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Abstract

The management of plant pathogens has become a challenge due to increasing pesticide resistance. Recent studies
have focused on developing alternatives to chemical pesticides, enabling effective control of crop pathogens with
reduced environmental impact and minimal effects on human health. This study examines the chemical
composition and the antifungal activity of four essential oils extracted from Origanum compactum, Thymus
leptobotrys, Laurus nobilis, and Rosmarinus officinalis in individual and combined forms against Alternaria
alternata causal agent of olive leaf diseases. The most potent inhibitors of A. alternata were oregano and Thyme
essential oils, distinguished by the predominance of carvacrol (59% and 75.05%), respectively. Furthermore,
essential oil combinations such as oregano/thyme and oregano/thyme/laurel reduced the MIC values and showed
synergistic effects (FICI<0.5). In silico analysis by molecular docking was performed to study the anticipated
ligands of these essential oils against Ubiquitin E3 Ligase responsible for H2B monoubiquitination in Alternaria
alternata. These results suggest that, as part of the search for sustainable ways to reduce fungicide use in
agriculture, essential oils, combinations, and even chemical compounds may be effective against Alternaria
alternata.

Keywords: Alternaria alternata, essential oils mixtures, synergism, ubiquitin E3 ligase, Molecular docking, Olea
europea

Introduction

The olive (Olea europaea L.) is a species of tree belonging to the family Oleaceae. It is one of the most
characteristic trees of the Mediterranean basin and occupies a central position in the agricultural and environmental
landscape (Reyes-Goya et al., 2024). However, climate change endangers their survival. It is causing problems
and making trees more susceptible to pests and diseases. Changes in temperature and extreme weather conditions
impact the incidence and appearance of diseases such as foliar diseases (Hamzaoui et al., 2025). Basim et al. (2017)
reported that A. alternata is associated with foliar diseases of olive trees in Turkey and the prevalence of the disease
has been estimated to be in the range of 40 and 80 %. In a study carried out in different nurseries to reveal the
fungal species associated with olive trees in Morocco, A. alternata was found to be one of the most common fungal
species isolated from olive leaves suspected of being infected, accounting for about 63% (Chliyeh et al., 2014).
Several fungal species in the genus Alternaria are harmful to most cultivated plants and agricultural products.
Alternaria alternata is known to cause leaf spots and diseases on many plant species, and postharvest rot on several

types of fruit and vegetables (Schmey et al., 2024). Recently, using chemical antimicrobial agents has raised
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concerns regarding environmental and human health impacts. Furthermore, the emergence of pesticide resistance
is a new challenge for researchers in developing alternatives for various applications, including crop protection
(Yilmaz et al., 2023). From this point of view, natural antimicrobial agents such as essential oils (EOs) have
aroused growing interest in several sectors, with several studies highlighting their effectiveness (Ait Bouzid et al.,
2024). Accordingly, the diversity of EOs and their chemical composition, as green products derived from aromatic
and medicinal plants, have proven to be an innovative approach with remarkable efficacy in inhibiting the
development of phytopathogenic fungi by inhibiting sporulation or by damaging cells, resulting in irreversible
coagulation or denaturation of cellular components (Hou et al., 2022). Various computational approaches can be
used to elucidate their mechanism of action. Molecular docking analysis remains one of the most important tools
since it can predict the ability of a molecule to bind to the active site of a protein, providing an atomistic insight
into molecular recognition. In this context, this study aims to evaluate the antifungal properties of EOs obtained
from Oregano (Origanum compactum), Laurel (Laurus nobilis), Thyme (Thymus leptobotrys), and Rosemary
(Rosmarinus officinalis), against A. alternata, causing fungal infections on various crops and agricultural products.
It was also designed to study the chemical composition of these EOs and their synergistic effects on the growth of

A. alternata. To confirm the results of the antifungal activity test, a molecular docking study against ubiquitin E3
ligase Brel was carried out.
Material and methods

Plant material

The aerial parts of O. compactum plants were collected in Chaouen, R. officinalis, and Thymus leptobotrys in the

Marrakech region and Beni Mellal, respectively. Then, the leaves of Laurus nobilis were collected in Tafraout.
Plant material was dried at room temperature (20-25°C) for one week.

EOs extraction

The EOs were extracted using the hydrodistillation method in a Clevenger-type apparatus. In detail, 150 g of dried
material of each species was distilled in 1.5 L of water for 3 h. The essential oils obtained were stored at 4 °C in
the dark until use. Extraction was carried out in three repetitions. EO yields were calculated (Razzouk et al., 2022).
The combined effects of the four EOs were analyzed by preparing eleven mixtures.

Chemical analysis of EOs

The chemical composition of the extracted EOs was determined using gas chromatography-mass
spectrometry (GC-MS). The GC-Ms was equipped with an Agilent DB-5 capillary column (stationary
phase 5% phenyl/95% dimethyl siloxane, length 30 m, internal diameter 0.25 mm, and film thickness
0.1 um). Analysis was performed with a column temperature program starting at 70°C and increasing at
3°C/min to 230°C. Helium was used as the carrier gas at a flow rate of 1.0 mL/min. Injector and detector
temperatures were maintained at 250°C. A volume of 1 pL of samples was injected for chromatography
in fractionated mode (1:10) (Jeldi et al., 2022).

Fungal isolates
Alternaria alternata has been isolated from leaves of olive trees showing symptoms in the form of small spots
located mainly on the margins of the upper leaf surface. Symptomatic olive leaves were collected in January and

April 2023 in Hed Ras El Ain Rhamna, Marrakech. The isolates were identified by examining their morphological
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characteristics (mycelium, conidiophores, and conidia) as described by previous researchers (Simmons, 1992;
Woudenberg et al., 2013).

Pathogenicity test

Pathogenicity tests were carried out on healthy leaves of the Moroccan Picholine olive variety following the
method described by (Basim et al., 2017) with modifications. Leaves were washed in tap water, disinfected in 70%
ethanol for 30 seconds, and then washed in sterile water for one minute before being dried on sterile filter paper.
Five olive leaves were placed on moist Whatman filter paper in the Petri dishes. The leaves were inoculated by
placing a 6 mm diameter mycelial plug taken from the edges of a seven-day-old PDA culture of the isolates. The
leaves were incubated at 25 + 2°C in the dark. The in vivo test was performed on olive seedlings. Conidia were
harvested from a 7-day culture with sterile distilled water and adjusted to 1 x 10° conidia/ml. Inoculation was
performed by spraying the leaves with the prepared conidial suspension. Control plants were sprayed with water.
After the incubation period, symptomatic samples were taken, and the suspected fungus was re-isolated and placed
on PDA until Koch's postulates were confirmed.

Antifungal activity

Volatile activity assay (VA)

The technique adopted in this study is based on the vapor-phase method (Reyes-Jurado et al., 2020). It consists of
culturing the microorganisms to be tested in Petri dishes on a PDA medium, and incubating these dishes in an
inverted position. Different volumes (8uL, 16 pL, 32 uL, 64 pL/petri dish) of EOs were applied to a sterile filter
paper placed in the center of the dish lid. The control was amended with the same volume of sterile distilled water,
and three replicates were used per treatment. Plates were sealed with Parafilm® and incubated for 7 days at25 +
2°C °C. Radial fungal growth was measured, and the percentage of inhibition was calculated.

Minimum Inhibitory Concentration (MIC) and Minimum Fungicidal Concentration (MFC)

The minimum inhibitory concentration (MIC) of essential oils was determined using the microdilution technique
(Hénel and Raether, 1988). Fungal spore inoculum was prepared from 7-day-old cultures with 0.85% sterile saline.
The spore suspension was adjusted to a concentration of approximately 2.3x10* spores/mL. The culture medium
used was Tryptic Bile Soy Broth (TBS), incorporated with the fungal inoculum and the volumes of EOs studied.
Inoculated tubes were incubated for 72 h at 25 + 2°C. TBS medium alone was employed as a negative control, and
inoculum without essential oils was used as a positive control.

The MIC was determined from the first tube showing a complete absence of mycelial growth. The minimum
fungicidal concentration (MFC) was determined by sub-culturing 5 pL aliquots of the broth microdilution tube
considered as MIC onto plates containing PDA medium.

Antifungal assays of mixtures

The potential synergistic, antagonistic, and indifferent activity of essential oils blends was studied using the broth
microdilution method against A. alternata. The fractional inhibitory concentration index (FICI) was estimated
using MIC values (Nikkhah and Hashemi 2020). The FIC index (FICi) was considered as: synergistic when FICi
<0.5; indifferent effect when 0.5< FICi < 2; and antagonistic when FICi > 2 (Krisch et al., 2011).

Antifungal activity on detached olive leaves

The antifungal activity of EOs was evaluated on healthy olive leaves. They were treated with a 70% ethanol
solution for 3 minutes and then rinsed with sterile distilled water. The leaves were sprayed with concentrations of

essential oils corresponding to the MIC, then a 6 mm mycelial disc of 7-day-old 4. alternata was placed on the
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surface. Incubation was carried out at 25 + 2°C in the dark for 8 days. The experiment was repeated three times,
with three replicates per experiment. The inoculated control was sprayed with water and inoculated with A.
alternata. A disc of culture medium was placed on the surface of the non-inoculated control. The severity of the
disease (DS) and disease reduction (DR) on the inoculated leaves are evaluated at 7 days after infection by
calculating the percentage of affected leaf surface. A visual scale from 0 to 5 based on disease symptoms was used:
(1) no visible infection, (2) 5%, (3) 10%, (4) 20%, and (5) 50% or more of leaf area infected (Morkelitiné et al.,
2021).

Molecular docking

The protein-ligand interaction and affinity were determined by molecular docking. The ligand molecules were
downloaded from PubChem, and then the online SMILES translator (https://cactus.nci.nih.gov/translate) was used
to transform them into 3D structures in pdb format for highly efficient virtual screening (Adedotun et al., 2022).
The crystal structure of Ubiquitin E3 Ligase synthase (PDB ID:7w76) was selected from the Protein Data Bank
server (www.pdb.org). The protein active site has been determined by the CASTp server, which provides a map of
the protein's topographic surface. AutoDockTools 1.5.7 was used to prepare the protein input files by removing all
water molecules, polar hydrogens were added, and the prepared file was saved in pdbqt format. Thirty-four
phytochemicals identified as major and minor compounds of the EOs studied were used in this study. Molecular
docking analysis was performed by Pyrx-virtual screening tool (Open babel, Autodock Vina), based on the Auto
Dock Vina configuration. The BIOVIA Discovery Studio tool (version 4.5) was used to determine the interactions
between the protein-ligand complexes, where the various interactions were evaluated (Dey et al., 2023).
Statistical analysis

The results obtained are expressed as the mean + standard deviation. The statistical analyses were performed using
SPSS software (version 21.0). A one-way analysis of variance (ANOVA) with post-hoc Tukey was used to

compare the results obtained. All treatments were performed in triplicate.
Results

Yield and chemical composition

The results showed that EO yields varied from 0.76+0.37% to 3.50+£0.06%, GC-MS analysis reveals the chemical
composition of the EOs. The results show that the EOs are distinguished by the diversity of their components,
which belong to several families, with monoterpenes, phenols, and alcohols being the most abundant. The EOs of
O. compactum and T. leptobotrys are characterized by carvacrol as the main compound. Whereas, the EOs of L.
nobilis and R. officinalis are distinguished by the presence of 1,8-cineol (Table 1).

Table 1 The main chemical compounds detected in the essential oils used in this study

AMPs Compounds RI** RT*(min) Area (%)

Carvacrol 1292 12.485 59

P-cymene 1023 7.167 18.4

Y'-terpinene 1057 7.852 84

Carvacrol-methyl-ether 1244 11.595 2.8

Origanum compactum o -terpineol 1188 10.560 23

Camphor 1146 9.661 2.1

Camphene 951 5.725 1.8

o-pinene 936 5.440 1.4

a-terpinene 1018 7.852 1.3




1,8-cineole 1029 7.321 0.9

Linalool 1099 8.488 0.9
Caryophyllene 1445 15.070 0.8

Yield 3.50+0.06%
Carvacrol 1302 12.696 75.05
v-Terpinene 1057 7.849 5.79
p-Cymene 1023 7.160 5.71
Thymol 1292 12.483 2.46
Camphor 1146 9.665 2.1
Caryophyllene 1445 15.072 1.82

Thymus leptobotrys >

a-Pinene 936 5.452 1.77
Camphene 951 5.740 1.55
Aromadendrene 1445 15.423 1.13
o-Gurjunene 1407 16.408 1,12
p-Bisabolene 1511 16.554 0.73

Yield 1.71+0.07%
1,8-cineole 1029 7.323 31.48
Camphene 951 5.740 12.94
Linalool 1099 8.659 12.13
Methyleugenol 1499 14.650 9.16
o -terpineol 1188 - 7.85
Eugenol 1358 13.819 5.05
Sabinene 975 6.183 4.08
2-Methyl-Z,Z-3,13-octadecadienol 1670 19.510 3.14
Laurus nobilis Trans-isoeugenol 1568 18.909 1.88
Bornylacetate 1279 12.467 1.85
Trans-isoelemicin 1568 18.909 1.69
o-pinene 936 5.740 1.66
p-Elemene 1417 14.517 1.61
B-Pinene 980 6.266 1.45
Trans-cinnamylacetate 1448 15.398 1.37
4-terpineol 1179 10.316 1.32
Other 1.34

yield 1.67+0.02%
1,8-Cineole 1029 6.73 33.46
Camphor 1146 7.67 17.5
a-Pinene 936 5.72 17.47
a-Terpinyl propionate 1468 8.01 7.63
Borneol 1155 7.81 6.97

Rosmarinus officinalis

m-Mentha-6,8-diene 1008 6.63 6.19
Camphene 951 5.89 4.59
Verbenone 1207 6.16 1.83
Linalool 1099 8.25 1.52
Terpinen-4-ol 1166 7.17 1.46




152
153
154
155
156
157
158
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160

161
162
163
164
165
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169
170
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172

Bornyl acetate 1288 7.86 0.47

0 3-carene 1058 8.87 0.16
Other 0.75
Yield 0.76£0.37%

* Retention time, ** Retention index

Morphological Characterization, Isolation, and Pathogenicity Tests

The typical symptoms and morphology of A. alternata are showen in Figure 1 (A-F). The results show that the
leaves of suspected infected olive trees have white spots on the adaxial surface with a diameter ranging from 2 to
7 mm. Fungal species are characterized by an aerated white-greyish mycelium with green inner zones on a PDA
medium. In vitro pathogenicity tests in petri dishes did not show any spot symptoms, but dark brown lesions did
develop on the surface of the leaves (Fig. 1 G). However, Pot-inoculated plants showed symptoms similar to those

occurring in the field, although the size of the spots varied (Fig.1H).

Fig. 1 The typical symptoms and morphological characteristics of 4. alternata. (A-C) leaf spot symptoms, D
Colony pattern on PDA, (E-F) Representative hyphae and conidia of A. alternata, (G-H) In vivo and in vitro
pathogenicity tests

Antifungal activity

Determination of the diameter of mycelial growth zones

The antifungal activity of the EOs was evaluated by measuring the inhibition of mycelial growth of A. alternata
at different concentrations compared to the negative control (Fig. 2). The results showed that all the EOs tested
had an antifungal effect proportional to the concentration applied. The EOs of T. leptobotrys and O. compactum
showed the best effects, with a total absence of radial mycelial growth from 8uL/petri dish. The diameter of
mycelial growth varied from 50.17 to 34.67mm after application of the first two concentrations (8 and 16 pL/petri
dish) of L. nobilis EO. In addition, EO of R. officinalis allowed complete growth inhibition only after application

of the maximum concentration corresponding to 64 pL/petri dish (Fig. 3).
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174 Fig. 2 In vitro antifungal activity.
0. c c c
80 b b
50
40
30
20
10 a bab 3
. P
0 8 16 32 64 0 16 32 64 0 8 16 32 64 0 16 32 64
175 LN O.c R.O T.L
176 Fig. 3 Effect of the studied EOs on mycelial growth (mm) of 4. alternata.

177  Determination of inhibition rate

178 According to the results presented in Figure 4, the EOs evaluated in this study exhibited different antifungal
179 activities with a level of efficacy proportional to the concentrations used. Origanum compactum and Thymus
180 leptobotrys EOs had the highest fungitoxicity effects against 4. alternata, achieving 100% mycelial growth
181 inhibition from a concentration of 8 pl/plate. Inhibition of 4. alternata growth reached 100% at concentrations of

182 32ul/plate and 64pl/plate using L. nobilis and R. officinalis essential oils, respectively.
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183 [EOS]
184 Fig. 4 Inhibition rate of EOs against 4. alternata.
185  Determination of MIC and the synergistic effect of EOs



186

The results of the MIC and the MFC for the four studied EOs and their evaluated mixtures against A. alternata are

187  presented in (Table 2). O. compactum EO exhibited the lowest MIC (0.650 pl/mL) compared to the other EOs
188  tested.
189 Table 2 MIC and MFC values of EOs against A. Alternata
Essential oils MIC “(nl/mL) MFC "(ul/mL)
O. compactum 0.651 0.651
T. leptobotrys 1.302 10.41
L. nobilis 5.206 10.41
R. officinals 10.41 20.83
Oregano/Thyme (M1) 0.16 0.16
Oregano/Laurel (M2) 2.60 10.41
Oregano/Rosemary (M3) 0.65 10.41
Thyme/Rosemary (M4) 2.60 20.825
Thyme/Laurel (M5) 1.302 5.206
Laurel/Rosemary (M6) 2.60 10.41
Oregano/Thyme/Laurel (M7) 0.16 1.302
Oregano/Thyme/Rosemary (M8) 0.325 5.206
Oregano/Rosemary/Laurel (M9) 0.325 5.206
Thyme/ / Rosemary/ Laurel (M10) 0.650 20.825
Oregano/Thyme/ Laurel/ Rosemary (M11) 0.325 5.206
190 (*) Minimal Inhibitory Concentration, (**) Minimal fungicidal concentration (n = 3) for each EO
191 The Oregano/Thyme, and Oregano/Thyme/Laurel mixtures showed very high inhibitory activity with a MIC of
192 0.16  pl/mL, compared to the  Oregano/Thyme/Rosemary, Oregano/Rosemary/Laurel, and
193 Oregano/Thyme/Laurel/Rosemary mixtures, which showed moderate inhibitory activity with a MIC of 0.325
194 pl/mL. In addition, O. compactum EO, Oregano/Thyme, and Oregano/Thyme/Laurel mixtures were also assessed
195 as having high fungicidal activity with an MFC of 0.16, 0.65, and 1.302 pl/mL, respectively (Table 2).
196 furthermore, results revealed that the maximum synergistic effect was attributed to Origan-Thyme and Origan-
197 Thyme-Laurier with a FICI of 0.37 and 0.4, respectively. Double Laurel-Rosemary combinations (FICI=0.75) had
198 a partial synergistic effect. In contrast, Origano-Rosemary, Thyme-Rosemary, and Thyme-Laurier combinations
199 showed an indifferent effect. The triple combinations Origano-Thyme-Rosemary (FICI=0.78), Origano-
200 Rosemary-Laurier (FICI=0.59), and Thyme-Rosemary-Laurier (FICI=0.69) have presented partial synergism
201 effect on A. alternata. The quadruple mixture of all the essential oils tested showed partial synergy (Table 3).
202 Table 3 Interaction activity of EO combinations
Combination of Eos FIC
FICI Interpretation*
Double combination A/B EOA EOB
Oregano/Thyme 0.25 0.12 0.37 Synergism
Oregano/Laurel 4.00 0.50 4.5 Antagonism
Oregano/Rosemary 1.00 0.06 1.06 Indifference
Thyme/Rosemary 2.00 0.25 2.25 Indifference




Thyme/Laurel 1.00 0.25 1.25 Indifference

Laurel/Rosemary 0.25 0.50 0.75 Partial synergism

FIC FICI Interpretation*
Triple combination A/B/C

EOA EOB EOC
Oregano/Thyme/Laurel 0.25 0.03 0.12 0.40 Synergism
Oregano/Thyme/ Rosemary 0.50 0.03 0.25 0.78 Partial synergism
Oregano/Rosemary/Laurel 0.50 0.03 0.06 0.59 Partial synergism
Thyme/Rosemary/Laurel 0.06 0.12 0.50 0.69 Partial synergism

FIC FICI Interpretation*
Quadruple combination A/B/C/D

EOA EOB EOC EOD
Oregano/Thyme/Laurel/Rosemary 0.51 0.25 0.06 0.03 0.86 Partial synergism
203 Abbreviations: FIC: Fractional Inhibitory Concentration, FIC: Fractional inhibitory concentration. FICI:
204  Fractional inhibitory concentration index
205 *Interpretation: Synergism (FICI <0.5), partial synergism (0.5 <FICI <1.0), indifference (1.0<FICI <4.0), and
206 antagonism (FICI >4.0).
207  Determination of DS (%) and DR (%)
208 Antifungal activity on detached olive leaves was developed to determine the efficacy of essential oils against A.
209 alternata (Fig. 5). The results showed that all the studied treatments, applied at a concentration equivalent to the
210  MIC, reduced infection on the leaves compared with the inoculated control. The greatest percentage of disease
211  reduction and the lowest degree of severity are obtained after applying combinations of EOs with synergistic
212 effects (Table 4).
213
214 Fig. 5 Antifungal activity of EOs and their combination on detached olive leaves. (A) Cpntrol (B) Inoculated
215 control, Inoculated and treated by (C) O.c, (D) T.L, (E) LN, (F) RO, (G) Origano/Thyme, (H)
216  Origano/Thyme/Laurel
217 Table 4 Disease severity and reduction of olive leaf spot by different essential oils 7 days after inoculation. Means
218 n=3+SE.
219



220

Treatments Ds(%) DR(%)
221 Inoculated control 86.6 £ 1.66 0
222 O.c 26.66 = 1.66 73,72
293 T.L 22.77 +£2.55 69,23
L.N 31.11 £0.96 64,1
224 RO 43.33 £ 1.66 50
225 Orig-Thy 21.66 + 1.66 75
Orig-Thy-Lau 21.11 £0.96 75,64
226  Molecular docking study
227 Molecular docking assays were performed using a selected protein as a receptor and 32 plant metabolites as
228 ligands. The analysis was preceded by preparing the protein and ligands and determining the active site. The
229 predicted active binding site for the E3 ligase Brel protein is characterized by an active site surface area (ASA) of
230  5892.894 A2 and a volume (VSA) of 6632.236 A3 (Fig. 6).
231
232 Fig. 6 3D representation of target protein (A) and predicted active site (B).
233 The results of these investigations, showing the estimated docking affinity of the docked positions, are presented
234 in Table 5 and Figure 7. It was observed that all the compounds analyzed gave a better Gibbs free energy when
235 interacting with the co-crystalline ligand of the target protein. Caryophyllene and Methyleugenol are the most
236 stable of the other compounds, with the lowest Gibbs free energy (-9.7 and -9.3 kcal/mol, respectively). The
237  binding sites, included LYS-154, LEU-155, ALA-157, ALA-158, and PRO-43, GLN-110, SER-111.In addition,
238 Aromadendrene, 4-terpineol, a-gurjunene, a-pinene, y-Terpinene, camphene, and camphor showed considerable
239 stability in the active site, with Gibbs free energy ranging from -6.9 to -6 kcal/mol. The other components presented
240 energies between -5.9 and -5.4 kcal/mol . The simulation revealed the interaction between the protein responsible
241 for regulating hyphal growth, conidial formation, and pathogenicity of the A. alternata agent and the EOs chemical
242 components, evaluated to explore the binding mechanisms of the selected protein to understand their role in
243 inhibiting the pathogen.
244  Table 5 Binding sites of EOs components with target protein.
Ligands (Kfszllﬁol) Polar binding site
Caryophyllene -9.7 LYS-154, LEU-155, ALA-157, ALA-158
Methyleugenol 9.3 PRO-43, GLN-110, SER-111
Aromadendrene -6.9 LEU-142, ALA-158, LYS-157, TYR-161
4-terpineol -6.7 LEU-142, ALA-158, LYS-157, TYR-161
o-gurjunene -6.5 LYS-154, Lys-157, ALA-158, TYR-161, TYR-162

10



o-pinene -6.3 CYS-36,LYS-39, LYS-142, VAL-145, TRP-149
v-Terpinene -6 PRO67, VAL-70, ILE-87, LEU-89 TYR-100, ILE-100, ILE-109,
Camphene -6 ALA-32, ARG-35, CYS-36, LYS-39, VAL-45, TRP-149, ARG-171
Camphor -6 ARG-35, CYS-36, LYS-39
Bornyl acetate -5.9 ARG-35, CYS-36, LYS-39, LYS-142, ALA-167, ARG-171
1,8-cineole -5.7 ALA-32, CYS-36, LYS-39, LYS-142, VAL-145, TRP-149
Carvacrol -5.7 PRO-79, PRO-116, ASN-117, PRO-121, ALA-127, PHE-130
Thymol -5.7 CYS-36, GLU-49, LYS-142, VAL-145, TRP-149
Trans-isoeugenol -5.7 ARG-35, CYS-36, ASP-50, LYS-142, VAL-145, TRP-149, ALA-167
Sabinene -5.7 PRO-67, PRO-68, VAL-70, LEU-89, ILE-105, ILE-109
o -terpineol -5.7 LYS-157, ALA-158, TYR-161, TYR-162
Trans-isoelemicin 57 ALA-32, ARG-35, CYS-36, LYS-39, GLU-49, ASP-50, VAL-145, TRP-149, ALA-167
ARG-171
o-terpinene -5.7 LYS-157, ALA-158, TYR-161, TYR-162
0 3-carene -5.7 LYS-157, ALA-158, TYR-161, TYR-162
p-Cymene -5.6 LYS-157, ALA-158, TYR-161, TYR-162
p-Bisabolene -5.6 PRO-67, VAL-70, ILE-87, LEU-89, TYR-100, ILE-105
Linalool 56 ALA-32, ARG-35, CYS-36, LYS-39, LY157-?2’ VAL-145, TRP-149, ALA-167, ARG-
Eugenol -5.5 ARG-35, CYS-36, GLU-49, LYS-142, VAL-145, TRP-149, ALA-167
Verbenone -5.5 ARG-35, CYS-36, LYS-39, LYS-142, TRP-149,ALA-167, ARG-171
o-Terpinyl propionate -54 GLN-136, LEU-142, LYS-157, ALA-158, TYR-161, TYR-162
m-Mentha-6,8-diene -5.3 ARG-35, CYS-36, LYS-39, LYS-142, VAL-145, TRP-149,ALA-167
p-Elemene -5.3 LEU-142,LYS-157, ALA-158, TYR-161
Borneol -5.3 ARG-35, CYS-36, LYS-39, GLU-49, LYS-142, VAL-145, TRP-149
B-Pinene -5.1 ARG-35, CYS-36, LYS-39, LYS-142, VAL-145, TRP-149
Trans-cinnamylacetate -5 LYS-157, ALA-158, TYR-161, TYR-162
2-Methyl-Z,Z-3,130ctadecadienol -4.8 LEU-13, PRO-16, LEU-155, THR-159, ARG-179
Carvacrol-methyl-ether -4.4 LEU-142, ALA-158, LYS-157, TYR-161
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Fig. 7 Interaction of polar binding site residues in ubiquitin E3 Ligase.(A) Caryophyllene , (B) Methyleugenol,
(C) Aromadendrene, (D) 4-terpineol, (E) a-gurjunene, (F) a-pinene, (G) y-Terpinene, (H) Camphene, (I)
Camphor; (G) Bornyl acetate, (K) 1,8-cineole, (L) Carvacrol, (M) Thymol, (N) Trans-isoeugenol, (O) Sabinene,
(P) a-terpineol, (Q) Trans-isoelemicin, (R) a-terpinene, (S) & 3-carene, (T) p-Cymene, (U) B-Bisabolene, (V)
Linalool, (W) Eugenol, (X) Verbenone, (Y) a-Terpinyl propionate, (Z) m-Mentha-6,8-diene, (AA) B-Elemene,
(AB) Borneol, (AC) B-Pinene, (AD) Trans-cinnamylacetate, (AE) 2-Methyl-Z,Z-3,13-octadecadienol, (AF)
Carvacrol-methyl-ether

Discussion

Alternaria is a genus of phytopathogenic fungi that causes disease in many crops. It produces phytotoxins, which
may explain its potential evolution and prevalence. A. alternata is an important and much-debated topic in current
research due to its adaptation and acquisition of fungicide resistance (Bhushan et al., 2025). In this respect, this
study was conceived to investigate the antifungal activities of EOS and their combinations against this plant
pathogen. The yield and chemical composition of EOs can be impacted by many factors, including growing
conditions, weather, altitude, soil type, agricultural practices, growth stage, part of the plant extracted, and
harvesting season (Moghaddam & Mehdizadeh, 2017). In this sense, the EO yield (3.57+0.02%) obtained from O.
compactum in this study is within the range (1.22% to 4.24%) reported by Laghmouchi et al. (2018) in different
regions of northern Morocco. Furthermore, the chemical compounds (carvacrol and p-cymene) found in O.
compactum EO are similar to those reported in several studies (Jeldi et al., 2022). Thymus leptobotrys essential
oil yielded 1.71+0.07of EO in this investigation. Alaoui Jamali et al. (2014) obtained similar values for these
species collected in the Tafrouat region of Morocco. The chemical composition of the essential oils obtained from
T. lebtobotrys was mainly carvacrol (75.05%). Comparable results indicated that carvacrol (76.94-78.1%) is the
predominant compound in the essential oil of 7. leptobotrys (Etri & Pluhar, 2024). The yield of Rosmarinus
officinalis EO was estimated at 0.77+£0.38%, which is similar to the value found by Derwich et al. (2011) (0.54%)
using aerial parts of these species collected in Boulemane province (Tafardoust). GC-MS analysis of R. officinalis
essential oil identified 1,8-cineole (33.46%), followed by camphor (17.50%) and a-pinene (17.47%) as the main
volatile compounds. This chemical composition is in accordance with that previously established for Moroccan
Rosemary species (Elyemni et al., 2022). The yield of EO (1.66+0.02%) extracted from L. nobilis is similar to that
obtained by Ailli et al. (2023) using the same extraction technique from plant material collected in the Meknes
region. On the other hand, the prevalence of 1,8-cineol and linalool in the chemical composition of EO extracted
from L. nobilis has been demonstrated in numerous studies, which point in the same direction as the present results
(Razzouk et al., 2022).

Various levels of inhibition against this phytopathogenic agent have been demonstrated following the application
of EOs extracted from aromatic and medicinal plants. This study highlighted the antifungal properties of O.
compactum, T. leptobotrys, and their highest capacity to control A. alternata. These results are consistent with
previous studies showing that the variation in fungicidal activity of plant EOs may be related to the diversity of
active components (Hu et al., 2019). The findings of Ez-zriouli et al. (2020) highlighted that essential oils of O.
compactum inhibited the growth of 4. alternata at a MIC of 0.02%. Thyme has been shown to have a strong
inhibitory effect on the fungus A. alfernata in many studies (Ammar et al., 2022; Sazvar et al., 2022). Recent study
showed that EOs and aqueous extracts of Thyme species such as 7. vulgaris, T. pectinatus, and T. convolutus have

potent antifungal properties on 4. alternata (Francio et al., 2023). The antifungal properties of L. nobilis essential
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oil have been studied in several studies (Fidan et al., 2019; Al-Abri et al., 2022). Ammar et al. (2022) examined
the antifungal activity of EOs extracted from L. nobilis and T. vulgaris leaves. The in vitro test showed inhibition
of radial mycelial growth of 4. alternata ranging from 62 to 84% at concentrations of 2.5, 5, and 10%, respectively.
R. officinalis EO had the lowest antifungal activity against 4. alternata compared to the other EOs studied. Its
effectiveness depends on the concentration used. Jalel et al. (2023) studied the activity of lemongrass and R.
officinalis essential oils against A. alternata, showing that rosemary EO was less active against this fungus. For
instance, Perina et al. (2015) evaluated Thymus vulgaris essential oil and thymol against Alternaria alternata and
attributed the antifungal activity of this AMP to thymol. In another recent study, carvacrol was found to have the
highest inhibitory activity against A. alternata when compared with 15 other components of essential oils (Li et
al., 2023). In the current study, carvacrol is the main constituent of O. compactum and T. leptobotrys. These results
underline the strong activity of these two essential oils against the causative agent.

The potential synergistic effect of combining EOs has been identified as an effective anti-microbial strategy
(Bassolé & Juliani, 2012). There has been little research into the synergistic effect of EOs in inhibiting fungi, in
comparison with the inhibition of the growth of bacteria and other pathogens (Nikkhah et al., 2017). The results
of the present study demonstrated the ability of the chemical components of EOs to produce synergistic and
partially synergistic effects on the inhibition of A. alternata. Hossain et al. (2016) demonstrated that the
combination of Oregano and Thyme had a synergistic effect against numerous fungal pathogens of food
(Aspergillus flavus, Aspergillus parasiticus, and Penicillium chrysogenum), due to the synergy between carvacrol
and thymol. Nevertheless, Jiang et al. (2023) demonstrated that a mixture of Oregano and Thyme essential oils
showed partial synergy against 4. alternata. Further synergistic effects were reported using a combination of thyme
and rosemary EOs on the growth of 4. alternata (Nikkhah & Hashemi, 2020a). Complex interaction between
different classes of compounds, such as phenols, aldehydes, alcohols, ketones, esters, ethers, or hydrocarbons
present in EOs, often results in synergistic activity (Ngo-Mback et al., 2020). Therefore, the additive and
synergistic activity of certain combinations against 4. alternata demonstrated in this research is due to the
combined effects of two or more EO components. Nevertheless, to our knowledge, no studies have yet been
conducted on the antifungal effect of these EOs on detached olive leaves. This study demonstrates a positive effect
in reducing the spread of A. alternata infection, with symptoms reducing by 75.64% and 50%. These results are
significant, as they demonstrate that synergy enhances the efficacy of essential oils in vitro and on detached leaves.
A molecular docking study against ubiquitin E3 ligase was carried out to confirm the antifungal activity of the
EOs components studied. This study was carried out to identify ligands potentially involved in blocking the
enzyme's activity and thus to better understand their mode of action in controlling hyphal growth, conidiation, and
pathogenicity of A. alternata. The major and minor components of the studied EOs bind to the target protein, as
shown by the results of the in silico analysis. The most predicted ligands with high affinity to this protein are the
natural chemical components Caryophyllene and Methyleugenol.

Ubiquitin E3 ligase is a key element in monoubiquitination (Fig. 8), and controls many vital fungal functions,
including plant cell wall degradation enzymes and chitin-binding proteins, thought to be involved in hyphal
growth, conidiation, and pathogenicity in 4. alternata (Liu et al., 2020).

Numerous studies have explored the affinity of the main components of EOs towards various proteins,
emphasizing their key role in observed biological activities (Adedotun et al., 2022; Omar et al., 2021). However,

the results of the current study reveal that some minor components, despite being present in low concentrations,
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may also exhibit a high affinity for protein targets. These results imply that the activity of EOs cannot be attributed
exclusively to their major components. All constituents must be considered, including the minority fraction, as
they can contribute significantly to the antifungal effect, notably through synergistic interactions between the

different molecules present.
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Fig. 8 Schema of the mechanism of action of essential oil on ubiquitin E3 ligase

Conclusion

In this investigation, the essential oils of O. compactum and T. lebtobotrys demonstrated the most potent antifungal
activity against Alternaria alternata, causing leaf spots in olive leaves. The double (Oregano/Thyme) and triple
(Oregano/Thyme/Laurel) combinations provided synergistic activity against 4. alternata. This synergy highlights
the interest in using associations of EOs to increase their efficacy in foliar disease control. These results provide a
starting point for improving the efficacy of EOs by combining them. It also provides a theoretical basis and opens
up new avenues for the use of EOs and their major as well as minor chemical compounds such us Caryophyllene
and Methyleugenol as a new perspective in the context of ecological techniques aimed at limiting olive leaf spot
caused by 4. alternata, while minimizing the use of fungicides in agriculture.
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