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Featured Application

Optimizing the harvest time, phenological stage, and distillation pressure in the production
of essential oil from Pistacia lentiscus leaves can increase the yield of monoterpene-rich oils
with enhanced biological activity. The development of such products has significant poten-
tial as an environmentally acceptable alternative for use as natural plant protection agents.

Abstract

This study evaluated the effects of abiotic factors and extraction conditions on the yield,
chemical composition, and antimicrobial activity of essential oil (EO) from Pistacia lentiscus
L. leaves collected at four Adriatic locations during three phenological stages. Steam
distillation was performed at 0.3, 0.7, and 1 bar. EO yield increased significantly with
pressure, reaching a maximum at 1 bar, while the flowering stage provided the highest
yields overall. Leaves from Vela Luka produced the highest EO yield, whereas Pag samples
yielded the least. GC–MS analysis identified 56 components, accounting for 99.19–99.99%
of total EO, with α-pinene, limonene, myrcene, and β-pinene as the dominant constituents,
confirming a monoterpene-rich chemotype. All EO samples showed low but measurable
inhibitory activity against Escherichia coli AB1157 and Erwinia amylovora EaED, as assessed
by the disk diffusion method. Pearson correlation and PCA analyses indicated a positive
association between monoterpene content and inhibition zone diameter against E. coli,
and a positive association between monoterpene alcohol content and inhibition against
E. amylovora. As antimicrobial activity was assessed exclusively by the disk diffusion
method, the present findings may serve as an indicative basis for future investigations into
the relationship between EO chemical composition and antimicrobial potential, and they
require validation through quantitative, standardized antimicrobial testing.

Keywords: Pistacia lentiscus L.; essential oil; steam distillation; phenological stage; GC–MS;
antimicrobial activity; abiotic factors; monoterpenes

1. Introduction
The mastic tree (Pistacia lentiscus L.) is an evergreen shrub belonging to the Anacar-

diaceae family, widely distributed across Mediterranean regions [1]. The chemovariability
of plants, including the mastic tree, is influenced by numerous factors such as environ-
mental conditions and geographical origin. Phenological stage (PS), harvest season, solar
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radiation, precipitation, and topography are among the key determinants of plant morpho-
logical traits as well as the composition and yield of bioactive compounds.

Beghlal et al. [2] have shown that P. lentiscus leaves contain approximately 90.2%
dry matter and are rich in phytonutrients, including phenolic compounds, aromatic con-
stituents, and minerals. Due to the complex mixture of chemical constituents present
in essential oils (EOs), their applications and biological effects are diverse. EOs have
demonstrated antibacterial, antifungal, antiviral, and repellent properties [3] as well as
pharmacological effects such as diuretic and spasmolytic activity. In a study conducted by
Bouchfara et al., [4] it was shown that mastic tree EOs also possesses strong antioxidant
properties. Consequently, their major applications today are in the food industry (as natu-
ral preservatives), the cosmetic industry (perfume production), and the pharmaceutical
industry [5].

Using conventional steam distillation methods, numerous studies have identified
and quantified the dominant components of EO obtained from the aerial parts of P. lentis-
cus [6,7]. Recently, in addition to classical methods of essential oil extraction, advanced
techniques such as microwave-assisted extraction (MAE), ultrasound-assisted extraction
(UAE), and supercritical fluid extraction (SFE) have also been used [8]. The results of
the study showed that the extraction technique, in addition to affecting the yield, which
was highest with SFE, also significantly influences the composition of the essential oil.
Variations in EO composition are primarily associated with the plant organ used for ex-
traction, environmental conditions, harvest period [9], and PS [10]. Depending on the
chemotype, P. lentiscus EO is mainly composed of monoterpenes (α-pinene, β-pinene,
β-myrcene, limonene, terpinen-4-ol) and sesquiterpenes (β-caryophyllene, germacrene D,
γ-cadinene) [11–14].

Studies conducted in different Mediterranean countries have identified several chemo-
types characterized by dominant constituents such as myrcene (19%, Spain) [11]), α-pinene
(15%, France) [12], terpinen-4-ol (22%, Sardinia; 33–44%, Morocco) [15,16], δ-3-carene (65%,
Egypt) [17], and α-terpineol (13%, Israel) [18].

Fernández et al. [14] reported that sesquiterpenes constitute the dominant fraction
(47%) of P. lentiscus EO, with trans-caryophyllene, τ-cadinene, and germacrene D as major
components. In samples collected from Algeria, Djenane et al. [13] identified 57 compounds
representing 98.69% of the total oil composition, with β-myrcene (15.8%), 1,8-cineole
(15.02%), terpinen-4-ol (6.41%), α-pinene (5.54%), and β-pinene (5.10%) as the most abun-
dant constituents.

The antimicrobial properties of EOs and their individual components have been widely
investigated, although their mechanisms of action are not yet fully elucidated [19]. Because
EOs can interact with multiple cellular targets in microorganisms, several antibacterial
mechanisms have been proposed [20]. In particular, antimicrobial activity is strongly
associated with the presence of hydroxyl (OH) groups in phenolic constituents [19].

Several studies have demonstrated the antimicrobial potential of P. lentiscus EO against
both Gram-positive and Gram-negative bacteria. Aouinti et al. [21] reported that EO ob-
tained by steam distillation from samples collected in the Moroccan region of Jerada showed
the strongest antibacterial activity against Staphylococcus aureus, followed by Escherichia
coli and Klebsiella pneumoniae. These findings confirm the relevance of P. lentiscus EO as a
natural antimicrobial agent.

Previous research has predominantly focused either on the chemical composition or on
the biological activity of P. lentiscus EO, while integrative studies simultaneously evaluating
the effects of geographical origin, PS, and technological extraction parameters remain
limited. A systematic understanding of the interaction among these factors is essential
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for the standardization of EO quality and its targeted application in the pharmaceutical,
cosmetic, and food industries.

Therefore, the objectives of this study were to (i) investigate the influence of distillation
pressure on P. lentiscus leaf EO yield and composition, (ii) determine the effects of location
and PS on chemical composition and distribution of compound classes, and (iii) evaluate
the antimicrobial activity of the obtained EOs against selected Gram-negative bacteria.
The results contribute to a better understanding of the chemical variability of P. lentiscus
and provide a basis for optimizing extraction conditions to obtain EOs with targeted
biological activity.

2. Materials and Methods
2.1. Plant Material

This study used dried and ground samples of wild-growing mastic tree leaves, hand-
harvested at 4 locations along the Adriatic coast (Croatia): Barbariga, Pag, Hvar and
Vela Luka in three PSs during growing season: in May (1st—flowering stage), August
(2nd—early fruit stage), and in October (3rd—late ripe fruiting stage). Geographic coordi-
nates, PSs and bioclimatic characteristics of the growing locations as well as identification
of plant material are published in our previous paper [22]. After harvesting, the samples
were transferred to a dark room where they were left to dry at room temperature, after
which they were cleaned. The cleaned samples were ground (Nutribullet, Capital Brands
LLC, Los Angeles, CA, USA), stored in plastic containers and kept in a refrigerator at +4 ◦C
until further analysis.

2.2. Obtaining Essential Oil from Leaves by Steam Distillation

Approximately 20 kg of prepared plant material was loaded into the distillation
apparatus (Darkol, Oroslavje, Croatia) in a loose form to prevent excessive compaction
and to allow unobstructed steam flow. Each sample was distilled in triplicate at a constant
temperature of 100 ◦C for 90 min, using steam pressures of 0.3, 0.7, and 1 bar.

2.3. Identification and Quantification of Essential Oil Constituents

Qualitative analysis and the quantitative proportion of constituents in the EO samples
was carried out using gas chromatography with mass spectrometry on QP 2010 Plus
(Shimadzu, Kyoto, Japan) according to method previously described by Adams [23] with
certain modifications. The injection volume was 1.0 µL and chromatographic separation
was achieved on a ZB-5 MS capillary column (60 m × 0.32 mm i.d., film thickness 0.25 µm,
Phenomenex, Torrance, CA, USA). Helium 6.0 was used as the carrier gas at a flow rate
of 2.2 mL min−1, with a split ratio of 1:50. The injector temperature was set to 220 ◦C,
the detector temperature to 250 ◦C, and the transfer line temperature to 280 ◦C. The oven
temperature program was as follows: initial temperature of 60 ◦C held for 1 min, then
increased to 250 ◦C at a rate of 4 ◦C min−1. Electron impact ionization was performed
at 70 eV. Mass spectra were recorded at a scan rate of 1 scan s−1 over m/z range of
43–350. In order to calculate the retention index of the separated aromatic compounds,
a standard mixture of C8–C20 alkanes (Sigma-Aldrich Co., Darmstadt, Germany) was
prepared and analyzed under the same chromatographic conditions as the samples. The
identification of aromatic compounds was carried out by comparing the mass spectra
of the extracted aromatic compounds with those in the NIST database, ver. 2.0 (NIST,
Gaithersburg, MD, USA) and using the computer program AMDIS, ver. 2.62 (Automated
Mass Spectral Deconvolution and Identification System) (NIST, Gaithersburg, MD, USA)
and by comparing the obtained retention indices with values in the literature [24]. The
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quantitative proportion of the extracted aromatic compounds was expressed as the area
fraction in the total aroma of the sample.

2.4. Determining the Antimicrobial Effect of the Essential Oil by the Disk Diffusion Method

Liquid and solid nutrient media Nutrient Broth (NB) and Luria–Bertani (LB) were
prepared by dissolving the appropriate components in distilled water with heating on a
magnetic stirrer, according to the manufacturer’s instructions. The media were sterilized
by autoclaving at 121 ◦C for 15 min. After sterilization, the molten media were transferred
to a laminar-flow cabinet, poured into Petri dishes, and allowed to cool to approximately
50 ◦C for 10 min under sterile airflow to allow the agar to solidify and the surface to dry
before closing.

A pure culture of E. coli strain AB1157 was grown in a 200 mL glass Erlenmeyer flask
containing liquid LB medium at 37 ◦C for 24 h. A pure culture of Erwinia amylovora strain
EaED was grown in a 200 mL glass Erlenmeyer flask containing liquid NB medium at 28 ◦C
for 24 h.

The antimicrobial activity of the EOs was evaluated using the disk diffusion method
described by Bauer et al. [25]. Solid nutrient media NA and LB were poured into 9 cm
diameter glass Petri dishes under sterile conditions. Subsequently, 100 µL of the E. coli
AB1157 culture was inoculated onto dried LB plates, while 50 µL of the E. amylovora EaED
culture was inoculated onto dried NA plates. The inoculates were evenly spread over the
agar surface using a sterile glass rod.

After absorption of excess moisture, sterile paper filter disks (6 mm diameter; Bio-Rad,
Hercules, CA, USA) were placed on the agar surface using sterile tweezers, with eight disks
positioned on each Petri dish. Each EO sample was applied to a separate disk at a volume
of 5 µL. Chloramphenicol (1 µL) served as the positive control, while distilled water was
used as the negative control.

The Petri dishes were incubated at 37 ◦C, and after incubation, the diameters of the
inhibition zones were measured in mm, using the digital vernier caliper (Insize Co., Ltd.,
Suzhou, China). Inhibition was assessed by measuring the clear halo extending beyond
the outer edge of each 6 mm paper disk, excluding the disk diameter. The inhibition zone
values are therefore reported as halo width in mm and not as total zone diameter including
the disk. All experiments were performed in triplicate.

2.5. Statistical Analysis

Statistical analyses were performed using Statistica software, ver. 14.0 (TIBCO Soft-
ware Inc., Santa Clara, CA, USA). Descriptive statistics were used to summarize the data,
which are presented as mean ± standard deviation (SD). Data normality and homogeneity
of variances were assessed using the Shapiro–Wilk and Levene’s tests, respectively.

The effects of location and PSs on chemical groups proportions of P. lentiscus leaf EOs
and antimicrobial activity were evaluated using factorial analysis of variance (ANOVA),
followed by Tukey’s honestly significant difference (HSD) test for post hoc comparisons.
For data that did not meet parametric assumptions, the non-parametric Kruskal–Wallis test
was applied. Relationships between the identified compounds and antimicrobial activity
were evaluated using Pearson’s correlation coefficients, while potential grouping of samples
according to the examined sources of variation (location and PS) was assessed by Principal
Component Analysis (PCA). Principal components with an eigenvalue greater than 1 were
considered, and variables with a communality value of at least 0.5 were included in the
analysis. Statistical significance for all tests was set at p ≤ 0.05.
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3. Results and Discussion
3.1. Effect of Pressure on the Yield of Mastic Tree Leaf Essential Oil

The results in Table 1 show that pressure during distillation significantly affected
the yield of mastic tree leaf EO. Increasing the pressure during steam distillation led to
progressively higher EO yields, with the maximum yield observed at 1 bar (0.767%) and
the lowest at 0.3 bar (0.117%), depending on the location. The yield at 1 bar is comparable
to previously reported values for mastic tree leaf EO from Greece (0.4%) and Corsica (0.5%),
and exceeds those reported for Morocco (0.2%) and Italy (0.3%) [6,7,26,27]. These findings
align with the study by Babu et al. [28], which showed that increasing distillation pressure
(0.2–0.8 bar) significantly enhanced the yield of EO from Rosa damascena Mill. petals, with
the highest yield obtained at the highest pressure. Higher pressure likely promotes the
rupture of glandular trichomes and improves the release of volatile compounds, thereby
increasing extraction efficiency.

Table 1. Essential oil yields of mastic tree leaves samples harvested at four locations during three
phenological stages using steam distillation at different pressures.

Location Phenological Stage
Pressure (Bar)

0.3 0.7 1

Yield (%)

Barbariga
1 0.217 ± 0.01 a 0.267 ± 0.03 b 0.453 ± 0.02 c

2 0.123 ± 0.03 a 0.157 ± 0.02 b 0.203 ± 0.03 c

3 0.140 ± 0.03 a 0.185 ± 0.01 b 0.351 ± 0.02 c

Pag
1 0.182 ± 0.02 a 0.237 ± 0.02 b 0.413 ± 0.03 c

2 0.117 ± 0.03 a 0.113 ± 0.02 a 0.233 ± 0.02 b

3 0.132 ± 0.03 a 0.142 ± 0.01 b 0.379 ± 0.01 c

Hvar
1 0.348 ± 0.03 a 0.490 ± 0.02 b 0.633 ± 0.03 c

2 0.163 ± 0.03 a 0.303 ± 0.03 b 0.426 ± 0.03 c

3 0.215 ± 0.04 a 0.396 ± 0.01 b 0.517 ± 0.02 c

Vela Luka
1 0.365 ± 0.01 a 0.513 ± 0.02 b 0.767 ± 0.02 c

2 0.173 ± 0.02 a 0.411 ± 0.03 b 0.492 ± 0.02 c

3 0.243 ± 0.03 a 0.485 ± 0.02 b 0.559 ± 0.02 c

Results are expressed as mean value ± SD; 1 = early flowering stage, 2 = early fruiting stage, 3 = late fruiting
stage; Values with different letters within rows are statistically different at p ≤ 0.05.

3.2. Influence of Location and Phenological Stage on Essential Oil Yield

EO yield is strongly influenced by environmental conditions and the plant’s develop-
mental stage. Factors such as temperature, solar radiation, precipitation, wind exposure,
and geographical characteristics can induce physiological stress responses that alter sec-
ondary metabolite production. Numerous studies have demonstrated that both geographic
origin and PS significantly affect EO yield [29,30].

Among the locations investigated (Table 1), the highest yield was recorded for sam-
ples collected at Vela Luka (0.767%), followed by Hvar (0.633%), Barbariga (0.453%), and
Pag (0.413%). Comparison of EO yields across PSs showed that the highest yields were
consistently obtained during PS1 (flowering stage). The same trend was observed during
PS2 and PS3, although with lower overall yields. The increased EO yield during PS1 can be
explained by enhanced biosynthesis of volatile compounds during flowering, when plants
produce aromatic metabolites to attract pollinators [31]. Similar observations have been
reported for several aromatic species, including Thymus vulgaris [32], Salvia officinalis [33],
Hyptis suaveolens [34], Satureja rechingeri [35], and Origanum majorana [36]. Although PS1
showed the highest yields overall, slight reductions observed at the Barbariga and Pag
locations may be attributed to higher precipitation levels. Increased rainfall can reduce
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EO yield by damaging glandular trichomes or diluting metabolite concentrations [37,38].
Across all PSs, similar yield patterns were observed between the Hvar and Vela Luka loca-
tions, as well as between Barbariga and Pag, reflecting similarities in climatic conditions
and solar exposure [22]. Samples from Hvar and Vela Luka were exposed to direct sunlight,
whereas those from Barbariga and Pag experienced partial or full shading.

The results of the statistical analysis of the dependence of EO yield on location and PS
(Table 2) showed that both location and PS significantly affected EO yield. The highest EO
yield obtained by steam distillation from mastic tree leaves was from samples harvested
in Vela Luka, while samples from Pag contained the lowest amount of EO. Considering
PS, the early flowering stage (PS1) accumulated the highest levels of EO, while the lowest
amounts of EO were isolated from the PS2 samples, i.e., early fruiting-stage samples.

Table 2. The differences in yield of mastic tree leaf EOs due to location and PS at pressure of 1 bar.

Source of Variation Yield (%)

Location p < 0.01 *
Barbariga 0.16 ± 0.04 b

Pag 0.14 ± 0.01 a

Hvar 0.24 ± 0.03 c

Vela Luka 0.26 ± 0.03 d

Phenological stage p < 0.01 *
1 0.28 ± 0.02 c

2 0.15 ± 0.01 a

3 0.18 ± 0.01 b

Grand mean 0.20
1 = early flowering stage, 2 = early fruiting stage, 3 = late fruiting stage; Results are expressed as mean ± standard
error (SE). * Statistically significant variable at p ≤ 0.05. Values with different letters within column are statistically
different at p ≤ 0.05.

These findings confirm that EO yield is controlled by the combined influence of
multiple abiotic factors rather than a single environmental parameter. Response surface
modeling further indicated that optimal extraction conditions were achieved at 1 bar during
PS1 for samples collected at Vela Luka (Figure 1).

 

Figure 1. 3D graphs of the evolution of essential oil production by steam distillation (a) yield
evolution at a fixed pressure of 1 bar, (b) yield evolution in samples from location Vela Luka (c) yield
evolution from samples taken during first phenological phase (Location: 1—Barbariga, 2—Pag,
3—Hvar, 4—Vela Luka).

3.3. Chemical Composition of Mastic Tree Leaf Essential Oil

In the samples obtained, a total of 56 components were identified, representing
99.19–99.99% of the total composition of the EO extracted from P. lentiscus leaves by
steam distillation (Table 3). The main components identified were α-pinene (9.19–23.88%),
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limonene (6.38–12.45%) myrcene (1.04–16.15%) and β-pinene (2.43–12.17%). Other signifi-
cant components include sabinene, germacrene D, α-terpinene, γ-terpinene, terpinen-4-ol,
β-caryophyllene and δ-cadinene.

The results obtained are consistent with the research conducted by Gardeli et al. [39],
who demonstrated that the main components in the EO of Greek mastic tree leaves are
α-pinene (9.40–24.9%) and limonene (9.00–17.80%), with other components present in high
percentages including germacrene D (2.70–13.50%), terpinen-4-ol (6.80–10.60%), β-pinene
(2.00–6.90%), sabinene (1.00–6.70%), γ-terpinene (3.10–3.60%) and α-terpineol (2.50–4.00%).
Similar results were also reported by Derwich et al. [40], who identified and quantified
23 constituents of the EO of mastic tree leaves, with the main constituents being α-pinene
(24.25%), β-pinene (12.58%), limonene (7.56%), terpinen-4-ol (6.98%), α-terpineol (4.89%)
and myrcene (2.09%).

The highest α-pinene contents in the EO samples from mastic tree harvested at Pag,
Hvar and Vela Luka are the result of the combined effect of increased insolation and
reduced precipitation during PS2 [22]. According to research by Feijó et al. [41], the highest
α-pinene contents in the EO of Varronia curassavica were also due to insolation, which
confirms that α-pinene is a compound dependent on bioclimatic factors. Furthermore,
research by Serralutzu et al. (2020) [42] showed that α-pinene, the main component of
the EO from Rosmarinus officinalis originating from Sardinia, has a significant statistical
correlation with air temperature, with its content increasing as temperature rises during PSs.
Several factors may cause differences in the contents of EO components. The biosynthesis of
EO components is influenced by various environmental factors that significantly affect their
content. Some of these factors are light intensity, climatic conditions and the availability of
nutrients in the soil [43,44].

Myrcene content exhibited the greatest variability among all identified components of
the EO in mastic tree leaves between PS within individual locations, consistent with previ-
ous research [45]. The myrcene content ranged from 1.04 to 16.15%, with the highest value
observed in samples from the Pag location during PS3 and the lowest in samples from the
Vela Luka location during PS1. During the transition from PS1 to PS2, myrcene content de-
creased in samples from the Barbariga and Hvar locations by 79.45 and 72.19%, respectively,
while in samples from the Pag and Vela Luka locations, an increase of 85.48 and 41.44% was
recorded between PS2 and PS3. In addition to myrcene, sabinene also showed significant
variability depending on PS and location, with a minimum content of 1.33% in samples
from the Hvar location during PS1 and a maximum of 19.82% in samples from the Pag
location during PS2.

Lakušić et al. [46] stated that differences in the content and quality of EOs depend on
various factors, such as differences between plant species, the use of different plant parts
for extraction, the stage of development at harvest, and the possibility of growing plants in
different locations, which leads to changes in the chemical composition of plants due to
their adaptation to different environmental conditions.

In addition to individual compounds (Table 3), Table 4 presents the proportions of eight
chemical groups identified in EO samples from mastic tree leaves. The qualitative profiles
of all obtained EO samples are characterized by the highest proportions of monoterpenes
(52.10–76.67%), which include key components such as α-pinene, limonene, and β-pinene.
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Table 3. Components of the mastic tree essential oil leaves (%) harvested at four locations during three phenological stages using steam distillation at 1 bar pressure.

RT RI Component
Barbariga Pag Hvar Vela Luka

1 2 3 1 2 3 1 2 3 1 2 3

5.86 853 3-Hexen-1-ol n.d. 0.36 ± 0.01 n.d. n.d. 0.53 ± 0.04 n.d. n.d. n.d. n.d. n.d. 0.21 ± 0.04 0.39 ± 0.05
6.12 866 n-Hexanol n.d. 0.11 ± 0.02 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.10 ± 0.02 n.d.
7.52 927 Tricyclene 1.01 ± 0.02 0.3 ± 0.01 0.34 ± 0.01 0.37 ± 0.52 0.40 ± 0.05 0.32 ± 0.05 0.33 ± 0.02 0.82 ± 0.05 0.46 ± 0.03 0.45 ± 0.04 0.87 ± 0.04 0.32 ± 0.06
7.59 931 α-Thujene 0.86 ± 0.02 0.16 ± 0.01 0.20 ± 0.01 0.30 ± 0.01 0.33 ± 0.05 0.14 ± 0.03 0.38 ± 0.04 2.15 ± 0.22 0.32 ± 0.04 0.14 ± 0.03 0.19 ± 0.06 0.70 ± 0.05
7.84 939 α-Pinene 9.26 ± 0.05 19.52 ± 0.17 21.22 ± 0.13 16.25 ± 0.05 19.55 ± 0.13 13.70 ± 0.17 11.71 ± 0.38 23.88 ± 0.19 10.81 ± 0.21 22.51 ± 0.53 23.86 ± 1.01 9.43 ± 0.17
8.24 954 Camphane 2.48 ± 0.06 1.39 ± 0.02 1.84 ± 0.01 1.66 ± 0.02 1.58 ± 0.03 1.55 ± 0.02 1.61 ± 0.09 3.53 ± 0.18 1.91 ± 0.09 1.93 ± 0.05 3.39 ± 0.07 1.24 ± 0.14
8.89 977 Sabinene 5.48 ± 0.05 9.75 ± 0.07 4.01 ± 0.99 8.84 ± 0.05 19.92 ± 0.66 2.85 ± 0.06 1.33 ± 0.04 1.40 ± 0.07 3.94 ± 0.14 8.05 ± 0.80 6.12 ± 0.11 6.64 ± 0.35
9.03 982 β-Pinene 4.93 ± 0.04 9.90 ± 0.03 9.14 ± 0.15 3.23 ± 0.04 2.43 ± 0.06 7.12 ± 0.17 5.99 ± 0.22 11.88 ± 0.49 4.72 ± 0.13 7.53 ± 0.06 12.37 ± 0.45 3.96 ± 0.27
9.33 992 Myrecene 10.23 ± 0.08 1.16 ± 0.02 3.89 ± 0.10 1.07 ± 0.04 1.18 ± 0.05 16.15 ± 0.37 12.71 ± 0.58 2.02 ± 0.06 8.99 ± 0.10 1.04 ± 0.09 1.66 ± 0.07 4.01 ± 0.23
9.64 1004 3-Hexen-1-ol acetate n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.33 ± 0.04
9.79 1008 α-Phellandrene 5.42 ± 0.04 2.66 ± 0.02 1.80 ± 0.06 2.69 ± 0.05 0.92 ± 0.08 4.54 ± 0.14 3.71 ± 0.09 2.97 ± 0.11 1.72 ± 0.09 0.58 ± 0.04 3.15 ± 0.06 4.86 ± 0.14
10.04 1018 1,4-Cineole n.d. n.d. 0.05 ± 0.01 n.d. n.d. n.d. 0.29 ± 0.06 n.d. n.d. n.d. n.d. n.d.
10.14 1020 α-Terpinene 1.89 ± 0.02 3.43 ± 0.03 6.45 ± 0.07 5.36 ± 0.06 4.96 ± 0.17 4.14 ± 0.08 4.00 ± 0.36 5.11 ± 0.10 6.36 ± 0.09 2.63 ± 0.07 2.34 ± 0.07 4.69 ± 0.14
10.38 1028 p-Cymene 2.58 ± 0.02 0.65 ± 0.02 0.77 ± 0.02 0.91 ± 0.04 1.23 ± 0.07 0.93 ± 0.07 1.91 ± 0.12 0.97 ± 0.04 1.47 ± 0.06 0.91 ± 0.02 0.69 ± 0.06 1.91 ± 0.06
10.57 1034 Limonene 7.83 ± 0.02 9.45 ± 0.02 10.34 ± 0.12 7.58 ± 0.04 6.48 ± 0.27 10.33 ± 0.39 9.92 ± 0.33 12.56 ± 0.15 7.99 ± 0.09 7.50 ± 0.25 10.32 ± 0.86 7.82 ± 0.28
10.64 1038 cis- β-Ocimene n.d. n.d. 0.28 ± 0.02 n.d. n.d. 0.72 ± 0.06 0.33 ± 0.03 0.12 ± 0.06 0.73 ± 0.07 n.d. 0.24 ± 0.05 n.d.
11.03 1049 trans-β-Ocimene 0.27 ± 0.01 0.29 ± 0.03 1.19 ± 0.01 n.d. 0.14 ± 0.01 2.93 ± 0.08 1.44 ± 0.06 0.60 ± 0.06 2.01 ± 0.14 0.22 ± 0.05 1.23 ± 0.05 0.35 ± 0.06
11.18 1056 Pentyl isobutanoate 0.33 ± 0.01 0.29 ± 0.02 0.75 ± 0.01 0.68 ± 0.08 0.56 ± 0.05 0.29 ± 0.07 0.97 ± 0.06 0.19 ± 0.03 0.58 ± 0.07 0.41 ± 0.07 0.29 ± 0.06 0.80 ± 0.06
11.27 1058 Isopentyl butanoate n.d. 0.08 ± 0.02 0.20 ± 0.01 0.23 ± 0.02 0.12 ± 0.03 0.09 ± 0.02 0.23 ± 0.05 n.d. 0.15 ± 0.01 n.d. n.d. 0.28 ± 0.06
11.46 1062 γ-Terpinene 2.69 ± 0.04 5.41 ± 0.10 8.99 ± 0.08 7.91 ± 0.06 7.42 ± 0.07 5.70 ± 0.63 5.19 ± 0.10 7.35 ± 0.10 7.79 ± 0.21 4.13 ± 0.06 3.50 ± 0.14 5.89 ± 0.13
11.88 1076 p-Mentha-3,8-dien n.d. n.d. n.d. n.d. n.d. n.d. 0.19 ± 0.02 n.d. n.d. n.d. n.d. n.d.
12.44 1091 Terpinolene 1.7 ± 0.08 1.83 ± 0.01 3.57 ± 0.03 3.26 ± 0.02 2.44 ± 0.08 2.71 ± 0.17 4.37 ± 0.15 3.34 ± 0.10 4.67 ± 011 1.81 ± 0.05 1.45 ± 0.11 3.18 ± 0.09
12.73 1099 2-Methylbuthyl isovalerate n.d. 0.08 ± 0.01 0.20 ± 0.02 0.31 ± 0.03 0.15 ± 0.02 0.22 ± 0.03 0.36 ± 0.04 0.08 ± 0.01 0.32 ± 0.05 0.17 ± 0.17 0.11 ± 0.05 0.41 ± 0.05
12.85 1102 Isopenthyl isovalerate 0.3 ± 0.08 0.09 ± 0.01 0.32 ± 0.02 0.30 ± 0.01 0.13 ± 0.02 0.13 ± 0.02 0.47 ± 0.06 0.16 ± 0.02 0.40 ± 0.08 0.19 ± 0.12 ± 0.04 0.34 ± 0.05
15.48 1182 Terpinene-4-ol 1.85 ± 0.02 5.72 ± 0.02 8.40 ± 0.09 8.21 ± 0.09 8.84 ± 0.38 5.52 ± 0.07 6.12 ± 0.39 6.89 ± 0.13 8.51 ± 0.33 3.37 ± 0.12 4.09 ± 0.13 6.90 ± 0.07
15.90 1193 α-Terpineol 0.41 ± 0.01 0.59 ± 0.02 1.57 ± 0.01 0.81 ± 0.05 0.57 ± 0.04 1.21 ± 0.08 3.91 ± 0.08 1.94 ± 0.09 1.64 ± 0.12 0.45 ± 0.08 0.94 ± 0.05 1.49 ± 0.14
16.11 1201 γ-Terpineol n.d. n.d. 0.24 ± 0.02 n.d. n.d. n.d. n.d. n.d. 0.11 ± 0.03 n.d. n.d. 0.82 ± 0.06
17.78 1251 Pentyl isohexanoate n.d. 0.16 ± 0.02 0.09 ± 0.01 0.38 ± 0.01 0.36 ± 0.04 n.d. 0.19 ± 0.01 0.05 ± 0.01 0.21 ± 0.05 0.27 ± 0.07 0.20 ± 0.02 0.36 ± 0.08
17.88 1254 Isopentyl hexanoate n.d. 0.05 ± 0.01 n.d. n.d. 0.12 ± 0.06 n.d. 0.35 ± 0.04 n.d. n.d. n.d. n.d. n.d.
19.14 1289 Bornyl acetate 1.09 ± 0.02 0.13 ± 0.01 0.76 ± 0.03 0.50 ± 0.02 0.29 ± 0.07 0.53 ± 0.09 0.26 ± 0.05 0.88 ± 0.08 0.71 ± 0.05 1.03 ± 0.09 1.59 ± 0.09 1.41 ± 0.06
19.25 1292 Undecanone 0.49 ± 0.01 0.12 ± 0.02 0.25 ± 0.04 0.83 ± 0.02 0.44 ± 0.05 0.36 ± 0.06 0.69 ± 0.06 n.d. 0.89 ± 0.08 0.78 ± 0.11 0.25 ± 0.06 1.05 ± 0.08
21.15 1353 α-Terpinyl acetate n.d. n.d. 0.05 ± 0.01 n.d. n.d. n.d. 0.80 ± 0.05 n.d. 0.63 ± 0.05 1.13 ± 0.07 0.10 ± 0.07 n.d.
21.26 1356 α-Cubabene 0.39 ± 0.01 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.10 ± 0.03 n.d. n.d. n.d.
22.21 1383 α-Copaene 1.62 ± 0.02 0.50 ± 0.02 0.14 ± 0.02 0.62 ± 0.04 0.29 ± 0.03 0.26 ± 0.03 0.55 ± 0.04 0.12 ± 0.02 0.74 ± 0.04 0.84 ± 0.06 0.58 ± 0.02 0.68 ± 0.06
22.68 1397 β-Cubabene + β-Elemene 1.78 ± 0.02 0.52 ± 0.01 0.15 ± 0.01 0.76 ± 0.04 0.35 ± 0.04 0.25 ± 0.06 0.42 ± 0.04 n.d. 0.55 ± 0.05 0.90 ± 0.10 0.42 ± 0.06 1.12 ± 0.06
23.68 1430 β-Caryophyllene 3.98 ± 0.05 2.05 ± 0.02 1.36 ± 0.01 1.95 ± 0.04 3.26 ± 0.05 2.12 ± 0.03 3.89 ± 0.07 3.66 ± 0.17 3.03 ± 0.17 3.12 ± 0.26 2.86 ± 0.28 4.93 ± 0.17
24.01 1442 Isopentyl benzoate 0.44 ± 0.01 0.11 ± 0.01 0.29 ± 0.02 0.32 ± 0.06 0.07 ± 0.01 0.22 ± 0.09 0.40 ± 0.01 0.11 ± 0.05 0.29 ± 0.06 0.16 ± 0.01 0.12 ± 0.04 0.35 ± 0.03
24.61 1461 E-Muurola-3,5-diene 0.62 ± 0.01 0.17 ± 0.04 0.09 ± 0.01 0.29 ± 0.03 0.08 ± 0.01 0.18 ± 0.06 0.27 ± 0.03 0.06 ± 0.02 0.32 ± 0.06 0.33 ± 0.04 0.21 ± 0.08 0.54 ± 0.04
24.74 1466 α-Humulene 1.81 ± 0.03 1.36 ± 0.02 0.48 ± 0.01 1.28 ± 0.08 0.63 ± 0.06 0.70 ± 0.05 1.32 ± 0.03 0.61 ± 0.04 1.29 ± 0.09 1.65 ± 0.06 1.11 ± 0.10 1.63 ± 0.07
24.98 1473 Alloaromadendrene 1.09 ± 0.02 0.52 ± 0.03 0.07 ± 0.01 0.54 ± 0.06 0.19 ± 0.03 0.19 ± 0.06 0.30 ± 0.02 0.07 ± 0.02 0.45 ± 0.08 0.65 ± 0.05 0.39 ± 0.05 0.56 ± 0.05
25.40 1487 γ-Muurolene 2.64 ± 0.02 1.14 ± 0.02 0.44 ± 0.01 1.43 ± 0.04 0.60 ± 0.09 0.65 ± 0.07 1.19 ± 0.06 0.37 ± 0.03 1.41 ± 0.06 1.67 ± 0.09 1.09 ± 0.07 1.54 ± 0.09
25.61 1493 Germacrene D 6.32 ± 0.07 11.58 ± 0.02 2.47 ± 0.02 7.84 ± 0.14 9.02 ± 0.09 3.00 ± 0.29 3.17 ± 0.06 1.63 ± 0.04 5.30 ± 0.11 10.38 ± 0.11 6.96 ± 0.11 6.19 ± 0.08
25.94 1504 Muurola-4(14),5-diene 1.65 ± 0.03 0.46 ± 0.01 0.14 ± 0.01 0.59 ± 0.02 0.23 ± 0.06 0.29 ± 0.06 0.33 ± 0.05 0.10 ± 0.04 0.53 ± 0.05 0.83 ± 0.09 0.42 ± 0.04 0.86 ± 0.06
26.11 1510 α-Muurolene 3.42 ± 0.06 1.66 ± 0.03 0.77 ± 0.02 1.97 ± 0.04 0.98 ± 0.11 1.12 ± 0.02 1.50 ± 0.11 0.47 ± 0.08 1.39 ± 0.07 2.60 ± 0.07 1.44 ± 0.06 2.67 ± 0.11
26.18 1513 Farnesene 0.66 ± 0.04 0.20 ± 0.01 2.40 ± 0.02 0.31 ± 0.05 n.d. 1.77 ± 0.08 0.37 ± 0.03 0.46 ± 0.11 n.d. n.d. n.d. n.d.
26.26 1515 β-Bisabolene 0.6 ± 0.01 0.11 ± 0.02 n.d. 0.23 ± 0.03 n.d. n.d. n.d. n.d. 0.24 ± 0.05 0.44 ± 0.07 0.12 ± 0.05 1.32 ± 0.07
26.55 1525 γ-Cadinene 1.53 ± 0.01 0.35 ± 0.01 0.13 ± 0.01 0.68 ± 0.07 0.20 ± 0.06 0.34 ± 0.04 0.33 ± 0.04 0.06 ± 0.02 0.31 ± 0.06 0.72 ± 0.07 0.27 ± 0.07 0.98 ± 0.11
26.80 1533 δ-Cadinene 4.49 ± 0.05 3.56 ± 0.04 2.92 ± 0.02 4.85 ± 0.12 2.27 ± 0.08 3.86 ± 0.10 3.68 ± 0.08 1.92 ± 0.04 3.73 ± 0.10 4.84 ± 0.16 3.39 ± 0.10 3.55 ± 0.07
26.90 1536 β-Cadinene 0.79 ± 0.01 0.32 ± 0.01 0.22 ± 0.03 0.45 ± 0.08 0.12 ± 0.04 0.37 ± 0.04 0.60 ± 0.05 0.26 ± 0.05 0.44 ± 0.02 0.45 ± 0.05 0.32 ± 0.01 0.46 ± 0.09
27.09 1543 Cadina-1(2),4-diene 0.72 ± 0.01 0.19 ± 0.02 0.10 ± 0.01 0.49 ± 0.05 0.07 ± 0.02 0.19 ± 0.07 0.31 ± 0.06 0.10 ± 0.06 0.34 ± 0.02 0.35 ± 0.05 0.18 ± 0.01 0.39 ± 0.06
27.25 1548 α-Cadinene 0.57 ± 0.05 n.d. n.d. 0.32 ± 0.04 n.d. n.d. n.d. n.d. 0.11 ± 0.01 0.26 ± 0.06 n.d. 0.57 ± 0.10
28.14 1576 3-Hexene-1-ol benzoate n.d. n.d. n.d. n.d. n.d. n.d. 0.22 ± 0.05 0.12 ± 0.04 n.d. n.d. n.d. n.d.
30.30 1651 τ-Cadinol 1.93 ± 0.02 0.71 ± 0.01 0.45 ± 0.01 1.53 ± 0.04 0.31 ± 0.03 1.29 ± 0.06 0.91 ± 0.06 0.47 ± 0.09 0.79 ± 0.06 1.38 ± 0.09 0.49 ± 0.04 1.05 ± 0.09
30.41 1655 δ-Cadinol 0.45 ± 0.01 0.11 ± 0.01 0.06 ± 0.01 0.23 ± 0.02 n.d. 0.20 ± 0.05 0.47 ± 0.05 0.07 ± 0.03 0.12 ± 0.04 0.20 ± 0.05 n.d. 0.18 ± 0.03
30.66 1664 α-Cadinol 1.39 ± 0.04 0.50 ± 0.01 0.29 ± 0.02 1.14 ± 0.02 0.21 ± 0.04 0.72 ± 0.02 n.d. 0.30 ± 0.05 0.46 ± 0.02 0.84 ± 0.06 0.24 ± 0.02 0.81 ± 0.05
31.42 1690 α-Bisabolol n.d. n.d. n.d. 0.20 ± 0.04 n.d. n.d. n.d. n.d. n.d. 0.13 ± 0.04 n.d. n.d.

Total 99.99 ± 0.10 99.80 ± 0.21 99.90 ± 0.39 99.97 ± 0.23 99.90 ± 0.25 99.19 ± 0.20 99.99 ± 0.62 99.85 ± 0.47 99.98 ± 0.41 99.97 ± 0.24 99.99 ± 0.16 99.96 ± 0.04

Results are expressed as mean value ± SD; 1 = early flowering stage, 2 = early fruiting stage, 3 = late fruiting stage; n.d. = not detected.
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Sesquiterpenes, mainly germacrene D, α-murolene, and δ-cadinene, represent the
second most abundant chemical group (9.53–31.94%). Similar dominance of monoter-
penes and sesquiterpenes in mastic tree leaf essential oils from Morocco, Tunisia, and
Greece has been reported by Zrira et al. [16], Douissa et al. [47], and Gardeli et al. [39],
and later confirmed by El-Sherei et al. [48]. Other quantified chemical groups include
monoterpene alcohols (9.53–31.94%), sesquiterpene alcohols (0.88–4.54%), aliphatic esters
(0.48–2.57%), monoterpene esters (0.29–2.16%), aromatic esters (0.11–0.62%), and monoter-
pene oxides (0.05–0.29%).

Statistical analysis of the dependence of EO chemical groups on location (Table 5)
showed that the highest yields of monoterpenes (66.15 ± 2.53%), monoterpene alcohols
(9.50 ± 0.24%), aliphatic esters (1.59 ± 0.30%), and aromatic esters (0.39 ± 0.05%) were
found in EOs from samples harvested at the Hvar location. The highest proportions of
monoterpene esters (1.76 ± 0.12%) and sesquiterpenes (25.11 ± 1.44%) were found in EO
from samples collected at the Vela Luka location. The highest proportions of sesquiterpene
alcohols were found in EOs from mastic tree leaves collected at the Barbariga (2.35 ± 0.58%)
and Pag (2.33 ± 0.48%) locations, between which there was no significant statistical differ-
ence. Regarding monoterpene proportions, the trend of grouping by location is repeated:
Barbariga and Pag, between which there is no significant statistical difference, and Hvar
and Vela Luka, which is attributed to similar climatic conditions. Specifically, the average
precipitation (mm) measured at Barbariga and Pag in the year of sample collection was
2.45 times higher than at Hvar and Vela Luka [22]. According to research by Boira and
Blanquer [49], an increase in monoterpenes in Thymus piperella L. is a consequence of dry
periods, that is, a lack of water.

From the results on the influence of the stage of harvesting of the PS on individual
groups of chemical compounds, it can be concluded that the highest proportion of monoter-
penes (69.30 ± 1.32%) was found during PS2, and monoterpene alcohols during PS3
(8.89 ± 0.54%), while during PS1 the highest proportions were observed for monoterpene
esters (1.19 ± 0.19%), sesquiterpenes (25.40 ± 1.69%), sesquiterpene alcohols (3.33 ± 0.32%),
aliphatic esters (1.58 ± 0.19%), and aromatic esters (0.36 ± 0.05%). There was no sig-
nificant statistical difference in the proportions of sesquiterpenes between PS2 and PS3
(17.91 ± 1.62% and 18.03 ± 1.72%, respectively).

3.4. Antimicrobial Activity of Essential Oil

The results presented in Table 6 indicate that all EO samples exhibited an inhibitory
effect on the growth of E. coli strain AB1157 and E. amylovora strain EaED, and that the
antibiotic chloramphenicol was the most effective in inhibiting the growth of the selected
bacterial strains. It is evident that mastic tree leaf EO has a more pronounced inhibitory
effect on E. amylovora compared to E. coli.

Chloramphenicol, used as a positive control, achieved inhibition zones of 5.15 mm
against E. coli and 11.37 mm against E. amylovora. Compared to the control antibiotic, the
EOs from samples harvested at all locations during three PSs showed low antimicrobial
activity against the tested bacteria. However, it should be noted that the disk diffusion
assay provides only a preliminary and qualitative indication of antimicrobial potential.
Confirmation and quantitative assessment of these findings would require determination of
Minimum Inhibitory Concentration (MIC) values using broth microdilution in accordance
with CLSI M07 guidelines.
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Table 4. Proportions of chemical groups in mastic tree essential oil leaves harvested at four locations during three phenological stages using steam distillation at 1
bar pressure.

Chemical Group
Barbariga Pag Hvar Vela Luka

1 2 3 1 2 3 1 2 3 1 2 3

Monoterpenes 54.67 ± 0.20 64.43 ± 0.20 71.91 ± 0.17 56.99 ± 0.15 67.30 ± 0.23 66.15 ± 0.15 62.09 ± 0.21 76.67 ± 0.43 60.66 ± 0.44 57.41 ± 0.29 69.66 ± 0.36 52.10 ± 0.13
Monoterpene alcohols 2.16 ± 0.03 6.31 ± 0.14 10.21 ± 0.26 9.02 ± 0.08 9.20 ± 0.61 5.93 ± 0.05 9.83 ± 0.15 8.63 ± 0.06 10.06 ± 0.07 3.82 ± 0.05 4.97 ± 0.05 9.21 ± 0.08
Monoterpene oxides n.d. n.d. 0.05 ± 0.01 n.d. n.d. n.d. 1.01 ± 0.02 n.d. n.d. n.d. n.d. n.d.
Monoterpene esters 1.09 ± 0.04 0.13 ± 0.03 0.81 ± 0.03 0.50 ± 0.04 0.29 ± 0.03 0.53 ± 0.03 1.06 ± 0.05 0.88 ± 0.02 1.34 ± 0.03 2.16 ± 0.05 1.69 ± 0.03 1.41 ± 0.05
Sesquiterpenes 31.94 ± 0.23 24.37 ± 0.11 11.66 ± 0.05 23.83 ± 0.19 18.13 ± 0.08 14.12 ± 0.08 17.16 ± 0.07 9.53 ± 0.05 19.73 ± 0.16 29.32 ± 0.14 19.44 ± 0.09 26.44 ± 0.19
Sesquiterpenes alcohols 4.54 ± 0.09 1.49 ± 0.04 0.91 ± 0.02 3.60 ± 0.18 0.50 ± 0.42 2.63 ± 0.06 1.78 ± 0.05 0.94 ± 0.04 1.78 ± 0.04 3.12 ± 0.04 0.88 ± 0.04 2.37 ± 0.07
Aliphatic esters 0.63 ± 0.01 0.72 ± 0.04 1.56 ± 0.06 1.90 ± 0.04 1.44 ± 0.03 0.73 ± 0.03 2.57 ± 0.05 0.48 ± 0.04 1.66 ± 0.02 1.04 ± 0.03 0.72 ± 0.02 2.52 ± 0.03
Aromatic esters 0.44 ± 0.01 0.11 ± 0.02 0.29 ± 0.03 0.32 ± 0.03 0.07 ± 0.01 0.22 ± 0.04 0.62 ± 0.03 0.23 ± 0.04 0.29 ± 0.04 0.16 ± 0.03 0.12 ± 0.02 0.35 ± 0.04
Other 4.52 ± 0.05 2.25 ± 0.05 2.505 ± 0.09 3.81 ± 0.17 2.92 ± 0.14 8.88 ± 0.05 4.60 ± 0.12 2.49 ± 0.04 4.47 ± 0.04 2.95 ± 0.09 2.52 ± 0.06 5.55 ± 0.08
Total identified 99.88 ± 0.11 99.71 ± 0.10 99.93 ± 0.04 99.95 ± 0.02 99.94 ± 0.04 99.11 ± 0.08 99.94 ± 0.06 99.41 ± 0.39 99.42 ± 0.49 99.43 ± 0.48 99.75 ± 0.21 99.96 ± 0.03

Results are expressed as mean value ± SD; 1 = early flowering stage, 2 = early fruiting stage, 3 = late fruiting stage; n.d. = not detected.

Table 5. The differences in chemical groups proportions of mastic tree leaf essential oil due to location and PS.

Source of
Variation Monoterpenes Monoterpene

Alcohols
Monoterpene
Oxides

Monoterpene
Esters Sesquiterpenes Sesquiterpene

Alcohols
Aliphatic
Esters

Aromatic
Esters Other Total

Identified

Location p = 0.05 p < 0.01 * p = 0.04 p < 0.01 * p < 0.01 * p = 0.05 p = 0.05 p < 0.01 * p = 0.05 p = 0.93
Barbariga 63.55 ± 2.46 b 6.33 ± 1.18 b 0.01 ± 0.01 a 0.67 ± 0.14 b 22.62 ± 2.92 c 2.35 ± 0.58 c 0.93 ± 0.14 a 0.26 ± 0.05 b 3.10 ± 0.36 a 99.84 ± 0.04 a

Pag 63.56 ± 1.62 b 8.07 ± 0.54 c n.d 0.43 ± 0.04 a 18.63 ± 1.37 b 2.33 ± 0.48 c 1.35 ± 0.18 b 0.20 ± 0.04 a 5.08 ± 0.95 d 99.67 ± 0.14 a

Hvar 66.15 ± 2.53 c 9.50 ± 0.24 d 0.09 ± 0.05 b 1.08 ± 0.08 c 15.41 ± 1.50 a 1.48 ± 0.15 a 1.59 ± 0.30 d 0.39 ± 0.05 c 3.89 ± 0.34 c 99.59 ± 0.14 a

Vela Luka 59.43 ± 2.56 a 5.95 ± 0.82 a n.d. 1.76 ± 0.12 d 25.11 ± 1.44 d 2.17 ± 0.33 b 1.43 ± 0.27 c 0.19 ± 0.03 a 3.67 ± 0.50 b 99.71 ± 0.12 a

Phenological
stage p < 0.01 * p < 0.01 * p = 0.05 p = 0.17 p < 0.01 * p < 0.01 * p < 0.01 * p < 0.01 * p < 0.01 * p = 0.45

1 57.77 ± 0.81 a 6.20 ± 0.99 a 0.07 ± 0.04 b 1.19 ± 0.19 c 25.40 ± 1.69 b 3.33 ± 0.32 c 1.56 ± 0.23 b 0.36 ± 0.05 c 3.93 ± 0.23 b 99.80 ± 0.09 a

2 69.30 ± 1.32 c 7.31 ± 0.52 b n.d. 0.74 ± 0.19 a 17.91 ± 1.62 a 0.97 ± 0.11 a 0.84 ± 0.10 a 0.14 ± 0.02 a 2.50 ± 0.06 a 99.70 ± 0.08 a

3 62.46 ± 2.20 b 8.89 ± 0.54 c 0.01 ± 0.01 a 1.03 ± 0.11 b 18.03 ± 1.72 a 1.95 ± 0.21 b 1.58 ± 0.19 b 0.29 ± 0.01 b 5.38 ± 0.68 c 99.61 ± 0.12 a

Grand mean 63.17 7.46 0.03 0.99 2.44 2.08 1.33 0.26 3.94 99.70

Results are expressed as mean ± SE. * Statistically significant variable at p ≤ 0.05. Values with different letters within column are statistically different at p ≤ 0.05.
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Table 6. Antimicrobial activity of essential oils of mastic tree leaves obtained by steam distillation
from samples harvested at four locations during three phenological stages determined by the disk
diffusion method against Gram-negative bacteria E. coli strain AB1157 and E. amylovora strain EaED.

Location Phenological Stage E. coli Strain AB1157
Inhibition Zone (mm)

E. amylovora Strain EaED
Inhibition Zone (mm)

Barbariga
1 0.41 ± 0.01 0.42 ± 0.01
2 0.43 ± 0.02 0.86 ± 0.02
3 0.91 ± 0.01 1.29 ± 0.02

Pag
1 0.52 ± 0.01 1.29 ± 0.02
2 0.95 ± 0.01 0.89 ± 0.02
3 0.24 ± 0.01 0.42 ± 0.01

Hvar
1 0.59 ± 0.02 1.29 ± 0.02
2 1.33 ± 0.02 2.15 ± 0.03
3 0.43 ± 0.02 0.86 ± 0.02

Vela Luka
1 0.51 ± 0.02 0.43 ± 0.01
2 1.21 ± 0.02 0.89 ± 0.02
3 0.43 ± 0.01 1.29 ± 0.02

Control-Chloramphenicol 5.15 ± 0.02 11.37 ± 1.50
Results are expressed as mean value ± SD; 1 = early flowering stage, 2 = early fruiting stage, 3 = late fruiting stage.

The results of statistical analysis of the effects of EOs obtained from different locations
and PSs showed that the greatest inhibitory effect on both tested microorganisms was
achieved with EO from mastic tree leaves harvested on Hvar during the second pheno-
logical phase (Table 7). These results are consistent with previous studies [50–53], which
showed that the antimicrobial effect of EOs is due to their composition, specifically the
proportion of components from chemical groups such as monoterpenes and sesquiterpenes
(myrcene, α-pinene, limonene, and germacrene D), which possess cytotoxic properties
against various microorganisms. The highest proportions of these components were de-
termined in PS2 samples from the Hvar location (Tables 3 and 4). Similar findings were
reported by Knobloch et al., who demonstrated that monoterpenes (α- and β-pinene)
exhibit a moderate to strong inhibitory effect on microorganisms, as confirmed by other
studies [40,54].

Table 7. The differences in antimicrobial activity of mastic tree leaf essential oils against Gram-
negative bacteria E. coli strain AB1157 and E. amylovora strain EaED determined by disk diffusion
method due to location and PS.

Source of Variation E. coli Strain AB1157
Inhibition Zone (mm)

E. amylovora Strain EaED
Inhibition Zone (mm)

Location p = 0.48 p = 0.01 *
Barbariga 0.58 ± 0.08 a 0.86 ± 0.13 a,b

Pag 0.57 ± 0.10 a 0.87 ± 0.13 a,b

Hvar 0.78 ± 0.14 a 1.43 ± 0.19 a,b

Vela Luka 0.72 ± 0.12 a 0.87 ± 0.12 a,b

Phenological stage p < 0.01 * p = 0.22
1 0.51 ± 0.02 a,b 0.86 ± 0.13 a

2 0.98 ± 0.10 b 1.19 ± 0.17 a

3 0.50 ± 0.07 a,b 0.97 ± 0.11 a

Grand mean 0.66 1.01
Results are expressed as mean ± SE. * Statistically significant variable at p ≤ 0.05. Values with different letters
within column are statistically different at p ≤ 0.05.
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The antimicrobial effect of the EOs on the selected microorganisms was demonstrated
by clear halos extending beyond the disk edge, with measured halo widths ranging from
0.24 mm to 1.33 mm against E. coli and from 0.21 mm to 2.15 mm against E. amylovora.
In testing the antimicrobial activity of mastic tree EO on E. coli using the disk diffusion
method, Gkogka et al. [55] measured an inhibition zone of 10 mm. According to Mharti
et al. [56], the EO of the mastic tree leaves showed strong antimicrobial activity against
the Gram-negative bacterium Klebsiella pneumoniae, with a measured inhibition zone of 16
mm and stronger activity than the antibiotics levofloxacin and ampicillin, but no activity
against Pseudomonas aeruginosa.

To examine the possible grouping of P. lentiscus leaf essential oils based on chemical
composition and antimicrobial activity with respect to location and PS, PCA was performed,
and the results are shown in Figure 2.

  

Figure 2. Distribution of essential oils from mastic tree leaves in a two-dimensional coordinate system
defined by the first two principal components (PC1 and PC2) in relation to the (a) location and
(b) phenological stage.

The communality values for monoterpenes, monoterpene alcohols, monoterpene
oxides, sesquiterpenes, sesquiterpene alcohols, aliphatic esters, aromatic esters, and antimi-
crobial activity against E. coli and E. amylovora exceeded 0.5 and were therefore included
in the analysis. The distribution of the samples was examined in the space defined by
the first two principal components (PC1 and PC2), both of which had eigenvalues greater
than 1. Together, PC1 and PC2 explained 75.30% of the total variance in the data. A very
strong correlation was observed between PC1 and monoterpenes (r = −0.88), sesquiter-
penes (r = 0.89), sesquiterpene alcohols (r = 0.88), and antimicrobial activity against E.
coli (r = −0.80). There was also a strong correlation between PC1 and monoterpene alco-
hols (r = −0.61) and antimicrobial activity against E. amylovora (r = −0.73). PC2 was very
strongly correlated with aliphatic esters (r = −0.90) and aromatic esters (r = −0.83), while
a strong correlation was present between PC2 and monoterpene alcohols (r = −0.62) and
monoterpene oxides (r = −0.77). As shown, there was no particular grouping of the sam-
ples with respect to location (Figure 2a). However, the samples showed some separation
according to PS (Figure 2b). Most samples obtained in PS1 were located at positive PC1
values and were characterized by high contents of sesquiterpenes, sesquiterpene alcohols,
and aliphatic and aromatic esters. Almost all samples from PS2 were distributed at negative
PC1 values, showing high amounts of monoterpenes and antimicrobial activity against
E. coli. Most samples from PS3 were found at negative PC2 values, with high levels of
monoterpene alcohols and aliphatic and aromatic esters.
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The calculated Pearson’s correlation coefficient (Table 8) shows a possible connection in
inhibitory activity between monoterpenes and E. coli, as well as a possible inhibitory effect
of monoterpene alcohols against E. amylovora. In contrast, sesquiterpenes and sesquiterpene
alcohols showed a moderate negative correlation with both tested microorganisms.

Table 8. Pearson’s correlations between analyzed compounds and antimicrobial activity.

Group of Compounds E. coli
Strain AB1157

E. amylovora
Strain EaED

Monoterpenes 0.76 * 0.45
Monoterpene alcohols 0.19 0.65 *
Monoterpene esters 0.06 −0.17
Sesquiterpenes −0.55 * −0.57 *
Sesquiterpenes alcohols −0.68 * −0.46
Aliphatic esters −0.26 0.25
Aromatic esters −0.31 0.18
Other −0.64 * −0.36

* p ≤ 0.05.

This is consistent with the findings of Bakkali et al. [57] and Savoia [58], who demon-
strated that oxygen-containing terpene derivatives have greater biological activity than
hydrocarbon compounds.

4. Conclusions
The results of the study showed that pressure, PS, and location have a significant

impact on the yield of mastic tree leaf essential oil obtained by steam distillation. The
highest yield was achieved at a pressure of 1 bar, confirming a positive correlation between
increased pressure and the efficiency of volatile compound isolation. The first phenological
stage (early flowering stage) proved to be the most favorable period for obtaining higher
essential oil yields, while differences between locations were associated with variations
in climatic and microenvironmental conditions, especially precipitation and insolation.
Response surface analysis confirmed that the combination of optimal pressure, appropriate
phenological phase, and location conditions plays a key role in optimizing the isolation
process. GC–MS analysis identified and quantified 56 components and determined a typical
monoterpene chemotype for mastic leaf essential oil, with α-pinene, limonene, myrcene
and β-pinene as the dominant components. Significant variability in individual compo-
nents was observed, especially myrcene and sabinene, confirming the strong influence of
environmental factors and phenological stage on the biosynthesis of secondary metabolites.
Preliminary testing of antimicrobial activity by the disk diffusion method revealed a low
inhibitory effect of the essential oils on the two tested Gram-negative bacterial strains, E.
coli AB1157 and E. amylovora EaED. The observed variation in inhibitory activity among
samples appears to be associated with differences in chemical composition; however, to
establish and confirm causal relationship future work should include more specific and
precise microbiological analyses. Overall, the research confirms that optimizing techno-
logical distillation parameters, together with appropriate selection of phenological stage
and sampling location, is an important approach for increasing yield and standardizing the
quality of mastic tree leaf essential oil. This provides a basis for its potential application not
only in the pharmaceutical, food, and cosmetic industries, but also for the preparation of
environmentally acceptable herbal preparations with biopesticide properties.
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