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Melaleuca alternifolia (tea tree) oil inhibits germ tube
formation by Candida albicans
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The effect of tea tree oil (TTO) on the formation of germ tubes by Candida albicans
was examined. Two isolates were tested for germ tube formation (GTF) in the
presence of TTO concentrations (% v:v) ranging from 0·25% (12 minimum inhibitory
concentration [MIC]) to 0·004% (1:128 MIC). GTF at 4 h in the presence of 0·004
and 0·008% (both isolates) and 0·016% (one isolate) TTO did not differ signi�cantly
(P\0·05) from controls. At all other concentrations at 4 h, GTF differed signi�-
cantly from controls (PB0·01). A further eight isolates were tested for GTF in the
presence of 0·031% TTO, and at 4 h the mean GTF for all 10 isolates ranged
10·0–68·5%. Two isolates were examined for their ability to form germ tubes after
1 h of pre-exposure to several concentrations of TTO, prior to induction of germ
tubes in horse serum. Cells pre-exposed to 0·125 and 0·25%TTO formed signi�cantly
fewer germ tubes than control cells at 1 h (PB0·05), but only those cells pre-exposed
to 0·25%differed signi�cantly from control cells at later time points (PB0·01). GTF
by C. albicans is affected by the presence of, or pre-exposure to, sub-inhibitory
concentrations of TTO. This may have therapeutic implications.
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Introduction

The essential oil of Melaleuca alternifolia (tea tree oil)
contains more than 100 components, largely monoterpe-
nes, sesquiterpenes and related alcohols [1]. The oil is
reported to have a range of medicinal properties, includ-
ing antimicrobial, anti-in�ammatory and analgesic ef-
fects, and has been used as a topical agent in the
treatment of a variety of minor ailments [2,3]. In addition
to recent reports on the in ×itro antibacterial and antifun-
gal properties of tea tree oil (TTO) [4–8], the oil has also
been clinically evaluated for the treatment of several
super�cial fungal infections, including refractory oral
candidiasis, onychomycosis and tinea [9–12].

Candida albicans is the most important yeast pathogen
of humans [13]. C. albicans has several morphological
forms; yeast cells (blastoconidia) which divide by bud-
ding, germ tubes, true hyphae and pseudohyphae [14,15].
The formation of germ tubes from blastoconidia is the
�rst stage in the development of true hyphae [14] and this
ability to morphologically transform has been suggested
as a potential virulence factor [16,17]. Compared to the
blastoconidial form, C. albicans hyphae have an in-
creased ability to adhere to and penetrate human epithe-
lial cells [14]. In addition, hyphae (commonly combined
with blastoconidia and:or pseudohyphae) are almost al-
ways seen in smears from cases of vaginal and oral
candidiasis, and human tissue infected with C. albicans
[14,18]. Although the relationship between morphological
transformation and virulence is still equivocal [17,19],
these observations suggest that germ tubes and hyphae
play a role in the pathogenesis of these conditions.
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Previous studies of the effects of TTO on C. albicans
have demonstrated that the oil inhibits and kills C. albi -
cans [4,6]; however, no studies have examined the effects
of TTO on the morphological transition from blasto-
conidium to hypha. Given that TTO may be of use in the
treatment of super�cial Candida infections, the aim of
this study was to investigate the effects of TTO on the
formation of germ tubes by C. albicans.

Methods

Melaleuca alternifolia (tea tree) o il

TTO (batch 971) was kindly supplied by Australian Plan-
tations Pty. Ltd. (Wyrallah, NSW, Australia). The oil
complied with the International Standard ISO 4730 as
described previously [8,20].

O rganisms and culture conditions

The reference isolate C. albicans ATCC 10231 was ob-
tained from the Department of Microbiology at The
University of Western Australia. Nine further isolates
were recent clinical isolates recovered from vaginal swabs
submitted to the Western Australian Centre for Pathol-
ogy and Medical Research. Isolates were identi�ed as
described previously [6], maintained on Sabouraud glu-
cose agar (SGA) and stored at 4 °C. Isolates were se-
lected based on the ability of approximately 100% of
blastoconidia to form germ tubes after 4 h incubation at
37 °C in horse serum (HS).

Determination of minimum inhibito ry and fungicidal
concentrations

The susceptibility of C. albicans to TTO was determined
using a modi�cation of the National Committee for Clin-
ical Laboratory Standards (NCCLS) method for broth
dilution antifungal susceptibility testing of yeasts [21]. A
series of doubling dilutions of TTO was prepared in
100 ml volumes in a 96-well microtitre tray, in RPMI
1640 (Gibco BRL, Grand Island, NY, USA) with L-glu-
tamine, without sodium bicarbonate, buffered with
0·165 M MOPS (pH 7·0) with a �nal concentration of
0·001% Tween 80 included to facilitate oil solubility.
Inocula were prepared by growing each isolate overnight
at 35 °C on SGA and then suspending colonies in 0·85%
saline. This suspension was then adjusted to match the
turbidity of a 1·0 McFarland standard using a neph-
elometer, corresponding to approximately 5×
106 cfu ml¼ 1, as determined previously by viable counts.
The standardized suspension was diluted as necessary to
obtain a �nal inoculum concentration of 0·5–2·5×

103 cfu ml¼ 1 , which was con�rmed by viable counts. Mi-
crotitre trays were incubated at 35 °C for 48 h, then 10 ml
subcultures were taken from each well and spot inocu-
lated onto SGA. Minimum inhibitory and fungicidal
concentrations (MIC and MFC, respectively) were deter-
mined as described previously [6]. Isolates were tested on
at least two separate occasions and were re-tested if
resultant MIC or MFC values differed. Modal MIC and
MFC values were then selected.

Preparation of cells fo r the induction of germ tube
assays

Isolates were subcultured onto SGA and incubated
overnight at 35 °C. One colony was then used to inocu-
late approximately 6 ml of Sabouraud glucose broth
(SGB). Broths were incubated for 16–24 h at 35 °C with
shaking. Cells were collected by centrifugation for 3 min
at 1300 g, washed twice and then resuspended in phos-
phate buffered saline (PBS) pH 7·4. Cell suspensions were
adjusted to match the turbidity of a 1·0 McFarland
standard. For the assay where germ tubes were induced
in the presence of TTO, suspensions were diluted 1 in 10
in HS.

Induction of germ tubes in the presence of tea tree
o il

A range of TTO concentrations were prepared in HS in
0·5 ml volumes in glass Bijou bottles at twice the desired
�nal concentration as follows (%TTO v:v): 0·5, 0·25,
0·125, 0·062, 0·031, 0·016, 0·008, 0·004 and 0. Equal
volumes of the prepared cell suspensions were added to
each TTO treatment and mixed thoroughly. A sample
was removed immediately from each control (0% TTO)
for viable counts and microscopy. A sample was also
removed from the 0·25% TTO treatment for a viable
count at time zero. All treatments were then incubated at
37 °C, without shaking, and were sampled at 1, 2, 3 and
4 h. Prior to each sampling, bottles were mixed thor-
oughly. For some experiments, additional aliquots were
removed from the 0·125 and 0·25% TTO treatments at
each time point for viable counts. Viable counts were
performed by diluting the sample 10-fold in PBS and spot
inoculating 10 ml aliquots onto SGA. After overnight
incubation at 35 °C, colonies were counted and the viable
count determined. Two isolates (ATCC 10231 and 88E)
were tested against the entire range of TTO concentra-
tions sampled at each time point. These experiments were
repeated between two and four times per isolate. Based
on these results, a further eight isolates were tested with
the 0·031% TTO treatment only and sampled at 4 h only.
These experiments were repeated four times per isolate.
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Tea tree oil inhibits germ tube formation 357

Germ tube induction after exposure to
subinhibito ry concentrations of T TO

Overnight broth cultures of C. albicans ATCC 10231 and
isolate 88E were prepared as above except that after
washing, cells were resuspended in RPMI 1640. A series
of TTO dilutions in RPMI 1640 with 0·002% Tween 80
was prepared in 2 ml volumes at twice the desired �nal
concentration (% v:v) as follows: 0·5, 0·25, 0·125, 0·031
and 0. Equal volumes of the cell suspensions were then
added to the TTO treatments. These were incubated for
1 h at 35 °C with shaking. Cells were collected by cen-
trifugation for 3 min at 1300 g, and washed twice with
PBS with 0·5% Tween 80. Cells were �nally resuspended
in PBS without Tween 80. Each cell suspension was
adjusted to match the turbidity of a 2·0 McFarland
standard, corresponding to approximately 8×
106 cfu ml¼ 1. An aliquot of 50 ml of each adjusted cell
suspension was added to 0·95 ml HS, mixed thoroughly
and incubated at 37 °C, without shaking. A time zero
sample was taken from each 0% TTO treatment for
microscopy. Additional samples were removed for mi-
croscopy at 1, 2, 3 and 4 h, and at 5 and 6 h for selected
treatments. For some experiments, samples were also
removed from the 0·125% and 0·25% treatments at each
time point for viable counts. These experiments were
repeated two to four times per isolate.

Microscopy

Cells were prepared for microscopy by adding each 50 ml
sample to an equal volume of 1% glutaraldehyde in PBS
(pH 7·4). After mixing well with the pipette tip, a portion
was removed immediately and spread onto a glass slide.
Slides were air-dried, �xed with methanol and stained
with Loef�er’s methylene blue, as described elsewhere
[22]. Cells were examined using bright �eld microscopy,
under oil immersion (�nal magni�cation × 1000). Fifty
sequential cells from each slide were examined [23] and
scored morphologically according to the following de�ni-
tions. A germ tube was de�ned as a cell bearing a
rounded outgrowth with a length greater than or equal to
the diameter of the parent cell, not constricted at the base
[24,25]. The presence of septa was noted. A protuberance
was de�ned as a cell bearing a rounded outgrowth less
than or equal to the parent cell diameter, not constricted
at the base [26]. A bud was de�ned as being as large as
the parent cell and:or fully delimited by a septum [25].
Cells bearing pseudohyphae (a marked constriction at the
site of emergence) were disregarded [15]. The percentage
of cells bearing each morphology type was then
calculated.

Statistical analysis

Statistical analyses were performed using the computer
program GraphPad Prism 2.01 from GraphPad Software
Inc. (GraphPad Prism Software Inc., San Diego, CA,
USA). Arithmetic means, standard deviations and stan-
dard errors were determined. Germ tube formation
(GTF) in the presence of TTO, and after pre-exposure to
TTO, was compared to controls using analysis of vari-
ance (ANOVA). Differences between the treatment groups
were compared using Dunnett’s multiple comparison test.
GTF in the 10 isolates exposed to 0·031% TTO was
compared to controls using a Student’s t -test (two-tailed,
two sample assuming unequal variance). P valuesB0·05
were considered signi�cant. Viable counts were converted
to log values and then divided by their relevant time zero
count value. These values were compared to time zero
using ANOVA and Dunnett’s multiple comparison test. P
valuesB0·05 were considered signi�cant.

Results

MIC and MFC data are shown in Table 1. Inhibitory
and fungicidal concentrations for each isolate were either
identical or differed by one concentration only.

Mean percentage GTF in the presence of TTO for C.
albicans ATCC 10231 and 88E is shown in Figures 1 and
2, respectively. Data for 0·004 and 0·008% were very
similar; therefore, data for 0·004% are not shown. The
highest concentration of TTO used in these assays
(0·25%) represents 1

2 MIC for both organisms. No GTF
was seen in the presence of 0·125 and 0·25% TTO (both
isolates). For all other concentrations of TTO at all other
time points, mean percentage GTF was less than the
controls, except isolate 88E at 1 h where this was greater
than the control in the presence of 0·004, 0·008 and
0·016%. However, these differences were not statistically
signi�cant (P\0·05).

The morphology of cells after 4 h in the presence of
TTO in HS is shown in Table 2. For both isolates, cells
exposed to 0·25% TTO showed no change in the propor-
tions of cells of each morphology type, compared to time
zero. Cells exposed to 0·062 and 0·125% TTO showed an
increase in cells bearing multiple buds and single buds,
and a decrease in single cells, compared to time zero
controls. Cells exposed to 0·031% showed mean percent-
age GTFs of 44·0 and 51·3%, for strains ATCC 10231
and 88E, respectively, and the next largest proportion of
cells was those showing a multibudded morphology.
Analysis of viable count results from cells exposed to
0·25% TTO showed no difference in numbers of viable
cells at any time point, for both isolates.
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358 Hammer et al.

Table 1 In ×itro susceptibility data (%TTO v:v) and mean (9 SE) percentage GTF at 4 h in the presence of 0·031%TTO for 10 C. albicans
isolates

Mean percentage GTF

MICIsolate MFC 0% TTO 0·031% TTO P-value*

0·25 0·25 91·095·3 10·095·6 0·0000410231
0·25 0·25 98·091·2204 19·5910·8 0·0051

245 0·25 0·25 98·590·5 23·0912·2 0·0084
0·5 0·5 98·591·5 26·096·739M 0·0012
0·25 0·5 10090202 29·5910·4 0·0065

45S 0·25 0·5 99·590·5 30·097·4 0·0024
0·510231 0·5 99·590·5 42·597·2 0·0041
0·25 0·5 98·590·527U 57·5917·6 0·1025

88E 0·5 1·0 99·590·5 57·599·3 0·0200
64T 0·5 1·0 96·091·6 68·5912·3 0·1106

*, Student’s two-tailed t -test.

The mean percentage GTF for all 10 isolates tested in
the presence of 0·031% TTO is shown in Table 1. Mean
percentage GTF in controls ranged 91–100% and, in the
presence of 0·031% TTO, mean percentage GTF ranged
10·0–68·5%. Comparison of treatment groups with con-
trols showed that treatments differed signi�cantly from
controls for eight of the 10 isolates (PB0·05). Correla-
tion of MICs and MFCs with mean percentage GTF in
the presence of 0·031% TTO gave correlation coef�cients
of 0·548 and 0·858, respectively.

The results of the induction of germ tubes after 1 h of
pre-exposure to subinhibitory concentrations of TTO are
shown in Figures 3 and 4. Data for 0 and 0·016% were
very similar; therefore, data for 0·016% are not shown.
For both isolates, mean GTF in cells pre-exposed to
0·125 and 0·25% TTO differed signi�cantly from controls
at 1 h (PB0·05); however, at all later time points only
cells exposed to 0·25%differed signi�cantly from controls

(PB0·01). Mean percentage GTF in control cells was
always greater than in cells pre-exposed to TTO, except
for C. albicans ATCC 10231 at 1 h, where mean percent-
age GTF was greater in cells that had been exposed to
0·016% TTO than in control cells. This difference was not
statistically signi�cant (P\0·05). Analysis of viable
count results for C. albicans ATCC 10231 pre-exposed to
0·25% TTO showed no difference in viability, as deter-
mined by ANOVA; however, Dunnett’s multiple compari-
son test showed that at 5 and 6 h, viable counts were
signi�cantly lower than time zero values (PB0·05).

Discussion

This study showed that the formation of germ tubes by
C. albicans was affected by the presence of, or pre-expo-
sure to, TTO. In the presence of 0·25% TTO, no germ
tubes were observed, and the proportions of cells bearing

Fig. 1 Mean percentage GTF by C. albicans ATCC 10231 in the
presence of TTO (%v:v). Bars represent standard errors. } , 0%; ,
0·008%; { , 0·016%; , 0·031%; , 0·062%; , 0·125%; , 0·25%.

Fig. 2 Mean percentage GTF by C. albicans 88E in the presence of
TTO (%v:v). Bars represent standard errors. } , 0%; , 0·008%; { ,
0·016%; , 0·031%; , 0·062%; , 0·125%; , 0·25%.
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Tea tree oil inhibits germ tube formation 359

Fig. 3 Mean percentage GTF by C. albicans ATCC 10231 after 1 h
pre-exposure to TTO (% v:v). Bars represent standard errors. } ,
0%; , 0·062%; , 0·125%; , 0·25%.

Fig. 4 Mean percentage GTF by C. albicans 88E after 1 h pre-ex-
posure to TTO (% v:v). Bars represent standard errors. } , 0%; ,
0·062%; , 0·125%; , 0·25%.

each morphology did not change from 0 to 4 h, suggest-
ing that no growth was occurring. Results of viable
counts showed that viability was not affected, indicating
that cells were neither multiplying nor being killed. This
suggests that the presence of TTO was causing a general-
ized inhibition of growth. In the presence of 0·125%

TTO, no germ tubes were seen (both isolates) and there
was a general trend of blastoconidia changing from single
or singly budding morphologies to multiply budding
morphologies over the 4 h test period. These changes in
morphology suggest that these cells were actively grow-
ing, although still unable to transform to germ tubes.

Table 2 Morphology (mean percentage9SE) of C. albicans 10231 and 88E at 0 and 4 h in the presence of TTO (% v:v)

C. albicans 88EC. albicans 10231

Morphology* 0 h 4 hTTO (%) 0 h 4 h

SC 68·095·10 090 88·095·5 090
0·590·515·095·51·090·624·095·3SB

MB 9·391·8 090 090 090
GT 090 99·590·5 090 99·590·5

0·016 SC 0·590·5 090
SB 1·390·7 090
MB 23·397·0 8·794·8
GT 77·596·0 91·394·8

1·091·01·591·0SC0·031
1·590·58·795·7SB

54·094·6 40·098·0MB
GT 42·597·2 57·599·3

SC 1·090·61·391·30·062
SB 12·092·653·0933·0
MB 76·093·644·0930·0
GT 0·790·7 11·094·8

0·125 SC 4·093·0 17·394·0
SB 32·091·1 42·095·0
MB 3·391·8 40·795·0
GT 090 090

64·792·9 80·092·3SC0·25
SB 32·091·1 17·391·3

3·391·8MB 2·791·3
GT 090090

SC, single cells; SB, single bud; MB, multiple bud; GT, germ tube. Protuberances were not seen at 0 or 4 h.
Data for 0·004 and 0·008% not shown.
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360 Hammer et al.

This implies that there is speci�c inhibition of morpho-
genesis occurring, rather than a total inhibition of
growth. A possible explanation for the predominance of
budded forms may be that the presence of TTO repre-
sents an ‘environmental stress’ and that under these con-
ditions growth by budding is favoured [14]. Most
publications describing inhibition of GTF do not men-
tion the morphologies of those cells not bearing germ
tubes, therefore comparisons are limited. However, Odds
et al. [27] note that in the presence of azoles, development
of hyphae was severely restricted and that growth oc-
curred in the form of clumped budding yeast cells.

Inhibition of GTF was shown to be reversible, based
on results of the pre-exposure experiments. Compared to
their corresponding controls, cells pre-exposed to TTO
appeared to have a concentration dependent ‘lag phase’
in germination, as seen by the differences in GTF at 1 h
(Figs 3 and 4). However, after 2 h, GTF was approaching
that of control cells, except for those cells pre-exposed to
0·25% TTO. Viable counts from cells pre-exposed to
0·25% TTO indicated that there was a decrease in viabil-
ity over the course of the experiment. The lag phase in
germination and the profound inhibition of germination
after pre-exposure to 0·25% TTO suggest that there are
restorative or repair mechanisms at work in the yeast
cells before germination can take place. Ellepola & Sama-
ranayake [15] found a similar effect for some antifungal
agents when they treated cells for 1 h and then induced
germ tubes for 1 h in serum. They theorized that treat-
ment with antifungal agents induced a post antifungal
effect whereby the growth of the test organisms was
suppressed after limited exposure to, and subsequent
removal of, an antifungal agent.

The MIC:MFC results, and the results of GTF for 10
isolates in the presence of 0·031% TTO, showed a degree
of variability between isolates. Variation between isolates
has been seen by other authors in germ tube inhibition
studies [15,28]. The correlation observed between MFC
and degree of GTF suggests that the results obtained by
these two quite different assays are not completely unre-
lated, and that the results of one assay may give an
indication of the likely result in the other assay. Other
studies have also found that in ×itro MIC:MFC data
correlated with inhibition of GTF in the presence of
antifungal agents [29]. However, Ellepola & Sama-
ranayake [15] showed no relationship.

Effects on membranes are considered to be a primary
mode of action of essential oils on microbial cells [30–
32]. It has been suggested that where membrane integrity
is adversely affected, membrane-associated functions may
also be compromised [33]. For example, alteration of
cytoplasmic membrane permeability by essential oils has

been demonstrated by the leakage of intracellular potas-
sium ions and 260 nm absorbing material [30–32,34].
Membrane associated enzymes that may be important in
GTF include enzymes involved in cell wall synthesis
(chitin, mannan and 1,3-b-D-glucan synthases) and
adenosine triphosphatase (ATPase) [14,35]. It follows
that in yeast cells, other membranes and their functions,
such as mitochondrial membranes and respiration, may
also be affected. Inhibition of respiration in yeast cells by
essential oils and terpenic oil components has been
demonstrated [30,36,37]. Boonchird & Flegel [38] found
that the terpenes eugenol and vanillin both inhibited
GTF by C. albicans. They speculated that if eugenol
inhibited respiration and energy production, as has been
shown previously, then given the relationship between
respiration and GTF, the lack of energy production
prevented the morphological transition from blasto-
conidia to hypha [38]. However, inhibition of respiration
may cause a non-speci�c inhibition of growth, rather
than the speci�c inhibition of GTF [14].

The ability of TTO, and TTO products, to inhibit and
kill C. albicans in ×itro has been demonstrated previously
[4,6]. The present study demonstrates that TTO affects
the ability of blastoconidia to germinate. In terms of the
pathogenesis of Candida infections, this is another step in
the infection process where TTO has an effect. Given the
putative increased virulence of hyphae compared to
blastoconidia, the inhibition of hyphal development is an
advantageous characteristic for a therapeutic agent. TTO
is limited to use as a topical antimicrobial agent, and is
therefore only relevant for the treatment of super�cial
candidal diseases.

A report published recently described the treatment of
acquired immune de�ciency syndrome (AIDS) patients
with �uconazole-refractory oral candidiasis with a
melaleuca oral solution. This study found that after
28 days of therapy with a melaleuca oral solution, 67%of
patients showed a clinical response (either cured or im-
proved) [11]. Although this appears to be the only re-
cently published report describing the effectiveness of a
TTO product against candidal disease, the results are
encouraging. In addition, evidence suggests that the use
of intravaginal TTO products provides at least symp-
tomatic relief in vaginal candidiasis [39, C. F. Carson et
al., unpublished results]. The ability of TTO to prevent
GTF may explain, in part, the reported symptomatic
relief. Currently available intravaginal tea tree oil prod-
ucts contain between 3 and 10% tea tree oil [6], and work
is required to determine the in ×i×o ef�cacy of these
products as well as the potential for tea tree oil to irritate
mucous membranes. The incidence of adverse reactions
to tea tree oil on mucous membranes is unknown, how-
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Tea tree oil inhibits germ tube formation 361

ever, no adverse reaction were seen in a study by Peña
[39] in which 130 patients were treated with intravaginal
tea tree oil preparations.

In conclusion, TTO reversibly inhibits GTF in C. albi-
cans. Inhibition could be explained by a generalized inhi-
bition of growth at the higher concentrations of oil.
However, at lower concentrations, GTF was speci�cally
inhibited while growth continued by budding. These �nd-
ings may be due to effects on cellular membranes and
associated functions, including the inhibition of
respiration.

Acknowledgements

This work was supported by Australian Bodycare Corpo-
ration Pty. Ltd., Mudgeeraba, QLD, Australia and, in
part, by grants from the Rural Industries Research and
Development Corporation (UWA-40A, UWA-50A).

References

1 Brophy JJ, Davies NW, Southwell IA, Stiff IA, Williams LR.
Gas chromatographic quality control for oil of Melaleuca ter-
pinen-4-ol type (Australian tea tree). J Agric Food Chem 1989;
37: 1330–1335.

2 Carson CF, Riley TV. Antimicrobial activity of the essential oil
of Melaleuca alternifolia. Lett Appl Microbiol 1993; 16: 49–55.

3 Osborne F, Chandler F. Australian tea tree oil. Canadian
Pharm J 1998; 131: 42–46.

4 Nenoff P, Haustein U-F, Brandt W. Antifungal activity of the
essential oil of Melaleuca alternifolia (tea tree oil) against
pathogenic fungi in ×itro. Skin Pharmacol 1996; 9: 388–394.

5 Concha JM, Moore LS, Holloway WJ. Antifungal activity of
Melaleuca alternifolia (tea-tree) oil against various pathogenic
organisms. J Am Podiatr Med Assoc 1998; 88: 489–492.

6 Hammer KA, Carson CF, Riley TV. In-×itro activity of essen-
tial oils, in particular Melaleuca alternifolia (tea tree) oil and tea
tree oil products, against Candida spp. J Antimicrob Chemother
1998; 42: 591–595.

7 Elsom GKF, Hide D. Susceptibility of methicillin-resistant
Staphylococcus aureus to tea tree oil and mupirocin. J Antimi-
crob Chemother 1999; 43: 427–428.

8 Hammer KA, Carson CF, Riley TV. In�uence of organic
matter, cations and surfactants on the antimicrobial activity of
Melaleuca alternifolia (tea tree) oil in ×itro. J Appl Microbiol
1999; 86: 446–452.

9 Tong MM, Altman PM, Barnetson RStC. Tea tree oil in the
treatment of tinea pedis. Australas J Dermatol 1992; 33: 145–
149.

10 Buck DS, Nidorf DM, Addino JG. Comparison of two topical
preparations for the treatment of onychomycosis: Melaleuca
alternifolia (tea tree) oil and clotrimazole. J Fam Pract 1994; 38:
601–605.

11 Jandourek A, Vaishampayan JK, Vazquez JA. Ef�cacy of
melaleuca oral solution for the treatment of �uconazole refrac-
tory oral candidiasis in AIDS patients. AIDS 1998; 12: 1033–
1037.

12 Syed TA, Qureshi ZA, Ali SM, Ahmad S, Ahmad SA. Treat-
ment of toenail onychomycosis with 2% butena�ne and 5%
Melaleuca alternifolia (tea tree) oil in cream. Trop Med Int
Health 1999; 4: 284–287.

13 Hazen KC. New and emerging yeast pathogens. Clin Microbiol
Re× 1995; 8: 462–478.

14 Odds FC. Candida and Candidosis, 2nd edn. London: Baillière
Tindall, 1988.

15 Ellepola AN, SamaranayakeLP. The effect of limited exposure
to antifungal agents on the germ tube formation of oral Can-
dida albicans. J Oral Pathol Med 1998; 27: 213–219.

16 Sobel JD, Muller G, Buckley HR. Critical role of germ tube
formation in the pathogenesis of candidal vaginitis. Infect Im-
mun 1984; 44: 576–580.

17 Cutler JE. Putative virulence factors of Candida albicans. Annu
Re× Microbiol 1991; 45: 187–218.

18 Kobayashi SD, Cutler JE. Candida albicans hyphal formation
and virulence: is there a clearly de�ned role? Trends Microbiol
1998; 6: 92–94.

19 Gow NA. Germ tube growth of Candida albicans. Curr Top
Med Mycol 1997; 8: 43–55.

20 International Organisation for Standardisation. ISO 4730 Oil of
Melaleuca, Terpinen-4-ol Type (Tea tree oil). Geneva: Interna-
tional Organisation for Standardisation, 1996.

21 National Committee for Clinical Laboratory Standards. Refer-
ence Method for Broth Dilution Antifungal Susceptibility Testing
of Yeasts: Appro×ed Standard M27-A. Wayne, PA: NCCLS,
1997.

22 Finegold SM, Baron EJ (eds). Bailey and Scott’s Diagnostic
Microbiology. St Louis: The C. V. Mosby Group, 1986.

23 Warnock DW, Johnson EM, Burke J, Pracharktam R. Effect of
methotrexate alone and in combination with antifungal drugs
on the growth of Candida albicans. J Antimicrob Chemother
1989; 23: 837–847.

24 Chaf�n WL. Effect of tunicamycin on germ tube and yeast bud
formation in Candida albicans. J Gen Microbiol 1985; 131:
1853–1861.

25 Lynch ME, Kukuruga M, Nakeff A, Fidel PL, Sobel JD. Flow
cytometric analysis of germ tube formation in Candida albicans.
J Med Vet Mycol 1993; 31: 367–376.

26 Hubbard MJ, Sullivan PA, Shepherd MG. Morphological stud-
ies of N-acetylglucosamine induced germ tube formation by
Candida albicans. Can J Microbiol 1985; 31: 696–701.

27 Odds FC, Cockayne A, Hayward J, Abbott AB. Effects of
imidazole- and triazole-derivative antifungal compounds on the
growth and morphological development of Candida albicans
hyphae. J Gen Microbiol 1985; 131: 2581–2589.

28 Johnson EM, Richardson MD, Warnock DW. Effect of imida-
zole antifungals on the development of germ tubes by strains of
Candida albicans. J Antimicrob Chemother 1983; 12: 303–316.

29 Ha KC, White TC. Effects of azole antifungal drugs on the
transition from yeast cells to hyphae in susceptible and resistant
isolates of the pathogenic yeast Candida albicans. Antimicrob
Agents Chemother 1999; 43: 763–768.

30 Taniguchi M, Yano Y, Tada E, et al. Mode of action of
polygodial, an antifungal sesquiterpene dialdehyde. Agric Biol
Chem 1988; 52: 1409–1414.

31 Barel S, Yashphe J. Effect of the essential oil from Achillea
fragrantissima on Escherichia coli cells. Curr Microbiol 1989; 19:
337–341.

32 Cox S, Gustafson JE, Mann CM, et al. Tea tree oil causes K»

leakage and inhibits respiration in Escherichia coli. Lett Appl
Microbiol 1998; 26: 355–358.

© 2000 ISHAM, Medical Mycology, 38, 355–362

D
ow

nloaded from
 https://academ

ic.oup.com
/m

m
y/article/38/5/354/1014537 by guest on 25 M

ay 2023



362 Hammer et al.

33 Sikkema J, de Bont JAM, Poolman B. Mechanisms of mem-
brane toxicity of hydrocarbons. Microbiol Re× 1995; 59: 201–
222.

34 Bard M, Albrecht MR, Gupta N, Guynn CJ, Stillwell W.
Geraniol interferes with membrane functions in strains of Can-
dida and Saccharomyces. Lipids 1988; 23: 534–538.

35 Kurtz MB, Douglas CM. Lipopeptide inhibitors of fungal
glucan synthase. J Med Vet Mycol 1997; 35: 79–86.

36 Uribe S, Ramirez J, Peña A. Effects of b-pinene on yeast
membrane functions. J Bacteriol 1985; 161: 1195–1200.

37 Inouye S, Watanabe M, Nishiyama Y, Takeo K, Akao M,
Yamaguchi H. Antisporulating and respiratory-inhibiting ef-
fects of essential oils on �lamentous fungi. Mycoses 1998; 41:
403–410.

38 Boonchird C, Flegel TW. In ×itro antifungal activity of eugenol
and vanillin against Candida albicans and Cryptococcus neofor-
mans. Can J Microbiol 1982; 28: 1235–1241.

39 Peña EF. Melaleuca alternifolia oil, its use for trichomonal
vaginitis and other vaginal infections. Obstet Gynecol 1962; 19:
793–795.

© 2000 ISHAM, Medical Mycology, 38, 355–362

D
ow

nloaded from
 https://academ

ic.oup.com
/m

m
y/article/38/5/354/1014537 by guest on 25 M

ay 2023


