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Evidence for Lack of Acquisition of Tolerance in Salmonella enterica
Serovar Typhimurium ATCC 14028 after Exposure to Subinhibitory
Amounts of Origanum vulgare L. Essential Oil and Carvacrol
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Overnight exposure of Salmonella enterica serovar Typhimurium to sublethal amounts of Origanum vulgare essential oil (OV)
and carvacrol (CAR) did not result in direct and cross-bacterial protection. Cells subcultured with increasing amounts of OV or
CAR survived up to the MIC of either compound, revealing few significant changes in bacterial susceptibility.

Stress response development in bacteria has received much at-
tention in recent years, including concern from a food safety
perspective (11). The main reason for investigating the stress re-
sponse of food-related bacteria is based on the fact that traditional
methods used for food preservation impose physical and chemical
stress upon bacterial cells to limit their growth and survival (12).

Salmonella enterica serovar Typhimurium is among the major
food-borne pathogens that are of public concern with respect to
food safety, causing gastroenteritis outbreaks with different sever-
ities (19). S. Typhimurium encounters many diverse and extreme
environments that induce a bacterial developmental response to
combat the stress, such as extreme pH, salt, and reactive oxygen
intermediates (12). This acquired tolerance can be related to var-
ious cellular physiological changes that occur through plasmid
acquisition, mutation, synthesis of stress proteins, and modifica-
tion of lipid membrane composition (16, 19).

Early studies showed that Origanum vulgare L. essential oil
(OV) possesses strong antimicrobial activity against food-related
pathogenic bacteria (3, 9, 10, 13), including Salmonella (1, 8, 14).
Despite the use of essential oils (and their components) as poten-
tial antimicrobials in foods, there is a lack of information regard-
ing the potential development of direct and cross-protection by
bacteria following exposure to subinhibitory amounts of these
compounds. This study assessed the development of direct and
cross-protection in S. Typhimurium ATCC 14028 when the strain
was exposed to subinhibitory concentrations of OV and of the
predominant component of this essential oil, carvacrol (CAR) (2),
in a meat-based medium.

OV was purchased from Aromal4ndia Ind. Com. Ltda. (Minas
Gerais, Brazil). The compound CAR was purchased from Sigma-
Aldrich (Sigma, France). Solutions (160 to 0.075 wl ml™') of OV
and CAR were prepared in nutrient broth (NB) using bacteriolog-
ical agar (0.15 g 100 ml™") as a stabilizing agent (4). Inocula of S.
Typhimurium ATCC 14028 used in the assays (ca. 7 log CFU
ml ") were obtained as previously described (7). MIC values of
OV and CAR were determined by macrodilution in NB (18). OV
and CAR both display a MIC value of 1.25 pl ml™" against S.
Typhimurium ATCC 14028.

Development of direct and cross-bacterial protection was mea-
sured using cultures grown in a meat-based broth prepared as
previously described (10). All assays were performed in triplicate
on three separate occasions, and the results were expressed as an
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average of results of the assays. The significant differences (P <
0.05) were calculated by analysis of variance (ANOVA) followed
by Tukey tests using the software SigmaStat 3.1.

For assessing the induction of bacterial direct protection, the
strain was exposed overnight to subinhibitory concentrations (1/2
MIC and 1/4 MIC) of OV or CAR in meat broth at 35°C (6, 16).
The induction of direct protection was determined by comparing
the viable cell counts (log CFU ml™") in the treated and untreated
(cells not previously exposed to OV or CAR) suspensions upon
further inoculation into meat broth at 35°C, to which the same
stress agent was added at its MIC values. The overnight exposure
of S. Typhimurium to subinhibitory amounts of either OV or
CAR did not reveal an induction of bacterial direct protection, as
demonstrated by the viable cell counts over 240 min of exposure
(Fig. 1A and B). S. Typhimurium that had been previously chal-
lenged with sublethal concentrations of OV displayed a decrease,
compared to nonadapted cells, in viable counts (P < 0.05) when
the cells were further cultivated in growth medium to which the
same compound (at its MIC) was added. Otherwise, there was no
difference (P > 0.05) between the viable counts of untreated cells
and cells adapted to CAR at 1/2 MIC and 1/4 MIC following fur-
ther cultivation in growth medium to which the same compound
(at its MIC) was added.

Measurements of cross-protection induction were performed
as previously described (5). S. Typhimurium cells were exposed
overnight at 35°C to subinhibitory amounts of OV or CAR (1/2
MIC and 1/4 MIC), followed by exposure to other stress agents
separately (45°C, pH 5.2, 5 g of NaCl 100 ml™ ', conditions that
modestly inhibited the growth of the assayed strain). The induc-
tion of bacterial cross-protection was measured by comparing vi-
able cell counts (log CFU ml™") in the treated and untreated sam-
ples following inoculation into growth medium either containing
stressful additives or exposed to environmental stressful condi-
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FIG 1 Viable counts of S. Typhimurium ATCC 14028 in meat broth to which
the essential oil (at its MIC) was added following overnight exposure at 35°C to
subinhibitory concentrations of O. vulgare L. essential oil (A) and carvacrol
(B). W, control (nonadapted cells); +, cells preadapted at an MIC of 2 to 0.625
wlml™'5 A, cells preadapted at an MIC of 4 to 0.312 pl ml ™.

240

tions (45°C). Consistent with the results of the bacterial direct
protection assays, S. Typhimurium cells that were exposed over-
night to sublethal concentrations of OV or CAR showed no induc-
tion of cross-protection to high temperature, lactic acid, or salt as
determined by the viable cell counts throughout the 240 min of
exposure (Fig. 2A to C and 3A to C). The cells submitted to pre-
adaptation with OV or CAR at their 1/2 and 1/4 MICs revealed a
decrease in viable counts (P < 0.05) upon further exposure to
heterologous stressing agents in comparison with cells not previ-
ously adapted. These findings are interesting, as the development
of homologous and heterologous resistance in S. Typhimurium
has been well documented following the challenge of these cells
with sublethal exposure to compounds or procedures classically
used to control microorganisms in foods and food processing
plants (11, 12, 16).

S. Typhimurium cells were exposed to increasing amounts of
OV or CAR (1/16 MIC to 4X MIC) throughout successive 24-h
habituation cycles (35°C) and monitored for viable cell detection.
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FIG 2 Viable cell counts of S. Typhimurium ATCC 14028 grown in meat
broth incubated at high temperature (45°C) (A) or to which lactic acid (pH
5.2) (B) or NaCl (5 g 100 ml~ ") (C) was added following overnight exposure at
35°C to subinhibitory concentrations of O. vulgare L. essential oil. l, control
(nonadapted cells); +, cells preadapted atan MIC of 2 t0 0.625 wlml™'; A, cells
preadapted at an MIC of 4 to 0.312 pl ml ™.
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FIG 3 Viable counts of S. Typhimurium ATCC 14028 grown in meat broth
incubated at high temperature (45°C) (A) or to which lactic acid (pH 5.2) (B)
or NaCl (5g 100 ml ") (C) was added following overnight exposure at 35°C to
subinhibitory concentrations of carvacrol. B, control (nonadapted cells); +,
cells preadapted at an MIC of 2 t0 0.625 pl ml ™ '; A, cells preadapted at an MIC
of4t00.312 wlml™ .
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This procedure was repeated with bacteria exposed to increasing
concentrations of the compounds until a concentration was
reached at which no viable cells were detected (20). The assays of
induction of tolerance following exposure to 24-h cycles in meat
broth showed that S. Typhimurium was able to survive in broth to
which the OV or CAR was added in concentrations up to their
respective MIC values (1-fold increase in the original detected
MIC value). These findings suggest minor changes (15, 17) in
susceptibility in S. Typhimurium when cells are exposed to sub-
lethal amounts of OV and CAR for a more prolonged time, and if
adaptive measures were induced they were not sufficient to sub-
stantially alter antimicrobial susceptibility.

To the best of our knowledge, this is the first study investigating
the development of adaptation or tolerance by a strain of S. Ty-
phimurium, as determined by monitoring cell viability or growth
behavior, following exposure to sublethal amounts of OV or CAR
after short and more prolonged exposure times. These studies
revealed that exposure to sublethal concentrations of these com-
pounds did not induce direct or cross-protection to high temper-
ature, lactic acid, or NaCl in S. Typhimurium ATCC 14028 when
the cells were cultivated in a meat-based medium.
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