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Abstract: The chemical composition of the volatile oils from five Anacardiaceae species
and their activities against Gram positive and negative bacteria were assessed. The
peroxidative damage within bacterial cell membranes was determined through the
breakdown product malondialdehyde (MDA). The major constituents in Anacardium
humile leaves oil were (E)-caryophyllene (31.0%) and a-pinene (22.0%), and in
Anacardium occidentale o1l they were (E)-caryophyllene (15.4%) and germacrene-D
(11.5%). Volatile oil from Astronium fraxinifolium leaves were dominated by (E)-f-
ocimene (44.1%) and a-terpinolene (15.2%), whilst the oil from Myracrodruon urundeuva
contained an abundance of J-3-carene (78.8%). However, Schinus terebinthifolius leaves
oil collected in March and July presented different chemical compositions. The oils from
all species, except the one from A. occidentale, exhibited varying levels of antibacterial
activity against Staphylococcus aureus, Bacillus cereus and Escherichia coli. Oil extracted
in July from S. terebinthifolius was more active against all bacterial strains than the
corresponding oil extracted in March. The high antibacterial activity of the M. urundeuva
oil could be ascribed to its high 0-3-carene content. The amounts of MDA generated within
bacterial cells indicate that the volatile oils induce lipid peroxidation. The results suggest
that one putative mechanism of antibacterial action of these volatile oils is pro-oxidant
damage within bacterial cell membrane explaining in part their preservative properties.
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1. Introduction

Essential oils are complex mixtures of volatile natural compounds, biosynthesized by many
aromatic plants. Due to their diverse biological properties, plant volatiles are widely used as food
additives to improve flavor and/or taste, and as preservatives to prevent growth of food-borne bacteria
and fungi, thereby extending the shelf life of processed foods [1]. In addition to encountering
microorganisms acquired resistance to existing preservatives, nowadays, there is a growing consumer
demand for organically produced natural food stuff. In this context, the identification and evaluation of
natural products, including essential oils, for the development of new classes of natural antimicrobials
for food preservation is an important innovative challenge in food science and technology [2].

The Anacardiaceae family is a rich source of these volatile oils, which are isolated from both the
fruits and leaves and exhibits a wide spectrum of biological properties [3—5]. This family comprises
about 70 genera and 700 species with tropical and subtropical distribution. The fruits and pseudo-fruits
of many species constitute an important food resource exemplified by cashew (4. occidentale L.),
mango (Magifera indica L.) and pistachio (Pistacia vera L.).

The volatile oils from this family of plants are known for their antibacterial activities. For instance,
Tassou and Nychas [6] found that the essential oils from Pistacia lentiscus L. was more active against
Gram-positive than Gram-negative bacteria. Volatile oils from leaves of Schinus terebinthifolius Raddi
exhibited antimicrobial activity against both fungi and bacteria [7]. Erazo ef al. [8] showed that the
essential oils from Schinus polygamus (Cav.) Cabr., collected in different countries, have diverse
compositions and antibacterial activities.

The essential oil produced by Schinus molle L. demonstrated a preservative effect against
Salmonella anatum and S. enteritidis inoculated into minced beef meat [9]. At low concentrations, this
oil revealed bacteriostatic actions. However, at high concentrations, it showed pronounced bactericidal
activity. Therefore, the investigation on the biological activities and composition of Anacardiaceae
essential oils represents a rational approach for identifying novel substances with potential economic value.

Although the antimicrobial activities of essential oils and their components have been widely
reported, their detailed mechanism(s) of action have only been recently studied [1,10,11]. It is
envisaged that the mechanisms of action of the volatile oils in the bacterial cell involves the following
steps: (i) degradation of the cell wall [12]; (ii) damage to cytoplasmic membrane and their proteins [13];
(ii1) leakage of cell contents [12,14,15]; and (iv) depletion of the proton motive force [13]. Volatile oils
can also act as pro-oxidants reacting with proteins, membranes and/or DNA through the production of
reactive oxygen intermediates (ROI) [11].

However, to the best of our knowledge, oxidative damage within bacterial membranes, in response
to volatile oils exposure, has not been previously reported. Consequently, in line with our studies on
chemical composition and biological activities of aromatic and medicinal plants [16-19], herein we
describe the chemical composition of essential oils from A. humile Engl., A. occidentale L.,
A. fraxinifolium Schott ex Spreng., M. urundeuva Allemao, and S. fterebinthifolius Raddi and the
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resultant antibacterial activity of these oils against Gram-positive and Gram-negative bacteria. We also
report on the oxidative effects of these oils on bacterial cells by quantifying the extent of lipid peroxidation.

2. Results and Discussion
2.1. Essential Oil Chemical Compositions

Volatile oil yields from the leaves of the plants investigated ranged from 0.3% w/w to 0.7% w/w.
(Table 1). The highest yields were found for A. fraxinifolium and S. terebinthifolius (0.7% w/w), and
the lowest ones for A. humile and A. occidentale (0.3% w/w) species. As observed in Table 1, the
chemical compositions differed widely amongst the species evaluated.

Table 1. Constituents and yields of essential oils (%) from species A. humile,
A. occidentale, A. fraxinifolium, M. urundeuva and S. terebinthifolius.

CONSTITUENT RI* A. A. A. M. S. terebinthifolius
humile occidentale fraxinifolium urundeuva March July
Hydrocarbon
Monoterpenes 29.9 4.7 67.0 91.0 30.9 46.6
a-Pinene 937 22.0+0.9 - 0.7+0.0 - 1.2+0.1 42+0.1
f-Pinene 982 6613 - - - - 0.8+0.0
Myrcene 993 - - 1.9+£0.1 42+0.3 15409 0.8+0.0
0-2-Carene 1002 - - 3.6+0.1 - - -
o-Phellandrene 1004 - - - - - 182 +1.2
0-3-Carene 1011 - - - 78.8+1.7 - -
p-Cymene 1026 - - - - - 33+0.2
Limonene 1031 1.3+0.1 4.7+0.3 0.4+0.0 0.2+0.0 12.0+0.6 16.7+1.1
[S-Phellandrene 1032 - - - 3.0+0.2 - -
(Z2)-p-Ocimene 1040 - - 1.1+0.1 - - -
(E)-p-Ocimene 1050 - - 44.1 £0.8 - 23+0.2 2.6=+0.1
o-Terpinolene 1089 - - 152+£0.9 4.8+0.6 - -
Hydrocarbon
Sesquiterpenes 60.9 80.7 19.0 8.1 59.4 354
o-Elemene 1339 - - - - 24+0.1 2.0+£0.0
a-Copaene 1376 2.5+0.3 10.3 £0.9 04+0.0 - 1.7+0.1 0.6 +0.0
p-Elemene 1391 - - - 0.7+0.1 4.8+0.3 2.1+0.1
a-Gurjunene 1409 1.0+£0.2 - - - - -
(E)-Caryophyllene 1418 31.0+ 1.8 154+1.5 - 1.1+0.1 147+0.8 2.7+0.2
Aromadendrene 1439 1.1+£04 1.1£0.2 5.6+0.2 - - -
a-Humulene 1454 29403 1.5+0.1 - - 2.5+0.1 09+0.0
Alloaromadendrene 1461 14+0.2 2.5+0.7 0.5+0.0 - - -
p-Camigrene 1475 - 1.0+0.2 - 0.5+0.0 7.5+1.0 -
Germacrene-D 1480 59+1.7 11.5£1.2 1.4+0.1 - 8.8+0.3 21.0+1.2

f-Selinene 1485 0.7+0.0 1.9+03 - 25+0.2 43+0.1 -
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Table 1. Cont.

D —— RI* A. A. A. M. S. terebinthifolius
humile occidentale fraxinifolium urundeuva March July
a-Amorphene 1485 - 3.0£0.2 0.5+0.1 - - -
Viridiflorene 1493 - - 9.0+0.4 3.0+£0.2 - -
Bicyclogermacrene 1494 7.6+1.2 8.2+0.5 - - - -
0-Selinene 1495 - 1.7+0.2 - - - -
a-Muurolene 1499 12+04 23+0.1 - - 2.6+0.1 0.9+0.0
Germacrene-A 1503 0.6+0.1 - - 0.3+0.0 2.1+£0.0 1.3+0.0
(E,E)-o-Farnesene 1508 - - 0.8+0.1 - - -
y-Cadinene 1513 0.9+0.2 2.0+0.1 0.8+0.0 - 2.3+0.1 0.7+0.0
o-Cadinene 1524 4.1+0.2 9.3+0.7 - - 3.6+0.1 1.6 +0.1
Germacrene B 1556 - 73+1.1 - - 2.1+0.1 1.6 £0.0
Oxygenated
Sesquiterpenes 6.3 3.8 11.6 - 5.8 15.5
Ledol 1565 - - 0.5+0.0 - - -
Spathulenol 1576 - - 5.7+0.3 - 1.1£0.0 2.1+0.1
p-Caryophyllene oxide 1581 0.6+0.0 - - - 0.8+0.0 2.6+0.1
Globulol 1583 14+04 - 3.2+0.1 - - -
Epiglobulol 1588 1.8+0.2 - - - - -
Viridiflorol 1590 14+03 - 22+0.1 - - 2.5+0.2
0-Cadinol 1636 - 1.5+0.1 - - 1.3+0.1 24+0.1
a-Muurolol 1645 - - - - 1.2+0.1 2.8+0.1
a-Cadinol 1653 1.1+0.2 23+0.2 - - 1.4£0.0 3.1+0.1
Others - 7.2 - - - -
Tetradecane 1399 - 1.7+0.1 - - - -
Hexadecanoic acid 1984 - 72+1.3 - - - -
Total 97.7 96.3 97.9 99.1 96.1 97.5
Yield (%) 0.3+0.0 0.3+0.0 0.7 +0.1 0.6 +0.0 0.6 £ 0.1 0.7 +0.1

* Retention indexes relative to Cg—C,; linear alkanes series.

The major constituents within 4. humile leaves oil are (E)-caryophyllene (31.0%), a-pinene
(22.0%), bicyclogermacrene (7.6%), p-pinene (6.6%) and germacrene-D (5.9%). For the oil
from leaves of A. humile collected in another region from Brazil [20], the authors identified the
following major constituents: a-bulnesene (8.6%), y-cadinene (7.5%), selina-3,7(11)-diene (6.7%),
o-himachalene (6.1%) and cyperene (5%). It is not uncommon that different chemical compositions
are detected for volatile oils extracted from plant species collected in different locations [21,22]. This
difference is also observed upon testing A. occidentale oil during the current study. Consequently, the
major compounds identified from the leaves collected in Minas Gerais state (Brazil) were
(E)-caryophyllene (15.4%), germacrene-D (11.5%), a-copaene (10.3%), a-cadinene (9.3%),
bicyclogermacrene (8.2%) and germacrene-B (7.3%). For plants cultivated in Para state (Brazil), the
major compounds are (E)-f-ocimene (28.8%), a-copaene (13.6%), (E)-caryophyllene (7.6%) and
o-cadinene (9.1%) [23]. It is instructive to compare this result with the oils isolated from plants grown
in Nigeria, which were composed mainly of f-phellandrene (42.7%), (E)-caryophyllene (4.4%),
o-pinene (4.3%), germacrene-D (4.0%), p-cymene (3.2%) and (E)-f-ocimene (3.1%) [24]. Differences
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in chemical compositions of these oils are probably associated within genetic variability amongst the
populations grown at each location.

The volatile oils produced by A. fraxinifolium leaves presented (E)-f-ocimene (44.1%),
o-terpinolene (15.2%) and viridiflorene (9.0%) as major constituents. The sesquiterpene hydrocarbons
represent about 20% and the oxygenated sesquiterpenes about 12%. In a previous investigation [23],
Maia and coworkers found that (Z)-f-ocimene (42.2%) was the major constituent in leaves from
A. fraxinifolium grown in Mato Grosso state (Brazil), with lower concentrations of bicyclogermacrene
(13.3%), limonene (13.2%) and (E)-f-ocimene (11.1%).

The oils extracted from the leaves of M. urundeuva revealed the monoterpene d-3-carene at 78.8%
concentration. This monoterpene was also the major component in oils from plants collected in two
other states in Brazil, Maranhao (78.1%) and Tocantins (56.3%) [25].

The chemical composition of S. terebinthifolius leaves oil in both sampling periods (March and
July) confirmed the seasonal variation previously observed for this species [26]. The oil extracted in
March presented a high concentration of myrcene (15.4%) and (£)-caryophyllene (14.7%) whilst in
July, this components represented only 0.8% and 2.7%, respectively of the total oil. Germacrene-D
content dropped from 21.0% in July to 8.8% in March, whereas the monoterpene a-phellandrene was
undetectable in the oils collected in March, but rose to 18.2% in July. In addition, the oils extracted in July
contained 15.5% of oxygenated sesquiterpenes compared with only 5.8% in the oils extracted in March.

The essential oils demonstrate a high level of variability in terms of yield and composition and this
has been attributed to the interactions between factors such the geographic origin, edaphic and climate
features, genetic variability and phenological phase of the plants [27-29].

2.2. Antibacterial Activity of the Essential Oils

Antibacterial activities of the essential oils were assessed by the agar disc diffusion and the
microdilution methods against S. aureus, B. cereus and E. coli (Tables 2 and 3). The oils of all tested
species, except the one from A. occidentale, exhibited varying levels of antibacterial activity against
Gram-positive and Gram-negative bacteria. In general, the inhibition zones were higher for
Gram-positive bacteria (Table 2). Tassou and Nychas [6] also observed a greater effect on
Gram-positive organisms for the oil from P. /lentiscus (Anacardiaceae). Similar results were observed
by Shimizu et al. [30] for the oils from fruits of Lithraea molleoides.

A relationship between the inhibition zones diameters (Table 2) and the MIC values (Table 3) could
not be found. Due to the inherent characteristics of the method, the diffusion coefficients of the
different constituents found in essential oils can influence the results. The capacity for each oil
constituent to migrate within the agar can markedly influence the size of the inhibition zone. Although
this method was standardized by CLSI, it was nevertheless developed for the analysis of conventional
antimicrobial agents such as antibiotics. Such drugs are mostly hydrophilic in nature and consequently
diffuse more easily in agar, as opposed to essential oils that are volatile, insoluble in water, viscous and
possess a complex chemical composition. In addition, for the microdilution method, the oils were
dissolved in the broth with the surfactant Tween 80, which may modulate their biological availability
and, consequently, their antibacterial activity.
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Table 2. Diameter of the inhibition zones of bacterial growth for the essential oils from
leaves of the species A. humile, A. occidentale, A. fraxinifolium, M. urundeuva and
S. terebinthifolius.

Inhibition Zones Diameter (mm) *

Essential oils Gram-negative ‘ Gram-positive
E. coli B. cereus S. aureus
A. humile 7Bc 14Ac 10Bd
A. occidentale 8Ac 7Ad 8Ad
A. fraxinifolium 11Bb 23Ab 13Bc
M. urundeuva 14Bb 22 ADb 22ADb
S. terebinthifolius (March) 6Bc I5Ac 14 Ac
S. terebinthifolius (July) 14Bb 25ADb 20ADb
Control (H,0) 6Ac 6Ad 6Ad
Chloramphenicol 30 ug 29Ba 29Ba 32Aa

* Means followed by same capital letter; lines or minor letter columns are not different by
Scott-Knott’s test at p 5%.

Table 3. Minimum inhibitory concentration (MIC) of bacterial growth for the essential
oils extracted from leaves of the species 4. fraxinifolium, M. urundeuva, Schinus

terebinthifolius and the monoterpene J-3-carene.

Minimum inhibitory Concentration (g L")

Essential Oils/Constituent Gram-negative ‘ Gram-positive
E. coli B. cereus S. aureus
S. terebinthifolius (March) 0.63 2.50 1.25
S. terebinthifolius (July) 0.16 1.25 0.31
A. fraxinifolium 0.31 1.25 0.31
M. urundeuva 0.31 0.63 0.31
0-3-Carene 0.16 0.16 0.16

Extracts of S. terebinthifolius oils prepared in July were more active against all bacterial strains than
the oils extracted from plants collected in March (Tables 2 and 3). The difference in antimicrobial
activity is most probably due to the differing chemical composition (Table 1). Therefore, the seasonal
variation influences the pharmacological properties of S. terebinthifolius oil and this should be
carefully regulated when considering its application as an antimicrobial agent.

The region where the plants are grown may also influence the chemical composition of the oils
produced. For instance, Erazo ef al. [8] identified the major component of S. polygamus oil collected in
Chile as S-pinene and this oil proved active against both Gram-positive and Gram-negative bacteria.
However, for the oils extracted from plants collected in Argentina, the major constituents were
limonene and a-phellandrene and this oil was active against Gram-positive B. cereus.

Oils extracted from S. terebinthifolius leaves collected in July showed elevated oxygenated
sesquiterpene concentrations (15.5%) compared with the oils extracted in the month of March (5.8%).
The relationship between the oxygenated compounds in the constituents with the higher antimicrobial
activity of essential oils has been previously reported. For example, Ultee ef al. [13] demonstrated that the
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presence of the phenolic hydroxyl group in carvacrol is essential for its activity against B. cereus.
Therefore, the higher concentration of oxygenated components observed within oils extracted in July may
be related to their greater antibacterial activity. Consequently, A. fraxinifolium oil, which also presented a
higher concentration of oxygenated compounds, demonstrated high antibacterial activity.

However, oxygenated compounds were absent from M. urundeuva oil, but its antibacterial activity
was comparable to that of the other oils investigated. The oil of this species was characterized by a
high concentration of 0-3-carene (78.8%). Some studies do report the effect of this constituent on the
tissues and cells of the respiratory system such as broncho-constriction and mucosal irritation [31-33],
and toxicity to alveolar macrophages [34]. However, to our knowledge, studies on the antibacterial
action of d-3-carene remain unreported.

From the data presented in Table 3, it is apparent that 0-3-carene is more active itself than the total
volatile oils extract. This compound is a hydrocarbon monoterpene (Figure 1) and its hydrophobicity
(calculated logp = 2.9) enables it to readily partition within the lipids of the bacterial cell membrane,
thereby disrupting the structures and rendering them more permeable [1,13]. In conclusion, this
compound appears to be a promising lead molecule for analogue synthesis, optimization of which may
produce useful new compounds with antibiotic activity.

Figure 1. Structural formula of §-3-carene, the major constituent (78.8%) of M. urundeuva essential oil.
HsC CHs

2.3. Lipid Peroxidation within Bacterial Cells

The results presented in Table 4 indicate that essential oils promote an increase in the malondialdehyde
(MDA) content within bacterial cells, signaling the process of lipid peroxidation. The highest levels of
peroxidation were observed for S. terebinthifolius (July) and M. urundeuva oils (MDA-TBA, = 2.14 to
3.34 nmol mg ™' protein) whereas the lowest effect was seen for the monoterpene d-3-carene.

Table 4. MDA-TBA, amounts in bacteria grown in broth supplemented with the MIC
concentration for each essential oil extracted from leaves of the species A. fraxinifolium.
M. urundeuva, S. terebinthifolius and the monoterpene J-3-carene.

MDA-TBA, Concentration (nmol mg' Prot)

Essential Oils/Constituents Gram-negative Gram-positive

E. coli B. cereus S. aureus
S. terebinthifolius (March) 216 Ab 1.85BDb 1.67BDb
S. terebinthifolius (July) 334Aa 2.14Bb 222Bb
A. fraxinifolium 246 Ab 1.51Bb 1.84Bb
M. urundeuva 274 Ab 297Aa 321 Aa
0-3-Carene 1.33 B¢ 1.92ADb 1.71 A Db
Control 0.69 Ad 095Ac 073 Ac

* Means followed by same capital letter; lines or minor letter columns are not different by
Scott-Knott’s test at p 5%.
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In biological membranes, lipid peroxidation is normally associated with oxidative stress and free
radical attack and, therefore, generates a complex variety of products, many of which are reactive
electrophiles. For instance, malondialdehyde (MDA), a bifunctional tautomer of (E)-3-hydroxy-
acrylaldehyde, remains the most widely studied among such products [35]. It is formed by successive
[-scission cascades of peroxidized polyunsaturated fatty acids and is commonly measured by reaction
with thiobarbituric acid (TBA) to produce a colored chromogen. This highly reactive bis-aldehyde is
toxic and interacts with DNA and proteins and it has potentially mutagenic properties [36].

Peroxidation damage of membrane lipids caused by synthetic antimicrobial agents has been
described in the literature [37,38]. However, to the best of our knowledge, the effect of volatile oils on
lipid peroxidation within bacterial membranes has not been previously reported. Considering the large
number of different groups of chemical compounds present in essential oils, it is most likely that their
antibacterial activity is not attributable to one specific mechanism and that there are several critical
targets in the cell [1,11,39]. Among such targets, the cell membrane is particularly affected because the
essential oil components can enter between the fatty acyl chains leading to membrane disruption [40].
This effect was observed to Bacillus subtilis treated with Fortunella crassifolia essential oil, the cell
walls and membranes were partially disintegrated, causing the outflow of cytoplasm [41].
Consequently, our results indicate that the peroxidation of lipid is an important event contributing to
the mechanism of antibacterial action of essential oils and deserves more widespread attention.

3. Experimental
3.1. Plant Material

Aerial parts of A. humile Engl., A. occidentale L., A. fraxinifolium Schott ex Spreng., M. urundeuva
Allemdo, and Schinus terebinthifolius Raddi were collected in Minas Gerais state, Brazil. The
materials were identified, herborized and voucher specimens were deposited in the VIC Herbarium of
the Plant Biology Department, Federal University of Vicosa (Registration Numbers: 31,600, 36,629,
15,709, 20,815 and 30,839). Samples were collected in March 2008. The species S. terebinthifolius
were collected in the summer (March) and in the winter (July).

3.2. Essential Oil Extraction

Leaves were collected in triplicate and in a completely randomized way amongst specimens of the
populations investigated. Each sample (100 g) was freshly chopped and subjected to three h
hydrodistillation in a Clevenger-type apparatus. The resulting oils were separated from the aqueous
phase, weighed and the reported yields were calculated with respect to dry matter mass. Oils were
stored under a nitrogen atmosphere and maintained at —4 °C, until they were analyzed by gas
chromatography and mass spectrometry and before use within the bioassays reported herein.

3.3. Chemical Analysis of the Essential Oil Extraction—GC-FID and GC-MS

GC analyses were carried out with a GC-17A Series instrument (Shimadzu, Japan) equipped with a
flame ionization detector (FID). Chromatographic conditions were as follows: fused silica capillary
column (30 m x 0.22 mm i.d.) with a DB-5 bonded phase (0.25 um film thickness); carrier gas, N, at a
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flow rate of 1.8 mL min '; injector temperature 220 °C, detector temperature 240 °C; column
temperature was programmed to start at 55 °C (isothermal for 2 min), with an increase of 3 °C min "'
up to 240 °C, isothermal at 240 °C for 15 min; injection of 1.0 pL (1% w/v in dichloromethane); split
ratio 1:10; column pressure of 115 kPa. The analyses were carried out in triplicate and the abundance
of each compound was expressed as a relative percentage of the total area of the chromatograms.

The GC-MS unit (model GCMS-QPS5050A, from Shimadzu) was equipped with a DB-5 fused silica
column (30 m x 0.22 mm i.d., film thickness 0.25 pum) and interfaced with an ion trap detector.
Transfer line temperature, 240 °C; ion trap temperature, 220 °C; carrier gas, He at a flow rate of
1.8 mL min"'; injector temperature 220 °C, detector temperature 240 °C; column temperature was
programmed to start at 55 °C (isothermal for 2 min), with an increase of 3 °C min ' up to 240 °C,
isothermal at 240 °C for 15 min; injection of 1.0 pL (1% w/v in dichloromethane); split ratio 1:10;
column pressure of 100 kPa; ionization energy, 70 eV; scan range, 29-450 u; scan time, 1 s. The
identity of each component was assigned by comparison of their retention indexes (RI), relative to a
linear alkane standards series (Cs—C,7) and also by comparison of its mass spectrum with either
reference data from the equipment database (Wiley 7) and from literature sources [42].

3.4. Antibacterial Assays

Bacterial strains were obtained from the collections of the Department of Microbiology, Federal
University of Vigosa, Vigosa, Minas Gerais state Brazil. Microorganisms used were Gram-positive
Staphylococcus aureus (ATCC 25923) and Bacillus cereus, Ribotype 1 222—173-S4 isolated from
post-pasteurization equipment surfaces [43]; and Gram-negative E. coli (ATCC 11229).

The agar disc diffusion method was employed to determine the antimicrobial activity of the essential
oils, as previously described [44]. Briefly, a suspension of the tested microorganism (2 x 10® CFU mL™),
previously activated twice at intervals of 24 h, was spread on Petri plates with Mueller Hinton agar.
Filter paper discs (6 mm diameter) were individually impregnated with 5 puL of the essential oils and
placed on the inoculated plates. The plates were incubated for 48 h at 37 °C in the cases of S. aureus
and E. coli and at 32 °C for B. cereus. The diameters of the inhibition zones were measured using a
paquimeter and expressed in millimeters. The antibiotic Chloramphenicol (30 pg) and sterile water
were included in this experiment as positive and negative controls. Each test was performed in
triplicate and repeated three times. The results were analyzed by ANOVA and Scott-Knott’s
multiple-range tests at p < 0.05 by using the software GENES (Genetics and Statistical Analysis [45].

A broth microdilution method was used to determine the minimum inhibitory concentration (MIC)
for the oil under test [46]. Overnight broth cultures of each strain were prepared in Brain Heart
Infusion Broth (Himedia) and the final concentration in each well was adjusted to 2 x 10° CFU/mL
following inoculation. The concentration of each inoculum was confirmed by viable count on Plate
Count Agar (Himedia). The broth was supplemented with Tween 80 (Merck, Germany) at a
concentration of 0.1% (v/v) in order to enhance essential oils solubility. Preliminary control
experiments showed that Tween 80 alone did not affect the growth the microorganisms tested. A serial
doubling dilution of each essential oil was prepared in a 96-well microtiter plate over the range 0.039
to 5.0 g L™". Positive growth control was prepared in the broth supplemented with 0.1% (v/v) Tween
80. The plates were incubated aerobically for 24 h at 37 °C for S. aureus, E. coli and lastly at 32 °C for
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B. cereus. The bacterial growth was monitored by turbidity by assaying in a UV spectrophotometer
(625 nm) and the MIC was defined as the lowest concentration that reduced the bacterial growth.

3.5. Determinations of Lipid Peroxidation Levels

Tubes with 10 mL of Brain Heart Infusion Broth (Himedia), supplemented with 0.1% (v/v) Tween
80 (Merck, Germany), were inoculated with 2 x 10° CFU/mL of bacterial strains. These conditions
were used for the control group. Within treatments, the broth was also supplemented with the MIC for
each essential oil. After 24 h, the bacterial cells were collected by centrifugation at 10,000 g for
10 min. They were washed with 2 mL of 50 mM potassium phosphate buffer at pH 7.5 before being
re-suspended in 2.0 mL of this buffer, and the lipid peroxidation was detected by assaying for
malondialdehyde (MDA), which reacts with thiobarbituric acid (TBA) [37]. The MDA levels were
expressed relative to the concentration of bacterial proteins. Proteins content was determined by the
Bradford assay (1976) [47].

4. Conclusions

In conclusion, the essential oils from A. fraxinifolium, M. urundeuva and Schinus terebinthifolius
leaves, collected in Minas Gerais, Brazil, have promising activity as an organic alternative to
commonly used disinfectants and preservatives against both Gram-positive and Gram-negative
food-borne bacteria. The volatile oil from M. urundeuva is also a potential novel source of the
monoterpene J-3-carene. Finally, pro-oxidant damages to the cell membrane appear to be associated
with some of the essential oils described herein and may therefore play an important role and so far
unrecognized role in the mechanism of antibacterial action of these natural compounds.

Acknowledgments

We thank Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq) and Fundacao
de Amparo a Pesquisa do Estado de Minas Gerais (FAPEMIG) for financial support and research
fellowships (LCAB and AJD). The faculty of Natural Sciences at LIMU/IHR are thanked for
providing a research allocation to FMDI.

References

1. Burt, S. Essential oils: Their antibacterial properties and potential applications in foods—
A review. Int. J. Food Microbiol. 2004, 94, 223-253.

2.  Al-Reza, S.M.; Rahman, A.; Lee, J.; Kang, S.C. Potential roles of essential oil and organic
extracts of Zizyphus jujuba in inhibiting food-borne pathogens. Food Chem. 2010, 119, 981-986.

3. Roitman, J.N.; Merrill, G.B.; Beck, J.J. Survey of ex situ fruit and leaf volatiles from several
Pistacia cultivars grown in California. J. Sci. Food Agric. 2011, 91, 934-942.

4. Dragull, K.; Beck, J.J.; Merrill, G.B. Essential oil yield and composition of Pistacia vera
‘Kerman’ fruits, peduncles and leaves grown in California. J. Sci. Food Agric. 2010, 90, 664—668.



Molecules 2012, 17 9738

10.

11.

12.

13.

14.

15.

16.

17.

18.

Pandit, S.S.; Kulkarni, R.S.; Chidley, H.G.; Giri, A.P.; Pujari, K.H.; Kéllner, T.G.; Degenhardt, J.;
Gershenzon, J.; Gupta, V.S. Changes in volatile composition during fruit development and
ripening of ‘Alphonso’ mango. J. Sci. Food Agric. 2009, 89, 2071-2081.

Tassou, C.C.; Nychas, G.J.E. Antimicrobial activity of the essential oil of mastic gum (Pistacia
Zentiscus var. chia) on Gram-positive and Gram-negative bacteria in broth and in model food
system. Int. Biodeter. Biodegr.1995, 36, 411-420.

El-Massry, K.F.; El-Ghorab, A.H.; Shaaban, H.A.; Shibamoto, T. Chemical compositions and
antioxidant/antimicrobial activities of various samples prepared from Schinus terebinthifolius
leaves cultivated in Egypt. J. Agric. Food Chem. 2009, 57, 5265-5270.

Erazo, S.; Delporte, C.; Negrete, R.; Garcia, R.; Zaldivar, M.; Iturra, G.; Caballero, E.;
Lépez, J.L.; Backhouse, N. Constituents and biological activities of Schinus polygamus.
J. Ethnopharmacol. 2006, 107, 395-400.

Hayouni, E.A.; Chraief, I.; Abedrabba, M.; Bouix, M.; Leveau, J.I.; Mohammed, H.; Hamdi, M.
Tunisian Salvia officinalis L. and Schinus molle L. essential oils: Their chemical compositions
and their preservative effects against Sa/monella inoculated in minced beef meat. Int. J. Food
Microbiol. 2008, 125, 242-251.

Guinoiseau, E.; Luciani, A.; Rossi, P.G.; Quilichini, Y.; Ternengo, S.; Bradesi, P.; Berti, L.
Cellular effects induced by Inula graveolens and Santolina corsica essential oils on
Staphylococcus aureus. Eur. J. Clin. Microbiol. Infect Dis. 2010, 29, 873-879.

Bakkali, F.; Averbeck, S.; Averbeck, D.; Idaomar, M. Biological effects of essential oils—
A review. Food Chem. Toxicol. 2008, 46, 446-475.

Helander, I.M.; Mattila-Sandholm, T. Fluorometric assessment of Gram-negative bacterial
permeabilization. J. Appl. Microbiol. 2000, 88, 213-219.

Ultee, A.; Bennik, M.H.J.; Moezelaar, R. The phenolic hydroxyl group of carvacrol is essential
for action against the food-borne pathogen Bacillus cereus. Appl. Environ. Microbiol. 2002, 68,
1561-1568.

Cox, S.D.; Mann, C.M.; Karkham, J.L.; Bell, H.C.; Gustafson, J.E.; Warmington, J.R.;
Wyllie, S.G. The mode of antimicrobial action of the essential oil of Melaleuca alternifolia
(tea tree oil). J. Appl. Microbiol. 2000, 88, 170-175.

Lambert, R.J.W.; Skandamis, P.N.; Coote, P.; Nychas, G.J.E. A study of the minimum inhibitory
concentration and mode of action of oregano essential oil, thymol and carvacrol. J. Appl.
Microbiol. 2001, 91, 453-462.

Silva, C.J.; Barbosa, L.C.A.; Demuner, A.J.; Montanari, R.M.; Pinheiro, A.L.; Dias, L;
Andrade, N.J. Chemical composition and antibacterial activities from the essential oils of
Mpyrtaceae species planted in Brazil. Quim. Nova 2010, 33, 104-108.

Silva, C.J.; Barbosa, L.C.A.; Maltha, C.R.A.; Pinheiro, A.L.; Ismail, F.M.D. Comparative study
of the essential oils of seven Melaleuca (Myrtaceae) species grown in Brazil. Flavour Fragr. J.
2007, 22, 474-478.

Martins, F.T.; Santos, M.H.; Polo, M.; Barbosa, L.C.A. Chemical variation in the essential oil of
Hyptis suaveolens (L.) Poit, under cultivation conditions. Quim. Nova 2006, 29, 1203—1209.



Molecules 2012, 17 9739

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Silva, F.; Santos, R.H.S.; Andrade, N.J.; Barbosa, L.C.A.; Casali, V.W.D.; Lima, R.R;
Passarinho, R.V.M. Basil conservation affected by cropping season, harvest time and storage
period. Pesq. Agropec. Bras. 2005, 40, 323-328.

Winck, C.R.; Cardoso, C.A.L.; Jeller, A.H.; Re-Poppi, N.; Coelho, R.M.; Schleder, E.J.D.
Identification of the Volatile Compounds of Leaf Oil of Anacardium humile (Anacardiaceae).
J. Essent. Oil Res. 2010, 22, 11-12.

Castro, H.G.; Oliveira, L.O.; Barbosa, L.C.A.; Ferreira, F.A.; Silva, D.J.H.; Mosquim, P.R.;
Nascimento, E.A. Conttent and composition of the essential oil of mentrasto (Ageratum
conyzoides). Quim. Nova 2004, 27, 55-57.

Martins, E.R.; Casali, V.W.D.; Barbosa, L.C.A.; Carazza, F. Essential oil in the taxonomy of
Ocimum selloi Benth. J. Braz. Chem. Soc. 1997, 8, 29-32.

Maia, J.G.S.; Andrade, E.H.A.; Zoghbi, M.G.B. Volatile Constituents of the Leaves, Fruits and
Flowers of Cashew (4Anacardium occidentale L.). J. Food Compos. Anal. 2000, 13, 227-232.
Dzamic, A.; Gbolde, A.; Ristic, M.; Marin, P.D. Essential oil composition of Anacardium
occidentale from Nigeria. Chem. Nat. Compd. 2009, 45, 441-442.

Maia, J.G.S.; Silva, M.H.L.; Andrade, E.H.A.; Zoghbi, M.D.B.; Carreira, L.M.M. Essential oils
from Astronium urundeuva (Allemao) Engl. and A4. fraxinifolium Schott ex Spreng. Flavour
Fragr. J. 2002, 17, 72-74.

Barbosa, L.C.A.; Demuner, A.J.; Clemente, A.D.; Paula, V.F.; Ismail, F.M.D. Composition of
volatile oils from Schinus terebinthifolius Raddi. Quim. Nova 2007, 30, 1959—-1965.

Martins, F.T.; Santos, M.H.; Polo, M.; Barbosa, L.C.A. Effects of the interactions among
macronutrients, plant age and photoperiod in the composition of Hyptis suaveolens (L.) Poit
essential oil from Alfenas (MQG), Brazil. Flavour Fragr. J. 2007, 22, 123-129.

Fonsceca, M.C.M.; Barbosa, L.C.A.; Nascimento, E.A.; Casali, V.W.D. Essential oil from leaves
and flowers of Porophyllum ruderale (Jacq.) Cassini (Asteraceae). J. Essent. Oil Res. 2006, 18,
345-347.

Kamada, T.; Casali, V.W.D.; Barbosa, L.C.A.; Fortes, I.C.P.; Finger, F.L. Phenotypic plasticity of
the essential oil in Basil accesses (Ocimum basilicum L.). Braz. J. Med. Plants 1999, 1, 13-22.
Shimizu, M.T.; Bueno, L.J.F.; Rodrigues, R.F.O.; Sallowicz, F.A.; Sawaya, A.C.H.F;
Marques, M.O.M. Essential oil of Lithraea molleoides (vell.): Chemical composition and
Antimicrobial activity. Braz. J. Microbiol. 2006, 37, 556—560.

Lastbom, A.; Boman, A.; Johnsson, S.; Camner, P.; Ryrfeldt, A. Increased airway responsiveness
of a common fragrance component, 3-carene, after skin sensitization—A study in isolated guinea
pig lungs. Toxicol. Lett. 2003, 145, 189—-196.

Lastbom, L.; Boman, A.; Camner, P.; Ryrfeldt, A. Increased airway responsiveness after skin
sensitization to 3-carene, studied in isolated guinea pig lungs. Toxicology 2000, 147, 209-214.
Lastbom, L.; Boman, A.; Camner, P.; Ryrfeldt, A. Does airway responsiveness increase after skin
sensitisation to 3-carene: A study in isolated guinea pig lungs. Toxicology 1998, 125, 59—66.
Johansson, A.; Lundborg, M. Effects of low concentrations of 3-carene on alveolar macrophages
in vitro. Toxicology 1997, 120, 99—-104.

Del’ Rio, D.; Stewart, A.J.; Pellegriniet, N. A review of recent studies on malondialdehyde as toxic
molecule and biological marker of oxidative stress. Nutr. Metab. Cardiovas. 2005, 15, 316-328.



Molecules 2012, 17 9740

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.
46.

47.

Marnett, L.J. Lipid peroxidation—DNA damage by malondialdehyde. Mutat. Res.-Fund. Mol.
Mech. 1999, 424, 83-95.

Yoon, S.J.; Park, J.E.; Yang, J.H.; Park, JW. OxyR Regulon Controls Lipid Peroxidation-
mediated Oxidative Stress in Escherichia coli. J. Biochem. Mol. Biol. 2002, 35, 297-301.

Lyon, D.Y.; Alvarez, P.J.J. Fullerene Water Suspension (nCs) Exerts Antibacterial Effects via
ROS-Independent Protein Oxidation. Environ. Sci. Technol. 2008, 42, 8127-8132.

Carson, C.F.; Mee, B.J.; Riley, T.V. Mechanism of action of Melaleuca alternifolia (tea tree) oil
on Staphylococcus aureus determined by time-kill, lysis, leakage and salt tolerance assays and
electron microscopy. Antimicrob. Agents Chemother. 2002, 46, 1914—-1920.

Sikkema, J.; de Bont, J.A.M.; Poolman, B. Mechanisms of membrane toxicity of hydrocarbons.
Microbiol. Rev. 1995, 59, 201-222.

Wang, Y.W.; Zeng, W.C.; Xu, P.Y.; Lan, Y.J.; Zhu, R.X.; Zhong, K.; Huang, Y.N.; Gao, H.
Chemical composition and antibacterial activity of the essential oil of Kumquat (Fortunella
crassifolia Swingle) peel. Int. J. Mol. Sci. 2012, 13, 3382-3393.

Adams, R.P. Identification of Essential Oils by Gas Chromatography/Mass Spectroscopy, 4th ed.;
Allured Publishing Corporation: Carol Stream, IL, USA, 2007.

Salustiano, V.C.; Andrade, N.J.; Soares, N.F.F.; Lima, J.C.; Bernardes, P.C.; Luiz, LM.P.;
Fernandes, P.E. Contamination of milk with Bacillus cereus by post-pasteurization surface
exposure as evaluated by automated ribotyping. Food Control 2009, 20, 439—442.

National Committee for Clinical Laboratory Standards (NCCLS). Performance Standards for
Antimicrobial Disk Susceptibility Tests, Approved Standard, 8th ed.; NCCLS document M2-A8
[ISBN 1-56238-485-6]; NCCLS: Wayne, PA, USA, 2003.

GENES Software. Version 2007.0.0—Federal University of Vigosa, Vigcosa, MG, Brazil

National Committee for Clinical Laboratory Standards (NCCLS). Methods for Dilution
Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically, Approved Standard,
6th ed.; NCCLS document M7-A6 [ISBN 1-56238-486-4]; NCCLS: Wayne, PA, USA, 2003.
Bradford, M.M. A rapid and sensitive method for the quantification of microgram quantities of
protein utilizing the principle of protein dye binding. Anal. Biochem. 1976, 72, 248-254.

Sample Availability: Samples of the oils are available from the authors.

© 2012 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 license

(http://creativecommons.org/licenses/by/3.0/).



