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Abstract: Artemisia negrei (A. negrei) and Artemisia aragonensis (A. aragonensis) are in the family
Asteraceae, which has been used in traditional medicine. The use of plant-derived insecticides has
become a promising strategy to reduce the harmful effects of synthetic insecticides and overcome the
bio-resistance of pest insects to insecticides. In this regard, the purpose of the current study was to
determine the chemical composition and evaluate insecticidal effects of essential oils (EOs) extracted
from A. negrei (EON) and A. aragonensis (EOA). Notably, all chemical constituents present in the EOs
were identified through GC-MS analysis, whilst the insecticidal properties against Callosobruchus
maculatus Fab. (C. maculatus) were investigated by use of in vitro an in silico approaches. The obtained
results showed that both tested EOs present a significant insecticidal effect against C. maculatus,
which increased significantly upon the dose used in both contact and inhalation tests. The lethal
concentrations (LC50) for the inhalation test were found to be 2.1 and 2.97 µL/L, while in the contact
test they were 2.08 and 2.74 µL/L of air for EON and EOA, respectively. At 5 µL/L of air, the
spawn reduction rate was 88.53 % and 77.41%, while the emergence reduction rate was 94.86% and
81.22% by EON and EOA, respectively. With increasing doses of up to 20 µL/L of air, the reduction
in individual emergence reached 100% by the two oils tested after 36 h of treatment. In addition,
Molecular docking (MD) simulations supported the in vitro findings and indicated that certain
identified components in EOA and EON exhibited stronger hydrogen bonding interactions with
the target receptors. Interestingly, the prediction of ADMET properties indicates that the molecules
investigated have great pharmacokinetic profiles with no side effects. Taken together, our findings
suggest that EOA and EON may exert both potential contact and inhalation insecticidal actions and
could be used as an alternative tool for the control of this major insect pest of stored products.
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1. Introduction

Over the years, the emergence of serious pests (especially insects, pathogens and
weeds) affecting stored products has increased. They have become the main cause of
economic and food security problems [1,2]. Pests are among the issues that affect the
quality of stored grain and attack a wide range of legume foods. For instance, in Latin
America, between 30 and 40% of maize production is lost during storage [3]. In Mexico,
weevils are responsible for 30–40% of the losses of stored black beans and chickpeas [4].

Callosobruchus maculatus Fab. (Coleoptera: Chrysomelidae), which is known as the cow-
pea and chickpea weevil, is one of the most severe pests of stored grain in the tropics [5,6]. It
is also considered a primary pest because it attacks cereals (sorghum, wheat, rice and some
industrialized dry products) both in the field and in storage, as well as other leguminous
seeds, such as the lentil, broad bean and horse bean [7,8]. The life cycle of C. maculatus (Fab.)
is characterized by a high reproductive capacity, which leads to a large population growth
within a relatively short period of time [9]. Notably, C. maculatus (Fab.) feeds intensively
on the grain, resulting in grain losses [10,11].

Chickpea (Cicer arietinum L.) is one of the main legumes grown in Morocco and is
mainly consumed locally [12]. The increasing demand for food, in line with population
growth, requires the development and improvement of new grain-handling techniques
during storage. The control of C. maculatus (Fab.) in stored chickpea grains has been
commonly carried out on a large scale through the use of synthetic protective insecticides
and synthetic fumigants in silos and storage warehouses, mainly via the application of
aluminum phosphate. Another type of control consists of cleaning the walls, floors and
ceilings of storage sites with Malathion or phenothrin at doses of 1–2 mL/L water [13,14].
The control of C. maculatus (Fab.) is mainly based on the application of synthetic insecti-
cides to stored grain, which are mainly organophosphorus compounds and pyrethroids.
Although the use of synthetic insecticides is effective, this control measure can lead to
undesirable effects, such as the poisoning of applicators, toxic residues in grain, increased
storage costs and the development of resistant populations [15–19]. Therefore, the use
of residual insecticides is becoming less and less desirable due to the resistance of key
insects [20,21].

To overcome the problem of acquired resistance developed by insect pests and find
novel alternatives to chemical insecticides, the development of new bio-insecticides from
natural sources can be considered a better approach [22]. This approach may offer several
advantages, including low toxicity, biodegradable products and lower costs. Medici-
nal plants have played a key role in pharmacological research and the development of
drugs [23]. Moreover, several research studies undertaken have proven the effectiveness of
essential oils of plants, such as insecticides against insect pests [24]. Chemical substances
isolated from plants are widely used as starting materials in medicine for drug discovery
and for the construction of new synthetic molecules with potential biological benefits [25].

The genus Artemisia is well known for its richness in bioactive substances, which have
shown potential applications in numerous fields [26,27]. The EOs extracted from Artemisia
species have received extensive attention for their insecticidal properties and have proven
effective against a variety of insect pests [27–29]. These EOs are composed of complex
mixtures of highly volatile lipophilic organic substances, such as terpenes (monoterpenes,
sesquiterpenes and diterpenes), aromatic compounds and aliphatic compounds, with
numerous functional groups [30]. Furthermore, several reports have indicated that the
primary components present in EOs from Artemisia species are the key factors contributing
to their insecticidal effects on various insect pests [28,30]. Therefore, the objective of
this work was to chemically characterize EOs from Artemisia negrei (EON) and Artemisia
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aragonensis (EOA) along with the testing of their insecticidal activities against C. maculatus.
In addition, molecular docking (MD) studies were carried out to ascertain the mode of
action of the compounds found in EOs of Artemisia plants with the crystal structures of the
human gamma-aminobutyric acid (GABA) receptor (PDB ID: 4COF) [31] and the ryanodine
receptor protein 1 (PDB ID: 5C30) [32]. The ADME/T analysis (absorption, distribution,
metabolism, excretion and toxicity) of the molecules was also carried out.

2. Materials and Methods
2.1. Materials
2.1.1. Plant Material

A. negrei and A. aragonensis were collected in October 2021, Morocco. Next, the plants
were identified and were deposited in the herbarium of the Faculty of Sciences Dhar el-
Mahraz Morocco, under the registration numbers BPRN/04/18 and AHA001T7621 for A.
negrei and A. aragonensis, respectively (Figure 1).
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2.1.2. Animal Material

For the rearing of chickpea weevils (C. maculatus), the grain of the chickpea variety
Cicer arietinum L. was used as a substrate. It should be emphasized that the grain was
cleaned and stored at −4 ◦C for 48 h to avoid the possible contamination of the grain with
eggs and larvae.

Briefly, 1 kg of chickpea grains was placed individually in 2 L plastic containers (17 cm
high and 10 cm in diameter). Subsequently, 50 females and 50 males of the F1 generation of
C. maculatus, which were obtained from contaminated grains, were placed into the chickpea
grains. The grains and insects were kept at an ambient temperature of 27 ◦C, a relative
humidity (RH) of 50% and a photoperiod of 13:11.

2.2. Experimental Methods
2.2.1. Extraction of Volatile Compounds

The aerial parts of the plants used for testing were dried in the shade at 26 ◦C
for 10 days before distillation. Importantly, the extraction of EOs from A. negrei and
A. aragonensis was performed using a Clevenger apparatus [22,24]. The resulting EOs was
stored in a 2 mL amber Eppendorf tube and cooled to −4 ◦C in the dark until further use.
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2.2.2. Calculation of Yield

The extraction yield (Ye) was calculated using the initial mass of plant material (Mi)
and the final mass of essential oil (Mf) as follows:

Ye (%) =
Mi
Mf

× 100 (1)

2.2.3. Identification of Volatile Compounds in EOs by GC-MS

The chemical constituents of the obtained EOs were identified using gas chromatography–
mass spectrometry on a GCMS-TQ8040 NX Triple Quadrupole GC/MS/MS instrument
from Shimadzu (Tokyo, Japan). Analyses were carried out through an apolar capillary
column (RTxi-5 Sil MS-30 m × 0.25 mm ID × 0.25 µm) employing helium as a carrier gas.
A detailed description of the analysis conditions is provided in our previous research [33].
The Kovats retention index (KRI) was calculated using a homologous series of n-alkanes
and used to identify the compounds. Importantly, the identification of constituents was
carried out by comparing the computed KRI values with those of NIST 98 collection and in
the Adams database [34].

2.2.4. Biological Test for Volatile Activity (Toxicity)

a. Contact toxicity tests

The contact toxicity against C. maculatus adults of EOA and EON was carried out by
determining the mortality and emergence of this insect (F1), according to the methodology
of De Andrade Dutra [35]. In this assay, 100 g of chickpea seeds were placed in a 1L glass
bottle and mixed with the tested EOs at concentrations of 1, 5, 10 and 20 µL/L of air. Next,
each bottle was infested with 5 pairs of C. maculatus (Fab.) aged 48 h. Simultaneously,
100 g of chickpeas infested with five pairs of insects without oils were used as control.
Dead insects were counted daily until the end of the experiment. Four replicates were
performed to measure insecticidal activity and expressed as a percentage of the average
mortality of C. maculatus adults before being transformed into corrected mortality via
Abbott’s formula [36,37].

Eggs laid by females were counted after 12 days from the start of experiment, whilst
the emerged individuals were counted after 30 days. The reduction percentage in the
number of eggs and adults emerging at each concentration of essential oil was calculated.

b. Inhalation tests (Fumigant Toxicity)

Small cotton balls were threaded with a thread attached to the inside of each lid of
10 C. maculatus bruchids (5 males and 5 females), ranging in age from 0 to 48 h in 1 L glass
jars with tightly closed lids, according to the De Andrade Dutra’s methodology [35].

Each essential oil was administered in amounts of 1, 5, 10 and 20 µL/L using a
micropipette and was placed in the above cotton balls. Four replicates of each dose were
carried out, and a comparison was made using a control sample of unscented cotton [35].
Regular monitoring was performed for 3 days and mortality data of adult bruchids were
collected and recorded every 12 h. The percentage of mortality was evaluated and corrected
with Abbott’s formula [36,37].

2.3. Theoretical Methods

Molecular docking (MD) calculations were conducted to compare and interpret the
in vitro biological activity results. MD simulations were performed using the program
developed by the Maestro Molecular modeling platform (version 12.8) by Schrödinger [38].
Several steps are involved in the computations. Each step is executed distinctively. In the
first step, the protein preparation module [39] was utilized to prepare proteins. The proteins’
active sites were identified in this module. The investigated molecules are prepared in the
following step.

The target molecules were first optimized using the Gaussian software, and then the
LigPrep module was used to prepare the optimized structures for computations [40]. After
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preparation, the Glide ligand docking module [41] was employed to determine the likely
contacts that can occur between the molecules and the target proteins. The OPLS4 method
was employed in all calculations. Lastly, the ADME/Tox analysis is undertaken to assess
the drug-like properties of the investigated molecules. The Schrödinger software’s Qik-
prop module was utilized to predict the impacts and interactions of investigated molecules
in human metabolism [42].

Statistical Analysis

The analyses were performed by use of SPSS for Windows® (version 21.0). Data were
analyzed via the one-way analysis of variance (ANOVA). Fisher’s minimal significant
difference (LSD) test was employed to distinguish between significant and non-significant
means at α = 0.05. The probit approach was used to calculate the LC50 and LC95 fatal values
as well as their confidence intervals.

3. Results and Discussion
3.1. Yields of EOs and Chemical Composition

The yields of EOs of A. negrei and A. aragonensis were 1.19 and 1.17%, respectively.
The chemical substances identified in the Eos of the two studied plants, as well as their
percentages and Kovats retention index, are presented in Table 1. The results revealed the
existence of 55 different and common potentially bioactive compounds in the analyzed EOs,
including 34 components in the EOA and 34 components in the EON. The main compounds
identified in EOA were β-thujone (29.02%), camphor (14.68%) and 1.8 cineol (5.60%), while
for EON, Camphor (24.97%), Borneol (13.20%) and 1.8 Cineol (10.88%), were the main
detected compounds (Table 1 and Figure 2). The phytochemical composition of the EOA
and EON are comparable to the literature, which shows the richness of EOs from Artemisia
in terpenoids [43,44]. The almost predominant components of the EOs of the two studied
plants are essentially the same, but their compositions differ slightly. This variability can be
explained by different factors, including the species, the type of clone, the organ concerned,
the interaction with the environment (type of soil, climate, etc.) and the degree of maturity
of the plant concerned as well as the influence of the geographical conditions [45–47].

Table 1. Chemical constituents of the EOs from A. negrei and A. aragonensis.

Retention Index Compound Name
A. aragonensis A. negrei

Peak RT Area (%) Peak RT Area (%)

933 α-Pinene 1 7.84 0.61 1 7.84 1.53
949 Camphene 2 8.22 2.38 2 8.23 3.10
980 β-Pinene 3 9.17 0.29 3 9.17 1.43
990 Myrcene 4 9.89 0.37 - - -
999 Yamogi alcohol - - - 4 10.15 2.75
1026 Cymene 5 10.78 0.44 5 10.78 0.69
1029 Limonene 7 11.03 0.50 - - -
1032 1,8-Cineole 6 11.11 5.60 6 11.03 10.88
1017 α-Terpinene - - - 7 12.15 0.48
1086 Fenchone 8 11.36 0.50 - 13.11 10.20
1073 Artemisia alcohol 9 13.16 0.50 8 - -
1102 α-Thujone 11 13.49 3.63 9 13.39 0.51
1114 β-thujone 10 13.82 29.02 - - -
1139 Trans-pinocarveol - - - 11 14.65 0.52
1146 Camphor 12 14.54 14.68 10 14.57 24.97
1164 Pinocarvone - - - 12 15.16 0.44
1169 Borneol 13 15.65 3.85 13 15.66 13.20
1082 Terpinen-4-ol - - - 14 16.09 1.39
1173 Artemisia acetate - - - 15 16.24 1.0
1133 A-Terpineol 15 16.54 0.35 16 16.51 0.69
1198 Myrtenol - - - 17 16.73 2.73
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Table 1. Cont.

Retention Index Compound Name
A. aragonensis A. negrei

Peak RT Area (%) Peak RT Area (%)

1216 Trans-Carveol - - - 18 17.46 0.42
1237 Pulegone - - - 19 17.87 1.44
1288 Bornyl acetate 16 19.85 0.51 20 19.80 2.33
1298 Geranyl formate 17 20.81 0.88 - - -
1326 Myrtenyl acetate - - - 21 21.05 0.83
1276 α-Copaene 18 26.15 1.00 22 23.11 0.75
1434 Coumarin 25 40.19 0.65 - - -
1479 γ-Muurolene 22 31.44 1.17 - - -
1485 Germacrene D - - - 23 26.12 0.71
1513 Cycloisolongifol-5-ol 20 - 2.88 - - -
1578 Spathulenol - - - 24 28.66 1.26
1586 Caryophyllene oxide - - - 25 28.77 1.26
1624 Isospathulenol - - - 26 30.12 0.50
1632 γ-Eudesmo - - - 27 30.26 2.20
1633 α-Acoreno 21 - 1.00 - - -
1640 Cadinol - - - 28 30.50 0.51
1641 Aromadendrene epoxide 19 - 1.20 - - -
1650 β-Eudesmo - - - 29 30.64 1.30
1658 Bisabolol oxyde B - - - 30 30.93 0.45
1667 Limonen-4-ol 14 - 0.56 - - -
1685 Bisabolone oxide A - - 31 31.45 5.63
1718 Curcuphenol 23 - 1.09 - - -
1749 α-Bisabolol oxide A - - - 32 33.14 0.56
1819 Trihydroxy benzaIdehyde 26 40.99 1.05 - - -
1829 Isopropyltetradecanoate 27 41.77 0.56 - - -
1845 Isotorquatone 28 41.91 1.43 - - -
1855 Lanceol acetate 29 42.56 0.95 - - -
1864 thujopsenic acid 30 42.69 1.54 - - -
1875 Hexadecanol 34 44.64 1.01 - - -
1960 Palmitic acid 24 - 1.72 - -
2125 Octadecanoic acid, ethylester 33 44.56 0.60 - - -
2500 Pentacosane 32 43.57 3.07 34 40.32 1.63
2800 Octacosane 31 43.02 14.02 33 42.99 1.33

Monoterpene (C10) 68.28% 77.37%
Sesquiterpene (C15) 11.61% 15.13%
Other compounds 25.02% 7.12%

Total compounds identified 99.91% 99.62%
RT: retention time (min)

3.2. Inhalation Toxicity of EOs

The effects of Artemisia negrei and Artemisia aragonenesis essential oils on adult insect
mortality via inhalation were significant (p ≤ 0.0001) with increasing exposure time and
dose of EO used (Figure 3).

The results indicate that exposing adult insects to a low dose (1 µL) of essential oils
from A. egeri and A. aragonensis resulted in a reduction in mortality rate, causing only 52.5%
and 42.5% of mortality, respectively, after 36 h of exposure, demonstrating their partial
insecticidal effect.

For higher doses, and after 36 h of exposure, the two essential oils show a total
insecticidal effect at a dose of 10 µL for A. egeri and 20 µL for A. aragonensis.

According to the results depicted in Table 2, it can be seen that EON (LC50 = 2.1 µL/L
of air) is more toxic than EOA (2.74 µL/L of air) against C. maculatus beetles.

Aromatic medicinal plants are thought to be a bio-insecticide capable of controlling a
wide range of insects and pests in storage [48,49]. The insecticidal effect of the EOs against
stored food pests by contact, ingestion and fumigation has been well demonstrated. In
addition, much work has been carried out to improve methods and plant alternatives that
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can be used to enhance their insecticidal activity [43,50]. The obtained results showed that
the EOs extracted from the two studied plants (A. negrei and A. aragonensis) were considered
to be potent insecticides. Thus, our results agreed with previous scientific studies that
reported the insecticidal effect of EOs from many aromatic and medicinal plants [22,51,52].
After subjecting adult insects to different doses of these two EOs, a significant mortality
rate was recorded as a function of the dose and duration of exposure [53,54]. For compara-
tive purposes, Chávez-Díaz et al. [5] observed that the EOs of Thymus vulgaris (Thyme),
Origanum vulgare (Oregano) and Mentha spicata (Mint) caused the mortality of the genus
Callosobruchus (Coleoptera: Bruchidae). Aimad et al. [55] demonstrated that the EOs of
Dittrichia Viscosa, Maticaria Recutita and Artemisia herba alba Asso had toxic fumigation effects
against this pest. Oils from Vitex pseudonegundo and Carum copticum also showed effects on
the Callosobruchus genus at different stages of insect development [56].

3.3. Contact Toxicity of EOs from A. negrei and A. aragonensis

The results of this test showed that the mortality of the insects varied depending on
several factors, such as the duration of exposure, the type of essential oil, the dose and the
time of exposure. In general, the essential oils extracted from A. negrei and A. aragonensis
were highly toxic to C. maculatus adults. EON exhibited total mortality of 92.5 % for a dose
of 10 µL after 24 h, and 100 % mortality with the highest dose (20 µL) after only 12 h of
treatment. For EOA, a total mortality of 87.5 % was recorded for the 10 µL dose after 24 h
and a 100 % mortality for the 20 µL dose after one day of treatment (Figure 4).
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Figure 3. C. maculatus mortality rate adults exposed to the essential oil inhalation tests for A. egeri
(A) and A. aragonensis L. (B). Row values with the same letters (a, b, c, d or e) did not differ significantly
(means ± SD, n = 4, one-way ANOVA; Tukey’s test, p ≤ 0.05).

Table 2. LC50 and LC95 values (µL/L of air) of Eos tested against C. maculatus insects after each 12 h
post-contact and -inhalation.

Plant Test Treatment (h) df Slope + SD LC50 LC95 Intercept + SD p Value X2

Artemisia
negrei

Inhalation test

12 3 0.14 + 0.01 7.88 16.36 −1.13 + 0.09 0.0001 33.87

24 3 0.30 + 0.03 3.81 9.39 −1.13 + 0.11 0.0001 29.23

36 3 0.47 + 0.04 2.1 5.62 −0.98 + 0.12 0.0001 44.53

Contact test

12 3 0.24 + 0.02 4.67 11.55 −1.11 + 0.11 0 29.13

24 3 0.27 + 0.02 3.46 9.56 −0.93 + 0.11 0 42.11

36 3 0.43 + 0.04 2.08 5.92 −0.89 + 0.11 0 54.33

Artemisia
aragonensis

Inhalation test

12 3 0.14 + 0.01 8.64 20.39 −1.21 + 0.1 0 35.15

24 3 0.26 + 0.02 4.69 11.14 −1.12 + 0.11 0 24.01

36 3 0.34 + 0.03 2.97 7.79 −1.01 + 0.11 0 38.23

Contact test

12 3 0.15 + 0.01 6.61 17.33 −1.01 + 0.1 0 45.57

24 3 0.24 + 0.02 4.26 11.03 −1.04 + 0.11 0 33.71

36 3 0.34 + 0.03 2.74 7.58 −0.93 + 0.11 0 45.94

χ2 = chi-squared analysis is used to determine the inclination of a line. Slope is determined by probit
(p) = constant + Bx (covariates x transformed using log base 10); df: degree of freedom; SD: standard devia-
tion; LC50 and LC95 lethal concentrations (50% and 95% mortality of C. maculatus adults).
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Figure 4. Effects of the essential oil of the leaves of the A. negrie (A) and A. aragonensis Lam (B) in
different concentrations on the adults of C. maculatus via contact test. Row values with the same
letters (a, b, c, d or e) did not differ significantly (means ± SD, n = 4, one-way ANOVA; Tukey’s test,
p ≤ 0.05).
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The LC50 and LC95 lethal concentrations, which represent the concentrations required
to cause 50% and 95% mortality of C. maculatus adults after the contact with EOs at
different doses, respectively, and these were calculated using the Probit method and are
presented in Table 2. In this way, it can be shown that EON is more toxic than EOA,
with an LC50 of 2.08 and 2.74 µL/L of air at 36 h, respectively. These values show that
both tested essential oils have potent insecticidal activity towards C. maculatus, and these
results support previous research on the insecticidal effects of EOs from other species of the
Artemisia genus, such as Artemisia herba alba, Artemisia judaica, Artemisia campestris, Artemisia
absinthium and Artemisia dracunculus [55,57–59].

3.4. Effect of Direct Contact with EOs on C. maculatus Fab Fecundity and Emergence

The fecundity and emergence of C. maculatus Fab were assessed using different doses
of the EOs studied (Figure 5). From this figure, it can be seen that the quantity of eggs laid
varied depending on the dose of EOs used for treatment. Notably, the quantity of eggs
gradually decreased as the dose of essential oils increased.
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Figure 5. Effects of essential oils (EOA and EON) on the number of eggs laid by C. maculatus
Fab females.

After completing the life cycle, the emergence of C. maculatus was evaluated at various
doses of EOs (Figure 6). The rate of emergence reduction (%) was calculated to be 99.18%
and 89.19% for EON and EOA, respectively, at a 10 µL dose. For the overdose (20 µL),
we noted a complete disappearance of individuals in the presence of EON and a 96.94 %
reduction in the emergence of EOA (Figure 6).
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In general, the work carried out by Seri-Kouassi et al. [60] showed that the toxicity
of essential oils on insects is induced by the action of their main compounds—either they
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have a singular insecticidal efficacy or they are assembled. In other previous work [61], the
insecticidal effect of essential oils has been attributed to the presence of terpene compounds
that act as neurotoxic compounds in insects. Alternatively, Chiasson and Beloin [62] have
proposed that essential oils may have a direct effect on the cuticle of insects and mites,
especially those with soft bodies. These findings reinforce our obtained results in the current
study and suggest that the insecticidal power of essential oils tested is due to the presence
of thujone, camphor, artemisia alcohol, 1,8-cineole and borneol. On the other hand, another
study [28] reported that the highest percentage of β-thujone, camphor, 1,8 cineole, borneol
and camphene compounds in the essential oils of A. absinthium and A. herba alba gave
them the best insecticidal potential against two basic stored insects. Our work indicates
that the tested EOs were effective against C. maculatus Fab when used in both contact
and inhalation assays. Importantly, the mortality rate of adults increases proportionally
with the concentration of EOs. Many constituents of volatile EOs interact with the insects’
odor receptors, triggering various behaviors, such as flight, attraction and oviposition.
Notably, the reduction in fecundity of C. maculatus females treated with the EO tested is
not only related to the reduction of the oviposition period or the survival of the females
but is also the result of vitellogenesis processes. The essential oils of Artemisia aragonensis
and Artemisia negrei contain several compounds that may have insecticidal effects. In the
literature, some compounds, such as β-thujone, camphor, borneol and 1,8 cineole, have
been shown to have relevant effects on reducing fecundity and inhibiting adult emergence
and larval mortality in some insects [63,64].

4. Theoretical Calculations
4.1. Molecular Docking Study

In the current investigation, the in vitro activity results of chemical molecules found in
A. aragonensis Lam and A. negrei L. (Asteraceae), EOs were supported and validated by a
variety of procedures utilizing theoretical approaches. Among them, MD simulation is a
crucial tool frequently used for comparing and studying the activities of molecules [65,66].
In MD calculations, the most important thing in the activity comparisons of molecules for
the inhibition of proteins is interaction, because molecules must interact with proteins to
inhibit the proteins [67]. Consequently, the interaction of molecules with the target proteins
is significant. Therefore, more interacting molecules have higher activity. Hydrogen
bonds, polar and hydrophobic interactions, π–π and halogen are commonly the types
of interactions that occur between screened molecules and proteins [68,69]. As these
interactions increase, the activities of the molecules increase. Molecules with the highest
activity of all interactions are given in Figures 7 and 8. The docking score parameter is
used for comparing the activities of the studied molecules in MD calculations. The most
active molecule is the that with the parameter of the biggest negative numerical value. All
calculated parameters are given in Table 3.

Many parameters for chemical molecules found in EOs of A. aragonensis Lam and A.
negrei L. are computed as a result of the interactions of the investigated molecules with
the proteins. Each parameter examines different properties of molecules. Except for the
docking score parameter, Glide ligand efficiency, Glide hbond, Glide evdw and Glide ecoul
parameters are important parameters that look at how the chemical molecules interact with
the target proteins [70]. Parameters such as Glide emodel, Glide energy, Glide einternal
and Glide posenum are exposure-related parameters that result from molecule–protein
interactions [71].

When we examine in detail the interaction between the spathulenol molecule and the
human GABA receptor in Figure 7, the hydroxyl group in the spathulenol molecule creates
a hydrogen bond interaction with the THR 202 protein. However, when the interaction
between the Isospathulenol molecule and the human GABA receptor is examined in
Figure 8, the hydroxyl group in the Isospathulenol molecule creates hydrogen bonds with
the THR 202 protein. On the other hand, as a result of the interaction between the Trans-
Carveol molecule and the Ryanodine Receptor 1 protein in Figure 9, a hydrogen bond
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occurs between the hydroxyl group in the Trans-Carveol molecule and the THR 885 protein.
Finally, in the interaction between the Cadinol molecule and Ryanodine Receptor 1 protein
in Figure 10, it is seen that the hydroxyl group in the Cadinol molecule forms a hydrogen
bond interaction with the ASP 1037 protein.
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4.2. ADME/Tox Properties

In this study, as a result of comparing the activities of chemical molecules found in
EOs of A. aragonensis Lam and A.negrei L. (Asteraceae), it is not enough to find the molecule
with the highest activity alone. Finding a molecule with high activity does not mean
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that the molecule will be a good drug, because it is of great importance to predict the
movements of the molecule in human metabolism [72]. This is a significant event involving
many processes, such as absorption, distribution, metabolism, excretion and toxicity by the
human metabolism of molecules [73]. It is very important to examine each case individually
and confirm drug feasibility. It should be predicted whether a molecule can be used as
a drug in human metabolism by examining the movements of the molecules. For this
purpose, the ADME/T analysis of the selected molecules was completed. All calculated
ADME/T parameters are given in Table 4. The parameters in this table are divided into two
classes, the first of which contains the parameters that examine the chemical properties of
the molecules, and the second comprises the articles that examine the biological properties
of the molecules.

Table 3. Numerical values of the docking parameters of the different molecules found in EO of
Artemisia plants against the target proteins 4COF and 5C30.

Protein 4COF Docking
SCORE

Glide Ligand
Efficiency

Glide
Hbond

Glide
Evdw

Glide
Ecoul

Glide
Emodel

Glide
Energy

Glide
Einternal

Glide
Posenum

Spathulenol −7.64 −0.48 −0.50 −8.81 −18.77 −32.99 −27.58 0.74 221
Isospathulenol −7.36 −0.46 −0.44 −19.87 −10.75 −41.89 −30.62 0.01 213

Cadinol −6.60 −0.41 −0.32 −24.65 −5.26 −36.95 −29.91 0.58 113
Borneol −6.59 −0.60 −0.32 −18.00 −11.89 −41.00 −29.89 0.14 114

Trans-pinocarveol −6.56 −0.60 −0.33 −19.04 −12.29 −43.22 −31.32 0.02 185
Coumarin −6.55 −0.60 −0.44 −22.80 −7.05 −41.95 −29.85 0.00 37

Limonen-4-ol −6.53 −0.59 −0.45 −18.74 −10.21 −39.54 −28.95 0.79 324
Cycloisolongifol-5-ol −6.37 −0.40 −0.32 −20.31 −5.71 −28.92 −26.02 0.01 202

Camphor −6.26 −0.57 −0.26 −20.06 −4.93 −34.05 −24.99 0.00 133
Terpinen-4-ol −6.25 −0.57 −0.42 −18.60 −10.17 −36.07 −28.77 6.33 237
α-Copaene −6.20 −0.41 0.00 −24.42 0.61 −31.19 −23.81 2.73 50

Myrtenyl acetate −6.15 −0.44 −0.32 −26.10 −6.03 −44.97 −32.12 0.70 346
Bornyl acetate −5.99 −0.43 0.00 −23.33 −4.28 −38.08 −27.61 0.08 374
Curcuphenol −5.90 −0.37 −0.32 −23.09 −8.36 −40.48 −31.45 5.62 398
β-Thujone −5.86 −0.53 −0.32 −19.93 −5.61 −34.50 −25.54 0.59 58
A-thujone −5.86 −0.53 −0.32 −19.93 −5.61 −34.50 −25.54 0.59 58

Υ-Muurolene −5.80 −0.39 0.00 −23.74 −0.71 −32.54 −24.45 0.27 226
Aromadendrene epoxide −5.78 −0.36 −0.08 −20.24 −3.64 −28.47 −23.89 0.00 4

A-Pinene −5.77 −0.58 0.00 −18.68 −1.32 −27.08 −20.00 0.00 265
Caryophyllene oxide −5.76 −0.36 0.00 −31.88 −0.19 −42.42 −32.07 0.00 274

Myrtenol −5.67 −0.52 −0.25 −24.80 −4.41 −39.11 −29.21 0.71 128
A-Terpineol −5.62 −0.51 −0.36 −16.49 −10.19 −34.04 −26.67 4.07 263

Germacrene D −5.60 −0.37 0.00 −24.59 −1.70 −34.22 −26.29 0.58 372
Trans-Carveol −5.32 −0.48 −0.32 −15.05 −11.57 −32.71 −26.62 4.50 242

Fenchone −5.29 −0.48 −0.31 −19.68 −4.97 −32.76 −24.65 0.00 121
Pinocarvone −5.26 −0.48 0.00 −23.95 −4.39 −37.18 −28.34 0.00 141

Pulegone −5.22 −0.47 −0.31 −19.54 −4.82 −32.38 −24.36 0.00 146
1,8-Cineole −4.95 −0.45 0.00 −24.41 −2.39 −35.37 −26.80 0.00 329
Camphene −4.85 −0.49 0.00 −23.07 −1.31 −31.40 −24.39 0.00 71

Isotorquatone −4.76 −0.24 −0.37 −29.54 −1.86 −33.91 −31.40 5.61 77
β-Pinene −4.73 −0.47 0.00 −22.79 −1.95 −31.69 −24.74 0.00 31

α-Terpinene −4.68 −0.47 0.00 −20.56 −2.70 −29.57 −23.25 0.77 267
Artemisia acetate −4.61 −0.33 −0.32 −25.47 −4.37 −36.90 −29.84 3.19 345

Cymene −4.58 −0.46 0.00 −21.09 −2.63 −30.45 −23.71 0.10 208
Limonene −3.52 −0.35 0.00 −18.29 −1.07 −23.56 −19.36 0.01 217

α−Bisabolol oxide A −3.31 −0.19 0.00 −7.17 0.81 −8.92 −6.36 10.04 308
Artemisia alcohol −3.30 −0.30 −0.32 −19.43 −9.21 −32.79 −28.64 3.14 150
Geranyl formate −2.54 −0.20 −0.32 −23.39 −4.89 −31.95 −28.28 2.94 60
Lanceol acetate −2.18 −0.11 −0.26 −24.61 −3.95 −31.66 −28.55 3.01 15

Pentacosane −2.04 −0.08 0.00 −34.54 0.59 −35.76 −33.95 4.85 92
Octacosane −1.49 −0.05 0.00 −34.64 −0.61 −35.73 −35.24 5.51 370

Myrcene −0.91 −0.09 0.00 −18.36 −0.84 −20.21 −19.20 0.32 183
Isopropyltetradecanoate −0.89 −0.05 0.00 −34.59 −2.90 −36.29 −37.48 6.39 61

Hexadecanol −0.15 −0.01 −0.32 −28.60 −9.66 −34.36 −38.26 8.48 231
Palmitic acid 1.37 0.08 −0.41 −22.79 −2.21 −18.58 −25.00 5.13 304

Protein 5C30 Docking
Score

Glide Ligand
Efficiency

Glide
Hbond

Glide
Evdw

Glide
Ecoul

Glide
Emodel

Glide
Energy

Glide
Einternal

Glide
Posenum

Trans-Carveol −5.41 −0.49 −0.31 −18.16 −2.84 −25.04 −21.00 5.60 144
Cadinol −5.15 −0.32 −0.15 −21.51 −2.82 −32.50 −24.33 0.17 4

Spathulenol −4.63 −0.29 −0.15 −11.75 −7.05 −24.57 −18.80 0.24 156
Terpinen-4-ol −4.18 −0.38 −0.32 −11.96 −4.96 −21.42 −16.91 0.15 19
A-Terpineol −3.96 −0.36 −0.32 −10.97 −4.73 −19.72 −15.69 0.14 9

Pulegone −3.92 −0.36 −0.32 −11.50 −3.73 −19.04 −15.23 0.00 367
A-Terpinene −3.90 −0.39 0.00 −15.14 −1.43 −20.48 −16.57 0.00 169

Cymene −3.82 −0.38 0.00 −15.39 −1.09 −20.43 −16.47 0.04 334
Coumarin −3.72 −0.34 −0.14 −13.52 −3.99 −22.11 −17.51 0.00 182

Isospathulenol −3.72 −0.23 −0.22 −12.82 −5.44 −23.12 −18.26 0.38 1
β-thujone −3.68 −0.33 0.00 −12.70 −1.52 −16.85 −14.22 1.63 177
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Table 3. Cont.

Protein 5C30 Docking
Score

Glide Ligand
Efficiency

Glide
Hbond

Glide
Evdw

Glide
Ecoul

Glide
Emodel

Glide
Energy

Glide
Einternal

Glide
Posenum

α-thujone −3.68 −0.33 0.00 −12.70 −1.52 −16.85 −14.22 1.63 177
Limonen-4-ol −3.66 −0.33 −0.32 −10.60 −4.32 −18.64 −14.93 0.54 80

Myrtenyl acetate −3.49 −0.25 −0.32 −16.70 −3.80 −25.03 −20.50 0.46 69
α−Bisabolol oxide A −3.48 −0.20 −0.16 −6.09 −8.34 46.67 −14.42 122.68 62
Trans−pinocarveol −3.33 −0.30 0.00 −13.42 −1.44 −17.50 −14.86 0.91 24

Caryophyllene oxide −3.30 −0.21 0.00 −18.81 −0.87 −24.00 −19.68 0.00 18
Germacrene D −3.25 −0.22 0.00 −15.89 −0.05 −19.30 −15.93 0.00 272

A-Copaene −3.22 −0.21 0.00 −14.54 −0.34 −17.92 −14.88 0.10 116
Aromadendrene epoxide −3.20 −0.20 0.00 −13.95 −0.94 −17.99 −14.89 0.00 319

Isotorquatone −3.17 −0.16 −0.32 −18.36 −3.50 −25.48 −21.86 3.15 351
Υ-Muurolene −3.15 −0.21 0.00 −12.28 −0.45 −15.32 −12.73 0.00 4

A-Pinene −3.12 −0.31 0.00 −12.83 −0.21 −15.46 −13.05 0.00 4
B-Pinene −3.09 −0.31 0.00 −12.48 −0.25 −15.14 −12.73 0.00 4

Curcuphenol −2.76 −0.17 −0.16 −15.98 −5.48 −23.66 −21.46 3.59 353
Limonene −2.57 −0.26 0.00 −10.85 −1.60 −14.42 −12.44 0.00 296

Pentacosane −2.56 −0.10 0.00 −32.03 −0.29 −35.80 −32.33 2.58 197
Octacosane −2.43 −0.09 0.00 −31.31 −0.39 −34.23 −31.71 4.08 340

Artemisia alcohol −2.28 −0.21 −0.16 −11.36 −5.96 −19.41 −17.32 1.13 158
Artemisia acetate −2.28 −0.16 −0.32 −13.10 −2.90 −18.43 −16.00 0.82 388
Geranyl formate −1.67 −0.13 −0.16 −14.63 −2.49 −17.68 −17.12 3.23 193
Lanceol acetate −1.58 −0.08 0.00 −24.42 −1.96 −26.06 −26.38 5.75 333

Myrcene −0.66 −0.07 0.00 −12.16 −1.86 −13.53 −14.02 2.18 255
Palmitic acid −0.12 −0.01 −0.47 −19.15 −1.71 −18.88 −20.86 4.60 66

Isopropyltetradecanoate 0.72 0.04 −0.32 −26.07 −1.95 −25.52 −28.02 2.26 106
Hexadecanol 2.28 0.13 −0.48 −19.07 −6.44 −20.10 −25.51 2.98 246
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All of the chemical molecules found in EOs of A. aragonensis Lam and A. negrei L.
(Asteraceae) were studied; however, only the numerical values of the five most active
molecules for the calculated parameters are given in Table 4. It examines many properties,
such as the parameters of chemical properties, mole masses of molecules, dipole moment
of molecules, total solvent accessible surface area of molecules, volume of molecules,
hydrogen bond accepted and donated properties of molecules [72]. In addition to these,
many parameters of the biological properties are examined, such as the oral absorption of
molecules, absorption through the skin, the ability to pass through the intestinal–blood and
brain–blood barriers and the number of likely metabolic reactions [73]. Apart from these,
the numerical value of two parameters, such as RuleOfFive [74,75] and RuleOfThree [76],
which determine whether molecules can be drugs, is expected to be zero. The RuleOfFive
parameter is known as Lipinski’s rule of five and consists of four rules. On the other hand,
the RuleOfThree parameter is known as Jorgensen’s rule of three and consists of three rules.
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In the light of the above information, it is seen that the numerical values of the ADME/T
parameters of the chemical molecules found in EOs of A. aragonensis Lam and A. negrei L.
are within the desired range for a molecule to be used as a drug.
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Table 4. ADMET properties of molecules.

Spathulenol Isospathulenol Trans-Carveol Cadinol Reference Range

mol_MW 220 220 152 222 130–725
dipole (D) 2.239 2.134 1.652 2.073 1.0–12.5

SASA 460 468 395 480 300–1000
FOSA 398 426 293 429 0–750
FISA 32 36 40 34 7–330
PISA 30 5 62 18 0–450

WPSA 0 0 0 0 0–175
volume (A3) 819 826 640 845 500–2000

donorHB 1 1 1 1 0–6
accptHB 0.75 0.75 1.7 0.75 2.0–20.0

glob (Sphere = 1) 0.9 0.9 0.9 0.9 0.75–0.95
QPpolrz (A3) 26.3 26.3 18.8 26.6 13.0–70.0
QPlogPC16 6.8 6.7 5.2 6.8 4.0–18.0
QPlogPoct 9.8 9.8 7.6 9.8 8.0–35.0
QPlogPw 3.2 3.1 4.1 3.0 4.0–45.0

QPlogPo/w 3.9 3.8 2.3 4.0 −2.0–6.5
QPlogS −4.1 −4.3 −2.4 −4.4 −6.5–0.5

CIQPlogS −2.9 −3.0 −1.7 −3.4 −6.5–0.5
QPlogHERG −3.0 −3.0 −3.3 −3.2 *

QPPCaco (nm/s) 4918 4524 4175 4736 **
QPlogBB 0.3 0.2 0.1 0.2 −3.0–1.2

QPPMDCK (nm/s) 2767 2528 2318 2657 **
QPlogKp −1.9 −2.1 −1.8 −1.9 Kp in cm/hr

IP (ev) 9.8 9.1 9.6 9.5 7.9–10.5
EA (eV) −1.1 −1.1 −0.9 −1.0 −0.9–1.7
#metab 3 5 5 4 1–8

QPlogKhsa 0.6 0.7 −0.1 0.7 −1.5–1.5
Human Oral Absorption 3 3 3 3 -

Percent Human Oral
Absorption 100 100 100 100 ***

PSA 20 20 21 19 7–200
RuleOfFive 0 0 0 0 Maximum is 4

RuleOfThree 0 0 0 0 Maximum is 3
Jm 0.2 0.1 6.9 0.1 -

* Concern below −5, ** <25 is poor and >500 is great, *** <25% is poor and >80% is high.
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5. Conclusions

In the current study, the chemical composition and insecticidal effects of essential oils
derived from Artemisia plants were investigated, along with an in silico study to understand
the interaction of these constituents with target proteins. The obtained results show that
EOs from the A. negrei and A. aragonensis possess promising insecticidal effects against C.
maculatus, which could be attributed to their components. Molecular docking studies were
conducted to understand the binding affinities and modes of interactions between chemical
components found in the EOs of two Artemisia plants and the target proteins. The results
showed that some compounds had strong hydrogen interactions with the target receptors.
In addition, some selected compounds were examined for their ADMET properties, and
the results indicated that they had remarkable pharmacological properties and therapeutic
potential. Interestingly, our results demonstrate the potential of the tested EOs as efficient
insecticidal agents to control pest insects affecting stored products. However, further
investigations are required to assess the effectiveness of these EOs against a wide range of
insect pests. In addition, future studies aimed at isolating the active constituents of these
plants would be interesting in order to develop new biopesticides that are non-toxic for
the environment.
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