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The essential oils of oregano and thyme are active against a number of food-borne pathogens, such as
Escherichia coli O157:H7. Carvacrol is one of the major antibacterial components of these oils, and p-cymene
is thought to be its precursor in the plant. The effects of carvacrol and p-cymene on protein synthesis in E. coli
O157:H7 ATCC 43895 cells were investigated. Bacteria were grown overnight in Mueller-Hinton broth with a
sublethal concentration of carvacrol or p-cymene, and their protein compositions were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and confirmed by Western blotting. The presence of 1 mM
carvacrol during overnight incubation caused E. coli O157:H7 to produce significant amounts of heat shock
protein 60 (HSP60) (GroEL) (P < 0.05) and inhibited the synthesis of flagellin highly significantly (P < 0.001),
causing cells to be aflagellate and therefore nonmotile. The amounts of HSP70 (DnaK) were not significantly
affected. p-Cymene at 1 mM or 10 mM did not induce HSP60 or HSP70 in significant amounts and did not have
a significant effect on flagellar synthesis. Neither carvacrol (0.3, 0.5, 0.8, or 1 mM) nor p-cymene (0.3, 0.5, or
0.8 mM) treatment of cells in the mid-exponential growth phase induced significant amounts of HSP60 or
HSP70 within 3 h, although numerical increases of HSP60 were observed. Motility decreased with increasing
concentrations of both compounds, but existing flagella were not shed. This study is the first to demonstrate
that essential oil components induce HSP60 in bacteria and that overnight incubation with carvacrol prevents
the development of flagella in E. coli O157:H7.
Escherichia coli O157:H7 is a pathogen that causes serious
food-borne infections and can lead to hemolytic uremic syndrome, particularly in children (4). The chief source is bovine
feces, and a variety of foods of both plant and animal origin,
such as meat and dairy products, vegetables, and fruit, can
become contaminated (4, 27, 40).
Studies have shown that the essential oils of the herbs oregano and thyme are effective against strains of E. coli (12, 33).
The major antibacterial components of these oils are carvacrol
and its isomer thymol (6). Both are approved food flavorings in
the United States and Europe (8, 10) and have potential as
antibacterial additives in food and feed (5, 32). A number of
feed additives and food preservatives containing essential oils
or carvacrol are already commercially available (21, 28, 38).
p-Cymene is also a constituent of oregano and thyme oils but
is less effective against food-related pathogens (6, 12, 37) and
is thought to be a precursor to carvacrol and thymol in the
plant (35). The chemical structures of these compounds are
shown in Fig. 1.
The precise target(s) of the antibacterial action of essential
oils and their components has not yet been fully established.
Changes in the fatty acid composition of bacterial cell membranes (an increase in unsaturated fatty acids) have been

observed when cells are exposed to sublethal concentrations of
essential oil components (11). Carvacrol and thymol damage
the outer membrane of gram-negative bacteria and increase
the general permeability of the cytoplasmic membrane, leading
to leakage of ATP (14, 20). Carvacrol possesses ATPase-inhibiting activity (14, 15); in any case, it appears to dissipate the
proton motive force (35). There are also indications for the
inhibition of other enzymes (39). p-Cymene has been shown to
have lipolytic properties (9).
When bacteria are subjected to stress in the form of toxic
substances, they generally increase their synthesis of stress
proteins or heat shock proteins (HSPs). The HSP60 and
HSP70 families of proteins are molecular chaperones and play
a part in the assembly of newly synthesized polypeptides into
their native conformation and in the folding and repair of
cytosolic proteins (26). HSP60 (GroEL) and its cofactor
GroES provide a compartment inside which proteins can fold
while being protected from the cytosol. HSP70 (DnaK) holds
nascent and newly synthesized polypeptides stable on the ribosomes (18, 26). The induction of HSPs has been observed
for E. coli cells subjected to stress in the forms of ethanol, high
osmotic stress, high temperature, and the presence of phenol
(24, 25). As yet, increased HSP production has not been reported for bacteria treated with carvacrol, thymol, p-cymene,
or other essential oil components.
The purpose of this study was to determine which changes in
protein synthesis could be detected when E. coli O157:H7 cells
were grown at sublethal concentrations of the essential oil
components carvacrol and p-cymene.

* Corresponding author. Mailing address: Institute for Risk Assessment Sciences, Division of Veterinary Public Health, Faculty of Veterinary Medicine, Utrecht University, P.O. Box 80175, 3508TD Utrecht, The
Netherlands. Phone: 31-30-2535350. Fax: 31-30-2532365. E-mail: s.a.burt
@iras.uu.nl.
䌤
Published ahead of print on 25 May 2007.
4484

Downloaded from http://aem.asm.org/ on December 3, 2020 by guest

Received 12 February 2007/Accepted 15 May 2007

CARVACROL INDUCES HSP, INHIBITS FLAGELLIN IN E. COLI

VOL. 73, 2007

4485

FIG. 1. Structural formulae of the essential oil components (left to
right) carvacrol, thymol, and p-cymene.

MATERIALS AND METHODS

FIG. 2. SDS-PAGE gel stained with Coomassie blue showing
changes in protein synthesis by E. coli O157:H7 strain ATCC 43895
cells when grown overnight in MHB with 1.0 mM carvacrol (lane 1)
and in MHB only (lane 2). A molecular marker is shown in lane 3. The
black arrows indicate increased amounts of 60-kDa and 70-kDa proteins and a decrease in 65-kDa protein. The white arrow indicates an
increase in a 50-kDa protein, which did not appear consistently.

erlands), and the appropriate bands were quantified by using Quantity One
software (Bio-Rad). The ratios of test to control band densities were calculated
and are presented (means ⫾ standard deviations [SD]) in bar charts in the
figures.
Motility tests. The motilities of the cells were determined by the hanging-drop
technique as follows: a droplet of the culture was suspended from a glass coverslip over a microscope slide with a central concavity and observed under a light
microscope. The bacterial cells were observed at a magnification of ⫻1,000 for 5
min and classified by a method established by Gill and Holley (14). Suspensions
in which the majority of cells were actively moving and tumbling were classed as
motile; suspensions in which a minority of cells were either moving or tumbling
were classed as having reduced motility; and suspensions showing only Brownian
movement were classed as nonmotile.
Visualization of flagella. A 3-l portion of the bacterial suspension was placed
on a microscope slide and covered with a glass coverslip. One drop of flagella
stain (Becton Dickinson, Sparks, MD) was applied to the edge of the coverslip
and allowed to diffuse through the suspension by capillary action. The slides were
observed under differential interference contrast by using a Leica DMRE light
microscope with a 630⫻ oil immersion objective and photographed with a Photometrics CoolSnap FX camera using IPLab software.
Determination of viable cell counts. Viable cell counts were carried out by
serial 10-fold dilution of samples in sterile physiological saline solution (0.85%
NaCl) and plating out of appropriate dilutions in duplicate on MH agar (Oxoid).
The plates were incubated at 37°C for 24 h.
Statistical analysis. The densitometric data for the blots against HSPs and
flagellin after overnight culture with carvacrol or p-cymene and after carvacrol
treatment in the exponential phase were compared by a one-way analysis of
variance and the Bonferroni post hoc test of significant difference. These data are
based on three independent experiments.

RESULTS
Overnight culture with carvacrol or p-cymene. When E. coli
O157:H7 cells were grown overnight in MHB in the presence
of 1 mM carvacrol, several protein bands with higher or lower
expression levels than the control sample were detected on an
SDS-PAGE gel (Fig. 2). Two proteins of approximately 60 and
70 kDa (indicated by black arrows in Fig. 2) were identified by
N-terminal amino acid sequencing as HSP60 and HSP70. A
protein band of approximately 65 kDa that was down regulated
in cells grown with carvacrol (also indicated with a black arrow) was identified as flagellin. The mass was determined as
59,918 Da, and flagellin was identified as the source protein for
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Essential oil components. Carvacrol and p-cymene were obtained from Sigma
Aldrich Chemicals, Zwijndrecht, The Netherlands. Stock solutions in 99.8%
ethanol were made on the day of use. The final concentration of ethanol in the
broth was never more than 1% vol/vol and in pilot experiments was shown to
have no influence on the synthesis of HSPs or flagella or the motility of cells
(data not shown).
Bacterial strains and growth conditions. Escherichia coli O157:H7 ATCC
43895 cells were tested for their reactions to the presence of essential oil components in two ways. First, overnight (16 h) cultures were grown in MuellerHinton broth (MHB; Oxoid, Basingstoke, United Kingdom) at 37°C, with or
without the addition of 1.0 mM carvacrol or p-cymene. Second, exponentialphase cells for testing for a concentration-dependent effect of essential oil components were produced according to a growth curve previously carried out by
growing cells in 100 ml MHB at 37°C with shaking to an optical density (OD) at
620 nm of 0.5 and a cell density of approximately 1 ⫻ 106 CFU/ml. Aliquots of
10 ml were centrifuged at 2,000 ⫻ g for 5 min at room temperature, and the cells
were resuspended in MHB with 0 mM, 0.3 mM, 0.5 mM, 0.8 mM, or 1.0 mM of
the relevant essential oil component. Incubation continued at 37°C for 3 h, after
which the cells were harvested for protein analysis.
Protein extraction. Whole-cell protein extractions were made by separating E.
coli cells from the suspension by centrifugation in an Eppendorf 5415 C tube at
2,000 ⫻ g for 5 min at room temperature, two washes in phosphate-buffered
saline (Cambrex Bioscience, Verviers, Belgium), and resuspension in sterile
distilled water. Portions were kept apart for protein assay. The suspensions were
mixed 1:1 with Laemmli buffer, heated at 95°C for 10 min, and cooled on ice.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
protein identification. Proteins were analyzed by electrophoresis on Tris-HCl
ready gels with 10% cross polymer in a Protean III electrophoresis system
(Bio-Rad, Hercules, CA) with the prestained marker SeeBlue Plus2 (Invitrogen,
Carlsbad, CA) and the benchmark protein ladder (Invitrogen) molecular standard. The protein concentrations were determined by using protein assay dye
reagent concentrate (Bio-Rad, Munich, Germany), and the samples were normalized for equal amounts of protein (approximately 2 g/lane). The protein
bands were made visible by staining with Coomassie blue R250, and bands of
interest were identified by amino acid sequencing. Some were transferred to
polyvinylidene fluoride membrane by electroblotting, and N-terminal sequence
analysis was performed by using an Applied Biosystems-Perkin Elmer sequencer
model 476A at the Sequence Centre, Institute of Biomembranes, Utrecht University, The Netherlands. The sequences were screened for similarity to proteins
in the NCBI database. Other bands of interest were excised and analyzed by
trypsin digestion followed by matrix-assisted laser desorption ionization–time of
flight (mass spectrometry) by Gentaur, Brussels, Belgium. The peptide sequences in combination with the determined masses of the proteins were used in
a search of the NCBI database.
Western blotting. After electrophoresis, the proteins were electroblotted at
100 V onto nitrocellulose membranes (0.2 m) (Bio-Rad) and the membranes
were blocked with 0.5% blocking reagent (Roche Diagnostics, Mannheim, Germany). The membranes were then incubated for 1 h with mouse antibodies
against GroEL (monoclonal antibody [MAb] LK2) (3), DnaK (MAb 7D9 prepared against mycobacterial HSP70 and cross-reactive with E. coli DnaK), or
flagellin (MAb 15D8; Bioveris, Oxford, United Kingdom). After incubation with
goat anti-mouse immunoglobulin G conjugated with horseradish peroxidase (Invitrogen), the proteins were made visible by staining with a solution of dioctyl
sodium sulfosuccinate and 3,3⬘,5,5⬘-tetra methyl benzidine (Merck, Darmstadt,
Germany). The positive controls for GroEL and DnaK were recombinant preparations of mycobacterial HSP60 and HSP70, respectively. Salmonella enteritidis
flagellin provided by Alphons van Asten was used as the positive control. No
blotting was carried out against the cofactor for GroEL (GroES). The blots were
scanned with a GS-700 imaging densitometer (Bio-Rad, Veenendaal, The Neth-
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the peptide sequences with a probability-based molecularweight search score of 294 (P ⬍ 0.05). In some experiments, an
additional carvacrol-affected protein band was observed at 50
kDa (Fig. 2), but this was not consistent. Western blot analysis
was used to confirm these findings, and representative blots are
shown in Fig. 3. The carvacrol-induced increase in the amount
of HSP60 was significant (P ⬍ 0.05), but there was no significant change for HSP70. The reduction in the amount of flagellin formed after overnight culture with 1 mM carvacrol was
very highly significant (P ⬍ 0.001) (Fig. 3).
Western blot analysis of proteins after overnight culture in
the presence of the less-antimicrobially active substance, pcymene, was also carried out; the effects of 1 mM and 10 mM
p-cymene on protein levels are also shown in Fig. 3. p-Cymene
at 1 mM produced no significant changes in the amounts of
HSP60, HSP70, or flagellin. Even when the concentration of

p-cymene was increased to 10 mM, no significant changes in
the amounts of HSPs or flagellin were detected (Fig. 3).
Cells incubated with carvacrol were nonmotile as determined by the hanging-drop technique, while cells grown in
broth containing p-cymene were motile or had reduced motility, depending on the concentration present (Table 1). The
lack of flagella after growth in carvacrol was also visualized by
using differential interference contrast microscopy. The representative pictures in Fig. 4 show normal, flagellated cells grown
in control broth (Fig. 4A) and cells lacking flagella after growth
in broth containing 1 mM carvacrol (Fig. 4B). Cells grown in
carvacrol appeared longer and smoother than normal cells.
Apparently normally flagellated cells grown in broth containing 1 mM p-cymene are shown in Fig. 4C.
Carvacrol treatment in exponential phase. Western blot
analysis revealed that when cells in the exponential phase of

TABLE 1. Effect of carvacrol and p-cymene on the motility of E. coli O157:H7 ATCC 43895 cellsa
Treatment during:

Overnight incubation

Mid-exponential growth phase

Essential oil
component added

Concn of essential
oil component (mM)

Control
Carvacrol
p-Cymene

0
1
1
10
0
0.3
0.5
0.8
1.0
0.3
0.5
0.8

Control
Carvacrol

p-Cymene

a

Motility classification
Motile

Reduced motility

Nonmotile

X
X
X
X
X

Cells were grown overnight in MHB in the presence of the substance or were treated in the exponential growth phase.

X
X
X
X
X
X
X
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FIG. 3. Effects on proteins in E. coli O157:H7 ATCC 43895 cells after overnight culture in presence of carvacrol or p-cymene. (A) Representative Western blot of HSP60, HSP70, and flagellin after 16 h of culture in (from left to right) MHB (Ctrl.), MHB with 1.0 mM p-cymene
(cym1), MHB with 10.0 mM p-cymene (cym10), and MHB with 1.0 mM carvacrol (carv1). The right-hand lane shows the positive control (pos.)
containing purified preparations of the protein antigens. (B) Relative density results from three independent experiments, quantified by densitometric analysis of the Western blots represented in panel A. The bars represent the means ⫾ SD of the results. Treatment results that are
significantly different from each other are indicated with different letters (ⴱ, P ⬍ 0.05; ⴱⴱⴱ, P ⬍ 0.001).
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growth were treated with increasing concentrations of carvacrol of 0, 0.3, 0.5, 0.8, and 1.0 mM for a period of 3 h, no
significant changes in HSP60, HSP70, or flagellin levels were
detected (Fig. 5). There was, however, a numerical increase

in the amounts of HSP60 produced with increasing concentrations of carvacrol from 0 to 0.3 to 0.5 mM that leveled off
at 0.8 mM and decreased again at 1.0 mM (Fig. 5).
Colony counts carried out before treatment of the cells and

FIG. 5. Effects on proteins in E. coli O157:H7 ATCC 43895 cells after addition of carvacrol to cells in exponential phase. (A) Representative
Western blots of HSP60 (GroEL), HSP70 (DnaK), and flagellin after treatment with increasing concentrations of carvacrol. Cells were grown in
MHB, resuspended in MHB containing carvacrol, and incubated for a further 3 h. (B) Relative density results from three independent experiments,
quantified by densitometric analysis of the Western blots represented in panel A. The bars represent the means ⫾ SD of the results. Treatment
results that are significantly different from each other are indicated with different letters (P ⬍ 0.05).
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FIG. 4. Differential interference contrast images of E. coli O157:H7 ATCC 43895 cells after overnight incubation in MHB showing (A) normal cells
with flagella; (B) aflagellate cells grown in MHB containing 1 mM carvacrol; and (C) flagellate cells grown in MHB containing 1 mM p-cymene. Cells
retained their flagella when treated in the exponential phase with (D) 1 mM carvacrol or (E) 1 mM p-cymene. The bars represent 2 m.
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at the moment of cell harvesting revealed that the numbers of
viable cells increased during the 3-h incubation period in the
control and 0.5 mM carvacrol treatments and decreased with
the 0.8 mM and 1.0 mM carvacrol treatments (Fig. 6). Adding
carvacrol at 0.8 or 1.0 mM to cells in the mid-exponential
growth phase apparently reduced the numbers of viable cells
and would therefore have reduced the number of cells available to make HSPs, which would account for the apparent
leveling off in HSP60 amounts from 0.8 mM carvacrol.
The decrease in the amount of flagellin due to carvacrol
treatment in the exponential phase (Fig. 5) was not significant.
This indicates that cells at this point in the growth curve already possessed flagella and that the flagella were not shed, as
confirmed by the photographs in Fig. 4D. A Western blot
against flagellin using cells harvested throughout the exponential growth phase in normal broth confirmed that the amount
of flagellin is at a high level before the culture reaches midexponential phase (OD ⫽ 0.5), which was the point at which
carvacrol was added (Fig. 7). The motility of cells in the exponential phase of growth decreased with increasing concentrations of carvacrol (Table 1).
p-Cymene treatment in exponential phase. Western blot
analysis showed that cells in the exponential phase treated with
increasing concentrations of p-cymene of 0, 0.3, 0.5, and 0.8
mM for a period of 3 h exhibited no significant changes in
HSP60, HSP70, or flagellin levels (Fig. 8). There was, however,
a numerical increase in the amounts of HSP60 produced with
increasing concentrations of p-cymene (Fig. 8). Flagella were
not shed from existing cells (Fig. 4E). Cell motility decreased
with increasing concentrations of p-cymene (Table 1).
DISCUSSION
In this report, some effects of carvacrol and p-cymene on
protein synthesis in E. coli O157:H7 ATCC 43895 cells are
described. Although it has been shown that treatment with
phenol caused E. coli to synthesize the HSP HtpG (25), to our
knowledge, this is the first study to show that the essential oil
component carvacrol, a methylated phenol, induces HSP60 in
bacteria.
When cells were cultured overnight in the presence of 1.0
mM carvacrol, almost no flagellin was synthesized and the cells
were therefore aflagellate and nonmotile. Flagellin can make

FIG. 7. Amounts of flagellin protein in E. coli O157:H7 ATCC
43895 cells during exponential growth phase. (A) Representative
Western blot of flagellin during growth in MHB. The OD of the
bacterial culture is indicated. (B) Relative density results from two
independent experiments, quantified by densitometric analysis of the
Western blots represented in panel A. The bars represent the means ⫾
SD of the results. (C) Growth curve for the strain in MHB. The data
points are the means of two experiments.

up as much as 8% of total cell protein in E. coli, and the
synthesis of flagella requires a considerable amount of energy
(24, 29). Being able to cease flagellin production when conditions are unfavorable (for instance, when phenolic compounds
are present in toxic amounts) and to conserve energy for other
cell functions may therefore be a survival tactic (24). Salicylate,
whose chemical structure also includes an aromatic ring, has
also been shown to inhibit the motility of E. coli in a concentration-dependent manner and to block the synthesis of flagellin (23).
The greater surface smoothness of cells grown overnight
with carvacrol observed in this study (Fig. 4B) has previously
been reported in a study of the effects of oregano oil (of which
carvacrol is one of the major components) on E. coli O157:H7
and may be due to modifications in the composition and relative percentages of peptides in the peptidoglycans in the cell
wall (7).
That p-cymene had less effect than carvacrol on the induction of HSPs and on the inhibition of flagellin synthesis is
consistent with it being far less toxic to E. coli (6, 12, 22). In
overnight culture, p-cymene did not have a significant influence
even when added at a 10-fold-greater concentration than carvacrol (Fig. 3).
Under normal broth culture conditions, this E. coli strain
produced flagellin from early in the exponential phase of
growth and production was at a very high level before an OD
of 0.5 was reached (Fig. 7). The introduction of carvacrol in
mid-exponential growth phase was therefore unlikely to cause
a decrease in the total amount of flagellin, particularly since
the presence of the higher concentrations of carvacrol reduced
the ability of cells to replicate and reduced the numbers of
viable bacteria (Fig. 6). From the data provided by blots and
photographs (Fig. 4, 5, and 8), it is also apparent that adding
carvacrol or p-cymene in the exponential growth phase did not
cause bacteria to shed flagella. It appears that carvacrol must
be present while cells are dividing in order to have an inhibitory effect on flagellin.
In this study, carvacrol and p-cymene added to exponentially
growing cells reduced motility in a concentration-dependent
manner (Table 1). An earlier study also reported that the
motility of exponential-phase E. coli O157:H7 cells decreased

Downloaded from http://aem.asm.org/ on December 3, 2020 by guest

FIG. 6. Effect of carvacrol on viability of E. coli O157:H7 ATCC
43895 cells in the exponential growth phase. Cells grown in MHB to an
OD of 0.5 were centrifuged and resuspended in broth containing 0, 0.5,
0.8, or 1.0 mM carvacrol for 3 h. The bars show the means ⫾ SD of the
results of two experiments.
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with increasing concentrations of carvacrol (14). In that report,
1 mM carvacrol in broth was not enough to arrest motility,
possibly because no ethanol was used to aid solution of the
carvacrol. However, carvacrol at 5 mM caused an immediate
reduction in motility and at 10 mM it caused an immediate
cessation of motility and cell death (14). It was recently demonstrated that the speed of the flagellar rotary motor in E. coli
is directly proportional to the proton motive force (13). These
observations on motility appear to back up the proposal that
carvacrol in some way causes dissipation of the proton motive
force (36).
The fact that E. coli cells grown in the presence of carvacrol
have no flagella could have implications for the use of carvacrol as an antibacterial additive for foodstuffs or animal feeds.
Bacterial flagella, specifically, flagellin, activate the host immune response during infection (19, 30), and bacteria often
repress the production of flagella after colonization (31). If the
use of carvacrol as a food additive were to render any bacteria
in the food aflagellate, these bacteria could more easily remain
undetected by the immune systems of people or animals that
consumed the food, which would be undesirable. On the other
hand, there could be advantages to rendering bacteria aflagellate because, under certain circumstances, cells without flagella
have been shown to be significantly less able to adhere to
epithelial cells and to be less invasive than flagellated cells. For
example, the flagella of enteropathogenic E. coli have been
shown to be directly involved in adherence to epithelial cells in
vitro (16). Flagella were found to be necessary to enable longterm infection and colonization by E. coli O157:H7 in poultry
(2), although this was not the case in pigs or in ruminant
models (1). The net effect of carvacrol may, therefore, be

advantageous; aflagellate cells may be less able to invade the
host, and therefore, detection by the host’s immune system
may not be so critical.
The maximum concentration of carvacrol used in this study
(1 mM, corresponding to approximately 0.015% [vol/vol]) was
chosen because, being sublethal, it would enable observations
of the physiological changes in growing cells. Concentrations
of essential oil components in foods and feed that have shown
antimicrobial effects are as follows: 0.1 to 0.25% essential oil
components in soft cheese (28); 0.7 to 2.1% (vol/wt) oregano
oil (approximately 0.3 to 0.8% (vol/wt) carvacrol equivalent) in
eggplant salad (34); 500 ppm oregano oil (approximately
0.02% carvacrol equivalent) in pig feed (38); and 0.1 to 1.0%
rubbed thyme leaves (approximately 0.001 to 0.01% thymol
equivalent) in feed for weanling piglets (17). The concentration of carvacrol used in this study is therefore lower than or in
the same range as antimicrobially active concentrations of essential oil components which have been achieved in foodstuffs
and animal feed. The concentrations used here are therefore
physiologically relevant. The question is whether carvacrol has
the same effects on HSP levels and flagella when used in
practice. This topic has significant implications for the practical
application of carvacrol and merits further study.
In conclusion, this study shows that the presence of the
antibacterial essential oil component carvacrol (1 mM) during
overnight incubation stimulates E. coli O157:H7 to produce
significant amounts of HSP60 (GroEL), but not HSP70
(DnaK), and prevents the synthesis of flagellin, causing cells to
be aflagellate and therefore nonmotile. The less-active antimicrobial component p-cymene does not induce HSP60 or
HSP70 or prevent the synthesis of flagellin, even when added
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FIG. 8. Effects on proteins in E. coli O157:H7 ATCC 43895 cells after addition of p-cymene to cells in exponential phase. (A) Representative
Western blot of HSP60 (GroEL), HSP70 (DnaK), and flagellin synthesis after treatment with increasing concentrations of p-cymene. The cells were
grown in MHB, resuspended in MHB containing p-cymene, and incubated for a further 3 h. (B) Relative density results from two independent
experiments, quantified by densitometric analysis of the Western blots represented in panel A. The bars represent the means ⫾ SD of the results.
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at a 10-fold-higher concentration. During a 3-h treatment of
exponentially growing cells, neither carvacrol nor p-cymene
induced significant amounts of HSP60 or HSP70, although
numerical increases of HSP60 levels were observed. Both compounds reduce bacterial motility to an extent dependent on the
concentration added to the growth medium.
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