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Introduction

Abstract

Aims: Evaluation of the cellular effects of Origanum compactum essential oil on
Pseudomonas aeruginosa ATCC 27853 and Staphylococcus aureus ATCC 29213.
Methods and Results: The damage induced by O. compactum essential oil on
these two strains has been studied using different techniques: plate count,
potassium leakage, flow cytometry (FC) and transmission electron microscopy
(TEM). The results showed that oil treatment led to reduction of cells viability
and dissipated potassium ion gradients. Flow cytometric analysis showed that
oil treatment promoted the accumulation of bis-oxonol and the membrane-
impermeable nucleic acid stain propidium iodide (PI), indicating the loss of
membrane potential and permeability. The ability to reduce 5-cyano-2,3-ditolyl
tetrazolium chloride was inhibited. Unlike in Ps. aeruginosa, membrane poten-
tial and membrane permeability in Staph. aureus cells were affected by oil con-
centration and contact time. Finally, TEM showed various structural effects.
Mesosome-like structures were seen in oil-treated Staph. aureus cells whereas in
Ps. aeruginosa, coagulated cytoplasmic material and liberation of membrane
vesicles were observed, and intracellular material was seen in the surrounding
environment. Both FC and TEM revealed that the effects in Ps. aeruginosa were
greater than in Staph. aureus.

Conclusions: Oregano essential oil induces membrane damage showed by the
leakage of potassium and uptake of PI and bis-oxonol. Ultrastructural altera-
tions and the loss of cell viability were observed.

Significance and Impact of the Study: Understanding the mode of antibacterial
effect of the oil studied is of a great interest in it further application as natural
preservative in food or pharmaceutical industries.

Drug Administration. They are appreciated for their
bioactive efficacy as fungicides (Pina-Vaz et al. 2004),

Over the last few years many research groups have been
interested in the functional role of natural products, espe-
cially plant extracts. Essential oils are a complex mixture
of volatile molecules produced by the secondary metabo-
lism of aromatic plants and are extracted by distillation
from different plant parts. Some essential oils are classi-
fied as generally recognized as safe by the US Food and

bactericides (Kotzekidou et al. 2008), antioxidants (Emi-
nagaoglu et al. 2007), antigenotoxics (Bakkali et al. 2006)
and many other biological activities. Such activities are
ascribed to the chemical complexity of these products; the
resultant activity may be the consequence of the synergis-
tic effect of two or more components acting on different
cellular targets (Burt 2004).
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Despite the large number of studies that have high-
lighted the antibacterial activity of essential oils against a
wide range of microbial strains, the mechanisms involved
are still not fully understood. Understanding the mode of
antibacterial action of essential oils is of great interest in
their application in food or pharmaceutical industries.
Previous studies have reported that the antibacterial activ-
ity of essential oil components appears to be due to their
lipophilic nature, which allows their accumulation in bio-
logical membranes (Sikkema et al. 1994). Consequently,
they can cause degradation of the outer membrane of
Gram-negative bacteria, leading to the loss of outer mem-
brane-associated material (Helander et al. 1998), disrup-
tion of the cytoplasmic membrane (Ultee et al. 2002) and
thus increasing its permeability to protons and other cells
contents (Fitzgerald et al. 2004; Gill and Holley 2006; Cri-
stani et al. 2007), and inactivation of membrane-embed-
ded enzymes (Ultee et al. 1999).

Origanum compactum is an endemic specie growing in
the north of Morocco where it is traditionally used in
culinary and medical preparations (Bellakhdar 1997). The
essential oil extracted from this plant is mainly consti-
tuted by carvacrol, thymol, y-terpinene and p-cymene
(Bakkali et al. 2005; Mezzoug et al. 2007). A previous
study reported that the antibacterial activity of these four
monoterpene compounds is related to their ability to per-
turb membrane structure (Cristani et al. 2007).

In this study, we evaluated the action of O. compactum
essential oil on Pseudomonas aeruginosa and Staphylococ-
cus aureus. Diverse techniques may be used to assess the
effects of biocides on cellular functions and structure.
Here, the leakage of intracellular potassium was assessed
as it is considered an early indication of membrane dis-
ruption (Lambert and Hammond 1973). Flow cytometry
(FC) together with specific fluorescent dyes was applied
to investigate the effect on some membrane functions.
Propidium iodide (PI), which is a membrane-imperme-
able dye, was used to evaluate the effect on membrane
permeability. Membrane potential was assessed using bis-
1,3-dibutylbarbutiric acid (bis-oxonol) and respiratory
activity was assessed using 5-cyano-2,3-ditolyl tetrazolium
chloride (CTC). Ultrastructural alterations were examined
by transmission electron microscopy (TEM).

Material and methods

Antibacterial product and chemicals

Essential oil extracted from flower heads of O. compactum
was provided by PRANAROM (B-7822 Ghislenghien,
Belgique). According to the data of the gas chromatogra-
phy analysis of the essential oil provided by the manufac-
turer, the main compounds of this oil were carvacrol
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(37-77%), thymol (19:79%), y-terpinene (17-:01%) and
p-cymene (11-:31%) (see supporting information Fig. S1
and Table S1). Polymixin B sulfate and chlorhexidine di-
hydrochloride (CHX) were purchased from Sigma (St
Louis, MO, USA).

The molecular dyes PI and bis-(1,3-dibutylbarbutiric
acid) trimethine oxonol (bis-oxonol) were supplied by
Molecular Probes Europe BV (Leiden, the Netherlands)
and CTC by Sigma. Solvents and reagents were of analyti-
cal grade. Ultra pure water, produced by a Nanopure
purification system coupled to a Milli-Q water purifica-
tion system, resistivity = 18:2 MQ cm, was used for the
aqueous solutions.

Micro-organisms

Pseudomonas aeruginosa ATCC 27853 and Staph. aureus
ATCC 29213 were obtained from the ATCC (Manassas,
VA, USA) and subcultured weekly on Trypticase Soy Agar
(Pronadisa, Madrid, Spain). Strains were preserved frozen
in cryovials (AES Laboratoire, Combourg, France)
at —80°C.

Minimal inhibitory concentration (MIC)

The MICs were determined by using the broth microdilu-
tion assay as previously described (Ismaili et al. 2004)
with a slight modification: agar at 0-15% (w/v) was used
as stabilizer of the oil-water mixture and resazurin was
used as bacterial growth indicator. In a first step, 50 ul of
Mueller Hinton Broth (Oxoid, UK) supplemented with
bacteriological agar (0-15% w/v) were distributed from
the second to the 12th well of a 96-well polypropylene
microtitre plate (Costar; Corning Inc, Corning, NY,
USA). Essential oil dilution was prepared in Mueller Hin-
ton Broth supplemented with bacteriological agar (0-15%
w/v), to reach a final concentration of 4%; 100 ul of
these suspensions were added to the first test well of each
microtitre line, and then 50 ul of scalar dilution were
transferred from the second to the 11th well. The 12th
tube was considered as growth control, because no essen-
tial oil was added. Then, 50 ul of a bacterial suspension
were added to each well at a final concentration of
approximately 10> CFU ml~". The final concentration of
the essential oil was between 2 and 0-0019% (v/v). Plates
were incubated at 37°C for 18 h. After incubation, 5 ul of
resazurin were added to each well to assess bacterial
growth as suggested by Mann and Markham (1998). After
further incubation at 37°C for 2 h, the MIC was deter-
mined as the lowest essential oil concentration that pre-
vented a change in resazurin colour. Bacterial growth is
detected by reduction of blue dye resazurin to pink res-
orufin. Control was carried out to assure that, at used
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concentrations, the essential oil do not cause a colour
change in the resazurin. Experiments were conducted in
triplicate and modal values were selected.

Potassium leakage

Potassium leakage was determined as previously described
(Rodriguez et al. 2004) with a slight modification. Briefly,
micro-organisms were grown overnight on tryptone soy
broth (TSB) at 30°C in a shaking incubator (120 rev
min~"). Cells were then washed thrice with 0:9% NaCl by
centrifugation at 8000 g for 15 min and re-suspended in
30 ml of 1 mmol ™" glycil-glycine (Sigma, USA) buffer
solution pH 68, to obtain a cell density of 7-4 x 10’ CFU
ml™" for Ps. aeruginosa and 838 x 10’ CFU ml™" for
Staph. aureus.

The bacteria were treated with the essential oil at the
MIC and 1-5x MIC and incubated at 30°C in a shaking
incubator. Samples (5 ml) of cell suspension were
removed at 0, 10, 15, 30, 60 and 120 min, and diluted and
filtered through 0-2 um pore-size membrane (Sartorius,
Goettingen, Germany) to eliminate bacteria. Oil-free
controls were prepared in the same conditions to deter-
mine normal K* flux over the time course of the experi-
ment. Heat treatment was also conducted by incubating
the cell suspension in a water bath at 70°C. The potassium
concentration in the supernatant was measured using an
atomic absorption spectrophotometer UNICAM 939/959
model (Cambridge, UK). The instrumental parameters
were as follows: potassium hollow cathode lamp, wave-
length of 766-5 nm, bandpass of 0-5 nm, air-acetylene
flame and fuel flow rate of 11 min~'. Absorbance values
were converted into potassium ion concentration (ppm)
by reference to a curve previously established using stan-
dard potassium ion solutions of 0, 0-05, 0-1, 0-3, 0-5 and
1 ppm concentrations. Experiments were conducted in
triplicate and means and standard deviations were calcu-
lated.

Exposure of micro-organisms to biocides

Suspensions of the micro-organisms were obtained from
an overnight culture of each strain on TSB (Oxoid, USA)
at 30°C in a shaker incubator. Cultures were then centri-
fuged at 8000 g for 15 min, washed twice in sterile Ring-
(Scharlau, Barcelona, Spain) and
resuspended in peptone water (Oxoid, UK). Five milli-

er’s solution

litres of this cell suspension was used to inoculate flasks
containing 45 ml of peptone water to obtain a cell density
of about 10’-10® CFU ml™". Essential oil was added to
the flasks to give a final concentration of 1 and 1-5 of the
MIC. No solubilizing agent was used. The inoculated
flasks were incubated at 30°C in a shaker incubator.

S. Bouhdid et al.

The contact times established for FC were 30 min and
1 h. At each time-point, 20 ml samples were diluted 1 : 2
and centrifuged at 8000 g for 30 min, washed and resus-
pended in 1 ml of filtered Ringer’s solution.

For TEM observations, the contact time was 30 min;
20 ml samples were taken, diluted 1:2 and centrifuged
at 8000 g for 30 min. The pellet was resuspended in 1 ml
of peptone-buffered water (Oxoid, UK).

In all cases, control experiments were carried out in
parallel; cells were incubated in oil-free buffer solution
and treated under the same conditions.

Staining procedure

Staining protocols for FC experiments were as follows:
10 ul of a 1 mg ml™" stock solution of PI in distilled water
were added to 1 ml of the bacterial suspension prepared as
described above in filtered Ringer’s solution (the bacterial
concentration was of about 10’-10° CFU ml™"). The Staph.
aureus and Ps. aeruginosa suspensions were incubated with
the dyes for 5 and 30 min, respectively. Staining was car-
ried out at room temperature before the FC analysis.

For membrane potential dye, 2 ul of a 250 umol 1"
stock solution of bis-oxonol in ethanol was added to 1 ml
of the bacterial suspension to a final concentration of 0-5
mmol I and incubated for 2 min at room temperature.

In the case of respiratory activity staining, 100 ul of a
50 mmol I”' CTC solution in deionized water filtered
through 022 yum pore-size membrane were added to
900 pul of bacterial suspension to a final concentration of
5 mmol 17!, Incubation was for 30 min at 30°C in a shak-
ing incubator.

Heat-killed cells (30 min at 70°C) were used as a posi-
tive control for PI and bis-oxonol staining protocols and
as a negative control for CTC staining. Experiments were
conducted in duplicate.

Flow cytometry

Flow cytometric experiments were carried out using a
Cytomics FC500 MPL flow cytometer (Beckman Coulter
Inc, Fullerton, CA, USA). Excitation of the sample was
done using a 488 nm air-cooled argon-ion laser at
15 mW power. The instrument was set up with the stan-
dard configuration: forward scatter (FS), side scatter (SS),
green (525 nm) fluorescence for bis-oxonol, red (620 nm)
for CTC and red (675 nm) fluorescence for PI were col-
lected on logarithmic scales. Optical alignment was
checked wusing 10 nm fluorescent beads (Flow-Check
fluorospheres; Beckman Coulter). The cell population was
selected by gating in a FS vs SS dot plot, excluding aggre-
gates and cell debris. Fluorescence histograms were repre-
sented in single-parameter histograms (1024 channels).
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The windows used to calculate percentages were set using
living and dead cell populations for each strain. Data
were analysed with SummIt® version 3.1 software (Cyto-
mation, Fort Collins, CO, USA).

Bacterial count

Viable counts (CFU ml™!) were obtained on trypticase
soy agar. After an appropriate dilution in Ringer’s solu-
tion, 100 ul samples were inoculated on plates and incu-
bated at 30°C for 24 h. Cell counting was performed in
triplicate and mean was calculated. To measure growth
inhibition, viability reduction was calculated from this
data as follows:

(1 — N¢/Nc) x 100

where N is the bacterial count in treated sample and N¢
is the bacterial count in control sample.

Transmission electron microscopy

After treatment of cell suspensions for 30 min with the
oil at the MIC for each micro-organism, the bacterial pel-
lets were rinsed with buffered water peptone (pH 7) and
washed thrice. Staphylococcus aureus samples were fixed
with 2-5% buffered glutaraldehyde for 1 h at 4°C. The
cells were then postfixed in 1% buffered osmium tetrox-
ide for 1 h, stained with 1% uranyl acetate and dehy-
drated in a graded series of ethanol. Pseudomonas
aeruginosa samples were cryofixed by high pressure with a
pressure of about 2100 bars and a reduction in tempera-
ture of 8°Cs'. The cryofixed cells were kept in liquid
nitrogen and cryosubstituted in pure acetone containing
2% of osmium tetroxide and 0-1% of uranyl acetate for
72 h at —=90°C. The temperature was gradually increased
to 4°C (5°C h™"). The samples were kept at this tempera-
ture for 2 h, followed by 2 h at room temperature, and
were then washed twice with acetone. The fixed cells of
both micro-organisms were then embedded in L.R. (Lon-
don Resin Co. Ltd, London, UK) white resin. Ultra-thin
sections were prepared and stained with 1% uranyl
acetate and sodium citrate. Microscopy was performed
with a Philips EM 301 (Eindhoven, Holland) microscope
with an acceleration of 60 kV.

Results

The essential oil of O. compactum was active against
Staph. aureus and Ps. aeruginosa at MICs of 0-031% and
1% (v/v), respectively. To investigate the cellular injury
produced by the oil treatment on the bacterial popula-
tion, we worked at the MIC and 1-5x MIC concentrations
(Table 1). Polymixin and clorhexidine were used as mark-
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Table 1 Antibacterial concentrations tested

Pseudomonas Staphylococcus
aeruginosa aureus
Compound MIC* 1-5x MIC MIC 1-5x MIC
Origanum compactum 1 1-5 0-031 0-046
essential oil
Polymixin 8 12 - -
CHX - - 1 15

*The concentrations are expressed in % v/v for essential oil and in
mg 17" for polymixin and CHX.

ers of antimicrobial activity on Gram-negative and Gram-
positive bacteria, respectively.

Potassium leakage

To determine the change in cell membrane permeability,
K" leakage from the two strains studied was examined
over the exposure time. After treatment of cell suspen-
sions with essential oil at the MIC, K' immediately
started to leak from the Ps. aeruginosa cells within the 10
first minutes to reach 0:09 ppm, and remained constant
until the end of the experiment. In the case of 1-5x MIC
treated cells, leakage started immediately and gradually
increased with incubation time to reach 0-24 ppm after
120 min of contact (Fig. 1a). The addition of oregano
essential oil increased the K' extracellular concentration
in Staph. aureus cell suspensions (Fig. 1b), reaching 0-64
and 0-77 ppm after 120 min of treatment with the MIC
and 1-5x MIC, respectively.

Membrane permeability

Propidium iodide staining was used to assess the change in
membrane permeability of bacterial cells of Ps. aeruginosa
and Staph. aureus (Table 2). Samples were analysed by FC.

Two intervals of PI relative fluorescence were consi-
dered (Fig. 2), depending on the intensity of fluorescence
emitted by negative (nontreated cells) and positive con-
trols (heat-treated cells). Thus, we can distinguish two cell
states: cells with intact membrane, which emit a low rela-
tive fluorescence (intact cells, region R1), and cells with
permeabilized membrane, which emit a high relative fluo-
rescence (dead cells, region R2).

In the control population of Ps. aeruginosa no more than
8-80% was stained with PI (cells with damaged membrane).
The PI-labelled population increased considerably after
30 min of treatment with the oil at the MIC and 1-5x MIC
to reach 92-44% and 94-99%, respectively. No remarkable
differences in the proportion of Pl-stained cells were
observed after increasing the contact time to 60 min. In
accordance with these results, the viability reduction calcu-
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Figure 1 Potassium leakage of the cell suspension of Pseudomonas
aeruginosa (a) and Staphylococcus aureus (b) exposed to MIC (#) and
1-5x MIC (@) of Origanum compactum essential oil. Exposure to 70°C
(A) acted as positive control. The amount of extracellular potassium
of untreated cells (0-225 ppm for Ps. aeruginosa and 0-5 ppm for
Staph. aureus) was subtracted at each time-point from that of treated
cells. Each point represents the mean of three experiments. Error bars
represent standard deviation of the means.

lated from viable counts was of 99:99% (Table 2). Similar
results were observed in the polymixin-treated population
(1-5x MIC) with 89-40% and 94:15% PI-stained cells after
30 and 60 min, respectively. A total of 74:53% of heat-
treated cells (70°C for 30 min) was permeable to PI.

In Staph. aureus (Table 2), the whole control population
was impermeable to PI (0-65% Pl-stained cells). After
30 min of contact with the essential oil at the MIC, the
proportion of Pl-stained cells was slightly augmented
(593%) and increased to 8:89% when the contact time
was prolonged to 60 min. Viability was reduced by 19-05%

S. Bouhdid et al.

and 50-48% for the two contact times. Treatment with
15X MIC appeared to have a more marked effect on mem-
brane permeability. Indeed, a clear bimodal distribution
was observed (Fig. 2). The PI-labelled population was aug-
mented to 39-66% and 53-44% after 30 and 60 min of con-
tact, respectively. Exposure to CHX showed a higher level
of action on cell membrane permeability with 53-45% and
72:43% PI-stained cells after 30 and 60 min, respectively.

Membrane potential

Loss of membrane potential was assessed using bis-oxonol
dye, which accumulates in cells with depolarized mem-
branes. Exposure to the MIC and 1-5x MIC for 30 min
led to the loss of membrane potential in 62:28% and
75:49% of the Ps. aeruginosa population, respectively
(Table 2). This stained proportion did not appear to
change by increasing contact time to 60 min. Moreover,
no substantial modifications were observed in bis-oxonol
stained cells between the MIC and 1-5x MIC treated cells.
Polymixin-treated cells showed a more marked effect on
membrane potential. The proportions stained with bis-
oxonol were 95:42% and 97-71% after 30 and 60 min of
contact, respectively.

In Staph. aureus cells, the entire control population
showed intact membrane potential (0-89% stained with
bis-oxonol). Exposure to the oil at the MIC had no sig-
nificant effect on cells membrane potential (Table 2); a
very small fraction of the treated cells had incorporated
bis-oxonol (1:95% and 197% after 30 and 60 min,
respectively). Treatment with the oil at 1-5x MIC resulted
in the loss of membrane potential of 44:66% and 66:23%
of cells after 30 and 60 min of exposure respectively. In
this case, the increase in essential oil concentration did
affect the proportion of bis-oxonol stained cells (Fig. 2).
The action of CHX on membrane potential seemed to be
strongly dependent on the time of exposure; the propor-
tion bis-oxonol stained-cells was 3:52% after 30 min
increasing to 52:15% after 60 min of contact.

Respiratory activity

Bacterial cells with active respiratory activity are able to
reduce CTC to formazan. This stain was used to assess
the effect of the oil on respiratory enzymes.

The control cell suspension of Ps. aeruginosa contained
a high proportion of CTC-reducing bacteria (66:94%).
Significant inhibition of formazan production by electron
transfer system associated dehydrogenases was observed
after treatment of suspensions of Ps. aeruginosa by the
essential oil. This is demonstrated by the decrease in
CTC-reducing cells from 6694 to 1562% and 1-53%
after 30 min exposure to the MIC and 1-5x MIC, respec-
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Table 2 Percentage of stained cells measured by flow cytometry analysis and viability reduction of Pseudomonas aeruginosa and Staphylococcus

aureus cells treated with oregano essential oil, polymixin and CHX

Ps. aeruginosa

Staph. aureus

% of stained cells

% of stained cells

Contact % viability % viability
Conc. time (min) PI Bis-oxonol CTC reduction PI Bis-oxonol CTC reduction
Control - 30 8:01 1-78 6694 - 0-65 0-89 79-05 -
60 1-58 8-39 57-02 - 3-86 245 7076 -
Essential oil MIC 30 92-44 62:28 15-62 99-99 593 1-95 30-40 19-05
60 92-36 6191 1174 99-99 8-89 1-97 17-09 50-48
1-5x MIC 30 94-99 7549 1-53 99-99 39-66 44-66 14-60 99-67
60 94-01 7763 114 99-99 53-44 6623 1376 99-96
Polymixin 1:5x MIC 30 89-40 95-42 0-44 100 - - - -
60 94-15 9771 0-46 100 - - - -
CHX 1-5x MIC 30 - - - 53,45 3-52 0-73 99-98
60 - - - 72-43 52-15 0-64 99-99
70°C 30 74-53 8801 0-80 100 93-06 94-38 1-29 100

tively. There was no further significant change after
60 min of treatment, the proportion of CTC-stained cells
being 11:74% for the MIC-treated cells and 1-14% for
1-5x MIC-treated cells (Table 2). Polymixin dramatically
decreased the ability to reduce CTC among treated
cells. The CTC-reducing proportion decreased to 0-44%
and 046% after 30 min and 60 min contact time,
respectively.

A high proportion of Staph. aureus control cells
reduced CTC (79-05%), while exposure to the MIC of
oregano oil reduced this population to 30-40% after
30 min of contact and to 17:09% after 60 min. Treatment
with the oil at 1-5x MIC led to a decrease in CTC-stained
cells to 14:60%. This proportion was not affected by
increasing contact time to 60 min (13-76%). Contact with
CHX resulted in reduction of respiring bacteria to 6:54%
and 8-48% after 30 and 60 min, respectively.

Transmission electron microscopy

To check for morphological changes resulting from oil
treatment, TEM was performed on thin sections of bacte-
ria that had been treated with the essential oil for 30 min.
Significant  morphological ~ changes
Ps. aeruginosa cells exposed to the oil (Fig. 3). Numerous
projections from the cell wall and liberation of membrane
vesicles were observed (black arrows). Coagulated mate-
rial was seen inside the treated cells especially close to the
cell's envelope (white arrows). Likewise, a significant
amount of cytoplasmic material was observed in the

occurred  in

surrounding environment.

Staphylococcus aureus electron micrograph showed an
accumulation of membranous structures in the cytoplasm
of the oil-treated cells (arrows in Fig. 4b-d), while no
ultrastructural alterations were seen in the untreated cells
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(Fig. 4a). The electron micrographs did not show any cell
lysis in either strain.

Discussion

Origanum compactum essential oil is constituted by a com-
plex mixture of volatile molecules dominated by four
monoterpene compounds [carvacrol (37:77%), thymol
(19:79%), y-terpinene (17:01%) and p-cymene (11-31%)]
that are known for their antibacterial activity. The involve-
ment of less abundant constituents in the antibacterial
effect of the whole oil should be considered. Moreover,
possible antagonistic and synergistic effects may occur
between the oil components depending on the micro-
organism tested (Cox et al. 2001). In this study, we report
the effect of oregano essential oil on some cell functions
and structures in Ps. aeruginosa and Staph. aureus.
Potassium is a major intracellular cation that plays a
crucial role in the generation of membrane potential, acti-
vating cytoplasmic enzymes and maintaining turgor pres-
sure in cells. The gradient of potassium across the
cytoplasmic membrane is maintained by membrane-
embedded energy-dependent pumps. Generally, leakage of
potassium is an early sign of an increase in cytoplasmic
membrane permeability (Lambert and Hammond 1973).
Therefore, K* release during exposure to the oil was mea-
sured in both strains, and was found to be induced at all
concentrations tested. This result is consistent with previ-
ous studies that demonstrated that essential oils and some
of their components interact with cellular membranes,
changing their permeability to cations like H" and K'.
Indeed, carvacrol and thymol, which are the major com-
ponents of oregano essential oil were found to dissipate
the potassium gradient in Bacillus cereus (Ultee et al.
1999), Staph. aureus and E. coli (Walsh et al. 2003). Other
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Figure 2 Effect on the membrane permeability and the membrane potential of Pseudomonas aeruginosa and Staphylococcus aureus caused by

exposure to the essential oil of Origanum compactum, polymixin and CHX,
sities within the R1 regions were taken as live cells, and those within the
cells control, (b) cells treated with essential oil at MIC, (c) cells treated with

revealed by Pl and bis-oxonol staining. The relative fluorescence inten-
R2 regions were taken as dead cells (logarithmic scale). (a) Untreated
essential oil at 1-5x MIC, (d) cells treated with polymixin (for Ps. aeru-

ginosa) at 1-5x MIC and with CHX (for Staph. aureus), (e) cells heated at 70°C. In all cases, time of contact was 1 h.

authors reported that treatment with tea tree oil resulted
in K" leakage from Staph. aureus (Hada et al. 2003) and
E. coli cells (Cox et al. 1998). The amount of potassium
ions released from 1-5x MIC-treated cells was 3-2 times
higher in Staph. aureus suspensions than in Ps. aerugi-
nosa. Similarly, potassium ions released from Staph.
aureus exposed to the monohydrochloride of r-arginine,
No-lauroyl ethyl ester was 2-5 times higher than in
S. typhimurium (Rodriguez et al. 2004).

Flow cytometric analysis was performed with different
staining protocols to assess the effect on different cell
activities. The effect on membrane permeability was eval-
uated using PI, a cationic nucleic acid dye that is
excluded by intact plasma membranes but can penetrate

1564 Journal compilation © 2009 The Society

into cells with damaged membranes and intercalates with
double-stranded DNA or RNA. The fluorescence con-
ferred by this probe is generally associated with cells that
have lost their membrane integrity. The effect on mem-
brane potential was assessed by bis-(1,3-dibutylbarbituric
acid) trimethine oxonol [DiBAC,(3)]. This anionic lipo-
philic dye has a low binding affinity for intact membranes
and is limited to the outer regions of the cell membrane
in living bacteria. Membrane depolarization leads to the
incorporation of the dye into the cell where it binds to
lipid-rich intracellular compounds resulting in an increa-
sing fluorescence signal detected by FC (Vives-Rego et al.
2000). This stain has previously been used with FC to
assess antibacterial activity (Mason et al. 1995; Nuding

© 2009 The Authors
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Figure 3 Electron micrograph of nontreated
(a) and oil treated (b—d) Pseudomonas
aeruginosa cells. Vesicles protruding from cell
enveloped are signalled by black arrows.
White arrows indicate coagulated material.
Time of contact was 30 min and essential oil
concentration was MIC.

Figure 4 Electron micrograph of nontreated
(a) and oil treated (b—d) Staphylococcus
aureus cells. Arrows indicate the intracellular
membranes formation. Time of contact was
30 min and essential oil concentration was
MIC.

et al. 2006). The redox dye CTC is reduced by the
respiratory electron transport chain to an insoluble fluo-
rescent formazan, which accumulates in actively respiring
cells. Previous studies have reported that the intracellular
reduction of CTC is achieved directly by electron transfer
system-associated dehydrogenase enzymes in Micrococcus
luteus (Kaprelyants and Kell 1993) and by NAD(P)H in
E. coli (Lopez-Amoros et al. 1995). This dye has gained
wide application in recent years (Yamaguchi and Nasu
1997; Berman et al. 2001; Proctor and Souza 2001).

© 2009 The Authors
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In Ps. aeruginosa, both oil concentrations (Table 2)
caused complete growth inhibition (99:99%), accompa-
nied by a significant decrease in respiratory activity
(1562-1-14%), collapse of cell membrane potential
(62-28-77:63%) and loss of membrane permeability
(92-44-94-01%). These results are close to those produced
by polymixin used as a positive control. The correlation
between loss of membrane potential, membrane perme-
ability, the ability to reduce CTC and reduction of cell
viability indicate that oregano oil kills Ps. aeruginosa cells
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by disrupting membrane function, leading to a loss of
cytosolic constituents, as observed with K* ion leakage.
Similar conclusions were reached by other authors
attempting to explain the antibacterial action of essential
oils. Tea tree oil treatment of Staph. aureus and E. coli
inhibits respiration and increases the permeability of bac-
terial cytoplasmic membrane to potassium and other
cytosolic constituents (Cox et al. 2000). It has been
reported that the antibacterial action of essential oils of
Thymus vulgaris, Ocimum gratissimum and Cymbopogon
citratus was caused by the permeabilization of the cyto-
plasmic membrane of Listeria innocua (Nguefack et al.
2004). Carvacrol and thymol were also found to permea-
bilize and depolarize the cytoplasmic membrane of E. coli
and to reduce it intracellular ATP pool (Helander et al.
1998; Xu et al. 2008).

When Staph. aureus was exposed to the oil at the
MIC, no significant effect was observed on membrane
potential (1-95-1-97%) or permeability (5-93-8-:89%)
whereas respiratory activity (30-40—17-:09%) and viability
(19:05-50-48% reduction) appeared to be affected.
Increasing the oil concentration to 1-5x MIC resulted in
a critical reduction in viability (99:67-99-96%), a signifi-
cant reduction in membrane potential (44-66—-66-23%)
and membrane integrity (39:66-53-44%), but only a
slight effect on respiratory activity (14:60-13-76%) com-
pared with the MIC-treated cells (Table 2). The differ-
ence between the results obtained by bacterial count and
the PI staining protocol indicate the presence of cells
that have maintained membrane integrity but are not
able to grow, suggesting that the membrane is not the
only target of antibacterial action of oregano oil in
Staph. aureus. Different mechanisms may be involved in
the antibacterial activity of an essential oil depending
on its composition and nature of the micro-organism
studied. The difference observed here between the two
strains studied may be due to the difference in mem-
brane structure and composition. The cell wall of Gram-
positive bacteria contains much more peptidoglycan than
that of Gram-negative cells, providing increased rigidity
(Wu et al. 2008).

The different responses to the oil treatment observed
between the two strains studied by FC measurement were
supported by electron micrographs. Cells exposed to
oregano oil revealed morphological alterations that were
more evident in Ps. aeruginosa than in Staph. aureus
(Figs 3 and 4). In treated Ps. aeruginosa cells, intracyto-
plasmic coagulated material was seen close to the cell
wall. A similar effect was observed in E. coli cells after
addition of oregano oil (Becerril ef al. 2007) or tea tree
oil (Gustafson et al. 1998). This coagulated material was
thought to be a precipitate of abnormal proteins or dena-
tured membranes (Gustafson et al. 1998; Becerril et al.

S. Bouhdid et al.

2007). In addition, numerous projections from the cell
wall and membrane vesicles were observed. Similar results
were seen in Ps. aeruginosa treated with polymixin (Koike
et al. 1969) and gentamicin (Kadurugamuwa and Beve-
ridge 1997).

Some of the oil-treated Staph. aureus cells contained
mesosome-like structures that were not seen in untreated
cells. Such intracytoplasmic membrane inclusions are
regarded as being indicative of cytoplasmic membrane
alteration. Similar alterations were seen in Staph. aureus
cells exposed to terpinen-4-ol (Carson et al. 2002),
indolicidin derivative (Friedrich et al. 2001) and defensin
(Shimoda et al. 1995). No apparent lysis or gross leakage
of cellular cytoplasmic contents was observed.

Conclusions

Our results demonstrate that despite the high MIC value
for Ps. aeruginosa in comparison with Staph. aureus, the
ultrastructural and functional changes that occurred were
greater in Ps. aeruginosa than in Staph. aureus when both
strains were exposed to the corresponding MIC and 1-5x
MIC values. Oregano essential oil induces membrane
damage (leakage of potassium and uptake of PI and
bis-oxonol), ultrastructural alterations and the loss of cell
viability.
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online version of this article:

Figure S1 Chromatographic profile of Origanum
compactum essential oil.

Table S1 Chemical composition of Origanum compac-

tum essential oil according to the data provided by the
manufacturer.
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