W) Check for updates

Chemical Compositions and Biological Activities of Essential Oils: Volume Il — Original Research Article

Natural Product Communications
Volume 20(4): 1-17

Quantitative and Qualitative Variations © The Author(9) 2025

Article reuse guidelines:

in Eucalyptus Essential Oils Depending sagepub.com/journls-permissions

DOTI: 10.1177/1934578X251338759

on Species and the Cultivation Location poumalssagepueam/home/ s
S Sage

Sonia Ben Rabeh™” (), Emna Zouaoui®, Imen Chemlali** (©, Kaouther Ben Yahia®,
Badiaa Essghaier4, Marie-Laure Fauconnierﬁ, Kamel Ben-Mahrez* , Mehrez Romdhane?
and Saadaoui Ezzedine®

Abstract

Objectives: This study examined the impact of various abiotic factors, specifically temperature and precipitation, on the yield and
composition (volatile profile) of essential oils (EO) from four Encalyptus species, including Encalyptus salmonophloia, Encalyptus torquata,
Eucalyptus lesonefii and Encalyptus astringens. Additionally, the antimicrobial properties of these EO were assessed. Methods: The spe-
cies were collected from five arboreta in Tunisia belonging to two climatic conditions (arid and semi-arid). EOs were extracted from
the leaves using the hydrodistillation technique and analyzed by gas chromatography coupled with mass spectrometry (GC-MS). The
antimicrobial activity was evaluated by measuring the diameters of inhibition zones using the agar well diffusion method and by
determining the minimum inhibitory concentrations (MICs). Results: The yield of Ewucalyptus EOs varied from 0.12% to 4.63%
(w/w, dry weight) depending on the species and the plant’s growing location. 1,8-cineole (29.71% to 67.16%) was by far the major
compounds in EOs of E. salmonophloia, E. lesouefii and E. astringens, however E. forguata was torquatone chemotype (33.41% to
44.78%). In general, the aridity increased the extraction yield of EO. Higher temperature and lower rainfall conditions enhanced
the production of key compounds such as, 1,8-cineole and a-pinene, however, it decreases others compounds like spathulenol
and viridiflorol. A notable antimicrobial activity was observed against all microbial strains tested, demonstrating both microbicidal
and microbiostatic effects, particularly against Escherichia coli, Serratia marcescens, and Candida tropicalis. The EOs derived from the stud-
ied Encalyptns species represent a valuable soutce of bioactive compounds, including 1,8-cineole, a-pinene, spathulenol, and f-eudes-
mol. These compounds contribute to the oils’ significant antimicrobial efficacy, offering the additional advantage of being a natural
product. Conclusion: Our findings reinforce the notion that environmental factors may serve as a limiting factor in the production
and availability of Encalyptus EO for medicinal and industrial applications.
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used for producing hardwood fiber, as well as for constructing
windbreaks, shelterbelts, and providing fuel. Eucalyptus plants
have attracted significant global attention across a wide range
of industries, including perfumery, pharmaceuticals, nutraceuti-
cals, and furniture production. Consequently, they have become
a rapidly growing source of both wood and essential oils, which
are utilized for numerous applications. In fact, Eucalyptus volatile
oils are present in various parts of the plant, with over 300 spe-
cies known to contain these oils, primarily in their leaves.*

Owing to their wide-ranging biological activities, Ewucalyptus
EOs are extensively used across numerous industrial sectors.
These oils find applications in fields such as medicine, food fla-
voring, spices, insecticides, and herbicides. In terms of their phy-
topharmacological potential, there has been a growing body of
research dedicated to exploring their biological properties.
Studies have revealed a diverse array of therapeutic effects,
including antihyperglycemic, antioxidant, antibacterial, ulcer-
healing, cytotoxic, anti-inflammatory, and analgesic properties.S’6
Additionally, the biodegradable nature of the oil makes it a safe
and effective option for the bioremediation of environmental
po]lutants.7

Previous phytochemical studies have identified the presence
of various compounds, including oxygenated monoterpenes
(such as 1,8-cineole, citronellol, piperitone, isopulegol, citronel-
lal, a-terpineol, linalool, terpinyl acetate, citronellyl acetate,
etc), monoterpene hydrocarbons (including a- and B-pinene,
p-cymene, limonene, camphene, y-terpinene, etc), oxygenated
sesquiterpenes (such as spathulenol, caryophyllene oxide, etc),
and sesquiterpene hydrocatbons (including B-caryophyllene, aro-
madendrene, a-copaene, bicyclogermacrene, etc).8 The chemical
composition of Eucalyptus oil is shaped by various factors, such
as species, variety, geographical origin, and environmental condi-
tions,9 which in turn affect its quality, effectiveness, and intended
uses. For example, the levels of important components like
1,8-cineole, a-pinene, and limonene can fluctuate considerably,
influencing both the oil’s therapeutic propetties and its market
value.'

Understanding the geographical and varietal origin of
Eucalptus EO is important for several reasons. Firstly, it helps
ensure quality control and standardization, which are critical for
maintaining the therapeutic effectiveness of pharmaceutical pro-
ducts.'" Secondly, it supports the authentication of the EO, safe-
guarding consumers from adulteration and guaranteeing that they
receive authentic products with consistent qua]jty.12 Lastly, knowl-
edge of the origin is essential for optimizing cultivation practices,
enabling the production of high-quality oil with the desired char-
acteristics, benefiting both producers and consumers. >

The growing prevalence of bacterial resistance to traditional
antibiotics is a global concern. The antimicrobial resistance crisis
has been linked to the improper use of these medications, and
resistant strains have become widespread. It is estimated that
the medical cost for each patient with an antibiotic-resistant
infection can reach up to $29,069, and these infections are often
life-threatening," Similatly, fungi have developed resistance to
polyenes, azoles, and echinocandins, with drug-resistant strains

being reported in all fungal species.14 Eucalyptus, which includes
numerous species that produce essential oils, is known for its sig-
nificant antimicrobial potential, as demonstrated in various spe-
cies such as, E. salmonophloia, E. torquata, E. lesonefii, E. astringens,
E. sideroxylon, E. lencoxylon and others.” In fact, the medicinal
value of Ewucalyptus EO is largely attributed to its primary compo-
nent, 1,8-cineole (also known as el,lcalyptol).lo’16

Since 1957, 117 species of this genus have been introduced to
Tunisia and acclimated in 30 arboreta distributed from the north
to the south of the country.'” The area of eucalypt plantations in
Tunisia is estimated at 55,000 ha, representing 5% of total forest
cover.'® They have primarily been used as fire wood, for the pro-
duction of mine wood, and in the fight against erosion.!”
Eucalyptus trees are also melliferous and of great economic inter-
est.”’ In addition, they are extensively employed in traditional
medicine; certain species are utilized in Tunisian folk medicine
as antiseptics for respiratory tracts throughout history. The
medicinal properties of Ewucalyptus have been utilized to address
various health conditions, including arthritis, asthma, burns,
fever, influenza, sore throat, malaria, wounds, and pharyngitis.21

Taking these considerations into account, in this present
study, the yield and chemical composition of the EO of various
Eucalyptus species and influential environmental factors were
analyzed to explore the diversity of the EOs and determine
the law of geographic variations. Additionally, the antimicrobial
activity of these oils was examined.

Materials and Methods
Plant Material

Clean and mature leaves of four Ewcalpius 1" Hér. species,
namely E. torguata 1Laehm, E. salmonophloia F. Muell, E. astringens
Maiden, and E. /lesouefii Maiden, were collected in November
2021 from five arboreta in Tunisia. The selections were based
on differences in altitude and climate between the five areas.
The sites can be grouped into two bioclimatic zones: semi-arid
(Elhanya (SA1) and Henchir Naam (SA2)) and arid (Metouia
(A1), Hamma (A2), and Zrig (A3)). Each studied species was
obtained from the five arboreta, except for E. /fesouefii, which
was not collected from the Zrig arboretum, and E. astringens,
which was not collected from the Metouia and Hanya arboreta.
Geographical coordinates and climatic conditions of the stations
are provided in Table 1. At each site, approximately 2 kg of
leaves were collected from five trees, separated from the lignified
parts, and air-dried in the shade for 15 days. The trees studied
same period (1959-1960).
Specimens were identified at the Regional Station of the

were all planted during the

National Research Institute of Rural Engineering, Water, and
Forests (Gabes, Tunisia). Samples of these four species have
been preserved in the station hetbatium (Codes 41/2021, 42/
2021, 43/2021, 44/2021, 45/2021, 46/2021, 47/2021, 48/
2021, 49/2021, 50/2021, 51/2021, 52/2021, 53/2021, 54/
2021, 55/2021, 56/2021 and 57/2021)
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Table 1. The Geographic Characteristics and Climatic Conditions of the Studied Sites.

Altitude Mean annual Mean annual Bioclimatic
Site Longitude Latitude (m) rainfall (mm) temperature (°C) condition
Metouia (A1) N 33°57°52.29" E 9°59°11.38" 30 152 20.35 Arid
Hamma (A2) N 33°54’30.24" E 9°39°50.46” 37 156 20.68 Arid
Zrig (A3) N 33°43°54.23" E 10°09°38.59" 37 150 19.48 Arid
Elhanya (SA1) N 35°52’02.95” E 10°21°38.13" 50 315 19.32 Semi-arid
Henchir Naam (SA2) N 36°13°14.64" E 9°10°35.79" 450 441 19.91 Semi-arid

Bacterial and Fungal Strains

The in vitro antibacterial activity of the EOs was tested against
Gram-negative bacteria species Escherichia coli ATCC 25756
(Ec), Pseudomonas aerogenosa ATCC 27853 (Pa) and Serratia marces-
cens (Sm) as well as Gram-positive bacteria Staphylococcus aurens
(Sa) and Micrococcus Iutens (MI). Antifungal activity was deter-
mined using two fungal species: Candida albicans (Ca) and
Candida (Ct). Mueller-Hinton media (BioRad,
Mitry-Mory, France) and potato dextrose agar were used for

tropicalis

the antibacterial and antifungal assays, respectively.

Extraction of EOs

The dried leaf samples were hydro-distilled for three hours using
a Clevenger-type apparatus. The EO samples were dried over
anhydrous sodium sulfate Na,SO, and stored in sealed amber
vials at —4 °C until analyzed. The yield of EO was expressed
as a percentage (w/w) of the dry material. The EO yield was
quantified calculated using this following formula:

EO yield (in %) = (m1/ m2) X 100

With m; and m,, the mass of extracted EO (g) and mass
of dry leaves (g), respectively.

GC/MS Chemical Analysis of EOs

The EOs hydro-distilled from Ewucalyptus species were analyzed
by GC/MS. An Agilent GC system 7890B (Agilent, Santa
Clara, CA, USA) equipped with a split/splitless injector and an
Agilent MSD 5977B detector was used. One plL of EO dilution
(0.01% in hexane; w/#) was injected in splitless mode at 300 °C
on a 5%-phenyl-methylpolysiloxane based HP-5MS capillary
column (30 m X 0.25 mm, df=0.25 pm). The temperature was
maintained one min at 50 °C, and then increased at a rate of 5
°C/min until 300 °C. The final temperature was maintained
for 5 min. The sources and quadrupole temperatures were set
at 230 °C and 150 °C, respectively. The scan range was 40—
400 m/z, and the carrier gas was helium at a flow rate of 1.2
mL/min. Compounds wete identified by comparison of theit
Kovats index values relative to (Cjp—Css) n-alkanes obtained
on HP-5MS column (Agilent, Santa Clara, CA, USA), with those
provided in the literature™ and by comparison of their mass
spectra with those recorded in NIST (National Institute of
Standards and Technology).

Agar Well Diffusion Method

To evaluate the antimicrobial potential of EOs, the agar diffusion
technique was employed.” Before use, each bacterial suspension
was adjusted to 1.2x10° CFU/ml., and the fungal suspension
was adjusted to 10° spores/mL. Four dilutions of each EO
(107", 1072, 107 and 107 were prepared using dimethyl sulf-
oxide (DMSO). The surface of an agar plate was spread with 1 to
2 mL of the tested inoculum. Wells with a diameter of 4 mm
were then punched into the inoculated agar medium, and 10
pL of each EO dilution was added to each well. The plates
were incubated at 37 °C for 24 h. Antimicrobial activity was eval-
uated by measuring the diameters (mm) of the clear zones of
growth inhibition. Piperacillin was used as the positive control
and, DMSO was used as the negative control. Sensitivity to
the different EOs was categorized as follows: not sensitive
(diameter <8 mm); sensitive (diameter 9—14 mm); very sensitive
(>15 mm).**

Determination of the Minimum Inbibitory Concentration
(MIC)

This method
Inhibitory Concentration (MIC) from a range of antimicrobial

allows the determination of the Minimum

substance concentrations in a solid medium.” MIC testing is
conducted using the standard dilution method on Mueller—
Hinton agar for bacteria and PDA medium Candida. Serial dilu-
tions of each EO (10_1, 107,107, and 10_4) were prepared
using dimethyl sulfoxide (DMSO). The lowest concentrations
EO that inhibit microbial cultures in vitro are tested as follows:
10 pl of each dilution exhibiting activity is added to 100 ul of the
appropriate liquid medium in a well plate. Optical density (OD)
readings are taken at TO (initial time =high OD). The plate is
then incubated for 24 h at 37 °C, and OD readings are taken
after 24 h of incubation (T24 =lower OD). The MIC of the
extract is defined based on the Petri dish, either free from micro-
bial growth (bactericidal effect) or exhibiting growth (bacterio-
static effect).”

Statistical Analysis

The vyields data were analyzed using analysis of variance
(ANOVA), and the significance of the differences between means
was determined at p <0.05 using Duncan’s multiple range test.
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Table 2. EO Content (%) in Dried Leaves of Eucalyptus Species.

Percentage Yield of EOs (% w/w)

Sites E. salmonophloia E. torquata E. lesouefii E. astringens
Metouia (A1) 463" +0.27 0.12*+0.03 2.48%+0.00 NT
Hamma (A2) 3.748 +0.01 0.82° +0.11 2304 +0.11 3.61%+£0.03
Zrig (A3) 3.36"+0.29 0.39*+0.12 NT 1.27°+0.12
Elhanya (SA1) 2.67°+0.12 0.27*+0.04 1.36°+0.13 NT
HenchirNaam (SA2) 2219+0.14 0.69" +0.01 1.17°£0.00 0.66" +0.06

The different letters indicate a significant difference based on Duncan’s multiple range tests at the 1% level

NT: not tested

To investigate the relationships between oil yield, chemical com-
position, and environmental factors (precipitation and tempera-
ture), we conducted a principal component analysis (PCA) on
12 compounds that accounted for an average concentration
greater than 2% of the total oil content. The PCA was performed
using functions from the “factoextra” and “FactoMineR”
packages.27 Additionally, Spearman correlation analysis was
applied, and a correlogram was generated with the “corrplot”
package (version 0.84).”® in R software (version 4.3.1).

Results

Yields of EOs

The percentage yield of EOs extracted from the samples ranged
from 0.12% to 4.63% (w/w), as detailed in Table 2. ANOVA
revealed significant variation in oil yields based on species and
cultivation site for the same species (p <0.05). The highest
and lowest EO yields were observed in the dried leaves of E. sak
monophloia (4.63%) and E. forquata (0.12%), both cultivated in
Al. For E. salmonophloia, EO yields ranged from 2.21 +0.4%
in SA2 to 4.63+0.27% in Al. In the case of E. torguata, EO
yields varied from 0.12+0.03% in Al to 0.69+0.01% in
SA2. E. lesounefii produced EOs ranging from 1.17 +0.00% in
SA2 to 248 £0.00% in Al, while E. astringens yielded EOs
between 0.66 + 0.06% in SA2 and 3.61 £0.03% in A2.

Chemical Composition

The analysis of the EOs by GC/MS identified 99 compounds,
which accounted for 92.41% to 99.63% of the total oil
(Suplementary materials (Figure S1)). The percentages of these
compounds varied within species and across harvest zone.
The EOs of E. salmonophloia and E. astringens were dominated
by oxygenated monoterpenes (56.78% to 81.66%), with
1,8-cineole being the compound with the highest content in all
locations. However, the EO profile of E. forquata showed a dom-
inance of ketones, particularly torquatone (33.41% to 44.78%).
The oxygenated monoterpene constituted about 43% and 50%
of chemical composition of the EOs from E. /esouefii in the A2
and SA2 provenances, respectively. While those from Al and
SA1 were dominated by the oxygenated sesquiterpene (Table 3).

The analysis of E. salmonophloia oil led to the identification
and quantification of 23, 29, 36, 53 and, 27 major compounds,
corresponding to 97.44%, 98.81%, 99.63%, 96.03% and,
99.38% of the EO from leaves of locations Al, A2, A3, SA1
and SA2, respectively. According to the data presented in
Table 3, the predominant compound in all five EOs analyzed
was 1,8-cineole. Location A2 exhibited the highest percentage
of 1,8-cineole (67.16%), while the lowest was found in SA1
(41.79%). Transpinocarveol (10.30%) and p-cymene (18.29%)
were the second most abundant compounds in SA2 and SA1,
respectively, while a-pinene held that position in the arid region
sites (A1, A2, and A3). It is worth noting also that p-cymene was
absent in A2 oil. Cryptone, from the ketone class, was compara-
tively abundant in SA1 (5.09%) and was a minor constituent in
A3 (1.09%). Among different regions, SA2 recorded the best
percentage of pinocarvone (2.47%) and spathulenol (3.32%).
Myrtenal was only detected in A3 at 3.39%, and it was a minor
constituent in SA1 (0.67%). other compounds, such as
B-eudesmol, isopentyl isovalerate, terpinen-4-ol, torquatone,
a-terpeneol, cuminaldheyde, 24-Noroleana-3,12-diene, globulol
and p-Mentha-1(7),8-dien-2-ol were also detected in a few
(1-3%).

In the case of E. forguata, the total numbers of compounds
identified in the EOs from Al, A2, A3, SA1 and SA2 were
21, 24, 24, 27 and 24, respectively, representing 98.47%,
94.88%, 98.14%, 92.78% and 97.58% of the total oil. In all sam-
ples, torquatone (36.57% to 44.78%) was the major molecule.
1,8-cineole (11.05% to 18.56%), B-eudesmol (13.27% to
21.21%), a-pinene (2.69% to 11.62%) and transpinocarveol
(2.64% to 14.90%) were also detected as main components in
all analyzed oils. For instance, the oils from Al and SA1 had
the highest amounts of torquatone with similar percentages
(44.48% and 44.78% respectively). The contents of 1,8-cineole
and P-eudesmol were also similar (up to 12.00% and 13.00%
respectively). E. forquata from A1l was characterized by the high-
est percentage of transpinocarveol (14.90%), while the highest
synthesis of 1,8-cineole (18.56%) and a-pinene (11.62%) was
found in A2. Oxygenated sesquiterpenes, such as globulol,
were present in lower proportions, but still reached their max-
imum levels in SA1 and SA2 (3.47% and 2.82%, respectively).
Furthermore, y-eudesmol was found in appreciable proportions
(6.29%) in A2, followed by SA2 (4.46%), but remained under
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3% in the other locations. 10-epi-gamma-eudesmol and ben-
zene, 13,5-tris(1-methylethyl) were also exceptionally present in
SA2 and SA1, respectively (7.39% and 4.78%). Other minor
molecules, such as B-caryophyllene and a-humulene, were also
found in analyzed oil.

The analysis of EOs hydrodistilled from the leaves of E.
lesonefii allowed the identification and quantification of 31, 29,
31 and 30 major compounds, corresponding to 94.4%,
95.01%, 92.41% and 97.58% of the EOs from the leaves of
Al, A2, SAT1 and SA2, respectively. The oxygenated monoter-
pene 1,8-cineole (21.72% to 43.19%), spathulenol (12.75% to
17.41%), and a-pinene (4.56% to 14.83%) were by far the major
components in all investigated oils. Other significant com-
pounds, including globulol (12.48%), bicyclogermacrene
(10.61%) and viridiflorol (10.00%), were identified exceptionally
in E. lesouefii from Al. p-cymene was detected in A2 (7.5%), SA1
(9.4%), SA2 (4.51%) and absent in Al. Other compounds were
detected as major components in some regions and as minor
constituents in others, such as ledene oxide (6.77%) in A2, iso-
aromadendrene (9.39%) and torquatone (8.50%) in SAZ2.
Among the different regions, Al recorded the highest percen-
tages of B-eudesmol (2.94%), isospathuleol (2.77%), maaliol
(2.17%), terpinen-4-ol (2.16%) and 2-Hydroxycineole acetate
(2.71%).

In the case of E. astringens, 29 compounds were identified in
the three oil samples, accounting for 95.92% to 98.11% of the
total composition. The most abundant constituents were the
1,8-cineole, a-pinene, transpinocarveol and globulol. The first
ranging from 45.30% in A2 to 54.53% in A3, a-pinene with
the highest in A2 (24.10%) and the lowest in SA2 (6.93%), tran-
spinocarveol was abundant which ranging from 8.78% in A2 to
19.3% in SA2 and finally globulol with the highest in SA2
(9.28%) while the lowest in A2 with 6.48%.

Principal Component Analysis (PCA)

To evaluate the impact of two distinct environmental factors
(temperature and precipitation) on the volatile components
and EO content of four Encalyptus species, a biplot PCA was pet-
formed. The first two principal components (PC1 and PC2)
explained 55.80% of the total variation in the dataset
(Figure 1). The results suggest that temperature had a significant
effect on the composition of the EOs, particularly influencing
the p-cymene,
trans-pinocarveol, and pinocarvone. Additionally, EO yield

content of  1,8-cineole,  a-pinene,
was also affected by temperature. Precipitation, on the other
hand, showed an impact on the EO profiles, with spathulenol,
isospathulenol, viridiflorol, and globulol being the most promin-
ent compounds, while y-eudesmol, f-eudesmol, and torquatone
were moderately influenced.

The PCA also revealed the presence of four distinct groups

of Eucalyptus EO:

e Group 1 in which, the EO from E. forguata (from loca-
tions A1, A2, A3, SA1, and SA2) are grouped together.

These oils have similar chemical profiles, characterized
by compounds like torquatone, P-eudesmol, and
Y-eudesmol. These compounds are likely key markers
of this species’ oil.

o  Group 2, this group includes EOs from E. salmonophloia
(from locations A1, A2, A3, SA1, and SA2), E. astringens
(from A2 and A3), and E. /fesouefii (from A2). These oils
are distinguished by higher levels of 1,8-cineole and
a-pinene. The higher EO yield seems to be another dis-
tinguishing factor for this group.

o EOs from E. lesouefii cultivated in A1, SA1, and SA2 form
a separate group 3 characterized by high levels of
spathulenol, isospathulenol, and viridiflorol. These
compounds are distinctive for this group, suggesting
they are key chemical markers of E. /esouefii oils from
these specific locations.

o Group 4, the EO from E. astringens from location SA2 is
separated from the other samples. This oil is distinct due
to its high content of transpinocarveol and pinocar-
vone, which are not as prominent in the other oils.

Correlation of EO Content and Components with Climatic
Characteristics

The correlation between the EO yield of Eucalyptus species
leaves, the relative contents of the twelve main compounds,
and environmental factors was analyzed. The results illustrated
in Figure 2 and Figure S2 (Supplementary materials) show that
the oil yield was positively correlated with annual temperature
(r=0.105) and negatively correlated with annual rainfall (r=
-0.195).

Among the EO components, a-pinene, transpinocarveol,
pinocarvone, and 1,8-cineole showed a positive correlation
with temperature (r=0.500, r=0.301, r=0.302, and r=
0.281, respectively), whereas the same constituents contributed
to a negative correlation with precipitation (r=-0.280, r=
-0.163, r=-0.183, and r =-0.073). In contrast, spathulenol, vir-
idiflorol, and isospathulenol exhibited a positive correlation with
precipitation (r=0.286, r=0.317, and r=0.367, respectively).
Torquatone showed a moderate positive correlation with pre-
cipitation (r = 0.121). However, compounds such as y-eudesmol,
fB-eudesmol, and globulol appeared to be more tesilient to fluc-
tuations in climatic conditions.

Antimicrobial Activity

According to our results presented in Table 4, the EO samples
inhibited the growth of all tested microorganisms, with an inhib-
ition zone diameter (IZD) increasing proportionally with the EO
concentrations. With the exception of E. salmongphloia oils from
A2 and SAT1, all tested oils exhibited the strongest antibacterial
activity against M. /utens at a dilution of 107", with IZDs ranging
from 15 mm to 30 mm. Indeed, the E. /esonefii oil from SA2 was
the most active against this bacterium, with an IZD of 30 mm.
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Figure 1. Principal Component Analysis (PCA) Results Carried Out with 12 Chemical Compounds Contents, EO Yield and Environmental
Factors (Precipitation (P) and Temperature (TM)). Abbreviations of Species E. salmonophlvia from A1, A2, A3, SA1 and SA2 (1, 2, 3, 4 and 5), E.
torguata from A1, A2, A3, SA1 and SA2 (6, 7, 8,9 and 10), E. lesouefii from A1, A2, SA1 and SA2 (11, 12, 13 and 14), E. astringens from A2, A3, SA2

(15, 16 and 17), refer Tables 1 and 3 for More Detail.

Also, E. astringens (SA2) exhibited the highest activity against S.
anrens (23 mm, 17D), while S. marcescens showed greater sensitiv-
ity to E. salmongphloia (SA2) with IZD of 19 mm.

All tested EOs were able to inhibit the growth of P. aeruginosa,
with 1ZDs ranging from 11 to 30 mm at a dilution 107", which
were greater than those observed with the antibiotic piperacillin
(IZD of 10 mm). E. salmonophloia from A2 exhibited the best
activity against P. aeruginosa (30 mm, 1ZD) and E. ¢o/i (29 mm,
1ZD) ata 10~ dilution, remaining active even at a 10~ dilution.
The studied EOs also demonstrated antifungal activity against
two yeast species, C. albicans and C. tropicalis, with 1ZDs ranging
from 9 mm to 30 mm. E. astringens and E. salmonophloia EOs
from SA2 showed the strongest effect against C. a/lbicans and
C. tropicalis, respectively, with IZDs of 30 mm and 20 mm.

The MIC values for the tested microbial strains ranged from
dilutions of 107" to 10™* (Table 5). To confirm the MIC, samples
from the MIC tubes were plated onto agar media to check for
the presence or absence of growth. The sensitivity of
microorganisms may vary depending on the strain, as essential
oil can be bactericidal (or fungicidal) against certain strains,

bacteriostatic (or fungistatic) against others, or have no effect.”’
As shown in Table 5, no growth of E. ¢o/i was observed with E.
salmonophloia (SA2), E. lesonefii (SA2), and E. torguata (SA2) at a
CMI of 107" dilution, and with E. salmongphloia (SA1) and
E. lesonefii (SA1) at a CMI of 107 dilution. Similarly, no growth
of 8. marcescens was observed with E. salmonophloia (SA2 and A2)
and E. astringens (SA2 and A2) at an MIC of 107" dilution, and
with E. /lesonefii (SA1) at a 107> dilution. A fungicidal effect was
only observed with E. lesouefii SA1) against C. tropicalis at MIC of
1072 dilution.

Discussion

The ANOVA indicated that the EO yields were significantly dif-
ferent between species and between arboreta (p <0.05). For E.
salmonophloia, the EO yields ranged from 2.21 + 0.40% to 4.63
+0.27%. This is in close agreement with previous studies, which
reported leaf EO contents of 3.20% in central Tunisia’' and
4.60% in southern Tunisia.”> For E. forguata, EO yields varied

between 0.12+0.03% and 0.69 £0.01%. Our results are
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Figure 2. Correlation Between the Content of 12 Compounds in Four Ewucalypins Species, Essential Oil Yield, and Environmental Factors

(Temperature (TM) and Precipitation (P)).

somewhat lower than those reported in the literature, where E.
torquata from central Tunisia’" yielded 3.2% EO and 2.6% in
southern Tunisia.”” However, in Tran’* and Cyprus,” the EO
yields were 1.60% and 1.70% respectively. In addition, E. fesouefi
produced EOs ranging from 1.17% to 2.48%. However, In nor-
thern Tunisia (Henchir Naam),® EO production was reported
to be 2.10% and 3.20%, but significantly lower than the 5.2%
reported in Mjez Lbeb, Tunisia.”’

E. astringens yielded EO between 0.66 +0.06% and 3.61 +
0.03%. This result is neatly similar to the previous report that
the leaf EO content of E. astringens species was 0.96% at
Tunisia,” but also obtained with average yield of 3.2% in three
different zone in Tunisia.””

When comparing the results from our research with those
from other studies in the literature, although there are some
minor differences in EO yields, the overall findings are generally

consistent. The observed partial differences may be attributed to
variables factors, including genotype, geographical location and
environmental conditions. Other parameters affect perform-
ance, such as: phenological stage, the specific botanical organ,
propagation methods, harvest timing, processing of the plant
material, whether the material is fresh or dried, and the extrac-
tion techniques, all play a role in determining the quality and
chemical composition of EOs.”

The leaf EO of Eucalyptus species was sub-jected to GC-MS
analysis for the identification of the constituents. A wide vari-
ation was seen in the chemical composition among all agrocli-
matic zones. A total of 73 compounds were identified from all
the zones for E. salmonophloia. 1,8-cineole was found to be major
constituent ranging from 14.79% to 67.16%. The highest per-
centage was found in A2 (arid region), while the lowest was
found in SA1 (semi-arid region). The second major constituent
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Table 4. Inhibition Zone Diameters (mm) of Microbial Strains by the Eucalyptus EOs.

Inhibition zone diameter, IZD (mm)

EOs E. salmongphloia (SA2) E. astringens (A2) E. lesonefii (SA2)
Microbial strains Ec Pa Sm Sa Ml Ca Ct Ec Pa Sm Sa Ml Ca Ct Ec Pa Sm Sa M Ca Ct
Dilution 107" 9 12 19 15 20 17 20 17 21 16 13 22 16 14 20 22 13 16 30 15 16
Dilution 10~2 0 9 0 0 11 0 0 0 12 0 1 19 0 0 0o 15 12 13 13 0 0
Dilution 107> 0 0 0 0 0 0 0 0 11 0 0 0 0 0 0 11 0 0 0 0 0
Dilution 107* 0 0 0 0 0 0 0 0 10 0 0 0 0 0 0 9 0 0 0 0 0
Piperacillin 25 10 28 24 26 29 25 25 10 28 24 26 29 25 25 10 28 24 26 29 25
DMSO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Piperacillin : Antibiotic standard.

Inhibition zone diameter, IZD (mm)
EOs E. lesonefii (A1) E. torgunata (A2) E. salmonophloia (SA1)
Microbial strains Ec Pa Sm Sa Ml Ca Ct Ec Pa Sm Sa Ml Ca Ct Ec Pa Sm Sa M Ca Ct
Dilution 107" 17 22 15 23 24 12 13 15 11 12 15 25 12 18 19 21 14 17 15 10 11
Dilution 1072 12 12 0 15 19 0 0 12 0 0 10 14 0 11 11 0 9 10 10 0 0
Dilution 107> 0 12 0 7 12 0 0 0 0 0 0 10 0 0 0 0 0 0 0 0 0
Dilution 10~ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Piperacillin 25 10 28 24 26 29 25 25 10 28 24 26 29 25 25 10 28 24 26 29 25
DMSO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Piperacillin: Antibiotic standard.

Inhibition zone diameter, IZD (mm)
EOs E. astringens (SA2) E. torquata (SA1) E. torquata (SA2)
Microbial strains Ec Pa Sm Sa Ml Ca Ct Ec Pa Sm Sa M Ca Ct Ec Pa Sm Sa M Ca Ct
Dilution 107! 16 17 17 22 27 3 19 12 16 12 19 22 13 17 13 14 10 14 20 17 14
Dilution 1072 0 11 0 9 12 0 9 0 12 0 10 12 0 9 0 12 0 11 18 0 8
Dilution 107> 0 11 0 0 0 0 0 0 12 0 0 0 0 0 0 12 0 0 0 0 0
Dilution 10™* 0 11 0 0 0 0 0 0 0 0 0 0 0 0 0 10 O 0 0 0 0
Piperacillin 25 10 28 24 26 29 25 25 10 28 24 26 29 25 25 10 28 24 26 29 25
DMSO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Piperacillin: Antibiotic standard.

Inhibition zone diameter, IZD (mm)

EOs E. lesonefii (SAT) E. salmonophloia (A2)
Microbial strains Ec Pa Sm Sa Ml Ca Ct Ec Pa Sm Sa Ml Ca Ct
Dilution 107" 15 19 15 20 23 22 9 29 30 14 21 18 16 8
Dilution 1072 10 12 9 12 16 8 0 16 13 0 0 11 0 0
Dilution 107> 0 0 0 0 0 0 0 15 12 0 0 0 0 0
Dilution 107 0 0 0 0 0 0 0 12 0 0 0 0 0
Piperacillin 25 10 28 24 26 29 25 25 10 28 24 26 29 25
DMSO 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Piperacillin: Antibiotic standard
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Table 5. MICs of Eucalyptus EOs and their Actions (Bactericidal/Fungicidal or Bactetiostatic/Fungistatic).

EOs

Microbial strains ~ EO1 EO2 EO3 EO4 EO5 EO6 EO7 EOS8 EO9 EO10 EO11
Ec 107Y- 107+ 107'/- 107+ 1073+ 1073+ 1073/ 1073/~ 107Y/+  107Y/+  107Y/-
Pa 1072/+  107%+ 107%4+ 107%/+ 107%/+ 107'/4+ 107'/+ 107%/+ 107%/+ 107%/+ 107%/+
Sm 107 107Y/- 1072/+  107'/-  107Y+ 107'/+ 107%/+ 107%/-  107'/-  107Y/+  107'/+
Sa 1074+ 1073+ 107%/4+  107'/+  107°/+  107%/4+  107%/+ 107 /+  107%/+  107%/+  107%/+
Ml 107%/+  107%/+ 107%/+ 107%/+ 107°/+ 107°/+ 1072/+ 107%/+ 107%/- 107%/+ 107%/+
Ca 107+ 107'/+ 107+ 107'/+ 107Y/+ 107+ 107'/+ 107+ 107'/+  107'/+  107Y/+
Ct 107+ 107+ 107+ 107+ 107+ 1073+ 107+ 107/~ 1073+ 1073+ 107%/+

- = Absence of growth (bactericidal/fungicidal); + = Light growth (bacteriostatic/fungistatic)
EO1 :E. salmonophloia(SA2) ; EO2 : E. astringens (A2); EO3: E. lesouefii (SA2); EO4: E. salmonophloia (A2); EO5/ E. lesonefii (A1); EOG: E. torquata (A2); EOT: E.
salmonopbloia (SA1); EOS: E. lesouefii (SA1); EO9: E. astringens (SA2); EO10; E. torquata (SA1); EO11: E. torquata (SA2)

in arid zones was a-pinene, ranging from 11.70% to 13.97%,
while in semi-arid areas, p-cymene (18.29%) and transpinocar-
veol (10.30%) were the second most abundant constituents.

Those results were supported by findings that EO of E. sa/-
monophloia, from semi-arid of Tunisia, was reported to contain
1,8-cineole (37.80%) and p-cymene (29.40%) as major constitu-
ent.’! Other from Gabes, in arid Tunisia, showed that major
compounds 1,8-cineole  (59.30%) and a-pinene
(10.7%).%* Far from that, in Morocco, plants collected from
two different localities revealed that the main components of
the EOs were 1,8-cineole (63.50% to 69.90%) and bornéol
(12.40% to 17.90%). Plants cultivated in Australia presented
p-cymene (16.90%) as the major component, followed by cryp-
tone (10.45%) and then 1,8-cineole (10.33%)."

Eucalyptus torquata was distinguished from the other species

were

by the richness in torquatone as major component which ranged
from 36.57% to 44.78%. For other compounds, B-cudesmol
(13.27% to 21.21%), 1,8-cineole (11.05% to 18.56%), a-pinene
(2.69% to 11.62%), transpinocarveol (2.64% to 14.90%) and
y-eudesmol (0.75% to 6.29%) were also the main compounds
identified in this species, however their amounts vary from
one region to another. As supporter to this findings, Elaissi
and co-workers’! reported the dominance of ketones in the
leaf EOs of E. torguata growing in Tunisia with torquatone
(42.00%) as the principal constituent, also contained 1,8-cineole
(12.00%), a-pinene (10.50%), B-eudesmol (10.01%) and transpi-
nocarveol (5.10%). Almost, similar results were reported for
EOs from Australia with dominance of torquatone (42.00%),
1,8-cineole (11.21%), a-pinene (10.22%), y-eudesmol (10.20%)
and B-eudesmol (11.11%).*" Also, in Cyprus,35 the EOs pre-
sented torquatone (29.20%), 1,8-cineole (18.80%), a-pinene
(18.60%), P-eudesmol (10.30%) and y-eudesmol (6.80%) as
major constituents. In contrast to the foregoing findings,
research carried out in Iran and Morocco revealed that
1,8-cineole (24.20% to 69.60%) was the main compound in
the leaf oil of E. torguata, and torquatone was completely
absent.”** The observed differences could be due to environ-
mental factors, genetic variations, chemotypes, and other factors
that influence the EO composition.

Eucalyptus lesonefii leaves have shown quantitative and qualita-
tive differences among regions. 1,8-cineole (21.72% to 43.19%),
spathulenol (10.94% to 1.41%), p-cymene (4.51% to 9.41%),
bicyclogermacrene (0.28% to 10.61%), a-pinene (4.56% to
14.83%), globulol (0% to 12.48%) and viridiflorol (2.22% to
10.00%) were mainly the identified compounds. A clear intraspe-
cific variation was observed when the oils from Al and SA1
were distinguished by the absence of p-cymene and globulol,
respectively. Additionally, higher percentages of bicyclogerma-
crene (10.61%), globulol (12.48%), and viridiflorol (10.00%)
were exceptionally recorded in Al.

Comparing to the literature, EOs of E. /fesouefii from Australia
was reported to contain bicyclogermacrene (18.49%), 1,8-cineole
(17.23%), a-pinene (15.47%), aromadendrene (10.83%), phellan-
drene (4.40%) and globulol (3.00%).** To compare, spathulenol
was detected at 1% in the previous study, which is lower than
our findings (12.75% to 17.41%). However, aromadendrene
and phellandrene, which were present in the previous study,
were not detected in our research. The EO of E. /lesouefii from
the Henchir Naam arboretum, the same location as our study
(SA2), has also been reported.*” In contrast to our findings, the
previous study identified B-eudesmol (44.90%) and a-eudesmol
(20.20%) as the main compounds, however, the contents of
1,8-cineole (5.50%), a-pinene (2.70%), spathulenol (2.00%), and
p-cymene (0.60%) were lower than those observed in our study
(43.19%, 6.24%, 12.75%, and 4.51%, respectively). This variation
could be explained not only by different climatic and edaphic con-
ditions across regions but also by factors such as the collection
date, the age of the tree, the extraction method used, the state
of plant material (dried or fresh).* %

In the case of E. astringens, the EOs extracted from plants cul-
tivated in arid locations (A2 and A3) showed 1,8-cineole as the
major constituent (45.30% and 54.35%, respectively) followed
by a-pinene (24.10% and 17.58%, respectively), transpinocar-
veol (8.87% and 10.46%, respectively) and then globulol
(6.48% and 7.79%, respectively). However, those obtained
from semi-arid region (SA2) were characterized by 1,8-cineole
(46.32%) as the major compound, followed by transpinocarveol
(19.35%), globulol (9.28%) and then a-pinene (6.39%). It is
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worth noting that EOs from the arid regions was characterized
by the highest amount of a-pinene.

The richness of E. astringens EOs in 1,8-cineole, a-pinene,
transpinocarveol and globulol has been described in the litera-
ture, with considerable differences in content depending on
the origins.**® Study carried out in Tunisia have also demon-
strated this variability across three regions with different climatic
conditions, belonging to lower humid and sub humid bioclimatic
stages.38 They found that 1,8-cineole, a-pinene, transpinocarveol,
aromadendrene, and globulol varied as follow: 40.10%, 21.80%,
10.00%, 9.90% and 5.70%, respectively, for leaves collected
from Mrifek (humid inferior); 39.10%, 30.00%, 3.70%, 3.80%
and 4.50% for those from Korbous arboretum (sub-humid);
and 47.60%, 14.00%, 9.30%, 3.80%, and 5.30% for those from
Choucha arboreta (humid inferior). A study conducted in
Morocco also confirmed this vatiation in the EO of E. astringens,
particularly in the mean percentages of 1,8-cineole (59.30% to
61.40%), a-pinene (4.90% to 14.30%), and transpinocarveol
(3.10% to 13.20%) for two provenances characterized by an
arid climate.*> On the other hand, the literature reports interesting
contents of other compounds, such as aromadendrene (10.80% to
15.03%) in Tunisia (sub-humid climate),”® also, p-cymene
(17.72%) and spathulenol (12.61%) in Australia.* In comparison
to our findings, spathulenol (0.36% to 2.38%) and aromadendrene
(0.55% to 2.03%) were detected in smaller amounts, while p-cym-
ene was not detected in our study.

In conclusion, the EO chemical composition of all the inves-
tigated oils shows variations according to the species and the dif-
ferent bioclimatic areas. These variations are telated both to the
relative proportion of the constituents and also to the presence
or absence of specific components. This aligns with earlier stud-
ies in the literature, which have shown that cultivating Eucalyptus
species in different locations, characterized by varying geograph-
ical and climatic conditions, significantly affects the chemical
composition of the EOs. Generally, the observed differences
can be attributed to multiple factors. This variability is mainly
influenced environmental settings, which vary across geograph-
ical areas. Genetic factors also play a role in determining the
chemical composition of EOs. The various extrinsic factors
may include differences in harvest season, climate, soil type,

d.Y* Genetic and che-

age of the plants and extraction metho
motypic variations also affect the main constituents of the
EOs, as each species has a slightly different biosynthesis path-
way, governed by gene expression.”” In fact, combinations of
external factors affect the internal mechanism of chemical bio-
synthesis through the interaction of gene expression, resulting
in the synthesis of various compounds.

In this study, the production of EO was found to be affected
by the environmental differences across various climatic regions.
Notably, arid areas in Southern Tunisia (A1, A2 and A3), which
are marked by high temperatures and low rainfall, demonstrated
the highest EO yields. In contrast, the semi-arid regions (SA1
and SA2), with lower annual temperatures but higher levels of
rainfall, yielded lower amounts of EOs. This pattern was notice-
able for E. salmonophloia, E. lesouefii and E. astringens but not

totally for E. forquata. However, the highest EO yield for E. for-
guata was still found in the arid region of Hamma (A2). After
these results we can explain that climatic conditions of arid
regions favored the maximum EO yield in leaves of studied
Eucalyptus species.

Similar to the results of this study, the increase in the tem-
perature level was also positively correlated with the essential
ol of E. cnerea collected from the Giza, Egypt.”
Additionnally, Manukyan and co-workers exposed Thymus trans-
cancasicus to different temperatures (15, 20, and 25 °C) and found
that the highest EO yield was achieved at the highest tempera-
ture.”' Indeed, the increase in EO production at relatively higher
temperatures may be attributed to enhanced photosynthesis and
the activation of enzymes involved in essential oil biosynthesis.”
EOs possess a high heat capacity, which helps protect the plant
from heat stress by storing excess heat.™

Water deficiency also creates an over-reduced state that trig-
gers the production of secondary compounds, which in turn
impacts the EO content. In our study, species showed an
inctease in EO content undet aridity/drought conditions. In
contrast, the period in which the lowest production by E. cirio-
dora, E. viminalis and E. globulus was obtained is related especially
to the water deﬁcierlcy.54 However, a review of existing literature
revealed contradictory findings, which can be attributed to var-
iations in drought conditions, duration, the physiological state
of the plants, different species, and even cultivars within the
same species.” Similarly, in Sideritis perfoliata and Melissa officina-
/is® the EO yield also increased with decrease of water availabil-
ity; however it was decrease in Thymus vulgaris™® and Juniperns
Communis.”’

This analysis PCA also provides a clear distinction between
the EOs, based on the main twelve identified compounds, which
is useful for understanding the chemical diversity and potential
applications of these oils. Therefore, four excellent types should
be screened in Ewcalptus EO to determine its potential use.
Those rich in torquatone, f-eudesmol and 7y-eudesmol
(Groupl), other chemotype with higher 1,8-cineole and a-pinene
content (Group 2), other identified type with elevated amount of
1,8-cineole, spathulenol, isospathulenol and viridiflorol (Group
3) and finally type with higher amount of 1,8-cineole and transpi-
noacrveol (Group 4). However, this chemotaxonomic variation
shown in the results could be attributed to exogenous factors
such as precipitation, temperature, light, soil type, altitude light
etc, and to endogenous ones, related mainly to the anatomical,
physiological and genetic characteristics of the plant, controlling
the EO biosynthesis.

Cleatly, our results underline the need to understand the
potential impact of environmental factors on the compositional
dynamics of Ewucalyptus EOs, they highlight those environmental
factors, in particular annual temperature and precipitation levels
- key climatic parameters that vary according to the location of
sampling areas - play an important role in shaping the chemical
composition of EOs. Indeed, the results suggest that higher tem-
peratures and decreased rainfall may promote the synthesis or
concentration of certain compounds, such as a-pinene,
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transpinocarveol, pinocarvone, and 1,8-cineole specially in E.
salmonopbivia, E. lesonefii and E. astringens. On the other hand,
higher precipitation levels and lower temperature may be asso-
ciated with an increase in the concentration of such compounds
like spathulenol, viridiflorol, and isospatulenol particulatly in
E. lesouefii However, some compounds like 7y-eudesmol,
B-eudesmol, torquatone and globulol, which mainly synthesized
by E. torguata, appear relatively resilient to climate variation
represented by these two factors.

Similarly, Figueiredo and co-workers mentioned that the wea-
ther conditions can be crucial determinants for the EO propet-
ties of various medicinal plant species.”® Another study suggests
that the relative citral content in Cinnamomum bodinieri EOs was
positively correlated with the annual average temperature.
Also, the relative elemol, cymol, and camphor contents were
positively correlated with the annual average sunshine length.”
Another study demonstrated a positive correlation between
high temperature and the accumulation of 1,8-cineole, the
main component of Lavandin intermedia EO.”" Also, a-pinene
in Mentha longifolia EOs showed a notable positive correlation
with the mean monthly temperature of the habitat.®'

Overall, it is an important process to obtain high EO yields
and desired component ratios from plants with medicinal and
aromatic properties to meet the requirements of the sector.
For this, it is necessary to determine the factors that can affect
those properties. For instance, Excalyptus EOs rich in 1,8-cineole
and a-pinene are primarily appreciated for their therapeutic and
industrial applications.”” For this study, the correlation coeffi-
cients between 1,8-cineole and a-pinene content with EO yield
(r=0.708 and r=0.661 respectively) indicated that there is a
strong positive relationship between EO contents and its major
constituents 1,8-cineole and a-pinene. The species studied, pat-
ticularly those of Group 2 (E. salmonphloia (from Al, A2, A3,
SA1 and SA2), E. lesonefii (A2) and E. astringens (from A2 and
A3)) were found to be the abundant sources of 1,8-cineole
and a-pinene, with concentrations ranging from 39.68% to
67.16% for 1,8-cineole, and from 7.13% to 24.10% for
a-pinene. The species also yielded the highest EOs which ran-
ging from 1.27+0.12 to 4.63+0.27 (w/w). Importanty, the
highest production and quality of those species were certainly
optimized under arid conditions (high temperature with low pre-
cipitation). However, we cannot ignore the importance of other
studied species and the other identified compounds. While
1,8-cineole and a-pinene are key contributors to the therapeutic
and industrial value of EOs, other compounds present in these
oils may also play significant roles in their overall efficacy and
applications. The chemical composition of Eucalyptus EOs is
complex, and the presence of additional bioactive constituents
could enhance or complement the properties of 1,8-cineole
and a-pinene, potentially expanding their uses in various sectors.
Therefore, a broader understanding of how different species and
their respective chemical profiles contribute to the overall quality
and functionality of EOs is crucial for optimizing their produc-
tion and ensuring they meet the specific demands of the
industry.

For this reason, EOs, selected for their distinct geographical
origins and corresponding chemical compositions, were chosen
to evaluate their antimicrobial activities. These oils include E. sa/-
monophloia (collected from SA1, SA2, and A2), E. forquata (col-
lected from SA1, SA2, and A2), E. lesouefii (collected from
SA1, SA2, and Al), and E. astringens (collected from SA2 and
A2). The in vitro antimicrobial activity of the tested EOs, as esti-
mated by the diameter of inhibition zones, varied depending on
species, the location of collection and microbial strains tested.
This variability could be attributed to the chemical composition
of the leaf oils.

At a dilution of 107", a substantial antimicrobial activity was
exhibited by all Excalyptus EOs against the seven tested microbial
strains, since the lowest inhibition zone registered was 8 mm
against C. tropicalis from E. salmonophloia (A2) EO. These micro-
organisms were then classified as sensitive to very sensitive to the
EOs.

The EOs demonstrated significantly stronger antimicrobial
activity against P. aeruginosa compared to the standard antibiotic
Piperacillin. The greatest activity was observed with E. salmonoph-
loia (A2) oil IZD =30 mm) which also showed superior efficacy
against . /i (29 mm), outperforming Piperacillin (IZD =10
mm) in this regard as well. This oil was characterized by the high-
est mean percentage of 1,8-cineole (67.16%). In contrast, Ben
Marzoug and co-workers did not observe any activity (0 mm,
IZD) from the same Eucalyptus species (E. salmonophloia) against
the same bacterial strain (P. aeruginosa).”> It has been reported
also that the EOs from E. camaldulensis and E. tereticornis exhib-
ited inhibition against this bacterium, but with an IZD of only 16
mm.” Similarly, EOs from E. dnerea showed weaker activity
(IZD =7 mm) against P. Aeruginosa.”* On the other hand, P. aer-
uginosa was the most resistant bacteria species to Eucalyptus
EOs* due to a very restrictive outer membrane barrier, being
highly resistant even to synthetic drugs.®’

E. astringens (SA2) oil exhibited strong antifungal activity
against C. albicans (1ZD = 30 mm), surpassing the effectiveness
of the antibiotic Piperacillin IZD =29 mm). This oil was pri-
marily characterized by 1,8-cineole (46.32%) and transpinocar-
veol (19.30%) as major components. Moreover, the MIC
values recorded for the Eucalyptus EOs ranged from 107" to
107", depending on the microbial strains tested. The determin-
ation of MIC as either bacteriostatic (fungistatic) or bactericidal
(fungicidal) precisely reflects the potential of each EO as an anti-
microbial agent.

As mentioned in the results above, The E. /fesouefii SA1) EO
demonstrated the best antimicrobial activity, with both bacteri-
cidal and fungicidal effects against E. co/i, S. marcescens, and C. tro-
picalis, as its MIC values were lower than those of the other
species. Most of the antimicrobial activity of the Ewcalptus
EOs has been attributed to the oxygenated monoterpenes,

045 The results of the present study suggest that

1,8-cineole.
the observed antimicrobial activity cannot be attributed solely
to the abundance of the major compound, 1,8-cineole. This is
evident from the fact that E. lesouefii (SA1), which exhibited

both bactericidal and fungicidal activity at lower MICs compared
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to other tested EOs, did not contain the highest concentration of
1,8-cineole. Instead, the major compounds in E. Jesouefii (SAT)
were found to be 1,8-cineole (29.71%), followed by spathulenol
(17.41%). Besides, numerous prior studies have consistently the
antimicrobial activity of sesquiterpene spathulenol as show that it
was bactericidal on drug-resistant and susceptible strains of
Mycobacterium tuberculosis.*® Also, spathulenol (21,36%), the major
compound of Eugenia calycina leaf EO showed antimicrobial
activity against anaerobic bacteria Prevotella  nigrescens and
Poip@/mmanwgz'ngz'm/z}.67 In that case 1,8-cineole and its synergis-
tic effect with the other compounds as the spathulenol could jus-
tify this antimicrobial property.

Additionally, the EO of E. forquata (SA2), rich in torquatone
(40.43%) and B-eudesmol (17.78%), and contained the low per-
centage of 1,8-cineole (11.05%), but it exhibits bactericidal
effects against E. co/i as the same effect of E. salmongphloia which
mainly rich in 1,8-cineole (63.78%). In that case, Marzouki and
co-workers revealed that torquatone, a major component in the
EO of E. torquata, E. torwood, and E. woodwardi, does not appear
to have a direct effect on antibacterial activity. In fact, E. orwood
EO, which contains the highest level of torquatone, demon-
strated the lowest antibacterial activity.” Therefore, there are
no studies in the literature regarding the effects of this com-
pound on antibacterial properties. However, B-eudesmol and
its isomers (y- and a-eudesmol) extracted from the leaves of
Guatteria species exhibited strong antimicrobial properties
against gram-positive bactetia (Bacillus subtilis, Staphylococcus epider-
midis, S. anrens, M. lutens, and Enterococcus hirae), gram-negative
bacteria (E. coli and P. aerugionsa), and fungi (C. albicans).*®

Terpenes are the primary class of compounds found in the
essential oils of Myrcia (Myrtaceae) and are well-documented in
the literature for their inherent antimicrobial properties, as well
as their synergistic effects against human pathogens.”’

As result, the anti-microbial effects of EOs cannot be attrib-
uted solely to a single major compound, as minor constituents
may also have a substantial impact through additive, synergistic
or antagonistic interactions. Indeed, Studies linking the anti-
microbial activity of Ewucalyptus EOs to their main components
are abundant. In this context, 1,8-cineole,”® (l—pinene,70 arom-
dendrene,”’ p-cymene and spathulenol,”” among others, have
been studied for their antimicrobial effects. The synergistic
and additive effects of these compounds were previously
described on the EO of E. globulus, where combinations of
1,8-cineole and aromadendrene reduced the MIC in an additive
manner against methicillin-resistant Staphylococcus aurens (MRSA)
and vancomycin-resistant Enterococcus faecalis.

From a mechanistic standpoint, the identified components
(either alone or in combination) may exert their antimicrobial
activity by disrupting the lipophilic core of the membrane, lead-
ing to increased fluidity and, ultimately, the leakage of vital
macromolecules such as nucleic acids and proteins, as well as
potassium ions and protons.”* Other proposed mechanisms of
action include alterations in fatty acid composition, impairment
of metabolic pathways, inhibition of the cellular respiratory chain
with concurrent disruption of oxidative phosphorylation,

depletion of the ATP pool, interference with glucose and oxygen
uptake, denaturation of cellular proteins, disruption of nucleic
acid synthesis, induction of oxidative stress, and inhibition of
enzyme activity.”> Although the exact mechanism of the anti-
microbial effect of EOs is not fully understood, the involvement
of one or more of the mechanisms mentioned above could
explain the strong antimicrobial activity observed in the studied
Eucalyptus species. Whatever the case, our findings confirm that
the EOs of Ewucalyptus species is a valuable source of bioactive
compounds, including 1,8-cineole, a-pinene, p-cymene, spathu-
lenol, and PB-eudesmol. These results further reinforce the under-
standing that Eucalyptus EO possesses significant antimicrobial
activity, with the added benefit of being a natural product. The
antimicrobial potential of these oils suggests they may have prac-
tical applications as microbiostatic, antiseptic, or disinfectant
agents. This confirms their potential use in the food and
pharmaceutical industries and highlights their value as an alter-
native antimicrobial agent in natural medicine for treating vari-
ous infectious diseases.

Conclusion

This study has proved that arid regions (with higher tempera-
tures and lower rainfall) provide favorable environmental condi-
tions for cultivating Eucalyptus species, such as E. salmonophloia,
E. lesounefii, and E. astringens, and producing an acceptable essen-
tial oil content, primarily rich in 1,8-cineole, a-pinene, transpino-
carveol, and pinocarvone. However, semi-arid regions (with
lower temperatures and higher rainfall) promote the early syn-
thesis of spathulenol, isospathulenol, and viridiflorol, primarily
in E. lesonefii species. In contrast, the synthesis of torquatone,
B-eudesmol, and y-eudesmol by E. forgunata species was more
slowly influenced by fluctuations in climatic conditions.

The oils from the various Ewucalyptus species also demon-
strated significant antimicrobioal effect, importantly; these prop-
erties could not be attributed to a single major compound alone,
indicating the complexity of interactions between different con-
stituents in Ewcalhptus EOs. These findings underscore the
potential application of these oils in the food, pharmaceutical
and natural medicine industries as effective, natural antimicrobial
agents. Further studies are required to better understand the
mechanisms of action and optimize their use in practical
applications.
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