAGGCATTGCT-3) primers (Kunst et al. 1997).
Polymerase chain reaction (PCR) was carried out as follows: DNA
was amplified in 25 pL reaction mixture containing: 0.2 wL Taq
polymerase, 2.5 uL STR 10x buffer, 0.1 L of each primer, 17.5 pL
of water for PCR and 5 pL of the DNA template. Amplification
consisted of an initial denaturation step at 94 °C for 2 min; 40 cycles
of94°Cfor30s,51°Cfor45sand 72 °Cfor 60 s; and a final extension
at 72 °C for 7 min (de Clerck et al. 2004).

The PCR products were separated with 0.8% (w/v) agarose gel
electrophoresisat 70 V for 60 min. The gels were stained with ethid-
ium bromide and visualized with UV, and the PCR product was
sequenced at Macrogen (Seoul, Korea). On-line search for simi-
larity was carried out at GenBank using the BLAST programme
(http://www.ncbi.nlm.nih.gov).

2.3. Surfactin fraction

Surfactin was synthesized by B. subtilis C4, M1 and G2III and
obtained by acidic precipitation and subsequent recovery with
methanol according to Sabaté et al. (2009). The precipitate con-
taining the metabolite was dissolved in sterile distilled water (pH
9) at a final concentration of 1 mg/mL. This we called the surfactin
fraction.

2.4. Anti-Listeria activity
2.4.1. Qualitative analysis

The anti-Listeria effect was analyzed using cell-free supernatant
(CFS) and surfactin obtained from the different Bacillus strains

using the plate diffusion technique (Tagg and McGiven 1971) and
modified by Audisio (2005). CFS was recovered by centrifuga-
tion (10,000g for 10 min at 4°C) and afterwards filter-sterilized
(0.45 pm cellulose acetate membrane). Therefore, aliquots of CFS
or surfactin of different concentrations (23 L) were poured into
wells punched in the lawn of the indicator strain and the plates
were incubated at 37 °C for 24 h. The lawn was obtained by sow-
ing 100 wL of a 24-h L. monocytogenes culture in 10 mL of BHI agar
(1.5%, w/v). After incubation, plates were examined for the presence
of inhibition halos.

2.4.2. Quantitative analysis

The effect of the CFS and surfactin produced by B. subtilis subsp.
subtilis C4 on L. monocytogenes RB6 was quantitatively assayed with
the direct contact technique (Audisio et al. 2005). Therefore, a 24 h
culture of the pathogen grown in BHI was centrifuged and the pellet
was recovered and subsequently resuspended in 3 mL of CFS or sur-
factin (1 mg/mL). The final concentration of the pathogen was the
equivalent of 0.5 on the MacFarland scale. Resuspended pathogen
in peptone water was used as control.

2.5. Surfactin stability

2.5.1. Temperature effect

Heating resistance of the surfactin fraction was determined after
boiling for 10 min and autoclaving at 121 °C for 15 min. Then micro-
bial activity was assayed using the plate diffusion technique with L.
monocytogenes 99/287 RB6 as an indicator strain. An aliquot with-
out thermal treatment was used as control.

2.5.2. pH effect

The pH of aliquots of the surfactin fraction was adjusted to 2,
4, 6, 8 and 10 by adding 1N NaOH or HCL as appropriate. Samples
were incubated at 25 °C for 1 h and the pH was measured with a pH
meter (Altronix TPX II, Argentina). Later, antimicrobial activity was
examined with the plate diffusion technique against L. monocyto-
genes 99/287RB6. Sterile culture medium aliquots were adjusted to
the same pH values assayed and used as controls.

2.5.3. Effect of proteolytic enzymes

One aliquot of the surfactin fraction was added to a final enzyme
concentration of 1 mg/mL of pepsin, trypsin, a-chemotrypsin, pro-
teinase K and pronase E (purchased from Sigma) at 37°C for 1h.
The reaction was stopped by inactivation of the enzymes by heating
to 96 °C for 10 min. All enzyme solutions were prepared in 0.05M
phosphate buffer, pH 7.0. Then, antimicrobial activity was mea-
sured with the plate diffusion technique against L. monocytogenes
99/287RB6, as indicator strain. Fractions without enzyme treat-
ment were used as control.

3. Results

3.1. Characterization of Bacillus subtilis at sub-species level using
gyrA gene sequencing

The gyrA gene codes for the A subunit of DNA gyrase in Bacillus
strains. When gyrA gene sequencing was carried out it was found
that B. subtilis C4, G2IIl and M1 showed 97, 97 and 99% homology,
respectively, with the DNA gyrase sequence of B. subtilis subsp. sub-
tilis 168 from the GenBank database using the BLAST programme.
The gyrA nucleotide sequences of the strains were deposited into
the GenBank with accession numbers HQ828992, HQ828991 and
HQ828990, respectively. The genetic similarity of the strains can be
observed in the phylogenetic tree given in Fig. 1. The phylogenetic
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Bacillus vallismortis (T); DSM11031

Bacillus subtilis (T); NRRL B-22049

Bacillus subtilis subsp. subtilis; C4
Bacillus subtilis subsp. subtilis; M1
Bacillus subtilis subsp. subtilis; Meori2
Bacillus subtilis subsp. subtilis; G2III
Bacillus amyloliquefaciens (T); NBRC 15535

Bacillus mojavensis (T); IF015718
Bacillus licheniformis (T); ATCC 14580; DSM 13
Bacillus sonorensis (T); NRRL B-23154
Bacillus atrophaeus (T); JCM9070
Bacillus pumilus (T); ATCC 7061

Bacillus cereus (T); ATCC 14579
4|Eacillus thuringiensis (T); IAM 12077

Bacillus anthracis (T); ATCC 14578

Escherichia coli (T); ATCC 11775T

Scale:

0.1

Fig. 1. Phylogenetic tree, based in the gyrA gen sequences of the three B. subtilis subsp. subtilis: C4, M1 and G2III strains, was constructed using the Tree Builder program of

the Ribosomal Data Base Project II (http://rdp.cme.msu.edu).

distance of these strains with human pathogens of the Bacillus
genus, like Bacillus cereus and Bacillus anthracis, should be stressed.

3.2. Antimicrobial properties

Using the plate diffusion technique it could be observed that
the CFS and surfactin fractions obtained from the three B. subtilis
subsp. subtilis strains showed anti-Listeria activity (Fig. 2). The lis-
tericide effect was strain dependant. The surfactin synthesised by
B. subtilis subsp. subtilis C4 inhibited the pathogen with a concen-
tration of 0.125 mg/mL while 0.25 mg/mL of the surfactin produced
by B. subtilis subsp. subtilis G211l was necessary to inhibit L. mono-
cytogenes. The lowest antagonistic effect was observed for B. subtilis
subsp. subtilis M1, which only inhibited the pathogen with 1 mg/mL
of surfactin.

B. subtilis subsp. subtilis C4 was selected for quantitative analysis
due to its anti-Listeria activity. Contact of L. monocytogenes 99/287
RB6 with CFS of the Bacillus strain diminished pathogen viability
2 log orders and surfactin decreased viability approximately 5 log
orders after 24 h of contact (Fig. 3).

3.3. Stability of the antibacterial activity of surfactin

When the effect of the proteolytic enzymes on the antibacterial
activity of surfactin was assayed it was found that under the given
assay conditions none of the enzymes affected stability, because
the metabolite did not show loss of its inhibitory activity against L.
monocytogenes 99/287RB6 (Table 2).

Fig. 2. Anti-listeria activity from surfactin synthesized by B. subtilis subsp. subtilis
(A) C4, (B) M1 and (C) G2IIL

Surfactin synthesized by the different Bacillus subtilis strains was
also stable within the pH range assayed (2-10), as the metabolite
maintained its inhibitory effect against the pathogen. Extreme tem-
peratures, boiling for 10 min and autoclaving at 121 °C for 15 min,
had no affect on this biosurfactant (Table 3).

4. Discussion

Bacteria belonging to Bacillus subtilis can be divided into two
sub-species: B. subtilis subsp. subtilis and B. subtilis subsp. spiz-
izenii (Nakamura et al. 1999). Genes that codify proteins present
a much higher genetic variability among species than other genes,
therefore they are highly suitable for classification and identifica-
tion of closely related species (Mollet et al. 1997; Kim et al. 1999;
Yamamoto et al. 1999). Sequencing of the gyrA gene, which codifies
the A sub-unit of DNA gyrase in Bacillus, is useful to discriminate
between species most closely related to B. subtilis and also between
sub-species (Chun and Bae 2000; Palmisano et al. 2001). B. sub-
tilis C4 and M1, isolated from honey, and G21III, isolated from bee
gut (Sabaté et al. 2009), were characterized as B. subtilis subsp.
subtilis after gyrA gene sequencing at sub-species level as they pre-
sented 97,99 and 97% homology, respectively, with the DNA gyrase
sequence of B. subtilis subsp. subtilis 168, strain previously phy-
logenetically characterized and published by Kunst et al. (1997)
(accession number AL009126). There are only a few scientific arti-
cles that have characterized and identified surfactin-producing B.
subtilis subsp. subtilis strains. Geetha et al. (2010) isolated a soil
bacterium identified as B. subtilis subsp. subtilis, which is able
to synthesise different surfactin isoforms. However, to date, no
antecedents exist regarding surfactin synthesis by B. subtilis subsp.
subtilis strains isolated from the honey and/or bee environment.

6.5

log cfu/mL

4.0 T T T T T T T T T T T T
0 4 8 12 16 20 24
t(h)

Fig. 3. Effect of cell-free supernatant (CFS) (M) and surfactin (a) from B. subtilis
subsp. subtilis C4 on L. monocytogenes 99/287RB6 viability. Control of L. monocyto-
genes 99/287RB6 cells (®).
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Table 2
Effect of proteolytic enzymes on anti-Listeria activity from surfactin.

Enzymes (1 mg/mL) Surfactin

B. subtilis subsp. subtilis C4

B. subtilis subsp. subtilis G2III B. subtilis subsp. subtilis M1

Surfactin without enzyme treatment 122
Pepsin 11
Trypsin 11
a-Chemotrypsin 10
Pronase E 10
Proteinase K 10

10 10
10 9
10 8
10 9
8 10
9 9

2 Inhibition halo diameter (mm) against L. monocytogenes 99/287RB6.

Table 3
The stability of surfactin in extreme conditions.
Strain Temperature effect pH effect
Boiling (96 °C, 10 min) Autoclave (121°C, 15 min)
B. subtilis subspp. subtilis C4 + + +(2-10)2
B. subtilis subspp. subtilis M1 + + +(2-10)
B. subtilis subspp. subtilis G211 + + +(2-10)

(+) Positive activity on L. monocytogenes 99/287RB6 by the well-diffusion assay.
2 pH range where the inhibitory action is constant.

L. monocytogenes is an emerging pathogen with a strong impact
on pregnant women, children and elderly people and its viru-
lence has increased three hundred-fold in AIDS patients (Jurado
et al. 1993; Hitchins and Whiting 2001). The inhibition or con-
trol of this microorganism by bacteria belonging to Bacillus spp.
has been reported (Bizani et al. 2005; Lisboa et al. 2006; Sharma
et al. 2006; Cherif et al. 2008; Liao 2009; Spathelf and Rautenbach
2009; Tabbene et al. 2010). Interestingly, none of these bacilli with
anti-Listeria activity were isolated from honey or bees and the
compounds with the antagonistic effects were mainly different
bacteriocins produced by B. cereus, Bacillus thuringiensis, Bacillus
amyloliquefaciens and Bacillus lentus (Bizani et al. 2005; Cherif et al.
2008; Lisboa et al. 2006; Sharma et al. 2006, respectively), or tyro-
cidine by Bacillus aneurinolyticus (Spathelf and Rautenbach 2009).
As can be observed, all these compounds were different from sur-
factin. Only Tabbene et al. (2010) worked with a B. subtilis strain,
but the chemical nature of the anti-Listeria compound was not com-
pletely determined and did not suggest that it could be surfactin.
All the authors previously mentioned determined the antagonistic
effect using only one strain of this pathogen, except for Spathelf and
Rautenbach (2009), who used two L. monocytogenes strains, one of
which was resistant to bacteriocins. However, B. aneurinolyticus did
not produce surfactin as the compound with the antilisteria effect.

As can be seen, few studies exist on the antagonistic activ-
ity of surfactin synthesized by B. subtilis against another human
pathogenic bacteria. Hwang et al. (2007) found that surfactin C
reduced the number of Escherichia coli cells in mice infected with
this pathogen. Huang et al. (2007) reported on the antagonistic
effect of surfactin on B. cereus spores and recommended the use
of this metabolite as an additive in food products to prevent the
pathogen’s growth. Nitschke et al. (2009) and Zeraik and Nitschke
(2010) studied the effect of surfactin synthesized by a B. subtilis
strain isolated from soil. They analyzed the effect of the compound
on adhesion properties of L. monocytogenes to stainless steel and
polypropylene surfaces and observed that surfactin diminished
adhesion of the pathogen. de Araujo et al. (2011) also found that
surfactin reduced the adhesion of the pathogen to polystyrene sur-
faces, but they did not report any significant effect of this metabolite
on L. monocytogenes viability.

In this work, it has been determined that surfactin synthesized
by B. subtilis subsp. subtilis C4, M1 and G2III exerted an important
anti-Listeria effect, not only on “common” L. monocytogenes strains
but also on strains that have become irreversibly resistant to

enterocins (Ibarguren et al. 2010). These enterocins are produced
by Enterocococcus avium PA1 (Audisio et al. 2005). The importance
of this antibacterial activity should be emphasized because only
one research paper has addressed this topic before (de Araujo et al.
2011) and the authors determined that surfactin showed only a
limited inhibitory activity against L. monocytogenes.

Surfactins produced by microorganisms have several advan-
tages over those chemically synthesised: they present less toxicity
and higher biodegradability and they are generally able to maintain
antagonistic activity at extreme temperature and pH (Kosaric 1992;
Singh and Cameotra 2004; Gautam and Tyagi 2006; Nitschke and
Costa 2007; Abdel-Mawgoud et al. 2008; Ghojavand et al. 2008).
Therefore, biosurfactants have been proposed as novel additives
in the food production to combat or prevent pathogen growth
(Nitschke and Costa 2007). The current study shows that sur-
factin produced by the three Bacillus strains, which were previously
chemically characterized (Sabaté et al. 2009), not only maintains
antibacterial activity at different pH values, and after heat treat-
ment, butit is also active after treatment with proteolytic enzymes.

This is the first study that has determined anti-Listeria activity of
surfactin against different L. monocytogenes strains, mainly against
those bacteriocin-resistant. The results obtained suggest that sur-
factin, a microbial compound, could be considered another natural
tool in the development of new strategies to prevent or control L.
monocytogenes in the food industry.
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