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The essential oil of Melaleuca alternifolia (tea tree) has broad-spectrum antimicrobial activity. The mecha-
nisms of action of tea tree oil and three of its components, 1,8-cineole, terpinen-4-ol, and «-terpineol, against
Staphylococcus aureus ATCC 9144 were investigated. Treatment with these agents at their MICs and two times
their MICs, particularly treatment with terpinen-4-ol and «a-terpineol, reduced the viability of S. aureus. None
of the agents caused lysis, as determined by measurement of the optical density at 620 nm, although cells
became disproportionately sensitive to subsequent autolysis. Loss of 260-nm-absorbing material occurred after
treatment with concentrations equivalent to the MIC, particularly after treatment with 1,8-cineole and «-ter-
pineol. S. aureus organisms treated with tea tree oil or its components at the MIC or two times the MIC showed
a significant loss of tolerance to NaCl. When the agents were tested at one-half the MIC, only 1,8-cineole
significantly reduced the tolerance of S. aureus to NaCl. Electron microscopy of terpinen-4-ol-treated cells
showed the formation of mesosomes and the loss of cytoplasmic contents. The predisposition to lysis, the loss
of 260-nm-absorbing material, the loss of tolerance to NaCl, and the altered morphology seen by electron

microscopy all suggest that tea tree oil and its components compromise the cytoplasmic membrane.

The essential oil derived by steam distillation from the
leaves of Melaleuca alternifolia is also known as tea tree oil
(TTO) or Melaleuca oil. TTO is well characterized and con-
tains approximately 100 terpenes and their related alcohols (6).
The physical and chemical properties of commercial TTO are
regulated by an international standard (23). TTO has antibac-
terial (8, 17), antifungal (18, 19), antiviral (4), and anti-inflam-
matory (5) properties in vitro, suggesting that it may have a
role in the treatment of cutaneous infection. Clinical trials
have demonstrated that TTO may be efficacious in the treat-
ment of acne (2) and oral candidiasis (24) and in the decolo-
nization of methicillin-resistant Staphylococcus aureus carriers
(7). Although the in vitro antimicrobial activity and in vivo
efficacy of TTO have been reported, less is known about its
mechanism of action. Since this will have implications for its
spectrum of activity, selective toxicity, and the development of
resistance, we examined the mechanism of action of TTO and
its components against S. aureus.

MATERIALS AND METHODS

TTO and components. TTO (batch 971) was kindly provided by Australian
Plantations Pty. Ltd., Wyrallah, New South Wales, Australia. The levels of the
components, determined by gas chromatographic analysis according to the in-
ternational standard (23), were as follows: 41.5% terpinen-4-ol, 21.2% -~y-ter-
pinene, 10.2% a-terpinene, 3.5% terpinolene, 2.9% a-terpineol, 2.5% a-pinene,
2.1% 1,8-cineole, 1.5% p-cymene, 1% aromadendrene, 1% &-cadinene, 0.9%
ledene, 0.9% limonene, 0.6% globulol, 0.4% sabinene, and 0.3% viridiflorol.
Terpinen-4-ol and a-terpineol (Aldrich Chemical Co. Inc., Milwaukee, Wis.)
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were 97 and 98% pure, respectively. 1,8-Cineole (Sigma Chemical Co., St. Louis,
Mo.) was at least 99% pure. Terpinen-4-ol and a-terpineol were chosen on the
basis of their antimicrobial activities (10). 1,8-Cineole was selected since it has
some antimicrobial activity and its presence in TTO has been contentious, due
mainly to its erroneous reputation as a skin irritant (10).

Bacterium. S. aureus ATCC 9144 was used in all experiments and was obtained
from the culture collection of the Department of Microbiology, The University
of Western Australia, Crawley, Western Australia, Australia.

Inoculum effect. The MICs and minimal bactericidal concentrations (MBCs)
of TTO for S. aureus were determined by a previously described broth microdi-
lution method (8), except that the test medium was Mueller-Hinton broth (Oxoid
Ltd., Basingstoke, United Kingdom), the Tween 80 concentration was reduced to
0.001% (vol/vol), and several inoculum concentrations were used. Final inocu-
lum concentrations were 5 X 103, 5 X 10°, 5 X 107, and 5 X 10° CFU/ml.

Preparation of bacterial suspensions. Unless stated otherwise, suspensions of
organisms in the stationary phase of growth were prepared by inoculating two
colonies of S. aureus from overnight cultures on blood agar into 400 ml of
Mueller-Hinton broth, which was incubated at 37°C for 18 h with shaking. After
incubation, the bacteria were separated from the growth medium by centrifuga-
tion at 10,000 X g for 12 min at 4°C, washed twice with phosphate-buffered saline
(PBS; pH 7.4), and resuspended in PBS supplemented with 0.001% Tween 80
(Sigma) (PBS-T). Suspensions were adjusted so that the optical density at 620
nm (ODy,,) of a 1-in-100 dilution was ~0.3, which was ~3 X 10'° CFU/ml.

General experimental conditions. Experiments were conducted at room tem-
perature (22°C). The concentrations of TTO and its components used for treat-
ment were derived from MICs previously determined by broth microdilution
methods and ranged from one-half to two times the MICs. The MICs of TTO,
terpinen-4-ol, and a-terpineol for S. aureus were 0.25%; and the MIC of 1,8-
cineole was 0.5% (9, 10). Stock concentrations of TTO or its components were
prepared in PBS-T at 10-fold the desired final concentration (in percent [vol/
vol]) and were added to bacterial suspensions at a ratio of 1:9. PBS-T was added
to the control suspensions. No inactivating agents have been established for TTO
or its components. In the absence of an inoculum effect, dilution was used to
arrest treatment and reduce carryover. The minimum dilution used was 1 in 10.
All serial dilutions were done in PBS-T. All experiments except time-kill assays
and inoculum effect assays were conducted four to six times; time-kill assays were
done in triplicate, and inoculum effect assays were done in duplicate. Viable
counts were plated in duplicate by using a spiral plater (Don Whitley Scientific
Ltd., Shipley, United Kingdom) and nutrient agar (NA) (Oxoid) in all experi-
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FIG. 1. Time-kill curves of S. aureus ATCC 9144 in control suspensions ( 4 ) and after treatment with TTO (A), 1,8-cineole (B), terpinen-4-ol
(C), or a-terpineol (D) at one-half the MICs (A), the MICs (@), and two times the MICs ([J). The MICs of TTO, terpinen-4-ol, and a-terpineol
were 0.25% (vol/vol); and that of 1,8-cineole was 0.5%. The organisms were suspended in PBS-T. Each symbol indicates the means + SEs for at

least three replicates. The lower detection threshold was 10° CFU/ml.

ments with the exception of those investigating an inoculum effect. After incu-
bation at 37°C for 24 to 72 h, the colonies were counted manually with the aid of
a counting template (Don Whitley Scientific). The detection threshold was 10°
CFU/ml. For inoculum effect assays, 10 pl of serial 10-fold dilutions of inocula
was plated onto blood agar in quadruplicate, the plates were incubated, and the
resulting colonies were counted. In assays for bacterial killing, bacteriolysis, and
loss of 260-nm-absorbing material, samples taken 5 min before treatment addi-
tion were adjusted to account for dilution and used to determine the concentra-
tions and ODs at 0 min.

Bacterial killing assays. The activities of TTO and its components against S.
aureus were evaluated by measuring the reduction in the numbers of CFU per
milliliter over 2 h. Bacterial suspensions (5 ml) were prepared as described
above. After a pretreatment sample (0.5 ml) was taken, TTO or one of its
components was added to yield final concentrations of one-half, one, and two
times the respective MICs. The suspensions were mixed for 20 s with a vortex
mixer; and a sample (0.5 ml) was removed at 30 s, serially diluted, and plated
onto NA. Additional samples were taken at 30, 60, and 120 min. When rapid
killing occurred, samples were also taken at 3, 6,9, 12, and 15 min. Samples were

diluted, plated onto NA, and incubated overnight. The mean number of survivors
was determined.

Bacteriolysis. Suspensions of S. aureus were prepared as described above.
After retrieval of the pretreatment sample, the agents were added so that the
suspensions contained TTO or one of its components at concentrations equiva-
lent to the MIC and two times the MIC. The suspensions were mixed for 20 s
with a vortex mixer, a sample was removed at 30 s and diluted 1 in 100, and the
ODg,( was measured. Additional samples were taken at 30, 60, 90, and 120 min;
and the ODs were measured immediately. Corresponding dilutions of test agents
were used as blanks. Preliminary work indicated that the ODs of undiluted
samples and samples diluted 1 in 10 were inconsistent (data not shown). The
1-in-100 dilution reduced the level of carryover of TTO or its components to
levels which contributed negligibly to the absorbance. The results were expressed
as a ratio of the ODy,, at each time interval versus the ODg,, at 0 min (in
percent).

In two separate experiments, after the initial OD,, measurement, the samples
were retained and the ODg,, was remeasured 6.5 or 23 h later. The ODg,4s of
the control suspensions diminished over these time intervals; the ODg,0s of the
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samples obtained at 0 min were measured again 6.5 h later and were 91.5% of the
original ODy,, while the ODg,,s measured 23 h later were 84.4% of the original
ODg,. Since there was an inherent progressive reduction in the ODg,, over
time, when the ODg,(s of the samples were measured 6.5 or 23 h later, their
ODg,0s were compared to the ODg,0s of the 0-min samples, which were also
remeasured 6.5 or 23 h later.

Loss of 260-nm-absorbing material. Suspensions of bacteria were prepared as
described above. A pretreatment sample was taken, diluted 1 in 100, and filtered
through a 0.2-pm-pore-size filter (Gelman Sciences, Ann Arbor, Mich.). The
treatment agents were added at final concentrations equivalent to their MICs.
Additional samples were removed after 30 and 60 min, diluted, and filtered as
described above. Filtrates of the appropriate dilution of each agent were pre-
pared, and 200-pl volumes were used to blank the wells of a UV-transparent
96-well tray (Molecular Devices, Sunnyvale, Calif.) at 260 nm. The blanks were
discarded, the wells were loaded with the corresponding test filtrates, and the
OD s were determined. The ODy,s of four to eight samples obtained at each
time point were measured. The OD,¢, at each time point was expressed as a
proportion of the initial OD,4,. Mean ratios for each treatment agent and time
were calculated and compared to the means for the corresponding untreated
samples by using the two-tailed Student ¢ test (P < 0.05).

Loss of salt tolerance. The ability of S. aureus cells treated with TTO or its
components to grow on NA supplemented with NaCl (Merck Pty. Ltd., Kilsyth,
Victoria, Australia) was investigated. In preliminary experiments, untreated sus-
pensions of S. aureus were plated onto NA and NA containing NaCl at 5 to 100
g/liter (NA-NaCl) and incubated, and the resulting colonies were counted. Con-
centrations of NaCl that modestly compromised the colony-forming abilities of
untreated organisms were selected. These were 50 and 75 g/liter. Suspensions of
bacteria were prepared as described above and treated with TTO and 1,8-cineole
at one-half, one, and two times their MICs and with terpinen-4-ol and a-terpin-
eol at one-half and one time their MICs. After 30 min, samples were removed,
serially diluted, and inoculated onto NA and the selective medium NA-NaCl.
After incubation, the numbers of CFU per milliliter on each NA-NaCl plate were
compared to those on the NA plate, and the result was expressed as a percentage.
The mean proportions of survivors from treated suspensions were compared to
the corresponding means for the untreated controls by the two-tailed Student ¢
test (P < 0.05).

Electron microscopy of terpinen-4-ol-treated bacteria. Suspensions of S. au-
reus in the stationary phase of growth were prepared by inoculating and incu-
bating 30 ml of heart infusion broth (HIB; Gibco Diagnostics, Madison, Wis.).
Organisms were harvested by centrifugation at 1,500 X g for 10 min, and the
pellet was resuspended in HIB supplemented with Tween 80 (0.5% [vol/vol])
(HIB-T). Suspensions of S. aureus were treated with 0.3% terpinen-4-ol for 10
min. Controls in HIB-T stood for 10 min. After centrifugation at 1,500 X g for
5 min, the pellets were fixed overnight in 2.5% glutaraldehyde in 0.1 M cacody-
late buffer at room temperature. Fixed microbial pellets were processed in
graded alcohols, propylene oxide, and araldite and cured for 48 h at 60°C.
Ultrathin sections were stained with uranyl acetate and lead citrate and were
examined with a Philips 410 transmission electron microscope at an accelerating
voltage of 80 kV.

RESULTS

Inoculum effect. Inoculum concentrations over the range 10°
to 10° CFU/ml did not significantly alter the MICs or MBCs of
TTO. At an inoculum of 5 X 10° CFU/ml, the MIC was 0.12%
and the MBC was 0.25%. At inocula of 5 X 10° and 5 X 107
CFU/ml, the MICs were both 0.25% and the MBCs were both
0.5%. At an inoculum of 5 X 10° CFU/ml, the MIC was 0.5%
and the MBC was 1%.

Bacterial killing assays. Treatment of S. aureus with TTO at
two times the MIC reduced the viability of S. aureus by ~5
log,, over 120 min, while treatment with TTO at the MIC
resulted in an ~1 log,, reduction (Fig. 1A). Treatment with
1,8-cineole at the MIC or two times the MIC resulted in
greater than 3 log,, reductions over 120 min (Fig. 1B). Terpi-
nen-4-ol or a-terpineol at one-half times the MIC had little
effect on the viability of S. aureus. In contrast, treatment with
either of these components at two times the MIC effected
reductions of ~7.5 and ~6.5 log,, in 9 and 30 min, respectively

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 1. Proportion of initial ODg,, of suspensions of S. aureus
remaining after treatment with TTO or its components for 120 min

ODy; at 120 min/ODy;, at 0 min (%)

Treatment agent and measured”:
conen (fold MIC)*
Immediately After 6.5 h After 23 h
Control 96.9 = 1.3¢ 101.9 98.9
TTO
One time 95.1 =3.1 89.6 ND¢
Two times 96.8 = 1.4 85.5 ND
1,8-Cineole
One time 94.8 = 0.6 ND 40.8
Two times 95.7 1.0 ND 333
Terpinen-4-ol
One time 91.0 =39 75.6 27.2
Two times 91.6 = 1.3 53.4 28.5
a-Terpineol
One time 913 =15 78.9 28.4
Two times 89.4 = 1.6 55.8 29.5

“ The MICs of TTO, terpinen-4-ol, and a-terpineol were 0.25% (vol/vol); and
that of 1,8-cineole was 0.5%.

> In two separate experiments, after the initial immediate measurement, the
samples were retained and the ODy,,s were remeasured 6.5 or 23 h later.

¢ Values are means = SEs.

4ND, not done.

(Fig. 1C and D). Treatment with terpinen-4-ol at the MIC
consistently reduced the viability by 6.5 log,, over 120 min,
while treatment with a-terpineol at the MIC gave inconsistent
results. Representative results are shown in Fig. 1D.
Bacteriolysis. The mean ODy,, of untreated S. aureus sus-
pensions after 120 min was 96.9% (n = 9; standard error [SE]
= 1.3%) of the original. Table 1 shows the ODy,s of suspen-
sions treated with TTO or its components. Treatment with
TTO or 1,8-cineole at the MIC or two times the MIC had no
effect (ODg,,, range, 95 to 97% of the original). Treatment with
terpinen-4-ol or a-terpineol reduced the ODy,, slightly. Table

Proportion of initial ODygq

Time (min)

FIG. 2. Appearance of 260-nm-absorbing material in the filtrates of
S. aureus control suspensions (white bars) and after treatment with the
MICs of TTO (0.25%; bars with diagonal stripes), 1,8-cineole (0.5%;
grey bars), terpinen-4-ol (0.25%; bars with horizontal stripes), or a-ter-
pineol (0.25%; black bars). The organisms were suspended in PBS-T.
The means * SEs for at least three replicates are illustrated.
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FIG. 3. Proportion of S. aureus cells able to form colonies on NA (white bars), NA supplemented with 50 g of NaCl per liter (black bars), and
NA supplemented with 75 g of NaCl per liter (grey bars) after 30 min of treatment with TTO (A), 1,8-cineole (B), terpinen-4-ol (C), or a-terpineol
(D) at one-half the MICs, the MICs, and two times the MICs. The MICs of TTO, terpinen-4-ol, and a-terpineol were 0.25% (vol/vol); and that
of 1,8-cineole was 0.5%. The organisms were suspended in PBS-T. The means = SEs for at least four replicates are illustrated.

1 also shows the results obtained when the ODy,s of dilutions
of S. aureus suspensions was remeasured either 6.5 or 23 h
after the initial ODg,,s were measured. Modest reductions in
the ODy,s of the TTO-treated suspensions were noted when
they were measured again 6.5 h later. In contrast, large reduc-
tions were noted in the OD,s of the suspensions treated with
the components of TTO, particularly those left for 23 h, in
which only ~30% of the original OD,,s remained. Notably,
the ODg,,s of the suspensions treated with terpinen-4-ol or
a-terpineol at two times the MIC for 30 s were reduced to 44.9
and 67.4%, respectively, when they were read again 23 h later
(data not shown).

Loss of 260-nm-absorbing material. The OD,s of filtrates
from control suspensions were not significantly different after
30 min but were significantly different (P = 0.020) after 60 min
(Fig. 2). Significant increases in the OD,,s occurred after 60
min of treatment with TTO (P = 0.019), 1,8-cineole (P = 4.3
X 10™%), terpinen-4-ol (P = 0.038), or a-terpineol (P = 0.005)
at the MIC. Only 1,8-cineole treatment resulted in significant
(P = 1.4 X 1077) increases after 30 min.

Loss of salt tolerance. The results of tests of salt tolerance
loss are shown in Fig. 3A to D. The addition of NaCl to NA
reduced the colony-forming ability of untreated S. aureus cells
to 81.4% (n = 22; SE = 2.5%) with NaCl at 50 g/liter and
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73.3% (n = 22; SE = 2.8%) with NaCl at 75 g/liter. Treatment
with TTO or 1,8-cineole at two times their MICs significantly
reduced the ability of survivors to form colonies on NA-NaCl
(with NaCl at 50 or 75 g/liter), with only 1.5% or less of the
survivors able to form colonies. 1,8-Cineole at the MIC had a
similar effect, with 0.7% or less of the survivors able to form
colonies on NA-NaCl. Treatment with TTO and terpinen-4-ol
at their MICs also reduced the ability of survivors to form
colonies on NA-NaCl, but to a lesser extent (<30%). By treat-
ment with a-terpineol at the MIC, the proportion of survivors
able to form colonies on NA-NaCl was not significantly re-
duced when NaCl was used at 50 g/liter (P = 0.072) but was
significantly reduced when NaCl was used at 75 g/liter (P =

ANTIMICROB. AGENTS CHEMOTHER.
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FIG. 4. Electron micrographs of S. aureus cells stained with uranyl
acetate after no treatment (A) and after treatment with 0.3% terpinen-
4-ol for 10 min (B and C). Magnifications: X 11,500 (A) and X14,200
(B and C).

0.032). Of the four treatments at one-half the MIC, only 1,8-
cineole significantly reduced the colony-forming ability of the
survivors, and this was only when the higher salt concentration
was used (P = 0.030).

Electron microscopy of terpinen-4-ol-treated bacteria. Ter-
pinen-4-ol-treated S. aureus cells contained multilamellar, me-
sosomelike structures (Fig. 4B and C) that were not seen in
untreated cells (Fig. 4A). In addition, the contents of some
treated cells appeared depleted and amorphous (Fig. 4C).

DISCUSSION

Interactions with the hydrophobic structures of bacteria play
a key role in the antimicrobial actions of hydrocarbons (32).
Consequently, assumptions regarding the mechanism of action
of TTO have been based on the nature of its components. In
the present investigation, S. aureus cells in the stationary phase
of growth were killed by TTO and its components. Organisms
in this growth phase are generally less sensitive to injury than
those in the exponential phase (11), and this has been shown
for Escherichia coli treated with TTO (16). Since antimicrobial
agents that affect cellular synthetic processes often have little
effect on organisms in the stationary phase of growth (15, 28),
these results suggest that the principal target of TTO is not a
macromolecular synthetic process.

Some antimicrobial agents cause gross membrane damage
and provoke whole-cell lysis (14, 28); and this has been re-
ported previously for essential oils from oregano, rosewood,
and thyme (20). However, the major components of these oils,
including carvacrol, citronellol, geraniol, and thymol (38), are
not found in TTO. The failure of TTO or its components to
lyse S. aureus cells suggests that their primary mechanism of
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action is not gross cell wall damage. Treatment-induced re-
lease of membrane-bound cell wall autolytic enzymes will in-
duce lysis eventually (15), and this may explain the delayed
lysis of S. aureus seen when suspensions were reexamined after
several hours; S. aureus cells treated for as little as 30 s were
disproportionately sensitive to lysis. While the activation of
autolytic enzymes may have been responsible for this effect, the
lysis may also have been due to weakening of the cell wall and
the subsequent rupture of the cytoplasmic membrane due to
osmotic pressure (rather than a specific action on the cytoplas-
mic membrane).

Marked leakage of cytoplasmic material is considered indic-
ative of gross and irreversible damage to the cytoplasmic mem-
brane (21). Many antimicrobial compounds that act on the
bacterial cytoplasmic membrane induce the loss of 260-nm-
absorbing material, including chlorhexidine (21), hexachloro-
phene (25), phenethyl alcohol (34), tetracyclines, polymyxin
(12), a-pinene (1), and lemongrass oil (27). S. aureus suspen-
sions treated with TTO or its components lost significant 260-
nm-absorbing material, suggesting that nucleic acids were lost
through a damaged cytoplasmic membrane.

Sublethal injury of microbial cell membranes may alter their
permeability and affect the membrane’s ability to osmoregulate
the cell adequately or to exclude toxic materials (15). Conse-
quently, the loss of tolerance to salts or other potentially toxic
compounds may be exploited to reveal membrane damage (22)
in sublethally injured bacteria. Treatment of S. aureus with
TTO or its components significantly reduced the ability of the
survivors to form colonies on media containing NaCl. This
effect was most marked with 1,8-cineole, which was also the
only compound with which treatment with one-half the MIC
resulted in a significant loss of salt tolerance. These results
correlate well with the OD,, results since, in each case, treat-
ment with TTO or its components at the MICs induced the loss
of salt tolerance and 260-nm-absorbing material. Notably,
treatment with TTO, terpinen-4-ol, or a-terpineol at one-half
the MIC had no effect on salt tolerance or actually increased it.
Treatment with these agents at one-half their MICs may have
killed the most susceptible cells, leaving the more robust and,
possibly, more salt-tolerant cells. However, of the three treat-
ments with which an increase in salt tolerance was noted, only
treatment with TTO at one-half the MIC for 30 min reduced
the viability of S. aureus. Alternatively, the treatments may
have induced the expression of stress tolerance mechanisms.

Electron microscopy of terpinen-4-ol-treated cells corrobo-
rated the inability of terpinen-4-ol to lyse S. aureus and sug-
gested membrane damage by the appearance of mesosomes
and a loss of cytoplasmic material. These lesions have been
reported previously after treatment with antimicrobial agents
including vancomycin (29), phenethyl alcohol (11), defensins
(30), and betane (3). Similar cytoplasmic losses, as well as bleb
formation, were reported for E. coli treated with lemongrass
oil (26), and both effects were noted when E. coli was treated
with TTO (16).

The original premise was that TTO and/or its components
act on microbial membranes. The loss of 260-nm-absorbing
material, increased susceptibility to NaCl, the formation of
mesosomes, and the loss of cytoplasmic material suggest that
the cytoplasmic membrane is compromised by treatment with
TTO and its components. Additional support for this idea

MECHANISM OF ACTION OF TEA TREE OIL ON S. AUREUS 1919

comes from work showing that TTO treatment of E. coli or S.
aureus induces the loss of potassium ions, inhibits respiration,
and promotes the uptake of propidium iodide (13). In other
work done with essential oils and their components, a-pinene
inhibited respiratory activity in yeast mitochondria (1) and
B-pinene and limonene had similar effects in intact yeast cells
and isolated mitochondria (35). Collectively, these observa-
tions suggest that further work could examine the effect of
treatment on microbial energy transduction, in particular, the
transmembrane proton motive force.

When the mechanisms of action of lipophilic biocides have
been examined, effects on the cytoplasmic membrane and/or
the enzymes embedded in it have been demonstrated (1, 3, 31,
33,35-37). The data on TTO and its components support these
observations. However, the possibility remains that sites of
action other than the cytoplasmic membrane exist. Further-
more, it is possible that other oil components, not examined
thus far, may contribute to the antimicrobial activity of the oil
by other mechanisms. Given the heterogeneous composition of
TTO and the antimicrobial activities of many of its compo-
nents, it seems unlikely that there is only one mechanism of
action or that only one component is responsible for the anti-
microbial action. Further work is required to understand fully
the mechanisms involved.
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