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Background: Origanum syriacum (O. syriacum) is a very popular edible and medicinal plant in the East
Mediterranean countries. The aims of the current study were to use microwave-ultrasonic assisted
hydrodistillation (MUAHD) method to produce essential oils (EOs) from wild O. syriacum samples col-
lected from four different geographical areas in The West Bank using water as a solvent, determine the
phytochemical profile using GC-MS analysis and assess their antioxidant and antibacterial potential.
Methods: Essential oils were produced using MUAHD method. Gas chromatography coupled with mass
spectrometer detector (GC-MS) was employed for phytochemical analysis. In vitro antibacterial and
antioxidant potentials were carried out.
Results: Differences in the EOs yield among the four Origanum samples were observed. GC-MS analysis of
EOs revealed terpenes as the major constituents; monoterpenes (22–56%) and oxygenated monoterpenes
(28–57%). Thymol, a-terpinene and carvacrol represent the bulk of all phytochemicals detected by GC-MS
analysis. c-Terpinene-rich EOs, exhibited the highest antioxidant capacity. Thymol-rich EOs were found
to be most effective against Staphylococcus aureus and Methicillin-Resistant Staphylococcus aureus (MRSA)
(MIC 390 mg/mL). Alpha-terpinene-rich chemotype EOs exhibited the highest inhibitory effect of
Pseudomonas aeruginosa (MIC of 1560 mg/mL). Interestingly, c-terpinene-rich EO showed promising
antibacterial properties against Enterococcus faecium (MIC 97 mg/mL) and a powerful anti-oxidant effect
(91.45% ±2.30).
Conclusion: The current study supports the use of MUAHD as a time-saving, cost-effective, environment-
friendly method for production of high quality O. syriacum EO for potential use as a natural complemen-
tary treatment and in the prevention of bacterial infections as well as oxidation by free radicals without
compromising the quantity.
� 2019 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Natural products from plants, animals and minerals have been
used for medicinal purposes since antiquity and have been the
most integral source of drugs (Rates, 2001). Human knowledge
about herbal potential curing effect was documented since
18,000 B.C.E. (De Sousa Araújo et al., 2016; Geneste and Mauriac,
2014). Ancient civilizations, modern pharmaceutical, food and cos-
metic industries relied on essential oils (EOs) as a flavoring,
antibacterial, antifungal and antioxidant agents (Sharifi-Rad
et al., 2017). For example, essential oils EOs isolated from phyto-
genic sources were utilized in cosmetics, perfumes, food, religious
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ceremonies and medicines. Moreover, aromatic oils were incorpo-
rated into a number of pharmaceutical dosage forms including
suppositories, ointments, creams powders, pills and tinctures
(Bas�er and Buchbauer, 2015; Lawless, 2013; Rose, 1999). Further-
more, some EOs were found to possess pesticidal and herbicidal
activity (Chaimovitsh et al., 2017; Tworkoski, 2002). In recent
years, EOs played a primary role in many of Complementary and
Alternative Medicine modalities such as aromatherapy, ayurveda,
flower essence therapy, massage therapy, naturopathic, unani
and traditional Arabic Islamic medicine (Prakashan, 2009; WHO,
2001).

Origanum syriacum L. (O. syriacum), commonly known as white
oregano, Syrian oregano, za’atar, zatar or zather, is a perennial
bushy aromatic herbaceous plant belongs to the Lamiaceae (Labi-
atae) family and is native to the Mediterranean region
(Seidemann, 2005). O. syriacumis a wild herb grows in the moun-
tains and valleys. It is about 40 cm high, with ovate-oblong slightly
hairy leaves with a strong pungent taste, and white aromatic flow-
ers. The Arabic name za’atar is widely used in many countries of
the Arab world which could refer to other plant species from the
Lamiaceae family, such as Coridothymus capitatus, Thymbra spicata
and Satureja thymbra, all of which share similar uses and aromatic
flavor profile. Za’atar is strongly associated with Palestine and it is
one the most popular folkloric culinary and medicinal herb (Ali-
Shtayeh et al., 1998). Every year, tons of the plant material are col-
lected and consumed and therefore considered of a high economic
value (Boyd, 2016). In Palestinian folk medicine, O. syriacum is used
for the treatment of skin fungal diseases, abdominal pain, throat
infection and cough. Similar therapeutic uses of Origanum have
been reported from neighboring countries as Jordan (Shehadeh
et al., 2017; 2014), Syria and Lebanon (Aburjai et al., 2007; Ali-
Shtayeh et al., 2000; Husein et al., 2014).

This work aims were, to use microwave-ultrasonic assisted
hydrodistillation (MUAHD) method as a new and green technology
to extract the EOs from dried wild O. syriacum collected from four
different regions (Jerusalem, Bethlehem, Qalqilya and Tulkarem) of
the West Bank/Palestinian Authority. The chemical composition of
the produced EOs and the percentage yield obtained will be com-
pared with previously reported for EOs produced by the conven-
tional hydrodistillation technique. Moreover, EOs will be assessed
for their antibacterial and antioxidant properties in vitro.
2. Materials and methods

2.1. Chemical reagents

Dimethyl sulfoxide (DMSO) was purchased from Riedeldehan,
Germany. DPPH (2,2-Diphenyl-1-picrylhydrazyl) and Trolox were
purchased from Sigma-Aldrich, Germany. Methanol and n-hexane
were purchased from Lobachemie, India. Mueller Hinton broth
was purchased from Himedia, India.
2.2. Instrumentations

Varian Chrompack CP-3800 gas chromatograph connected to
Saturn 2200 GC-MS-MS was used for gas GC-MS analysis (Saturn,
Netherlands). Ultrasonic-microwave cooperative extractor
(CW-2000, China) was used to extract the EOs. UV visible spec-
trophotometer (Jenway-7315, England) was used to assess the
antioxidant activity. Dried plant material was powdered using
Moulinex model (Uno China) incubator (Nuve, Turkey), 96-well
plates (Greiner Bioone, North America), syringe filter 0.45 mm pore
size (Microlab, China) and micropipettes (Finnpipette, Finland)
were used for experimental work. Purified water was obtained
using Millie Q (Zalion, Jerusalem).
2.3. Collection and preparing plant materials

O. syriacum herb was collected from four regions of the West
Bank area of Palestine (Jerusalem, Qalqilya, Tulkarem and Bethle-
hem) during the flowering phase at the end of July 2016. The leaves
were separated from the stems, carefully washed using purified
water and dried in the shade at room temperature. Voucher spec-
imens (Pharm-PCT-A1729-1732) were deposited in the herbarium
at the laboratory of harmacognosy and Phytochemistry of the Fac-
ulty of Medicine and Health Sciences, Department of Pharmacy,
An-Najah National University, Nablus, West Bank.

2.4. Essential oil preparation

The EOs of the four samples of O. syriacum plant were extracted
by using a microwave-ultrasonic method which was described by
Jaradat et al., 2016 with modifications (Jaradat et al., 2016). In brief,
the extraction apparatus used in this study consists of a microwave
oven combined with an ultrasonic extractor. The plant powder
(100 g) suspended in water in a round bottom flask connected to
the Clevenger-type apparatus was exposed to ultrasonic and
microwaves. Microwave-ultrasonic power was adjusted at
1000W; the ultrasonic power of the apparatus was adjusted at
its maximum (50 W and frequency of 40 kHz) at 100 �C for
10 min, repeated three times. The obtained EO was collected into
a clean beaker, dried over anhydrous sodium sulfate (Na2SO4)
using 0.90–1.00 g and stored in the refrigerator at 2–8 �C.

2.5. Bacterial isolates

Staphylococcus aureus (ATCC 25923), resistant Staphylococcus
aureus (MRSA) and Enterococcus faecium (ATCC 700221), Escheri-
chia coli (ATCC 25922) and Pseudomonas aeruginosa (ATCC 27853)
were used in the study.

2.6. Gas chromatography-Mass spectrometry

Varian Chrompack (CP-3800 Gas Chromatograph) connected to
Saturn 2200 GC-MS-MS- equipped with split-splitless injector and
Agilant-DB-5 GC column (5% diphenyl 95% dimethyl polysiloxane),
(30 m � 0.25 mm ID, 0.25 lm film thicknesses) was used. The
injector temperature was set at 250 �C with a split ratio of 1:10.
The detector and transfer-line temperatures were 160 �C and
230 �C respectively.

The MS ionization source was 180 �C and the ionization voltage
was 70 eV. The column oven temperature was kept at 60 �C for
1 min (isothermal), and rammed from 60 �C to 250 �C at a rate of
3 �C/min, and held constant at 250 �C for 1 min to a total time of
65 min. The mass detector was set to scan ions between 40 and
400m/z using full scan mode and electron impact (EI, 70 eV).
Essential oil samples were subjected to GC/MS analysis, after dilut-
ing 1 lL aliquot of the sample to 10 lL in GC grade n-hexane. A
hydrocarbon mixture of n-alkanes (C8-C20) was analyzed sepa-
rately by GC-MS using the same column (Agilant-DB-5) and under
the same chromatographic conditions. Each sample was analyzed
twice.

A linear temperature program was used to separate the
different oil components. For each component (peak) separated
by GC-MS, the linear retention index (arithmetic) was calculated
according to Adams and Van den Dool and Kratz (Van den Dool
and Kratz, 1963; Adams, 2007). Identification of oil components
was performed by matching their spectra with mass spectra data
bank libraries including WILEY, NIST and ADAMS-2007 and com-
paring their linear retention indices with reported values in litera-
ture, mainly Adam’s library (Adams, 2007; Tawaha and Hudaib,
2012).
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2.7. Identification of EOs constituents

The EOs constituents were identified by matching their
recorded spectra with the data bank mass spectra (NIST, WILEYand
ADAMS-2007 libraries) provided by the instrument’s software also
by comparing their linear retention indices with reported values in
the literature (Adam’s library 2007).

2.8. Antioxidant activity

DPPH methanolic solution was prepared at a concentration of
0.002% w/v. Serial dilutions of Trolox (standard) and the extracted
O. syriacum EOs (1, 2, 3, 5, 7, 10, 20, 30, 40, 50, and 80 lg/mL) were
tested for DPPH reducing capacity (Alma et al., 2003). Antioxidant
potential was assessed using ultraviolet spectrophotometer at a
wavelength of 517 nm using methanol as the blank solution. Per-
centage inhibition of DPPH was calculated using the following
equation:

% Inhibition of DPPH activity ¼ A-B
A

� 100%

where, A: the absorbance of the blank and B: the absorbance of the
sample.

Concentration necessary to induce 50% inhibition of DPPH (IC50)
for each of the studied O. syriacum EOs and Trolox (standard) were
calculated by using Bio Data Fit edition 1.02 (data fit for biologist).

2.9. Determination of MIC

Broth microdilution method was used to assess antibacterial
activities of O. syriacum EOs. The applied procedure was conducted
according to Forbes et al., methods (Jorgensen and Ferraro, 1998;
Forbes et al., 2007). A volume of 100 mL of EO stock solution
(50 � 103 mg/mL) was added to 90 mL of Mueller Hinton broth, fol-
lowed by subsequent dilution. An aliquot of 10 mL of bacterial sus-
pension (5 � 107 CFU/mL) was added. Positive and negative
controls were also included. Plates were incubated at 35 �C for
24 h. Experiments were carried out in triplicates. The least concen-
tration of EOs that inhibited visible bacterial growth was consid-
ered as the minimum inhibitory concentration (MIC).
3. Results

3.1. EOs analysis

Differences in the yield of EOs produced by MUAHD technique
were observed (Table 1). Qalqilya’s sample yield was the highest
(3.28% v/w); Bethlehem 2.74% v/w, Tulkarem 2.2% v/w and the
lowest was recorded for Jerusalem sample of 1.7% v/w. GC/MS
Table 1
O. syriacum EOs yield obtained by conventional and microwave ultrasonic assisted
hydrodistillation.

Origin Yield (% V/W) Reference

HD MUAHD

Palestine 1.1 – 1.3 1.7–3.3* (Khoury et al., 2016)
Jordan 0.6–1.6 NA (Afifi et al., 2017)
Lebanon 1.3 – 4.4 NA (Awada et al., 2012)
Turkey 0.8–3.5 NA (Toncer et al., 2010)
Iran 0.9–1.7 NA (Pirigharnaei et al., 2011)
Morocco 0.8.2–2.61 NA (Fadel et al., 2010, Aboukhalid

et al., 2017)

HD: Hydrodistillation.
MUAHD: Microwave Ultrasonic Assisted Hydrodistillation.

* : Current study.
analysis of the produced EOs revealed that terpenes were the
major components in all samples as shown in Table 2. EOs from
Qalqilya and Tulkarem samples were rich in oxygenated monoter-
penes. However, monoterpene hydrocarbons were the major phy-
tochemicals in the EOs obtained from Bethlehem and Jerusalem
samples. In addition, distinct differences were noted in the per-
centages and nature of the detected terpenes. a-Terpinene and c-
terpinene were the major detected unsaturated monoterpene
hydrocarbon, while thymol and carvacrol were the major oxy-
genated monoterpenes. In addition, caryophyllene and its oxide
derivative were the major detected sesquiterpenes (Fig. 1).

3.2. Antioxidant activity

All O. syriacum EOs under investigation exhibited inhibitory
effect on 1,1-diphenyl-2-picrylydrazyl (DPPH) free radical produc-
tion in a dose-dependent pattern as shown in Table 2. At the high-
est tested concentration 80 mg/mL, Jerusalem EO displayed the
strongest free radical scavenging ability of all tested samples, while
Bethlehem EO was the second. Tulkarem and Qalqilia EOs dis-
played the weakest free radical inhibition activity (56.3% and
58.1% respectively). IC50 values of antioxidant capacity are listed
in Table 3.

3.3. Antibacterial activity

In this study, EOs of O. syriacum leaves, collected from Jerusa-
lem, Bethlehem, Qalqilya and Tulkarem regions of Palestine exhib-
ited antibacterial activity against all tested bacterial strains.
However, the growth inhibition varied according to the source of
the plant species as shown in Table 4. EO from Jerusalem species
showed the highest antibacterial activity especially against S. aur-
eus and E. faecium with MIC of 97 mg/mL. The effect against P.
aeruginosa and E. coli growth was less pronounced with MIC range
of 1560- �25,000 mg/mL.
4. Discussion

The West Bank of Palestine ecosystem is considered among the
highest in plant biodiversity despite its small size. O. syriacum is
one of the most popular edible and folkloric plants in Palestine
(Ali-Shtayeh et al., 1998; Ali-Shtayeh et al., 2000; Feinbrunn,
1938; Halim et al., 1991). It has been reported as a remedy for
many ailments, an antidote for poisons and as a food preservative
(Al-Antaki, 1935; Plessner, 1962).

As shown in Table 1, higher EOs yield (1.7–3.3 %v/w) was
obtained applying MUAHD technique compared to conventional
hydrodistillation (HD) method. Where the highest yield (3.28%
v/w) was obtained from Qalqillya (the lowest land area of
45–125 m above sea level (ASL)); and the least yield (1.7% v/w)
was obtained from Jerusalem (the highest land area (546–852 m
ASL)). This is in agreement with other finding were variations in
the yield of O. syriacum leaves EOs obtained by conventional
hydrodistillation method (HD)was region-specific (Khoury et al.,
2016, Afifi et al., 2017, Awada et al., 2012, Toncer et al., 2010,
Pirigharnaei et al., 2011, Fadel et al., 2010, Aboukhalid et al.,
2017) as summarized in Table 1.

GC-MS analysis of Zaatar EOs produced from the harvested wild
plants representing four geographical regions in Palestine, showed
similar chemical profile to that reported in the literature
(Aboukhalid et al., 2017, Afifi et al., 2017; Farjam et al., 2014;
Lukas et al., 2009). Terpenes were the most dominant components
(83–94%) as shown in Table 2. Phytochemicals were discriminated
into two major groups; mono- and sesquiterpenes. However, the
nature of EOs’ terpenoidal compounds varied according to the



Table 2
GC-MS analysis of wild O. syriacum leaves EO samples from The West Bank/Palestinian Authority.

No Compoundy Molecular Formula Molecular Weight Retention Time RIyy Relative Content (%) of EOs

Q* J* T* B*

1 a-Thujenea C10H16 136 5.893 930 1.04 0.74 1.35 2.86
2 a- Pinenea C10H16 136 6.115 939 1.37 1.35 1.15 2.00
3 b-Pinenea C10H16 136 7.740 979 2.57 2.11 1.18 2.16
4 1-Phellandrenea C10H16 136 8.352 1003 0.68 0.55 0.31 0.60
5 a-Terpinenea C10H16 136 8.718 1017 12.97 27.95 21.97 36.80
6 tert-Butyl benzenee C10H14 134 9.225 – 1.36 0.97 0.68 1.27
7 c-Terpinenea C10H16 136 10.237 1060 3.05 21.14 6.70 10.51
8 a-Terpinolenea C10H16 136 11.290 1086 0.47 0.93 0.75 0.94
9 4-Terpineolb C10H18O 154 15.281 1177 2.10 0.99 0.62 0.83
10 Thymoquinoneb C10H12O2 164 18.274 1252 2.17 1.28 1.24 2.10
11 Thymolb C10H14O 150 20.104 1290 19.99 11.74 39.87 5.90
12 Carvacrolb C10H14O 150 20.461 1299 18.99 13.64 15.44 21.40
13 Caryophyllenec C15H24 204 25.382 1419 12.89 6.38 1.93 2.20
14 a-Amorphenec C15H24 150 28.130 1483 0.64 0.37 0.21 –
15 delta-Cadinenec C15H24 204 29.389 1522 – 0.39 – –
16 Caryophyllene oxided C15H24O 220 31.861 1583 2.19 0.92 0.43 0.50
17 Octahydro-tetramethyl- phenanthrenee C18H26 242 43.799 – 0.82 0.37 0.45 0.51

Identified Phytochemical Groups
Monoterpene hydrocarbonsa 22.15 54.77 33.41 55.87
Oxygenated monoterpenesb 43.25 27.65 57.17 30.23
Sesquiterpene hydrocarbonsc 13.53 7.14 2.11 2.20
Oxygenated sesquiterpenesd 2.19 0.92 0.43 0.50
Non terpene hydrocarbonse 2.18 1.34 1.13 1.78
Total of phytochemical groups 83.3 91.82 94.28 90.58

Q*: Qalqilya, J*: Jerusalem, T*: Tulkarem, B*: Bethlehem.
y Compounds are listed based on their elution order identified according to WILEY, NIST and ADAMS-2007 libraries.

a = Monoterpene.
b = Oxygynated monoterpene.
c = Sesquiterpene.
d = Oxygenated sesquiterpene.
e = Non terpene hydrocarbons.

yy RI: (Retention Indices) linear (arithmetic) retention index calculated on a DB-5 equivalent column.

Fig. 1. Major terpenes detected in O. syriacum EOs.

Table 3
In vitro antioxidant activity of O. syriacum leaves EOs and the standard Trolox.

Concentration (mg/mL) DPPH Percentage Inhibition Induced by

Standard O. syriacum EO fro

Trolox Jerusalem

1 50.72 ± 0.29 9.65 ± 1.77
2 51.00 ± 0.58 13.40 ± 2.60
3 70.20 ± 1.22 13.80 ± 0.00
5 76.34 ± 1.62 13.90 ± 2.80
7 83.95 ± 2.10 13.90 ± 1.06
10 95.99 ± 1.52 16.20 ± 1.90
20 96.00 ± 2.20 24.00 ± 0.00
30 97.50 ± 1.44 24.80 ± 1.85
40 97.50 ± 1.82 38.00 ± 2.52
50 98.10 ± 2.50 78.10 ± 0.75
80 98.66 ± 2.25 91.45 ± 2.30**

*IC50 1.90 ± 1.59 39.80 ± 1.60

Values are means ± SD of three experiments carried out in triplicates.
* IC50 were calculated by using Bio Data Fit edition 1.02.
** Maximum DPPH inhibitory effect.
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location of O. syriacum collection land area. Monoterpene hydro-
carbons were abundant in EOs from dry (40% humidity), high alti-
tude mild Mediterranean climate (temperature 19–28 �C)
collection points as Jerusalem and Bethlehem (54.77, 55.87%
respectively). Furthermore, the highest content of oxygenated
monoterpenes was detected in EOs from humid (70%) hot subtrop-
ical Mediterranean (25–32 �C) and low altitude (45–500 m ASL)
samples collected from Qalqilya and Tulkarem areas (43.25,
57.17% respectively) as shown in Table 2. Essential oil derived from
Qalqilya’s (low altitude, humid and hot region) sample was the
richest in sesquiterpene hydrocarbons (13.53%). Climacteric factors
m

Bethlehem Tulkarem Qalqilya

17.30 ± 0.00 12.35 ± 2.34 22.80 ± 0.76
20.80 ± 1.67 12.85 ± 0.85 25.00 ± 1.25
22.80 ± 1.09 15.50 ± 1.45 27.56 ± 2.50
25.90 ± 1.34 20.22 ± 0.00 30.14 ± 1.66
35.12 ± 0.55 26.75 ± 2.42 30.14 ± 2.34
37.00 ± 1.50 31.01 ± 1.14 33.50 ± 1.08
40.90 ± 1.75 31.81 ± 2.22 37.14 ± 0.00
44.00 ± 2.21 38.20 ± 1.85 40.90 ± 1.99
48.50 ± 0.00 38.20 ± 2.12 43.56 ± 0.85
55.00 ± 0.57 55.00 ± 1.23 44.80 ± 0.57
64.30 ± 1.34 56.30 ± 0.00 58.12 ± 0.57
31.60 ± 1.09 63.10 ± 1.42 61.70 ± 1.23



Table 4
In vitro antibacterial activity of EOs of O. syriacum leaves, collected from Jerusalem, Bethlehem, Qalqilya and Tulkarem regions.

Bacterial isolate MIC (mg/mL)

Jerusalem Bethlehem Qalqilya Tulkarem

Staphylococcus aureus 97 930 390 390
MRSA 6250 780 780 390
Enterococcus faecium 97 190 780 780
Pseudomonas aeruginosa >25,000 1560 3130 �25,000
Escherichia coli �25,000 3130 3130 6250

Values are means for three experiments carried out in triplicates.

Fig. 2. In vitro antioxidant capacity of Trolox (standard) and the four O. syriacum
EOs values shown represent the means ± SD for three experiments carried out in
triplicates.
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were reported to affect the composition and the yield of EOs from
Lamiaceae herbs (Aboukhalid et al., 2017; Ibrahim et al., 2014)
(Table 1).

In addition, MUAHD-derived EOs showed that a-terpineneand
thymol (Fig. 1) were dominant in our samples (36.8 and 39.87%
respectively). To the best of our knowledge, thymol and carvacrol
were the dominant oxygenated monoterpenes components in
most previously studied Origanum EOs. This is the first report of
a-terpinene (unsaturated monoterpene, Fig. 1) domination in O.
syriacum EO which was absent in Egyptian, Lebanese, Jordanian
and Turkish species (Afifi et al., 2017; Arslan, 2016; El Ghendy
et al., 2015, Ibrahim et al., 2012).

All O. syriacum EOs analyzed in the current study indicated that
thymol was the dominant phenolic monoterpene (5.9–39.87%) fol-
lowed by a-terpinene representing unsaturated monoterpene
hydrocarbons (12.97–36.8%). GC-MS analysis (Table 2) established
similarity in the EOs chemical composition from the neighboring
hot, humid and low altitude regions Qalqilya and Tulkarem, being
rich in thymol (19.99 and 39.87%)and carvacrol (18.99 and 15.44%)
respectively. Qalqilya’s EO was the richest in caryophyllene
(sesquiterpene) 21.4%. On the other hand, a-terpinene (27.95 and
36.80%) and c-terpinene (21.14 and 10.51%) were dominant in
the mild Mediterranean, dry and high altitude Jerusalem and Beth-
lehem respectively. Carvacrol content (21.40%) was highest in the
coldest, dry and elevated area of Bethlehem. Compositional per-
centage differences in the four EOs could be attributed to the nat-
ure of the soil, humidity, climate, light intensity and temperature
of the native geographical region (Isaac and Rishmawi, 2015).
These findings were in agreement with previously published
reports of the domination of monoterpenes (carvacrol, thymol, a-
terpinene and c-terpinene) in plants studied from the neighboring
countries (Abu-Lafi et al., 2007; Al-Kalaldeh et al., 2010; Alma
et al., 2003; El Gendy et al., 2015; Farhat, 2012; Figuérédo et al.,
2005; Fleisher and Fleisher, 1991). In comparison to the HD
method used in the previous reports, EOs produced by MUAHD
method, utilized in the present study, were significantly rich in
oxygenated monoterpenes (27.7–57.2%) and sesquiterpene hydro-
carbons (2.1–13.5%). Moreover, MUAHD is a quick (10 min com-
pared to 2–4 h using hydrodistillation) and a green method for
EO production without compromising the quantity and quality.

Free radical scavenging capacity of MUAHD-produced EOs was
relatively high (IC50 of 31.6–63.1 mg/mL) and dose-dependent
(Table 3, Fig. 2) with differences in regard to the geographic area.
Bethlehem, carvacrol and a-terpinene richest, and Jerusalem EOs,
c-terpinene and a-terpinene rich, were the most active as antiox-
idants (IC50 of 31.6–39.8 lg/mL respectively). However, at the
highest tested concentration (80 lg/mL), Jerusalem EO induced
almost equivalent DPPH inhibition activity of the standard (Tro-
lox). Both Qalqilya and Tulkarem EOs showed similar antioxidant
capacity (IC50 of 61.7 and 63.1 lg/mL, respectively) at the maxi-
mum tested concentration. The weakest antioxidant activity was
noted for the thymol-rich (39.9%) EO (IC50 of 63.1 lg/mL). It is
noteworthy that as low as 31.7 lg/mL of the EO was able to induce
50% inhibition of DPPH. The free radical scavenging capacity of all
four studied EOs was higher than previously reported results for O.
syriacum by Tepe’s group (IC50 134 lg/mL) as shown in Fig. 2.

In general, the Palestinian Origanum species showed superior
antioxidant capacity when compared to the reported activity from
Turkey and Egypt IC50 0.021 – 0.027 and 6.6 mg/mL respectively
(Tepe et al., 2004; Viuda-Martos et al., 2010).

Our findings indicate that EOs with higher unsaturated terpenes
(c-terpinene and a-terpinene) induced higher DPPH inhibition
compared to the oxygenated (thymol and carvacrol) Fig. 2. This
might suggest a role for unsaturated hydrocarbons in free radical
scavenging ability.

Assessment of the antimicrobial activity of the produced EOs
against five standard bacterial strains revealed that O. syriacum
EOs had moderate antimicrobial activity with minimum inhibitory
concentrations (MICs) varying from 97 to >25,000 mg/mL as shown
in Table 4. The antimicrobial activities of the EOs were higher
against Gram-positive bacteria species as compared to Gram-
negative. The observed antibacterial effects were in accordance
with previous study results regarding Turkish Origanum EOs activ-
ity against S. aureus, E. coli and P. aeruginosa strains with MICs val-
ues of 26,500 mg/mL, 26.25 mg/mL and 10,500 mg/mL, respectively
(Tepe et al., 2004). Comparable results were reported by Hussein
et al., against similar bacterial strains (Husein et al., 2014;
Jaradat et al., 2016). Methicillin resistance Staphylococus aureus
(MRSA) was more susceptible to growth inhibitory effect by thy-
mol and carvacrol-rich EOs from Tulkarem (MIC 390 mg/mL), Beth-
lehem and Qalqilya (MIC 780 mg/mL). The higher amount of
unsaturated non-oxygenated terpene hydrocarbons in
Jerusalem EO was associated with low activity against MRSA
(MIC 6250 mg/mL) compared to that of the oxygenated terpene-
rich Eos (Table 4). P. aeruginosa was the most resistant tested bac-
teria to thymol-rich EOs from Tulkarem and Jerusalem districts
with MIC value >25,000 mg/mL. However, P. aeruginosa was more
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susceptible to a-terpinene chemo-type EO of Bethlehem (MIC
1560 mg/mL). Carvacrol rich EOs of Bethlehem and Qalqilya
induced the highest growth inhibitory effect on P. aeruginosa with
MIC values of 1560 and 3130 mg/mL respectively. E. faecium was
most sensitive to a-terpinene and c-terpinene rich Jerusalem and
BethlahemEOs (MIC 100–190 mg/mL respectively). On the other
hand, phenols-rich EOs from Qalqilya and Tulkarem samples
required at least four times the concentration of nonhydroxylated
terpenes-rich EOs to inhibit the growth of the same micro-
organism (Table 4).

In summary, low content of carvacrol in Jerusalem EO was asso-
ciated with lack of inhibitory ability on both E. coli and P. aeruginosa
(MIC > 25,000 mg/mL). The high content of carvacrol in Bethlehem
andQalqilyaO. syriacum EOswas correlatedwith higher susceptibil-
ity of E. coli (MIC 3130 mg/mL) compared to the reported MIC of
12,500 mg/mL for neighbouring Syrian Origanum (Lukas et al.,
2009). Furthermore, c-terpenine-rich O. syriacum EO from
Jerusalem district was found to be the most active against both
Enterococcus faecium (E. faecium) and S. aureus (MIC 97 mg/mL).

5. Conclusion

In conclusion, the phytochemical composition of O. syriacum
EOs produced by the new MUAHD technique was distinctive from
those obtained with conventional HD procedure. MUAHD method
afforded higher yield of EOs with less effort, lower cost and shorter
time. Thus, MUAHD can be considered as a rapid, cost-effective,
green environment-friendly method for EOs production without
compromising the quality or the quantity.

Phytochemical profile of the investigated EOs affected biological
activity. The higher the lipophilic content, the higher the antioxi-
dant activity. Whereas, the higher the phenolic (hydrophilic)
occurrence, the lower the antioxidant capacity. Moreover,
increased lipophilic content (e.g. Jerusalem sample) was noticeably
associated with increased activity against Gram-positive bacteria.
On the other hand, thymol-rich EOs were more active against
Gram-positive bacteria. Furthermore, carvacrol-rich EOs were
active against both Gram-positive and Gram-negative bacteria.
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