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ABSTRACT

Growing concerns regarding the environmental and health impacts of synthetic pesticides have stimulated
increasing interest in plant-derived antimicrobial agents as sustainable alternatives. In this study, the essential oil
(EO) of Ormenis mixta collected from the Pre-Rif region (Taza, Morocco) was extracted by hydrodistillation using
a Clevenger-type apparatus and chemically characterized by gas chromatography—mass spectrometry (GC-MS).
Antimicrobial activity was evaluated using the broth microdilution method according to CLSI guidelines against Gram-
positive bacteria (Staphylococcus aureus, Bacillus subtilis), Gram-negative bacteria (Escherichia coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa), and the opportunistic yeast Candida albicans. The EO yield reached 0.55% (w/
w). Chemical analysis revealed a composition dominated by aromatic hydrocarbons (51.18%) and polycyclic aromatic
compounds (20.89%), whereas oxygenated monoterpenes were detected in lower proportions. The lowest minimum
inhibitory concentration (MIC) was recorded against C. albicans (6.50 £ 0.76 mg/mL), indicating notable antifungal
activity. Gram-positive bacteria exhibited moderate susceptibility, while Gram-negative strains were comparatively
less sensitive, likely due to structural differences in their outer membranes. Molecular docking analysis further
suggested that major aromatic constituents, particularly hydrogenated anthracene and trimethyl-substituted naphthalene
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derivatives, may contribute to membrane-related antimicrobial interactions. Overall, these findings describe a distinct

Pre-Rif chemotype of O. mixta and provide experimental evidence supporting its potential as a natural antimicrobial

agent. The results offer a scientific foundation for future ecological, toxicological, and field-based evaluations aimed at

integrating this essential oil into sustainable agricultural and environmental management strategies.

Keywords: Ormenis mixta; Essential Oil; Ecological Sustainability; Antifungal Activity; Biocontrol Agent; Circular

Bioeconomy

1. Introduction

The intensive use of synthetic antimicrobials and
pesticides in agriculture has caused serious ecological
problems, including soil degradation, water pollution, bio-
diversity loss, and the emergence of resistant microbial
strains. These impacts underline the urgency of develop-
ing eco-friendly alternatives that can protect crops and
ecosystems without leaving harmful residues. Within this
ecological framework, the exploration of local biological
resources offers an opportunity to discover natural agents
that align with the principles of ecological protection and
sustainable agriculture. Interest in medicinal and aromatic
plants has been growing significantly in recent years, and
international trade in these products is expanding at an an-
ticipated annual rate of approximately 8-10% '".

Medicinal and aromatic plants (MAPs) are rich in
secondary metabolites, particularly essential oils, valued for
their therapeutic, food, cosmetic, and industrial applications
(23] Extraction techniques—traditional and modern—aim
to maximize both yield and quality . The global essential
oils market, valued at USD 10.3 billion in 2021, is expected
to reach USD 16.0 billion by 2026, reflecting their increas-
ing use as natural alternatives to synthetic chemicals .
However, industry also generates about 20 million tonnes
of by-products annually, often discarded despite being po-
tential sources of bioactive compounds that could provide

both environmental and economic benefits /.

Morocco hosts over 800 MAP species ', many pro-
ducing essential oils with notable biological properties.
Moroccan EOs have shown antifungal activity against
Alternaria alternata, Botrytis cinerea, and Fusarium ox-

ysporum 1ol

, as well as antibacterial effects—for instance,
Thapsia transtagana inhibited both Gram-positive (Staph-
vlococcus aureus, Bacillus cereus, Enterococcus faecalis)
and Gram-negative species (Pseudomonas aeruginosa,
Citrobacter freundii, Escherichia coli, Klebsiella pneumo-

niae) ", Other species, such as Dittrichia viscosa, Mentha

pulegium, and Origanum elongatum, exhibit antioxidant
12-14

| Beyond therapeutic uses, MAP-derived

15,16

potential |
EOs are gaining interest in pest biocontrol "', offering
eco-friendly alternatives to chemical pesticides that con-
tribute to health risks, resistance, and biodiversity loss.
Indeed, their volatility further reduces environmental per-
sistence and pollution 7",

Ormenis mixta (syn. Chamaemelum mixtum (L.)
All., Anthemis mixta L., Cladanthus mixtus (L.) Chevall.
(Also known as "Moroccan chamomile" or "simple-leaved
chamomile")), is an annual species of the Asteraceae fami-
ly found extensively in western and central Morocco, espe-
cially in the plain areas of the region as well as in sandy or
stony pastures and along the Atlantic coastline *"**. This
plant is spontaneous in nature, grows 10—40 cm, and has a
distinctive fragrant white and yellow flower; it is collected
by the local populations between the months of March and
June. Ormenis mixta represents an important source for
obtaining an essential oil commonly used in the perfume,
cosmetic, and pharmaceutical industries, with Morocco be-
ing the principal global supplier .

The essential oil from O. mixta is mainly composed
of D-germacrene and 1,8-cineole, and is marketed in aro-
matherapy for its general tonic, neurotonic, and aphrodisi-
ac activity, besides its anti-infectious, anti-bacterial, para-
siticidal, and wound healing properties ****. The plant is
also used in traditional medicine to a lesser extent than for
industrial purposes, particularly in the Rabat region and
Maamora region of Morocco, where it is used to apply the
flower heads onto small wounds to promote the healing
process "’ In addition, a few studies have discussed the
antioxidant, anti-inflammatory, antidiabetic, hypocholes-
terolemic, and antimicrobial activity attributed to this spe-
cies in the literature, signaling the increasing significance
of this species for pharmaceutical valorization and as a
natural preservative in food-related and medical-related
applications *°.

Earlier work on O. mixta essential oils from sever-
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al Moroccan localities has, for the most part, identified
chemotypes dominated by oxygenated monoterpenes or
chemotypes rich in camphor “”. These observations il-
lustrate that geographical origin has a huge effect on the
production of volatile compounds **. The present study
shows that the Pre-Rif population of O. mixta had a very
different chemical composition, containing mainly aro-
matic and polycyclic hydrocarbons, providing convincing
evidence that it contained a novel chemotype which had
not been documented, thus far, in Moroccan populations of
O. mixta. Furthermore, the chemical variability observed
may also be associated with functional differences, as the
Pre-Rif oil demonstrated a particularly strong antifungal
activity toward Candida albicans than toward Gram-nega-
tive bacteria. These regional differences highlight the need
to formalize documenting intra-specific diversity, which is
important for the valorization and sustainable use of Mo-
roccan chamomile essential oils .

Despite the growing interest in Moroccan medicinal
and aromatic plants, research on O. mixta essential oil re-
mains limited and geographically fragmented. Most avail-
able studies have focused on central and coastal regions,
leaving northern areas such as the Pre-Rif largely unex-
plored. Furthermore, although the antimicrobial properties
of O. mixta have been previously mentioned, few inves-
tigations have systematically linked chemical variability
with biological activity. This knowledge gap is particularly
relevant because intra-specific diversity in chemotypes can
strongly influence bioactivity and, consequently, potential
industrial and environmental applications. Addressing this
gap is essential to establish the full valorization potential
of O. mixta and to guide sustainable exploitation strategies.
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In this context, the objective of the present study was
to determine the chemical composition of Ormenis mixta
essential oil harvested from the Pre-Rif region (Taza, Mo-
rocco) and assess its antibacterial and antifungal potentials
on two Gram-positive and two Gram-negative bacteria and
on Candida albicans. The study sought to relate the com-
position and chemical classes of volatile compounds to
the observed antimicrobial activity and determine possible
pharmaceutical and ecological significance from the native

species.

2. Materials and Methods

2.1.Plant Material and Essential Oil Ex-
traction

The specimens of Ormenis mixta analyzed in this
study were systematically collected in the Taza region
(Figure 1) at 34°43'15" N, 4°02'23” W (altitude of 1,324
m), an area recognized as a center of excellence for tradi-
tional Moroccan phytotherapy. This strategic region forms
a unique biogeographical corridor between Mediterranean
and Atlas influences, creating a mosaic of ecosystems con-
ducive to diversified medicinal flora *". The Taza region
presents remarkable plant diversity, with more than 800
species recorded, of which nearly 15% are endemic "

The plant materials used in this research were taxo-
nomically validated by Professor Zidane, a botanist at the
Faculty of Sciences, Ibn Tofail University, Kenitra/Mo-
rocco. A voucher was deposited in the Herbarium of the
Department of Biology, Faculty of Sciences-Kenitra, under
number 83/2025 for O. mixta.
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Figure 1. Taza province on the map, its districts and harvest area (with modifications) 34,
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The plant material was air-dried at ambient tem-
perature and hydrodistilled for 3 h using a Clevenger-type
device. The essential oil yield was calculated based on the

dry weight (% w/w).

2.2. Gas Chromatography—Mass Spectrometry
(GC-MS) Analysis

The chemical composition of the essential oil was
analyzed using GC-MS equipped with an HP-5MS capil-
lary column. Helium was used as a carrier gas at a constant
flow of 1.0 mL/min. The injector temperature was set at
250 °C. The oven temperature program was: 50 °C for 5
min, rising at 4 °C/min to 280 °C, and held for 10 min.
Mass spectra were acquired in EI mode at 70 eV. Com-
pounds were identified by comparing mass spectra with
NIST library data and by retention indices calculated rela-

tive to a homologous series of n-alkanes.

2.3.Microorganisms and Culture Conditions

Six microbial strains were used in this study: Esche-
richia coli, Staphylococcus aureus, Pseudomonas aerugi-
nosa, Klebsiella pneumoniae, Bacillus subtilis, and Candi-
da albicans. All strains were obtained from the microbial
collection of the National Institute of Aromatic and Medic-
inal Plants (Morocco) and are recognized for their clinical
and ecological relevance in antimicrobial resistance. The
bacteria were maintained on Mueller—Hinton agar and the
yeast on Sabouraud dextrose agar under standard culture

conditions.

2.4. Antimicrobial Assay

The antimicrobial activity of O. mixta essential oil
was assessed using the broth microdilution method in ster-
ile 96-well microplates following CLSI guidelines. Muel-
ler—Hinton broth was used for bacteria, and Sabouraud
broth for fungi. A stock solution of the essential oil (100
mg/mL) was prepared in 0.2% agar and serially diluted (1/2
to 1/64) to yield a final range of 0.195-50 mg/mL. Each
well contained 100 pL of broth, 100 uL of EO dilution,
and 10 pL of microbial suspension (10° CFU/mL for bacte-
ria and 10" CFU/mL for fungi). Plates were incubated at 37
°C for 24 h (bacteria) or 2628 °C for 24—48 h (fungi).

After incubation, 10 uL of resazurin solution (5 mg/
mL) was added, and color change was observed following
an additional 3 h incubation. The minimum inhibitory con-
centration (MIC) was defined as the lowest EO concentra-
tion with no color change (no microbial growth). Minimum
bactericidal concentration (MBC) and minimum fungicidal
concentration (MFC) were determined by subculturing 10
pL from wells without growth onto agar plates, with MBC/
MFC defined as the lowest concentration reducing viable
counts by > 99.99%. The MBC/MIC or MFC/MIC ratio
classified the oil as bactericidal/fungicidal (<4) or bacterio-
static/fungistatic (>4) ", Each experiment was conducted
on three separate occasions to ensure biological reproduc-
ibility (independent assays performed on different days). In
the agar diffusion assay, every strain—concentration combi-
nation was evaluated using three discs per plate (technical
replicates), resulting in a total of nine measurements (n =9)
for each condition and microorganism. For MIC and MBC
determinations, duplicate wells were prepared within each
independent experiment, providing six observations per
tested condition (n = 6). Appropriate controls were system-
atically included. Gentamicin served as the antibacterial
reference (10 pg/disc for diffusion assays and 0.5-8 pg/
mL for MIC determination), while amphotericin B (0.25-4
pg/mL) was used as the antifungal standard. Vehicle con-
trols containing <1% DMSO and 0.1% Tween-80 were in-
corporated, along with sterility controls to verify media in-
tegrity. Microbial suspensions were adjusted to a turbidity
equivalent to 0.5 McFarland, corresponding approximately
to 1 x 10° CFU/mL for bacterial strains and 5 x 10° CFU/
mL for fungal strains. All procedures were carried out in
compliance with BSL-2 laboratory safety guidelines with-
in the institutional microbiology facility. The study did not
involve human participants or vertebrate animals, and all
biological residues were sterilized by autoclaving prior to

disposal.

2.5.Molecular Docking

2.5.1. Preparation of Ligands

In order to assess the interactions of the compounds
discovered by GC-MS based on the primary molecules,
molecular docking experiments were carried out. The iden-

tified biomolecules were acquired in SDF 3D format from
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the PubChem database. PyMOL was used to convert them

into PDB files ®°. Following their unique input into Aut-

L)

oDock, the produced ligands (Figure 2) were stored in pd-
bqt format.

L2

Figure 2. 3D structure of the ligands.
Note: L : Bicyclo[2.2.1]heptan-2-one, 1,7,7-trimethyl-, (1S); L,: Naphthalene, 2,3,6-trimethyl; L,: Anthracene, 1,2,3,4,5,6,7,8-octahydro; L,: 1,3-Cyclohexadiene, 1-meth-
yl-4-(1-methylethyl); L,: Benzene, 1-ethyl-2,3-dimethyl.

2.5.2. Preparation of Proteins

Before being included into AutoDock, the crystal-
lographic structures of sterol 14a-demethylase (PDB ID:
SFRB), B-1,3-glucan synthase (PDB ID: 8WL6), chitin
synthase (PDB ID: 8K3R), and penicillin-binding proteins
(PDB ID: 7RDO0) were retrieved from the Protein Data
Bank. As part of their preparation, they used the Biovia

Discovery Studio 2024 software (Accelrys, San Diego,
USA) to remove the water molecules and co-crystallized
ligands from the active site. The missing hydrogen atoms
were then filled in, the Kollman-type partial charges were
assigned, and the protein structures (Figure 3) were con-
verted to the pdbqt format using the AutoDockTools pro-
gram (v.1.5.7, 4.2.6).
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Penicillin-binding proteins (7RD0)

Sterol 140-demethylase (SFRB)

Figure 3. 3D structure of the proteins.

2.5.3. Molecular Docking Analysis

Using AutoDock Vina and an automated script, the
molecular interactions of the bioactive compounds were
analyzed. The configuration file.txt contains the docking
grid's parameters. The genetic algorithm combined with lo-
cal search (LGA) served as the foundation for the simula-
tions %, Using AutoGrid, the active areas of each enzyme
were defined by centering the grid on the co-crystallized
ligands with a cubic mesh of 60 A per side and a spacing
of 0.500 A, and the (x, y, z) coordinates of the centered
grid box were specified for each protein studied. The box
of the sterol 14a-demethylase was centered at the coordi-
nates (290.960, 16.750, 6.010), B-1,3-glucan synthase at
(131.832, 130.674, 113.486), chitin synthase at (116.598,
116.604, 129.727) and penicillin-binding proteins at (0.551,
—18.521, 14.179). Every binding affinity value was taken

into account throughout the dynamic simulations. Biovia
Discovery Studio 2024 was used to identify the amino ac-
ids implicated in the interactions and view the complex

conformations.

2.6. Statistical Analysis

Results are reported as mean + SD. MIC and MBC/
MFC values were summarized using descriptive statistics,
and the killing index was expressed using the ratio (MBC/
MIC). For the GC-MS dataset, each identified compound
was reported as a relative percentage of the total chromato-
graphic area and then ordered from highest to lowest abun-
dance. To illustrate how much of the oil composition was
accounted for by the most abundant constituents, we plot-
ted a cumulative contribution curve based on the ranked

percentages. This representation highlights dominant com-
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pounds and shows whether a small set of volatiles explains
most of the profile. Associations between oil yield, the
abundance of major constituents, and antimicrobial indi-
ces were examined using Pearson’s correlation (r), and the
correlation matrix was displayed as a heatmap to facilitate
interpretation. Analyses and figures were produced in Py-
thon 3.11 using pandas, numpy, seaborn, and matplotlib,

with statistical significance defined as p < 0.05.

3. Results

3.1. Extraction Efficiency

Following hydrodistillation, the yield of essential oil
extracted from the aerial parts of O. mixta was 0.55% (w/w)
based on the dry weight of the plant material. The oil ap-
peared as a pale yellow liquid with a characteristic aromat-
ic odor. This essential oil yield is in the low to moderate
range as previously reported for O. mixta in Morocco, indi-
cating that variation can occur depending on geographical
origin, climate, period of harvesting, and drying process-
es. For example, previous research conducted in various

Moroccan regions has found the essential oil yield for O.

mixta to be between 0.30% and 0.80%, demonstrating the
effect ecological and edaphic factors can have on essential
oil yield. This kind of variability is not unusual for species
within the Asteraceae family; rather, it reflects the plant’s
ability to adapt to changing environmental conditions.
Thus, the current results classify the Pre-Rif population
within the expected yield range, confirming its potential
as a local viable source of essential oil for pharmaceutical

and environmental uses.

3.2. Chemical Composition

The GC-MS chromatogram of O. mixta EO revealed
a chemically diverse profile with major peaks detected
between 10 and 35 min (Figure 4), indicating the pre-
dominance of aromatic and polycyclic hydrocarbons. Key
constituents included Benzene, 1-ethyl-2,3-dimethyl (RT
11.92 min), bicyclo[2.2.1]heptan-2-one, 1,7,7-trimethyl
(RT 16.32 min), anthracene derivatives (RT 28.51 min),
and Naphthalene, 2,3,6-trimethyl (RT 34.68 min). Early
eluting compounds corresponded mainly to monoterpenes
(RT 9-12 min), whereas heavier compounds were detected

at longer retention times.

RT: 0.00-45.10

Benzene, 1-ethiyl-

leyelo[2.2.1]heptan.2.one,
1,7, 7-trimethyl-, (15)-

2,3-dimethyl- -
100 1192 1633 A=,
1,3-Cyclohexad Ifiﬁ"/l Naphthalene, 2,3.6-trimcibyl- '
L-methyl-4-(1- 34.69 TIC MS
90 methylethyl)- GC1
80
70
§ 60 Anthracene, 1,2,3,4.5.6,7 8-octahydire
=] 28.52
[ —
=1
£ s0
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E 40 42 63
@
o
30
25.55
20 21.68 39,00
31.85
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L 19.62 j
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Figure 4. Chromatogram of O. mixta EO.

Notes: The x-axis represents the retention time (RT, in minutes), while the y-axis indicates the relative abundance of detected ions. Each peak corresponds to a compound
separated by gas chromatography and identified by mass spectrometry. Major identified compounds are labelled in red, including 1,3-Cyclohexadiene, 1-methyl-4-(1-meth-
ylethyl)- (RT = 10.09 min), Benzene, 1-ethyl-2,3-dimethyl- (RT = 11.92 min), Bicyclo[2.2.1]heptan-2-one, 1,7,7-trimethyl-, (1S)- (RT = 16.32 min), Anthracene,
1,2,3,4,5,6,7,8-octahydro- (RT = 28.51 min), and Naphthalene, 2,3,6-trimethyl- (RT = 34.68 min). The notation NL (2.56E9) indicates the normalization level, i.e., the max-
imum signal intensity used as a reference for relative abundance scaling.
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The abundance of peaks for aromatic and polycy-
clic compounds reflects the quantitative findings from the
compositional analysis, where aromatic hydrocarbons ac-
counted for around 50% of the oil. The properties of these
molecules explain their hydrophobic nature, leading them
to interact with microbial membranes and thus perhaps ac-
count for some of the microbial suppression we observed.
The very small number of oxygenated monoterpenes, such
as eucalyptol, and then a few minor ketones, will contrib-
ute a very small amount to the bioactivity of the oil (if
indeed there is bioactivity present) but may act in combi-
nation with and support the sub-structure of the major hy-
drocarbons, as a component of bioactivity. Therefore, the
chromatographic profile confirms that O. mixta EO does in
fact contain a dual structure: a small number of very dom-
inant aromatic peaks, and many minor peaks that provide

chemical diversity and potential functional-site synergism.

Table 1 shows the chemical composition of O. mixta
EO using GC-MS. A total of 30 constituents were found,
which collectively accounted for nearly all of the oil frac-
tion (96.13%). The chromatographic data revealed prom-
inent amounts of aromatic hydrocarbons and polycyclic
aromatic compounds; moderate amounts of monoterpene
hydrocarbons; and trace amounts of oxygenated monoter-
penes. The major compounds were 1,3-cyclohexadiene,
I-methyl-4-(1-methylethyl)- (15.71%); bicyclo[2.2.1]
heptan-2-one, 1,7,7-trimethyl- (13.99%); and naphtha-
lene, 2,3,6-trimethyl- (10.95%), these major compounds
comprised over 40% of the EO. Other notable constitu-
ents were benzene, 1-ethyl-2,3-dimethyl- (8.85%) and an-
thracene derivatives (5.59%); along with a-phellandrene
(5.80%), confirming this study reflects the dominance of
terpenoid and aromatic classes generally accepted for this

family, Asteraceae.

Table 1. GC-MS profile of O. mixta EO: Retention time and relative abundance of identified constituents (%).

RT (min) Compounds Name Contents (%)
8.60 Tricyclo[2.2.1.0(2,6)]heptane, 1,3,3-trimethyl- 3.87
9.09 Camphene 1.54
10.09 1,3-Cyclohexadiene, 1-methyl-4-(1-methylethyl)- 15.71
10.16 Bicyclo[3.1.1]heptane, 6,6-dimethyl-2-methylene-, (1S)- 4.79
10.72 a-Myrcene 3.32
11.15 a-Phellandrene 5.80
11.57 Cyclohexene, 1-methyl-4-(1 methylethylidene)- 1.33
11.92 Benzene, 1-ethyl-2,3-dimethyl- 8.85
12.05 D-Limonene 3.21
12.11 Eucalyptol 0.78
16.32 Bicyclo[2.2.1]heptan-2-one, 1,7,7-trimethyl-, (1S)- 13.99
17.11 endo-Borneol 2.05
17.49 Isopulegol 2.08
19.62 Benzaldehyde, 4-(1-methylethyl)- 0.24
21.67 Phenol, m-tert-butyl- 1.30
25.55 Tricyclo[3.3.1.1(3,7)]decane-1-carbonitrile 1.68
26.27 Bicyclo[3.1.1]hept-2-ene-2-ethano 1, 6,6-dimethyl- 1.16
27.46 1-Phenylcyclohexanol 1.27
27.62 Camphene 0.42
27.92 1,3-Cyclohexadiene, 1-methyl-4-(1-methylethyl)- 0.28
28.51 Anthracene, 1,2,3,4,5,6,7,8-octahydro- 5.59
28.62 Naphthalene, 1,4-dimethyl- 0.86
28.73 Carveol 0.41
31.85 Phenanthrene, 1,2,3,4,5,6,7,8-octahydro- 1.29
32.43 Phenol,4-(1,1-dimethylethyl)-2-methyl- 0.76
34.07 1,4,5,8,9,10-Hexahydroanthracene 0.25
34.68 Naphthalene, 2,3,6-trimethyl- 10.95
39.60 Hexane, 1-chloro-5-methyl- 1.00
- Identified 94.78
- Not identified 5.22
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Conversely, while specific oxygenated components,
eucalyptol, endo-borneol, and isopulegol were less abundant
in oil yield (0.78%, 2.05%, and 2.08% respectively), they
may serve a critical biological role in conjunction with hy-
drocarbon fractions. Less significant constituents (1.30%)
phenolic derivatives and aldehydes (0.24%) contribute some
wealth. The dominant constituents being excluded by oxy-
genated monoterpenes or sesquiterpenes is evidence of the
aromatic and polycyclic nature of a chemotype. Overall, the
Pre-Rif samples chemotype was contrasted with the other
O. mixta chemotypes recognized within Morocco, which
were characterized by oxygenated constituents as dominant.
This range of chemical constituents must be recognized
and relates to the impacts of environmental and ecological
parameters (rainfall, temperature, and soil types) on EO
biosynthesis, a characteristic feature of the species. On a
functional level, hydrocarbons likely interact with microbi-

al membranes through a lipophilic pathway contributing to

100 |
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Cumulative percentage

40t

201

antimicrobial capacity, and although limited, the role of ox-
ygenated derivatives alongside increased oil potency may be
attributed to disrupting microbial enzymatic and metabolic
pathways. Both the dominant and non-dominant biological
importance of the role of O. mixta EO is explored in this
study's chemical characterization.

The cumulative contribution curve (Figure 5) illus-
trates that a very small number of important compounds
make up a majority of the chemical composition of O.
mixta EO extract. The first 5 compounds already account
for >55% of the oil, while the 10 greatest contributing
compounds accounted for >75%. After ~20 compounds,
the curve stabilizes and contributes successively less to
the overall total. This is a common occurrence in EOs,
with a few most common dominant volatiles determining
the main bioactivity and aroma of the oil, as well as many
minor and trace compounds providing primarily chemical

model diversity and potential synergies.

0 5 10 15

20 25 30 35

Number of top compounds

Figure 5. Cumulative contribution curve.

3.3. Antimicrobial Activity Evaluation

Antimicrobial activity showed clear differences be-
tween microbial species (Table 2). Strains of Candida al-
bicans (group a) exhibited the lowest MIC values (=67
mg/mL), with moderate variability and MBC values equal
to MIC, generating a ratio close to 1, suggesting a strong
fungicidal action. Bacillus subtilis (group b) exhibited low

MIC values (=12 mg/mL), with MBC values very close to

their corresponding MIC values, generating ratios close to
1, confirming bactericidal effects. The intra-assay variabil-
ity was low (CV ~ 6-7%). Staphylococcus aureus (group b)
showed slightly higher MIC values (=14—16 mg/mL), with
MBC values of the same order of magnitude, confirming
a ratio also close to 1, supporting a bactericidal profile.
Some additional fluctuation (one replicate had MBC <
MIC) is acceptable and most likely due to experimental

noise when reading resazurin.
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Table 2. Minimum inhibitory concentration (MIC), minimum bactericidal/fungicidal concentration (MBC/MFC), and killing effect of

Ormenis mixta EO against the tested microorganisms (mean + SD).

Species MIC (mg/mL) MBC or MCF (mg/mL) Ratio (MIC/MBC) Effect Tukey Grouping
Escherichia coli 25.67+0.80 51.40 +3.99 0.50 +0.04 Bactericide c
Staphylococcus aureus 14.56 £ 1.32 12.00 +£2.00 1.13+£0.13 Bactericide b
Pseudomonas aeruginosa ~ 49.33 £1.52 97.33 £3.51 0.51+0.01 Bactericide d
Klebsiella pneumoniae 24.67 +1.53 49.67 +2.52 0.50+0.03 Bactericide c
Bacillus subtilis 12.17+0.76 1233 +1.15 0.99 +0.09 Bactericide b
Candida albicans 6.50£0.76 6.67 £0.58 0.98 +£0.08 Fungicide a

Note: MIC = Minimum Inhibitory Concentration; MBC = Minimum Bactericidal Concentration; MCF = Minimum Fungicidal Concentration.

Intermediate values were shown for Escherichia coli
and Klebsiella pneumoniae (group c) with MIC values of
~25-26 mg/mL, and the MBCs were nearly double the
MICs, so the ratios were ~0.5. These results still indicate
a bactericidal effect as MBC/MIC < 4 using the midpoint
method. The variability was observed to be low (CV ~
3-6%). Finally, Pseudomonas aeruginosa (group d) had
the highest MICs (~49-51 mg/mL) and MBCs, which were
almost double the MICs, consistent with its elevated lev-
el of resistance. This strain was statistically significantly
distinct from the other strains. In synthesis, the hierarchy
of sensitivity is the following: C. albicans < B. subtilis =
S. aureus < E. coli = K. pneumoniae < P. aeruginosa. The
ratios were close to 1 for the fungus and Gram-positive
bacteria, and ~0.5 for Gram-negative bacteria, showing a

mostly bactericidal or fungicidal profile.

3.4. Correlation

The correlation analysis (Figure 6) revealed a neg-
ative correlation between EO yield, and the antimicrobial
ratios (i.e., the highest value from the four different anti-
biotic ratios) of Bacillus subtilis (r = —0.40) and Candi-
da albicans (r = —0.52); suggesting that higher yield, as
a percentage of the overall composition, contributed to a
greater effect, as measured B. subtilis was more sensitive,
and therefore overall C. albicans and Gram-positive bac-
terial sensitivity was more reliant upon yield. Of the major

constituents, cyclohexadiene (15.71%) exhibited a strong

positive correlation with Klebsiella pneumoniae (r = 0.72),
bicycloheptanone (13.99%) exhibited a moderate correla-
tion with Staphylococcus aureus (r = 0.47) Naphthalene,
2,3,6-trimethyl- (10.95%) exhibited a moderate positive
correlation via an effect on Escherichia coli (r = 0.51),
and contributing complementary mode of actions. Taken
together, we can establish that both the yield (% composi-
tion) and specific dominant compounds are contributing to
the antimicrobial activity profile, with corresponding high-
er yield and balanced profile resulting in more sensitivity,
particularly to exposure to C. albicans and Gram-positive

bacteria.

3.5. Molecular Docking Interpretation

The molecular docking is a crucial information tool
for the discovery of new drugs. It enables the precise se-
lection of potentially active components and the analysis
of the establishment of contacts at the level of the liaison
site in the protein-ligand complex. The affinity between a
ligand and its receptor is largely determined by the liaison
energy; the lower this energy, the higher the affinity "\

In this regard, five bioactive compounds were tested
against proteins and their corresponding interaction en-
ergies were compared. The obtained values, expressed in
kcal/mol, together with the inhibition constants and amino
acid residues involved in the interactions, were recorded at

the end of the docking procedure (Table 3).
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Table 3. Interaction scores between bioactive compounds and proteins.

7RD0O 5FRB 8WL6 8K3R
Be Ic Be Ic Be Ic Be Ic
L, —5.53 88.52 uM —6.90 8.82 uM —6.24 26.70 uM -5.02 209.38 uM
L, —6.87 9.18 uM —9.55 99.88 nM —8.84 333.83nM -7.57 2.84 uM
L, —=5.67 69.65 uM —7.61 2.66 uM —6.89 8.88 uM —6.05 36.71 yM
L, -5.20 153.53 uM —6.46 18.42 uyM —5.43 104.22 uM —4.63 400.83 uM
L, —6.21 28.05 uM —6.79 10.58 uM —=5.78 58.41 uM =5.72 64.24 uM

Note: Be: Binding Energy (kcal/mol); Ic: Inhibition Constant.

Naphthalene, 2,3,6-trimethyl, had the strongest af-
finity for the protein Penicillin-binding proteins (7RDO0)
among the five ligands, with a constant of inhibition of
9.18 uM and a liaison energy of —6.87 kcal/mol. The other
ligands, such as 1,3-Cyclohexadiene, 1-methyl-4-(1-meth-
ylethyl) (153.53 uM) and Bicyclo[2.2.1]heptan-2-one,
1,7,7-trimethyl-, (1S) (88.52 uM), exhibit significantly
weaker interactions.

The analysis of molecular interactions with Penicil-

lin-binding proteins (Figure 7) shows that each bioactive
compound has a series of unique interactions with the res-
idues of the site of liaison, conditioning its affinity and po-
tential inhibitor: Bicyclo[2.2.1]heptan-2-one, 1,7,7-trimeth-
yl-, (1S) forms a hydrogen bond with Tyr A 440 and three
hydrogen bonding contacts with Leu A 390, Glu A 393, and
Ser A 180. Naphthalene, 2,3,6-trimethyl, interacts by hy-
drogen bonds with Tyr A 438, Gly A 389, Lys A 385, Leu
A 390, and Ile A 388, a Pi-Alkyle bond with Tyr A 440, and
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two Pi-anion bonds with Asp A 391 and Asp A 387. An- gen bonds with Ile A 163, Ala A 154, Tyr A 232, and Leu A
thracene, 1,2,3,4,5,6,7,8-octahydro, forms three Pi-alkyle 158. Finally, 1-ethyl-2,3-dimethylbenzene forms classical
relationships with Pro A 248, Pro A 268, and Arg A 267. The hydrogen bonds with His A 151, Phe A 270, Phe 286, and
1,3-cyclohexadiene, 1-methyl-4-(1-methylethyl), has hydro- Tyr A 165 (Figure 7).

La
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- PiPi T-shaped
D Halogen (Fluorine)

D Pi-Donor Hydragen Bond |:J Carbon Hydrogen Bond
B 75 [ Pravon

- Conventional Hydrogen Bond

Figure 7. 2D and 3D interaction of ligands with active site of Penicillin-binding proteins.
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Anthracene, 1,2,3,4,5,6,7,8-octahydro is distin-
guished by a strong inhibitory activity on sterol 14a-de-
methylase (Ic = 2.66 nM) coupled with a favorable binding
energy (Be =—7.61 kcal/mol). This duality indicates a high
affinity and a potential pharmacological efficacy (Table 3).

The analysis of molecular interactions with Ste-
rol 14o-demethylase (Figure 8) shows that each bioac-
tive compound has a series of specific interactions with
the residues of the site of liaison, conditioning its affin-
ity and potential inhibitor: Bicyclo[2.2.1]heptan-2-one,
1,7,7-trimethyl-, (1S) forms four Pi-Alkyle interactions
with His A 374, Ile A 373, Phe A 229, and Phe A 504, as
well as a Pi-hydrogen donor liaison with Leu A 503. Naph-
thalene, 2,3,6-trimethyl, interacts with Tyr A 136, Ser A

L

La

- Unfavorable Bump
] A

[ st

[:] Pi-Donor Hydrogen Bond
I s

- Conventional Hydrogen Bond

375, and His A 374 through hydrogen bonds; four Pi-Al-
kyle bonds with Ile A 337, Ile A 377, Leu A 503, Ala A
307, and Phe A 234; and a Pi-pi T-shaped bond with Tyr
A 122. Anthracene, 1,2,3,4,5,6,7,8-octahydro, forms five
Pi-alkyle relationships with Leu A 471, Ala A 430, Leu A
356, Ala A 360, and Leu A 353, as well as eight halogen
relationships with Leu A 159, Gln A 467, Gly A 474, Thr
475, His A 359, Ile A 363, Gln A 354, and Tyr A 470. Ile
A 376, Ile A 373, Pro A 403, Ala A 371, and Pro A 455
are the Pi-Alkyle relationships for 1,3-cyclohexadiene,
I-methyl-4-(1-methylethyl). Finally, Benzene, 1-eth-
yl-2,3-dimethyl, forms a hydrogen bond with His A 461
and six Pi-Alkyle bonds with Val A 135, Leu A 143, Lys A
147, Ile A 464, Leu A 307, and Cys A 463 (Figure 8).

GLY S
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>

AT PRO A455
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Figure 8. 2D and 3D interaction of ligands with active site of sterol 14a-demethylase.
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For the protein B-1,3-glucan synthase, naphthalene,
2,3,6-trimethyl, shows a consistent inhibition (333.83
nM) and a liaison energy of —8.84 kcal/mol. Anthracene,
1,2,3,4,5,6,7,8-octahydro, has an intermediate activity (Ic
= 8.88 uM), whereas the other ligands remain less effec-
tive (Table 3).

The analysis of molecular interactions with the pro-
tein B-1,3-glucan synthase (Figure 9) shows that each
bioactive compound has a series of specific interactions
with the residues of the site of liaison, conditioning its af-
finity and potential inhibitor: Bicyclo[2.2.1]heptan-2-one,
1,7,7-triméthyl-, (1s) forms six Pi-Alkyle contacts with His

L2

Ls

Ls

A 1298, Pro A 1295, Leu A 1299, Met A 1270, and Ala A
1264, as well as two Pi-Donor hydrogen interactions with
Glu A 1268 and Gly A 1267. Naphtalé, 2,3,6-trimethyle
interacts with Asn A 451 by a hydrogen bond, five Pi-Al-
kyle bonds with Pro A 1295, His A 1298, Leu A 1271, Leu
A 1302, and Leu A 1299, as well as a Pi-Sigma bond with
Leu A 448. Anthracéne, 1,2,3,4,5,6,7,8-octahydro, forms
five Pi-alkyle relationships with Leu A 1299, Leu A 1271,
Leu A 448, Pro A 1295, and His A 1298. His A 1298, Pro
A 1295, Met A 1270, Leu A 1271, and Leu A 448 are the
Pi-Alkyle relations for the 1,3-cyclohexadiéne, the 1-meth-
yl-4- (1-methyléthyle).
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Figure 9. 2D and 3D interaction of ligands with active site of f-1,3-glucan synthase.
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Naphthalene, 2,3,6-trimethyl, clearly distinguishes
itself from the chitin synthase by combining a favorable
interaction energy (—7.57 kcal/mol) with the lowest con-
sistent inhibition (Ic = 2.84 uM). The results of the other
ligands are generally less favorable, especially 1,3-cy-
clohexadiene and 1-methyl-4-(1-methylethyl), which ex-
hibit a consistently high level of inhibition (400.83 uM)
(Table 3).

The analysis of the molecular interactions with chitin
synthase shows that each bioactive compound has a series
of specific interactions with the residues of the binding site
(Figure 10), conditioning its affinity and its potential in-
hibitor: Bicyclo[2.2.1]heptan-2-one, 1,7,7-trimethyl-, (1s)

L1

L2

Ls

Ls

]
D pi-Akyl
E] Pi-Donor Hydrogen Bond
I s

- Conventional Hydrogen Bond

forms three Pi-Alkyl interactions with Pro A 1026, Trp A
969, and Lys A 1031. Naphthalene, 2,3,6-trimethyl, inter-
acts with Arg A 1040 and Trp A 969 by hydrogen bonds;
a Pi-Alkyl bond with Trp B 969, and a Pi-hydrogen donor
bond with Tyr A 122. Trp B 969 and Leu B 967 are the
Pi-Alkyl relationships for Anthracene, 1,2,3,4,5,6,7,8-oc-
tahydro. 1,3-cyclohexadiene, 1-methyl-4-(1-methylethyl)
forms two Pi-Alkyl interactions with Phe A 864, Leu A
852, and two Pi-Sigma bonds with Leu A 852 and Phe A
864. Finally, benzene, 1-ethyl-2,3-dimethyl, forms two hy-
drogen bonds with Arg A 1040 and Asn B 963, two Pi-Al-
kyl interactions with Leu B 967, and Trp B 969, as well as
a pi-anion bond with Lys B 857.
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Figure 10. 2D and 3D interaction of ligands with active site of chitin synthase.
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4. Discussion

The present study identifies a distinct Pre-Rif
chemotype of O. mixta, characterized by a predominance
of aromatic and polycyclic hydrocarbons rather than the
oxygenated monoterpenes commonly reported in other
Moroccan populations. This regional chemical divergence
likely reflects local ecological conditions, including rain-

fall regime, soil composition, and temperature patterns.

4.1. Extraction Yield and Variability

EO yield obtained for O. mixta in the present study
(0.55%) is consistent with values previously reported for
Moroccan populations. Elouaddari et al. recorded an ex-
traction yield of 0.47% °7, while Zrira et al. found a slight-
ly lower yield of 0.40% **. Comparable yields were also
recorded for the Oujda region (0.40%) **!, whereas a high-
er value was reported from Bouznika (0.80%) “*. Across
studies, reported yields span a broad range (0.1-1.5%),
indicating that yield is highly dependent on the collection
site *”!. In addition, Elouaddari et al. linked this variabil-
ity to rainfall patterns: in areas receiving 229-350 mm of
precipitation, yields typically ranged from 0.3% to 0.8%,
while more humid regions (550-950 mm rainfall) showed
markedly lower yields (0.1-0.2%) . One plausible expla-
nation is that excessive moisture can limit oil biosynthesis,
as plants under high water availability may develop fewer
branches and exhibit reduced leaf integrity. Similar rela-
tionships between precipitation and EO yield have been
reported for other aromatic species *’.. Taken together,
these observations underscore the influence of ecological
factors—particularly rainfall—on O. mixta oil yield and

support the need for region-specific characterization.

4.2. Chemical Composition Analysis

The chemical diversity of O. mixta essential oils
has been widely documented and varies with geographic

B%1 For example,

provenance and environmental factors
Elouaddari et al. reported camphor as the main component
of oils from Kenitra, Settat, and Benguerir, while Bouznika
and Oujda populations yielded chemotypes dominated by
2-methyl-2-trans-butenyl methacrylate/ar-curcumene and

trans-B-farnesene, respectively *”. Other studies identified

Santolina alcohol, a-pinene, limonene, 1,8-cineole, and
germacrene-D as major constituents >*”*'"!. This chemical
variability results from harvest time, soil type, altitude, and
climatic factors, leading to distinct chemotypes. Such vari-
ability necessitates standardization for consistency in qual-
ity and use, but also enhances pharmacological potential
through diverse bioactivities ***¥,

In terms of antimicrobial activity, O. mixta essential
oils have shown variable effects depending on chemical
composition and microbial strains tested. Strong antibacte-
rial activity has been reported against E. coli, B. subtilis, S.
aureus, and Micrococcus luteus, while antifungal activity
was generally weak against Penicillium parasiticus, Asper-
gillus niger, and Trametes pini **'. Wanner et al. observed
strong inhibition zones (15-30 mm) and a MIC of 90 pg/
mL against S. aureus, E. coli, Citrobacter freundii, Entero-
coccus faecalis, Listeria monocytogenes, and K. pneumo-
niae ™, Other studies indicated moderate activity against P,
aeruginosa (MIC 50-100 mg/mL) “* and E. coli (MIC 25
mg/mL, MBC 50 mg/mL), the latter being more suscep-
tible when combined with other essential oils *”. In con-
trast, S. aureus and B. subtilis were highly sensitive (MIC
and MBC 12.5 mg/mL), in line with oils rich in 1,8-cineole
and germacrene-D. These differences underline the link
between chemical variability and antimicrobial effective-
ness 77,

Our findings support this relationship, as the Pre-Rif
chemotype, earlier studies described chemotypes predomi-
nantly rich in oxygenated monoterpenes (such as camphor
and 1,8-cineole), germacrene-D, Santolina alcohol, or
trans-B-farnesene > **. In contrast, the Pre-Rif popula-
tion examined in this study is characterized by a marked
predominance of aromatic hydrocarbons (51.18%) and
polycyclic aromatic compounds (20.89%), a composition-
al profile not previously documented at the national level.
This richness in aromatic and polycyclic hydrocarbons
demonstrated strong antifungal activity against C. albi-
cans and marked bactericidal effects against Gram-posi-
tive bacteria, while Gram-negative strains exhibited higher
resistance. However, antimicrobial testing design in this
study only tested two Gram-positive, two Gram-negative
bacterial strains, and one type of fungus. Although these
microorganisms provide an initial evaluation of bioactivi-

ty, a more comprehensive microbial testing panel contain-
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ing the additional breadth of microbial species relevant in
clinical scenarios, including multidrug-resistant species,
would need to be conducted to fully assess the extent of
therapeutic and environmental value of the O. mixta essen-
tial oil product in this study. Future studies should be con-
ducted to test multidrug-resistant pathogens and even more
fungal species with relevance to agriculture and medicine.
These studies would significantly add to the translational
significance of our study findings to better define the anti-
microbial action and potential uses of this essential oil in

practice.

4.3. Sustainability Perspectives

The global essential oils market reached nearly
USD 18.96 billion by 2023, with strong growth driven by
consumer demand for natural products **. However, es-
sential oil production also generates large volumes of sol-
id waste and hydrolats—estimated at over 200,000 t an-
nually—that are often improperly disposed of “**”. Such
practices have negative environmental consequences,
including soil and water pollution, VOC emissions, and
greenhouse gas release °'**\. For example, the produc-
tion of 1 kg of rose oil requires 3,500—4,000 kg of fresh
flowers, generating significant wet biomass waste . In
China, the use of medicinal plant waste (MPW) is a sol-
id fuel. The MPW was roasted at different temperatures
and atmospheres, which improved its flammability and
reduced its moisture absorption. The results show that
roasted MPW could be used as a solid fuel or as a raw
material for granulation %,

Recent research highlights valorization opportuni-
ties, such as using hydrodistillation by-products of Centau-
rea nicaeensis for heavy metal remediation **, rosemary
residues for wastewater treatment and ceramic membrane
enhancement P%, and Chinese herbal waste for chromium
adsorption ). These approaches exemplify how waste
streams can be reintegrated into the circular bioeconomy,
supporting both environmental protection and value cre-
ation. Hydrolats, for instance, are already recognized as

natural preservatives in food systems ®¥ and as cosmetic
[59]

ingredients in Europe ', while residues (roots, flowers,

seeds, leaves, fruit) represent low-cost, biodegradable re-

[60]

sources " suitable for renewable energy production or

biodiesel generation "%,

In this context, O. mixta essential oil holds poten-
tial applications that align with Sustainable Development
Goals. Its fungicidal and bactericidal activity suggests use
in biocontrol of crops and wood, in natural food preser-
vation and active packaging systems, and in wastewater
sanitation to reduce microbial load and biofilm formation.
Such applications would reduce dependence on synthetic
chemicals, support safer agricultural and industrial prac-
tices, and benefit rural economies through sustainable
exploitation of Moroccan aromatic plants. Nevertheless,
further studies are needed for industrial translation. Toxico-
logical and phytotoxicity evaluations, stability tests (light,
oxidation, pH), and Life Cycle Assessments (LCA) are
essential to ensure safety and scalability. Future research
should also explore large-scale cultivation and field vali-
dation to facilitate integration of O. mixta EO into sustain-
able development and circular bioeconomy frameworks.

An important ecological consideration is the sus-
tainable management of O. mixta populations. Harvest-
ing strategies must be designed to avoid overexploitation
and ensure that wild populations maintain their ecological
niche and reproductive capacity. Ecological monitoring
could help determine harvestable biomass thresholds with-
out compromising species survival. By combining sustain-
able harvesting, valorization of extraction residues, and in-
tegration into the local bioeconomy, O. mixta can serve as
a model species for the ecological utilization of Moroccan
aromatic plants.

Sustainable harvesting of O. mixta in rural commu-
nities requires the implementation of controlled collection
practices to prevent overexploitation of wild populations.
This may include rotational harvesting zones, limiting col-
lection to specific phenological stages (e.g., post-flower-
ing), and maintaining a minimum percentage of plants for
natural regeneration. Community-based management sys-
tems, supported by local cooperatives and agricultural ex-
tension services, could ensure traceability and compliance
with ecological guidelines. Additionally, integrating small-
scale cultivation alongside wild harvesting would reduce
pressure on natural populations while stabilizing income
sources. Such measures would allow ecological conser-
vation to coexist with economic valorization, reinforcing

long-term sustainability.
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5. Conclusions

This study demonstrated that the essential oil of Or-
menis mixta from the Pre-Rif region of Morocco exhibits
a distinctive chemical profile dominated by aromatic and
polycyclic hydrocarbons, along with a smaller proportion
of oxygenated monoterpenes. Biological assays revealed
pronounced antifungal activity and strong bactericidal ef-
fects, particularly against Gram-positive bacteria, whereas
Gram-negative strains were less sensitive. The compo-
sitional analyses indicate that a limited set of dominant
compounds accounts for most of the oil profile, supporting
a functional link between the Pre-Rif chemical signature
and the observed antimicrobial performance. Overall, the
Pre-Rif chemotype emerges as a promising candidate for
development as a natural biocontrol agent, with potential
applications in sustainable agriculture and related antimi-
crobial uses. Future work should prioritize toxicological
and phytotoxicity evaluation, stability testing, and field-
scale validation to support safe translation and practical
deployment. From an ecological perspective, the antifun-
gal and bactericidal activity of O. mixta essential oil can be
directly applied to sustainable plant protection strategies.
Its use in the ecological control of crop diseases could
substantially reduce dependence on chemical pesticides in
orchards and fields, thereby limiting soil and water con-
tamination and preserving beneficial microbiota. More-
over, the antimicrobial properties of this essential oil hold
potential for protecting natural ecosystems, for example,
by reducing microbial loads in irrigation water or prevent-
ing the disruption of soil microbial communities. Future
work should prioritize scale-up strategies for cultivation,
alongside toxicological evaluation, stability studies, and
field-based validation to enable safe and effective deploy-
ment within sustainable development and circular bioecon-
omy frameworks. Beyond its pharmaceutical and industrial
interest, O. mixta may also contribute to approaches that
couple environmental protection with rural development

when integrated into circular-value chains.
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