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A B S T R A C T

This study aimed at investigating the biological activities (antibacterial, antifungal, and antioxidant), and the
chemical profile of essential oil (EO) of Mentha rotundifolia planted in two Moroccan areas (Marrakech and
Taounate). EO was extracted from plant leaves by Hydrodistillation and its chemical composition was determined
using gas chromatography coupled with mass spectrometry (GC-MS/MS). The antimicrobial activity of extracted
EO was tested against numerous microbial strains including bacteria, yeasts, and molds. While the antioxidant
activity was assessed by four methods including β-carotene bleaching assay, free radical scavenging activity
(DPPH), Ferric reducing antioxidant power (FRAP), and total antioxidant capacity (TAC). Results showed that ro-
tundifolone (C10H14O2) was the major component found in the EO of the plant collected from both studied areas,
with 30.12 and 24.51 % in the EO of Marrakech and Taounate, respectively. Furthermore, 27 compounds were
identified in the EO of Marrakech, including chlorcarvacrol (15.75 %) and piperitenone (6,09 %). While in the
EO of Taounate, only 15 compounds were found including pulegone (19.11 %), and piperitenone (9.23 %). Sig-
nificant antioxidant activity using the four tests was observed for EO of Marrakech compared to that of Taounate.
Moreover, EO of Marrakech has a bactericidal effect, unlike a fungicidal effect observed with the EO of Taounate.
These properties could be associated with the identified bioactive compounds in each study area. Molecular
docking showed that the ligands synthesized have significant inhibitory potential against the tested strains and
possesses strong antibacterial and antifungal activities, making them versatile candidates for developing broad-
spectrum antimicrobial agents, and suggest the promising use of essential oil of M. rotundifolia as a natural
preservative against a wide range of bacterial and fungal pathogens

1. Introduction

Essential oil (EO) are natural, volatile compounds extracted from
various parts of aromatic and medicinal plants, widely recognized for
their diverse biological properties and applications in the pharmaceuti-
cal, cosmetic, and food industries as natural flavorings and preserva-
tives (Meenu et al., 2023; Puvača et al., 2021; Noshad et al., 2022).
They have been particularly associated with their antimicrobial, antiox-
idant, and anti-inflammatory activities due to their complex mixtures of
bioactive compounds, with phenolic monoterpenoids, making them

valuable resources in both traditional and modern medicine (Khwaza
and Aderibigbe, 2025).

One of the most crucial EO of aromatic and medicinal plants is that
extracted from the leaves of Mentha species, stands up as a rather
promising source of natural compounds exploited in the culinary and
pharmaceutical sectors (Tafrihi et al., 2021). Thus, the active ingredi-
ents of EO of Mentha species mainly include terpenes, aldehydes, alco-
hols, ketones, alkaloids and other compounds (Li et al., 2025). On the
other hand, around twenty species of this genus, including M. piperita,
M. pulegium, M. spicata, and M. rotundifolia, etc., are nowadays ex-
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ploited for their medicinal properties, most notably for the preparation
of many conventional therapeutic infusions (El Hassani, 2020).

Morocco a North African and Mediterranean country, with nearly
3400 km of coastline and a geographical position ranging from seas to
deserts and mountains, benefits from a variety of climatic zones favor-
ing the abundance of a wide variety of wild plants, thus offering an ex-
ceptional environment for the cultivation of aromatic and medicinal
plants (El Hassani, 2020). Indeed, some Mentha species have been ex-
tensively investigated in the country, by way of example the EO of M.
pulegium in Taounate region brings a significant income, reaching 6.12
million MAD a year (0.6 million US$). Moreover, according to the Min-
istry of Agriculture and Marine Fisheries, M. spicata, which grows on
3000 ha, generates about 85,000 tons, most of which are exported.
Commonly employed in traditional healthcare to treat digestive and
respiratory diseases, Mentha species are highly valued for their biologi-
cal properties including antibacterial, antifungal, and antioxidant activ-
ities (Yousefian et al., 2023).

Nevertheless, other Mentha species remain understudied despite
their potential value and the increasing demand for novel natural
bioactive compounds (Riaz et al., 2021). In this context Mentha rotundi-
folia locally known as “Timarssate”, “Marssita”, “Mchichtrou” or “Timi-
jja” emerges a promising candidate for valorization, which is tradition-
ally used for therapeutic purposes in treating digestive problems, tooth
discomfort, skin infections, and as a tonic or sedative (Brahmi et al.,
2015; Ladjel et al., 2011), and it is a culinary plant that flavors many
drinks, such us Moroccan mint tea. Even though M. rotundifolia is a
well-known medicinal and aromatic plant in the country and tradition-
ally used in different sectors, and despite its recognized properties, its
EO is still underexplored, providing an opportunity to investigate its
properties and its possible use in future food and healthcare applica-
tions. Furthermore, no studies are yet available on the effect of climatic
factors that may affect the EO chemical profile and its biological activi-
ties.

In light of these considerations, the present study aimed at assessing
the biological properties (antibacterial, antifungal, and antioxidant) of
EO extracted from M. rotundifolia leaves planted in two Moroccan areas
(Marrakech and Taounate), at identifying the EO chemical components
using gas chromatography and tandem mass spectrometry (GC-
MS/MS), and lastly at performing a molecular docking analysis to high-
light the binding affinities between the main EO bioactive components
and microbial receptor targets used in this study.

2. Material and methods

2.1. Sampling of M. rotundifolia

Leaves of M. rotundifolia were collected in May 2023 from two sites,
Taounate and Marrakech (Fig. 1). The geographical coordinates of
Taounate sampling site are as follows: Latitude: (34° 32′ 09″), longitude
(4° 38′ 24″), and altitude (566 m). Taounate is a mountainous area lo-
cated in northern Morocco having a semi-humid climate with a strong
continental influence, and an average annual temperature of 17–18 °C
and precipitations of 650–700 mm. The soil is dominated by clayey or
loamy textures with high levels of limestone (CaCO3) and exchangeable
calcium, and neutral to slightly alkaline pHs. Regarding Marrakech sam-
pling site (latitude: 31° 37′ 46″, longitude: 7° 58′ 52″, and altitude:
457 m), the climate is arid with average annual temperature of 21 °C
and precipitations of 250–300 mm. While the soil consists of poorly
evolved soils in the mountain areas and alluvium along the rivers, with
a predominance of diverse parent rocks such as sandstones, clays and
marls, as well as outcrops of primary and tertiary rocks in the High At-
las.

The identity of the studied plant was confirmed by Dr. Chaimae
Rais, Botanist at ANPMA (National Agency of Aromatic and Medicinal
Plants), based on morphological comparison with monographs and ver-

ification against authentic samples from recognized botanical gardens
of ANPMA (Morocco).

Plant material were dried in the shade at room temperature for
about two weeks and followed by grinding since this technique remains
the most effective technique for preserving and maximizing essential oil
yield in Lamiaceae family, as recently reported (Hazrati et al., 2021;
Rana et al., 2021; Yeddes et al., 2022).

2.2. Essential oil extraction

Essential oil was extracted from M. rotundifolia leaves using Cle-
venger-type apparatus (Jeulin, Paris, France), a technique widely used
for extracting EO while preserving its chemical properties. For this,
100 g of leaves powder were distilled in distilled water (1 L) during 3h.
The recovered EO was stored in a brown vial at 4C°, preserving its qual-
ity until further analysis (Wahba et al., 2020). The EO yield was calcu-
lated according to equation n° 1, as follows (Thakker et al., 2016):

(Equation n°1)

2.3. GC-MS/MS analysis

A gas chromatography-mass spectrometer (GC-MS triple Quadru-
pole TQ) system (SHIMADZU Corporation, GCMS TQ 8040NX, Vogel-
sang, USA) was used to determine the chemical composition of the ex-
tracted EO. This technique is considered the gold standard for the iden-
tification and quantification of volatile compounds in EO (Chauhan,
2014).

EO analysis was performed using a DB1 fused silica capillary col-
umn (30m × 0.25 mm ID x 0.25 μm; Restek, Bellefonte, USA) under
identical temperature conditions. Sample injection was carried out with
a split ratio 1:200. Mass spectral data were obtained using the REAL
time software (Shimadzu corporation, Vogelsang, USA), and the chemi-
cal components were identified by comparison with the NIST library
(version 2019). Spectral scanning was conducted within the 35–500 m/
z (mass-to-charge) range, and the relative percentages of the chemical
components were determined by calculating the peak areas.

2.4. Antioxidant activity

2.4.1. DPPH test
The free radical scavenging activity (DPPH) of the extracted EO was

assessed by a method recently reported by Jeldi et al. (2022). In this as-
say, 2 mL of 60 μM DPPH solution were added to 500 μL of each EO,
previously prepared at a concentration of 5 mg/mL in ethanol. After in-
cubation for 30 min away from light at room temperature, the ab-
sorbance was measured at 517 nm. The scavenging activity (%) was
calculated using equation (2), as follows:

(Equat

Where,

- DPPH Abs: Absorbance of the control solution measured at
517 nm,

- EO sample Abs: Absorbance of the EO sample measured at
517 nm.

2.4.2. β-carotene bleaching assay
The β-carotene bleaching assay used in this study was the protocol

reported by Miraliakbari and Shahidi (2008) and slightly modified. In a
tube containing 1 mL of chloroform, β-carotene (0.5 mg) was dissolved.
Thereafter, 25 μL of linoleic acid and 200 mg of tween 80 were added.
The chloroform was then evaporated at 45 °C, and 100 mL of oxygen-
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saturated distilled water were added to the mixture under vigorous stir-
ring to form an emulsion. Subsequently, 2 ml of the β-carotene emul-
sion were mixed with 500 μL of EO previously prepared at a concentra-
tion of 5 mg/mL in ethanol. The absorbance of the mixture was mea-
sured at 470 nm, both at time zero and after incubation for 2h in a wa-
ter bath at 50 °C (Reis et al., 2012). The antioxidant activity (%) was
calculated using equation (3), as follows (Carneiro et al., 2013):

(Equation n°3)

2.4.3. Total antioxidant capacity test
The total antioxidant capacity (TAC) was evaluated according to the

method of Maškovič et al. (2012) with slight adjustments. Thus, 200 μL
of each EO sample were combined with 2 mL of the reagent (0.6 M sul-
furic acid, 28 mM sodium phosphate, and 4 mM ammonium molyb-
date). After incubation for 90 min at 95 °C, the absorbance was mea-
sured at 695 nm using an UV-5100 spectrophotometer (Shanghai
Metash Instruments Co., Ltd., Shanghai, China). The TAC value was re-
ported as milligrams of ascorbic acid equivalent per gram of EO (mg
EAA/g EO) by reference to a standard curve of ascorbic acid.

2.4.4. Ferric reducing antioxidant power test (FRAP)
This assay was performed in accordance with the method reported

by Moattar et al. (2016). Briefly, 500 μL of phosphate buffer (0.2 M;
pH = 6.6) and 500 μL of potassium ferricyanide [K3Fe (CN)6] (1 %)
were incorporated into 100 μL of each EO in different concentrations
prepared in ethanol. After incubation for 20 min at 50 °C in a thermo-
static heater water bath Cu-600 (West Tune, China), 500 μL of TCA
(10 %), 100 μl FeCl3(0.1 %) and 500 μl of distilled water were subse-
quently added to the reaction medium. Absorbance readings were taken
at 700 nm. The results are presented in effective concentration at 50 %
(EC-50), which indicates the antioxidant concentration needed to ac-
quire an absorbance of 0.5 nm.

2.5. Antimicrobial activity

The antimicrobial activity of extracted EO was evaluated against a
variety of microbial species, including 8 Gram-positive and Gram-
negative bacteria supplied by the Institut Pasteur (Casablanca). The
Gram + bacteria included Bacillus cereus ATCC 33019, Bacillus subtilis
ATCC 6633, Enterococcus faecalis CIP 103214, Staphylococcus aureus
ATCC 9144, and Streptococcus agalactiae IPM 24842, while the Gram-
bacteria were Escherichia coli CIP 54127, Providencia alcalifaciens CIP
82.90T, and Salmonella typhi CIP 5535. Finally, the 2 tested mold strains
(Aspergillus flavus ATCC 1015 and Aspergillus niger NRRL 3357) and the
3 yeast strains (Candida tropicalis, Rhodotorula spp., and Saccharomyces
cerevisiae) are part of the BIOMARE laboratory's (UCD-El Jadida) micro-
bial collection.

2.5.1. Disk agar diffusion
This method was used to assess the antibacterial activity of the EO.

For this, sterile paper discs (Ø, 6 mm), each impregnated with 10 μL of
EO, were placed on Mueller-Hinton agar (Biokar Diagnostics, France)
plates that had been inoculated with bacterial suspensions at
107–108 CFU/mL (optical density 0.08–0.1 at 625 nm, based on the
McFarland scale). The plates were incubated for 24 h at 37 °C, and the
diameter of inhibition zones (mm) were measured to determine the an-
tibacterial activity.

2.5.2. Agar well diffusion assay
This assay was performed to assess the EO activity against yeast

strains. Briefly, wells of 6 mm diameter were perforated in plates con-
taining yeast extract peptone glucose agar. Then, 25 μL of an EO solu-
tion (composed of 10 μL pure oil and 15 μL DMSO at 5 %) were added
to each well. For positive control, 25 μL of amphotericin B (Amp B) at

100 μg/mL were used. Yeast suspensions were prepared in 0.9 % NaCl,
with an optical density of 0.04 at 630 nm, corresponding to 107 spores/
mL. Diameters of inhibition zones were measured after incubating the
plates at 30 °C for 48–72 h.

2.5.3. Agar incorporation method
To evaluate the EO activity against mold strains, 50 μL of pure EO

were mixed with 450 μL of 0.2 % molten agar and combined with
19.5 mL of potato dextrose agar (Biokar Diagnostics, France). Similarly,
for the positive control, 100 μg of Amp B were dissolved in 450 μL of
0.2 % agar, mixed with 19.5 mL of PDA, and used to prepare the con-
trol plates. Following gelation, a piece of mold strains was positioned in
the middle of the (90 mm) petri dishes that had been filled with the var-
ious formulations and then incubated at 27 °C for 72–96h.

2.5.4. Determination of MIC, MBC and MFC
The minimum fungicidal concentration (MFC) and the minimum

bactericidal concentration (MBC) are the concentrations needed to kill
microorganisms, whereas the minimum inhibitory concentration (MIC)
is the lowest concentration needed to prevent microbial growth. The
broth dilution technique was used to determine MBC, MFC and MIC val-
ues of each tested EO (Cosentino et al., 1999). The antibacterial activity
of EO was measured in the nutrient broth (Biokar Diagnostics, France)
and incubated for 24h at 37 °C. While the antifungal activity of the EO
was assessed in the yeast peptone glucose broth (Biokar Diagnostics,
France). Molds and yeasts were incubated for 72h at 27 °C and 48h at
30 °C, respectively.

2.6. Molecular docking

The molecular geometry was optimized using Gausian 09 (Frisch et
al., 2009) to ensure accurate ligand structures and their electronic pro-
prieties. Density Functional Theory (DFT) calculations were conducted
with B3LYP level of theory (Lecklider, 2011) and the 6-31G+(d,P) ba-
sis set. Initial 3D structures of ligands and receptors were obtained from
the PDB (protein data bank) and pre-processed by removing water mol-
ecules and ions. This step ensured that the ligands adopted their lowest
energy conformations, which is essential for reliable docking simula-
tions. To predict binding orientations and affinities, AutoDock Vina
(Trott and Olson, 2010) was used to carry out molecular docking simu-
lations. The docked complexes were further refined using Gaussian 09
for structural and electronic optimization. Docking results visualization
and analysis were conducted using the software BIOVIA Discovery Stu-
dio 2025, which facilitated the examination of molecular interactions
and identification of potential binding sites. This approach ensured ac-
curate modeling of ligand-receptor interactions for subsequent analysis.

2.7. Statistical analysis

All analyses used in this study were carried out in triplicate. Student
(T-test) and variance analysis (ANOVA) test were conducted to com-
pare the means of obtained results, which are given as ± standard de-
viation (SD).

3. Results and discussion

3.1. Essential oil yield

The yield of EO (%) from the two study areas are nearly identical,
with values of 0.33 % for M. rotundifolia of Marrakech (MRM) and
0.30 % for M. rotundifolia of Taounate (MRT), respectively.

The EO yield showed minor variation, even though the sites differ in
climate and soil composition. This observation indicates that under the
conditions of the present study, environmental variables may play a mi-
nor role in determining EO yield for M. rotundifolia. These findings
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aligned with previous studies in which modifications in soil properties
or amendments did not lead to statistically significant differences in es-
sential oil yield. For example, Mwithiga et al. (2022) reported that rose-
mary plants exhibited similar EO yields across various soil amendment
treatments, while Gathara et al. (2022) observed no significant varia-
tion in oil yield among sandalwood trees from multiple sites despite dif-
ferences in soil nutrient content.

The EO yields obtained in the present study are relatively low in
comparison with previous studies conducted on other Mentha species,
but similar to those observed in some aromatic and medicinal plants
known for their relatively low oil content. For example, a recent study
from India has reported low yields of EO extracted from many Mentha
species, including M. arvensis, M. piperita and M. spicata, with respec-
tively 0.5, 0.9 and 0.8 % (Tewari et al., 2024). Regarding EO of M. ro-
tundifolia, a previous study of Derwich et al. (2010) reported a yield of
1.54 %, indicating that yields from other Mentha species have been
higher, such as the Moroccan M. puleguim, with yield of 1.66 %. On the
other hand, EO extracted from the Chinese M. haplocalyx, showed
yields ranging from 0.5 to 3 % (Zhao et al., 2013). Controversially, a re-
cent study conducted in Morocco, reported a high EO yield of 1.58 %
for M. rotundifolia (Sbai et al., 2023). On the other hand, the yield of EO
extracted from Myrtus communis was reported to be 0.30 % (Aidi
Wannes et al., 2010). These low yields are similar to those obtained
when the essential oil was extracted from Pinus brutia with a yield of
around 0.40 %, while the EO extracted from Pinus sylvestris had a much
lower yield of around 0.13 % (Tumen et al., 2010).

It has been reported that several factors, both internal and external,
could have a direct influence and therefore may impact on the variabil-
ity of EO yields, such as climatic and environmental conditions, studied
species, variety, harvest period, maturity stage, leaf drying technique,
senescence of harvested leaves, and finally the method used for EO ex-
traction (Calo et al., 2015).

3.2. Determination of EO components

The GC-MS/MS chromatograms of the EO analysis are illustrated in
Fig. S1. As shown, the chemical components of the extracted EO from
leaves of MRM and MRT reveal different profiles between the two sam-
pling areas. Indeed, each chromatogram displays peaks corresponding
to distinct compounds, reflecting the complexity and diversity of the EO
composition. The comparison of the two chromatograms highlights re-
gional variations that may be attributed to specific environmental con-
ditions. The identified compounds, their relative percentages, retention
indices (RI), and retention times (RT) are presented in Table 1.

As shown, rotundifolone was the most abundant compound found in
both EO, with 30.12 % in MRM and 24.51 % in MRT. EO extracted
from MRM was more complex, containing 27 compounds that made up
96.26 % of the total composition. The second major compound found in
MRM was chlorcarvacrol (15.75 %). Other significant compounds in-
cluded piperitenone (6.09 %) and pulegone (4.47 %).

On the other hand, EO extracted from MRT contained only 15 com-
pounds, representing 97.57 % of total EO composition. The major com-
ponent found was rotundifolone (24.51 %), followed by pulegone
(19.11 %), piperitenone (9.23 %), and tetrapentacontane isomers
(11.14 %). Few amounts of p-Menth-3-en-8-ol (6.24 %) and caryophyl-
lene (4.78 %) were also present.

Both EO extracted from MRT and MRT shared several minor com-
pounds, such as terpinen-4-ol and germacrene D, with variations in
their concentrations. Additionally, each EO had unique compounds that
may highlight the influence of regional factors on the chemical profile
of EO of M. rotundifolia. Based on the GC-MS/MS analysis, this study is
the first to identify rotundifolone as the major component of the EO ex-
tracted from the leaves of M. rotundifolia in Morocco. In fact, no previ-
ous study conducted in the country has listed the presence of this com-
ponent as a significant constituent of EO of M. rotundifolia planted in

different areas, which underlines the novelty of the obtained results in
the present study.

Similarly, this compound has previously been reported in neighbor-
ing countries as the major compound of the EO of this plant. Indeed,
Aouadi et al. (2021) identified rotundifolone as the dominant compo-
nent (46.06 %) in the EO of Algerian M. rotundifolia. While in another
Algerian study, Yakhlef et al. (2020) reported caryophyllene oxide
(35.27 %) and piperitenone oxide (35.49 %) as the major components
of the EO, illustrating notable regional variations. Moreover, rotundi-
folone and other chemical compounds have been identified as the pri-
mary ingredients of EO in Tunisia (Ben Haj Yahia et al., 2019), with
variations based on ecological and climate conditions. Compared with
other species of the genus Mentha. El Omari et al. (2024) has recently
reported that compulegone (17.56 %), mintlactone (10.62 %) and D-
carvone (9.24 %) predominate in the EO of M. piperita. Similarly, Sah et
al. (2024), reported the dominance of piperitenone oxide (31.3 %) and
cis-piperitone oxide (51.61 %) in the EO of M. longifolia. Furthermore,
high percentages of menthol (71.31 %) and menthone (13.34 %) were
reported in the EO of Mentha arvensis (Alonso Leite dos Santos et al.,
2024), that are insignificant for M. rotundifolia.

3.3. Antioxidant activity

Table 2 summarizes the antioxidant activity using four complemen-
tary methods (β-carotene bleaching assay, DPPH, FRAP, and TAC).
These assays provided a comprehensive overview of M. rotundifolia EO
ability to neutralize free radicals and reduce oxidative stress.

According to the DPPH method, MRM exhibits high antioxidant ac-
tivity with an IC50 of 0.03 ± 0.02 mg/mL, as compared to that of MRT
(IC50 of 0.05 ± 0.07 mg/mL). The results obtained from the other three
methods (β-carotene bleaching assay, FRAP, and TAC) corroborated the
results of the first assay (DPPH), demonstrating that EO of MRM has
higher antioxidant activity (IC50 of 0.7 ± 0.01 mg/mL), (EC50
0.03 ± 0.01 μg/mL) and (11.00 ± 0.05 mg EAA/g EO), when com-
pared to those of MRT (IC50 of 1.6 ± 0.02 mg/mL), (EC50
0.33 ± 0.02 μg/mL) and (10.07 ± 0.01 mg EAA/g EO).

These findings are similar to those of Riahi et al. (2013), who re-
ported that EO of M. rotundifolia in two Tunisian localities has substan-
tial antioxidant activity, particularly the EO of M. rotundifolia collected
in Beja (IC50 = 0.03 mg/mL). Similarly, a comparable antioxidant ac-
tivity (IC50 of 0.02 mg/mL) of EO of M. rotundifolia was reported from
Iran (Nickavar et al., 2008). Results of FRAP method were consistent
with those reported by Salamatullah (2022), who found an EC50 value
of 0.35 ± 0.03 mg/mL for EO from M. rotundifolia leaves, indicating a
comparable and considerable antioxidant activity. Beyond the previ-
ously assays, The EO exhibited a notably high TAC value of
(11.00 ± 0.05 mg EAA/g EO) for MRM and (10.07 ± 0.01 mg EAA/g
EO) for MRT, reflecting its strong capacity to neutralize oxidative
agents. This results is comparable to (Chebbac et al., 2022), which
showed a TAC value of 7.299 ± 1.774 mg EAA/g of the EO of Artemisia
aragonensis.

It should be noted that several factors can impact the antioxidant ac-
tivities of EO, including their chemical composition, the methodologies
used for testing, as well as the EO extraction protocol used (Khodaei et
al., 2021). According to Gulluce et al. (2007), the presence of phenolic
compounds and other metabolites is principally responsible for the EO
potential for significant antioxidant activity. The obtained results in the
present study agree with previous finding of Benabdallah et al. (2016),
who reported similar results in the radical-scavenging of EO from Men-
tha species highlighting the critical role of oxygenated monoterpenes in
enhancing antioxidant activity. Additionally, compounds such as pule-
gone and menthol, also identified in the EO of M. rotundifolia, con-
tribute to their antioxidative potential due to their known free radical-
neutralizing properties.
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Table 1
Chemical composition of EO of M. rotundifolia from Marrakech and Taounate analyzed by GC-MS/MS.
No Compounds Formula RI MW RT MRT (%) MRM (%)

1 Menthomenthene C10H16 1018 136 11.971 1.6 –
2 p-Menth-3-en-8-ol C10H18O 1143 154 14.318 6.24 –
3 Terpinen-4-ol C10H18O 1137 154 15.231 1.45 1.93
4 Endo-Borneol C10H18O 1138 154 14.98 – 1.32
5 Pulegone C10H16O 1212 152 16.873 19.11 4.47
6 cis-Piperitone epoxide C10H16O2 1171 168 17.291 – 3.64
7 Rotundifolone C10H14O2 1236 166 20.23 21.90 27.95
8 Iso-rotundifolone C10H14O2 1236 166 18.17 2.61 2.10
9 Piperitenone C10H14O 1223 150 19.628 9.23 6.09
10 2-Undécanone C10H18O 1251 170 18.35 – 0.48
11 Thymol C15H32 1262 150 18.275 – 1.53
12 Carvacrol C10H14O 1262 150 18.51 – 3.73
13 8.9-Déhydrothymol C10H12O 1293 148 16.215 – 1.13
14 Farnesane C15H32 1320 212 11.482 1.79 –
15 Farnesane C15H32 1320 212 12.835 1.58 –
16 Dodecane, 2,6,11-trimethyl-+ C15H32 1320 212 17.896 2.47 –
17 Dodecane, 2,6,11-trimethyl- C15H32 1320 212 19.167 2.5 –
18 cis-Jasmone C11H16O 1338 164 21.037 – 0.78
19 γ-Cadinene C15H24 1435 204 24.152 – 0.38
20 Bicyclosesquiphellandrene C15H24 1435 204 22.9 – 1.02
21 Cinerolon C10H14O2 1426 166 21.176 – 4.73
22 Caryophyllene C15H24 1494 204 21.852 4.78 3.24
23 Germacrene D C15H24 1515 204 23.378 3.04 2.2
24 Eicosane isomers (C20H42) C20H42 2009 282 25.78 7.08 –
25 Calamenen-10-ol C15H22 1537 202 24.323 – 1.6
26 Spathulenol C15H24O 1536 220 25.899 – 1.38
27 β-Caryophyllene epoxide C15H24O 1507 220 26.082 – 2.78
28 Chlorcarvacrol C10H13ClO 1505 184 25.523 – 15.75
29 Hydrocoumarin C10H10O2 1505 162 20.131 – 1.48
30 p-Mentane-1,2,3-triol C10H20O3 1503 188 21.416 – 2.38
31 δ-Cadinene C15H24 1469 204 24.26 – 0.53
32 Hexadecane C16H34 1612 226 21.249 1.05 –
33 τ-Muurolol C15H26O 1580 222 28.144 – 1.21
34 Viridiflorol C15H26O 1530 222 26.444 – 1.07
35 α-Humulene C15H24 1579 204 22.745 – 0.48
36 6-Isopropenyl-4,8a-dimethyl-1,2,3,5,6,7,8,8a-octahydro naphtalen-2-ol C15H24O 1690 220 29.097 – 0.81
37 Tetrapentacontane isomers C54H110 5389 758 35.6 11.14 –
Oxygenated monoterpenes 60.54 57.05
Sesquiterpene hydrocarbons 11.19 7.85
Non-terpenic 24.24 17.71
Oxygenated sesquiterpenes – 13.58
Monoterpene hydrocarbons 1.6
Total 97.57 96.19

Note: MRM: M. rotundifolia from Marrakech; MRT: M. rotundifolia from Taounate. Compounds are arranged by retention indices (RI) and include molecular weight
(MW), retention times (RT), and their relative percentages (%) in each analyzed EO.

Table 2
Antioxidant activity of EO of M. rotundifolia from Marrakech and Taounate
based on DPPH and β-Carotene Bleaching assays (IC50 Values). Note. Values
represent means ± SD (standard deviation) for triplicate experiments.
Antioxidant activity tests Study area

Marrakech (MRM) Taounate (MRT)

DPPH (IC50 mg/mL) 0.03 ± 0.02 0.05 ± 0.07
β-carotene bleaching (IC50 mg/mL) 0.7 ± 0.01 1.6 ± 0.02
FRAP (EC50 μg/mL) 0.03 ± 0.01 0.33 ± 0.02
TAC (mg EAA/g EO) 11.00 ± 0.05 10.07 ± 0.01

Note: The IC50 values of DPPH and β-carotene bleaching assays represent the
effective concentration of EO (mg/mL) required to achieve 50 % antioxidant
activity. The FRAP results are expressed as the concentration of EO (mg/mL)
needed to reach an absorbance of 0.5 at 700 nm. TAC results are expressed in
mg of ascorbic acid equivalent per gram of EO (mg EAA/g EO).

The prominence of rotundifolone in both regional samples under-
score its importance as a key bioactive compound, setting the antioxi-
dant profile of M. rotundifolia apart from other Mentha species where
phenolic compounds or hydrocarbons may dominate. This highlights
the unique chemotype of the EO from MRM and MRT, emphasizing

their specific bioactive potential driven by their distinctive chemical
composition.

3.4. Antimicrobial activity

The antibacterial and antifungal activities of EO of M. rotundifolia
planted in Marrakech and Taounate were assessed using the disk diffu-
sion method and MIC/MBC or MIC/MFC determination against both
Gram+ and Gram-bacteria, yeasts and fungal strains. Results of these
activities are presented in Table 3.

3.4.1. Antibacterial activity
Regarding the antibacterial activity, significant inhibition zone di-

ameters were obtained with the EO of MRM against E. coli CIP 54127
(16.16 ± 0.3 mm), S. typhi CIP 5535 (17.33 ± 0.3 mm), B. subtilis
ATCC 6633 (18.66 ± 0.6 mm), and E. faecalis CIP 103214
(19.66 ± 0.3 mm). While the high inhibition zone diameters of the EO
of MRT were reached against B. subtilis ATCC 6633 (15.6 ± 0.1 mm),
E. coli CIP 54127 (15 ± 0.3 mm), and B. cereus ATCC 33019
(14 ± 0.05 mm). Results summarized in Table 3 demonstrates signifi-
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Table 3
Antimicrobial activity of M. rotundifolia EO from Marrakech and Taounate areas. Note. Note. Values represent means ± SD (standard deviation) for triplicate ex-
periments.

MIC (μL/mL) MBC or MFC (μL/mL) MBC or MFC/MIC Effect

Bacterial strains EO Strep (μg/mL) EO Strep (μg/mL)
E. coli CIP 54127 MRM 1.46 ± 0.01 10 ± 0.01 MRM 22.86 ± 0.01 10 ± 0.01 15.65 Bacteriostatic

MRT 9.14 ± 0.01 MRT 22.86 ± 0.01 2.50 Bactericidal
P. alcalifaciens CIP 82.90T MRM 3.65 ± 0.01 30 ± 0.01 MRM 9.14 ± 0.01 90 ± 0.01 2.50 Bactericidal

MRT 3.65 ± 0.01 MRT 9.14 ± 0.01 2.50 Bactericidal
S. agalactiae

IPM 24842
MRM 3.65 ± 0.01 30 ± 0.01 MRM 9.14 ± 0.01 30 ± 0.01 2.50 Bactericidal
MRT 3.65 ± 0.01 MRT 9.14 ± 0.01 2.50 Bactericidal

Salmonella typhi CIP 5535 MRM 3.65 ± 0.01 90 ± 0.01 MRM 3.65 ± 0.01 90 ± 0.01 1 Bactericidal
MRT 3.65 ± 0.01 MRT 9.14 ± 0.01 2.50 Bactericidal

E. faecalis
CIP 103214

MRM 3.65 ± 0.01 0.22 ± 0.01 MRM 9.14 ± 0.01 0.57 ± 0.01 2.50 Bactericidal
MRT 9.14 ± 0.01 MRT 57.14 ± 0.01 6.25 Bacteriostatic

B. subtilis ATCC 6633 MRM 0.58 ± 0.01 0.13 ± 0.01 MRM 3.65 ± 0.01 0.32 ± 0.01 6.29 Bacteriostatic
MRT 1.46 ± 0.01 MRT 22.86 ± 0.01 15.65 Bacteriostatic

S. aureus ATCC9144 MRM 1.46 ± 0.01 0.22 ± 0.01 MRM 3.65 ± 0.01 0.57 ± 0.01 2.50 Bactericidal
MRT 9.14 ± 0.01 MRT 22.86 ± 0.01 2.50 Bactericidal

B. cereus
ATCC 33019

MRM 0.58 ± 0.01 30 ± 0.01 MRM 1.46 ± 0.01 90 ± 0.01 2.51 Bactericidal
MRT 3.65 ± 0.01 MRT 9.14 ± 0.01 2.50 Bactericidal

Fungal strains EO Amp B (μg/mL) EO Amp B (μg/mL)
C. tropicalis MRM 2.13 ± 0.01 01.06 ± 0.01 MRM 10.80 ± 0.01 01.06 ± 0.01 5.07 Fungistatic

MRT 2.13 ± 0.01 MRT 2.13 ± 0.01 1 Fungicide
Rhodotorula spp. MRM 2.13 ± 0.01 12.15 ± 0.01 MRM 10.80 ± 0.01 12.15 ± 0.01 5.07 Fungistatic

MRT 0.42 ± 0.01 MRT 0.94 ± 0.01 2.23 Fungicide
S. cerevisiae MRM 123.07 ± 0.01 R MRM R R – Fungistatic

MRT 123.07 ± 0.01 MRT – Fungistatic
A. niger

ATCC 1015
MRM 0.46 ± 0.01 27.07 ± 0.01 MRM 12.00 ± 0.01 R 26.08 Fungistatic
MRT 0.46 ± 0.01 MRT 01.05 ± 0.01 2.28 Fungicide

A. flavus
NRRL 3357

MRM 0.46 ± 0.01 0.47 ± 0.01 MRM 5.33 ± 0.01 0.47 ± 0.01 11.58 Fungistatic
MRT 0.46 ± 0.01 MRT 0.46 ± 0.01 1 Fungicide

Note: MRM: M. rotundifolia from Marrakech, MRT: M. rotundifolia from Taounate, MIC: minimum inhibitory concentration, MBC: minimum bactericide concentra-
tion, MFC: minimum fungal concentration. Values related to the EO are expressed in μL/mL, whereas those for the positive control:(Strep: streptomycin for antibac-
terial activity and Amp B: Amphotericin B for antifungal activity) are expressed in μg/ml.

cant antibacterial efficacy of the EO of both MRM and MRT against all
tested Gram+ and Gram-bacteria.

As indicated, the EO of MRM showed higher antibacterial activity
than the EO of MRT for most tested bacterial strains. This trend high-
lights the superior potency of EO of MRM against Gram + bacteria. In
comparison, most of the tested strains were resistant to penicillin (posi-
tive control), underlining the potential of EO of M. rotundifolia as effec-
tive natural antibacterial agents.

Results of the MIC and MBC provide deeper insights into the bacte-
riostatic and bactericidal properties of the tested EO. As shown, EO of
MRM and MRT had a bactericidal effect on B. cereus ATCC 33019, P. al-
califaciens CIP 82.90T, S. agalactiae IPM 24842, S. typhi CIP 5535, S. au-
reus ATCC9144 with MBC/MIC values ranging from 1 to 2.51. More-
over, both EO of MRM and MRT had a bacteriostatic effect on B. subtilis
ATCC 6633 with MBC/MIC values of 6.29 and 15.65, respectively.

On the other hand, EO of MRM exhibited notably lower MIC values
compared to those of the EO of MRT for most used bacterial strains,
highlighting its higher antibacterial potential. For instance, The MIC
and MBC of EO of MRM on B. cereus ATCC 33019 were 0.58 and
1.46 μL/mL, respectively. Conversely, MIC and MBC of EO of MRT were
3.65 and 9.14 μL/mL to achieve the same effects on the tested strain.
This pattern is also valid for other strains such as S. aureus ATCC9144,
where the MBC and MIC values for EO of MRM were 3.65 and 1.46 μL/
mL, respectively. These findings perfectly agree with previous studies
demonstrating the significant antibacterial potential of EO. of M. rotun-
difolia. Indeed, studies from Tunisia highlighted the EO strong efficacy,
particularly against E. coli (Riahi et al., 2013). Similarly, a considered
antibacterial effect of EO of M. rotundifolia was reported against several
pathogenic bacteria, including S. aureus and Listeria monocytogenes, ex-
hibiting inhibition zones of 22.33 ± 2.08 and 29.33 ± 0.57 mm, re-
spectively (Yakoubi et al., 2024).

Compared to other Mentha species, the EO of M. rotundifolia showed
comparable or even superior antibacterial potential. Indeed, Messaoudi
et al. (2022) found an inhibition zone diameter of 37.33 mm against S.
aureus using EO of M. pulegium, while Saba et al. (2024) reported a high
antibacterial activity (39 mm) of M. spicata EO from Pakistan against B.
subtilis. Furthermore, Talbaoui (2012) reported that the MIC/MBC val-
ues of EO of Moroccan M. viridis and M. piperita against E. coli were 2.5/
2.5 and 10/10 μL/mL, respectively. In comparison, findings of the pre-
sent work revealed a strong antibacterial activity of EO of MRM, which
exhibited a MIC of 1.46 μL/mL against E. coli, indicating higher efficacy
than the aforementioned species.

As reported in previous studies, the antibacterial activity of EO is es-
sentially due to its capability to interfere with critical bacterial
processes (Michael et al., 2014). In fact, major components of EO are
known to inhibit the synthesis of vital structural and functional mole-
cules, increase membrane permeability through their toxic effects on
bacterial membranes, and disrupt proton pumps, thereby interrupting
energy production (Patterson et al., 2019). These mechanisms collec-
tively contribute to their strong antimicrobial properties, making EO
potent agents against various bacterial strains.

In the present study, the strong antibacterial activity of both EO of
MRM and MRT can be associated to the major chemical components
identified using GC-MS/MS analysis. Indeed, rotundifolone, the major
oxygenated monoterpene found in both regions (30.12 % in MRM and
24.51 % in MRT), was already described for its antimicrobial proper-
ties. In fact, Thach et al. (2013) reported that rotundifolone, the pri-
mary constituent of EO of M. aquatica (91.2 %), demonstrated antibac-
terial effects against B. subtilis, E. coli, Pseudomonas aeruginosa, S. au-
reus, and Shigella flexneri, with inhibition zones diameter ranging from
23 to 56 mm. Furthermore, other components of EO M. rotundifolia that
contribute significantly to the antibacterial potential include chlorcar-
vacrol and pulegone, which were identified in notable concentrations:
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chlorcarvacrol at 15.75 % in MRM and pulegone at 19.11 % in MRT.
According to Shahdadi et al. (2023), these compounds well known for
their antimicrobial properties may enhance the overall bioactivity of
the EO. In comparison with other Mentha species, it has been reported
that caryophyllene and (−)germacrene D, the major constituent of EO
of Mentha longifolia (L.), demonstrated strong antimicrobial activity
against P. aeruginosa (Tourabi et al., 2023).

3.4.2. Antifungal activity
Results of the antifungal effect of EO of MRM and MRT against the

tested yeasts and molds are also presented in Table 3. As shown, both
EO of MRM and MRT showed a fungicidal and/or a fungistatic effect on
the tested fungal species. Unlike EO of MRM, EO of MRT showed a
strong antifungal activity, achieving an inhibition zone diameter of
41.25 mm against Rhodotorula spp. In comparison, Amp B, used as the
positive control in this study, exhibited lower inhibition zones, measur-
ing only 12.5 mm and 13.5 mm against C. tropicalis and Rhodotorula
spp., respectively. These findings are further supported by the MIC and
MFC values, which confirm the higher antifungal potential of the EO
when compared to Amp B. In addition, the effect of EO of M. rotundifo-
lia against molds revealed remarkable effectiveness, with 100 % inhibi-
tion of EO of MRM and MRT against A. flavus and A. niger growth. This
inhibition surpasses the effect of the positive control, Amp B, which ex-
hibited only 25 % inhibition against A. flavus growth, and had no de-
tectable effect on A. niger growth. These results are similar to those re-
cently reported by Salamatullah (2022), who registered an antifungal
activity of EO of M. rotundifolia sampled from the Northeast Maghreb
region, achieving the largest inhibition zones diameter against A. flavus
(51.32 ± 1.32 mm) and A. niger (34.51 ± 1.07 mm).

Regarding the MFC/MIC ratio, EO of MRT showed a fungicidal ef-
fect on all tested strains including C. tropicalis, Rhodotorula spp., A. niger
ATCC 1015, and A. flavus NRRL 3357, with values ranging from 1 to
2.28. Concerning the effect of EO on the baker's yeast S. cerevisiae, both
EO of MRM and MRT showed fungistatic effect with high MIC value of
123.07 ± 0.01 μL/mL. Although it is considered to be a non-
pathogenic yeast, an increase in S. cerevisiae infections has recently
been observed, and the species had as a wide range of resistance to
chemicals, which can be a worrying problem and must therefore attract
the attention of scientists to identify alternative solutions to combat
emerging non-routine infections (Górzyńska et al., 2024).

Results obtained in this study highlight the strong potential of EO of
M. rotundifolia in fighting fungal growth, similar to recent data on the
antifungal effect of other aromatic and medicinal plants (Msegued
Ayam et al., 2025). Comparison of the obtained results with previous
studies may provide further insight into some essential characteristics
of the plant investigated in this study. For example, Mimica-Dukic et al.
(2003) reported an antifungal activity of EO of different Mentha species
(M. aquatica, M. piperita, and M. longifolia) against C. albicans, with a
MIC value of 8 μL/mL. This value is far higher that the MIC values ob-
tained in the present study with both EO of MRM and MRT (2.13 μL/
mL) against C. tropicalis, although comparing the antifungal activity of
different EO is challenging due to the variations in EO extraction meth-
ods that could influence its chemical profile and the effectiveness of the
identified bioactive components. The findings reinforce the potential of
M. rotundifolia EO as a potent antifungal agent, offering promising
prospects for broader applications .

3.5. DFT and MESP analysis

A basic method for examining the link between geometric structure
and electronic characteristics of chemical compounds is Density Func-
tional Theory (DFT) (Orio et al., 2009). This approach, based on elec-
tron density, helps to forecast interactions between molecules, atoms,
or ions and offers a better knowledge of chemical reactivity (Gobi et al.,
2024). Using the B3LYP approach and the 6-31G+(d,p) basis set,

Gaussian 09 (Frisch et al., 2009) and GaussView 5.0 software (Denning-
ton et al., 2009), computations were conducted in this work. Among the
global electronic characteristics studied are frontier molecular orbits
(HOMO and LUMO), the energy gap, and various reactivity indices:
chemical potential, hardness, softness, electrophilicity, and nucle-
ophilicity. The following equations were used to calculate these values.
μ = (EHOMO + ELUMO)/2, η = EHOMO - ELUMO, S = 1/η,
ω = μ2/2η, N = EHOMO(Nu) - EHOMO(TCE) (Salah et al., 2020;
Morales-Bayuelo et al., 2020). Every optimized structure is an energy
minimum (positive vibrational frequency). Total energy analysis (Fig.
2) lets one rank the stability of the compounds as follows: Chlorcar-
vacrol ranks higher than Rotundifolone, which ranks higher than Pule-
gone, which ranks higher than Piperitenone. The electrical values and
reactive characteristics are also shown in Table 4 and represented in
Fig. 3.

3.5.1. Frontier Molecular Orbitals (FMO)
Examining the frontier molecular orbitals HOMO and LUMO one

may evaluate molecular reactivity, a fundamental concept in medicinal
chemistry. The energy gap between these two orbitals reveals informa-
tion on the chemical stability and reactivity of the molecules. The
HOMO is linked to nucleophilic sites; the LUMO to electrophilic ones.
These orbitals and the areas of electron density green: negative charges,
red: positive charges are shown (Fig. 3). As shown, the stability of the
compounds, depending on the values, falls in the following sequence:
Chlorcarvacrol > Pulegone > Rotundifolone > Piperitenone, sug-
gesting that chlorcarvacrol is the most reactive, yet less stable from a ki-
netic standpoint.

The energy values also enable the computation of several reactivity
indices including chemical potential (μ), hardness, and electrophilicity.
Predicting binding affinity depends mostly on the chemical potential, a
fundamental sign of interactions between an active molecule and its bi-
ological target (Kaavin et al., 2024). Table 4 shows the following order
of decreasing μ values: Chlorcarvacrol > Pule-
gone > Piperitenone > Rotundifolone, implying that Rotundifolone
could have more robust interactions with biological targets. A large di-
pole moment value supports this affinity in line with the molecular
docking findings. Examining the biological activity of compounds re-
quires electrophilic and nucleophilic indices (Kaavin et al., 2024).
While nucleophilic chemicals aim at electron-deficient areas, elec-
trophilic ones engage with electron-rich areas. Table 4 shows that all in-
vestigated substances have significant nucleophilic character, which
falls in the order: Chlorcarvacrol > Piperitenone > Pulegone > Ro-
tundifolone (Jaramillo et al., 2008). Electrophilicity follows the oppo-
site order: Rotundifolone > Piperitenone > Pulegone > Chlorcar-
vacrol, categorizing the last two as moderate electrophiles (Domingo et
al., 2002). All substances seem to be suitable candidates for biological
uses given these indices, together with chemical hardness and chemical
potential. Pulegone and Chlorcarvacrol, on the other hand, show less
activity in electron-rich and electron-deficient areas, respectively,
which could account for the differences between molecular docking re-
sults and in vitro studies on bacterial and fungal strains.

3.5.2. MEP analysis
A commonly used method to find reactive sites, study charge distrib-

ution, and investigate hydrogen bonding interactions inside a molecule
is Molecular Electrostatic Potential (MEP) (Lohith et al., 2022). The
most electronegative areas show in red by projecting potential values
onto the molecular surface, suggesting places vulnerable to elec-
trophilic attacks; the most electropositive zones, in blue, denote nucle-
ophilic attack sites. Intermediate areas—green, yellow, or orange show
rising potentials in the sequence: red < orange < yel-
low < green < blue (Ali et al., 2022). The MEP maps (Fig. 4) shows
that the oxygen atom of the C=O groups is a susceptible site for elec-
trophilic assaults (red zones) in the Pulegone, Rotundifolone, and
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Fig. 1. Map of Morocco showing the sampling study areas of M. rotundifolia (Marrakech and Taounate).

Fig. 2. Optimized structures of the compounds Pulegone, Rotundifolone, Piperitenone and Chlorcarvacrol, obtained by the DFT method at the B3LYP/6-31+G(d,p)
level, together with their energies (in eV).

Table 4
Chemical reactivity descriptors of the synthesized compounds (in eV).
Compounds E(HOMO) E(LUMO) μ Χ η ω N S Md (Debye)

Chlorcarvacrol −6.148 −0.590 −3.369 3.369 5.557 1.0214 3.260 0.179 2.346
Piperitenone −6.493 −1.657 −4.0757 4.0757 4.835 1.717 2.915 0.206 4.151
Pulegone −6.508 −1.401 −3.955 3.955 5.106 1.531 2.900 0.195 3.368
Rotundifolone −6.736 −1.686 −4.211 4.211 5.0498 1.755 2.672 0.198 3.299

Note: μ = (EHOMO + ELUMO)/2; η = ELUMO – EHOMO; ω = μ2/2η; N = EHOMO(Nu) - EHOMO(TCE); S = 1/η, ω = μ2/(2η); Χ = - μ = - (EHOMO + ELUMO)/2; Md: Dipole Mo-
ment in Debye.

Piperitenone compounds. On the other hand, Chlorcarvacrol's OH alco-
hol group is a nucleophilic site (blue zones). MEP study also reveals that
the chlorine atom (Cl) in Chlorcarvacrol sits in rather negative electro-
static potential areas (orange-yellow). These findings imply that espe-
cially via hydrogen bonds (donor or acceptor), halogen bonds, and hy-
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Fig. 3. EHOMO, ELUMO and Egap energy levels in (eV) for the synthesized compounds, calculated using the B3LYP/6-31G+ (d,p) method.

Fig. 4. MEP formed by matching the total density and the electrostatic potential in the gas phase for the compounds studied.

drophobic interactions all four chemicals can create intermolecular in-
teractions with target protein amino acid residues.

3.6. Molecular docking

A computer method called molecular docking forecasts the interac-
tions and preferred orientation of a tiny molecule ligand when attached
to a target macromolecule, such a nucleic acid (DNA or RNA) or a pro-

tein. Playing a key role in drug discovery and design, it offers insightful
analysis of binding affinity, stability, and specificity. By means of con-
formation space exploration and interaction energy computation, Tool-
slike AutoDock Vina, DockThor, Glide, SwissDock, and Discovery Stu-
dio (Friesner et al., 2004; Lutsik et al., 2011; Grosdidier et al., 2011;
Eberhardt et al., 2021) provide strong algorithms to simulate and assess
ligan d-receptor interactions.
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AutoDock Vina program and Discovery Studio software were used
to investigate the molecular interactions and to maximize design strate-
gies for analysis and visualization of docking outcomes. By lowering ex-
penses and experimental work in the pharmaceutical and agri-food in-
dustrial research, these methods together speed the development of
bioactive chemicals (drugs, additives, etc.), hence enabling virtual
screening, hit-to-led optimization, and mechanistic knowledge.

Aiming to find possible targets among proteases from pathogenic
bacteria and fungi, notably E. coli (PDB: 4TZK), B. subtilis (6UF6), and
C. tropicalis (6T1U) were chosen from the RCSB Protein Data Bank. The
choice was based on the well-documented role in key microbial
processes. Regarding the first choice (PDB: 4TZK), it was supported by
Khan et al. (2023) for the crucial role in protein quality control and bac-
terial survival under stressful conditions, making it an attractive an-
tibacterial target. The second choice (6UF6) was considered because
this protein is essential for sporulation and nutritional adaptation
(Hastuti et al., 2025; Agrawal et al., 2024). The last choice (6T1U) was
based also on the virulence and pathogenicity of the selected protein in
fungal infections, making it a promising antifungal target (Rana et al.,
2021; Zhang et al., 2022).

Molecular docking using AutoDock Vina and PyRx software evalu-
ated the biological activity of the major compounds in the EO of MRT
and MRM. Using AutoDockTools 1.5.6, the proteins were prepared by
eliminating water molecules and hydrogen atoms while adding polar
hydrogens and Kollman charges; the modified structures were trans-
lated into PDBQT format for docking. For each protease, a docking grid
was carefully defined around the co-crystallized ligand to precisely tar-
get the active site, with grid dimensions of 36 Å × 40 Å × 36 Å cen-
tered at (−1.544, 34.716, 56.254 Å) for 4TZK (E. coli),
50 Å × 58 Å × 76 Å at (10.686, 13.072, 23.138 Å) for 6UF6 (B. sub-
tilis), and 66 Å × 70 Å × 72 Å at (−16.857, −8.310, −35.949 Å) for
6T1U (C. tropicalis). From several poses produced by molecular docking
for every ligand-protein complex (nine per target), the pose with the
lowest binding free energy was chosen as the best configuration; then,
3D interaction analysis using Discovery Studio and 2D interaction visu-
alization with Schrödinger's tool were performed.

3.6.1. Activity analysis of synthesized products and molecular interactions

- Activity against E. coli (study of Ligand–4TZK interactions)

Docking results showed binding affinities of −7.1 kcal/mol for
chlorcarvacrol), −7.4 kcal/mol for piperitenone), −6.8 kcal/mol for
pulegone, and −6.9 kcal/mol for rotundifolone (Table S1). Strepto-
mycin displays a higher affinity of −8.2 kcal/mol, indicating that Chlor-
carvacrol and Piperitenone exhibit strong inhibitory potential against E.
coli (PDB ID = 4TZK). On the other hand, Fig. 5 illustrates the ligands
positions within the 6UF6 active site and their specific molecular inter-
actions. The key interactions for the different ligands are as follows.
Chlorcarvacrol Forms Pi-Alkyl (PHE A:41, VAL A:65) and Pi-Sigma (ILE
A:95) interactions. Piperitenone stabilized by a hydrogen bond (VAL
A:65, 2.895 Å), Pi-Sigma (PHE A:41), and Alkyl interactions. Pulegone
forms Pi-Alkyl (PHE A:41) and Alkyl interactions (ILE A:122, VAL
A:65). Rotundifolone establishes hydrogen bonds (GLY A:96) and Pi-
Sigma (PHE A:41) interactions.

- Activity against B. subtilis (study of Ligand–6UF6 Interactions)

The molecular docking results revealed that the synthesized ligands
of chlorcarvacrol, piperitenone, pulegone, and rotundifolone demon-
strate binding affinities of −6.2 kcal/mol, −6.0 kcal/mol, −5.8 kcal/
mol, and −6.0 kcal/mol, respectively (Table S2). Comparatively, strep-
tomycin, used as a standard drug, exhibits a similar binding affinity of
−6.2 kcal/mol. This indicates that chlorcarvacrol, piperitenone, and ro-
tundifolone are among the most effective inhibitors of B. subtilis, com-

parable to streptomycin (PDB ID = 6UF6). Fig. 6 illustrates the ligands
positions within the 6UF6 active site and their specific molecular inter-
actions. The key interactions for the different ligands are as follows.
Chlorcarvacrol is stabilized by Pi-Sigma (PHE A:251, 3.448 Å), Pi-Alkyl
(LEU A:249, TRP A:255), and Alkyl interactions. Piperitenone is stabi-
lized by a hydrogen bond (THR A:91, 2.386 Å) and Alkyl interactions
(VAL A:69, ILE A:71, ILE A:257). Pulegone is stabilized by Forms Pi-
Sigma interactions (PHE A:234, 3.779 Å). Rotundifolone is stabilized
by Pi-Alkyl (PHE A:251, TRP A:255) and an unfavorable acceptor-
acceptor interaction (ILE A:222).

- Activity against C. tropicalis (study of Ligand–6T1U interactions)

The results of this study (Table S3) revealed that the complexes
formed between proteins and the ligands chlorcarvacrol, piperitenone,
pulegone, and rotundifolone exhibit binding affinities of −8.5 kcal/
mol, −8.2 kcal/mol, −7.9 kcal/mol, and −7.7 kcal/mol, respectively.
In comparison, amphotericin B, used as a standard antifungal com-
pound, demonstrates a binding affinity of −9.7 kcal/mol. These find-
ings suggest that rotundifolone and piperitenone emerge as the most ef-
fective inhibitors of C. tropicalis, comparable to amphotericin B (PDB
ID: 6T1U). Fig. 7.1 shows the 2D visualization of interactions between
the ligands (A: chlorcarvacrol, B: piperitenone, C: pulegone, D: rotundi-
folone, and E: amphotericin B) and the amino acids of C. tropicalis (PDB
ID: 6T1U), highlighting the nature of these interactions. Fig. 7.2 shows
also the placement of ligands within the active site of C. tropicalis (PDB
ID: 6T1U) and the 3D visualization of interactions between the ligands
(A: chlorcarvacrol, B: piperitenone, C: pulegone, D: rotundifolone, and
E: amphotericin B). The docking study against C. tropicalis (PDB ID:
6T1U) demonstrates that the synthesized ligands of chlorcarvacrol,
piperitenone, pulegone, and rotundifolone exhibited significant bind-
ing affinities, with values of −8.5 kcal/mol, −8.2 kcal/mol, −7.9 kcal/
mol, and −7.7 kcal/mol, respectively. Among these, chlorcarvacrol
showed the highest binding affinity, closely followed by piperitenone.
However, amphotericin B, used as the standard antifungal molecule, ex-
hibited the strongest binding affinity at −9.7 kcal/mol.

4. Conclusion

Results of this research study highlight the possible use of EO of M.
rotundifolia as a natural antimicrobial agent against a wide range of bac-
terial and fungal pathogens, while also emphasizing its potential to pro-
vide alternative antioxidant substances. This increased efficacy is ex-
plained by the bioactive components identified by GC-MS/MS, particu-
larly the major component, rotundifolone. Molecular docking simula-
tions showed that the synthesized ligands exhibited significant in-
hibitory potential against B. subtilis, E. coli, and C. tropicalis. Among
these, chlorcarvacrol and piperitenone consistently demonstrated
strong binding affinities across all studies. The biological potential of
EO extracted from M. rotundifolia leaves opens new perspectives for its
use as alternative, sustainable and innovative solution for local prod-
ucts in the country. Moreover, further in vivo studies are required to val-
idate the results for future applications.
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Fig. 5. (5.1): 2D visualization of interactions between the ligands; A: Chlorcarvacrol, B: Piperitenone, C: Pulegone, D: Rotundifolone, and E: Streptomycin, and the
amino acids of E. coli (PDB ID: 4TZK), as well as the nature of these interactions. (5.2): Placement of ligands within the active site of E. coli (PDB ID: 4TZK), and A:
Chlorcarvacrol, B: Piperitenone, C: Pulegone, D: Rotundifolone, and E: Streptomycin.
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Fig. 6. (6.1): 2D visualization of interactions between the ligands; A: Chlorcarvacrol, B: Piperitenone, C: Pulegone, D: Rotundifolone, and E: Streptomycin, and the
amino acids of B. subtilis (PDB ID: 6UF6), as well as the nature of these interactions. (6.2): Placement of ligands within the active site of B. subtilis (PDB ID: 6UF6) and
the 3D visualization of interactions between the ligands, A: Chlorcarvacrol, B: Piperitenone, C: Pulegone, D: Rotundifolone, and E: Streptomycin.
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Fig. 7. (7.1): 2D visualization of interactions between the ligands; A: Chlorcarvacrol, B: Piperitenone, C: Pulegone, D: Rotundifolone, and E: Amphotericin B, and the
amino acids of C. tropicalis (PDB ID: 6T1U), as well as the nature of these interactions. (7.2): Placement of ligands within the active site of C. tropicalis (PDB ID: 6T1U)
and the 3D visualization of interactions between the ligands, A: Chlorcarvacrol, B: Piperitenone, C: Pulegone, D: Rotundifolone, and E: Amphotericin B.
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