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chemical (with ethylenediaminetetracetate and trisodium phosphate) stresses.
Then, the cells were recovered and subjected to treatment with bacteriocins
(500 AU ml™") for 6 h. Heat and cold stress were those that promoted more
sensitization to bactericidal activity of nisin. Under the same conditions,
bovicin HC5 acted more rapidly than nisin reducing the number of viable cells
to undetectable levels after 20 min of treatment. Similar results with use of
nisin only were observed after 6 h of treatment.

Conclusions: Stress conditions used in food industry, such as temperature and
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pH, and use of chelating agents or membrane disruptors, sensitized Salmonella
Typhimurium cells to bacteriocins produced by lactic acid bacteria, such as
nisin and bovicin HC5.

Significance and Impact of the Study: Food preservation methods sensitized
Gram-negative bacteria to bacteriocins activity, which demonstrate the

doi:10.1111/jam.12776

potential of nisin and bovicin HC5 to inhibit the growth of Salmonella.

Introduction

Bacteriocins are ribosomally synthesised antimicrobial
peptides that have activity against bacteria of the same
species or those from other genera (Cotter et al. 2005).
Among bacteriocins, those produced by lactic acid bacte-
ria have received great attention due to interest regarding
industrial applications and their several desirable features
for use in food preservation, such as a lack of toxicity
and activity against eukaryotic cells, inactivation during
digestion and relative stability to heat and low pH values
(Gélvez et al. 2007; Garcia et al. 2010; Dischinger et al.
2014).

Nisin, a bacteriocin synthesised by Lactococcus lactis,
which belongs to the class of lantibiotics, is the only
approved as a food additive by Codex Alimentarius and
has Generally Recognized as Safe (GRAS) status (Federal
Register 1988). The mechanism of action of nisin occurs
through interaction with lipid II, an important precursor

of cell wall synthesis in bacteria, and results in the forma-
tion of pores in the cytoplasmic membrane. This alters
the permeability of the target cell and causes the efflux of
small metabolites and ions, in addition to interfering with
the biosynthesis of peptidoglycan (Breukink et al. 2003;
Hasper et al. 2006).

Bovicin HC5 is a bacteriocin produced by Streptococcus
bovis HC5, a bacteria isolated from the bovine rumen.
Bovicin HC5 contains post-translational modified amino
acids and the same pattern of lanthionine rings found in
nisin, suggesting that this peptide is also a lantibiotic
(Mantovani et al. 2002). Indeed, this bacteriocin is able
to recruit molecules of lipid II into similar pore struc-
tures and to sequester these molecules into domains,
inhibiting bacterial cell wall synthesis (Paiva et al. 2011).

In general, the outer membrane of Gram-negative bacte-
ria confers resistance to such antimicrobial peptides, pre-
venting the diffusion of a bacteriocin to its site of action
(Boziaris and Adams 1999). These barrier properties are
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largely influenced by the presence of a specific layer of
lipopolysaccharide (LPS) on the surface of the structure,
the integrity of which affects the stability of the outer
membrane (Alakomi et al. 2000; Prudéncio et al. 2015a).
Inside the LPS layer, the negative charges of the phosphate
radical and carboxyl residues of 2-keto-3-deoxyoctonate
(KDO) act as sites for crosslinking with divalent cations
such as calcium and magnesium, reinforcing the mem-
brane structure and minimising the electrostatic repulsion
between LPS molecules (Delcour 2009).

During the processing of food, the outer membrane of
Gram-negative bacteria is commonly destabilised by stress
conditions, such as temperature and pH (Thongbai et al.
2006). Furthermore, the use of chelating agents, such as
ethylenediaminetetracetate (EDTA), or cell membrane
disruptors, such as trisodium phosphate (TSP), is alterna-
tives used to damage the outer membrane permitting the
action of bacteriocins, such as nisin and bovicin HC5
(Delves-Broughton et al. 1993; Carneiro De Melo et al.
1998; Molinos et al. 2008; Prudéncio et al. 2014, 2015a,
b). Knowledge of such processes is of great importance in
food microbiology, because many pathogens related to
foodborne diseases are Gram-negative bacteria, mainly
Salmonella (Boziaris and Adams 1999).

In this article, we evaluate the effect of stress condi-
tions that generally occur during food preservation steps
in the sensitization of Salmonella Typhimurium cells to
the activity of nisin and bovicin HCS.

Materials and methods

Bacterial strains and culture conditions

Salmonella enterica serovar Typhimurium ATCC 14028
was cultured in Brain Heart Infusion broth (BHI; Difco,
Sparks) at 36 £ 1°C for 18-20 h and reactivated under
the same conditions for 2 h. The cells were centrifuged at
2500 g (Sorvall RT 6000D; DuPont, Wilmington, DL),
washed and resuspended in 0-85% saline. The bovicin
HC5-producing strain, Strep. bovis HC5, was cultivated
under anaerobic conditions in EC medium at 39 £+ 1°C
overnight (Mantovani and Russell 2001). Lactococcus lac-
tis ATCC 19435 was grown in Man, Rogosa and Sharpe
broth (MRS; Himedia, Mumbai, India) under aerobic
conditions for 16 h at 37 & 1°C (De Man et al. 1960).

Preparation and activity of bacteriocins

Nisin solution (Chrisin C; CHL Hansen, Horsholm, Den-
mark) was prepared in sodium phosphate solution (PBS)
(5 mmol 17') at pH 6-5. Extracts of bovicin HC5 were pre-
pared as described by Mantovani and Russell (2003). The
antimicrobial activity was determined by the diffusion
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method in agar (Tagg et al. 1976) using Lc. lactis as the
indicator organism and quantified by the critical dilution
method (Hoover and Harlander 1993). One arbitrary unit
(AU) was defined as the reciprocal of the highest dilution
that showed a zone of inhibition with at least 5 mm
diameter.

Preparation of stressed Salmonella Typhimurium cells

Treatments under different conditions of stress were per-
formed in BHI broth using a concentration of approxi-
mately 10° CFU ml™' of Salmonella cells in the
exponential phase.

For acid stress, Salmonella cells were transferred to
BHI broth adjusted to pH 4-5 with HCI (5 mol 1') and
incubated at 37°C for 2 h (Thongbai et al. 2006).

For stress with chemical agents, the cells were added to
BHI broth with 20 mmol 17! of EDTA (Reagen, Colombo,
Brazil) or 20 mmol 17" of TSP (Carlos Erba, Sdo Paulo,
Brazil) and incubated at 37 £ 1°C for 30 min (Phillips
and Duggan 2001).

Heat stress was applied by heating to 55 + 1°C for
10 min in a water bath; the tubes were then cooled in
running water for 2 min at room temperature (Boziaris
and Adams 2001). For cold stress, the cell suspensions
were placed at —26 £ 1°C for 2 h and then warmed to
room temperature in running water for 4 min (Boziaris
and Adams 2001).

Cell viability was determined by plating in Plate
Count Agar (PCA; Difco, Sparks) using the microdrop
method (Morton 2001) in triplicate or the pour-plate
technique in duplicate. The plates were incubated at
36 £ 1°C for 8-10 h in the case of the microdrop tech-
nique and for 24 h when using the pour-plate technique
before counting using a colony counter (Mod. CE 550A;
Phoenix, Araraquara, Brazil).

Treatment of pre-stressed cells with bacteriocins

Salmonella Typhimurium cells subjected to stresses were
collected by centrifugation at 2500 g for 15 min at 4°C,
washed and resuspended in 0-85% saline. Suspensions of
10° CFU ml™" of stressed cells were inoculated in tubes
containing 0-85% saline plus glucose (22 mmol 17") to
energise the membrane, and bacteriocins (nisin or bovi-
cin HC5, 500 AU ml™!) (Mantovani et al. 2002). For
treatments with bovicin HC5, only the heat and cold-
stressed cells were chosen due to good results obtained
with nisin.

The tubes were incubated at 37°C for 0, 20, 40, 60 min
and 6 h, and aliquots were collected for evaluation of the
number of viable cells. For each treatment, controls con-
sisted of previously stressed cells treated with PBS instead
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of the bacteriocin solutions. In addition, non-stressed
cells were evaluated in absence and presence of nisin.

Statistical analyses

Each treatment was performed using at least two biologi-
cal replicates. Statistical analyses were performed with the
9.1 saEG program (Federal University of Vigosa, 2007),
using the Tukey’s test with a significance level of 0-05.

Results

Stress effect on Salmonella Typhimurium cell viability

The viability of Salm. Typhimurium before and after
treatments of acid, chemical, heat and cold stresses is
shown in Fig. 1. The acid treatment at pH 4-5 for 2 h
and chemical stress with TSP (20 mmol 17') and EDTA
(20 mmol 1Y) for 30 min did not affect the viability of
Salmonella at the time periods evaluated (P > 0-05). Sig-
nificant decimal reductions (P < 0-05) of 3 and 2 log
cycles were observed with the treatments of 55°C for
10 min and —26°C for 2 h, respectively.

Action of bacteriocins on previously stressed Salmonella
Typhimurium cells

The viability of non-stressed cells in presence of nisin did
not differ statistically (P > 0-05) from those in the
absence of bacteriocin during the first hour of treatment
(Fig. 2a, Table S1). However, after 6 h of treatment with
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Figure 1 Viability of Salmonella Typhimurium treated under different
stress conditions. Approximately 108 CFU mI~" Salmonella cells was
inoculated in BHI broth and subjected to 55 4+ 1°C for 10 min,
—26 + 1°C for 2 h, pH 4-5 for 2 h, or 20 mmol I~ ethylenediamine-
tetracetate or 20 mmol I~ trisodium phosphate for 30 min. The
black and grey bars represent viability before and after treatment,
respectively. Error bars indicate standard deviations (n = 3).
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the bacteriocin, the non-stressed cells showed significant
decimal reductions
(Fig. 2a, Table S1).
Similar results were observed when Salm. Typhimuri-
um was previously stressed with acid (pH 4-5) and chem-
ical stresses with TSP (20 mmol1™') and EDTA
(20 mmol 17Y). The presence of nisin did not influence
statistically (P > 0-05) the number of viable cells of
Salm. Typhimurium during the first hour of treatment
(Fig. 2b, Table S1). After 6 h of treatment, cells previ-
ously stressed at pH 4-5 and in the presence of TSP and
EDTA presented decimal reductions of approximately 2-9,
4-1 and 4-0 log cycles, respectively (Fig. 2b, Table S1). It
is noteworthy that during treatment with bacteriocins, the
cells were under nutritional stress because they were
resuspended in 0-85% saline plus glucose (22 mmol 17").
The bactericidal effect of nisin was higher on cells pre-

of approximately 1-5log cycles

viously subjected to heat and cold stresses. After 20 min
of treatment, it was possible to verify a significant reduc-
tion (P < 0-05) compared to the stressed cells in absence
of bacteriocin (Fig. 3). After 1 h of treatment, decimal
reductions of 4 log «cycles were observed in the
population of cells pre-stressed at 55°C, and 3-5 log
cycles in the cells pre-stressed at —26°C (Fig. 3, Table
S1). After 6 h, the counts were below the detection limit
of the technique, which is 10 CFU ml™" (Fig. 3).

The heat and cold stresses were chosen for treatments
with bovicin HC5, due to the greater bactericidal effect
observed in the treatments with nisin. Bovicin HC5 clearly
acted more rapidly than nisin. The number of viable cells
of Salm. Typhimurium subjected to heat and cold stresses
and exposed to bovicin HC5 showed counts below the
detection limit of the technique (10 CFU ml™") after only
20 min of treatment, whereas similar results with nisin
only were observed after 6 h of treatment (Fig. 3).

Salmonella cells stressed with different methods (acid,
chemical, heat and cold stresses) did not presented signif-
icant reduction in the number of viable cells in absence
of bacteriocins. Surprisingly, it was observed a consider-
able increase in the number of viable cells (Figs 2 and 3).

Discussion

The antimicrobial activity of the lantibiotic nisin and bo-
vicin HC5 is related to their interaction with lipid II, an
important precursor of cell wall synthesis in bacteria
(Hasper et al. 2006; Paiva et al. 2011). The access of lan-
tibiotics to the cellular membrane of Gram-negative bac-
teria is limited due to the presence of the outer
membrane. Therefore, in this study, stress factors were
used to destabilise the outer membrane of Salm. Ty-
phimurium, allowing the lantibiotics to interact with the
inner membrane.

Journal of Applied Microbiology 118, 1137-1143 © 2015 The Society for Applied Microbiology 1139



Stress sensitize Salmonella

M.F. Galvao et al.

(a) (b)
8 -
a
a
a
i i
€ €
o] o]
[T [T
(@] (@]
83l e
- - b
ol
C
1 b C
O 1 1 1 1 1 1 1 O 1 1 1 1 1 L il
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (h) Time (h)

Figure 2 Viability of Salmonella Typhimurium non-stressed or stressed with acid and chemical stresses and treated with nisin (500 AU ml~"). (a)
Control cells (non-stressed cells). Caption: (O) non-stressed cells in absence of nisin, (@) non-stressed cells in presence of nisin. (b) Cells subjected
to acid and chemical stresses (trisodium phosphate (TSP) and ethylenediaminetetracetate (EDTA)) and then treated with nisin. Caption: (@) cells
stressed with TSP in presence of nisin, (O) cells stressed with TSP in absence of nisin, (A) cells stressed with EDTA in presence of nisin, (A) cells
stressed with EDTA in absence of nisin, (M) cells stressed at acidic pH (4-5) in presence of nisin and (O) cells stressed at acidic pH (4-5) in absence
of nisin. Detection limit of the technique (....). Error bars indicate standard deviations (n = 2). *“Counts with a same letter in each time intervals
do not differ between themselves by Tukey's test (P < 0-05).
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Figure 3 Viability of Salmonella Typhimurium subjected to stress and then treated with nisin or bovicin HC5 (500 AU ml~"). (a) Cells subjected
to heat stress (55°C). (b) Cells subjected to cold stress (—26°C). Caption: (O) cells stressed in absence of bacteriocins, (M) cells stressed in pres-
ence of nisin, (A) cells stressed in presence of bovicin HC5. Detection limit of the technique (....). Error bars indicate standard deviations (n = 2).
““Counts with a same letter in each time intervals do not differ between themselves by Tukey’s test (P < 0-05).

The loss of viability observed in the presence of bacte-
riocins was due to the bactericidal activity of the peptide,
whereas there was an increase in the number of viable
cells under all conditions in the absence of the bacterio-
cin. The order of stress conditions that best sensitized the
cells to treatment with nisin (500 AU ml™", pH 6-5) was
the treatment at 55°C and freezing at —26°C, chemical
treatment with TSP and EDTA, and acid stress at pH 4-5.

1140

Additionally, the non-stressed cells incubated in saline
plus glucose and, consequently, in a state of nutritional
stress during the treatment with nisin, became sensitive
to the bacteriocin along the course of the experiment
(Fig. 2a). Changes in any of the parameters for optimal
microbial growth, such as abundant nutrients and tem-
perature and pH optimum will disturb the maximum
growth rate, representing a stress to the cell (Spector and
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Kenyon 2012). Responses to nutritional stress result in an
overall reprogramming of cellular metabolism, including
the production of enzymes for the ‘cannibalisation’ or
turnover of unnecessary cellular components, enzymes
that modify the components of the inner membrane,
peptidoglycan and outer membrane (Spector and Kenyon
2012). Although there are no studies correlating nutri-
tional stress to the sensitivity of Gram-negative to bacte-
riocins, the cell death observed can be due to the large
number of physiological changes resulting from an
attempt by the bacteria to maintain homoeostasis.

Among the stresses used, acid was less effective in sen-
sitizing cells to bacteriocins. Acidic conditions may affect
the growth of micro-organisms by interfering with the
synthesis of cellular components and inducing cell death
as a result of damage to the outer membrane, the dena-
turation of proteins at the cell surface, the disruption of
cytoplasmic pH homoeostasis and subsequent damage to
DNA and enzymes (Brown ef al. 1997; Cheroutre-Vialette
et al. 1998). Thongbai et al. (2006) verified that nisin
caused a 5-36 log cycles reduction and extensive morpho-
logical changes in the cell envelope of Salm. Typhimuri-
um S36 cells pre-stressed at pH 4-5 and treated with
cetylpyridinium chloride (CPC). However, in this case,
the CPC possibly enhanced the activity of the bacteriocin,
which is different from what was found in this study,
whereby acid stress most likely did not cause sufficient
damage to the outer membrane to sensitize the cells to
the action of nisin (Fig. 2b).

This study also demonstrated that the use of EDTA, a
chelating agent widely used to destabilise the structure of
the outer membrane, facilitates the inactivation of the
cells by nisin, promoted a reduction of 4-0 log cycles
(Fig. 2b). This result agrees with that obtained by Phillips
and Duggan (2001), who observed reductions of 4-4 log
cycles in the number of viable Arcobacter butzleri cells
treated with EDTA (20 mmol 1) and then with nisin
(500 AU ml™") for 30 min. It is known that EDTA pro-
motes the disintegration, at least in part, of the LPS layer,
possibly due to the binding of this compound to calcium
and magnesium ions, which are essential in establishing
cross-links with the KDO residues and phosphate radicals
to reinforce the structure of the outer membrane of
Gram-negative bacteria (Alakomi ef al. 2003). In contrast,
30-min treatments with EDTA alone (20 mmol I™!) do
not inactivate several serovars of Salmonella (Stevens
et al. 1991), similar to our results (Fig. 1).

The use of TSP alone did not affect the viability of
Salm. Typhimurium, though it did stress the cells, sensi-
tizing them to treatment with nisin (Figs 1 and 2b). The
antimicrobial action of this compound involves a combi-
nation of ionic strength and the effect of a detergent,
resulting in the disruption of the cytoplasmic membrane

Stress sensitize Salmonella

(Mendonga et al. 1994; Capita et al. 2002; Del Rio et al.
2006). Capita et al. (2002) have documented that the
antimicrobial effect of TSP is more effective against
Gram-negative bacteria than Gram-positive bacteria.
Studies also suggest that TSP has a mode of action that
involves the chelation of divalent cations in the outer
membrane (Sampathkumar et al. 2003). Phillips and
Duggan (2001) reported that treatment with TSP
(20 mmol 17!) followed by nisin (500 AU ml™) for
30 min caused a reduction of 5-2 cycles in a population
of A. butzleri. TSP is approved as an antimicrobial agent
at levels 80-120 mg ml~' for raw and chilled bird car-
casses (Federal Register 1994), and these concentrations
are considerably higher compared with those used in the
present work: 20 mmol 17" or 3-28 mg ml™".

Although it has been demonstrated that bovicin HC5
alone, at concentrations up to 200 AU ml™!, does not
exert an bactericidal effect on Salm. Typhimurium
(Prudéncio et al. 2014, 2015b), the present results pro-
vide further evidence that it is necessary to destabilize
the outer membrane to reduce the resistance of this
micro-organism to the bacteriocin. Furthermore, bovi-
cin HC5 at the same concentration of nisin
(500 AU ml™") showed the highest bactericidal effect
on Salm. Typhimurium cells pre-stressed at 55 and
—26°C, being able to reduce the number of viable cells
to undetectable levels in a shorter period of time
(Fig. 3). These results corroborate those presented by
Paiva et al. (2011), who showed that bovicin HC5 was
five times more effective than nisin in inhibiting the
growth of Gram-positive Staphylococcus warneri, which
is resistant to nisin. However, the treatment conditions
can influence the bacteriocin activity, so that the effi-
ciency of each bacteriocin is variable according to envi-
ronmental conditions, such as temperature and pH
(Balciunas et al. 2013; Prudéncio et al. 2015b).

The present sequential combination of heat or cold
stress and bacteriocin treatment resulted in significant
synergistic decreases in the viability of Salmonella, sug-
gesting that these stresses caused a sublethal injury to the
outer membrane and allowed the access of the bacterio-
cin. In particular, a variety of morphological and struc-
tural changes can occur in the outer membrane due to
heating or freezing, including the formation of vesicles
and bullae on the cell surface, the release of LPS and
damage or conformational changes in proteins and LPS.
These changes may alter the permeability of the barrier,
causing an efflux of periplasmic enzymes and sensitivity
to dyes, surfactants and hydrophobic compounds, such as
bacteriocins (Kempler and Ray 1978; Tsuchido et al.
1985; Ueckert et al. 1998; Cao-Haong et al. 2008). Bozi-
aris and Adams (2001) have noted an increased in the
hydrophobicity of the cell surface of Gram-negative bac-
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teria after heating and freezing, which appears to be
related to LPS release.

It may be concluded from the present findings that
heating and freezing stresses reduced the number of
viable cells of Salm. Typhimurium and allowed a greater
action of nisin and bovicin HC5, which promoted the
rapid loss of cell viability, with bovicin HC5 being more
effective than nisin. These observations show that nisin
and bovicin HC5 exhibit bactericidal activity against
Salm. Typhimurium when stress conditions are used to
disrupt the LPS layer of the outer membrane.
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