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Abstract: Essential oils from the Western Australian (WA) Eucalyptus mallee species Eucalyptus
loxophleba, Eucalyptus polybractea, and Eucalyptus kochii subsp. plenissima and subsp. borealis were
hydrodistilled from the leaves and then analysed by gas chromatography—mass spectrometry in
addition to a commercial Eucalyptus globulus oil and 1,8-cineole. The main component of all oils
was 1,8-cineole at 97.32% for E. kochii subsp. borealis, 96.55% for E. kochii subsp. plenissima, 82.95%
for E. polybractea, 78.78% for E. loxophleba 2, 77.02% for E. globulus, and 66.93% for E. loxophleba 1.
The Eucalyptus oils exhibited variable antimicrobial activity determined by broth microdilution, with E.
globulus and E. polybractea oils showing the highest activities. The majority of microorganisms were
inhibited or killed at concentrations ranging from 0.25% to 8.0% (v/v). Enterococcus faecalis and Candida
albicans were the least susceptible organisms, whilst Acinetobacter baumannii was the most sensitive.
In conclusion, all oils from WA Eucalyptus species showed microorganism inhibitory activity, although
this varied according to both the Eucalyptus species and the microorganism tested. These data
demonstrate that WA Eucalyptus oils show activity against a range of medically important pathogens
and therefore have potential as antimicrobial agents.

Keywords: minimum inhibitory concentration; monoterpenes; volatile oil; o0il mallee;
1,8-cineole; eucalyptol

1. Introduction

Eucalyptus is a genus of plants native to Australia and some islands to the north of Australia.
It comprises over 700 species, most of which are endemic to Australia [1,2]. Since Eucalyptus species
are able to grow under a variety of climatic and edaphic conditions, they have been extensively
introduced in areas outside Australia, including the United States, the Middle East, India, and South
America [2]. Eucalyptus oil is obtained from the leaves by steam distillation and contains predominantly
volatile terpenes and aromatic compounds, the most abundant typically being the monoterpenoid
1,8-cineole [3,4]. British and European pharmacopoeias specify that Eucalyptus oil must contain at least
70% 1,8-cineole when the oil is used for medicinal purposes [5].

Eucalypt plants have been used in traditional medicine in Australia for thousands of years.
The Australian Aborigines use the leaves for medicinal purposes to treat a range of ailments including
wounds and fungal infections [6]. The leaf extracts, including the essential oil, are currently widely used
in perfumery and cosmetic products and to a lesser extent as a therapeutic agent. The current medicinal
use is based on the range of biological effects exhibited by the oils in vitro, including antioxidant [7],
anti-inflammatory, analgesic [8], and antimicrobial activities [9-13]. Clinical trials with Eucalyptus oil
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and the major component 1,8-cineole (eucalyptol) have been performed to evaluate their efficacy in
the treatment of a diverse range of conditions and diseases, including respiratory disorders [14,15],
oral hygiene [16], and head lice infestation [17].

Although a number of researchers have previously investigated the antimicrobial activities of
Eucalyptus essential oils, relatively little is known about the composition and activity of several Western
Australian (WA) Eucalyptus oils. The aim of this work was therefore to determine the chemical
composition of the essential oil of WA Eucalyptus species, namely, Eucalyptus loxophleba, Eucalyptus
polybractea, Eucalyptus kochii subsp. plenissima, and E. kochii subsp. borealis, also known as “oil mallees”,
and to examine their antimicrobial activities against a range of common pathogenic bacteria.

2. Materials and Methods

2.1. Plant Material

Fresh leaves of E. loxophleba 1, E. polybractea (subspecies not identified) (grown in Armadale,
Western Australia), E. loxophleba 2, E. kochii subsp. plenissima, and E. kochii subsp. borealis (grown
in Kalannie in the Wheatbelt Region of Western Australia) were harvested in March 2015 (about
700 g each) and immediately transported to the School of Molecular Sciences at The University of
Western Australia (UWA), Crawley, Western Australia. Commercial Eucalyptus oil from Eucalyptus
globulus (Thursday Plantation, Australia) and 1,8-cineole (99.0% purity; Fluka Chemika) were used
for comparison.

2.2. Extraction of Essential Oils

A portion of ca. 150 g of leaf material was cut into small pieces and added to 400 mL of
de-ionised water in a blender (Waring, HGB2WTS3, New Hartford, CT, USA). The material was
macerated for 1 min and then combined with two additional portions (ca. 450 g total) and subjected
to hydrodistillation in a Clevenger-type apparatus for approximately 3 h. The oil/water emulsion
produced was collected and stored at 4 °C overnight to separate the essential oil from the residual water.
The essential oil was then removed and stored in an amber glass bottle at room temperature until
further use.

2.3. Gas Chromatography—Mass Spectrometry (GC-MS) Analysis of Essential Oils

GC-MS was performed with a Shimadzu GCMS-QP2010 (Kyoto, Japan). GC columns used
included a Rtx-5 column (5% diphenyl-dimethyl-polysiloxane, 30 m x 0.25 mm x 0.1 um film thickness,
Restek, Bellefonte, PA, USA), and a DB-wax column (polyethylene glycol, 30 m x 0.25 mm x 0.25 pm
film thickness, J&W Scientific, Folsom, CA, USA). Helium was used as the carrier gas with a constant
flow rate of 1.0 mL/min on both columns. A scan range of m/z 45-400 and a solvent delay of 5 min
were used with splitless injections of 1.0 pL for 1 min. The ion source was set to 230 °C, and the transfer
line temperature to 250 °C. The oven temperature program was 40 °C, held for 1 min then ramped
at7 °C/min to 250 °C and held for 10 min. Retention indices (RI) were calculated on both columns
using the same linear gradient method with comparison to an n-hydrocarbon mixture (Sigma-Aldrich,
St Louis, MO, USA, p/n 46827-U). The main peaks in the total ion chromatogram of each oil were then
integrated using the MS software, and the relative percentage abundance of peaks was determined.

2.4. Microorganisms

Microorganisms included a range of Gram-positive and Gram-negative bacteria and a yeast.
Gram-positive bacteria were Enterococcus faecalis ATCC 29212, Enterococcus faecalis (vancomycin-resistant
enterococci VRE) ATCC 51299, Staphylococcus aureus ATCC 29213, methicillin-resistant S. aureus (MRSA)
NCTC 10442, and Staphylococcus epidermidis NCTC 11047. Gram-negative bacteria were Escherichia
coli ATCC 25922, Salmonella enterica subsp. enterica serovar Typhimurium ATCC 13311, Acinetobacter
baumannii NCTC 7844, and Pseudomonas aeruginosa ATCC 27853. Candida albicans ATCC 90028 was
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included as a representative yeast. The strains were cultured on blood agar at 35 °C, for 24 h for the
bacteria and for 48 h for C. albicans prior to use in antimicrobial testing.

2.5. Evaluation of Antimicrobial Activity

Eucalyptus oils and 1,8-cineole were initially screened for activity against one Gram-positive
strain (S. aureus ATCC 29213) and one Gram-negative reference strain (E. coli ATCC 25922) using
an agar diffusion assay. The inocula were prepared by inoculating the organisms onto the blood
agar and incubating overnight at 35 °C. the colonies were then suspended in 0.85% saline, and the
suspension was adjusted to a turbidity of 0.5 McFarland (108 colony forming units (CFU)/mL) using
a nephelometer. The suspension was then swab-inoculated onto Mueller-Hinton agar, and 8 mm
diameter wells were punched into the agar. Volumes of 25 uL and 50 pL of each Eucalyptus oil and
1,8-cineole were then aliquoted into the wells. Trimethoprim (5 ug/disc) was used as a positive control.
After incubation at 35 °C for 24 h, zones of inhibition were measured, and the results were reported
in millimetres (mm). Each oil was tested at least three times on separate occasions, and mean values
were calculated.

The minimum inhibitory concentration (MIC) of each oil was determined using a broth
microdilution method based on protocols published by the Clinical and Laboratory Standard
Institute (CLSI) [18,19]. The method was modified slightly by incorporating a final concentration
of 0.001% Tween 80 to enhance oil solubility. In brief, each Eucalyptus oil was serially diluted
two-fold in 100 uL volumes in a 96-well microtitre tray so that after inoculation with 100 pL of
inoculum per well, the final concentrations ranged from 8.0% to 0.0016% (v/v). Using the known
density of 1,8-cineole (0.9267 g/mL at 20 °C) [20] as a conversion factor, these percentage values
corresponded to a range of 74.136 mg/mL-0.145 mg/mL of Eucalyptus oil. A positive growth control
well containing growth medium and 0.001% Tween 80 but without Eucalyptus oil was included.
The inocula were prepared from overnight cultures as described above and adjusted to 0.5 McFarland
for bacteria, which corresponded to approximately 108 CFU/mL, or 1.0 McFarland for C. albicans,
which corresponded to approximately 107 CFU/mL [18,19]. The suspensions were diluted as required
to result in final inocula concentrations of approximately 5 x 10° CFU/mL. After inoculation and
incubation for 24 h for bacteria and for 48 h for C. albicans, the MIC was determined visually as the
lowest concentration of the Eucalyptus oil preventing microbial growth.

The minimum bactericidal concentration (MBC) or minimum fungicidal concentration (MFC)
was determined by removing 10 pL volumes from each well showing no visible growth and
spot-inoculating onto Mueller-Hinton agar. After incubation, colonies were counted and the
MBC/MEFC was identified as the lowest concentration of oil that killed >99.9% of the inoculum.
The assay was conducted three times on separate occasions, and modal MIC/MBC/MFC values
were selected.

2.6. Statistical Analysis

Geometric means of MICs and MBC/MFCs were determined for each Eucalyptus oil and for
each microorganism. Geometric means were also determined to examine the difference in sensitivity
between Gram-positive and Gram-negative bacteria. To enable the analyses, values >8.0% were
converted to the next highest doubling dilution value of 16.0%. A one-way analysis of variance
(ANOVA) was used to compare the MIC results between the two S. aureus strains and the two E. faecalis
strains. A p-value of <0.05 was considered significant.

3. Results

A total of 21 distinguishable compounds were detected across the leaf oil samples by GC-MS
(Table 1; Figure 1). The most abundant compound was 1,8 cineole, ranging from the lowest value
of 66.93% for E. loxophleba 1 to 97.32% for E. kochii subsp. borealis. Other compounds detected in
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proportions greater than 5.0% were limonene (7.52%), p-cymene (5.53%), and y-terpinene (5.34%) in E.
globulus oil, and 4-methyl-2-pentyl acetate in both E. loxophleba 1 (9.86%) and E. loxophleba 2 (5.53%) oils.

When the oils were screened for activity using the semi-quantitative agar diffusion assay;,
all Eucalyptus oils and 1,8-cineole produced zones of inhibition against the two test bacteria (Table 2).
The largest zone of inhibition was observed for 50 uL of E. polybractea oil against S. aureus ATCC 29213.
For the remaining oils, zone sizes were relatively modest and ranged from 11.0 to 16.7 mm. On the
basis of this data, more comprehensive antibacterial studies were conducted, using an expanded range
of test organisms.

MIC and MBC/MEFC results are shown in Table 3. The Eucalyptus oils showed variable
antimicrobial activity against the different test organisms. The MIC geometric means for test
organisms ranged from 1.2% for A. baumannii to 14.5% for E. faecalis and the MBCMFC geometric
means ranged from 1.6% for A. baumannii to >8.0% for E. faecalis ATCC 29212 and S. epidermidis.
The Gram-negative organism A. baumannii was the most sensitive to the Eucalyptus oils, followed by
S. enterica Typhimurium and E. coli. The Gram-positive E. faecalis ATCC 29212 was the least susceptible.
All the examined Eucalyptus oils, with the exception of E. kochii subsp. plenissima, showed high activity
against E. faecalis VRE, with MIC values ranging from 2.0% to 8.0% v/v. Comparison of the two strains
of S. aureus showed that the MRSA strain was significantly more susceptible to Eucalyptus oils than the
antibiotic-sensitive S. aureus strain (p < 0.05). Similarly, MICs obtained for E. faecalis VRE were also
significantly different from those obtained for the susceptible E. faecalis strain (p = 0.00002).

The MIC values also showed that the different Eucalytpus oils tested varied in antimicrobial activity.
Comparison of the geometric mean of the MICs for each oil using the results for all test organisms
showed that E. polybractea and E. globulus oils displayed the highest activity with geometric means
of 4.3% for both oils, followed by E. loxophleba 2 and E. kochii subsp. borealis (4.6%), E. kochii subsp.
plenissima (5.6%), 1,8 cineole (7.0%), and E. loxophleba 1 (7.5%) (Table 3). E. polybractea oil was the only
oil that inhibited the growth of all organisms at <8.0% (v/v). E. globulus oil inhibited 8/10 organisms
at <8.0% (v/v), the exceptions being E. faecalis and C. albicans. In contrast, 1,8 cineole inhibited only
4/10 test organisms. The MICs of E. loxophleba 1 and E. loxophleba 2 oils varied substantially from each
other. There was a one- to two-fold decrease in MICs with E. loxophleba 2 oil compared to E. loxophleba 1
oil for both S. aureus strains, S. epidermidis, C. albicans, S. enterica Typhimurium, and A. baumannii, and a
one- to two-fold increase for E. faecalis VRE and P. aeruginosa. E. kochii subsp. plenissima oil showed
strong antibacterial activity against S. aureus, S. enterica Typhimurium, E. coli, and A. baumannii at
<8.0% (v/v), yet, had no activity against the two strains of E. faecalis, S. epidermidis, and P. aeruginosa.
For E. kochii subsp. borealis oil, the most sensitive strain was A. baumannii with an MIC of 1.0% (v/v),
followed by S. aureus and E. coli with MICs of 2.0% (v/v); the least susceptible strains were E. faecalis
and P. aeruginosa (>8.0%).

Overall, for each organism and oil combination, the MIC values were often identical to, or differed
by only one concentration from the MBC or MFC values for that oil (Table 3). This indicates that most
oils had activity that was bactericidal or fungicidal in nature. The exceptions were the Gram-positive
bacteria S. aureus MRSA, E. faecalis VRE, and S. epidermidis, for which the values differed by more than
two concentrations.
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Table 1. Relative percentage of Eucalyptus oil components present at concentrations greater than 0.1%, determined using GC-MS.

50f11

Compound RI (DB-wax) RI (Rtx-5) Eucalyptus Eucalyptus Eucalyptus E. loxophleba 2 Eucalypt.us kochiz.' Sl.lbsp. E. kochii sybsp.
globulus polybractea loxophleba 1 plenissima plenissima borealis

4-Methyl-2-pentyl acetate (1) 1109 (1110 2) - - - 9.86 5.53 - -
B-Pinene (2) * 1110 (1116 ®) 974 (981 ) - 1.07 - - - -
Sabinene (3) 1123 (1 23 b - - 1.98 - - - -
B-Myrcene (4) * 1164 (1160 ©) 992 (992 b) - 0.59 0.57 - - -
a-Phellandrene (5) * 1166 (1166°) 1003 (1007 b) 043 - 2.75 - - -
Limonene (6) * 1201 (1201 b) 7.52 3.67 352 1.58 0.53 -

1,8-Cineole (7) * 1214 (1213 b) 1032 (1030 ®) 77.02 82.95 66.93 78.78 96.55 97.32
y-Terpinene (8) * 1248 (1238°) 1058 (1074 °) 534 - 037 - - -

p-Cymene (9) * 1272 (1261 b) 1026 (1027 ) 553 1.50 111 1.77 1.39 1.34

a-Gurjunene (10) 1541 (1536 9) 1409 (1412°€) 1.48 -

3-Pinanone (11) 1558 (15763) 1173 (1163 ) - - - 0.89 - -
Pinocarvone (12) * 1578 (1565 ) 1162 (1160 2) - - - 0.79 - -

Terpinen-4-ol (13) * 1609 (16189) 1177 (1176 ©) 0.56 1.39 0.52 0.39 0.61 0.12
Aromadendrene (14) * 1619 (1625 4) 1440 (1446 €) - - 437 0.3 - -
allo-Aromadendrene (15) * 1659 (1667 Cl) 1462 (1466 ©) - - 0.94 - - -
trans-Pinocarveol (16) 1664 (1675%) 1137 (1127 %) - - - 4.66 - -

a-Terpineol (17) * 1702 (1709 a) 1190 (1189 @) 1.49 3.67 1.45 122 0.33 0.11
Ledene (18) * 1708 (1706 9) 1498 (1504 €) - - 1.87 - - _

Verbenone (19) 1722(17289) 1210 (12282) - - - - - 036
epi-Globulol (20) 2025 (2039 Cl) 1561 (1566 €) - - 0.44 - - -
Globulol (21) 2091 (21039) 1585 (1595 ©) - - 1.90 0.3 - -

Total identified compounds 97.89 96.82 98.08 96.21 99.41 99.25

Notes: —not detected. * confirmed with commercial standard. Compound numbers correlate with Figure 1. Retention indices (RI) values in parenthesis indicate literature values from ? PJ.
Linstrom and W.G. Mallard, Eds., NIST Chemistry WebBook, NIST Standard Reference Database Number 69, National Institute of Standards and Technology, Gaithersburg MD, 20899,
http:/ /webbook.nist.gov, (retrieved 28 June 2016). b Flavornet at http://www.flavornet.org (retrieved 28 June 2016). ¢ LRI and Odour database at http:/ /www.odour.org.uk, (retrieved 28
June 2016). 4 Reference [21]. © Reference [22]. f Reference [1].
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Figure 1. Overlaid GC-MS total ion chromatograms (TIC) of the Eucalyptus oils used in this study.
Each number correlates with specific compounds identified in Table 1.

Table 2. Zones of bacterial growth inhibition (mean and standard deviation in mm) resulting from agar
diffusion of two different volumes of Eucalyptus oils.

Staphylococcus aureus ATCC 29213

Escherichia coli ATCC 25922

Eucalyptus Oils
25 uLL 50 uL 25 uL 50 uL
E. globulus 13.0£1.0 153+ 0.6 113 £0.6 15.0 £ 0.0
E. loxophleba 1 153+ 0.6 16.7 £ 0.6 14.7 £ 0.6 16.7 £ 0.6
E. loxophleba 2 13.0+ 0.6 15.0£0.0 123+ 0.6 153 £ 0.6
E. polybractea 28.0+0.0 29.5£0.7 140+ 1.0 16.7 £ 0.6
E. kochii subsp. plenissima 13.0 £ 0.0 157 £ 0.6 13.0 £ 0.0 13.0£0.0
E. kochii subsp. borealis 12.7 £ 0.6 14.7 £ 0.6 113+ 0.6 13.0 £ 0.0
1,8 Cineole 11.0 £0.0 12.7 £ 0.6 133 £ 0.6 143 £ 0.6
Trimethoprim 5 pg 27.7 £ 0.6 26.3 £ 0.6
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Table 3. Susceptibility of microorganisms to Eucalyptus oils (MIC % v/v) determined by the broth microdilution assay.

7 of 11

S, aureus S. aureus Enterococcus  E.faecalis  Staphylococcus Candida Salmonella E. coli Pseudomonas ~ Acinetobacter ~ Geometric
Essential Oil ~ Parameter ? AT.C C 29213 MRSA faecalis VRE ATCC epidermidis albicans Typhimurium  ATCC aeruginosa baumannii Mean of
NCTC10442 ATCC29212 51299 NCTC11047  ATCC90028  ATCC13311 25922 ATCC 27853 NCTC 7844 the MIC
E. globulus MIC 4 2 >8 4 4 >8 05 8 8 2 43
MBC/MFC 4 >8 >8 >8 >8 >8 05 8 8 2
E. loxophleba 1 MIC >8 8 >8 2 >8 >8 8 8 4 2 75
MBC/MFC >8 >8 >8 8 >8 >8 8 8 4 4
E. loxophleba 2 MIC 4 4 >8 4 8 8 2 8 >8 0.25 46
MBC/MFC >8 4 >8 4 >8 >8 4 8 >8 0.25
E. polybractea MIC 8 4 8 2 2 8 8 4 4 2 43
MBC/MFC >8 8 8 >8 >8 >8 8 4 8 2
E. kochii subsp. MIC 2 4 >8 >8 >8 8 2 2 >8 2 56
plenissima MBC/MFC 8 4 >8 >8 >8 >8 4 2 >8 4
E. kochii subsp. MIC 2 4 >8 4 8 8 4 2 >8 1 46
borealis MBC/MFC 4 8 >8 4 >8 >8 4 2 >8 2
1,8 Cineole MIC >8 >8 >8 8 >8 >8 2 1 >8 1 7.0
MBC/MFC >8 >8 >8 >8 >8 >8 4 4 >8 1
Geometric mean MIC 54 49 145 44 8.0 10.8 27 36 9.7 12
MBC/MFC 9.7 8.8 145 9.7 >8.0 >8.0 3.6 44 9.8 1.6

2 MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration; MFC, minimum fungicidal concentration. Values are expressed as % (v/v).
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4. Discussion

The major compound present in all oils was 1,8-cineole, which is in keeping with previous studies
indicating that 1,8-cineole is often the major component of Eucalyptus oils [1,5]. The percentages of
1,8-cineole in E. polybractea, E. loxophleba, and E. kochii subsp. plenissima oils were largely in agreement
with those previously reported [23-25]. E. kochii subsp. borealis was previously known as both
Eucalyptus oleosa var. borealis and Eucalyptus horistes [26], and the levels of 1,8-cineole reported for
the oils from these species were 75.5% [27] and 90.17% [23], respectively. The two E. loxophleba oils
varied in composition, possibly due to differences in the local climatic and environmental conditions
under which the plants grew (given that they were from different regions), as well as the genetic
characteristics and the age of the trees [28]. It is also possible that they were different subspecies,
as E. loxophleba has three subspecies, including loxophleba, lissophloia, and gratiae. Bignell et al. (1997)
found 1,8-cineole levels of 25.2% in E. loxophleba subsp. loxophleba and 63.0% in E. loxophleba subsp.
lissophloia, indicating large differences in composition [24]. Regardless, relatively little information
is published on the chemical composition of WA Eucalyptus oils, and, as such, a comparison of the
current data with previous findings is limited.

With regard to antimicrobial activity, numerous publications have described the activity of
Eucalyptus oils against S. aureus and E. coli using the agar diffusion method [11,12]. In the current study,
low to modest activity (with the exception of E. polybractea) was observed by agar diffusion, which concurs
with these previous studies. However, although E. polybractea oil was the only oil that exhibited a
considerable zone of inhibition against S. aureus, Gilles et al. (2010) reported considerable zones of
inhibition against S. aureus, ranging from 25.4 to >90 mm, for oils from four other Eucalyptus species [13].
These differences in results may be attributable to variation in the Eucalyptus oils tested, as well as
to variations in the experimental conditions. Finally, there was little correlation between the zone of
inhibition and the MIC results, particularly for E. polybractea oil which showed the largest zone of
inhibition against S. aureus but not the lowest MICs. This could be due to the presence of components
in the E. polybractea oil that are relatively more water-soluble and able to diffuse further through
the agar. The lack of correlation between the results from the two assays suggests that the two methods
are not necessarily comparable. The agar diffusion method has long been regarded as problematic
for the antimicrobial testing of natural products [29]. Because of issues with inconsistent diffusion of
antimicrobial components through the agar, potential evaporation of volatile components, and lack
of standardization between laboratories [30], data generated by agar diffusion must be regarded as
largely qualitative, and the assay as useful for screening purposes only.

When more quantitative testing was conducted using the broth microdilution method,
all eucalyptus oils showed antimicrobial activity. This is consistent with previous studies, verifying that
both eucalyptus oil and 1,8-cineole have activity against a wide range of Gram-positive and Gram-negative
bacteria and yeasts [11,12]. The current study found considerable variation in activity between the
different eucalyptus oils, which could be a reflection of differences in their chemical composition.
Comparison of the activity of Eucalyptus oils to 1,8-cineole alone confirmed the importance of the
other moderate and minor components in Eucalyptus oils in relation to the MIC and MBC/MFC
values obtained. Comparison of geometric mean MICs for all oils showed that E. globulus and E.
polybractea oils had the lowest values, with a geometric mean of 4.3% (w/v), and E. loxophleba 1
and 1,8-cineole had the highest values, with geometric means of 7.5% and 7% (w/v), respectively.
These results align with those reported by Cimanga et al. (2002). They showed that oils from
Eucalyptus deglupta, Eucalyptus saligna, Eucalyptus urophylla, and Eucalyptus propinque, which all contain
relatively high percentages of 1,8 cineole (>30%), exhibited similar or lower antimicrobial activity
than oils from Eucalyptus alba, Eucalyptus robusta, Eucalyptus citriodora, and Eucalyptus tereticornis,
which contain low percentages of 1,8-cineole (<10%) [31].

It was not surprising that the two E. loxophleba oils had substantially different antimicrobial activity,
given that these two oils varied in composition and that E. loxophleba comprises a complex of several
sub-species, rather than a single species [32]. Whilst it is not known which sub-species of E. loxophleba
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the oils in the current study were from, the variability in activity may be attributed to differences in
the composition such as the presence of trans-pinocarveol (4.66%) in E. loxophleba 2 oil, which has
been shown to have broad-spectrum antimicrobial activity [32]. These observations also suggest that
a high 1,8-cineole content is not necessarily fully responsible for the activity of Eucalyptus oil and
that moderate and minor compounds also play a vital role in the overall activity. Components other
than 1,8-cineole may contribute to the activity as a result of their individual actions, by acting in
combination with each other, or by acting in combination with 1,8-cineole. Such interactions between
1,8-cineole and other essential oil components have been demonstrated in previous studies [32,33].

It was unexpected that, according to the MIC/MBC values, the Gram-negative bacteria were,
broadly speaking, more susceptible to Eucalyptus oils than the Gram-positive bacteria. This susceptibility
of Gram-negative bacteria may be due to the presence of certain oil components, such as p-cymene,
terpinolene, 1,8-cineole, and cis-geraniol, which can cause the discharge of Gram-negative outer
membrane lipopolysaccharide and increase the permeability of the cytoplasmic membrane [34].
Of the Gram-negative bacteria, A. baumannii was the most sensitive to the Eucalyptus oils. This result is
particularly relevant, given that Acinetobacter spp. are emerging globally as problematic antibiotic-resistant
pathogens [35]. Our results are in agreement with several previous studies that also found Acinetobacter
spp. to be relatively more sensitive than other Gram-negative species [22,36]. Very few researchers
have investigated the potential mechanisms underlying this increased sensitivity; however, it could be
due to differences in the outer membrane composition or efflux pumps of Acinetobacter species and
Enterobacteriaceae [37,38]. Finally, many previous reports on the antimicrobial activity of Eucalyptus oil
are difficult to compare with the current study because of differences in the methods used to assess the
antimicrobial activity and differences in the chemical composition of the oils.

A number of clinical studies indicate that Eucalyptus oil and 1,8-cineole have significant potential
as therapeutic agents, due to several different properties. For example, the benefits of 1,8-cineole
for airway disease [39] and Eucalyptus oil as an insect repellent [40] have recently been reviewed.
The toxicity of Eucalyptus oil has been extensively studied both in vitro and in animal studies, with the
latter indicating that 1,8-cineole has low toxicity [40]. Furthermore, studies with human volunteers
indicate that, when applied correctly, the oil has relatively low allergenicity and toxicity [40].
Whilst many studies have investigated the antimicrobial activity of Eucalyptus oil in vitro, fewer clinical
studies have been performed. As such, there is no clear overall picture of the clinical usefulness
of Eucalyptus oil as an antimicrobial agent. Further studies are required to determine how the
antimicrobial properties of Eucalyptus oil can be best therapeutically utilised.

5. Conclusions

This study showed that Eucalyptus oils from some selected WA species had moderate antimicrobial
activity, which varied according to the Eucalypt species and the test microorganism. The data suggest
that WA Eucalyptus oils are potentially a good source of antimicrobial agents, particularly against
Gram-negative bacteria. As such, further studies with additional test organisms and additional oil
samples are warranted.

Author Contributions: Conceptualization, K.A.H. and G.R.E,; methodology, K.A.H. and G.R.E; formal analysis,
ES.A., K.A.-H., and G.R.F; investigation, F.S.A.; data curation, ES.A.; writing—original draft preparation, ES.A;
writing—review and editing, K.A.H. and G.R.F,; supervision, K.A.H. and G.R.E; project administration, K.A.H.

Funding: The Australian Research Council is gratefully acknowledged for funding for GRF (FT110100304).

Acknowledgments: The authors thank Simon Dawkins, Director of the Oil Mallee Association of Australia,
for providing the Eucalyptus leaf samples used in this study.

Conflicts of Interest: The authors declare no conflict of interest.



Microorganisms 2018, 6, 122 10 of 11

References

1. Ogunwande, L. A.; Olawore, N.O.; Adeleke, K.A.; Konig, W.A. Chemical composition of the essential oils
from the leaves of three Eucalyptus species growing in Nigeria. J. Essent. Oil Res. 2003, 15, 297-301. [CrossRef]

2. Turnbull, ].W,; Booth, T.H. Eucalypts in cultivation: An overview. In Eucalyptus: The Genus Eucalyptus;
Coppen, J.J.W., Ed.; Taylor and Francis: London, UK, 2002; pp. 52-74.

3. Pino, J.A.; Marbot, R.; Quert, R.; Garcia, H. Study of essential oils of Eucalyptus resinifera Smith, E. tereticornis
Smith and Corymbia maculata (Hook.) K. D. Hill & L. A. S. Johnson, grown in Cuba. Flavour Frag. ]. 2002, 17,
1-4. [CrossRef]

4. Brophy, ].J.; Southwell, L.A. Eucalyptus Chemistry. In Eucalyptus: The Genus Eucalyptus; Coppen, J.J.W., Ed.;
Taylor and Francis: London, UK, 2002; pp. 102-160.

5. Beerling, J.; Meakins, S.; Small, L. Eucalyptus oil products: Formulations and legislation. In Eucalyptus:
The Genus Eucalyptus; Coppen, J.J.W., Ed.; Taylor and Francis: London, UK, 2002; pp. 345-364.

6. Coppen, ].J.W.; Hone, G.A. Eucalyptus Oils: A Review of Production and Markets; Natural Resources Institute:
Kent, UK, 1992.

7. Gonzélez-Burgos, E.; Liaudanskas, M.; Viskelis, J.; Zvikas, V.; Janulis, V.; Gémez-Serranillos, M. Antioxidant
activity, neuroprotective properties and bioactive constituents analysis of varying polarity extracts from
Eucalyptus globulus leaves. J. Food Drug Anal. 2018, 26, 1293-1302. [CrossRef] [PubMed]

8.  Silva, J.; Abebe, W.; Sousa, S.M.; Duarte, V.G.; Machado, M.L; Matos, F. Analgesic and anti-inflammatory
effects of essential oils of Eucalyptus. |. Ethnopharmacol. 2003, 89, 277-283. [CrossRef] [PubMed]

9.  Takahashi, T.; Kokubo, R.; Sakaino, M. Antimicrobial activities of eucalyptus leaf extracts and flavonoids
from Eucalyptus maculata. Lett. Appl. Microbiol. 2004, 39, 60-64. [CrossRef] [PubMed]

10. Sidana, J.; Rohilla, R.K.; Roy, N.; Barrow, R.A.; Foley, WJ.; Singh, L.P. Antibacterial sideroxylonals and
loxophlebal A from Eucalyptus loxophleba foliage. Fitoterapia 2010, 81, 878-883. [CrossRef] [PubMed]

11. Djenane, D.; Yanguela, J.; Amrouche, T.; Boubrit, S.; Boussad, N.; Roncales, P. Chemical composition and
antimicrobial effects of essential oils of Eucalyptus globulus, Myrtus communis and Satureja hortensis against
Escherichia coli O157:H7 and Staphylococcus aureus in minced beef. Food Sci. Technol. Int. 2011, 17, 505-515.
[CrossRef] [PubMed]

12.  Oyedeji, A.O.; Ekundayo, O.; Olawore, O.N.; Adeniyi, B.A.; Koenig, W.A. Antimicrobial activity of the
essential oils of five Eucalyptus species growing in Nigeria. Fitoterapia 1999, 70, 526-528. [CrossRef]

13. Gilles, M.; Zhao, J.; An, M.; Agboola, S. Chemical composition and antimicrobial properties of essential oils
of three Australian Eucalyptus species. Food Chem. 2010, 119, 731-737. [CrossRef]

14. Worth, H.; Schacher, C.; Dethlefsen, U. Concomitant therapy with Cineole (Eucalyptole) reduces
exacerbations in COPD: A placebo-controlled double-blind trial. Respir. Res. 2009, 10. [CrossRef]

15. Worth, H.; Dethlefsen, U. Patients with asthma benefit from concomitant therapy with cineole: A
placebo-controlled, double-blind trial. J. Asthma 2012, 49, 849-853. [CrossRef] [PubMed]

16. Feng, H.; Bernardo, C.; Sonoda, L.; Hayashi, F.; Romito, G.; De Lima, L.; Lotufo, R.; Pannuti, C. Subgingival
ultrasonic instrumentation of residual pockets irrigated with essential oils: A randomized controlled trial.
J. Clin. Periodontol. 2011, 38, 637-643. [CrossRef]

17.  Barker, S.C.; Altman, PM. An ex vivo, assessor blind, randomised, parallel group, comparative efficacy
trial of the ovicidal activity of three pediculicides after a single application—Melaleuca oil and lavender oil,
eucalyptus oil and lemon tea tree oil, and a “suffocation” pediculicide. BMC Dermatol. 2011, 11, 14.

18.  Clinical and Laboratory Standards Institute: Reference Method for Broth Dilution Antifungal Susceptibility Testing of
Yeasts, 3rd ed.; CLSI document M27-A3; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2008.

19.  Clinical and Laboratory Standards Institute: Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria that
Grow Aerobically, 9th ed.; CLSI document M07-A9; Clinical and Laboratory Standards Institute: Wayne, PA,
USA, 2012.

20. Haynes, WM. CRC Handbook of Chemistry and Physics, 95th ed.; CRC Press LLC: Boca Raton, FL, USA, 2014.

21. Elaissi, A.; Medini, H.; Khouja, M.L.; Simmonds, M.; Lynene, F.; Farhat, F.; Chemli, R.; Harzallah-Skhiri, F.

Variation in volatile leaf oils of five eucalyptus species harvested from Jbel Abderrahman Arboreta (Tunisia).
Chem. Biodivers. 2011, 8, 352-361. [CrossRef]


http://dx.doi.org/10.1080/10412905.2003.9698595
http://dx.doi.org/10.1002/Ffj.1026
http://dx.doi.org/10.1016/j.jfda.2018.05.010
http://www.ncbi.nlm.nih.gov/pubmed/30249328
http://dx.doi.org/10.1016/j.jep.2003.09.007
http://www.ncbi.nlm.nih.gov/pubmed/14611892
http://dx.doi.org/10.1111/j.1472-765X.2004.01538.x
http://www.ncbi.nlm.nih.gov/pubmed/15189289
http://dx.doi.org/10.1016/j.fitote.2010.05.016
http://www.ncbi.nlm.nih.gov/pubmed/20570611
http://dx.doi.org/10.1177/1082013211398803
http://www.ncbi.nlm.nih.gov/pubmed/22049156
http://dx.doi.org/10.1016/S0367-326X(99)00083-0
http://dx.doi.org/10.1016/j.foodchem.2009.07.021
http://dx.doi.org/10.1186/1465-9921-10-69
http://dx.doi.org/10.3109/02770903.2012.717657
http://www.ncbi.nlm.nih.gov/pubmed/22978309
http://dx.doi.org/10.1111/j.1600-051X.2011.01725.x
http://dx.doi.org/10.1002/cbdv.201000102

Microorganisms 2018, 6, 122 11 of 11

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Mulyaningsih, S.; Sporer, E; Reichling, J.; Wink, M. Antibacterial activity of essential oils from Eucalyptus
and of selected components against multidrug-resistant bacterial pathogens. Pharm. Biol. 2011, 49, 893-899.
[CrossRef]

Wildy, D.T.; Pate, ].S.; Bartle, ].R. Variations in composition and yield of leaf oils from alley-farmed oil mallees
(Eucalyptus spp.) at a range of contrasting sites in the Western Australian wheatbelt. For. Ecol. Manag. 2000,
134, 205-217. [CrossRef]

Bignell, C.M.; Dunlop, PJ.; Brophy, J.J. Volatile leaf oils of some south-western and southern Australian
species of the genus Eucalyptus (series I). Part XVIII. A. Subgenus monocalyptus. B. Subgenus symphyomyrtus:
(i) section guilfoyleanae; (ii) section bisectaria, series accedentes, series occidentales, series levispermae,
series loxophlebae, series macrocarpae, series orbifoliae, series calycogonae; (iii) section dumaria, series
incrassatae and series ovulares. Flavour Frag. ]. 1997, 12, 423-432.

Barton, A.EM. The oil mallee project: A multifaceted industrial ecology case study. J. Ind. Ecol. 1999, 3,
161-176. [CrossRef]

Nicolle, D.; Byrne, M.; Whalen, M. A taxonomic revision and morphological variation within Eucalyptus series
Subulatae subseries Oleaginae (Myrtaceae), including the oil mallee complex, of south-western Australia.
Aust. Syst. Bot. 2005, 18, 525-553. [CrossRef]

Barton, A.FM.; Tjandra, J.; Nicholas, P.G. Chemical evaluation of volatile oils in Eucalyptus species.
J. Agric. Food Chem. 1989, 37, 1253-1257. [CrossRef]

Smale, PE.; Nelson, M.A_; Porter, N.G.; Hay, A.J. Essential oil of Eucalyptus olida L. Johnson et K. Hill 1:
Variability of yield and composition in foliage from a seedling population. J. Essent. Oil Res. 2000, 12,
569-574. [CrossRef]

Lahlou, M. Methods to study the phytochemistry and bioactivity of essential oils. Phytother. Res. 2004, 18,
435-448. [CrossRef]

Kalemba, D.; Kunicka, A. Antibacterial and antifungal properties of essential oils. Curr. Med. Chem. 2003, 10,
813-829. [CrossRef] [PubMed]

Cimanga, K.; Kambu, K.; Tona, L.; Apers, S.; De Bruyne, T.; Hermans, N.; Totte, J.; Pieters, L.; Vlietinck, A.]J.
Correlation between chemical composition and antibacterial activity of essential oils of some aromatic
medicinal plants growing in the Democratic Republic of Congo. ]. Ethnopharmacol. 2002, 79, 213-220.
[CrossRef]

Hines, B.; Byrne, M. Genetic differentiation between mallee and tree forms in the Eucalyptus loxophleba
complex. Heredity 2001, 87, 566-572. [CrossRef] [PubMed]

Yu, D.; Wang, J.; Shao, X.; Xu, F.; Wang, H. Antifungal modes of action of tea tree oil and its two characteristic
components against Botrytis cinerea. |. Appl. Microbiol. 2015, 119, 1253-1262. [CrossRef]

Marino, M.; Bersani, C.; Comi, G. Impedance measurements to study the antimicrobial activity of essential
oils from Lamiaceae and Compositae. Int. J. Food Microbiol. 2001, 67, 187-195. [CrossRef]

Knezevic, P,; Aleksic, V.; Simin, N.; Svircev, E.; Petrovic, A.; Mimica-Dukic, N. Antimicrobial activity of
Eucalyptus camaldulensis essential oils and their interactions with conventional antimicrobial agents against
multi-drug resistant Acinetobacter baumannii. J. Ethnopharmacol. 2016, 178, 125-136. [CrossRef]

Luis, A.; Duarte, A.; Gominho, J.; Domingues, F; Duarte, A.P. Chemical composition, antioxidant,
antibacterial and anti-quorum sensing activities of Eucalyptus globulus and Eucalyptus radiata essential
oils. Ind. Crops Prod. 2016, 79, 274-282. [CrossRef]

Scott, C.C.L.; Makula, R.A.; Finnerty, W.R. Isolation and characterisation of membranes from a
hydrocarbon-oxidizing Acinetobacter sp. J. Bacteriol. 1976, 127, 469—480.

Zgurskaya, H.I.; Lopez, C.A.; Gnanakaran, S. Permeability barrier of Gram-negative cell envelopes and
approaches to bypass it. ACS Infect. Dis. 2015, 1, 512-522. [CrossRef] [PubMed]

Juergens, U.R. Anti-inflammatory properties of the monoterpene 1.8-cineole: Current evidence for
co-medication in inflammatory airway diseases. Drug Res. 2014, 64, 638—-646. [CrossRef] [PubMed]
Rehman, J.U,; Ali, A.; Khan, I.A. Plant based products: Use and development as repellents against
mosquitoes: A review. Fitoterapia 2014, 95, 65-74. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3109/13880209.2011.553625
http://dx.doi.org/10.1016/S0378-1127(99)00258-3
http://dx.doi.org/10.1162/108819899569467
http://dx.doi.org/10.1071/SB04038
http://dx.doi.org/10.1021/jf00089a011
http://dx.doi.org/10.1080/10412905.2000.9712161
http://dx.doi.org/10.1002/ptr.1465
http://dx.doi.org/10.2174/0929867033457719
http://www.ncbi.nlm.nih.gov/pubmed/12678685
http://dx.doi.org/10.1016/S0378-8741(01)00384-1
http://dx.doi.org/10.1046/j.1365-2540.2001.00950.x
http://www.ncbi.nlm.nih.gov/pubmed/11869347
http://dx.doi.org/10.1111/jam.12939
http://dx.doi.org/10.1016/S0168-1605(01)00447-0
http://dx.doi.org/10.1016/j.jep.2015.12.008
http://dx.doi.org/10.1016/j.indcrop.2015.10.055
http://dx.doi.org/10.1021/acsinfecdis.5b00097
http://www.ncbi.nlm.nih.gov/pubmed/26925460
http://dx.doi.org/10.1055/s-0034-1372609
http://www.ncbi.nlm.nih.gov/pubmed/24831245
http://dx.doi.org/10.1016/j.fitote.2014.03.002
http://www.ncbi.nlm.nih.gov/pubmed/24631763
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plant Material 
	Extraction of Essential Oils 
	Gas Chromatography–Mass Spectrometry (GC–MS) Analysis of Essential Oils 
	Microorganisms 
	Evaluation of Antimicrobial Activity 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

