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The objective of this investigation was to assess the chemical makeup of essential oil derived
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out using the agar diffusion method and the minimum inhibitory concentration (MIC)
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activity against all strains tested. The results of insecticidal activity of this essential oil were
promising in adult C. maculatus. At a dose of 20 pl - dm™ of air, EO caused maximum
mortality with an LC, value of 5.64 ul - dm™*for the inhalation test and 3.4 ul - dm for the
contact test. In addition, a significant decrease in the number of eggs laid and adult emer-
gence was observed as EO doses increased, reaching a reduction of around 95% at a dose of
20 pl - dm™ of air. In terms of repellent activity, PVEO also showed encouraging results. It
demonstrated an average repellent activity of around 92 + 10.95%. Furthermore, molecu-
lar docking simulations corroborated the in vitro results and demonstrated that specific
p-Menthen-3-one compounds formed more robust hydrogen bonding interactions with
the target receptors. These experiments underscore PVEO’s effectiveness as a fungicide
against the tested fungal strains, demonstrating its role as a bio-insecticide against C. macu-
latus adults, and its potential as an appealing repellent. This suggests that PVEO could serve
as a valuable alternative within integrated pest management strategies.
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Introduction

Seed legumes, such as chickpeas, lentils, beans, peas,
broad beans and peanuts, play a crucial role in hu-
man nutrition and agriculture (Maphosa and Jideani
2017). They are an excellent source of vegetable pro-
teins, fibers, vitamins (such as B, C and E) and min-
erals (such as iron, zinc, magnesium and potassium)
(Maphosa and Jideani 2017). They provide essential
nutrients needed for a balanced diet. However, several
insect pests adversely affect pulses, such as Callosobru-
chus maculatus, a common pest of peas, beans, lentils
and broad beans (Hajam and Kumar 2022). Fungi can
also cause crop losses and deterioration in seed qual-
ity in the field and storage (Magan et al. 2004). Fun-
gal contamination poses significant threats to human
health, leading to various adverse consequences. The
dangers associated with such contamination include
respiratory issues, allergies, infections, and the poten-
tial exposure to mycotoxins. Mycotoxins, produced
by certain molds, can have severe health implications,
ranging from liver damage and immune system sup-
pression to carcinogenic effects (Dinakar et al. 2010).
Some fungi produce naturally occurring toxic sub-
stances called mycotoxins, which may be present in
infected legumes. Mycotoxins can cause a variety of
health problems, including food poisoning and gas-
trointestinal disorders, as well as neurotoxic, hepa-
totoxic, nephrotoxic and carcinogenic effects in the
event of prolonged exposure. Exposure to these sub-
stances, whether by ingestion or inhalation, has been
associated with an increased risk of developing vari-
ous types of cancer (Adam et al. 2017). The severity
of mycotoxins depends on the type of mycotoxin, the
quantity ingested, and the duration of exposure. Syn-
thetic insecticides and fungicides are commonly used
to control insect pests and fungi in agriculture (Roark
1935). These chemicals are designed to eliminate or
reduce insect and fungal pathogen populations to pro-
tect crops and improve yields.

Medicinal and aromatic plants contain various
chemical compounds that give them their biological
properties (Bencheikh et al. 2022; Taibi et al. 2023)
They have long been used for their insecticidal and
fungicidal properties. Many of the compounds present
in these plants can act as control agents against unde-
sirable insects and fungi (Wang et al. 2022). Essential
oils, the volatile extracts of these aromatic and medici-
nal plants, contain high concentrations of bioactive
chemical compounds. They can have a variety of bio-
logical activities. They are known for their natural
fungicidal and insecticidal activities and can be used
as an alternative to synthetic pesticides. They contain
compounds that have insecticidal and repellent ef-
fects on various insects (Wang et al. 2022). Ptychotis

verticillata, a plant endemic to eastern Morocco, is
known for its chemical composition rich in bioactive
molecules. Several studies have shown that the essen-
tial oil extracted from this plant is very rich in poly-
phenols, giving it antifungal and insecticidal activity
(Bounouira et al. 2022).

In this research, our primary objective was to tho-
roughly evaluate the antifungal and insecticidal activ-
ity of the essential oil extracted from the aerial part of
P verticillata. We specifically focused on assessing
the effectiveness of this essential oil against C. macu-
latus, a notorious pest known for causing substantial
damage to chickpea grains in Morocco. Addition-
ally, our aim was to explore the antifungal properties
of PVEO, with a particular emphasis on its ability to
combat four fungi strains (Candida glabrata, Saccha-
romyces cerevisiae, Aspergillus niger, and Penicillium
digitatum) that pose a threat to legume crops.

To achieve comprehensive insights, we embarked
on an in-depth phytochemical characterization of the
various components present in PVEO. To facilitate
this analysis, we utilized the High-Performance Solid-
Phase Microextraction Gas Chromatography-Mass
Spectrometry (HS-SPME-GC-MS) technique, which
is known for its precision and reliability in identifying
volatile compounds.

Materials and Methods

Plant origin and hydrodistillation

Samples of P. verticillata were obtained from the pro-
vincial market in Oujda, situated in eastern Morocco,
in the spring of 2022. The taxonomic identification
process was conducted at the Faculty of Sciences,
University Mohammed the First, Oujda, Morocco. To
extract the essential oil from the plant’s aboveground
parts, we employed the hydrodistillation technique
with a customized Clevenger apparatus.

HS-SPME-GC-MS analysis

The recent solid-phase microextraction (SPME)
technique is an alternative method to traditional ap-
proaches to volatile sample preparation. It separates
and concentrates volatile fractions by directly sam-
pling the headspace (HS) above the dried powdered
plant material using SPME fibers. The extracted gas-
eous compounds were analyzed using a gas chro-
matograph (Shimadzu GC-2010) equipped with
a fused silica capillary column coupled to a spec-
trometer detector (GC-MS-QP2010). This technique,
called HS-SPME coupled with GC-MS, has proven to
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be a simple, solvent-free method for analyzing volatile
fractions in plant materials. Constituent identifica-
tion was performed by comparing mass spectrometry
(MS) data with the National Institute of Standards and
Technology (NIST147) computer library. LabSolutions
software (version 2.5) was used for data collection and
processing. To enhance the protocol, we employed the
recent SPME technique as an alternative method to
traditional approaches for volatile sample preparation.
This method facilitates the separation and concentra-
tion of volatile fractions by directly sampling the head-
space (HS) above the dried powdered plant material
using SPME fibers. The extracted gaseous compounds
were subsequently analyzed utilizing a gas chroma-
tograph (Shimadzu GC-2010) equipped with a fused
silica capillary column coupled to a spectrometer de-
tector (GC-MS-QP2010). This technique, known as
HS-SPME coupled with GC-MS, has demonstrated
itself as a straightforward, solvent-free method for
analyzing volatile fractions in plant materials. Identi-
fication of constituents was carried out by comparing
mass spectrometry (MS) data with the National In-
stitute of Standards and Technology (NIST147) com-
puter library. LabSolutions software (version 2.5) was
employed for data collection and processing. Prior to
the application of PVEO on filter paper discs, sam-
ples were prepared using the HS-SPME coupled with
GC-MS technique to analyze the volatile compounds
present in the PVEO itself. Experimental conditions
for this analysis were kept constant to ensure the re-
producibility of the results.

Antifungal activity
Disc diffusion method

Four fungal strains C. glabrata, S. cerevisiae, A. niger
and P. digitatum were tested for antifungal activity us-
ing the agar diffusion method on PDA agar culture
medium (Taibi et al. 2023). Petri plates containing
agar were inoculated with the fungal strains. Sterilized
filter paper discs 6 mm in diameter were filled with
20 ul of samples dissolved in DMSO (dimethyl sulf
oxide) at a concentration of 20 mg - ml™, each sepa-
rately. Cycloheximide (1 mg - ml™") was used as a posi-
tive control, and DMSO as a negative control. Discs
containing the samples, standard antibiotic (cyclo-
heximide) and DMSO were deposited on the agar sur-
face using flamed forceps, then lightly pressed to ensure
good contact between the discs and the surface. After
30 minutes of pre-diffusion at room temperature,
the Petri dishes were incubated at 25°C for 24 hours.
The diameters of the inhibited growth zones were
then measured in millimeters (mm) (Loukili et al.
2023).
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Determination of the minimum inhibitory
concentration (MIC)

In this study, we used the 96-well microplate method
to determine the minimum inhibitory concentra-
tion (MIC) of yeast using a concentration range from
8% to 0.0015% essential oil. Microplates were in-
cubated at 25°C for 48 hours, after which we added
15 microliters of resazurin solution to each well to as-
sess growth (Taibi et al. 2023).

Insecticidal activity
Toxicity of PVEO by contact test

To evaluate the insecticidal impact of PVEO, 100 grams
of seeds were contaminated with five pairs of insects
(both male and female) and placed in a 1-liter glass
container with a perforated cover. PVEO was directly
applied to the seeds using a pipette, followed by manual
shaking for 2 minutes. Various treatments with escalat-
ing concentrations (1, 5, 10, 201 - 100 g™') were admin-
istered. After 24 hours, mortality rates were measured,
and deceased insects were removed. Egg counts were
conducted 12 days after the experiment’s commence-
ment, with a routine count of emerging insects per-
formed at the end of the 28-day experimental period.

To adjust the recorded mortality rate, the Abbott
formula (1) was applied:

(Po — Pt)

Pc=100X
¢ (100 — PY)

where: Pc - represents the corrected mortality percent-
age (%), Po — corresponds to the mortality observed in
the test group, Pt — represents the mortality observed
in the control group.

Formula 2 was used to determine the percentage
decrease in egg and adult numbers in each PVEO con-
centration compared to the control:

_ (NT = NO)

RP= ~———=
(NC x 100)’

where: RP - represents the percentage, NC - corre-
sponds to the number of eggs or insects hatched in the
control group, NT - represents the number of eggs or
insects hatched in the treatment group.

Using these evaluation methods, our aim was to
determine the efficacy and suitability of PVEO essen-
tial oil as an insecticidal agent against C. maculatus by
inhalation exposure.

Toxicity of PVEO tested by inhalation

In this study, we set out to evaluate the efficacy of
PVEO by inhalation against C. maculatus. To carry
out the experiment, we used 1-liter glass jars, to which
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we attached small cotton masses suspended by threads
inside the lids. Using a micropipette, we precisely
applied four different doses of PVEO (1, 5, 15 and
20 pl - dm™) to the cotton. We introduced 10 C. macu-
latus insects (composed of males and females) aged
0-48 h into each jar, ensuring that the closure was
perfectly airtight. Each dose was repeated three times,
and the results were compared with a control sample
(cotton without test solution) (Abdelli et al. 2016). To
calculate the observed mortality rate, we used the fol-
lowing Abbott formula:

_ (Po — Pt)
Pc =100 % m ,
where: Pc - represents the percentage of corrected
mortality (%), Po — corresponds to the mortality ob-
served in the test group, Pt — represents the mortality
observed in the control group.

Repellent activity of PVEO

To evaluate the repellent effect of PVEO on C. ma-
culatus adults, we used the preferential surface area
method on filter paper as described by McDonald
et al. 1970. We used 9 cm diameter filter paper discs,
which we divided in two to obtain two halves with
a surface area of 31.80 cm? each. On one half, we ap-
plied 0.5 ml of different concentrations of PVEOQ, pre-
pared in acetone, giving doses of 0.016, 0.079, 0.157
and 0.315 pl - cm™ per disk. The other half served as
a control, receiving only 0.5 ml of acetone. We then
added C. maculatus adults to the discs and sealed the
Petri dishes with parafilm, leaving them to stand for
30 minutes. We then compared the number of bruchids
on the PVEO-treated half of the disc with the untreat-
ed half. Each experiment was repeated three times,
maintaining environmental conditions consistent with
those in which the insects were reared. To calculate the
percentage of repellency (RP), we applied the follow-
ing formula:

_(NC = NT)

RP=-~—
(NC + NT)

x 100,
where: RP - represents the percentage of repellency
(%), NC - corresponds to the number of insects in the
control area, NT - corresponds to the number of in-
sects in the treated area.

The results of the repellent effects of the essential
oil were interpreted in the classification provided by
McDonald et al. 1970.

Molecular docking procedure

Following the methodology outlined in (Kandsi et al.
2022), we conducted an in silico molecular docking

study. In summary, we obtained three-dimensional
structures of the phytocompounds identified in PVEO
from PubChem in “3D sdf” format and converted
them into pdb file format using PyMol. To elucidate
the potential insecticidal mechanisms of action of the
chemicals identified in PVEO, we gathered informa-
tion about the target proteins from relevant literature
sources (Kilic et al. 2021). Subsequently, we accessed
the Protein Data Bank (PDB) using the PDB IDs of
the target proteins to acquire their crystallographic
three-dimensional structures, which were then visu-
alized using the Discovery Studio 4.1 program (Das-
sault Systems Biovia, San Diego, CA, USA) (Cosconati
et al. 2010). The results for the docked ligand complex-
es were expressed in kcal - mol™ values for AG binding
energies. Furthermore, we created 2D molecular inter-
action diagrams and investigated protein-ligand bind-
ing interactions using Discovery Studio 4.1.

Statistical analysis

The bioassay experiment followed a randomized de-
sign, with three replicates for each treatment. Results
were presented as means with their standard error
(SE). Statistical analyses were performed using SPSS
for Windows R software (Version 21.0). To detect sig-
nificant differences, data were subjected to a one-way
ANOVA. Multiple comparisons were performed using
Fisher’s minimum significant difference test, setting
a significance level a = 0.05. To determine the lethal
concentrations LC_  and LC,, and their confidence in-
tervals, we used the probit method, following the re-
commendations of Finney 1971 (Finney 1971). For
the inhalation and contact tests, row values with the
same letters (a, b, ¢, d or e) did not differ significantly
(means + SD, n = 4, one-way ANOVA; Tukey’s test,
p<0.05).

Results

Phytochemical composition

Ptychotis verticillata essential oil was analyzed by
solid phase chromatography with mass spectrometry
(HS-SPME-GC-MS), an analytical technique used to
analyze volatile compounds in samples. It enables the
identification and quantification of chemical com-
pounds of interest in complex samples such as essen-
tial oils. PVEO is comprised of 13 volatile compounds
that contribute to its characteristic aroma and flavor
(Fig. 1; Table 1). There are five main compounds in this
essential oil. y-Terpinene, themostabundantcompound
in this essential oil with a concentration of 25.86%, is
a monoterpene naturally present in various aromatic
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plants. p-Cymene with a concentration of 18.70%, is
a monoterpene commonly found in essential oils
known for its anti-inflammatory and antioxidant prop-
erties. B-cymene may confer specific beneficial prop-
erties to PVEO. O-Cymen-5-ol, with a concentration
of 16.78%, is known for its herbicidal activity (Wang
et al. 2020). a-Pinene represents 12.13% of the chemi-
cal composition of this essential oil. It is a monoter-
pene found in many plants, notably conifers. a-Pinene
is often associated with anti-inflammatory and anti-
septic effects. p-Myrcene is also present at a concentra-
tion of 6.84%, It is a monoterpene commonly found in
the essential oils of various plants (Darshani and Pra-
gadheesh 2023).

x100,000,000
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Antifungal activity

The antifungal activity of P wverticillata essential
oil (PVEO) was tested against four fungal strains:
C. glabrata, S. cerevisiae, A. niger and P. digitatum
(Table 2). The results indicate that PVEO had antifun-
gal activity against C. glabrata, with a zone of inhibi-
tion of 41.3 mm, suggesting an ability to inhibit the
growth of this specific strain. Furthermore, the mini-
mum inhibitory concentration of 0.25% indicates the
lowest concentration of PVEO required to inhibit
C. glabrata growth. These results encourage the po-
tential use of this essential oil as an antifungal agent
against this strain. The results also show significant
activity against S. cerevisige. The inhibition zone of

TIC R
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1.0 4
m
n -
|
oy |
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Fig. 1. HS-SPME-GC-MS PVEO chromatogram. The peaks in the chromatogram represent the volatile compounds identified and

quantified in Table 1

Table 1. Phytochemical constituents of Ptychotis verticillata (PVEO)

No. Compound name Formula RI Mol. Wt. [n[:;] Pea[léba;rea
1 a-Thujene CoHie 926 136.23 5.092 243
2 a-Pinene CoHe 931 136.23 5.223 12.13
3 Sabinen CoHe 956 136.23 5.875 1.49
4 -Pinene CoHg 959 136.23 5.949 2.00
5 -Myrcene CoHe 965 136.23 6.122 6.84
6 (+)-4-Carene CoH,e 980 136.23 6.596 2.24
7 p-Cymene C,H,, 985 134.22 6.748 18.70
8 y-Terpinene CoHie 1002 136.23 7.306 25.86
9 D-isomenthone C,H,0 1046 154.25 9.091 1.94
10 Menthol, trans-1,3,cis-1,4- C,,H,,0 1070 156.26 9.443 1.08
11 p-Menthen-3-one C,H,.0 1071 152.23 10.286 4.90
12 Carvacrol C,H.,.0 1086 150.22 11.061 3.61
13 o-Cymen-5-ol C,H,,0 1088 150.22 11.173 16.78

RI - retentions index; RT - retention time



www.czasopisma.pan.pl P N www.journals.pan.pl
=

A AKADEMIA

Taibi M. et al.: Phytochemical charg‘c\{érizatidh‘by HS-SPME-GC-MS and exploration of the antifungal...

67.5 mm indicates a strong capacity to inhibit the
growth of this strain. In addition, the minimum inhib-
itory concentration of 0.125% suggests a high efficacy
of this essential oil at relatively low concentrations.
These results indicate the strong potential of this es-
sential oil as an antifungal agent against S. cerevisiae.
PVEO demonstrates strong antifungal activity against
A. niger, as evidenced by the substantial 48.1 mm zone
of inhibition. Additionally, the low minimum inhibi-
tory concentration of 0.125% suggests that this oil is
effective at relatively small doses against A. niger. The
results suggest that PVEO holds promise as a poten-
tial antifungal agent against both the particular strain
mentioned and P. digitatum. The significant inhibition
zone of 46.5 mm and the low minimum inhibitory
concentration of 0.125% observed in the analysis of
PVEO against P. digitatum further reinforce the poten-
tial effectiveness of this essential oil as an antifungal
treatment for this strain.

Insecticidal activity

The main goal of this research was to assess the harm-
ful effects of PVEO on C. maculatus, an insect pest. The
study exposed adult insects of C. maculatus to various
doses of the essential oil and monitored them at mul-
tiple time intervals (24 hours, 48 hours, 72 hours, and
96 hours). Figure 2A illustrates the outcomes, revealing

>

Inhalation Test e Ol
100+ 1ul
5ul

3 e 10 pl

g = 20 pl

Percetage of mortality [%]

72h
Days of the treatment

96h

97

a notable insecticidal impact of PVEO on the treated
adults. As the dose and exposure duration to the es-
sential oil increased, so did the mortality rate. Re-
markably, after 96 hours of exposure to a 10 ul - dm™
dose of PVEO, the mortality rate reached 77.50%,
highlighting the potent insecticidal action of this oil.

Additionally, the study conducted direct contact
tests with C. maculatus using different doses of PVEO,
and the findings are presented in Figure 2B. The mor-
tality of C. maculatus adults increased with higher
doses of the essential oil and longer contact times.
For instance, the lowest concentration (1 pl - 100 g™')
caused 60 * 2.5% mortality after 96 hours of exposure,
while the highest concentration (20 pl - 100 g™) result-
ed in 97.5 + 2.5% mortality. Statistical analysis revealed
slightly higher LC, (lethal concentration for 50% of
the population) and LC,, (lethal concentration for
95% of the population) values for the inhalation test
(5.64 and 17.62 pl - dm of air, respectively) than the
contact test (3.40 and 14.66 pl - dm™ of air, respectively)
(Table 3). This indicates that PVEO demonstrated
significant toxicity against C. maculatus, regardless of
whether it was applied through inhalation or direct
contact, and that higher doses and prolonged exposure
enhanced its insecticidal effectiveness.

Despite the significant reduction in C. maculatus
adult mortality, the essential oil did not wholly pre-
vent female oviposition, as illustrated in Figure 3. At

Contact Test mm Ol
100 1ul
. 5ul

e I e 10 HI

0 = 20l

w
o
1

Percetage of mortality [%]

o
I

72h

48h
Days of the treatment

96h

Fig. 2. A - percentage of Callosobruchus maculatus adult mortality in inhalation; B — contact experiments, presented as mean + SD
mortality values. Row values with the same letters (a, b, ¢, d or e) did not differ significantly (means + SD, n = 3, one-way ANOVA; Tukey's

test, p < 0.05)

Table 2. Evaluation of minimum inhibitory and fungicidal concentrations of Ptychotis verticillata (PVEO) against fungal strains

Fungal strains PVEO - 1Z Cycloheximide [1 mg - ml] PVEO - MIC
[mm] 1Z [mm] [%]
Candida glabrata 41.3+0.3 24+0.5 0.25
Saccharomyces cerevisiae 67.5+0.1 19+0.23 0.125
Aspergillus niger 48104 205+03 0.125
Penicillium digitatum 46.5+0.1 255+0.1 0.125

IZ - inhibition zone; MIC — minimum inhibitory concentration
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Table 3. LC, and LC_, (ul - dm™ of air) responsible for the mortality of adult C. maculatus in toxicity tests by contact and inhalation,
treated with different doses of Ptychotis verticillata (PVEO)

Exposure LC LC
T f | + 50 95 | + -val X?
est duration d Slope + SD (C195%) (C195%) ntercept = SD p-value
16.35 34.81
+ - +
24 3 0.89 £0.01 (10.7:39.89) (23.12: 112.07) 146 £0.11 0.001 16.2
11.29 27.76
+ - +
inhalation 48 3 0.1+£0.009 (4.46:38.47) (17.48:159.19) 1.13£0.1 0.00 27.52
8.73 24.12
+ — +
72 3 0.11+0.009 (2.27 65.25) (1447 1482.72) 0.93 £0.09 0.00 35.71
96 3 0.14%001 5.64* 17.62* -0.77 £0.09 0.00 49.15
11.83 27.64
24 .1 £0. -1.23+0.1 . 22.
3 0.1+0009 (6.23;27.46) (18.28;90.9) 30 0.00 39
9.19 24.47
+ - +
Contact 48 3 0.11+0.009 (0.4:40.15) (14.96:224.52) 0.99 + 0.09 0.00 33.29
72 3 0.11+£0.01 6.17* 20.78* -0.7 £0.08 0.00 53.59
96 3 0.15+0.01 3.4*% 14.66* -0.5+0.08 0.00 66.12

X2 — Chi-squared analysis was used to determine the inclination of a line. Slope was determined by probit (p) — constant + Bx; df: de-
gree of freedom; SD - standard deviation; LC,; and LC, lethal concentrations (50% and 95% mortality of C. maculatus adults)

*confidence intervals were too wide; they did not lend themselves to calculation

A .
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3004 L 2
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Fig. 3. A - fecundity of females (mean values of eggs laid + SD) and emergence (mean number of individuals emerged + SD) of Cal-
losobruchus maculatus adults after a direct contact toxicity test with different concentrations of PVEO; B - the reduction in fecundity
and emergence rates following direct contact with varying doses of PVEO (ranging from 0 to 20 pl). Row values with the same letters
(a, b, and ¢) did not differ significantly (means + SD, n = 3, one-way ANOVA; Tukey’s test, p < 0.05)

a concentration of 10 pl - dm=PVEOQ, around 90% of
female oviposition was inhibited, and at 20 pl - dm,
almost 95% of oviposition was prevented. The number
of eggs laid was inversely proportional to the concen-
tration of essential oil, with the highest concentration
resulting in a 94.2% reduction in the number of eggs
laid compared to the control group. However, it should
be noted that at the highest concentration, a small per-
centage of eggs still managed to hatch (93.60% reduc-
tion in emergence at 20 pul - 100 g™').

Repellent activity

The findings indicated that the essential oil derived
from the plant (PVEO) exhibited a repellent effect
at various doses, achieving a maximum repellency

rateof 92 = 10.95% after 120 minutes at a dose of
0.315 pl - cm™. This level of repellency was classified as
“Very Repellent (V)” according to (McDonald et al.
1970). The study demonstrated the remarkable ability
of PVEO to protect legume seeds by significantly reduc-
ing the lifespan of adult C. maculatus bruchids, even
at very low doses. The effectiveness of PVEO was fur-
ther evidenced by its low LC_ value of 3.40 ul - 100 g
in the contact test, indicating the impact of its bioac-
tive components. The toxicity of PVEO was observed
to increase with higher doses, reaching its peak at the
highest concentrations used (Table 4.). These results
align with the findings of Bounouira et al. (2022), who
reported repellent activity of this essential oil result-
ing in repellency rates ranging from 52.5 to 75.5%, de-
pending on the dose. The insecticidal activity of the
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Table 4. Results of the repellent activity of PVEO against C. maculatus. Data are presented as repellency (%) + SD

Doses [ul - cm2]

Time [min]

0.016 0.079 0.157 0.315
30 08 +04.47%(I) 22 +08.36" (Il 38 +04.47% (I) 80+ 07.079" (IV)
60 16 +05.47% (1) 32 +08.36%(ll) 44 + 05.47¢ (Il 88 +04.47" (V)
120 26 + 05.47° (1l 54 + 08.94f (Il 68 +08.367 (IV) 92 +10.95" (V)

Each value is a mean =+ SD of five repetitions. The means in the same column followed by the same letter(s) are not statistically different (p > 0.05) using LSD
test. repellency (RP) class: class 0 - RP < 0.1%; class I - 0.1% < RP < 20%; class IT - 20% < RP < 40%; class III - 40% < RP < 60%; class IV — 60% < RP < 80%;

class V - 80% < RP < 100%

essential oil against Sitophilus zeamais also demon-
strated significant outcomes based on dose and time
(Bounouira et al. 2022).

Overall, the presented results clearly establish
PVEO as a potent repellent against C. maculatus, with
the efficacy depending on the dosage (Table 4.). Given
its strong insecticidal and repellent activity against
various larval stages, PVEO holds promise as an en-
vironmentally-friendly natural insecticidal agent for
controlling C. maculatus.

Molecular docking

Molecular docking is a widely recognized and exten-
sively employed technique in the field of structure-
based drug design (SBDD) (Ferreira et al. 2015). Its
importance lies in its remarkable ability to predict how
small-molecule ligands position themselves within the
well-defined binding sites of target proteins with great
precision (Ferreira ef al. 2015). Referred to as molecu-
lar docking (MD)), this technique has become a funda-
mental tool in drug discovery, significantly advancing
drug development since its inception in the 1980s, co-
inciding with the development of the initial algorithms
supporting it. In this study, we employed molecular
docking to investigate how the components found in
PVEO may work. We assessed binding affinity values,
where a decrease in binding energy typically indicates
a stronger compound interaction. These results offer
insights into how these molecules interact with a spe-
cific target compared to a known inhibitor. To conduct
the molecular docking analysis, we followed the pro-
cedures outlined in References (Elbouzidi et al. 2022;
Taibi et al. 2023). We used co-crystalized 3D structures
of three proteins: acetylcholinesterase (PDB ID: 4EY7),
gamma-aminobutyric acid receptor, specifically the
GABA(A)R-beta3 homopentamer (PDB ID: 4COF),
and ryanodine receptor (PDB ID: 5C30). These pro-
tein structures were obtained from the Protein Data
Bank (PDB) database.

We represented the docking scores in a table dis-
played as a heatmap, with a color gradient ranging
from red (indicating the lowest energy values, often

Table 5. Heat-map of the free binding values (binding affinity
values are expressed in kcal - mol™") of Ptychotis verticillata (PVEO)
components

Protein IDs
[retrieved from Protein Data Bank]
No: Compounds 4EY7 4COF 5C30

free binding energy [kcal - mol]

- Native ligand

1 ao-Thujene =5.9 =51 -6.1
2  a-Pinene -5.5 -5.2 -5.9
3 Sabinene -6 -5 -6.6
4 [-Pinene -5.5 -5.2 -6.2
5 B-Myrcene -5.5 -5 -5.5
6 (+)-4-Carene -5.9 =5.1 -6.6
7 p-Cymene -5.8 =51l =7/
8 y-Terpinene -5.7 -5 -6.9
9 D-isomenthone -6 -5.2 -6.4
1o Menthol 57 53 64

trans-1,3, cis-1,4-
12 Carvacrol -6.2 -59 -7.2
-5.4 -6.4

4EY7 - acetylcholinesterase protein; 4COF - gamma-aminobutyric acid
receptor, the GABA(A)R-beta3 homopentamer; 5C30 - ryanodine receptor

13 o0-Cymen-5-ol -6

matching the docking score of the native ligand) to
green (representing the highest energy values)
(Table 5). Compounds with docking scores equal to or
lower than the score of the native ligand were denoted
with an asterisk (¥).

The majority of insecticides function as neurotoxi-
cants, inducing a range of hyperexcitation and paraly-
sis effects in animals. These neurotoxic insecticides
predominantly target various neuroreceptors and ion
channels. The mechanism of action for many syn-
thetic chemical pesticides, such as organophosphates
(OPs), abamectin, and carbamates, primarily revolves
around the inhibition of enzymatic processes (Lalah
et al. 2022). Among the pivotal enzymes targeted in
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Fig. 4. A, A’ two-dimensional and three-dimensional schemes of the interactions of p-Menthen-3-one; B, B'- the native ligand (galan-

thamine) with the target protein 4EY7

this context is acetylcholinesterase (AChE). The in-
hibition of AChE at cholinergic synapses within the
nervous systems of arthropods leads to a reduction in
their locomotor activity and the suppression of their
reproductive cycles. In the scope of our investigation,
a singular ligand demonstrated significant inhibitory
potential against AChE, namely p-Menthen-3-one,
with a notable docking score of -8 kcal - mol™. This
score is notably superior to that of the native ligand
of the AChE protein, galanthamin, which registered
a score of —7.6 kcal - mol™. Notably, p-Menthen-3-one
established three hydrogen bonds with specific amino
acid residues within the active site pocket of AChE,
specifically with His A:381, His B:381, and GlIn B:527.
In contrast, galanthamin formed just one hydrogen
bond, linking with Thr A:383 within the active site
pocket (Fig. 4.).

Alternatively, another mode of action involves
the binding of insecticides to the ionotropic y-amino-
nobutyric acid (GABA) primary receptor, thereby
inhibiting its interaction with glutamate-dependent
chloride channels (GluCls), effectively disrupting syn-
aptic transmission within the arthropod’s nervous sys-
tem. Within the scope of our investigation, it was ob-
served that p-Menthen-3-one exhibited strong binding
affinity exclusively with the GABA receptor. This in-
teraction suggests its potential to disrupt the functions

of this protein, leading to the blockage of synaptic
transmission in the nervous system of insects. Notably,
p-Menthen-3-one established an alkyl bond with the
amino acid residue Met E:49 and a carbon-hydrogen
bond with Lys A:102 within the active site pocket.
This interaction yielded a significant docking score of
-7.6 kcal - mol™, as depicted in Figure 5. In con-
trast, the native ligand, securinine, a well-known
GABA receptor antagonist, yielded a docking score of
-7 kcal - mol™, as detailed in Table 5.

The Ryanodine receptor (RyR) is a calcium-release
channel predominantly situated within the endoplas-
mic reticulum of cellular structures. Its principal role
encompasses the maintenance of calcium homeostasis
and the facilitation of muscle contraction, a funda-
mental process observed in various organisms, includ-
ing insects. Specifically in insects, the RyR assumes
a pivotal role as an indispensable constituent of the ex-
citation-contraction coupling cascade. Herein, it bears
the responsibility of liberating calcium ions from the
ER into the cytoplasm, thereby instigating the muscu-
lar contractile process (Kilic et al. 2021). RyR inhibi-
tion constitutes a prominent strategy in the endeavor
to formulate novel pesticides. The modulation or inhi-
bition of RyR functionality possesses the potential to
disrupt the customary operations of insect muscula-
ture, resulting in muscular paralysis — an advantageous
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outcome in the context of insect pest management.
Moreover, it is noteworthy that insects can develop
resistance to conventional insecticides with diverse
modes of action over time. By targeting the RyR, we in-
troduced an alternative mechanistic approach that may
serve to decelerate the emergence of resistance within
pest populations (Sun and Xu 2019). In our study, we
identified p-Menthen-3-one as a strong inhibitor of
the RyR, forming a hydrogen bond with Arg A:886.
Similarly, chloroantraniliprole, categorized as a ryan-
odine receptor modulator, engaged in two hydrogen
bonds (Fig. 6). It is noteworthy that both p-Menthen-
-3-one and chloroantraniliprole demonstrated identi-
cal ree binding energies (-8 kcal - mol™, as depicted in
Table 5). This suggests that both of these compounds
may yield the same beneficial effect within this specific
context.

Discussion

Analysis of P, verticillata essential oil revealed a com-
pound of 13 volatile compounds that contribute to its
distinctive aroma, the main ones being y-terpinene
(25.86%), p-cymene (18.70%), O-cymen-5-0l (16.78%),
a-pinene (12.13%), and B-myrcene (6.84%). These
terpenic compounds have various properties, in-
cluding anti-inflammatory, antioxidant, and herbi-
cidal. The presence of B-cymene may confer specific
beneficial properties to PVEO. O-Cymen-5-ol, with
a concentration of 16.78%. a-Pinene represents 12.13%
of the chemical composition of this essential oil. It is
a monoterpene found in many plants, notably coni-
fers. a-Pinene is often associated with anti-inflam-
matory and antiseptic effects (Shafaroodi et al. 2021),
and B-Myrcene, present at a concentration of 6.84%, is
a monoterpene commonly found in the essential oils
of various plants (Darshani and Pragadheesh 2023).
These results differ from those reported by (Taibi
et al. 2023). These researchers characterized the
chemical composition of the volatile part of PVEO
using the GC-MS technique. They identified a total of
24 components, the three main ones being D-limonene
(22.10%), y-terpinene (9.78%), and B-cymene (9.35%).
These bioactive molecules may contribute to several
biological activities of this essential oil.

The results of PVEO’s antifungal activity evalu-
ation showed strong antifungal activity against
C. glabrata, with an inhibition zone of 41.3 mm and
a minimum inhibitory concentration of 0.25%. It
also showed significant activity against S. cerevisiae,
with an inhibition zone of 67.5 mm and a minimum
inhibitory concentration of 0.125%. In addition,
PVEO demonstrated strong antifungal activity against
A. niger, with an inhibition zone of 48.1 mm and a low
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minimum inhibitory concentration of 0.125%. These
results suggest the strong potential of PVEO as an an-
tifungal agent against these strains. In addition, its ef-
ficacy against P, digitatum, with an inhibition zone of
46.5 mm and a minimum inhibitory concentration of
0.125%, reinforces its potential as an antifungal treat-
ment. The presence of high levels of p-cymene in this
oil may be a significant factor contributing to its an-
tifungal activity. Previous studies have demonstrated
that f-cymene, a monoterpene, possesses antifungal
properties against various fungal strains (Loukili et al.
2023). Additionally, the main compound, O-Cymen-
5-ol (also known as 4-Isopropyl-3-methylphenol),
which is present in the oil, exhibits inhibitory activ-
ity against several fungal strains, including A. niger
(Kim et al. 2016). The robust antifungal activity of this
oil may be attributed to various factors, including the
synergistic action of its chemical compounds against
fungal strains. This suggests that the combined effect
of the individual molecules present in the oil can result
in a more potent antifungal effect than their separate
action.

Regarding the insecticidal activity, adult specimens
of C. maculatus were subjected to various concentra-
tions of the oil, revealing a noteworthy escalation in
mortality rates with higher doses and prolonged ex-
posure, culminating in a mortality rate of 77.50% at
10 ul - I'" after 96 hours. Direct contact tests further
corroborated the heightened mortality associated with
increased doses. Statistical scrutiny unveiled slightly
elevated LC_, and LC,, values for the inhalation test
compared to the contact test, signifying substantial
oil toxicity independent of the application mode. Not-
withstanding the substantial reduction in mortality,
the oil failed to completely impede oviposition in fe-
males, demonstrating a 90% inhibition at 10 pl - dm™
and 95% at 20 pl - dm™, accompanied by a propor-
tionate decline in the number of laid eggs. Neverthe-
less, at the higher concentration, a modest percentage
of eggs successfully hatched, underscoring the in-
tricate impact of the oil on the reproductive cycle of
C. maculatus. The results of this study corroborate pre-
vious research suggesting that essential oils containing
bioactive molecules similar to those present in PVEO
essential oil exhibit potent insecticidal activity. As a re-
sult, this essential oil appears promising as a natural
insecticide.

The plant’s essential oil (PVEO) showed a pow-
erful repellent effect, reaching a maximum rate of
92 +10.95% after 120 minutes ata dose of0.315pul-cm™.
Classified as “Very repellent (V) according to McDon-
ald et al. (1970), it demonstrated a remarkable ability to
protect legume seeds by reducing the life span of adult
C. maculatus bruchids, even at low doses. PVEO con-
firmed its efficacy with a low LC50 of 3.40 pl - 100 g**
in the contact test, showing the impact of its bioactive
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components. PVEO toxicity increased with higher
doses, aligning the results with those of Bounouira
et al. (2022). Overall, PVEO emerges as a powerful
and environmentally friendly repellent for the con-
trol of C. maculatus, thanks to its marked insecticidal
activity against different larval stages. Several studies
have highlighted the beneficial effects of essential oils
in reducing the longevity of stored grain pests, notably
C. maculatus. These essential oils, rich in volatile com-
pounds, notably monoterpenes, act as insecticides by
disrupting the growth of insects at different life stages
(Aimad et al. 2022). Studies have shown that certain
terpene compounds, particularly oxidized monoterpe-
nes such as carvacrol, are widely associated with their
efficacy in acute toxicity in insects, probably due to
their lipophilic properties that promote better penetra-
tion of the insect cuticle (Ikbal and Pavela 2019). Nu-
merous studies have also highlighted the neurotoxic
actions of monoterpene-rich essential oils in insects.
Mixtures of monoterpenes act as neurotoxic agents
targeting different parts of the insect nervous system,
causing paralysis followed by death. Another study
showed that y-terpinene, a major terpene compound
of PVEQ, showed potential insecticidal properties
against various insect pests, such as S. littoralis (Ab-
bassy et al. 2009). These results suggest that the insecti-
cidal and repellent activity of the essential oils studied
may be due to their monoterpene-rich chemical com-
position and the predominant presence of y-terpinene.
Therefore, the phytochemical profiles of essential oils
play a crucial role in their efficacy as insecticides and
their potential for pest control in stored cereal crops.
This indicates that PVEO is of great interest as a natu-
ral insecticide to control stored grain pests and is often
considered a safer alternative to synthetic chemical in-
secticides for the environment and human health.

Conclusions

Using natural aromatic products derived from medici-
nal plants represents a promising strategy for control-
ling fungi and insects, offering several advantages over
current synthetic products. In this study, we carried out
an in-depth phytochemical characterization of PVEO
essential oil and examined its antifungal, insecticidal
and repellent activities. The abundance of y-terpinene
and monoterpenes in this essential oil was identified as
the primary contributor to its biological activities. The
results suggest that this plant could serve as a promis-
ing source of natural agents, offering multiple benefi-
cial applications in health, agriculture and food. Mo-
lecular docking corroborated the in vitro results and
demonstrated that specifically p-Menthen-3-one is the

compound responsible of the observed insecticidal ef-
fects. These experiments underscored PVEO’s effec-
tiveness as a fungicide against the tested fungal strains,
its role as a bio-insecticide against C. maculatus adults,
and its potential as an appealing repellent. This sug-
gests that PVEO could serve as a valuable alternative
within integrated pest management strategies. How-
ever, despite these advantages, it is essential to note
that using essential oils as natural insecticides requires
ongoing research to optimize their efficacy, determine
appropriate doses, assess their persistence in the envi-
ronment and understand their overall impact on insect
populations and the ecosystem. Further investigations
are imperative to comprehensively evaluate the effica-
cy of essential oils (EOs), particularly PVEO, against
an extensive spectrum of insect pests. While the cur-
rent study highlights promising results in terms of an-
tifungal and insecticidal properties, a more expansive
exploration across various pest species would provide
valuable insights into the broad-spectrum applicability
of these bio-fungicidal agents. In addition to the as-
sessment of insect pests, future studies should focus
on isolating and characterizing the active constituents
within these EOs. The identification of specific com-
pounds responsible for the observed antifungal and
insecticidal effects is crucial for the development of
targeted biopesticides.

Table of abbreviations

Acronyme
PVEO Ptychotis verticillata essential oil
EO Essential oil

High-Performance Solid-Phase Microextraction

HS-SPME-GC-MS Gas Chromatography-Mass Spectrometry

SPME Solid-phase microextraction

HS Headspace

MS Mass spectrometry

GC Gas chromatography

NIST147 National Institute of Standards and Technology
PDA Potato dextrose agar

DMSO Dimethyl sulfoxide

MIC Minimum inhibitory concentration
RP Repellency percentage

PDB Protein data bank

SE Standard error

LC,, Lethal concentration 50

LC,, Lethal concentration 95

MD Molecular docking

AChE Acetylcholinesterase

RyR Ryanodine receptor




www.czasopisma.pan.pl P N www.journals.pan.pl
=

POLSKA AKADEMIA NAUK

104 Journal of Plant Protection Research 64 (2), 2024

Acknowledgements

The authors express their gratitude to the Moroccan
Ministry of Higher Education, Scientific Research and
Innovation, and the European Union for supporting
this work under the PRIMA Programme (OLI4FOOD,
ID No 1845), as well as for the support provided by
the researcher support project (PNURSP2024R158) of
the Princess Nourah Bint Abdulrahman University in
Riyadh, Saudi Arabia.

References

Abbassy M.A., Abdelgaleil S.A.M., Rabie R.Y.A. 2009. Insecti-
cidal and synergistic effects of Majorana hortensis essential
oil and some of its major constituents. Entomologia Expe-
rimentalis et Applicata 131 (3): 225-32. DOI: https://doi.
org/10.1111/j.1570-7458.2009.00854.x

Abdelli M., Moghrani H., Aboun A., Maachi R. 2016. Algerian
Mentha pulegium L. leaves essential oil: chemical composi-
tion, antimicrobial, insecticidal and antioxidant activities.
Industrial Crops and Products 94: 197-205. DOL: https://
doi.org/10.1016/j.indcrop.2016.08.042

Adam A.M., Adam M., Tabana Y.M., Musa K.B., Sandai D.A.
2017. Effects of different mycotoxins on humans, cell ge-
nome and their involvement in cancer. Oncology Reports
37 (3): 1321-36. DOT: https://doi.org/10.3892/0r.2017.5424

Aimad A., El Moussaoui A., Sanae R., Youness E.A., Bourhia M.,
Salamatullah A.M., Alzahrani A., Alyahya H.K., Albadr
AN., Nafidi H.-A. 2022. Chemical composition and anti-
fungal, insecticidal and repellent activity of essential oils
from Origanum compactum Benth. used in the mediter-
ranean diet. Frontiers in Plant Science 13: 798259. DOI:
https://doi.org/10.3389/fpls.2022.798259

Bencheikh N., Elachouri M., Subhash C.M. 2022. Ethnobotani-
cal, pharmacological, phytochemical, and clinical investi-
gations on Moroccan medicinal plants traditionally used
for the management of renal dysfunctions. Journal of Eth-
nopharmacology 292 (January): 115178. DOI: https://doi.
org/10.1016/j.jep.2022.115178

Bounouira Y., Gaouar Benyelles N., Senouci H., Benazzouz EZ.,
Chaieb 1. 2022. The insecticidal activity of a formulation
of Ammoides verticillata essential oil and diatomaceous
earth on Sitophilus zeamais. International Journal of Tropi-
cal Insect Science 42 (4): 2979-2985. DOI: https://doi.
0rg/10.1007/s42690-022-00827-1

Cosconati S., Forli S., Perryman A.L., Harris R., Goodsell D.S.,
Olson A.J. 2010. Virtual screening with AutoDock: theory
and practice. Expert Opinion on Drug Discovery 5 (6):
597-607. DOI: https://doi.org/10.1517/17460441.2010.484
460

Darshani P, Pragadheesh V.S. 2023. Chemical composition and
chiral analysis of 3-myrcene rich essential oil from Glosso-
cardia bosvallia (Lf) DC. Natural Product Research 37 (3):
498-501. DOI: https://doi.org/10.1080/14786419.2021.197
3466

Dinakar A., Dwarakanadha R., Swarnalatha D., Pradeep K.
2010. Inhibition of Thioacetamide — Induced Liver fibrosis
by Piper nigrum Linn. Journal of Global Trends in Pharma-
ceutical Sciences 1 (1): 1-6.

Elbouzidi A., Ouassou H., Aherkou M., Kharchoufa L., Meska-
li N., Baraich A., Mechchate H., Bouhrim M., Idir A.,
Hano C., Zrouri H., Addi M. 2022. LC-MS/MS Phyto-
chemical profiling, antioxidant activity, and cytotoxicity of
the ethanolic extract of Atriplex halimus L. against breast
cancer cell lines: computational studies and experimental

validation. Pharmaceuticals 15 (9):1156. DOI: https://doi.
org/10.3390/ph15091156

Elbouzidi A., Taibi M., Ouassou H., Ouahhoud S., Ou-Yahia D.,
Loukili E.H., Aherkou M., Mansouri F, Bencheikh N.,
Laaraj S., Bellaouchi R., Saalaoui E., Elfazazi K., Berrichi A.,
Abid M., Addi M. 2023. Exploring the multi-faceted po-
tential of carob (Ceratonia siliqua var. Rahma) leaves from
Morocco: a comprehensive analysis of polyphenols profile,
antimicrobial activity, cytotoxicity against breast cancer cell
lines, and genotoxicity. Pharmaceuticals 16 (6): 840. DOI:
https://doi.org/10.3390/ph16060840

Ferreira L.G., Dos Santos R.N., Oliva G., Andricopulo A.D.
2015. Molecular docking and structure-based drug design
strategies. Molecules 20 (7). DOI: https://doi.org/10.3390/
molecules200713384

Finney D. J. 1971. Probit Analysis: 3d ed. Cambridge University
Press.

Haddou M., Taibi M., Elbouzidi A., Loukili E.H., Yahyaoui M.I.,
Ou-Yahia D., Mehane L., Addi M., Asehraou A., Chaabane
K. 2023. Investigating the impact of irrigation water quality
on secondary metabolites and chemical profile of Mentha
piperita essential oil: analytical profiling, characterization,
and potential pharmacological applications. International
Journal of Plant Biology 14 (3): 638-657. DOI: https://doi.
0rg/10.3390/ijpb14030049

Hajam Y.A., Kumar R. 2022. Management of stored grain pest
with special reference to Callosobruchus maculatus, a major
pest of cowpea: a review. Heliyon 8 (1). DOI: https://doi.
org/10.1016/j.heliyon.2021.e08703

Ikbal C., Pavela R. 2019. Essential oils as active ingredients
of botanical insecticides against aphids. Journal of Pest
Science 92: 971-986. DOL: https://doi.org/10.1007/s10340-
019-01089-6

Kandsi E, Lafdil EZ., Elbouzidi A., Bouknana S., Miry A,
Addi M., Conte R., Hano C., Gseyra N. 2022. Evaluation of
acute and subacute toxicity and LC-MS/MS compositional
alkaloid determination of the hydroethanolic extract of
Dysphania ambrosioides (L.) mosyakin and clemants flow-
ers. Toxins 14 (7): 475. DOI: https://doi.org/10.3390/tox-
ins14070475

Kilic M., Orhan LE., Eren G., Okudan E.S., Estep A.S., Ben-
cel .., Tabanca N. 2021. Insecticidal activity of forty-seven
marine algae species from the Mediterranean, Aegean, and
Sea of Marmara in connection with their cholinesterase
and tyrosinase inhibitory activity. South African Journal
of Botany 143: 435-442. DOI: https://doi.org/10.1016/].
sajb.2021.06.038

Kim J., Hart-Cooper B., Chan K., Cheng L., Orts W.J., John-
son K. 2016. Antifungal efficacy of octylgallate and 4-isopro-
pyl-3-methylphenol for control of Aspergillus. Microbiology
Discovery 4: 2. DOI: https://doi.org/10.7243/2052-6180-4-2

Lalah J.O., Otieno P.O., Odira Z., Ogunah J.A. 2022. Pesticides:
chemistry, manufacturing, regulation, usage and impacts
on population in Kenya. p. 1-49 In: “Pesticides-Updates on
Toxicity, Efficacy and Risk Assessment” (M.L. Larramendy,
S. Soloneski, eds.). IntechOpen. London, United King-
dom, 326 pp. DOI: http://dx.doi.org/10.5772/intechopen.
105826

Loukili E.H., Ouahabi S., Elbouzidi A., Taibi M., Yahyaoui .M.,
Asehraou A., Azougay A., Saleh A., Al Kamaly O., Parvez .K.,
El Guerrouj B., Touzani R., Ramdani M. 2023. Phytochemi-
cal composition and pharmacological activities of three
essential oils collected from Eastern Morocco (Origanum
compactum, Salvia officinalis, and Syzygium aromaticum):
a comparative study. Plants 12 (19): 3376. DOL: https://doi.
org/10.3390/plants12193376

Magan N., Sanchis V., Aldred D. 2004. The role of spoilage fungi
in seed deterioration. Mycology Series 21: 311-324.

Maphosa Y., Jideani V.A. 2017. The role of legumes in human
nutrition. p. 103-117. In: “Functional Food-Improve Health
Through Adequate Food” (M.C. Hueda, ed.). IntechOpen.



SKA AKADEMIA N

Taibi M. et al.: Phytochemical chargﬂcterizatioﬁ‘by HS-SPME-GC-MS and exploration of the antifungal...

London, United Kingdom, 318 pp. DOI: http://dx.doi.
org/10.5772/intechopen.69127.

McDonald L.L., Guy R.H., Speirs R.D. 1970. Preliminary evalu-
ation of new candidate materials as toxicants, repellents,
and attractants against stored-product insects. US Agricul-
tural Research Service. [Available on: https://ageconsearch.
umn.edu/record/312345/files/mrr882.pdf]

Roark R.C. 1935. Insecticides and fungicides. Industrial & Engi-
neering Chemistry 27 (5): 530-532. https://doi.org/10.1021/
ie50305a009

Shafaroodi H., Roozbahani S., Asgarpanah J. 2021. The essential
oil from Ferulago angulata (Schltdl.) Boiss. fruits exerting
potent analgesic and anti-inflammatory effects. Journal of
Physiology and Pharmacology: an Official Journal of the
Polish Physiological Society 72 (1): 81-87. DOI: https://doi.
org/10.26402/jpp.2021.1.08

Sun Z., Xu H. 2019. Ryanodine receptors for drugs and insec-
ticides: an overview. Mini Reviews in Medicinal Chemistry
19 (1): 22-33. DOL: https://doi.org/10.2174/138955751866
6180330112908

www.czasopisma.pan.pl P N www.journals.pan.pl
=

105

Taibi M., Elbouzidi A., Ou-Yahia D., Dalli M., Bellaouchi R.,
Tikent A., Roubi M., Gseyra N., Asehraou A., Hano C., El
Guerrouj B., Addi M., Chaabane K. 2023. Assessment of the
antioxidant and antimicrobial potential of Ptychotis verticil-
lata Duby essential oil from Eastern Morocco: An in vitro
and in silico analysis. Antibiotics 12 (4): 655. DOL: https://
doi.org/10.3390/antibiotics12040655

Wang J., Dong H., Zhang H., Dai S., Jiang J., Zhao Z. 2020.
Isopropyl cresols: synthesis and herbicidal activity. Che-
mistrySelect 5 (4): 1294-1299. DOI: https://doi.org/10.1002/
s1ct.201903550

Wang S., Li S., Cheng E, Ren T., Mei D., Gao K., Song Q. 2022.
Antifungal, repellency, and insecticidal activities of Cym-
bopogon distans and Ruta graveolens essential oils and
their main chemical constituents. Chemistry & Biodiver-
sity 19 (10): €202200351. DOL: https://doi.org/10.1002/
cbdv.202200351



