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Abstract: Chios Mastic Gum (CMG) and Chios Mastic Oil (CMO) are two unique products of the
tree Pistacia lentiscus var. Chia, cultivated exclusively on the Greek island of Chios. In the present
study, the method proposed by the European Pharmacopoeia for mastic identification was employed
using HPTLC together with an in-house method. A GC-MS methodology was also developed for
the chemical characterization of CMOs. α-Pinene and β-myrcene were found in abundance in the
fresh oils; however, in the oil of the aged collection, oxygenated monoterpenes and benzenoids
such as verbenone, pinocarveol, and α-campholenal were found at the highest rates. Additionally,
the antimicrobial activity of Chios Mastic Gums (CMGs) with their respective Chios Mastic Oils
(CMOs) was evaluated, with growth tests against the fungi Aspergillus nidulans, Aspergillus fumigatus,
Candida albicans, Mucor circinelloides, and Rhizopus oryzae, and the bacteria Escherichia coli, Pseudomonas
aeruginosa and Bacillus subtilis, with the samples exhibiting a moderate activity. To our knowledge,
this is the first time that an HPTLC method is proposed for the analysis of mastic and its essential
oil and that a standardized methodology is followed for the distillation of CMO with a parallel
assessment of the ageing effect on the oil’s composition.

Keywords: Pistacia lentiscus var. Chia; Chios mastic; ageing; chemical profile; antibacterial; antifungal;
α-pinene; β-myrcene; GC-MS; HPTLC

1. Introduction

Pistacia lentiscus var. chia (Anacardiaceae) is an evergreen shrub cultivated exclusively
in the southern part of the Greek island of Chios [1]. The most characteristic products are
the resin or Chios Mastic Gum (CMG), produced from the wounds of the bark and branches,
and the essential oil, Chios Mastic oil (CMO), which is obtained by hydrodistillation from
the resin. Even though the Pistacia species are widely distributed in the Mediterranean
basin and in circum-Mediterranean areas, CMG is a unique resin of the mastic trees grown
only in the southern part of the island of Chios. Attempts to cultivate it in different areas,
even at the north part of the island, were not successful, failing to produce resin with
specific physicochemical and organoleptic characteristics. In that view, CMG and CMO are
both Protected Designation of Origin (PDO) products [2] while the know-how of cultivating
mastic on the island of Chios was included by UNESCO in the Representative List of the
Intangible Cultural Heritage of Humanity [3]. In 2015, Pistacia lentiscus L. resin (mastix or
mastic), was recognized by the European Medicines Agency (EMA) as a traditional herbal
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medicinal product with two indications, i.e., for the treatment of mild dyspeptic disorders,
skin inflammations, and as an aid in the healing of minor wounds [4].

For over 2500 years, the resin has been used in the ethnopharmacology of the Mediter-
ranean populations. In the 1st century AD, Dioscorides, reported in his work “De Materia
Medica” that CMG and CMO were effective against minor gastrointestinal disorders and
proposed their use for the skin’s and the oral cavity’s care [5]. In the 2nd century AD, Galen
also reported the beneficial effects of CMG against stomachache and dysentery [6]. Later on,
several references can be found containing mastic as an ingredient of multiple medicinal
preparations, with probably the most noteworthy being the “Jerusalem balsam”, which
was served as a “panacea” and was included in numerous European Pharmacopoeias until
the 20th century [7].

In contemporary times, CMG and CMO have been studied for their composition
as well as their biological and pharmacological properties. However, the number of
available studies remains relatively small. CMG and CMO have been reported as potent
antioxidant [8,9], anti-inflammatory [10,11], cardioprotective [12–14], and chemopreventive
agents [15–19]. Over the recent years, the increasing number of clinical or intervention
trials examining the effect of mastic administration on different disease models further
validates the Mediterranean populations’ inherent knowledge regarding mastic’s thera-
peutic potential. Interestingly, CMG’s anti-inflammatory activity has been demonstrated
in pilot studies involving patients with active Crohn’s disease and inflammatory bowel
syndrome (IBS) [10,20], and CMG has been suggested as a possible cardioprotective and
hepatoprotective agent in a pilot study describing a long term mastic administration in a
human cohort [21]. Moreover, in a prospective, randomized, placebo-controlled clinical
study, daily mastic consumption by healthy volunteers led to a significant decrease of their
total cholesterol and glucose levels [22], while in a recently published research, mastic
administration led to the regulation on peripheral and aortic blood pressure hemodynamics
in hypertensive patients [23].

It is worth mentioning that one of the first pharmacological properties of CMG and CMO
that were examined by modern day science was their antimicrobial activity, and especially
their efficacy against Helicobacter pylori and oral and periodontal pathogens [24–30]. In fact,
according to the study of Miyamoto et al., CMO exhibits a notable anti-H. pylori activity
against four different strains, established from patients with gastritis, gastric ulcer, and gastric
cancer [26]. In addition, CMO was found potent against several food-borne microorganisms
such as Staphylococcus aureus, Escherichia coli, and Salmonella sp. [24,25,27,29,31]. Furthermore,
both CMG and CMO are used in numerous products and have a wide spectrum of applications.
CMO is used due to its distinguishing aroma in alcoholic drinks [32] and as a perfume and
a perfume stabilizer [33] as well as in cosmetic products for the mouth and skin care [34].
CMG is incorporated in many traditional bakery products, confections, and desserts [32,35].
Moreover, the resin is widely found in food supplements and phytotherapeutic products due
to its long-term documented ethnobotanical medicinal use as well as recent studies [34].

From a chemical point of view, CMG constitutes an entity of more than 120 compounds
reported thus far, primarily terpenes. Triterpenes, mainly tetracyclic and pentacyclic,
constitute the major chemical group of CMG, comprising approximately 65–70% of the
total resin weight. Its composition is complemented by the fraction of volatile components
which constitute the essential oil of mastic (CMO) [1]. All these compounds coexist with the
natural polymer, poly-β-myrcene (25–30% of the dry weight), forming the resin structure.
CMO is typically produced by steam and/or water distillation [36], while Supercritical
Fluid Extraction (SFE) has been recently developed as an alternative method to the existing
ones [37]. CMO constitutes approximately 3% of the resin weight when harvested by
the traditional way and about 13% when harvested in a fluid form [38]. The chemical
composition of the essential oil has been studied mainly by the GC-MS and GC-FID
techniques [38–40].

CMG is often extensively adulterated because of the resin’s uniqueness and high
commercial value [41]. Adulteration is mainly achieved by mixing mastic with similar
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resins of lower economic value such as Iranian mastic (Pistacia atlantica), Boswellia resin
(frankincense), or Pinus resin, together with packing falsification [42]. However, special
attention should be paid to the fact that the Pistacia lentiscus var. Chia tree, as well as its resin,
can be found in the literature with various different names such as “schinos” or “lentisk”
without the authors specifying the geographical origin or variety. Additionally, very often,
the source of the resin and/or the essential oil under investigation is vague or not defined, a
fact which further complicates the identification of Pistacia lentiscus originating from Chios
island (var Chia), which is distinguished for its unique aroma characteristics [43]. CMG
is often found in the market as simply mastic or mastic gum, Chios masticha, mastiha,
mastihi, and mastix. Moreover, another misperception is often encountered regarding
mastic oil or “mastichelaion” (as described by Dioscorides), which is the essential oil of
the resin and is often confused with Pistacia lentiscus oil or “schinelaion”, the essential oil
obtained possibly from the plant’s berries. Despite the obvious confusion in the literature
regarding both the provenance of the resin and its essential oil but also the terminology
employed, CMO is used to this day to define and differentiate CMG from other resins
in the respective monograph of the European Pharmacopoeia (Ph. Eur.) [44]. For the
identification of the resin according to the Ph. Eur. method, only the analysis of its essential
oil is used, including a specific distillation yield (10 mL of essential oil/kg of dry resin) and
a TLC method for a visual evaluation [44]. Thus far, there is no other suitable and efficient
analytical method available for authentication and quality control of CMG and, therefore,
adulteration detection [1].

In the present study, different P. lentiscus var. Chia resin (CMG) samples together
with their produced essential oils (CMO) after hydrodistillation were investigated. Two
analytical methods, namely High Performance Thin Layer Chromatography (HPTLC) and
GC-MS, were employed for sample profiling, and the Ph. Eur. proposedTLC method
was also used for comparison purposes. Special emphasis was given to the exploration
of the ageing effect on the CMG and CMO composition, which is a critical parameter
of quality and authentication. Finally, both types of samples were evaluated for their
antifungal and antibacterial properties against different fungi and bacteria strains, with the
Aspergillus nidulans, Aspergillus fumigatus, Mucor circinelloides, and Rhizopus oryzae being
tested for the first time. Moreover, to our knowledge, it is the first time that a high number
of original CMG and CMO samples are analyzed, and the ageing parameter is investigated
so extensively in the essential oil, employing two analytical methods and in comparison to
the official monograph of the Ph. Eur.

2. Materials and Methods
2.1. Chemicals and Standards

Toluene [Ph. Eur., ≥99.7% (GC)] and sulfuric acid (puriss. meets analytical spec-
ification of Ph. Eur., BP, 95–97%) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Dimethyl sulfoxide (for analysis) was purchased from Merck (Kenilworth, NJ,
USA). Methanol [ ≥99.8% (HPLC)] and ethanol absolute (99.8% HPLC grade) were pur-
chased from Fischer Chemical (Pittsburg, PA, USA). Petroleum ether (RPE, for analysis)
and ethanol 96◦ were provided by Carlo Erba Reagents (Milan, Italy). Dichloromethane
(reagent grade) (Scharlau, Barcelona, Spain) was used after distillation for the dilution of
the resins and their essential oils for all HPTLC and GCMS analyses. Vanillin used (Acros
Organics, Fair Lawn, NJ, USA) was 99% pure. The alkane C10–C40 analytical standard
mixture and the standards borneol (97% purity) and eugenol (99% purity) were obtained
from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Starting Material and Production of Essential Oil

Eleven CMG samples were kindly provided by the Chios Mastiha Growers Association
(CMGA). Eight samples (CMG_1–8) were analyzed fresh (2 and 6 months after collection)
or slightly aged (2 years), whilst three (CMG_9–11) were aged for a longer time period
(over 10 years). The distillation process of the resins was conducted according to the Ph.
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Eur. monograph of Mastic (01/2008:1876), within a period of two weeks for all samples. In
brief, 20 g of resin was reduced to a coarse powder and then distilled for 2 h in a 500 mL
round-bottomed flask, using 200 mL of distilled water and a Clevenger apparatus [44].
The produced oils (CMO_1–9) were collected and stored at 4 ◦C. Two of the aged resins
(CMG_10–11) did not produce essential oil and, therefore, were not analyzed further.

2.3. Profiling of the Resin and Essential Oil by HPTLC

Eleven resin samples (CMG_1–11) and their respective essential oils (CMO_1–9) were
analyzed by HPTLC. Two methods were applied, the 1st according to the Ph. Eur. mono-
graph and the 2nd developed in-house. According to the monograph’s instructions, 1 g
of resin was diluted in 10 mL of dichloromethane, filtered after 1–2 min, and used as the
test solution. Moreover, the preparation of a reference solution involving the dilution of
25 mg of eugenol and 25 mg of borneol in 3 mL of dichloromethane was carried out as
indicated in the monograph. For the in-house method, 10 mg of the tested resins were
diluted in 1 mL of dichloromethane with the aid of an ultrasonic bath for 1–2 min. In both
methodologies, CMOs were dissolved in dichloromethane at a concentration of 2 mg/mL.

HPTLC analyses were conducted using a CAMAG system (CAMAG®, Muttenz,
Switzerland) consisting of an automatic TLC sampler (ATS4), an automatic development
chamber (ADC2), a Visualizer 2 Documentation System, and a Derivatizer, under the
control of the software platform VisionCats 2.5 (CAMAG®, Muttenz, Switzerland). The
samples were applied onto 20 × 10 cm HPTLC Silica gel 60 F254 glass plates (Merck,
Kenilworth, NJ, USA). Standard and sample solutions were applied band wise with the
autosampler ATS4 using a syringe of 25 µL (Hamilton, Reno, NV, USA) and a nitrogen
aspirator with the following standard settings: Tracks with 8.0 mm bands, 8 mm distance
from the lower edge, 20 mm from the left and right edges, and 11.4 mm between the
different tracks, 200 nL/s delivery speed. For the Ph. Eur. method, application volume was
set to 1 µL, and the mobile phase consisted of light petroleum of reagent grade (R), toluene
R (5:95 v/v). For the in-house methodology, the mobile phase consisted of dichloromethane,
methanol (98:2 v/v), and the application volume was set to 10 µL. In both methodologies,
the application volume of the essential oils was 20 µL. The standard settings used in ADC2
were the following: 20 min chamber saturation, 10 min of plate activation (conditioning)
at 33% relative humidity using MgCl2 as a desiccant, and 5 min of plate drying. The
solvent front was set to 8.5 cm. Plate images at 254 nm and 366 nm before spraying and at
white light after spraying were recorded. For visualization of the spots, the plates were
sprayed with vanillin reagent R [i.e., 2 mL of sulfuric acid added to 100 mL of a 10 g/L
solution of vanillin in ethanol (96◦)] and heated at 100–105 ◦C for 5 min in the oven. An
optical evaluation of the color and shape of the spots was performed according to the
monograph’s instructions.

2.4. Determination of Essential Oil Constituents by GC-MS

All CMO samples were diluted in dichloromethane at a concentration of 2 mg/mL.
Analyses were performed on a Finnigan Trace GC Ultra 2000 apparatus (Thermo Electron
Corporation, Waltham, MA, USA) with an AI 3000 autosampler. The system was coupled
with a Finnigan Trace DSQ mass selective detector at Electron Impact (EI) mode. The
separation was achieved on a Trace TR-5MS capillary column (30 m × 0.25 mm; film
thickness 0.25 m) (Thermo Scientific, Waltham, MA, USA). Helium (1 mL/min) was used
as a carrier gas. 1 µL of essential oil was directly injected at splitless mode. The initial
oven temperature was set to 40 ◦C, reaching 240 ◦C with a gradient of 3 ◦C/min. When
the temperature reached 240 ◦C, it was kept steady for 10 min. The injector and source
temperatures were set to 220 ◦C and 250 ◦C, respectively. The mass range was set to
40–400 Da and electron energy to 70 eV. Spectra acquisition and analysis were performed
using the XCalibur 2.2 software platform (Thermo, Waltham, MA, USA). Compound
identification was conducted by mass spectra comparison to Willey/NIST 0.5 and in-house
libraries [45,46]. For the compounds of C14 and above, the method of retention indices (RI)
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as defined by IUPAC for temperature-programmed GC was additionally used in terms
of a better structural verification [47]. A relative quantification of detected compounds
was performed by employing the Area % feature and the auto integration using the
ICIS algorithm.

2.5. Media and Growth Conditions

Standard minimal media (MM) for A. nidulans was used for the growth of A. nidulans,
A. fumigatus, M. circinelloides, and R. oryzae. Media and supplemented auxotrophies were
used at the concentrations given in Fungal Genetics Stock Center (FGSC) [48]. Glucose
1% (w/v) and 5 mM urea were used as the carbon and nitrogen sources, respectively.
Growth tests were performed at 37 ◦C, at pH 6.8, and scored after 3–6 days. The C. albicans
strain was incubated at 30 ◦C in YPD broth pH 6.8 (2% Bacto peptone, 1% yeast extract,
2% dextrose) at 200 rpm. Liquid bacterial cultures were incubated in Luria-Bertani (LB)
medium pH 6.8 (BactoTryptone 10 g, NaCl 10 g, BactoYeast Extract 5 g for 1 L) at 250 rpm.
Media and chemical reagents were obtained from Sigma-Aldrich or AppliChem. Mastic
resins (CMG_1–8) were diluted in 100% DMSO or ethanol and added to the media in a
final concentration of 0.2 mg/mL and 0.4 mg/mL, respectively (final 1% DMSO or 1%
ethanol). Mastic essential oils (CMO_1–8) were diluted in 100% DMSO and added to the
media in a final concentration of 0.2 mg/mL (1% DMSO). Controls were treated with the
same concentration of solvent (final 1% DMSO or ethanol).

2.6. Epifluorescence Microscopy

For wide-field epifluorescence microscopy, conidiospores were incubated overnight
in glass bottom 35 mm l-dishes (ibidi) in liquid minimal media, for 16–22 h at 25 ◦C,
supplemented with glucose 1% (w/v) and urea at 5 mM. Mastic resins (CMG_1–8) were
diluted in ethanol and added to the media in a final concentration of 0.4 mg/mL (1%
ethanol). Images were obtained using an inverted Zeiss Axio Observer Z1 (Zeiss, White
Plains, NY, USA) equipped with a Hamamatsu ORCA Flash 4.0 CMOS camera using
the Zen lite 2012 software (Hamamatsu Photonics Deutschland GmbH, Herrsching am
Ammersee, Germany). Images were processed and annotated in Adobe Photoshop CS4
Extended version 11.0.2 (Adobe, San Jose, CA, USA).

3. Results and Discussion
3.1. Hydrodistillation Yield

The yield of hydrodistillation plays a key role in CMG identification, since according
to the Ph. Eur. monograph for mastic, a minimum of 10 mL of essential oil/kg of anhydrous
resin is required as a quality marker [44]. In the current study, only the fresh and slightly
aged samples (CMG_1–8) produced essential oil, whilst the three aged samples (CMG_9–11)
produced CMO either in traces (CMG_9) or none (CMG_10–11). As shown in Table 1, the
distillation yields differed significantly among the analyzed resins, providing an average
of 14.7 mL/kg of essential oil.

Moreover, in the case of CMG_6, the yield was found below the limit set by the
monograph, with CMG_1 and 2 barely surpassing it. Since these samples were collected at
the same period as two of the highest CMO-producing resins (CMG_3,5), it seems that other
parameters such as the age of the tree or climatic conditions might play a significant role in
essential oil content. Nonetheless, it was verified that ageing decreases CMO yield, leading
to almost none or traces production after a long period of storage. Interestingly, according
to Papanicolaou et al., the loss of essential oil during storage was attributed mainly to
the transformation of volatiles to non-volatiles and, to a lesser degree, to evaporation [49].
Consequently, distillation yield in itself does not constitute an adequate marker of quality,
and the proposed levels might need to be reconsidered. However, given that our results on
the loss of volatiles during ageing and the average calculated yield corroborated with those
reported elsewhere [50,51], we consider that essential oil yield might provide meaningful
information that should be examined in conjunction with findings from other techniques.
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To our knowledge, in previous studies investigating this aspect, the number of analyzed
samples was significantly low and, therefore, a direct comparison is infeasible [38].

Table 1. Hydrodistillation yields, performed according to the Ph. Eur. instructions.

Collection Time (month/year) Resin Essential Oil Yield (mL/kg)

01/2020 CMG_1 CMO_1 11.9
01/2020 CMG_2 CMO_2 10.3
02/2020 CMG_3 CMO_3 23.4
02/2020 CMG_4 CMO_4 19.5
02/2020 CMG_5 CMO_5 24.8
06/2020 CMG_6 CMO_6 9.9
06/2020 CMG_7 CMO_7 14.3
11/2018 CMG_8 CMO_8 3.5

Minimum 3.5
Maximum 24.8

Average ± SD 1 14.7 ± 7.3

2010 CMG_9 CMO_9 traces
2010 CMG_10 CMO_10 -
2010 CMG_11 CMO_11 -

1 SD = Standard Deviation.

3.2. HPTLC Profiling

Apart from distillation yields, a TLC method was also described in the Ph. Eur.
monograph for the identification of CMG, accompanied by a visual inspection of substances
considering the color and the shape of certain zones. Eugenol and borneol were used as
reference compounds. In the current study, the Ph. Eur. method was used for the analysis of
all 11 CMG samples, together with the respective CMOs, utilizing an HPTLC approach [44].
Additionally, an in-house elution method was developed for the profiling of both sample
types (Figure 1).
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Figure 1. HPTLC chromatograms of Chios Mastic Gum (CMG) (A,B) and Chios Mastic Oil (CMO)
(C,D) samples developed with the Ph. Eur. (A,C) and in-house (B,D) methods. Detection at visible
light after spraying with vanillin reagent.
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According to the Ph. Eur. monograph, six zones of different coloring after spraying
were evaluated and compared with the reference standards indicating the resin’s identity.
As shown in Figure 1A, the solvent system proposed by the Ph. Eur. was not suitable
for profiling and compound monitoring, since most of the constituents were concentrated
on the baseline together with the poly-β-myrcene polymer (dark brown). The same re-
mark could be made for the CMO samples (Figure 1C). In order to resolve this issue,
the development of an in-house method was deemed necessary. To that end, different
solvent systems (e.g., toluene/ethyl acetate/heptane/formic acid 80:20:10:3, cyclohex-
ane/diisopropyl ether/acetic acid 60:40:10, dichloromethane/methanol 98:2) and methanol
for resin dilution were tested for the development of a suitable HPTLC method (data not
shown). Moreover, the dilution of the resin in different solvents, i.e., dichloromethane,
methanol, acetone, and acetonitrile, were also tested. Finally, dichloromethane/methanol
98:2 as an elution system was selected as the most suitable, and dichloromethane for resin
dilution was found to be the most appropriate solvent. Furthermore, the initial concen-
tration of the samples was reduced to 10 mg/mL for crude mastic powder (compared to
100 mg/mL proposed by Ph. Eur.) in order to achieve an improved sample dilution and,
therefore, an enhanced separation and a more rigid and uniform elution of constituents.
Lastly, filtration of samples prior to application was omitted, ensuring a greater metabolite
coverage. As observed in Figure 1B,D, with the elution system employed, the separation of
the compounds was more efficient, the resolution was greatly improved, and even minor
qualitative and/or quantitative alterations could be detected.

Based on the HPTLC data, a comparison between the fresh and aged samples could
be made regardless of the method used, even if, with the in-house method, the assessment
was considerably more straightforward. Figures S1–S4, present the different chemical
profiles between the fresh and aged collections in 254 and 366 nm. The effect of ageing
could be observed in both CMG and CMO samples. In the aged resin samples in particular
(CMG_9–11), the absence of zones and/or quantitative decrease was clearly evident, possi-
bly indicating the instability of the resin over time and the decomposition of numerous
constituents. Moreover, it seems that the formation of β-myrcene polymer was favored
over time as it was manifested by the obvious relative intensification of the dark brown
zone at the baseline. Poly-β-myrcene, which is derived from myrcene polymerization
present in CMO, undergoes further oxidation reactions affording diverse oxidation prod-
ucts [52]. In general, according to Behr et al., the storage of myrcene is a difficult task since
it polymerizes spontaneously at room temperature. One-third is lost by polymerization in
a 3-month period leading to a higher viscosity index and the formation of peroxides [53].
The addition of vitamin E has been suggested as a means of impeding polymerization
and oxidation phenomena [49], while other agents have also been proposed, such as 0.1%
p-tert-butylcatechol and a mixture of 0.05% p-tert-butylcatechol and 0.05% butylhydrox-
yanisol [53]. This observation was also evident in the profiles of the CMO samples, where
polymer formation along with the appearance of several new zones of increased polarity,
clearly sets the oil produced from the 10-year-old resin (CMO_9) apart from the rest. In
fact, CMO could be suggested as an even better substrate for ageing detection, given that
its profile presents many more differences with fresh and slightly aged samples compared
to its respective crude resin.

Finally, it is worth mentioning that despite the importance of CMO’s chemical compo-
sition for the quality control of the resin, a fact recognized even by the Ph. Eur., the number
of studies aiming to assess the effect of ageing on the essential oil’s yield and profile is
quite limited and outdated, while the investigated storage period is usually restricted to a
few months [38,49]. In addition, to our knowledge, there is no HPTLC methodology in the
literature for CMG and/or CMO profiling, an alternative to the Ph. Eur. monograph. It is
important to state that given that the technique is the advanced form of Thin-Layer Chro-
matography (TLC), automation, low operating cost, improved application of the samples,
higher separation, resolution, data acquisition and processing, faster analysis time, and
lower volumes of mobile phase are ensured [54]. Moreover, HPTLC is characterized as a



Processes 2021, 9, 418 8 of 20

state-of-the-art method and a useful analytical tool in the case of complex mixtures, e.g.,
plant extracts [55].

3.3. GC-MS Analysis

Amongst analytical techniques, GC-MS has been almost exclusively used for the
chemical characterization of CMO as well as CMG [50,56,57]. More precisely, GC-MS
constitutes the method of choice as it is often employed for the detection of adulteration
phenomena in the oil and, generally, for its quality assessment [51]. In the current study, 8
samples of essential oils produced from fresh and slightly aged resins (CMO_1–8) were
analyzed. Due to the minimal production of essential oils from resins aged 10 years and
more, only one sample, namely CMG_9, provided oil in an adequate quantity (CMO_9) and
was, therefore, forwarded for analysis. In Figure 2, superimposed total ion chromatograms
(TIC) of representative samples (CMO_1, CMO_8, and CMO_9) are presented, clearly
demonstrating the chemical transformations taking place over time.
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Based on the GC-MS data explained in detail in Table 2, 33 compounds were identified
in fresh CMO samples (CMO_1–7) (97.69%) together with 7 non-identified (1.10%).

The main categories of metabolites found in fresh samples (CMO_1–7) were monoter-
pene hydrocarbons (86.01%), oxygenated monoterpenes and benzenoids (4.60%), sesquiter-
pene hydrocarbons (4.99%), oxygenated sesquiterpenes (0.63%), and diterpene hydro-
carbons (1.47%). The oil produced from a 10-year-old resin (CMO_9) demonstrated a
significantly different profile verifying the HPTLC observations and 25 compounds were
identified in total (70.85%). A more comprehensive annotation of a fresh and aged sample is
presented in Figure S5. Even from a preliminary inspection of the available chromatograms,
it is obvious that ageing has a profound effect on the composition of CMO, and hence it
shall be discussed in greater detail in the following Section 3.4.
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Table 2. GC-MS analysis of the essential oil composition of fresh CMO samples (CMO_1–7).

A/A Rt (min) 1 Compound Molecular
Formula MW (g/mol) 2 Main Fragments

(Descending Intensity) RI 3 IM 4

1 9.75 N/I_C01 C10H16 136.23 93, 67, 49, 41, 84, 79, 108,
121, 136 - MS

2 10.36 α-Pinene C10H16 136.23 93, 77, 105, 121, 67, 41, 53, 136 - MS

3 12.10 Sabinene C10H16 136.23 93, 77, 41, 136, 121, 105 - MS

4 12.31 β-Pinene C10H16 136.23 93, 69, 41, 79, 121, 136 - MS

5 12.88 β-Myrcene C10H16 136.23 69, 93, 41, 79, 53, 121, 107, 136 - MS

6 14.06 o-Methyl-
anisole C8H10O 122.16 122, 107, 77, 91, 51, 69, 41, 83 - MS

7 14.76 D-Limonene C10H16 136.23 68, 93, 79, 107, 53, 121, 41, 136 - MS

8 16.22 N/I_C02 C10H18O 154.25 49, 84, 93, 41, 69, 77, 121,
107, 136 - MS

9 16.88 N/I_C03 C10H18O 154.25 49, 84, 93, 69, 41, 79, 107, 122,
137, 152 - MS

10 17.64 Terpinolene C10H16 136.23 93, 121, 136, 69, 79, 41, 105, 152 - MS

11 17.86 Camphenol C10H16O 152.23 93, 108, 67, 41, 79, 121, 137, 152 - MS

12 & 13 18.25 Perillene &
α-Linalool

C10H14O &
C10H18O 150.22 & 154.25 69, 71, 41, 93, 55, 81, 150, 121,

107, 135 - MS

14 18.81 N/I_C04 C10H18O 154.25 69, 71, 93, 41, 55, 84, 121, 150,
107, 136, 154 - MS

15 19.67 α-
Campholenal C10H16O 152.23 108, 93, 67, 41, 81, 150, 119, 136 - MS

16 20.30 Pinocarveol C10H16O 152.23 55, 92, 69, 41, 83, 109, 119,
134, 150 - MS

17 20.57 Cis-Verbenol C10H16O 152.23 109, 41, 81, 91, 69, 119, 150, 137 - MS

18 21.40 N/I_C05 C11H18 150.26 49, 84, 69, 41, 108, 93, 135,
122, 150 - MS

19 22.33 Verbenol C10H16O 152.23 59, 94, 79, 69, 83, 41, 109, 119,
136, 150 - MS

20 23.07 Myrtenal C10H14O 150.22 79, 107, 91, 41, 67, 119, 135, 150 1203.0 RI, MS

21 23.81 Verbenone C10H14O 150.22 107, 91, 79, 135, 67, 41, 150, 122 1220.5 RI, MS

22 26.27 N/I_C06 C10H16O 152.23 93, 69, 49, 41, 84, 79, 136, 164,
121, 109, 150 - MS

23 26.89 Bornyl acetate C12H20O2 196.29 95, 43, 121, 136, 108, 67, 55, 80,
154, 196 1291.6 RI, MS

24 29.46 N/I_C07 C15H26O 222.37 105, 161, 119, 49, 91, 69, 41, 84,
58, 204, 148, 133 - MS

25 29.64 α-Longipinene C15H24 204.35 119, 105, 93, 133, 69, 41, 55, 79,
204, 161, 152, 189 1354.4 RI, MS

26 30.46 α-Ylangene C15H24 204.35 105, 119, 93, 161, 41, 69, 79, 55,
133, 204, 189, 148 1373.0 RI, MS

27 30.76 α-Copaene C15H24 204.35 105, 119, 161, 93, 69, 81, 41,
148, 133, 204, 189 1379.6 RI, MS

28 31.10 β-Bourbonene C15H24 204.35 81, 123, 91, 105, 41, 69, 161,
148, 133, 204 1387.3 RI, MS
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Table 2. Cont.

A/A Rt (min) 1 Compound Molecular
Formula MW (g/mol) 2 Main Fragments

(Descending Intensity) RI 3 IM 4

29 31.33 β-Elemene C15H24 204.35 93, 81, 69, 148, 41, 105, 121,
133, 161, 189, 176, 204 1392.7 RI, MS

30 31.98 Isocaryophyllene C15H24 204.35 93, 69, 133, 105, 41, 79, 55, 148,
119, 161, 189, 175, 204 1407.6 RI, MS

31 32.65 β-
Caryophyllene C15H24 204.35 93, 133, 105, 69, 79, 41, 55, 120,

147, 161, 189, 175, 204 1423.9 RI, MS

32 34.21 α-Humulene C15H24 204.35 93, 121, 80, 107, 147, 67, 41, 53,
204, 136, 189, 161, 175 1461.1 RI, MS

33 35.11 α-Muurolene C15H24 204.35 105, 161, 91, 119, 79, 133, 69,
41, 204, 55, 148, 189, 178 1482.3 RI, MS

34 35.39 D-Germacrene C15H24 204.35 161, 105, 91, 79, 119, 41, 148,
133, 69, 204, 178 1489.0 RI, MS

35 39.46 Caryophyllene
oxide C15H24O 220.35 79, 93, 41, 69, 107, 55, 121, 135,

147, 161, 178, 187, 205, 220 1591.2 RI, MS

36 40.68 α-Humulene
epoxide II C15H24O 220.35 109, 67, 96, 138, 43, 55, 81, 123,

178, 148, 164, 205, 191, 220 - MS

37 50.40
p-

Camphorene/
Dimyrcene

C20H32 272.47
69, 41, 93, 105, 55, 119, 79, 133,

229, 147, 187, 161, 272, 175,
202, 216, 243, 257

- MS

38 51.15 Dimyrcene C20H32 272.47
69, 93, 41, 105, 55, 79, 121, 187,

147, 229, 133, 159, 203, 272,
175, 257, 215, 243

- MS

39 52.26
m-

Camphorene/
Dimyrcene

C20H32 272.47
69, 41, 91, 105, 119, 79, 133, 55,

147, 229, 203, 161, 187, 272,
257, 173, 216, 243

- MS

40 53.58 Dimyrcene C20H32 272.47
69, 93, 41, 105, 79, 133, 119, 55,

229, 147, 203, 161, 187, 272,
257, 175

- MS

1 Rt = Retention time; 2 MW = Molecular Weight; 3 RI = Retention Indices calculated against n-alkanes; 4 IM = Identification Method.

Regarding the fresh samples’ chemical composition (CMO_1–7), the dominant com-
pounds are α-pinene (Rt 10.3 min) ranging from 56.4 to 73.0% (avg. 64.8%) and β-myrcene
(Rt 12.8 min) ranging from 12.6 to 19.9% (avg. 16.4%), verifying available informa-
tion [15,51]. Other compounds detected in significant levels included β-pinene (2.47–
3.08%), limonene (1.24–1.98%), perillene coeluting with α-linalool (0.84–2.53%), and β-
caryophyllene (2.21–6.38%). Interestingly, perillene has only been reported in two stud-
ies thus far [11,51] while the compounds camphor, 1-ethenyl-2,4-dimethylbenzene or
1-methyl-4-(2-propenyl)-benzene, β-methyl-cinnamaldehyde, trimethyl-hydroquinone,
3,8,8-trimethyl-1,2,3,4,5,6,7,8-octahydro-2-naphthalenyl methyl acetate, and 4-acetyl-1-
methylcyclohexene are reported for the first time in the 10-year old CMO.

The major compounds found in mastic’s essential oil, α-pinene and β-myrcene have
been proposed in the past as quality markers for CMO [51], however, most available studies
did not follow a standardized methodology for the resin’s distillation and/or the storage
period was not mentioned. Therefore, a direct comparison of the calculated metabolites’
content was not possible, especially when the geographical origin of the starting material
was not clear [26] or market samples of CMO were analyzed [51]. As a consequence, the
reported levels of those two major compounds varied considerably in the existing literature,
i.e., for α-pinene between 30–90% and for β-myrcene between 1–60% [50,58,59]. In fact, it
appears that sample origin is so crucial to the essential oil’s composition that in some cases
of essential oil acquired from a different Pistacia lentiscus variety, β-myrcene was reported
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at very low levels (<4%) or it was completely absent [26,60,61]. Impressively, in one case,
α-copaene is mentioned as one of the major compounds, while according to our findings it
constitutes one of the minor constituents [62].

We hereby have to note that despite the existence of a limited number of studies
assessing CMO’s chemical composition, to our knowledge, there is only one previous
research work by Paraschos and colleagues where a considerable number of authentic
mastic oil samples have been analyzed similar to the current study [51]. Nevertheless,
even in this comprehensive effort, the samples were not acquired through a controlled
laboratory process, instead, they were commercial specimens provided by the official
producers. In that scope, the present work attempts to narrow down the proposed limits of
marker compounds in CMO, following a standardized methodology for its distillation, as
proposed by an official authority (Ph. Eur.).

3.4. Essential Oil Ageing

Ageing together with storage are critical for quality assessment; hence monitoring of
marker compounds during the ageing process is deemed essential. In the current study,
the ageing effect on the resin and the produced essential oils was assessed in samples
collected 2 and 10 years prior to analysis with the view to provide further insight on the
chemical transformations taking place in mastic samples overtime. Table 3 summarizes
the qualitative and/or quantitative differences in specific constituents between fresh and
aged samples.

Table 3. CMO chemical composition in fresh (CMO_1-7), aged for 2 years (CMO_8) and aged for 10 years (CMO_9)
samples analyzed.

Compounds (Min–Max) % in
Fresh Samples (n = 7)

Average % ± SD in
Fresh Samples (n = 7)

% in the 2-Year-Old
Sample (n = 1)

% in the 10-Year-Old
Sample (n = 1)

Monoterpene hydrocarbons 79.40–91.15 86.01 ± 4.37 81.96 13.2
Oxygenated monoterpenes 1 &

Benzenoids 2 3.75–6.25 4.60 ± 0.78 4.35 52.51

Sesquiterpene hydrocarbons 2.84–7.94 4.99 ± 1.96 5.91 0.08
Oxygenated sesquiterpenes 0.29–0.96 0.63 ± 0.26 0.90 1.91

Diterpene hydrocarbons 0.29–2.62 1.47 ± 0.89 3.23 -
Ketones - - 3.23

Total identified 96.12–98.43 97.69 ± 0.79 96.35 70.85
Total non-identified 0.76–1.66 1.10 ± 0.31 1.98 29.00

Compounds (Min–Max) % in
Fresh Samples (n = 7)

Average % ± SD in
Fresh Samples (n = 7)

% in the 2-Year-Old
Sample (n = 1)

% in the 10-Year-Old
Sample (n = 1)

Monoterpene Hydrocarbons

α-Pinene 56.42–72.99 64.83 ± 5.78 65.65 12.00
β-Pinene 2.47–3.08 2.75 ± 0.25 3.81 0.45
β-Myrcene 12.6- 19.94 16.40 ± 3.17 8.90 -
Sabinene 0.18–0.3 0.23 ± 0.04 0.28 -

D-Limonene 1.24–1.98 1.66 ± 0.32 3.24 -
Terpinolene 0.11–0.2 0.15 ± 0.04 0.08 -
Camphene - - - 0.75

Oxygenated Monoterpenes 1 & Benzenoids 2

Perillene 1 & α-Linalool 1 0.84–2.53 1.68 ± 0.64 1.73 -
Camphenol 1 0.06–0.09 0.08 ± 0.01 0.07 -

α-Campholenal 1 0.33–0.47 0.39 ± 0.05 0.42 6.32
Pinocarveol 1 0.31–0.72 0.50 ± 0.14 0.29 5.16
cis-Verbenol 1 0.3–1.05 0.61 ± 0.25 0.2 -

Verbenol 1 0.15–0.31 0.21 ± 0.057 0.17 -
Verbenone 1 0.07–0.22 0.13 ± 0.059 0.07 7.21

Bornyl acetate 1 0.07–0.2 0.11 ± 0.046 0.06 0.98
Campholene group 1 - - - 4.62
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Table 3. Cont.

Compounds (Min–Max) % in
Fresh Samples (n = 7)

Average % ± SD in
Fresh Samples (n = 7)

% in the 2-Year-Old
Sample (n = 1)

% in the 10-Year-Old
Sample (n = 1)

Oxygenated Monoterpenes 1 & Benzenoids 2

Camphor 1 - - - 0.78
3,6,6-Trimethyl

norpinan-2-one 1 &
Pinocarvone 1

- - - 4.99

cis-3-Pinanone 1 - - - 0.27
cis-Carveol 1 - - - 1.47
1-Ethenyl-2,4-

dimethylbenzene or
1-Methyl-4-(2-propenyl)-

benzene 2 &
o-Methyl-anisole 2

0.36–0.84 0.60 ± 0.16 1.14 1.93

o-, p- & m-Cymene 2 - - - 5.30
β-Methyl-cinnamaldehyde 2 - - - 0.15
Myrtenal 1 & p-Cymen-8-ol 2 0.22–0.39 0.28 ± 0.058 0.2 11.11

Carvone1 &
Trimethyl-hydroquinone 2 - - - 2.22

Sesquiterpene Hydrocarbons

β-Caryophyllene 2.21–6.38 4.13 ± 1.53 4.74 -
α-Humulene 0.28–0.91 0.54 ± 0.22 0.69 -
α-Longipinene 0.01–0.07 0.03 ± 0.02 0.02 -
α-Ylangene 0.04–0.16 0.10 ± 0.04 0.08 0.08
α-Copaene 0.02–0.08 0.05 ± 0.02 0.06 -
β-Bourbonene 0.01–0.07 0.04 ± 0.02 0.07 -
β-Elemene 0.01–0.09 0.04 ± 0.03 0.07 -

Isocaryophyllene 0.02–0.11 0.06 ± 0.03 0.07 -
a-Muurolene 0.03–0.09 0.05 ± 0.02 0.08 -

D-Germacrene 0.05–0.1 0.06 ± 0.02 0.03 -

Oxygenated Sesquiterpenes

Caryophyllene oxide 0.27–0.89 0.58 ± 0.24 0.82 1.63
α-Humulene epoxide II 0.02–0.07 0.05 ± 0.02 0.08 -

3,8,8-Trimethyl-
1,2,3,4,5,6,7,8-octahydro-2-

naphthalenyl methyl
acetate

- - - 0.28

Ketones

4-Acetyl-1-
methylcyclohexene - - - 1.53

2-Undecanone - - - 1.70
1 Oxygenated monoterpenes; 2 Benzenoids.

Even from a preliminary analysis of the results, it is obvious that CMG undergoes
severe alterations to its chemical composition. In more detail, it seems that monoterpene
hydrocarbons decrease slightly in the 2-year storage (81.96%) and significantly in the
10 years one (13.2%). Oxygenated monoterpenes and benzenoids have similar rates over
the 2-year period, but in the 10-year-old sample, they constitute more than half of the oil’s
composition (52.5%); thus, chemical processes such as oxidation are implied. Sesquiterpene
hydrocarbons appeared to be almost absent in the 10-year aged sample, whilst their
oxygenated counterparts were higher compared to the fresh samples. In the only study



Processes 2021, 9, 418 13 of 20

investigating the ageing in a 3-year storage period, there was only a slight decline in the
monoterpene hydrocarbons, while all the other categories exhibited similar rates [38].

Investigating individual compounds, it is obvious that the fresh collections contain
α-pinene and β-myrcene at the highest rates. It has been reported that under thermal
oxidation conditions, α-pinene and β-pinene can be transformed to oxygenated monoter-
penes [63,64]. α-Pinene seems to be unaffected in the collection aged for 2 years (65.7%),
verifying an existing study reporting a 3-year storage [38]. However, its content was found
significantly lower (12.0%) in the sample aged over a 10-year period. Evidently, as time
goes by, both compounds suffer from a definitive loss in content, however, β-myrcene,
clearly stands out as the one most affected by long storage periods. As a matter of fact,
in the collection of 2018, i.e., CMG_8, which produced little oil (CMO_8), β-myrcene was
found at a lower rate in contrast to the other fresh collections, while in the oil produced
from the 10-year aged collection, β-myrcene was completely absent. Therefore, β-myrcene
could be suggested as a marker for ageing as it clearly demonstrates a gradual decrease
over time [38]. Indeed, the ratios of β-myrcene/α-pinene and β-pinene/β-myrcene have
been previously proposed as quality markers for CMO [38,51]. According to our findings
presented in detail in Table S1, the ratio of β-myrcene/α-pinene was more suitable for
the qualitative evaluation of CMO’s ageing process, as it displayed a more evident de-
crease in oils procured from aged resins and a low SD amongst samples of fresh collection.
In fact, when this rate equals zero, as in the case of the 10-year old collection, it can be
safely assumed that the oil is entirely aged. The ratios calculated herein coincide with
those previously reported [11,38,51], with β-myrcene/α-pinene ranging from 0.14–0.35
and β-pinene/β-myrcene from 0.13–0.43.

Apart from the gradual degradation of marker-compounds such as α-pinene and
β-myrcene, other compounds were also decreased over time, with the most characteristic
being β-caryophyllene (Rt 32.6 min), giving its place to its oxidized product, caryophyllene
oxide (Rt 39.4 min). In the same context, oxidized products of monoterpenes such as
pinocarveol (Rt 20.4 min) and verbenone (Rt 23.8 min) dominated the profile of the 10-year
aged sample. Based on our data, these compounds, along with α-campholenal (Rt 19.7 min)
were detected <1% in fresh samples, whereas pinocarvone (Rt 21.3 min) and cis-carveol (Rt
24.2 min) were only detected in the aged sample (Figure 3).
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Pinocarvone, however, has been mentioned thus far only in one study of samples
from a fresh collection [11]. Moreover, camphene (Rt 11.0 min), eluting close to α-pinene,
appears only in the aged sample, implying a possible isomerization of the latter [38].
Other transformations taking place include the conversion of D-limonene (Rt 14.7 min)
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to benzenoid cymene derivatives (Rt 14.6 min) and that of perillene and α-linalool (Rt
18.2 min) to the oxygenated campholene ones (Rt 17.8 min). Benzenoid cymene derivatives
have also been found to increase in samples of aged wine [65], and as for D-limonene,
Karlberg et al. suggested its possible transformation into carvone under air exposure [66].

Similar observations could be made for benzenoid compounds and cymene derivatives
such as p-cymen-8-ol, carvone (Rt 25.3 min), as well as o-, p- and m-cymene, which constitute
characteristic examples. The presence of p-cymene has been reported in three studies of
fresh collections (<0.4%) [11,30,60]. Moreover, in the aged collection sample, myrtenal
(Rt 23.1 min) seemed to co-elute with p-cymen-8-ol (Rt 22.9 min), a compound referenced
only in one study of a fresh collection of mastic [11]. o-Methyl-anisole is a compound
found both in fresh and aged oils; however, in the 10-year old oil, it seemed to co-elute
with 1-ethenyl-2,4-dimethylbenzene or 1-methyl-4-(2-propenyl)-benzene (Rt 14.0 min). In
accordance with our findings, in the only work studying the ageing of CMG during a 3-year
storage period, camphene, limonene, β-pinene, p-cymene, myrtenal, and trans-carveol were
augmented [38]. An interesting and somewhat contradictory observation, though, was that
β-pinene and D-limonene seem to be increased in the 2-year storage verifying the previous
reference whilst the first decreases significantly (<1%) and the second disappears in the
10-year-old sample.

Finally, regarding the presence of dimyrcenes, their content was found higher in the
2-year collection sample compared to the fresh ones, but they were absent from the 10-year
collection. A plausible explanation could be the gradual polymerization of myrcene first
to its dimer (after a short storage period) and then to its polymer over a longer ageing
time. Dimyrcenes have only been detected in fresh collections in the Seville’s and Izmir’s
essential oils of Pistacia lentiscus resin at levels similar to those presented herein [11,60].
Finally, two ketones, namely 4-acetyl-1-methylcycloxene (Rt 13.3 min) and 2-undecanone
(Rt 27.2 min), have been detected only in the 10-year-old sample. The existence of 2-
undecanone at a low rate (<0.2%) has been reported in only two studies analyzing samples
of fresh collections [30,60].

To summarize, according to our findings, the oil produced from the resin aged for
2 years presented few differences with the fresh ones, with the only evident exception
being β-myrcene, the compound, which seems to be the most affected by ageing. On the
other hand, in the oil produced from the resin stored for a period longer than 10 years, the
chemical composition was completely altered with oxidized products such as verbenone,
pinocarveol, and α-campholenal dominating the oil’s profile. α-Pinene is still one of the
major constituents of the aged oil, and β-myrcene is completely absent, probably due to
extensive polymerization phenomena.

3.5. Antifungal and Antibacterial Effects of Resins and Essential Oils

All resins (CMG_1–7) and essential oils (CMO_1–7) from fresh collections together
with the resin stored for 2 years (CMG_8) and the respective oil (CMO_8) were tested for
their antifungal and antibacterial activity. In vivo growth tests were performed against
the following microorganisms: Fungi: Aspergillus nidulans, Aspergillus fumigatus, Candida
albicans, Mucor circinelloides, and Rhizopus oryzae. Bacteria: Escherichia coli, Pseudomonas
aeruginosa, and Bacillus subtilis. The rationale for the choice of fungi to be tested is the
following. A. nidulans is a non-pathogenic well-studied model system that permits unique
genetic, molecular, and cellular approaches [67] that would have enabled us to address
the mechanism of any potential action of the mastic compounds tested. A. fumigatus and
C. albicans are two of the most prominent major fungal (ascomycete) human pathogens in
immunocompromised people [68,69]. M. circinelloides and R. oryzae are clinical isolates of
Mucorales, a genus of emerging pathogens that often includes strains resistant to antifungal
pharmacological therapy [70–72]; provided by Dr. George Chamillos, IMMB]. The bacteria
tested are standard strains that represent Gram− (E. coli) or Gram+ (B. subtilis) model
eubacteria, whereas P. aeruginosa is a common Gram− bacterium that can cause disease in
plants and animals, including humans.
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Figure 4 and Figure S6 summarize results obtained with fungi and bacteria, respec-
tively.
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Figure 4. Effect of resins and essential oils against fungi. (A,B) Comparative growth test of A. nidulans, A. fumigatus,
M. circinelloides, and R. oryzae on Minimal Media (MM) after 3 days at 37 ◦C in the presence or absence (control/solvent) of
samples. In (A) Mastic resins (CMG_1–8) and essential oils (CMO_1–8) were diluted in DMSO and added to MM in a final
concentration of 0.2 mg/mL (1% DMSO). In (B), mastic resins were diluted in ethanol and added to the minimal media in a
final concentration of 0.4 mg/mL (1% ethanol). (C) Epifluorescence microscopy of an A. nidulans strain co-expressing a
plasma membrane (PM) purine transporter tagged with GFP (AzgA-GFP) and a mitochondrial marker tagged with DsRed
(CitA-DsRed) in the presence or absence of resins (CMG_1–8). CMG_5 and CMG_8 depict representative results of the effect
of all mastic resins tested. Scale bar: 5 µm (D) The bar graph depicts growth rate of Candida albicans in the presence of mastic
resins (CMG_1–8) after 24 h of incubation. The standard deviation in all cases was <1%.

Figure 4A shows that all samples tested, when dissolved in DMSO, had minor or no
effect on fungal growth. More specifically, in the case of A. nidulans, all led to a moderate
reduction in colony diameter and no effect on apparent conidiospore production. Among
those, CMG_8 (2.2 cm), followed by CMG_6 and CMG_1 (2.5 cm), had the most prominent
effect, compared to the control (3.2 cm). It is important to note that the most potent was the
most aged between the analyzed samples. The respective oils (CMO_1–8) had practically
no effect on A. nidulans colonies. CMG_8 also had the strongest effect on A. fumigatus
(2.5 cm versus 3.2 cm in control), while other CMGs had minor effects on growth. Nearly
all CMGs had an effect on hyphal density in M. circinelloides, not evident in R. oryzae, but
did not affect the rate of colony growth in any of the two Mucorales. CMOs had no effect
on M. circinelloides, but CMO_2 and CMO_7 led to a significant reduction of hyphal density
in R. oryzae.

Based on these results, we retested all CMGs at 2-fold increased concentration, this
time diluted in ethanol. Results shown in Figure 4B demonstrate that CMG_4, CMG_5, and
CMG_8 had a negative effect on A. nidulans colony diameter, reducing it from 2.2 cm to
1.4–1.7 cm, while again CMG_8 also led to a significant reduction of growth in A. fumigatus
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(1.9 cm compared to 2.6 cm in the control). Overall, CMG_8 showed the most consistent
negative effect on the growth of both Aspergilli (22–37% reduction of colony diameter).

As far as it concerns Mucorales, again, most CMGs led to a significant reduction in
hyphal density in M. circinelloides, but not in R. oryzae. Based on the result for growth
tests, it became apparent that the CMG_8 had a promising antifungal effect mostly against
Aspergilli, but possibly also against M. circinelloides. To investigate possible cellular defects
underlying its action, but also of other CMG and CMO samples, we took advantage of
available genetic strains expressing specific fluorescent molecular markers in A. nidulans,
and in particular a strain stably expressing a plasma membrane (PM) protein (purine
transporter AzgA) and a mitochondrial protein (citrate synthase CitA), tagged with GFP or
DsRed, respectively [73,74]. Several known antifungal agents have a targeting effect on the
cell wall or PM biosynthesis or in mitochondrial functioning and morphology [72,75]. In
previous reports, oils have been shown to have minimal and variable activity against some
fungi (e.g., Saccharomyces cerevisiae, Zygosaccharomyces bailii, Aspergillus flavus, Penicillium
roquefortii, Eurotium amstelodami; [76]), but to our knowledge, there were practically no
reports on mastic resins against fungi, except a report related to the phytopathogenic
fungus Rhizoctonia solani [61]. Figure 4C shows representative results with CMG_8 and
CMG_5. None of the samples tested had any detectable effect on the general morphol-
ogy of A. nidulans hyphal cells, or in the localization, stability, and turnover of PM or
mitochondrial proteins.

As shown in Figure 4D, we did not detect any significant effect against C. albicans.
Moreover, all tested samples did not seem to have any significant effect on the growth of
the bacterial strains tested. Figure S6 shows optical densities of bacterial strains after 24 h
of growth in the presence of samples compared to the control culture. No effect was also
observed at earlier incubation times (8 and 16 h, data not shown).

From the aforementioned results, specific CMGs do have a moderate antifungal
activity, which apparently is not directly related to the integrity of the cell wall, the PM of
the functioning of mitochondria. It is interesting to note that the most potent resin was the
one after 2 years’ storage, while the respective oil did not present any activity. A reasonable
assumption is that degradation and/or oxidized forms of terpenes were most probably
responsible for the observed effects, while a possible role of the relatively increased levels
of poly-β-myrcene cannot also be ignored.

4. Conclusions

In the present study, 11 different authentic mastic resins (CMG) from different col-
lection times were investigated together with their respective essential oils (CMO). All
samples were analyzed by HPTLC using the elution system proposed by the Ph.Eur. mono-
graph and a new one developed in-house with the new system providing an improved
separation and a higher resolution for the detected constituents. HPTLC could be used as a
fast screening method for CMG and CMO samples and is even suitable for the detection
of the ageing effect on both sample types. Based on our results, the two criteria set by
the Pharmacopoeia, namely distillation yield, and the TLC method, were found to be
insufficient and inaccurate for the successful identification of the resin and adulteration
detection and, therefore, they should be reconsidered.

CMOs were also analyzed by GC-MS, and more than 30 compounds were identified in
the fresh oils, and specific content ranges were proposed for the major components of CMOs
originating exclusively from P. lentiscus var Chia. Major differences were observed in CMO’s
major compound classes during the ageing process. Monoterpene hydrocarbons were
found to gradually decrease over time, followed by a simultaneous increase in oxygenated
monoterpenes and benzenoids. A similar pattern is observed between sesquiterpene
hydrocarbons and oxygenated sesquiterpenes. α-Pinene and β-myrcene, which are quality
markers for CMO, were found in high levels in fresh samples, also showing a continuing
decline over time. However, β-myrcene seems to be a more suitable marker of ageing since,
due to extensive polymerization after 10 years, it is not detectable. Similarly, camphene
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appears only in aged samples as an isomerization product of α-pinene. Amongst these
lines, other compounds such as α-campholenal, pinocarveol, verbenone, and pinocarvone
could also be proposed as ageing markers.

Regarding the antimicrobial properties of the samples, overall, the resins were found
to be more potent compared to oils and specifically against A. nidulans, A. fumigatus, and
M. circinelloides as judged on their effect on colony diameter and growth in general. Here,
we also obtained direct cellular evidence that the moderate effect of the most potent mastic
compounds does not seem to be associated with major morphological defects of the PM,
nuclei organization, or the mitochondria of A. nidulans. Interestingly also, the most active
was compound CMG_8 was a resin sample stored for 2 years, while the relative fresh
sample showed moderate activity.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-971
7/9/3/418/s1, Figure S1: HPTLC chromatogram of CMG with the Ph. Eur. Method. Detection at
(A) 254 nm and (B) 366 nm. Figure S2: HPTLC chromatogram of CMO with the Ph. Eur. Method.
Detection at (A) 254 nm and (B) 366 nm. Figure S3: HPTLC chromatogram of CMG developed with
the in-house method. Detection at A) 254 nm and B) 366 nm. Figure S4: HPTLC chromatogram
of CMO developed with the in-house method. Detection at (A) 254 nm and (B) 366 nm. Figure
S5: Zoomed superimposed total ion chromatograms (TIC) of a fresh (CMO_1) and an aged sample
(CMO_9). Figure S6: Effect of resins and essential oils against bacteria. Comparison of bacterial
growth (E. coli, P. aeruginosa and B. subtilis), as expressed by measuring optical density values
(550 nm), in the presence of resins (CMG_1–8) or essential oils (CMO_1–8), after 24 h of incubation at
37 ◦C. Values in graphs represent % of growth in the presence of mastic extracts relative to control
(no mastic extract added) taken as 100%. In the left panel mastic resins and essential oils diluted in
DMSO were added at a final concentration of 0.2 mg/mL (1% DMSO), whilst in the right penal mastic
resins diluted in ethanol were added at final concentration of 0.4 mg/mL (1% ethanol). Standard
deviation in all cases was <1%. Table S1: Minimum, maximum, and average values for the ratios of
major compounds in CMO samples (CMO_1–8, CMO_9).
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