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The present work aimed at characterizing the phytochemical composition of
Haplophyllum tuberculatum essential oil (HTEO), assessing its antifungal activity
against various fungal strains, evaluating its insecticidal and repulsive properties
against Callosobruchus maculatus, and determine its antioxidant capacity. To this
end, Gas chromatography-mass spectrometry analysis detected 34 compounds in
HTEO, with p-Caryophyllene being the major constituent (36.94%). HTEO
demonstrated predominantly modest antifungal effects, however, it sustains
notable activity, particularly against Aspergillus flavus, with an inhibition rate of
76.50% + 0.60%. Minimum inhibitory concentrations ranged from 20.53 + 5.08 to
76.26 + 5.08 mg/mlL, effectively inhibiting fungal growth. Furthermore, the antifungal,
and antioxidant activities of HTEO were evaluated in silico against the proteins
Aspergillus flavus FAD glucose dehydrogenase, and beta-1,4-endoglucanase from
Aspergillus niger, NAD(P)H Oxidase. Moreover, HTEO displayed strong insecticidal
activity against C. maculatus, with contact and inhalation tests yielding LCsq values of
30.66 and 40.28 pL/100g, respectively, after 24 h of exposure. A dose of 5 uL/100g
significantly reduced oviposition (48.85%) and inhibited emergence (45.15%)
compared to the control group. Additionally, HTEO exhibited a high total
antioxidant capacity of 758.34 mg AAE/g EO, highlighting its antioxidant potential.
Insilico results showed that the antifungal activity of HTEO is mostly attributed to y-
Cadinene and p-Cymen-7-ol, while antioxidant is attributed to a-Terpinyl isobutyrate
displayed. Overall, HTEO offers a sustainable and environmentally friendly alternative
to synthetic products used to manage diseases.
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1 Introduction

Medicinal plants have been utilized across the world to treat and
prevent diseases due to their wide range of therapeutic benefits and
their cost-effectiveness (Petrovska, 2012). Notably, these plants are
known to possess a panoply of pharmacological properties which
also corresponds to the presence of a plethora of bioactive
compounds they possess. These bioactive compounds have been
noted to reside in different parts of the plants, however, the EO of
aromatic plants such as Haplophyllum tuberculatum (Forsskal) (H.
tuberculatum) is recently becoming a cynosure due to their mildly
explored therapeutic potentials (Hamdi et al., 2017a). These plants
are majorly explored for their pharmacological properties including
antioxidant activity, antimicrobial activity, and insecticidal activity
among many others (Raissi et al., 2016).

In the context of the exploration of EO of medicinal plants,
diseases caused by Fungal including Aspergillus and Fusarium
species have constantly remained at the center of attraction due
to their enormous negative impact on agricultural yields worldwide,
with these impacts cascading to both animals and humans due to the
central role played by agricultural products in the sustaining of the
ecosystem (Belhi et al.,, 2022). Specifically, Aspergillus flavus (A.
flavus) is a pathogen that is capable of infecting plants, animals, and
insects and causes the rotting of stored crops (Klich, 2007). It also
produces aflatoxin B; which has been classified as a class 1A
carcinogen (Gizachew et al.,, 2019). Similarly, Aspergillus niger (A.
niger) has been reported to be one of the most ubiquitous fungal
species and possesses superior adaptability and survivability (Yu
et al, 2021). A. niger is one of the fungi that dominate grain
contamination in storage (Ju et al., 2020), and has been reported
to cause black mold disease in onions, peanuts, and grapes (Ju et al.,
2020). Additionally, A. niger has been recognized as having the
potential to health issues in individuals with compromised immune
systems (Hohl, 2017). Furthermore, Fusarium oxysporum (F.
oxysporum) is also known for its negative effects on a wide range
of plants, including crops, ornamental plants, and trees (Nag et al.,
2022). It is responsible for causing wilt diseases in various plant
species, including tomatoes, bananas, cucumbers, melons, and many
others, and it produces toxins and enzymes that disrupt the water-
conducting tissues (Maymon et al., 2020). The combating of the
aforementioned fungal species often involves the use of synthetic
pesticides which have been reviled due to their non-selective toxic
effects on humans and others, as well as contaminating food chains
through bioaccumulation in aquatic and terrestrial life (Lushchak
et al, 2018). Consequently, the quest for the production of
environmentally friendly anti-fungal agents is unwavering and
EO from plants are gaining attention in this context.

Callosobruchus maculatus is a species of bruchid beetle that
belongs to the family Chrysomelidae and cause severe damage to
stored legume seeds including Vigna unguiculata, as well as other
related crops like mung beans, black-eyed peas, and lentils. Thus,
inflicting economic burdens on farmers in both developed and
of the (Allali et al, 2022).
Consequently, there is an increasing demand for pesticides.

developing nations world
However, it is well documented that the use of synthetic
insecticides causes many diseases and pathological conditions to
consumers of agricultural products, especially for agricultural
workers. They cause neurological disorders, oxidative stress,
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DNA damage, metabolic disorders, and especially respiratory
2022).
alternatives  to

diseases (Kalpna et al, Hence, research aimed at

developing  safer synthetic insecticides is
unfaltering, and botanical extracts constitute one of the explored
alternatives. Specifically, due to their low toxicity to mammals and
their multiple modes of action, essential oils have been considered
suitable alternatives (Cao et al., 2019). Interestingly, pesticides based
on essential oils or their components have been shown to be effective
against a wide range of agricultural and human disease vector pests
(Radwan and Gad, 2021).

The antioxidant potentials of EO from medicinal plants are
also well explored for the production of exogenous antioxidants
for human consumption (Bouayed and Bohn, 2010). Notably,
oxidative stress, which occurs as a result of an imbalance
between the production of reactive oxygen species and their
assuagement by the body’s antioxidant defense system, is
known to play an active role in the pathogenesis and
progression of diseases such as cancer, obesity, Alzheimer’s
and cardiovascular diseases (Pizzino et al., 2017). Hence, there
is a continued exploration of the EO of medicinal plants for
their antioxidant potential.

Haplophyllum tuberculatum is a plant that has found numerous
usage in folkloric medicine and has been reported to possess an array
of pharmacological properties including anticancer, antioxidant,
uterus-relaxing, antibacterial, and anti-HIV (Raissi et al., 2016).
Extracts of H. tuberculatum are an important source of biologically
active molecules, exemplifying this is the report by Agour et al.
(2022) that, the aqueous extract of the aerial parts of H.
tuberculatum promotes the healing of wounds, anti-inflammatory
and analgesic activity. The extracts of this plant are also active
against leishmaniasis (Hamdi et al., 2018; Mahmoud et al., 2020).
Also, silver nanoparticles biosynthesized from H. tuberculatum
extracts have strong antimicrobial activity against fecal and total
coliforms. They also exert antibacterial power against clinically
isolated Gram-negative and Gram-positive bacteria (El-Aswar
et al., 2019). H. tuberculatum extracts also have a molluscicidal
activity against Physella acuta (Benelli et al., 2015).

During biological activity, it is sometimes difficult, under the
pressure of time or other factors, to elucidate the active compound
present in EOs or plant extracts. Molecular docking is then necessary
to provide rapid information on active compounds and their likely
mechanism of action (Yusuf et al., 2022; Yusuf and Khan, 2023). In
the coming years, in silico research is anticipated to assume a
significant role across various domains of study, offering essential
insights and enabling researchers to address intricate problems and
make well-informed decisions (Yusuf, 2023).

However, despite the large number of studies that have been
conducted on the biological activities of H. tuberculatum, the
insecticidal power of the EO species remains much less studied.
Furthermore, the exploration of its EO in the discovery of potent
antifungals against the aforementioned fungal are mild. The
formation of EO in plants is influenced by factors including
geographical and climatic conditions, hence, their bioactive
components tend to differ according to their source. Herein, this
study explores the phytochemical constituents of HTEO and
evaluates their insecticidal against C. maculatus, antioxidant
activities, and antifungal activity against A. flavus, A. niger, and
F. oxysporum using in silico and in vitro techniques.
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2 Materials and methods
2.1 Plant material

The aerial parts of Haplophyllum tuberculatum were
systematically collected in February 2021 from a location near
the city of Akka in southeastern Morocco. The geographical
coordinates of the collection site were recorded as follows:
Latitude: 29.39876053°N (29N 3252388.525 m N) and Longitude:
8.26860784°'W (29N  570963.419 m E).

collection site was measured at approximately 570,000 m. The

The elevation of the

taxonomic identification of the H. tuberculatum plant species was
performed by a botanist from Sidi Mohamed Ben Abdellah
University, Fez, Morocco. A reference sample of the collected
plant material, labeled HT0019220211, was deposited in the
Natural
Pharmacology, Environment, Modeling, Health, and Quality of

herbarium of the Laboratory of Substances,

Life, Faculty of Sciences in Fez.

2.2 HTEO extraction

The essential oil of Haplophyllum tuberculatum was extracted
using the hydrodistillation method with the Clevenger apparatus.
200 g of pre-dried aerial parts were placed in a 2 L flask, and 750 mL
of water was added. Subsequently, the resulting mixture was left to
boil for 3 h. The result HTEO obtained was stored at —4°C until
utilization.

2.3 Chemical analysis of HTEO

2.3.1 Gas chromatography analysis of volatile
compounds in HTEO using flame ionization
detection (FID)

The gas chromatograph utilized for this analysis was equipped
with a flame ionization detector, and a CP-Sil-5CB Varian capillary
column a CP-Sil-5CB Varian capillary column with dimensions of
50.00 m length, 0.32mm internal diameter (id), and 1.25pum
thickness. The temperature program for the column was set to
increase from 40°C to 280°C at a rate of 5°C per minute. During the
analysis, the injector temperature was maintained at 250°C, while the
detector temperature was set at 280°C to ensure optimal detection
and quantification of the separated compounds. Prior to injection,
the extracted HTEO was diluted in 10% hexane and 1 pL of it was
injected into the gas chromatograph.

2.3.2 ldentification of chemical compounds in
HTEO using gas chromatography-mass
spectrometry (GC-MS)

The chemical compounds present in HTEO were identified
using a Trace GC-ULTRA gas chromatograph coupled to a
PolarisQ spectrometer (S/N-210729) with an ionization energy of
70 eV. The gas chromatograph was equipped with a TR5-CPSIL-
5CB Varian capillary column, which had a diameter of 0.32 mm, a
length of 50.0m, and a film thickness of 1.25um. During the
analysis, the column temperature program ranged from 40°C to
280°C, with a heating rate of 3°C per minute. The detector
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temperature was set to 200°C, and the injector temperature of the
MS-PolarisQ was set to 260°C. Helium gas was utilized as the carrier
gas with a fixed flow rate of 1 mL/min, and the HTEO was diluted in
hexane. Ultimately, 1 uL of the diluted HTEO was injected into the
gas chromatograph without fractionation using the injection mode.
Noteworthy, the ion source temperature was maintained at 200°C,
the interface temperature was set to 300°C, and the mass
spectrometer operated in the scanning mode with a mass range
of m/z 30-650. The volatile constituents of the essential oil were
identified by determining the retention index (RI) of the EO
compounds using a homologous series of n-alkanes, and
comparing these calculated indices with the indices archived in
the database (NIST MS Library v. 2.0; Adams, 2007).

2.4 Antifungal activity of HTEO

2.4.1 Strains collection

Three mycelial strains Aspergillus flavus, Aspergillus niger, and
Fusarium oxysporum (A. flavus, A. niger, and F. oxysporum) were
utilized to evaluate the antifungal activity of H. tuberculatum EO. All
strains were obtained from the Laboratory of Biotechnology,
Environment, Agri-food, and Health, in the Faculty of Sciences
Dhar El Mahraz, of the University of Sidi Mohammed Ben Abdellah,
Fez, Morocco.

2.4.2 Antifungal activity of HTEO by use of agar
diffusion assay

The agar diffusion assay was adopted to evaluate the antifungal
activity of HTEO (Balouiri et al., 2015). The three fungal strains were
inoculated into Petri plates containing malt extract agar (MEA)
medium. Sterile Whatman paper discs with a diameter of 6 mm were
placed on the inoculated media surface and impregnated with 20 pL
of H. tuberculatum EO (El Barnossi et al., 2020). The inoculated
Petri plates were then incubated in the dark at 37°C. Ultimately, the
percentage of inhibition was determined after 7 days using a
negative control for each strain (Elegbede et al.,, 2019; El Barnossi
et al., 2020). Statistical analysis was performed using Tukey’s test to
compare the means of inhibition.

2.4.3 Minimum inhibitory concentration (MIC)
assay

The microdilution method was employed to determine the MIC
of HTEO against the three fungal strains being studied (Balouiri
et al,, 2016). Each sterile microplate (96-well) was labeled, and then
0.1 mL of HTEO dissolved in 10% dimethyl sulfoxide (DMSO) was
pipetted from the first well row to all other wells in the plate.
Subsequently, serial dilutions of the HTEO were performed by
transferring 50 uL of sterile malt extract (ME) into each
consecutive well in the microplate using a multichannel pipette.
Ultimately, 30 pL of the three fungal suspensions were added to each
well. The inoculated microplates were then incubated for 7 days
(Balouiri et al., 2016; Chebaibi et al., 2016). The determination of the
MIC endpoint was performed by direct observation of microbial
growth in the microplate wells. Also, a colorimetric test utilizing
0.2% (w/v) triphenyl tetrazolium chloride (TTC) was employed
(Eloff, 1998; Dutra et al., 2016). Tukey’s test was employed to
compare the means of the different treatment groups.
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2.5 In silico evaluation of antifungal, and
antioxidant activities of EOHT

The mechanism of action of phytochemicals identified in HTEO
was theoretically investigated by use of in silico approach. To this
end, the interaction of chemicals with the FAD glucose
dehydrogenase and beta-1,4-endoglucanase from A. flavus and A.
niger respectively was evaluated (Eno et al., 2022; Rased et al., 2022).
While the NAD(P)H Oxidase was used to investigate the mechanism
of action of the concerned chemicals as antioxidant agents.

The structures of the chemical compounds identified from
HTEO were retrieved from the PubChem database (https://
pubchem.ncbi.nlm.nih.gov/) in structure data format (SDF) (Kim
et al,, 2023). Subsequently, the structures were imported to the
workspace of the Schrédinger Maestro 11.5 version before being
prepared using the LigPrep tool with the OPLS3 force field.
Preparatory steps taken include the generation of a maximum of
32 stereoisomers and the selection of ionization states at pH 7.
0+ 2.0.

Similarly, the crystal structures of the proteins FAD glucose
dehydrogenase, a beta-1,4-endoglucanase, NAD(P)H Oxidase, were
retrieved in protein databank (PDB) format from the PDB (https://
www.rcsb.org/) (Berman, 2000) using the PDB IDs: 4YNT,
5177, 2CDU.

The protein preparation wizard was utilized to prepare the
protein as follows: the refinement of the structure, assignment of
charges and bond orders, addition of hydrogens to heavy atoms,
conversion of selenomethionines to methionines, and deletion of all
water molecules. Noteworthy, the OPLS3 forcefield was employed to
perform the minimization of the structures using the OPLS3e force
field with the root mean square deviation (RMSD) value of heavy
atoms set to 3.0. Ultimately, the receptor grid generation tool was
employed to delineate the binding pocket of the protein with a
volumetric spacing of 20 x 20 x 20.

2.6 Insecticidal activity against C. maculatus

The insecticidal activity of H. tuberculatum EO was assessed
against C. maculatus. The insects utilized were obtained from a
sample of Cicer arietinum (chickpea) from a stock in the region of
Fez-Meknes. To maintain a sufficient number of insects for the
experiments, mass rearing was conducted in glass jars. The glass jars
were placed in a controlled environment with specific conditions
including the photoperiod was set to 10 h of darkness and 14 h of
light, mimicking natural light cycles, the relative humidity was
maintained at a saturated level of 65% =+ 5%, and the
temperature was kept at a constant 25°C.

2.6.1 Toxicity by contact

To assess the insecticidal activity of HTEO against C. maculatus,
100 g of chickpea seeds were infested with 10 individuals (five males
and five females) of the C. maculatus for 2 days. The infested seeds
were placed in lidded containers covered with a smooth, transparent
cloth. To test the efficacy of HTEO as an insecticide, different
concentrations of HTEO (1, 5, 10, and 20 pL/100 g) were added
to separate containers containing the infested chickpea seeds, and
the containers were manually shaken for 2 min to ensure uniform
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distribution of the oil. Additionally, a control group was established
using five pairs of insects housed under the same conditions but
without the addition of HTEO. Subsequently, the mortality of adult
insects was assessed after 1 day of containment (Dutra et al., 2016).
The count of eggs laid in the chickpea seeds was performed after
12 days of confinement, while the emerging insects were regularly
counted after the first 28 days of confinement. Abbott’s formula
below (Abbott, 1925), was utilized to correct for the observed
mortality rate:

PO - Pt

Pc =100 Xx ———
100 - Pt

Where Pc and Po represent the corrected mortality and the
observed mortality in the trial respectively, while Pt was the observed
mortality in the control.

The reduction (%) in adults and eggs at each concentration of
HTEO was calculated relative to the control using the following
formula below [1]:

NC-NT
=X

PR
CN

100

Where PR (%) represents the percent oviposition or reduction of
emerged insects, while NC and NT were the number of eggs or
insects hatched in the control and treatment, respectively.

2.6.2 Toxicity by inhalation

To perform this experiment, glass jars with a volume of
1,000 mL were used and small pieces of cotton were suspended
inside the jars using a thread that was glued to the lid. Subsequently,
different concentrations of HTEO (1, 5, 10, and 20 pL/1L of air) were
deposited onto the cotton pieces, after which 10 C. maculatus
insects, consisting of five males and five females with ages
ranging from 0 to 2 days, were introduced into each jar, and
completely sealed. Three replicates were performed for each
concentration of EO. A control group, which consisted of cotton
without EO, was also included for comparison purposes. To analyze
the results, the observed mortality rate was corrected using the
Abbott formula described in 1925 and was previously used in the
contact test (Abbott, 1925).

2.6.3 Repulsion test

The preferential surface area technique on filter paper was used
to assess the repellent properties of HTEO (McDonald et al., 1970).
The procedure involved using filter paper discs with a diameter of
90 mm, which was divided into two-halves. Subsequently, one of the
halves of the filter paper disc was impregnated with a volume of
0.5 mL of HTEO diluted in acetone at various concentrations. The
concentrations used were 0.016, 0.079, 0.157, and 0.315 pL/cm” per
disc. The other half of the disc was utilised as the control and was
impregnated with 0.5mL of acetone alone. After the 30 min
exposure period, the number of C. maculatus insects present on
the EO-treated half of the disk was counted and the number on the
acetone-treated portion (control area) was also determined.

To calculate the percentage of repulsion (PR), the following
formula was used (Zandi-Sohani et al., 2013):

_ NC-NT

PR=——-x100
NC+ NT
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FIGURE 1
Chromatogram of HTEO.

Where PR represents the percentage of repulsion (%); NC and
NT were the numbers of insects in the control and treatment areas
respectively.

2.7 Evaluation of antioxidant activity

The antioxidant power of EOHT was evaluated using three tests,
namely, the free radical scavenging DPPH assay, according to the
protocol described in the study of Mssillou et al. (2021). The ferric
reducing antioxidant power (FRAP) assay, according to the protocol
described in the study of El Abdali et al. (2023); the measurement of
total antioxidant capacity (TAC) according to the protocol reported
in the study of Allali et al. (2021).

2.8 Data analysis

The mortality rate of C. maculatus insect was calculated using
the Abbott formula (Balouiri et al., 2015). The analysis of variance
(ANOVA) of repeated measures regarding the percentage of
mortality by toxicity over time was calculated for 24, 48, 72, and
96 h. The determination of LCs, concentrations was done using the
probit method (Hewlett, 1972) by the “IBM SPSS Program Version
217 software.

3 Results and discussion

3.1 Essential oil yield and GC-MS analysis
The yield of HTEO extracted by hydrodistillation was found

to be 0.27%. However, it is worth noting that the yield of EO from

H. tuberculatum can vary significantly and is influenced by
various factors including maturity stage, genetic factors,
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environmental conditions, and geographic variations between
habitats. This has also been observed as a phenomenon common
with most aromatic and medicinal plant species. Generally,
previous studies in which HTEO was extracted reported a
yield that varied between 0.101% and 0.65% (Al-Burtamani
et al.,, 2005; El-naggar et al., 2014; Bergheul et al., 2017; Sriti
et al., 2017; Agour et al., 2020).

Following the extraction of HTEO, GC-MS was employed to
identify the phytochemical constituent, and the chromatogram
whose peaks represent the compounds present is depicted in
Figure 1. The results of the analysis revealed 34 compounds
which are presented in Table 1. Analysis of the results revealed
sesquiterpenes to be the most abundant class of compounds,
accounting for 55.70% of the total composition. Monoterpenes
were found to be the second most abundant at 25.83%, while
diterpenes were present in very low quantities. The majority
compound of the studied essential oil is S-Caryophyllene, a
sesquiterpene molecule with a percentage of (36.94%), followed
by monoterpenes, «a-Phellandrene (14.72%),
(8.72%) and Eugenol (2.49%).

However, the phytochemical profile of HTEO is characterized
mainly by the presence of oxygenated monoterpenes, monoterpene

Germacrene D

hydrocarbons, and non-terpene hydrocarbons, as well as oxygenated
sesquiterpenes and sesquiterpene hydrocarbons (Mohammadhosseini
et al, 2021). The main compounds, of the essential oils of H.
tuberculatum, reported in previous studies were found to be
different to those obtained in this study. According to (Hamdi
et al, 2018), chromatographic analysis of the essential oil of H.
tuberculatum revealed the presence of oxygenated monoterpenes
(46.7%), monoterpene hydrocarbons (20.7%), and sesquiterpene
hydrocarbons (0.5%). This variation could be attributed to the
effect of geographical and environmental factors, as they not only
influence the yield of EO but also the composition of the extracted oils.
Table 2 presents some examples of the major compounds in HTEO
reported in the literature.
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TABLE 1 Chemical composition of HTEO obtained by GC-FID-MS.

Retention
Retention time (RT) Compound name index (RI) Chemical formula Chemical class Area (%)
Cal Lit

12.77 y-Terpinen 1,055 1,059 CyoHye Monoterpene (MO) 0.29
14.13 B-Guaiene 1,008 1,011 CioHig MO 1.14
14.71 1,8-cineole 1,030 1,031 CyoH ;30 MO 1.91
15.55 p-Mentha-1,4 (8) diene 1,084 1,088 CioHs MO 1.6
16.95 2-Carene 1,006 1,002 CioHie MO 1.86
17.87 a-Guaiene 1,436 1,439 CisHyy Sesquiterpene (ST) 0.08
21.53 a-Terpinyl isobutyrate 1,471 1,473 Cy4H,40, Others (O) 0.52
21.92 Hexyl 2-methyl-3-pentenoate 1,320 1,322 C5H»,0, [0} 0.89
22.32 p-Mentha-7,8-dien-2-ol 1,189 1,189 C1oH,40 MO 0.92
22.86 2-phenyl propanal 1,100 1,102 CoH,00 (¢] 0.75
23.19 Cis-Verbenyl acetate 1,280 1,282 C,H, 30, [0} 0.10
24.04 Myrtenyl acetate 1,324 1,326 C,H; 30, O 0.23
2431 p-Cymen-7-ol 1,287 1,290 CioH14,0 MO 0.69
24.74 Carvacrol 1,297 1,299 CyoH 140 MO 0.21
26.10 Eugenol 1,356 1,359 CyoH,,0, MO 2.49
26.35 y-Cadinene 1,510 1,513 CysHyy ST 0.13
26.68 B-sesquiphellandrene 1,520 1,522 CysHay ST 0.65
27.27 a-Longipinene 1,350 » 1,352 CysHyy ST 0.28
27.63 a-Longifolene 1,388 1,390 CisHyy ST 1.14
29.26 B-Gurjunene 1,430 1,433 CysHay ST 0.11
29.41 a-Phellandrene 1,001 1,002 CioH6 MO 14.72
29.75 a-Gurjunene 1,405 1,409 CysHyy ST 0.60
30.21 a -Cadinene 1,534 1,538 CysHay ST 0.35
30.53 a-Cadinol 1,650 1,654 C15H,60 ST 0.86
31.08 Aristolochene 1,485 1,488 CisHay ST 0.32
31.47 cis-B-Guaiene 1,490 1,493 CysHyy ST 0.77
31.92 Spathulenol 1,575 1,578 Cy5H,0 ST 0.15
32.44 Eudesm-7(11)-en-4-ol 1,700 1,700 Cy5H,60 ST 1.83
32.84 a-Selinene 1,494 1,498 CysHyy ST 0.20
33.24 B-Caryophyllene 1,408 1,408 CisHyy ST 36.94
34.30 Germacrene D 1,482 1,485 CisHay ST 8.72
35.31 a-Bisabolol 1,684 1,685 Cy5H,60 ST 0.78
36.14 B-Bisabolol 1,673 1,675 Ci5H60 ST 0.69
36.42 Viridiflorol 1,590 1,592 Cy5H,60 ST 0.37

Monoterpene (MO) 25.83%

Sesquiterpene (ST) 55.70%

Others (O) 1.97%

Total 83.50%
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TABLE 2 Major compounds of HTEO reported in literature.

10.3389/fchem.2023.1251449

Chemical composition of H. tuberculatum essential oils Reference

cis-sabinene

Saad et al. (2022)

trans-p-menth-2-en-1-ol; B-phellandrene; piperitone and cis-p-menth-2-en-1-ol

trans-p-menth-2-en-1-ol; cis- and trans-p-menth-2-en-1-ol and piperitone

Sriti et al. (2017)

Hamdi et al. (2017b)

Limonene; a-pinene; B-pinene; a-phellandrene; B-phellandrene; myrcene, 8-3-carene; -ocimene and a-terpinene

Linalool; linalyl acetate; 1,8-cineole and 4- terpineol

Mohamed Mohamed Sabry et al. (2015)

Mohamed Mohamed Sabry et al. (2015)

3-carene; cis-p-Menth-2- en-1-ol and trans- p-Menth-2- en-1-ol

B- and y-terpinene

El-naggar et al. (2014)

Javidnia et al. (2006)

a-phellandrene

limonene and a-pinene

Al Yousuf et al. (2005)

Yari et al. (2000)

TABLE 3 Antifungal activity of HTEO.

% Inhibition MCI (mg/mL)
A. niger 61.22 + 2.11° 76.26 + 5.08"
A. flavus 76.50 + 0.60° 64.53 + 5.08"
F. oxysporum 28.51 + 0.69° 50.40 + 5.54°

Values in the same column sharing different letters above are significantly different at p < 0.05.

3.2 Antifungal activity

The results of the evaluation of the antifungal activity of HTEO
are presented in Table 3. HTEO exhibited inhibitory activity against
all three fungal strains tested. Among the strains, A. flavus showed
the highest sensitivity to HTEO, with an inhibition rate of 76.50% *
0.60%, while A. niger exhibited moderate sensitivity with an
inhibition rate of 61.22% + 2.11%. F. oxysporum was found to be
less sensitive to HTEO, with an inhibition percentage of 28.51% +
0.69% (Figure 2). The MIC values, which indicate the minimum
concentration required to inhibit the growth of the fungal strains,
ranged from 20.53 #+ 5.08 to 76.26 + 5.08 mg/mL. The results of this
study show that HTEO has limited antifungal efficacy against
pathogenic molds.

Previous studies have also explored the antimicrobial properties
of H. tuberculatum extracts. Exemplifying this is the results of the
study by Abdelhhalek et al. (2020), in which they reported that the
ethanolic extract of H. tuberculatum demonstrated inhibition rates
of 82.96% and 93.70% against F. culmorum and Rhizoctonia solani,
respectively. Additionally, two alkaloids, skimmianine and
vulcanine, isolated from the aerial parts of H. tuberculatum
exhibited antimicrobial effects against phytopathogenic bacteria
and fungi. Skimmianine showed potent inhibitory activity against
Rhizobium radiobacter, Ralstonia solanacerum, and Pectobacterium
carotovorum ss. carotovorum, with a MIC of 62.5 mg/mL. In the
antifungal assay, both skimmianine and vulcanine demonstrated
inhibitory effects against Verticillium dahliae, F. oxysporum, and
Alternaria solani (Abdelgaleil et al., 2020).

The antifungal effect of HTEO on C. albicans varies depending
on the phytochemical composition of the extract and the specific
strain of the fungal used. Hamdi et al. (2017a), reported that HTEO,
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had a MIC of 0.31 mg/mL against C. albicans ATCC 90028. In
another study, the pure oil partially inhibited the growth of C.
albicans ATCC 10231 with a diameter of 17.6 + 0.3 mm (Al-
Burtamani et al., 2005). Conversely, Sabry and El Sayed (2016)
reported that essential oils obtained from the aerial parts of H.
tuberculatum were inactive against C. albicans strain CBDN 05036.
However, HTEO was also reported to exert antimycelial activity in
addition to its antifungal activity. Furthermore, Al-Burtamani et al.
(2005) also reported that HTEO inhibited the growth of F.
oxysporum and A. flavus with MIC values lower than 1 mg/mL.

3.3 In-silico evaluation of the antifungal,
antioxidant and activities of HTEO

Following the docking of the phytochemicals identified in
HTEO against the previously mentioned targets, their binding
affinities for the proteins as revealed by their docking score
presented in Table 4, were assessed. For antifungal activity, y-
with
of —-6.322 and -6.302 kcal/mol, respectively, were found to
possess the highest affinities for A. flavus FAD glucose

Cadinene  and  p-Cymen-7-ol docking  scores

dehydrogenase while Carvacrol and Viridiflorol also had the
highest affinities for f-1,4-endoglucanase from A. niger with
docking scores of -5.647 kcal/mol and —5.453 kcal/mol. In
antioxidant activity, a-Terpinyl isobutyrate showed high affinity
for the active site of NADPH oxidase with a glide score
of —6.188 kcal/mol.

The Figure 3 and Figure 4 represent the 2D viewer and the 3D
viewer of ligands interactions with the active sites, respectively.
Analysis of the resulting complexes to delineate the interactions
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FIGURE 2
Antifungal activity of HTEO by use of the disc method.

between them revealed that Carvacrol interacted with the active site
amino acid residues of A. niger f-1,4-endoglucanase via two
hydrogen bonds with residues including TYR 309 and GLY 234.
In the antioxidant activity, a-Terpinyl isobutyrate established one
hydrogen bonds in the active site of NADPH oxidase with residues
ALA 300.

Few studies report on the in silico activities of the major
compounds in the essential oil studied. However, studies related
to the activities described in the present work have been
identified. A previous study reported that trans-caryophyllene
and eugenol had a more stable binding strength in the
acetylcholinesterase enzyme of Tribolium castaneum, and
there was synergy between eugenol and tranms-caryophyllene
when the two compounds interacted with acetylcholinesterase
(Ikawati et al., 2022). On the other hand, the in silico study of the
anti-gout and anti-diabetic activities of the essential oil from
Piper lolot reveals that the major compound, S-caryophyllene
(20.6%), exhibits inhibitory effects against the enzymes a-
glucosidase, a-amylase and xanthine oxidase, with docking
scores of —7.4, —6.2, and —5.8 kcal/mol, respectively (Nguyen
et al., 2023).

The in silico study of the antioxidant activity of compounds in
Juniperus thurifera bark essential oil shows that a-cadinol and
muurolol have inhibitory activity on the active site of NADPH
oxidase with a glide score of —-6.041 and -5.956 kcal/mol,
2022).
carvacrol, and thymol, contained in Lavandula dentata essential

respectively (Lafraxo et al, Similarly, p-terpineol,
oil were found to be active against NADPH oxidase, with a
displacement score of -4.728, -6.17, and -6.483 kcal/mol,

respectively (EI Abdali et al., 2023).
3.4 Insecticidal activity
The insecticidal activity of HTEO was assessed via inhalation

and contact against adults of C. maculatus and the results of the

Frontiers in Chemistry

study are presented in Figures 5, 6. The inhalation test showed
that after 24 h, only the doses of 10 and 20 uL/100 g resulted in
low percentages of mortality in C. maculatus adults, with 3.33%
and 13.33% respectively. After 96 h, the 1 uL/100 g dose still had
no effect, while the doses of 10 and 20 uL/100 g resulted in
mortality percentages above 50%. The contact mortality test
showed similar results, with the concentration of 5uL/100g
causing 3.33% mortality after 24 h and 13.33% after 96 h. The
highest dose (20 uL/100 g) resulted in 10% mortality after 24 h
and 63.33% after 96 h. Overall, the contact toxicity of HTEO was
higher against C. maculatus through the contact test compared to
the inhalation test.

The LCsy and LCys values obtained from the contact test
were lower than those obtained from the inhalation test. After
24 h, the contact test yielded LCs, values of 30.66 and 40.28 pL/
100g, while the inhalation test resulted in LCs, values of
14.59 and 14.68 uL/100 g. After 96 h, the LCs, values were
27.95 and 28.40 uL/100 g for the contact and inhalation tests,
respectively.

The LCsy and LCys values obtained from the contact test were
lower than those obtained from the inhalation test (Figure 7).
Notably, after 24h, the contact test yielded LCs, values of
30.66 and 40.28 uL/100g, while the inhalation test resulted in
LCs, values of 14.59 and 14.68 uL/100 g. After 96 h, the LCs,
values were 27.95 and 28.40 uL/100g for the contact and
inhalation tests, respectively.

In the control group, C. maculatus bruchid females laid
207.33 eggs. Interestingly, the use of 20uL/100g of HTEO
significantly reduced the emergence of bruchids by 91.34%. As
depicted in Figure 8, HTEO significantly reduced the fecundity of
C. maculatus. Specifically, the concentration of 5 uL/100 g resulted
in a remarkable reduction in oviposition rate (48.85%) and
emergence inhibition (45.15%) compared to the negative control.
The concentration of 20 uL/100 g induced a significant reduction in
oviposition rate (85.09%) and emergence inhibition (84.59%).
207.33 was the number of eggs laid by C. maculatus bruchid

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1251449

Agour et al. 10.3389/fchem.2023.1251449
632 81301
\
A5 (o500
| X\
, e ° D
alass
ILE
B: 160 SER
BP!;E
C
FIGURE 3

The 2D viewer of ligands interactions with the active site. (A): y-Cadinene interactions with active site of A. flavus FAD glucose dehydrogenase. (B):
Carvacrol interactions with active site of a-1,4-endoglucanase from A. niger. (C): a-Terpinyl isobutyrate interactions with active site of NADPH oxidase.

females, and the use of 20 uL/100g, significantly reduced the
emergence with a rate of 91.34%. The results presented in
Figure 8 show that HTEO significantly reduced fecundity in the
insect pest C. maculatus. The concentration 5 uL/100g, resulted in a
very remarkable rate of oviposition reduction (48.85%), and
emergence inhibition (45.15%) compared to the negative control.
on the other hand, the concentration of 20 uL/100 g induces a very
important rate of oviposition reduction and emergence inhibition,
which are respectively 85.09% and 84.59%.

Frontiers in Chemistry

3.5 Repulsive activity

The repellent effect of HTEO against the insect C. maculatus was
assessed using the preferential surface method on filter paper, and
the results obtained are depicted in Figure 9. It was observed that the
repellent activity was dose-dependent. At the lowest concentration
tested (0.016 pL/cm?), a repulsion rate of 60% was observed after
30 min, which further increased to 80% after 120 min of application.
The maximum repellent effect against C. maculatus was achieved
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FIGURE 4

The 3D viewer of ligands interactions with the active site. (A) y-Cadinene interactions with active site of A. flavus FAD glucose dehydrogenase. (B)
Carvacrol interactions with active site of -1,4-endoglucanase from A. niger. (C) a-Terpinyl isobutyrate interactions with active site of NADPH oxidase

after 60 min by using a concentration of 0.315 uL/cm® These
findings highlight the potent repellent properties of HTEO
against C. maculatus, hence, rendering it worthy of further
exploration.

To the best of our knowledge, this study is the first to
investigate the insecticidal activity of HTEO against C.
maculatus. To this end, the determination of toxicity by
contact and inhalation test shows significant results with LCs,
values of 14.59 and 14.68 pL/100 g, respectively. Previous studies
have been conducted on the insecticidal potentials of HTEO
against other insect pests, as well as the insecticidal activities of
extracts of plants belonging to the same genus or family as H.
tuberculatum (Rutaceae) against C. maculatus using different
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protocols including fumigation, repellent and contact (Mssillou
et al., 2022b).

Noteworthy, studies have shown that the insecticidal efficacy of
EO extracted from various plant species varies against C. maculatus.
In a study, the EO of a total of 121 plant species from 26 families
were reported to possess insecticidal effects against C. maculatus
(Mssillou et al., 2022b). Notably, in another study by Allali et al., the
EO of Syzygium aromaticum, primarily composed of 80.26%
eugenol, exhibited insecticidal activity against C. maculatus in
inhalation tests, causing mortality rates of 6.67% at 24 h, 36.67%
at 48 h, and 100% at 72 h. This EO also reduced oviposition and
completely suppressed adult emergence (Aimad et al, 2021).
Similarly, the EO of Dittrichia viscosa L., which contained bornyl
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TABLE 4 Docking results with ligands in different receptors.

Glide gscore (Kcal/mol)

2CDU 4YNT

1,8-cineole -4.399 -5.253 —4.048
2-Carene —-4.53 -5.175 -3.958
a-Bisabolol -5.468 -5.604 -3.892
a-Cadinene —5.432 -5.294 —4.255
a-Guaiene —4.555 -5.122 -3.875
a-Gurjunene -5.167 -6.15 —4.294
a-Longifolene —4.704 —5.504 -4.018
a-Longipinene -5.195 —-5.501 —4.468
a-Phellandrene -4.693 -5.339 -4.358
a-Selinene —4.81 -5.768 -3.631
a-Terpinyl isobutyrate -6.188 -5.478 —-3.433
Aristolochene —4.564 -4.773 -3.77

B-Bisabolol —-4.072 —-5.352 -3.634
B-Caryophyllene -4.675 -5.591 -3.708
B-Guaiene -4.778 —6.301 -3.831
B-Gurjunene -5.11 -5.927 -3.912
B-sesquiphellandrene -3.343 —-4.48 -2.449
Carvacrol -6.027 -6.17 —5.647
cis-B-Guaiene —4.323 —5.475 —3.743
Cis-Verbenyl acetate —4.789 -5.336 —-3.964
Eudesm-7(11)-en-4-ol —4.68 —5.592 —4.775
Eugenol —4.422 —4.646 -3.754
y-Cadinene —5.447 -6.322 —4.436
y-Terpinene =5.12 -5.54 —3.945
Germacrene D -5.085 —-5.46 —4.054
Myrtenyl acetate —4.787 —5.947 -3.705
p-Cymen-7-ol -5.291 -6.302 -4.263
p-Mentha-1,4 (8)-diene —5.066 -5.125 —3.749
Spathulenol -5.126 -5.674 —4.72

Viridiflorol —-4.397 —-5.556 —5.453

acetate as the most abundant compound with 41%, resulted in 60%
mortality in the contact test and 97.5% mortality in the inhalation
test after 96 h of exposure to a 1 uL dose (Mssillou et al., 2022a).
Also, the application of 20 pL of the EO of Dittrichia viscosa L. on C.
maculatus, causes an approximately 91% reduction in the number of
eggs laid by this insect. In another study, the insecticidal activity of
the EO of Atalantia monophylla, containing eugenol (19.76%) and
sabinene (19.57%), against C. maculatus using the fumigation
test was found to result in 70.22% mortality, 85.24% repellency
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FIGURE 5

Effects of HTEO tested by Inhalation on the mortality of the
adults of the bruche C. maculatus. Tukey test: a different letter on the
same row indicates a significant difference (p < 0.05).
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FIGURE 6

Effects of HTEO on C. maculatus by contact test. In the

insecticidal activity all the tested doses were compared with the
negative control (0 plL). Tukey test: a different letter on the same row
indicates a significant difference (p < 0.05).

804 &
— 3 mm LC; inhalation
S == LC;, contact
g mm LCys inhalation
_'3 =3 LCy5 contact
c
2
g
T
[
o
c
o
o

24h 48h 72h 96h

FIGURE 7

Lethal concentrations of HTEO against C. maculatus.

test, and also exhibited ovicidal activity (Nattudurai et al., 2017).
Additionally, essential oils extracted from three Citrus species
demonstrated insecticidal effects against C. maculatus, with LCsq
values of 6.33, 7.21, and 8.70 uL/L of air for C. aurantium, C.
limon, and C. reticulate, respectively (Saeidi et al., 2011). It is also
worth noting that HTEO has also been reported to possess
insecticidal activities against other insect species infesting
plant products. Exemplifying this is the contact toxicity
showed by HTEO against the adults of three insect pests of
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FIGURE 8

Effects of HTEO on the emergence and fecundity of C.
maculatus. Values of the same parameter sharing different letters
above the bars are significantly different at p < 0.05.
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FIGURE 9

Repellent activity of H. tuberculatum EOs against insects of C.
maculatus Experiments were performed with replicates (3 times). p:
One-way ANOVA was adopted in determining of significant
differences. Tukey test: a different letter on the same row

indicates a significant difference (p < 0.05).

cereals, namely, Sitophilus oryzae, Tribolium castaneum and
Trogoderma granarium with LCs, values of 0.11, 0.048, and
0.13 mg/cm’, respectively (Saad et al, 2022). Additionally,
HTEO extracted from aerial parts showed strong activity
against Aedes aegypti larvae, specifically, the EO used had the
potential to kill Aedes aegyptilarvae at 125 ppm (Al-Rehaily et al.,
2014).

Other extracts obtained from H. tuberculatum have also
demonstrated insecticidal activities. The aqueous extract of H.
tuberculatum, at concentrations of 5% and 10%, reduced egg
hatching and juvenile mobility in Meloidogyne javanica, and
showed a toxic effect on eggs and juveniles. At these same
concentrations, the immobility of juveniles reached 100% after
48 h of exposure (Kallel et al., 2009). The methanolic extract of
H. tuberculatum has also been reported to negatively impact the
essential reproduction parameters of female Locusta migratoria. In
this regard, the oral administration of this extract to newly emerged
females (1.5 g/female), resulted in significant negative effects in
terms of delay of the first oviposition, as well as reduction of
fecundity and fertility (Acheuk et al.,, 2012).

Although the mode-of-action (MOA) of the observed HTEO-
mediated antifungal and insecticidal activities remains to be
elucidated and is still being explored, it is commonly believed
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that the complex mixture of compounds present in the EO might
effects
simultaneously. In this context, numerous studies have reported

act  synergistically, instigating several  biological
that the phytochemicals present in EOs can disrupt the cytoplasmic
membrane and influence a range of other intracellular signaling and
biological process, particularly energy generation (Swamy et al,
2016). Reduced membrane potentials, proton pump disruption, and
ATP depletion have been reported as contributing factors to the
reported antifungal activity (Turina et al., 2006; Chebbac et al.,
2022).

Some reports have elaborated on the MOA of individual
constituents present in EOs against insect pests. For example,
arecent study revealed that the EO derived from Mentha arvensis
exhibits a systemic MOA against Sitophilus granarius, and this
was ascribed to the ability of the EO to perturb the insect’s
neurological and muscular systems, intracellular aerobic
respiratory processes, and cuticle, which serves as the primary
protective barrier of insects (Renoz et al., 2022). Menthol and
eugenol, both abundant in HTEO, have been shown to act on the
octopaminergic system, triggering octopamine receptors and the
phosphorylation pathway for protein kinase A in insect neurons
(Hong et al., 2018; Jankowska et al., 2019). In Aphis gossypii, {-
caryophyllene, another constituent enriched in HTEO, has been
demonstrated to inhibit several enzymatic targets, including
polyphenol

carboxylesterase (Liu et al., 2010).

acetylcholine esterase, oxidase, and

3.6 Antioxidant activity

The results of the antioxidant activity of HTEO obtained using
three tests (DPPH, FRAP and TAC) are presented in Table 5. As
evident from the table, HTEO demonstrates a significant antioxidant
activity with a value of 758.34 + 3.87 mg AAE/g of EO. This potent
activity can be attributed to the oil’s high content of various terpene
compounds. While the ECsy and ICs, values of EOHT were only
slightly higher compared to those of the standard compounds, they
still indicate strong antioxidant activity. A comparison of the
antioxidant capacity to that of the aqueous and ethanolic extracts
of other samples collected from the same region revealed a higher
total antioxidant capacity. Also, the aqueous extract demonstrates
lower free radical scavenging activity (ICsy = 0.37104 mg/mL)
compared to the EO. However, both extracts show slightly higher
iron-reducing activity (ECs, values of 0.15554 and 0.16944 mg/mL
for the aqueous and ethanolic extracts, respectively) (Agour et al.,
2022).

Similar findings have been reported in other studies
investigating the antioxidant activity of EO extracted from the
leaves and stems of H. tuberculatum. It showed moderate
antiradical activity against DPPH (ICso = 0.14 mg/mL) (Hamdi
et al,, 2017a). The results are consistent with a previous study by
Debouba et al. (2014) (Debouba et al., 2014), which reported
moderate antioxidant activity of H. tuberculatum oils against free
radicals and low iron-reducing power. In an in vivo test on diabetic
rats, the EO obtained from the flowers and aerial parts of H.
the of
glutathione, indicating their antioxidant potential (Sabry and El

tuberculatum  significantly restored reduced level

Sayed, 2016). The antioxidant activities observed in the essential oils
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TABLE 5 results of the antioxidant activity (DPPH, FRAP and TAC).

FRAP (ECso mg/mL)

10.3389/fchem.2023.1251449

TAC (mg AAE/g ext)

EOHT 0.253 0.294 758.34 + 3.87
Ascorbic acid 0.0027 0.000799 —
Quercetin 0.007295 0.007295 —

can be attributed to their chemical composition, particularly the
high content of monoterpene compounds (25.83%). The antioxidant
activities of essential oils are often associated with concepts such as
additivity, antagonism, and synergy, as the presence of multiple
compounds can contribute to the overall antioxidant capacity
(Harkat-Madouri et al, 2015). Therefore, the high antioxidant
activity of HTEO can be attributed to its chemical composition,
particularly the abundance of monoterpene compounds.

4 Conclusion

Conclusively, the results of this study provide valuable insights
into some biological activities of HTEO particularly against the
infamous C. maculatus and also evaluate its potential to serve as a
biocide for the control of the fungal species including A. flavus, A.
niger, and F. oxysporum. Specifically, HTEO demonstrated
insecticidal activity that surpasses that of EO derived from
plant species, exhibiting high total
antioxidant capacity that is attributable to the presence of

other while also
various terpene compounds. The results of assessing the
antifungal activity of HTEO through molecular docking reveal
the presence of compounds that could also potentially serve as a
viable alternative to the synthetic pesticides commonly employed
to combat pathogenic fungi in agricultural products. Overall,
EOHT presents itself as a promising candidate for further
development and utilization in pest management strategies
and antioxidant interventions, promoting sustainable and eco-
friendly alternatives in these domains.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

References

Abbott, W. S. (1925). A method of computing the effectiveness of an insecticide.
J. Econ. Entomol. 18, 265-267. doi:10.1093/jee/18.2.265a

Abdelgaleil, S. A. M., Saad, M. M. G., Ariefta, N. R, and Shiono, Y. (2020).
Antimicrobial and phytotoxic activities of secondary metabolites from
Haplophyllum tuberculatum and Chrysanthemum coronarium. South Afr. J. Bot.
128, 35-41. doi:10.1016/j.sajb.2019.10.005

Abdelkhalek, A., Salem, M. Z. M., Hafez, E., and Behiry, S. I. (2020). The antiviral

properties of Egyptian haplophyllum tuberculatum extract. Biology 9, 1-17. doi:10.
3390/biology9090248

Acheuk, F., Cusson, M., and Doumandji-Mitiche, B. (2012). Effects of a methanolic
extract of the plant Haplophyllum tuberculatum and of teflubenzuron on female
reproduction in the migratory locust, Locusta migratoria (Orthoptera: Oedipodinae).
J. Insect Physiology 58, 335-341. doi:10.1016/j.jinsphys.2011.12.004

Frontiers in Chemistry

13

Author contributions

Conceptualization, AbA and ED; methodology, IM, AiA, and
AbA; formal analysis, AbA and AE; investigation, AbA, MC, and YE;
visualization, data curation, AbA, IM, and MC; writing—original
draft preparation, AbA and IM; writing—review and editing, AbA
and GW; supervision, BL and ED; funding acquisition, reviewing
and editing, data validation, and data curation, MB, YB, BJ, GW, and
H-AN. All authors contributed to the article and approved the
submitted version.

Acknowledgments

The authors would like to extend their sincere appreciation to
the Researchers Supporting Project, King Saud University, Riyadh,
Saudi Arabia for funding this work through the project number
(RSP2023R457).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Adams, R. P. (2007). Identification of essential oil components by gas chromatograpy/
mass spectrometry. Carol Stream, IL, USA: Allured Publishing Corporation.

Agour, A, Mssillou, L, Es-safi, I, Conte, R., Mechchate, H., Slighoua, M., et al. (2022).
The antioxidant, analgesic, anti-inflammatory, and wound healing activities of
haplophyllum tuberculatum (forsskal) A. Juss aqueous and ethanolic extract. life 12,
1553-1611. doi:10.3390/1ife12101553

Agour, A., Mssillou, 1., Saghrouchni, H., Bari, A., Lyoussi, B., and Derwich, E.
(2020). Chemical composition, antioxidant potential and antimicrobial
properties of the essential oils of haplophyllum tuberculatum (Forsskal) A.
juss from Morocco. Trop. J. Nat. Prod. Res. 4, 1108-1115. doi:10.26538/tjnpr/
v4il12.13

Aimad, A., Sanae, R., Mostafa, S., Dalal, M., Noureddine, E., and Mohamed, F. (2021).
Ge-ms analysis of essential oil composition and insecticidal activity of syzygium

frontiersin.org


https://doi.org/10.1093/jee/18.2.265a
https://doi.org/10.1016/j.sajb.2019.10.005
https://doi.org/10.3390/biology9090248
https://doi.org/10.3390/biology9090248
https://doi.org/10.1016/j.jinsphys.2011.12.004
https://doi.org/10.3390/life12101553
https://doi.org/10.26538/tjnpr/v4i12.13
https://doi.org/10.26538/tjnpr/v4i12.13
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1251449

Agour et al.

aromaticum against callosobruchus maculatus of chickpea. Trop. J. Nat. Prod. Res. 5,
844-849. doi:10.26538/tjnpr/v5i5.9

Al Yousuf, M. H., Bashir, A. K., Veres, K., Dobos, A., Nagy, G., Mathé¢, L, et al. (2005).
Essential oil of haplophyllum tuberculatum (forssk.) A. Juss. From the United Arab
Emirates. J. Essent. Oil Res. 17, 519-521. doi:10.1080/10412905.2005.9698981

Al-Burtamani, S. K. S., Fatope, M. O., Marwah, R. G., Onifade, A. K., and Al-Saidi, S.
H. (2005). Chemical composition, antibacterial and antifungal activities of the essential
oil of Haplophyllum tuberculatum from Oman. J. Ethnopharmacol. 96,107-112. doi:10.
1016/j.jep.2004.08.039

Al-Rehaily, A. J., Alqasoumi, S. I, Yusufoglu, H. S., Al-Yahya, M. A., Demirci, B.,
Tabanca, N., et al. (2014). Chemical Composition and biological activity of
Haplophyllum tuberculatum Juss. essential oil. J. Essent. Oil Bear. Plants 17,
452-459. doi:10.1080/0972060x.2014.895211

Allali, A., Bourhia, M., Hadin, H., Rezouki, S., Salamatullah, A. M., Soufan, W., et al.
(2022). Essential oils from artemisia herba alba asso., maticaria recutita L., and
Dittrichia viscosa L. (asteraceae): A promising source of eco-friendly agents to
control callosobruchus maculatus fab. Warehouse pest. J. Chem. 14. doi:10.1155/
2022/2373460

Allali, A., Rezoukin, S., Fadli, A., El Moussaoui, A., Bourhia, M., Salamatullah, M.,
et al. (2021). Chemical characterization and antioxidant, antimicrobial, and insecticidal
properties of essential oil from Mentha pulegium L. Evidence-Based Complementary
Altern. Med. 2021, 1-12. doi:10.1155/2021/1108133

Balouiri, M., Bouhdid, S., Harki, E. H., Sadiki, M., Ouedrhiri, W., and Ibnsouda, S. K.
(2015). Antifungal activity of Bacillus spp. isolated from calotropis procera ait.
Rhizosphere against Candida albicans. Asian J. Pharm. Clin. Res. 8, 213-217.

Balouiri, M., Sadiki, M., and Ibnsouda, S. K. (2016). Methods for in vitro evaluating
antimicrobial activity: A review. J. Pharm. Analysis 6, 71-79. doi:10.1016/j.jpha.2015.
11.005

Belhi, Z., Boulenouar, N., and Cheriti, A. (2022). The use of natural products against
Fusarium oxysporum: A review. Nat. Prod. J. 12, 27-37. doi:10.2174/
2210315510999200811151154

Benelli, G., Bedini, S., Flamini, G., Cosci, F., Cioni, P. L., Amira, S., et al. (2015).
Mediterranean essential oils as effective weapons against the west nile vector Culex
pipiens and the echinostoma intermediate host Physella acuta: What happens around?
An acute toxicity survey on non-target mayflies. Parasitol. Res. 114, 1011-1021. doi:10.
1007/500436-014-4267-0

Bergheul, S., Berkani, A., Saiah, F., and Djibaoui, R. (2017). Chemical composition
and antifungal activity of essential oils of Haplophyllum tuberculatum (Forssk.) A. Juss.
from South Algerian. Int. J. Biosci. 10, 97-105. doi:10.1016/S0378-8741(03)00275-7

Berman, H. M. (2000). The protein data bank. Nucleic Acids Res. 28, 235-242. doi:10.
1093/nar/28.1.235

Bouayed, J., and Bohn, T. (2010). Exogenous antioxidants—double-edged swords in
cellular redox state: Health beneficial effects at physiologic doses versus deleterious
effects at high doses. Oxidative Med. Cell. Longev. 3, 228-237. doi:10.4161/0oxim.3.4.
12858

Cao, J. Q., Pang, X, Guo, S., Wang, Y., Geng, Z., Feng, S., et al. (2019). Pinene-rich
essential oils from Haplophyllum dauricum (L.) G. Don display anti-insect activity on
two stored-product insects. Int. Biodeterior. Biodegrad. 140, 1-8. doi:10.1016/j.ibiod.
2019.03.007

Chebaibi, A., Marouf, Z., Rhazi-Filali, F., Fahim, M., and Ed-Dra, A. (2016).
Evaluation of antimicrobial activity of essential oils from seven Moroccan medicinal
plants.

Chebbac, K., Ghneim, H. K., El Moussaoui, A., Bourhia, M., El Barnossi, A., Benziane
Ouaritini, Z., et al. (2022). Antioxidant and antimicrobial activities of chemically-
characterized essential oil from Artemisia aragonensis Lam. against drug-resistant
microbes. Molecules 27, 1136. doi:10.3390/molecules27031136

Debouba, M., Khemakhem, B., Zouari, S., Meskine, A., and Gouia, H. (2014).
Chemical and biological activities of Haplophyllum tuberculatum organic extracts
and essential oil. J. Essent. Oil Bear. Plants 17, 787-796. doi:10.1080/0972060x.2014.
958545

Dutra, K. de A., de Oliveira, J. V., Navarro, D. M. do A. F., Barbosa, D. R. e. S., and
Santos, J. P. O. (2016). Control of Callosobruchus maculatus (FABR.) (Coleoptera:
Chrysomelidae: Bruchinae) in Vigna unguiculata (L.) WALP. with essential oils from
four Citrus spp. plants. J. Stored Prod. Res. 68, 25-32. doi:10.1016/j.jspr.2016.04.001

El Abdali, Y., Beniaich, G., Mahraz, A. M., El Moussaoui, A., Bin Jardan, Y. A.,
Akhazzane, M., et al. (2023). Antibacterial, antioxidant, and in silico NADPH oxidase
inhibition studies of essential oils of Lavandula dentata against foodborne pathogens.
Evidence-based Complement. Altern. Med. 2023, 1-12. doi:10.1155/2023/9766002

El Abdali, Y., Mahraz, A. M., Beniaich, G., Mssillou, L., Chebaibi, M., Bin Jardan, Y. A.,
et al. (2023). Essential oils of Origanum compactum Benth: Chemical characterization,
in vitro, in silico, antioxidant, and antibacterial activities. Open Chem. 21, 20220282.
doi:10.1515/chem-2022-0282

El Barnossi, A., Moussaid, F., and Iraqi Housseini, A. (2020). Antifungal activity of
Bacillussp. Gn-A11-18isolated from decomposing solid green household waste in water
and soil against Candida albicans and Aspergillus Niger. E3S Web Conf. 150, 02003.
doi:10.1051/e3sconf/202015002003

Frontiers in Chemistry

14

10.3389/fchem.2023.1251449

El-Aswar, E. I, Zahran, M. M., and El-Kemary, M. (2019). Optical and
electrochemical studies of silver nanoparticles biosynthesized by Haplophyllum
tuberculatum extract and their antibacterial activity in wastewater treatment. Mater.
Res. Express 6, 105016. doi:10.1088/2053-1591/ab35ba

El-naggar, E. B, El-darier, S. M., and Abdalla, A. (2014). Chemical composition
of essential oil of haplophyllum tuberculatum (rutaceae) grow wild in different
habitats of Egypt. Glob. J. Pharmacol. 8, 385-393. doi:10.5829/idosi.gjp.2014.8.3.
1117

Elegbede, J. A, Lateef, A., Azeez, M. A, Asafa, T. B., Yekeen, T. A., Oladipo, I. C,, et al.
(2019). Silver-gold alloy nanoparticles biofabricated by fungal xylanases exhibited
potent biomedical and catalytic activities. Biotechnol. Prog. 35, 28299-¢2913. doi:10.
1002/btpr.2829

Eloff, J. N. (1998). A sensitive and quick microplate method to determine the minimal
inhibitory concentration of plant extracts for bacteria. Planta Medica 64, 711-713.
doi:10.1055/s-2006-957563

Eno, E. A., Mbonu, J. I, Louis, H., Patrick-Inezi, F. S., Gber, T. E., Unimuke, T. O.,
et al. (2022). Antimicrobial activities of 1-phenyl-3-methyl-4-trichloroacetyl-
pyrazolone: Experimental, DFT studies, and molecular docking investigation.
J. Indian Chem. Soc. 99, 100524. doi:10.1016/j.jics.2022.100524

Gizachew, D., Chang, C. H., Szonyi, B., De La Torre, S., and Ting, W. (2019). Aflatoxin
B1 (AFB1) production by Aspergillus flavus and Aspergillus parasiticus on ground
Nyjer seeds: The effect of water activity and temperature. Int. J. Food Microbiol. 296,
8-13. doi:10.1016/j.ijfoodmicro.2019.02.017

Hamdji, A., Bero, J., Beaufay, C., Flamini, G., Marzouk, Z., Vander Heyden, Y., et al.
(2018). In vitro antileishmanial and cytotoxicity activities of essential oils from
Haplophyllum tuberculatum A. Juss leaves, stems and aerial parts. BMC
Complementary Altern. Med. 18, 60-10. doi:10.1186/s12906-018-2128-6

Hamdi, A., Majouli, K., Flamini, G., Marzouk, B., Marzouk, Z., and Heyden, Y. V.
(2017a). Antioxidant and anticandidal activities of the Tunisian Haplophyllum
tuberculatum (Forssk.) A. Juss. essential oils. South Afr. J. Bot. 112, 210-214. doi:10.
1016/j.5ajb.2017.05.026

Hamdi, A., Majouli, K., Vander Heyden, Y., Flamini, G., and Marzouk, Z. (2017b).
Phytotoxic activities of essential oils and hydrosols of Haplophyllum tuberculatum.
Industrial Crops Prod. 97, 440-447. doi:10.1016/j.indcrop.2016.12.053

Harkat-Madouri, L., Asma, B., Madani, K., Said, Z. B.-O. S., Rigou, P., Grenier, D.,
et al. (2015). Chemical composition, antibacterial and antioxidant activities of essential
oil of Eucalyptus globulus from Algeria. Industrial Crops Prod. 78, 148-153. doi:10.
1016/j.indcrop.2015.10.015

Hewlett, P. S. (1972). Probit analysis: D] finney. 1971. Cambridge, England:
Cambridge University Press.

Hohl, T. M. (2017). Immune responses to invasive aspergillosis: New understanding
and therapeutic opportunities. Curr. Opin. Infect. Dis. 30, 364-371. doi:10.1097/QCO.
0000000000000381

Hong, T., Perumalsamy, H., Jang, K., Na, E.,, and Ahn, Y.-J. (2018). Ovicidal and
larvicidal activity and possible mode of action of phenylpropanoids and ketone
identified in Syzygium aromaticum bud against Bradysia procera. Pesticide Biochem.
Pphysiology 145, 29-38. doi:10.1016/j.pestbp.2018.01.003

Ikawati, S., Himawan, T., Abadi, A. L., Tarno, H., and Fajarudin, A. (2022). In silico
study of eugenol and trans-caryophyllene also clove oil fumigant toxicity on Tribolium
castaneum. J. Trop. Life Sci. 12, 339-349. doi:10.11594/jtls.12.03.07

Jankowska, M., Wiéniewska, J., Faltynowicz, t., Lapied, B., and Stankiewicz, M.
(2019). Menthol increases bendiocarb efficacy through activation of octopamine
receptors and protein kinase A. Molecules 24, 3775. doi:10.3390/
molecules24203775

Javidnia, K., Miri, R., and Banani, A. (2006). Volatile oil constituents of haplophyllum
tuberculatum (forssk.) A. Juss.(Rutaceae) from Iran. J. Essent. Oil Res. 18, 355-356.
doi:10.1080/10412905.2006.9699111

Ju, J,, Xie, Y., Yu, H,, Guo, Y., Cheng, Y., Qian, H., et al. (2020). Analysis of the
synergistic antifungal mechanism of eugenol and citral. LWT 123, 109128. doi:10.1016/
j1wt.2020.109128

Kallel, S., Ben Ouadday, M. Z., and Ghrabi, Z. (2009). Evaluation de l'activité
nématotoxique d’Haplophyllum tuberculatum sur Meloidogyne javanica. Nematol.
Mediterr. 37, 45-52.

Kalpna, A., Hajam, Y. A, and Kumar, R. (2022). Management of stored grain pest
with special reference to callosobruchus maculatus, a major pest of cowpea: A review.
Heliyon 8, €08703. doi:10.1016/j.heliyon.2021.08703

Kim, S., Chen, J., Cheng, T., Gindulyte, A., He, J., He, S., et al. (2023). PubChem
2023 update. Nucleic Acids Res. 51, D1373-D1380. doi:10.1093/nar/gkac956

Klich, M. A. (2007). Aspergillus flavus: The major producer of aflatoxin. Mol. Plant
Pathol. 8, 713-722. doi:10.1111/j.1364-3703.2007.00436.x

Lafraxo, S., El Moussaoui, A., A Bin Jardan, Y., El Barnossi, A., Chebaibi, M.,
Baammi, S., et al. (2022). GC-MS profiling, in vitro antioxidant, antimicrobial, and
in silico NADPH oxidase inhibition studies of essential oil of Juniperus thurifera
bark. Evidence-based Complement. Altern. Med. 2022, 1-13. doi:10.1155/2022/
6305672

frontiersin.org


https://doi.org/10.26538/tjnpr/v5i5.9
https://doi.org/10.1080/10412905.2005.9698981
https://doi.org/10.1016/j.jep.2004.08.039
https://doi.org/10.1016/j.jep.2004.08.039
https://doi.org/10.1080/0972060x.2014.895211
https://doi.org/10.1155/2022/2373460
https://doi.org/10.1155/2022/2373460
https://doi.org/10.1155/2021/1108133
https://doi.org/10.1016/j.jpha.2015.11.005
https://doi.org/10.1016/j.jpha.2015.11.005
https://doi.org/10.2174/2210315510999200811151154
https://doi.org/10.2174/2210315510999200811151154
https://doi.org/10.1007/s00436-014-4267-0
https://doi.org/10.1007/s00436-014-4267-0
https://doi.org/10.1016/S0378-8741(03)00275-7
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.4161/oxim.3.4.12858
https://doi.org/10.4161/oxim.3.4.12858
https://doi.org/10.1016/j.ibiod.2019.03.007
https://doi.org/10.1016/j.ibiod.2019.03.007
https://doi.org/10.3390/molecules27031136
https://doi.org/10.1080/0972060x.2014.958545
https://doi.org/10.1080/0972060x.2014.958545
https://doi.org/10.1016/j.jspr.2016.04.001
https://doi.org/10.1155/2023/9766002
https://doi.org/10.1515/chem-2022-0282
https://doi.org/10.1051/e3sconf/202015002003
https://doi.org/10.1088/2053-1591/ab35ba
https://doi.org/10.5829/idosi.gjp.2014.8.3.1117
https://doi.org/10.5829/idosi.gjp.2014.8.3.1117
https://doi.org/10.1002/btpr.2829
https://doi.org/10.1002/btpr.2829
https://doi.org/10.1055/s-2006-957563
https://doi.org/10.1016/j.jics.2022.100524
https://doi.org/10.1016/j.ijfoodmicro.2019.02.017
https://doi.org/10.1186/s12906-018-2128-6
https://doi.org/10.1016/j.sajb.2017.05.026
https://doi.org/10.1016/j.sajb.2017.05.026
https://doi.org/10.1016/j.indcrop.2016.12.053
https://doi.org/10.1016/j.indcrop.2015.10.015
https://doi.org/10.1016/j.indcrop.2015.10.015
https://doi.org/10.1097/QCO.0000000000000381
https://doi.org/10.1097/QCO.0000000000000381
https://doi.org/10.1016/j.pestbp.2018.01.003
https://doi.org/10.11594/jtls.12.03.07
https://doi.org/10.3390/molecules24203775
https://doi.org/10.3390/molecules24203775
https://doi.org/10.1080/10412905.2006.9699111
https://doi.org/10.1016/j.lwt.2020.109128
https://doi.org/10.1016/j.lwt.2020.109128
https://doi.org/10.1016/j.heliyon.2021.e08703
https://doi.org/10.1093/nar/gkac956
https://doi.org/10.1111/j.1364-3703.2007.00436.x
https://doi.org/10.1155/2022/6305672
https://doi.org/10.1155/2022/6305672
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1251449

Agour et al.

Liu, Y., Xue, M., Zhang, Q., Zhou, F., and Wei, J. (2010). Toxicity of p-caryophyllene
from vitex negundo (lamiales: Verbenaceae) to Aphis gossypii glover (Homoptera:
Aphididae) and its action mechanism. Acta Entomol. Sin. 53, 396-397.

Lushchak, V. I, Matviishyn, T. M., Husak, V. V., Storey, J. M., and Storey, K. B.
(2018). Pesticide toxicity: A mechanistic approach. EXCLI J. 17, 1101-1136. doi:10.
17179/excli2018-1710

Mahmoud, A. B, Danton, O., Kaiser, M., Han, S., Moreno, A., Algaffar, S. A,,
etal. (2020). Lignans, amides, and saponins from haplophyllum tuberculatum and
their antiprotozoal activity. Molecules 25, 2825-2915. do0i:10.3390/
molecules25122825

Maymon, M., Sela, N., Shpatz, U., Galpaz, N., and Freeman, S. (2020). The origin and
current situation of Fusarium oxysporum f. sp. cubense tropical race 4 in Israel and the
Middle East. Sci. Rep. 10, 1590. doi:10.1038/s41598-020-58378-9

McDonald, L. L., Guy, R. H., and Speirs, R. D. (1970). Preliminary evaluation of new
candidate materials as toxicants, repellents, and attractants against stored-product
insects. Maryland: US Agricultural Research Service.

Mohamed Mohamed Sabry, O., Mohamed El Sayed, A., and Khalid Alshalmani, S.
(2015). GC/MS analysis and potential cytotoxic activity of haplophyllum tuberculatum
essential oils against lung and liver cancer cells. Pharmacogn. J. 8, 66-69. doi:10.5530/pj.
2016.1.14

Mohammadhosseini, M., Venditti, A., Frezza, C., Serafini, M., Bianco, A., and
Mahdavi, B. (2021). The genus haplophyllum juss.. Phytochemistry and
bioactivities—a review. Molecules 26 (15), 4664. doi:10.3390/molecules26154664

Mssillou, I, Agour, A., Allali, A., Saghrouchni, H., Bourhia, M., Moussaoui, A.El, et al.
(2022a). Antioxidant, antimicrobial, and insecticidal properties of a chemically
characterized essential oil from the leaves of Dittrichia viscosa L.

Mssillou, I, Agour, A., Lyoussi, B., and Derwich, E. (2021). Chemical constituents,
in vitro antibacterial properties and antioxidant activity of essential oils from
marrubium vulgare L. Leaves. Trop. J. Nat. Prod. Res. (TINPR) 5, 661-667. doi:10.
26538/tjnpr/v5i4.12

Mssillou, I, Saghrouchni, H., Saber, M., Zannou, A. J., Balahbib, A., Bouyahya, A.,
etal. (2022b). Efficacy and role of essential oils as bio-insecticide against the pulse beetle
Callosobruchus maculatus (F.) in post-harvest crops. Industrial Crops Prod. 189,
115786. doi:10.1016/j.indcrop.2022.115786

Nag, P., Paul, S,, Shriti, S., and Das, S. (2022). Defence response in plants and animals
against a common fungal pathogen, Fusarium oxysporum. Curr. Res. Microb. Sci. 3,
100135. doi:10.1016/j.crmicr.2022.100135

Nattudurai, G., Baskar, K., Paulraj, M. G., Islam, V. I. H., Ignacimuthu, S., and
Duraipandiyan, V. (2017). Toxic effect of Atalantia monophylla essential oil on
Callosobruchus maculatus and Sitophilus oryzae. Environ. Sci. Pollut. Res. 24,
1619-1629. doi:10.1007/s11356-016-7857-9

Nguyen, T. K., Thuy Thi Tran, L., Ho Viet, D., Thai, P. H,, Ha, T. P, Ty, P. V,, et al.
(2023). Xanthine oxidase, a-glucosidase and a-amylase inhibitory activities of the

essential oil from piper lolot: In vitro and in silico studies. Heliyon 9, e19148.
doi:10.1016/j.heliyon.2023.619148

Petrovska, B. (2012). Historical review of medicinal plants’ usage. Phcog Rev. 6, 1.
doi:10.4103/0973-7847.95849

Pizzino, G., Irrera, N., Cucinotta, M., Pallio, G., Mannino, F., Arcoraci, V., et al.
(2017). Oxidative stress: Harms and benefits for human health. Oxid. Med. Cell Longev.
2017, 1-13. doi:10.1155/2017/8416763

Frontiers in Chemistry

15

10.3389/fchem.2023.1251449

Radwan, M. A,, and Gad, A. F. (2021). Essential oils and their components as
promising approach for gastropod mollusc control: A review. J. Plant Dis. Prot. 128,
923-949. doi:10.1007/s41348-021-00484-5

Raissi, A., Arbabi, M., Roustakhiz, J., and Hosseini, M. (2016). Haplophyllum
tuberculatum: An overview. . HerbMed Pharmacol. 5, 125-130.

Rased, N. M., Johari, S. A. T. T., Zakeri, H. A., Ma, N. L., Razali, S. A., and Hashim, F.
(2022). Combinatorial treatment with B-glucanase enzyme and chlorhexidine induces
cysticidal effects in Acanthamoeba cyst. Parasitol. Res. 121, 3105-3119. doi:10.1007/
500436-022-07650-0

Renoz, F., Demeter, S., Degand, H., Nicolis, S. C., Lebbe, O., Martin, H,, et al. (2022).
The modes of action of Mentha arvensis essential oil on the granary weevil Sitophilus
granarius revealed by a label-free quantitative proteomic analysis. J. Pest Sci. 95,
381-395. doi:10.1007/s10340-021-01381-4

Saad, M. M. G,, El Gendy, A. N. G,, Elkhateeb, A. M., and Abdelgaleil, S. A. M. (2022).
Insecticidal properties and grain protective efficacy of essential oils against stored
product insects. Int. J. Trop. Insect Sci. 42, 3639-3648. doi:10.1007/542690-022-00750-5

Sabry, O. M., and El Sayed, A. M. (2016). Potential anti-microbial, anti-inflammatory
and anti-oxidant activities of haplophyllum tuberculatum growing in Libya.
J. Pharmacogn. Nat. Prod. 2. doi:10.4172/2472-0992.1000116

Saeidi, M., Moharramipour, S., Sefidkon, F., and Aghajanzadeh, S. (2011). Insecticidal
and repellent activities of Citrus reticulata, Citrus limon and Citrus aurantium essential
oils on Callosobruchus maculatus. Integr. Prot. Stored Prod. 69, 289-293.

Sriti, J., Mejri, H., Bachrouch, O., Hammami, M., and Liman, F. (2017). Antioxidant
activity and chemical constituents of essential oil and extracts of haplophyllum
tuberculatum from Tunisia J. J. new Sci. Agric. Biotechnol. 43, 2373-2381. doi:10.
1016/j.foodchem.2010.09.029

Swamy, M. K., Akhtar, M. S., and Sinniah, U. R. (2016). Antimicrobial properties of
plant essential oils against human pathogens and their mode of action: An updated
review. Evidence-based complementary Altern. Med. 2016, 1-21. doi:10.1155/2016/
3012462

Turina, A. D V., Nolan, M. V., Zygadlo, J. A,, and Perillo, M. A. (2006). Natural
terpenes: Self-assembly and membrane partitioning. Biophys. Chem. 122, 101-113.
doi:10.1016/j.bpc.2006.02.007

Yari, M., Masoudi, S., and Rustaiyan, A. (2000). Essential oil of Haplophyllum
tuberculatum (Forssk.) A. Juss. grown wild in Iran. J. Essent. Oil Res. 12, 69-70. doi:10.
1080/10412905.2000.9712045

Yu, R, Liu, ], Wang, Y., Wang, H., and Zhang, H. (2021). Aspergillus Niger as a
secondary metabolite factory. Front. Chem. 9, 701022. doi:10.3389/fchem.2021.701022
Yusuf, M., and Khan, S. A. (2023). Assessment of ADME and in silico characteristics

of natural-drugs from turmeric to evaluate significant COX2 inhibition. Biointerface
Res. Appl. Chem. 13, 1-23. doi:10.33263/BRIAC131.005

Yusuf, M. (2023). REVIEW Insights into the in-silico research: Current scenario,
advantages, limits, and future perspectives. Life silico 1, 13-25.

Yusuf, M., Sadiya Ahmed, B., and Gulfishan, M. (2022). Modern perspectives of
curcumin and its derivatives as promising bioactive and pharmaceutical agents.
Biointerface Res. Appl. Chem. 12, 7177-7204. doi:10.33263/BRIAC126.71777204

Zandi-Sohani, N., Hojjati, M., and Carbonell-Barrachina, A. A. (2013). Insecticidal
and repellent activities of the essential oil of Callistemon citrinus (Myrtaceae) against
Callosobruchus maculatus (F.)(Coleoptera: Bruchidae). Neotropical Entomol. 42, 89-94.
doi:10.1007/s13744-012-0087-z

frontiersin.org


https://doi.org/10.17179/excli2018-1710
https://doi.org/10.17179/excli2018-1710
https://doi.org/10.3390/molecules25122825
https://doi.org/10.3390/molecules25122825
https://doi.org/10.1038/s41598-020-58378-9
https://doi.org/10.5530/pj.2016.1.14
https://doi.org/10.5530/pj.2016.1.14
https://doi.org/10.3390/molecules26154664
https://doi.org/10.26538/tjnpr/v5i4.12
https://doi.org/10.26538/tjnpr/v5i4.12
https://doi.org/10.1016/j.indcrop.2022.115786
https://doi.org/10.1016/j.crmicr.2022.100135
https://doi.org/10.1007/s11356-016-7857-9
https://doi.org/10.1016/j.heliyon.2023.e19148
https://doi.org/10.4103/0973-7847.95849
https://doi.org/10.1155/2017/8416763
https://doi.org/10.1007/s41348-021-00484-5
https://doi.org/10.1007/s00436-022-07650-0
https://doi.org/10.1007/s00436-022-07650-0
https://doi.org/10.1007/s10340-021-01381-4
https://doi.org/10.1007/s42690-022-00750-5
https://doi.org/10.4172/2472-0992.1000116
https://doi.org/10.1016/j.foodchem.2010.09.029
https://doi.org/10.1016/j.foodchem.2010.09.029
https://doi.org/10.1155/2016/3012462
https://doi.org/10.1155/2016/3012462
https://doi.org/10.1016/j.bpc.2006.02.007
https://doi.org/10.1080/10412905.2000.9712045
https://doi.org/10.1080/10412905.2000.9712045
https://doi.org/10.3389/fchem.2021.701022
https://doi.org/10.33263/BRIAC131.005
https://doi.org/10.33263/BRIAC126.71777204
https://doi.org/10.1007/s13744-012-0087-z
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1251449

	Pharmacological activities of chemically characterized essential oils from Haplophyllum tuberculatum (Forssk.)
	1 Introduction
	2 Materials and methods
	2.1 Plant material
	2.2 HTEO extraction
	2.3 Chemical analysis of HTEO
	2.3.1 Gas chromatography analysis of volatile compounds in HTEO using flame ionization detection (FID)
	2.3.2 Identification of chemical compounds in HTEO using gas chromatography-mass spectrometry (GC-MS)

	2.4 Antifungal activity of HTEO
	2.4.1 Strains collection
	2.4.2 Antifungal activity of HTEO by use of agar diffusion assay
	2.4.3 Minimum inhibitory concentration (MIC) assay

	2.5 In silico evaluation of antifungal, and antioxidant activities of EOHT
	2.6 Insecticidal activity against C. maculatus
	2.6.1 Toxicity by contact
	2.6.2 Toxicity by inhalation
	2.6.3 Repulsion test

	2.7 Evaluation of antioxidant activity
	2.8 Data analysis

	3 Results and discussion
	3.1 Essential oil yield and GC-MS analysis
	3.2 Antifungal activity
	3.3 In-silico evaluation of the antifungal, antioxidant and activities of HTEO
	3.4 Insecticidal activity
	3.5 Repulsive activity
	3.6 Antioxidant activity

	4 Conclusion
	Data availability statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


