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Abstract

Origanum syriacum subsp. syriacum, also known as ‘Za’tar’ is an aromatic shrub native to Lebanon
and cultivated in other Middle East countries. The plant leaves enjoy a high reputation as a
traditional remedy against cardiovascular, respiratory and infectious diseases. In addition, they are a
famous component of the Lebanese pizza (“manoushe”). Starting from its safety for humans, here O.
syriacum subsp. syriacum was selected to assess the insecticidal efficacy of its leaf essential oil
(EO) and its major constituent carvacrol against two deleterious agricultural pests, namely the
noctuid Spodoptera littoralis and the aphid Myzus persicae, as well as on the fly pest Musca
domestica. Furthermore, Za’tar EO impact on beneficial organisms such as the aphid predator
Harmonia axyridis and the earthworm FEisenia fetida, which is used in the vermicomposting process,
was assessed as well. GC-MS analysis highlighted the phenolic monoterpene carvacrol as the
predominant component (83%) of Za’tar EO. Toxicity of O. syriacum subsp. syriacum EO was
noteworthy, showing LCso/LDso of 103.3 pg larva™, 2.1 mg L™ and 58.7 pg adult” on S. littoralis,
M. persicae and M. domestica, respectively, which were partly consisted with those of its major
component carvacrol (38.3 pg larva™, 1.6 mL L' and 59.3 pg adult™, respectively). When tested up
to 3.8 mL L' and 200 mg kg™ on H. axyridis and E. fetida, this EO was not toxic, at variance to o-
cypermethrin, which caused 100% mortality at 1 ml L™ and 25 mg kg™, respectively. Taken
together, these results promote carvacrol-rich Za’tar EO as a promising reservoir of green

insecticides to be used for managing insect pests and vectors of economic relevance.

Keywords: agricultural pest; essential oil toxicity; Musca domestica; Myzus persicae;, Spodoptera

littoralis; non-target species
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1. Introduction

Synthetic pesticides used until the second half of 20th century produced deleterious effects on the
environment and human health pushing agrochemical companies to reduce or delete the use of
harmful substances from their arsenal (Koul and Dhaliwal, 2003; Isman, 2006; Benelli, 2015).
Among them, DDT and methyl parathion, previously used against malaria vectors and as potent
pesticides in crop protection, respectively, were banned from the market in the 1970s after the
discovering of their dangerous effects (Morgan, 2004). To counterbalance this trend, research and
the public opinion in developed countries watched natural alternatives from plant sources with
rising interest (Koul et al., 2008; Benelli et al., 2015; Pavela et al., 2019). Among the latter, plant-
borne essential oils (EOs) represent new effective and eco-friendly tools to be used in integrated
pest management (IPM) strategies (Isman and Machial, 2006; Benelli and Pavela, 2018a,b).

EOs are liquid mixtures obtained by steam distillation or hydrodistillation from several
medicinal and aromatic plants (MAPs). They are made up of volatile and lipophilic compounds,
mostly belonging to monoterpenoids, sesquiterpenoids and phenylpropanoids. In the Mediterranean
area, the main EO sources belong to the families of Apiaceae, Asteraceae, Lamiaceae, Lauraceae
and Myrtaceae (Lubbe and Verpoorte, 2011). EOs have been consumed for a long time as
flavorings and fragrances, spices and drugs. Among other uses, EOs and extracts allow protection
from various deleterious insects and preservation of stored foodstuffs have been documented
(Giatropoulos et al., 2013; Duarte etal., 2015; Pavela et al., 2017, 2019; Hashem et al., 2018;
Benelli et al., 2018a,b,c; Ribeiro et al., 2018).

An important ecological role played by EOs is defending plants from several enemies such
as phytophagous insects (Paré and Tumlinson, 1999). In this respect, scientific evidence has
documented their efficacy against larvae and adults of pests of medical and agricultural importance
(Isman, 2000; Koul et al., 2008; del Carmen Romero et al., 2012; Isman, 2017; Benelli et al., 2018d,

2019). EOs are multiple-component mixtures displaying several modes of action and wide spectrum
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of efficacy, thus having the unlikely capacity to induce episodes of resistance in insects (Pavela and
Benelli, 2016). Besides, their low toxicity on non-target organisms and environment makes them
ideal candidate ingredients in green formulations to be used in organic agriculture and IPM as well
(Rattan, 2010; Stevenson et al., 2017). Among the various bioactive components characterizing
EOs, the phenolic monoterpene carvacrol is definitely one of the most studied. This volatile
compound is very common in several Lamiaceae EOs and proved to be effective against a wide
spectrum of harmful insects and pests (Koc et al., 2013; Tong et al., 2013; Park et al., 2017,
Campos et al., 2018).

In the present study, we paid attention to an EO extracted from a species widely cultivated
for food and medical purposes in Lebanon, but still unexplored for insecticidal activity, namely that
from Origanum syriacum L. subsp. syriacum. This species is a shrub up to 130 cm tall with leaves
and flowers emitting a pleasant aroma (Arnold et al., 2000). Origanum syriacum subsp. syriacum
grows on dry rocky soils and is native to Lebanon although is found in other Middle East countries
such as Syria, Jordan, Israel, Egypt and Turkey (Greuter et al., 1986). In addition, due to its several
applications as a food and medicine, it is also intensively cultivated in the above countries (Zein et
al., 2011; Khoury et al., 2016).

The plant is known in Lebanon as ‘Za’tar’ and enjoys a good reputation as a traditional
remedy against metabolic, neurodegenerative, respiratory, cardiovascular, gastrointestinal and
infectious diseases (Yaniv et al., 1987; Alkofahi and Atta, 1999; Aburjai et al., 2001; Abu-Irmaileh
and Afifi, 2003; Hamdan and Afifi, 2004; Salah and Jager, 2005; El Beyrouthy et al., 2008; Hudaib
et al., 2008; Darwish and Aburjai, 2010; Khoury et al., 2016). Noteworthy, in Lebanon, leaves of O.
syriacum are mixed with cheese and consumed to combat parasitic diseases (Khoury et al., 2016).
Besides, O. syriacum is a famous component of the ‘manoushe’ recipe, a sort of Lebanese pizza
(Khoury et al., 2016).

Several studies addressed the important antimicrobial, antioxidant and anticancer activity of

O. syriacum subsp. syriacum EO (Loizzo et al., 2009; Viuda-Martos et al., 2010; El Gendy et al.,
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2015). However, despite the safety of this species on humans, its insecticidal capacity has been
poorly investigated. In this work, we evaluated its efficacy as insecticide against two important
agricultural pests, namely Spodoptera littoralis (Boisduval) and the aphid Myzus persicae (Sulzer),
and the housefly Musca domestica L. Furthermore, the toxicity to non-target organisms, such as the
ladybeetle Harmonia axyridis (Pallas) and the earthworm Eisenia fetida (Savigny), has been
assessed to demonstrate its eco-friendliness.

Spodoptera littoralis (Boisd.) is a noctuid caterpillar feeding on more than 90 species of
economic importance such as horticultural crops and ornamental plants (Sut et al., 2017). The
European and Mediterranean Plant Protection Organization (EPPO) defined this moth as a A2
quarantine pest since it is capable of spreading to the temperate zone due to the transport of
ornamental plants and vegetables (OEPP/EPPO, 2015). Recently, this pest acquired resistance
against some synthetic insecticides that are overwhelming its natural predators causing damages to
the environment and human health (Abo Elghar et al., 2005). Myzus persicae Sulzer is an important
agricultural pest. It also vectors plant viruses and crop diseases in temperate regions (Blackman and
Eastop, 2000). Because of a long history of use of insecticides, this pest developed high resistance
to various classes of pesticides such as pyrethroids, carbamates, organophosphorous and
neonicotinoids (Devonshire et al., 1998). Musca domestica L., also known as housefly, is a vector
of more than one hundred pathogen diseases (Benelli et al., 2018c). Since most of insecticides
present on the market have a unique mode of action on houseflies, frequent episodes of resistance
due to genetic changes have been observed (Walsh et al., 2001; Naqqash et al., 2016).

On the above, a different approach in the fight of agricultural pests and insect vectors
relying on multitasking substances endowed with low impacts on the environment and human
health is urgently needed. EOs seem to satisfy the above criteria, thus they are expected to be used
as effective ingredients for replacing or reducing the use of conventional insecticides in the years to

come (Isman, 2000; Pavela and Benelli, 2016; Stevenson et al., 2017).
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2. Material and methods

2.1. Plant material

Leaves of O. syriacum subsp. syriacum were manually collected in a site around Tayibe

(33°16'35"N; 35°31'14"E, 800 m a.s.1.), South Lebanon, in May 2017. The botanical identification
was performed by one of us (F. Bartolucci) using literature available (Ietswaart 1980, 1982, 1985).
A voucher specimen was stored in the herbarium of the Floristic Research Centre of the Apennines

under the voucher codex APP No 59012.

2.2. Distillation of Origanum syriacum subsp. syriacum essential oil

Air-dried leaves (420 g) of O. syriacum subsp. syriacum were crushed and inserted in a 10 L flask
filled with 6 L of distilled water, then subjected to hydrodistillation for 3 h a Clevenger-type
apparatus. Once decanted for 30 min, EO, of orange colour, was separated from the water layer and
collected in a 10 mL vial sealed with a PTFE-silicon cap and stored at +4°C until further analyses.
The oil yield (4.3%, w/w) was determined on a dry weight matter as the average of two independent

distillations.

2.3. GC-MS analysis

The O. syriacum subsp. syriacum EO chemical analysis was performed by an Agilent 6890N gas
chromatograph equipped with a 5973N mass spectrometer and an auto-sampler 7863 (Agilent,
Wilmingotn, DE). The column was a HP-5MS (5% phenylmethylpolysiloxane, 30 m, 0.25 mm i.d.,
0.1 pm film thickness) which was purchased from Agilent (Folsom, CA, USA). Helium was used as

the mobile phase with a flow of 1 mL/min. The temperature of injector and detector was 280°C.
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The EO samples, diluted in hexane (1:100) were injected (2 pL) in split mode with a 1:50 ratio. The
single quadrupole detector operated in electron impact (EI) full scan mode with acquisition in the
mass range of 29—400 m/z. The temperature of the oven was programmed as follows: 60°C held for
5 min, then rise to 220°C at 4°C/min, rise to 280°C at 11°C/min. The quali-quantitative analysis
was performed according to our previously published procedure (Benelli et al., 2017, 2018c, 2018d,

2018e).

2 4. Insect rearing

Myzus persicae and M. domestica adults, S. littoralis 3 instar larvae, as well as H. axyridis and E.
fetida were reared as recently reported by Benelli et al. (2018e¢). All the tested species were

maintained and subsequently tested at 25+1 °C, 70+3% R.H. and 16:8 h (L:D).

2.5. Insecticidal activity on Myzus persicae

The insecticidal efficacy of O. syriacum subsp. syriacum EO and its main constituent carvacrol was
tested on adult aphids feeding on cabbage, following the method by Pavela (2018). Origanum
syriacum subsp. syriacum EO or carvacrol was mixed with Tween 80 (1:1, v:v). We tested the
mixture at 15.0; 10.0; 8.0; 5.0; 3.0; 2.0 and 1.0 mL L'l, 1e.,7.5;5.0;4.0;25,1.5;1.0and 0.5 mL L"
" of the EO or carvacrol.
The product was applied on cabbage at 50 mL m™ (about 500 L ha™'). Water + Tween 80 at

7.5 mL L' was the negative control (50 mL.m™). Positive control was a-cypermethrin (Vaztak®) at
0.02, 0.015, 0.01, 0.007, 0.004 and 0.002 mL L. For each concentration, 4 groups, each composed

by 50 aphid adults, were tested. Myzus persicae mortality was noted after 48 h.

2.6. Insecticidal activity on Spodoptera littoralis
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The insecticidal efficacy of the O. syriacum subsp. syriacum EO and its main constituent carvacrol
on S. littoralis larvae was studied via topical assays. Following Sut et al. (2017), the dorsum of each
larva was treated with 1 pL of acetone + O. syriacum subsp. syriacum EO or carvacrol at 20, 40, 50,
70, 90, 120, 150, 180 and 200 pg larva'l, (4 groups, each composed by 20 larvae, were tested per
each dose). Acetone without O. syriacum subsp. syriacum EO was the negative control. Positive
control was a-cypermethrin (Vaztak®) at 0.01, 0.008, 0.006, 0.004, 0.002 and 0.001 pg larva™.
Spodoptera littoralis larvae were stored as reported by Sut et al. (2017) and mortality was noted

after 24 h.

2.7. Insecticidal activity on Musca domestica

Topical application tests were done with O. syriacum subsp. syriacum EO and its main constituent
carvacrol on M. domestica females (3—6 days old). In agreement with the method recently detailed
by Benelli et al. (2019), 1 uL of acetone + O. syriacum subsp. syriacum EO or carvacrol at 10, 20,
40, 60, 80 and 100 pg adult™” (4 groups of 20 flies each were tested for each dose), was applied on
the pronotum of CO,-anesthetized flies. Acetone without O. syriacum subsp. syriacum EO was the
negative control. Positive control was a-cypermethrin (Vaztak®) at 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 ug
adult”’. Flies were moved to a recovery box (10x10x12 cm) for 24 h. Therefore, mortality was

noted.

2.8. Toxicity on the non-target ladybug Harmonia axyridis

Following Pavela (2018), 3 instar larvae and adults (3-7 days old) of H. axyridis were tested to

evaluate the non-target impact of O. syriacum subsp. syriacum EO. The EO was tested at 3.8, 2.0

and 1.0 mL L™ following the testing procedure showed in ‘Insecticidal activity on Myzus persicae’.
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Only a difference needs to be highlighted. The O. syriacum subsp. syriacum EO was applied on
ladybug larvae and adults in open Petri dishes (diameter 9 cm, 10 ladybugs per replicate; n=4 per
tested concentration). Vaztak® was applied as recommended on aphids: 1.0 mL L™, i.e., 0.05 g L™
of a-cypermethrin. 20 mL m™ of liquid were applied (200 L ha™). Negative control was water + 7.5
mL L of Tween 80; 50 mL were applied per m” (500 L ha™). Post-treatment, ladybugs were

moved to clean Petri dishes, fed with M. persicae, thus mortality was checked 48 h post-treatment.

2.9. Toxicity on non-target Eisenia fetida earthworms

The protocol by OECD (1984) was used to assess the impact of the O. syriacum subsp. syriacum
EO on E. fetida adults. The artificial soil with same composition and pH used for E. fetida rearing
was employed. Origanum syriacum subsp. syriacum EO at 400.0; 200.0 and 100.0 mg kg + Tween
80 (ratio 1:1 v:v) was added to the soil, (=200.0; 100.0 and 50.0 mg of O. syriacum subsp. syriacum
EO a.i. per kg of dry soil). Positive control: a-cypermethrin at 50.0; 25.0 and 12.5 mg kg of dry
soil [i.e., Vaztak® at 1,000.0; 500,0 and 250.0 uL kg™ (v/v)]; negative control: distilled water. The
mixture containing O. syriacum subsp. syriacum EO, water or a-cypermethrin was mixed in the soil
described above (650 g), thus 10 E. fetida adults were added. Each experiment was repeated four
times. All soil samples were moved to glass pots (1 L) covered with gauze. Mortality of non-target

earthworms was monitored till 14 days of exposure.

2.10. Statistical analysis

When mortality in the control ranged from 1 to 20%, we corrected experimental mortality with
Abbott’s formula (Abbott, 1925); if control mortality was >20%, experiments were repeated.

Therefore, lethal doses, LDsoand LDy, as well as lethal concentrations, LCsoand LCqo, were
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estimated by probit analysis (Finney, 1971). In non-target assays, mortality rates (%) transformed

by arcsine\ were analyzed by ANOVA and Tukey’s HSD test (P<0.05).

3. Results and Discussion

3.1. Origanum syriacum subsp. syriacum essential oil composition

Hydrodistillation of Lebanese Za’tar gave 4.3% of leaf EO. This value was similar to that obtained
from an Egyptian accession of O. syriacum (4.6%) (Gendy et al., 2015) and slightly lower than that
determined in a Lebanese population (5.9%) (Arnold et al., 2000). On the other hand, lower yield
values (0.5-0.6%) were obtained for other accessions from Lebanon and Egypt (Loizzo et al., 2009;
Viuda-Martos et al., 2010). These differences may depend on the different collection times and
plant part processed, as well as environmental factors and genetics.

The EO chemical profile of Za’tar is depicted in Fig. 1, while the chemical constituents
identified (30) are listed in Table 1. As it can be observed in Fig. 1, the EO composition was
dominated by the phenolic monoterpene carvacrol (82.6%). The remaining fraction was made up of
y-terpinene (5.7%), p-cymene (3.7%), thymol (2.4%), a-terpinene (1.3%) and myrcene (1.0%) and
other 24 components occurring in percentages below 1%.

On the above, this Lebanese accession of O. syriacum subsp. syriacum belonged to the
carvacrol chemotype. Previously, Zein et al. (2011) reported that this chemotype is more abundant
in cultivated accessions whereas the thymol chemotype is more spread in spontaneous populations.
Thus, our results seem to contradict their proposal. On the other hand, intermediate forms with
similar levels of thymol and carvacrol have been also reported in the literature (Baser et al., 2003;

Lukas et al., 2009; Zein et al., 2011; El Gendy et al., 2015; Al Hafi et al., 2016).

3.2. Insecticidal activity and lack of toxicity on non-target species

10
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In our experiments, the insecticidal activity of O. syriacum subsp. syriacum EO was compared with
that of the positive control, a-cypermethrin, a pyrethroid widely used to control agricultural pests as
well as insect vectors. Results pointed out that the tested EO achieved a relevant toxicity towards
three insects of economic importance selected as representative study species (Table 2). Concerning
M. persicae adult aphids, the LCsoand LCy( values were 2.1 and 3.4 mL L'l, while on M. domestica
adults we obtained LDs and LDy, of 58.7 and 98.3 pg adult™, respectively. Concerning the moth
pest S. littoralis, LDsi and LDy, estimated on 3™ instar larvae were 103.3 and 173.7 ug adult™
(Table 2). As expected, LC/LDspand LC/LDqg, values obtained testing the positive control o-
cypermethrin on the three insect species were lower if compared with those calculated for the O.
syriacum subsp. syriacum EQ, being 0.005 and 0.012 mL L™, 0.18 and 0.73 pg adult”, 0.003 and
0.009 pg larva™, for M. persicae, M. domestica and S. littoralis, respectively (Table 2). The
LC/LDsgand LC/LDyy values displayed by O. syriacum subsp. syriacum EO were consistent with
those of its major component carvacrol on the first two target insects, i.e., 1.6 and 2.7 mL L™ and
59.3 and 102.3 pg adult™, respectively. On the other hand, the EO toxicity to S. litroralis larvae was
lower than that of carvacrol, showing LDsjand LDy, of 38.3 and 98.7 pg larva™. The presence of
other minor components with possible antagonistic effects (Pavela, 2015b) may be the cause of the
weaker activity of the EO on S. litforalis larvae compared with its major component carvacrol.
Although for O. syriacum subsp. syriacum EQO, the efficacy did not reach a level close to the
positive control, it was comparable with other EOs such as those obtained from Rosmarinus
officinalis L., Foeniculum vulgare L. and Thymus vulgaris L. (Faraone et al., 2015; Pavela, 2018;
Pavela and Sedléak, 2018; Murcia-Meseguer et al., 2018), which are currently used to produce
commercial botanical insecticides (Pavela, 2016). Our results thus indicate high prospects of using
the EO from O. syriacum subsp. syriacum as an active substance in botanical insecticides.
Moreover, these prospects are enhanced by the fact that O. syriacum subsp. syriacum is currently

grown as a commercial crop, and provided that a suitable growing technology is used, more than

11
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4,500 kg of dry mass can be obtained from one hectare, yielding about 180 kg of EO (Jaafar et al.,
2015). Thus, this crop may provide a well available and relatively inexpensive source of active
substances for potential botanical insecticides, in agreement with the ideal criteria that should
characterize the plant sources of biopesticides, as outlined by Pavela and Benelli (2016).

Actually, the noteworthy toxicity of O. syriacum subsp. syriacum EO on the two agricultural
pests and one insect vector assayed can be assigned to its main component, the phenolic
monoterpene carvacrol, although a little contribution by p-cymene and y-terpinene cannot be
disregarded. These molecules were previously found to be toxic to several insect pests and vectors,
including Anopheles, Aedes and Culex mosquitoes, as well as houseflies and moth pests (Table 3).
Notably, p-cymene toxicity towards larval instars of several mosquito vectors was comparable to
that of carvacrol (Table 3). Earlier, it has been also outlined that carvacrol showed detrimental
effects on longevity and fecundity of the green peach aphid M. persicae when tested at 500 pl L™
(Petrakis et al., 2014). In our previous experiments, carvacrol showed to be highly toxic to larvae of
S. littoralis, showing an LDsg of 15 pg larva™ (Pavela, 2014). Noteworthy, its effect was found to
be synergized by other components occurring in the Za’tar EO like p-cymene (Pavela, 2010).
Similar results were obtained studying the effects of mixtures of carvacrol and p-cymene on M.
domestica (Pavela, 2008). However, the low amount of p-cymene in O. syriacum subsp. syriacum
EO (3.7%) may be unable to boost the insecticidal effects of the major compound carvacrol (Table
2).

Concerning the possible mechanism of action of O. syriacum subsp. syriacum EO on insects,
the main component carvacrol has been reported to inhibit the acetylcholinesterase (AChE) enzyme,
affecting the synaptic transmission in insects (Lopez et al., 2018). At CNS level, carvacrol is also
capable of interacting with the GABA and octopamine receptors leading to toxic effects on
parasites and pests (Tong and Coats, 2010; Enan, 2001; Jankowska et al., 2017).

Besides, in the present work, non-target tests pointed out the lack of toxicity of the O.

syriacum subsp. syriacum EO on terrestrial invertebrates, such as H. axyridis ladybugs (Table 4)

12
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and E. fetida earthworms (Table 5). We did not observe suffering of H. axyridis larvae and adults
exposed to the Za’tar EO at concentrations ranging from 1.0 to 3.8 mL L™, whereas ladybeetles
exposed to the positive control, a-cypermethrin [0.015 mL L™ (w/v)], showed 100% mortality
(Table 4).

In EO-contaminated soil experiments, E. fetida adult earthworms exposed to concentrations
of O. syriacum subsp. syriacum EO ranging from 50.0 to 200.0 mg kg™ failed to show relevant
mortality rates (maximum mortality 5.0% after 14™ days of exposure to the EO at 50 mg kg™),
while earthworms exposed to a-cypermethrin (12.5-50.0 mg kg™') showed mortality rates ranging
from 89.5 to 100% and from 95.5% to 100%, after 7 and 14 days of exposure, respectively (Table
5). Insecticides — pyrethroids, neonicotinoids and organophosphates — are known to be highly toxic
to earthworms even at very low doses (Yuguda et al., 2015). On the contrary, earthworms and other
non-target organisms are tolerant to EOs as previously demonstrated (Pavela and Govindarajan,
2017; Pavela, 2018). This is another significant benefit arising from the use of EOs, which we
believe to be more important than the lower insecticidal efficacy achieved compared with the
positive control.

Besides, from a safety perspective, the Za’tar EO seems to not pose risk for environment and
human health. Indeed, carvacrol is a food additive that is classified as a Generally Recognized as
Safe (GRAS) compound by the US Food and Drug Administration (FDA) (Tabari et al., 2017;
Pavela and Benelli, 2016). Its toxicity (LDsp) in rats after gavage administration has been estimated
as 810 mg kg ' (Lee et al., 2003). Therefore, a possible formulation containing the Za’tar EO at low
percentages is expected to have a LDsj above 5 g kg™', which is the threshold to comply with the
requirements of regulatory agencies (e.g., EPA) (Isman and Machial, 2006). In addition, carvacrol
did not produce toxicity on non-target invertebrates such as mealworm beetles, honeybees, shellfish
and the mosquito fish Gambusia affinis Baird & Girard (Mattila et al., 2000; George et al., 2009;
Lahlou, 2002). Overall, our results for the carvacrol-rich O. syriacum subsp. syriacum EO

confirmed its eco-friendliness, outlining a perspective of use in IPM and organic agriculture.
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4. Conclusions

In summary, this work showed for the first time that the EO from Za’tar, a Lebanese plant used
traditionally as herbal remedy, as well as a food, may be a candidate ingredient for effective, safe
and eco-friendly botanical insecticides to be employed in IPM and organic agriculture. Its
effectiveness was mostly due to the major component carvacrol. From an industrial standpoint, the
production of green insecticides based on Za’tar EO can be considered scalable, since the raw
material may be afforded by both wild and cultivated accessions of O. syriacum that are diffused in
several Middle East countries. Further field studies on the development of effective and safe

formulations based on this EO for real-world applications in IPM programs are urgently needed.

Acknowledgments

R. Pavela would like to thank the Ministry of Agriculture of the Czech Republic for its financial

support concerning botanical pesticide and basic substances research (Project No. RO0418). F.

Maggi is grateful to University of Camerino (Fondo di Ateneo per la Ricerca, FAR 2014/2015, FPI

000044) for financial support. The authors are grateful to Dr. F. Farhat for kindly providing the

leaves of O. syriacum from Lebanon.

Conflict of interest

Authors declare they have no conflict of interest.

References

14



358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

Abbott, W.S., 1925. A method of computing the effectiveness of an insecticide. J. Econ. Entomol.
18, 265-267.

Abo Elghar, G.E., Elbermawy, Z.A., Yousef, A.G., Abd Elhady, H.K., 2005. Monitoring and
characterization of insecticide resistance in the cotton leafworm, Spodoptera littoralis (Boisd.)
(Lepidoptera: Noctuidae). J. Asia-Pac. Entomol. 8, 397-410.

Abu-Irmaileh, B.E., Afifi, F.U., 2003. Herbal medicine in Jordan with special emphasis on
commonly used herbs. J. Ethnopharmacol. 89, 193-197.

Aburjai, T., Darwish, R. M., Al-Khalil, S., Mahafzah, A., Al-Abbadi, A., 2001. Screening of
antibiotic resistant inhibitors from local plant materials against two different strains of
Pseudomonas aeruginosa. J. Ethnopharmacol. 76, 39-44.

Adams, R.P., 2007. Identification of Essential Oil Components by Gas Chromatography/Mass
Spectrometry, 4th ed. Allured Publishing Corp., Carol Stream, IL, USA.

Alkofahi, A., Atta, A.H., 1999. Pharmacological screening of the anti-ulcerogenic effects of some
Jordanian medicinal plants in rats. J. Ethnopharmacol. 67, 341-345.

Al Hafi, M., El Beyrouthy, M., Ouaini, N., Stien, D., Rutledge, D., Chaillou, S., 2016. Chemical
composition and antimicrobial activity of Origanum libanoticum, Origanum ehrenbergii, and
Origanum syriacum growing wild in Lebanon. Chem. Biodivers. 13, 555-560.

Arnold, N., Bellomaria, B., Valentini, G., 2000. Composition of the essential oil of three different
species of Origanum in the eastern Mediterranean. J. Essent. Oil Res. 12, 192-196.

Baser, K.H.C., Kurkcuoglu, M., Demirci, B., Ozek, T., 2003. The essential oil of Origanum
syriacum L. var. sinaicum (Boiss.) letswaart. Flavour. Fragr. J. 18, 98-99.

Benelli, G., 2015. Research in mosquito control: current challenges for a brighter future. Parasitol.
Res. 114, 2801-2805.

Benelli, G., Pavela, R., 2018a. Beyond mosquitoes—essential oil toxicity and repellency against

bloodsucking insects. Ind. Crops Prod. 117, 382-392.

15



383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

Benelli, G., Pavela, R., 2018b. Repellence of essential oils and selected compounds against ticks—
A systematic review. Acta Trop. 179, 47-54.

Benelli, G., Pavela, R., Iannarelli, R., Petrelli, R., Cappellacci, L., Cianfaglione, K., Afshar, F.,
Nicoletti, M., Canale, A., Maggi, F., 2017. Synergized mixtures of Apiaceae essential oils and
related plant-borne compounds: larvicidal effectiveness on the filariasis vector Culex
quinquefasciatus Say. Ind. Crops Prod. 96, 186-195.

Benelli, G., Govindarajan, M., AlSalhi, M.S., Devanesan, S., Maggi, F., 2018a. High toxicity of
camphene and y-elemene from Wedelia prostrata essential oil against larvae of Spodoptera
litura (Lepidoptera: Noctuidae). Environ. Sci. Pollut. Res. 25, 10383-10391.

Benelli, G., Caselli, A., Di Giuseppe, G., Canale, A., 2018b. Control of biting lice, Mallophaga — A
review. Acta Tropica, 177, 211-219.

Benelli, G., Pavela, R., Giordani, C., Casettari, L., Curzi, G., Cappellacci, L., Petrelli, R., Maggi, F.,
2018c. Acute and sub-lethal toxicity of eight essential oils of commercial interest against the
filariasis mosquito Culex quinquefasciatus and the housefly Musca domestica. Ind. Crops Prod.
112, 668-680.

Benelli, G., Pavela, R., Petrelli, R., Cappellacci, L., Santini, G., Fiorini, D., Sut, S., Dall’Acqua,
Canale, A., Maggi, F., 2018d. The essential oil from industrial hemp (Cannabis sativa L.) by-
products as an effective tool for insect pest management in organic crops. Ind. Crops Prod. 122,
308-315.

Benelli, G., Pavela, R., Petrelli, R., Cappellacci, L., Canale, A., Senthil-Nathan, S., Maggi, F.,
2018e. Not just popular spices! Essential oils from Cuminum cyminum and Pimpinella anisum
are toxic to insect pests and vectors without affecting non-target invertebrates. Ind. Crops Prod.
124, 236-243.

Benelli, G., Pavela, R., Drenaggi, E., Maggi, F., 2019. Insecticidal efficacy of the essential oil of
jambu (Acmella oleracea (L.) R.K. Jansen) cultivated in central Italy against filariasis mosquito

vectors, houseflies and moth pests. J. Ethnopharmacol. 229, 272-279.

16



409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

Blackman, R.L., Eastop, V.F., 2000. Aphids on the world’s crops, an identification and information
guide. Chichester, UK: John Wiley & Sons Ltd.

Campos, E. V., Proenga, P. L., Oliveira, J. L., Pereira, A. E., Ribeiro, L. N., Fernandes, F. O.,
Gongalves, K. C., Polanczyk, R. A., Pasquoto-Stigliani, T., Lima, R., Melville, C. C., Della
Vecchia, J. F., Andrade, D. J., Fraceto, L. F., 2018. Carvacrol and linalool co-loaded in (-
cyclodextrin-grafted chitosan nanoparticles as sustainable biopesticide aiming pest control. Sci.
Rep. 8, 7623.

Cheng, S. S., Huang, C. G., Chen, Y. J., Yu, J. J., Chen, W. J., Chang, S.T., 2009a Chemical
compositions and larvicidal activities of leaf essential oils from two FEucalyptus species.
Bioresour. Technol. 100, 452-456.

Darwish, R.M., Aburjai, T.A., 2010. Effect of ethnomedicinal plants used in folklore medicine in
Jordan as antibiotic resistant inhibitors on Escherichia coli. BMC Complement. Altern. Med. 10,
9.

Devonshire, A.L., Field, L.M., Foster, S.P., Moores, G.D., Williamson, M.S., Blackman, R.L., 1998.
The evolution of insecticide resistance in the peach-potato aphid, Myzus persicae. Philos. Trans.
R. Soc. Lond. B. Biol. Sci. 353, 1677-1684.

Duarte, J. L., Amado, J. R., Oliveira, A. E., Cruz, R. A., Ferreira, A. M., Souto, R. N, et al., 2015.
Evaluation of larvicidal activity of a nanoemulsion of Rosmarinus officinalis essential oil. Rev.
Bras. Farmacogn. 25(2), 189-192.

El Beyrouthy, M., Arnold, N.A., Annick, D.D., Frederic, D., 2008. Plants used as remedies
antirheumatic and antineuralgic in the traditional medicine of Lebanon. J. Ethnopharmacol. 120,
315-334.

El Gendy, A.N., Leonardi, M., Mugnaini, L., Bertelloni, F., Ebani, V.V., Nardoni, S., Mancianti, F.,
Hendawy, S., Omer, E., Pistelli, L., 2015. Chemical composition and antimicrobial activity of
essential oil of wild and cultivated Origanum syriacum plants grown in Sinai, Egypt. Ind. Crops

Prod. 67, 201-207.

17



435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

Enan, E., 2001. Insecticidal activity of essential oils: octopaminergic sites of action. Comp.
Biochem. Physiol. C Toxicol. Pharmacol. 130, 325-337.

Faraone, N., Hillier, N. K., Cutler, G. C., 2015. Plant essential oils synergize and antagonize
toxicity of different conventional insecticides against Myzus persicae (Hemiptera: Aphididae).
PLoS One, 10, e0127774.

FFNSC 2, 2012. Flavors and Fragrances of Natural and Synthetic Compounds. Mass Spectral
Database. Shimadzu Corps, Kyoto.

Finney, D.J., 1971. Probit Analysis. Cambridge University, London, pp. 68—78.

George, D.R., Sparagano, O.A.E., Port, G., Okello, E., Shiei, R.S., Guy, J.H., 2009. Repellence of
plant essential oils to Dermanyssus gallinae and toxicity to the non-target invertebrate Tenebrio
molitor. Vet. Parasitol. 162, 129-134.

Giatropoulos, A., Pitarokili, D., Papaioannou, F., Papachristos, D.P., Koliopoulos, G., Emmanouel,
N., Tzakou, O., Michaelakis, A., 2013. Essential oil composition, adult repellency and larvicidal
activity of eight Cupressaceae species from Greece against Aedes albopictus (Diptera: Culicidae).
Parasitol. Res. 112, 1113-1123.

Govindarajan, M., Rajeswary, M., Hoti, S. L., Benelli, G., 2016a. Larvicidal potential of carvacrol
and terpinen-4-ol from the essential oil of Origanum vulgare (Lamiaceae) against Anopheles
stephensi, Anopheles subpictus, Culex quinquefasciatus and Culex tritaeniorhynchus (Diptera:
Culicidae). Res. Vet. Sci. 104, 77-82.

Greuter, W., Burdet, H.M., Long, G., 1986. Med-Checklist. Conservatoire et Jardin Botaniques de
la ville de Genkre 3, p 308.

Hamdan, LI., Afifi, F.U., 2004. Studies on the in vitro and in vivo hypoglycemic activities of some
medicinal plants used in treatment of diabetes in Jordanian traditional medicine. J.

Ethnopharmacol. 93, 117-121.

18



459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

Hashem, A.S., Awadalla, S.S., Zayed, G.M., Maggi, F., Benelli, G., 2018. Pimpinella anisum
essential oil nanoemulsions against Tribolium castaneum—insecticidal activity and mode of
action. Environ. Sci. Pollut. Res. 25, 18802-18812.

Hudaib, M., Mohammad, M., Bustanji, Y., Tayyem, R., Yousef, M., Abuirjeie, M., Aburjai, T.,
2008. Ethnopharmacological survey of medicinal plants in Jordan, Mujib Nature Reserve and
surrounding area. J. Ethnopharmacol. 120, 63-71.

Ietswaart, J.H., 1980. A Taxonomic Revision of the Genus Origanum (Labiatae). Leiden Botanical
Series. No. 4. Leiden, the Netherlands: Leiden University Press.

letswaart, J.H., 1982. Origanum. In: Davis PH, ed. Flora of Turkey and the East Aegean Islands,
Volume 7. Edinburgh: Edinburgh University Press, 297-313.

letswaart, J.H., 1985. Origanum. In: Meikle RD, ed. Flora of Cyprus, Volume 2. Kew: The
Bentham-Moxon Trust, Royal Botanic Gardens Kew, 1262—1270.

Isman, M.B., 2000. Plant essential oils for pest and disease management. Crop Prot. 19, 603-608.

Isman, M.B., 2006. Botanical insecticides, deterrents, and repellents in modern agriculture and an
increasingly regulated world. Annu. Rev. Entomol. 51, 45-66.

Isman, M.B., 2017. Bridging the gap: moving botanical insecticides from the laboratory to the farm.
Ind. Crops Prod. 110, 10-14.

Isman, M.B., Machial, C.M., 2006. Chapter 2 Pesticides based on plant essential oils: from
traditional practice to commercialization. In M. Rai and M.C. Carpinella (eds.), Naturally
Occurring Bioactive Compounds, Elsevier, BV, pp 29-44.

Jankowska, M., Rogalska, J., Wyszkowska, J., Stankiewicz, M., 2017. Molecular targets for
components of essential oils in the insect nervous system—a review. Molecules, 23(1), 34.

Murcia-Meseguer, A., Alves, T.J.S., Budia, F., Ortiz, A., Medina, P. 2018. Insecticidal toxicity of
thirteen commercial plant essential oils against Spodoptera exigua (Lepidoptera: Noctuidae).

Phytoparasitica 46, 233-245.

19



484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

Jaafar, H., Khraizat, Z., Bashour, 1., Haidar, M., 2015. Water productivity of Origanum syriacum
under different irrigation and nitrogen treatments using an automated irrigation system. WIT
Trans. Ecol. Envir. 196, 211-220.

Koc, S., Oz, E., Cinbilgel, 1., Aydin, L., Cetin, H., 2013. Acaricidal activity of Origanum bilgeri PH
Davis (Lamiaceae) essential oil and its major component, carvacrol against adults Rhipicephalus
turanicus (Acari: Ixodidae). Vet. Parasitol. 193, 316-319.

Koul, O., Dhaliwal, G.S., 2003. Phytochemical biopesticides (Vol. 1). CRC Press.

Koul, O., Walia, S., Dhaliwal, G.S., 2008. Essential oils as green pesticides: potential and
constraints. Biopestic Int. 4, 63-84.

Lahlou, M., 2002. Potential of Origanum compactum as a cercaricide in Morocco. Ann. Trop. Med.
Parasitol. 96, 587-593.

Lukas, B., Schmiderer, C., Franz, C., Novak, J., 2009. Composition of essential oil compounds
from different Syrian populations of Origanum syriacum L. (Lamiaceae). J. Agric. Food Chem.
57, 1362-1365.

Khoury, M., Stien, D., Eparvier, V., Ouaini, N., El Beyrouthy, M., 2016. Report on the medicinal
use of eleven Lamiaceae species in Lebanon and rationalization of their antimicrobial potential
by examination of the chemical composition and antimicrobial activity of their essential oils.
Evid. Based Complement. Alternat. Med. 2016, Article ID 2547169.

Koul, O., Walia, S., Dhaliwal, G.S., 2008. Essential oils as green pesticides: potential and
constraints. Biopestic. Int. 4, 63-84.

Lee, K.W., Everts, H., Kappert, H.J., Yeom, K.H., Beynen, A.C., 2003. Dietary carvacrol lowers
body weight gain but improves feed conversion in female broiler chickens. J. Appl. Poult.
Res.12, 394-399.

Loépez, V., Cascella, M., Benelli, G., Maggi, F., Gomez-Rincén, C., 2018. Green drugs in the fight
against Anisakis simplex—Ilarvicidal activity and acetylcholinesterase inhibition of Origanum

compactum essential oil. Parasitol. Res. 117, 861-867.

20



510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

Loizzo, M. R., Menichini, F., Conforti, F., Tundis, R., Bonesi, M., Saab, A. M., Statti, G.A., de
Cindio, B., Houghton, P.J., Menichini, F., Frega, N.G., 2009. Chemical analysis, antioxidant,
antiinflammatory and anticholinesterase activities of Origanum ehrenbergii Boiss and Origanum
syriacum L. essential oils. Food Chem. 117, 174-180.

Lubbe, A., Verpoorte, R., 2011. Cultivation of medicinal and aromatic plants for specialty industrial
materials. Ind. Crops Prod. 34, 785-801.

Mattila, H.R., Otis, G.W., Daley, J., Schultz, T., 2000. Trials of apiguard, a thymol-based miticide
part 2. Non-target effects on honey bees. Am. Bee J. 140, 68-70.

Morgan, E.D., 2004. The place of neem among modern natural pesticides. In Neem: Today and in
the New Millennium (Koul, O. and Wahab, S., eds), pp. 21-32, Kluwer.

Nagqgash, M.N., Gokge, A., Bakhsh, A., Salim, M., 2016. Insecticide resistance and its molecular
basis in urban insect pests. Parasitol. Res. 115, 1363—1373.

NIST 17, 2017. Mass Spectral Library (NIST/EPA/NIH). National Institute of Standards and
Technology, Gaithersburg, USA.

OECD 1984, Guideline for testing of chemicals no. 207. Earthworm, acute toxicity tests, OECD—
guideline for testing chemicals. Paris, France.

OEPP/EPPO, 2015. EPPO standards PM 7/124(1) diagnostic protocol for Spodoptera littoralis,
Spodoptera litura, Spodoptera frugiperda, Spodoptera eridania. Bulletin OEPP/EPPO Bulletin
34, 257-270.

Par¢, P.W., Tumlinson, J.H., 1999. Plant volatiles as a defense against insect herbivores. Plant
Physiol. 121, 325-332.

Park, J. H., Jeon, Y. J., Lee, C. H., Chung, N., Lee, H. S., 2017. Insecticidal toxicities of carvacrol
and thymol derived from Thymus vulgaris Lin. against Pochazia shantungensis Chou & Lu.,
newly recorded pest. Sci. Rep. 7, 40902.

Pavela, R., 2008. Acute and synergistic effects of some essential oil monoterpenoid. Compounds on

the house fly (Musca domestica L.). J. Essent. Oil Bear. Plants 11, 541- 549.

21



536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

Pavela, R., 2010. Acute and synergistic effects of monoterpenoid essential oil compounds on the
larvae of Spodoptera littoralis. J. Biopestic. 3, 573-578.

Pavela, R., 2014. Acute, synergistic and antagonistic effects of some aromatic compounds on the
Spodoptera littoralis Boisd. (Lep., Noctuidae) larvae. Ind. Crops Prod. 60, 247-258.

Pavela, R., 2016. History, presence and perspective of using plant extracts as commercial botanical
insecticides and farm products for protection against insects - a review. Plant Prot. Sci. 52, 229—
241.

Pavela, R., 2018. Essential oils from Foeniculum vulgare Miller as a safe environmental insecticide
against the aphid Myzus persicae Sulzer. Environ. Sci. Poll. Res. 25, 10904-10910.

Pavela, R., Benelli, G., 2016. Essential oils as eco-friendly biopesticides? Challenges and
constraints. Trends Plant Sci. 21, 1000-1007.

Pavela, R., Govindarajan, M., 2017. The essential oil from Zanthoxylum monophyllum a potential
mosquito larvicide with low toxicity to the non-target fish Gambusia affinis. J. Pest Sci. 90, 369-
378.

Pavela, R., Sedlak, P., 2018. Post-application temperature as a factor influencing the insecticidal
activity of essential oil from Thymus vulgaris. Ind. Crop. Prod. 113, 46-49.

Pavela, R., Maggi, F., Lupidi, G., Cianfaglione, K., Dauvergne, X., Bruno, M., Benelli, G., 2017.
Efficacy of sea fennel (Crithmum maritimum L., Apiaceae) essential oils against Culex
quinquefasciatus Say and Spodoptera littoralis (Boisd.). Ind. Crops Prod. 109, 603-610.

Pavela, R., Maggi, F., lannarelli, R., Benelli, G., 2019. Plant extracts for developing mosquito
larvicides: from laboratory to the field, with insights on the modes of action. Acta Tropica, 193,
236-271.

Petrakis, E.A., Kimbaris, A.C., Perdikis, D.C., Lykouressis, D.P., Tarantilis, P.A., Polissiou, M.G.,
2014. Responses of Myzus persicae (Sulzer) to three Lamiaceae essential oils obtained by

microwave-assisted and conventional hydrodistillation. Ind. Crops Prod. 62, 272-279.

22



561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

Rattan, R.S., 2010. Mechanism of action of insecticidal secondary metabolites of plant origin. Crop
Prot. 29, 913-920.

Ribeiro, A.V., Farias, E.D. Santos, A.A., Filomeno, C.A., dos Santos, I.B., Barbosa, L.C.A.,
Picanco, M.C. 2018. Selection of an essential oil from Corymbia and Eucalyptus plants against
Ascia monuste and its selectivity to two non-target organisms. Crop. Prot. 110, 207-213.

Salah, S.M., Jager, A.K., 2005. Screening of traditionally used Lebanese herbs for neurological
activities. J. Ethnopharmacol. 97, 145-149.

Stevenson, P.C., Isman, M.B., Belmain, S.R., 2017 Pesticidal plants in Africa: a global vision of
new biological control products from local uses. Ind. Crops Prod. 110, 2-9.

Sut, S., Pavela, R., Kolar¢ik, V., Lupidi, G., Maggi, F., Dall’Acqua, S., Benelli, G., 2017.
Isobutyrylshikonin and isovalerylshikonin from the roots of Onosma visianii inhibit larval
growth of the tobacco cutworm Spodoptera littoralis. Ind. Crops Prod. 109, 266-273.

Tabari, M.A., Youssefi, M.R., Maggi, F., Benelli, G., 2017. Toxic and repellent activity of selected
monoterpenoids (thymol, carvacrol and linalool) against the castor bean tick, Ixodes ricinus
(Acari: Ixodidae). Vet. Parasitol. 245, 86-91.

Tong, F., Coats, J.R., 2010. Effects of monoterpenoid insecticides on [3H]-TBOB binding in house
fly GABA receptor and 36Cl— uptake in American cockroach ventral nerve cord. Pestic.
Biochem. Physiol. 98, 317-324.

Tong, F., Gross, A. D., Dolan, M. C., Coats, J. R., 2013. The phenolic monoterpenoid carvacrol
inhibits the binding of nicotine to the housefly nicotinic acetylcholine receptor. Pest Manag. Sci.
69, 775-780.

Traboulsi, A. F., Taoubi, K., El-Haj, S., Bessiere, J. M., Rammal, S., 2002. Insecticidal properties
of essential plant oils against the mosquito Culex pipiens molestus (Diptera: Culicidae). Pest
Manag. Sci. 58, 491-495.

Viuda-Martos, M., El Gendy, A.E.N.G., Sendra, E., Fernandez-Lopez, J., Abd El Razik, K.A.,

Omer, E.A., Pérez-Alvarez, J.A., 2010. Chemical composition and antioxidant and anti-Listeria

23



587

588

589

590

591

592

593

594

595

596

597

598

599

600

activities of essential oils obtained from some Egyptian plants. J. Agric. Food Chem. 58, 9063-
9070.

Walsh, S.B., Dolden, T.A., Moores, G.D., Kristensen, M., Lewis, T., Alan, L., Williamson, M.S.,
2001. Identification and characterization of mutations in housefly (Musca domestica)
acetylcholinesterase involved in insecticide resistance. Biochem. J. 359, 175-181.

Yaniv, Z., Dafni, A., Friedman, J., Palevitch, D., 1987. Plants used for the treatment of diabetes in
Israel. J. Ethnopharmacol. 19, 145-151.

Yuguda, A.U., Abubakar Z.A., Jibo A.U., AbdulHameed, A., Nayaya, A.J., 2015. Assesment of
toxicity of some agricultural pesticides on earthworm (Lumbricus terrestris). Am. Euras. J. Sust.
Agric. 9, 49-59.

Zein, S., Awada, S., Rachidi, S., Hajj, A., Krivoruschko, E., Kanaan, H., 2011. Chemical analysis
of essential oil from Lebanese wild and cultivated Origanum syriacum L. (Lamiaceae) before

and after flowering. J. Med. Plant Res. 5, 379-387.

24



Table

Table 1. Chemical composition of the Origanum syriacum subsp. syriacum essential oil.

No  Component® RI" RI lit.¢ % D!

1 o-Thujene 920 924 0.4£0.1 RLMS

2 a-Pinene 926 932 0.4+0.1 RI,MS,Std
3 Camphene 939 946 tr’ RI,MS,Std
4 B-Pinene 968 974 tr RLMS,Std
5 3-Octanone 975 979 0.1£0.0 RI,MS

6 Myrcene 988 988 1.0£0.2  RILMS,Std
7 3-Octanol 996 988 0.2£0.0 RLMS

8 a-Phellandrene 1002 1002 0.2+0.0  RIL,MS,Std
9 §-3-Carene 1007 1007 tr RIL,MS,Std
10 a-Terpinene 1013 1014 1.3+0.3 RI,MS,Std
11 p-Cymene 1021 1020 3.740.6  RIMS,Std
12 Limonene 1024 1024 tr RI,MS,Std
13 B-Phellandrene 1024 1025 0.2+0.0 RI,MS
14 (E)-B-Ocimene 1046 1044 tr RLMS,Std
15 y-Terpinene 1055 1054 5.7£0.9  RLMS,Std
16 cis-Sabinene hydrate 1063 1065 0.1£0.0 RI,MS
17 Terpinolene 1084 1086 0.1£0.0  RIMS,Std
18 Linalool 1096 1095 tr RILMS,Std
19 trans-Sabinene hydrate 1101 1098 tr RI,MS
20 Borneol 1160 1165 tr RILMS,Std
21 Terpinen-4-ol 1172 1174 0.4£0.1  RIMS,Std
22 a-Terpineol 1189 1186 tr RI,MS,Std
23 Cumin aldehyde 1236 1238 tr RI,MS
24 Carvacrol methyl ether 1242 1241 tr RI,MS
25 Thymol 1294 1289 2.4+0.4  RLMS,Std
26 Carvacrol 1308 1298 82.6+2.9 RILMS,Std
27 Carvacrol acetate 1372 1370 0.1+£0.0 RILMS



28 (E)-Caryophyllene 1408 1417 0.9+0.2 RILMS,Std

29 a-Himachalene 1443 1449 tr RIMS
30 y-Eudesmol 1632 1630 tr RI,MS
Total identified (%) 99.9

Grouped compounds (%)

Monoterpene hydrocarbons 13.1
Oxygenated monoterpenes 85.8
Sesquiterpene hydrocarbons 0.9
Oxygenated sesquiterpenes tr

Others 0.2

* Order of compounds is according to elution from a HP-5MS column. ° Van den Doll and
Kratz (1963) linear retention index. ¢ Retention index taken from ADAMS (2007) or NIST 17
(2017) libraries. 4 Relative percentages values are mean of two replicates + standard deviation.
" Method of identification: RI, coherence of the RI values with those of ADAMS, NIST 17 and
FFNSC2 (2012) libraries; MS, matching with the ADAMS, NIST 17, FFNSC 2, and MAGGI
libraries; Std, comparison with available analytical standard. & tr, % < 0.1.



Table

Table 2. Insecticidal efficacy of the Origanum syriacum subsp. syriacum essential oil and its main constituent carvacrol on selected insect pests.

Target insect Unit LCs/LDsy CI95  LCy/LDy  CI95 7

O. syriacum subsp. syriacum essential oil

s =1
Myzus persicae adults mL L 2.1 1822 34 3.1-3.8  5.538 ns

. -1
Musca domestica adults hgadult™ sg7  527.655 983 883-99.7 4.544ns

N . d - -1
Spodoptera littoralis 3" instar larvae pglarva™ o35 g7 1591 1737 143.3-197.8 1.261 ns

Positive control, a-cypermethrin

Myzus persicae adults mL L™’ 0.005  0.004-0.009  0.012  0.011-0.015 3.235 ns

Musca domestica adult females  pg adult” 0.18 0.15-0.21 0.73 0.68-0.91 2.524 ns

Spodoptera littoralis 3" instar larvae pglarva’  0.003  0.002-0.006  0.009  0.008-0.012 3.524 ns

Carvacrol

Mpyzus persicae adults mL L™ 1.6 1.3-1.9 2.7 2.4-29 2258 ns

Musca domestica adult females  pg adult” 59.3 51.7-62.5 102.3 95.7-110.1 3.251 ns

Spodoptera littoralis 3" instar larvae pglarva’  38.3 32.1-48.6 98.7 85.2-112.5 3.582 ns

ns = not significant (P>0.05)



Table

Table 3. Current knowledge on the insecticidal activity of the three major constituents of Origanum syriacum subsp.

syriacum essential oil: carvacrol, p-cymene and y-terpinene.

Compound Insect species LCs (ppm) References
Carvacrol  Anopheles stephensi 21.2
Anopheles subpictus 24.1
Traboulsi et al., 2002
Culex quinquefasciatus 26.1
Pavela, 2008
Culex tritaeniorhynchus 28.0
' Pavela, 2014
Culex pipiens molestus “37.6
Govindarajan et al., 2016
Musca domestica 78.3 g adult™
Spodoptera littoralis 15 pg larva™
p-cymene  Aedes aegypti 19.2
Pavela, 2008
Aedes albopictus 46.7
Cheng et al., 2009
Culex quinquefasciatus 20.6
Pavela et al., 2017
Musca domestica 282.1 pg adult™
y-terpinene  Aedes aegypti 30.7
Pavela, 2008
Aedes albopictus 29.8
Cheng et al., 2009
Culex quinquefasciatus 16.7

Pavela et al., 2017
Musca domestica 248.3 pg adult™”




Table

Table 4. Lack of toxicity of the essential oil from Origanum syriacum subsp. syriacum on non-target third instar larvae and adults of Harmonia

axyridis.

Concentration of O. syriacum subsp. syriacum essential oil Larval mortality Adult mortality
(mL.L™" (%+SD) (%+SD)
3.8 0.0+0.0" 0.0£0.0*
2.0 0.0+0.0* 0.0£0.0*
1.0 0.0+0.0" 0.0£0.0*
a-cypermethrin (positive control) 100.0:£0.0° 100.0£0.0°

Water (negative control) 0.0+0.0* 0.0+0.0*

ANOVA F,;5=1228; P<0.0001 F,;5=1218; P<0.0001

* Means+SD within a column followed by the same letter do not differ significantly (Tukey’s HSD test, P<0.05)

% = arcsine square root transformed data
Positive control = 1 mL.L™" Vaztak® (0.05 mL.L" (w/v)) of a-cypermethrin. F, += F-value and d.f=numerator and denominator degrees of

freedom.



Table

Table 5. Lack of toxicity of the essential oil from Origanum syriacum subsp. syriacum on non-target Eisenia fetida earthworms.

Tested substance and concentration 7% day” 14™ day”

(mg.kg™) (mortality % + SD) (mortality % + SD)

O. syriacum subsp. syriacum essential oil 200.0 0.0+0.0" 0.0+£0.0°

O. syriacum subsp. syriacum essential 0il100.0 0.0+0.0° 0.0+0.0°

O. syriacum subsp. syriacum essential oil 50.0 5.0+2.5° 5.042.5°

a-cypermethrin 50.0 100.0+0.0" 100.0+0.0°

a-cypermethrin 25.0 100.0:£0.0° 100.0:£0.0°

a-cypermethrin 12.5 89.5+2.5 95.5+2.5

Control 0.0+0.0° 5.0+2.5°
ANOVA Fs2/=398.36; P<0.0001 Fg,,=542,18; P<0.0001

* Average mortality of E. fetida (+SD) achieved on the 7" and 14" day after application of essential oil from O. syriacum subsp. syriacum and a-

cypermethrin (positive control).
Means+SD within a column followed by the same letter do not differ significantly (Tukey’s HSD test, P<0.05).

% = arcsine square root transformed data.
Negative control = water.



Figure

Fig. 1. GC-MS chromatogram of Origanum syriacum subsp. syriacum leaf essential oil.
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