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ABSTRACT: Origanum elongatum (OE) is an aromatic, medicinal plant endemic to Morocco that is widely used
in traditional medicine due to its biological properties. This study aimed to elucidate the chemical composition of
the essential oil (EO) obtained from O. elongatum (OEEO) at three stages of its life cycle, including vegetative stage
(OEEO-VS), �owering stage (OEEO-FS), and post-�owering (OEEO-PFS), as well as to evaluate its biological and
antiradical characteristics. The chemical analysis of the essential oil was conducted using gas chromatography-mass
spectrometry (GC-MS). The antibacterial activity was evaluated in vitro through distinct methodologies, namely,
disc di�usion and microatmosphere assay; subsequently, the minimum inhibitory concentration (MIC) was then
determined. The antioxidant potential was also measured by using the DPPH and FRAP assays. The GC-MS revealed
the predominant of p-cymene (26.83%_31.45%), γ-terpinene (8.46%_26.95%), thymol (13%_29.54%), and carvacrol
(20.25%_37.26%), in all three samples, with notable variations according to the phenological stage of the samples. The
EOs extracted at three phenological stages demonstrated notable antibacterial e�cacy against all the phytopathogen
tested. The MICs for Erwinia amylovora exhibited a range of 6.25 and 250 µg/mL. However, for Agrobacterium
tumefaciens C58 and Allorhizobium vitis S4, the MICs spanned 125 and 250 µg/mL. In the DPPH test, the IC50
values were 168.25 ± 1.14, 147.01 ± 0.78, and 132.01 ± 2.06 µg/mL for EOs derived from the vegetative, �owering,
and post-�owering period, respectively. In the FRAP test, the EC50 values were 164.22 ± 1.04, 215.73 ± 1.48, and
184.06 ± 0.95 µg/mL for the same stages. The �ndings o�er promising prospects for the phytochemical development,
demonstrating how the phenological stage signi�cantly in�uences the therapeutic and biotechnological potential
of O. elongatum. This has the potential to open up new avenues of research in the pharmaceutical, agronomic, and
environmental �elds.
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1 Introduction

Northern Morocco, with its Mediterranean climate, is very rich in aromatic and medicinal plants, some

of which are endemic. Among these, we found Origanum species that are used worldwide in conventional

therapy for the treatment of a certain range of diseases, including respiratory problems [1], digestive

troubles, poisoning, dandru� [2], diabetes [3], and in�ammation [4]. Extensive in vitro testing has revealed

a vast array of pharmacological properties related to these plants, notably antibacterial, anti-in�ammatory,

antioxidant, anticancer, antifungal, and antiviral properties [5–9].

Numerous research studies have reported that theOriganum genus essential oils contain a diverse range

of terpenoids and phenolic compounds, including carvacrol, thymol, 
 -terpinene, and p-cymene [10–12].

This chemical composition is a�ected by many factors, such as altitude [13] and the phenological

stage [14,15].

Origanum elongatum is an endemic aromatic and medicinal plant of the Lamiaceae family, a perennial

herb of the Origanum genus [16]. Its distribution in the wild is limited to the northeast (NE) of Morocco

and extends from the Middle Atlas to the Rif mountain [17], in open forests, rocky outcrops and

mountain matorrals, on siliceous substrates and deep, well-drained soils, and characterized by bioclimatic

plasticity since it is able to grow under di�erent climatic conditions, including semi-arid, sub-humid,

humid and per-humid [18]. O. elongatum develops easily in temperate continental climates and grows

rapidly [19]. O. elongatum is therefore characterized by chemical polymorphism with appreciable inter-

and intrapopulation variability. In this context, a phytochemical study of 168 samples of O. elongatum

from di�erent regions reported that the most dominant compound was carvacrol, followed by thymol and

p-cymene. Limonene, �-terpineol, thymoquinone, carvacrylic methyl oxide, and caryophyllene oxide (rare

compounds in Origanum taxa) [17]. Other studies too have shown the richness of Origanum elongatum

by several classes of bioactive compounds, including terpenoids, �avonoids, oxygenated compounds,

hydrocarbon compounds, and phenolic compounds [5,18,20,21].

O. elongatum grows naturally in the Moroccan Rif and is of great importance as a plant of

ethnopharmacological value to the local population [17]. Certain individuals prefer the plant’s preparation

at speci�c stages, with some favoring the �owering stage while others prefer the post-�owering stage [22].

The aim of this study was to determine for the �rst time the optimal harvesting period with the richest

concentration of bioactive compounds, and to evaluate the variation of chemical compounds in O. elongatum

essential oil at three di�erent phenological stages, including vegetative, �owering, and post-�owering

stages. In addition, the antibacterial, antioxidant, and OEEO activities of di�erent phenological stages were

evaluated to establish possible correlations between biological activity and the chemical composition of

the oils.

2 Material and Methods

2.1 Plant Material and Essential Oils Extraction

As part of our study, we collected areal part of O. elongatum in the Targuist region (34◦43′29′′ N;

4◦18′21′′ W) (Fig. 1). The samples were collected aerial plant part at three key points in the OE life cycle:

the vegetative period (April 2023), the �owering period (June 2023) and the post-�owering period in August

2023 (Fig. 2). From these samples, we were able to carry out chemical and biological analyses of EO in the

early, middle and late stages of their development. The plant material was dried in the shade and subjected

to hydrodistillation using a Clevenger apparatus. The obtained EO was stores at 4◦C until use.
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Figure 1: Mapping of Origanum elongatum collection point at various development stage.

 

Figure 2: Origanum elongatum in its natural state in three stages of development: (A) O. elongatum at Vegetative

stage; (B): O. elongatum at �owering stage; (C): O. elongatum at post �owering stage.

2.2 Study Area and Climate Condition

The climate of the region varies considerably during the months that are most important for the

development of the plants. In April, during the vegetative stage, the average temperature is around 11◦C,

providing relatively mild conditions for plant growth. The plants start growing vigorously, with maximum

temperatures reaching 16◦C. However, the number of rainy days (a day on which measurable rainfall occurs,

which is commonly de�ned as ≥1 mm of precipitation) in April was 6.6 days, with a total rainfall of 45.2 mm.

This may a�ect the health and growth of the crop. In June, when the plants are �owering, the climate

warms considerably, with an average temperature of 19◦C and a maximum up to 24◦C. This increase in

temperature promotes �ower blooming. In addition, the number of rainy days drops dramatically to an

average of only 1.6 days with an average rainfall of 10.2 mm. In August, during the post-�owering period,
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temperatures remained warm with an average of 22◦C, although the maximum and minimum values did

not di�er much from those of June (Fig. 3). On the other hand, the number of rainy days remained low,

with an average of only 0.6 days and a minimum rainfall of 3.4 mm.

Figure 3: Rainfall and temperature distribution in study area.

2.3 Identi�cation of Volatile Components

The GC-MS analyses were carried out on three samples of OEEO corresponding to three phenological

stages (vegetative, �owering, and post-�owering). The gas chromatography-mass spectrometry was

performed using a GC-MS-TQ8040 NX (Shimadzu) equipped with a triple quadrupole detector. The

compounds were isolated on a non-polar RTxi-5 Sil MS capillary column (30 m × 0.25 mm ID × 0.25 µm).

Helium was used as the carrier gas. The injection volume was set at 1 µL in splitless mode, with the split

being opened after 4 min. The injection temperature was set at 250◦C, with a pressure of 37.1 kPa. The

temperature program started at 50◦C/min (held for 2 min), followed by two ramps: 5◦C/min to 160◦C (held

for 2 min), then 5◦C/min to 280◦C (held for 2 min), for a total analysis time of 50 min. The ion source and

interface temperatures were 200◦C and 280◦C, respectively. The acquisition was performed in full scan

mode, and the compounds were identi�ed using the NIST library version 2019, and Hexane was used as a

dilution solvent for the samples. To obtain the percentage of relative peak area for the EOs, �rstly, we add

up all the areas of all the peaks. Then we divided the area of each peak by the total area and multiplied the

results by 100 to obtain the percentage of each EO component [17]. The GC-MS analyses were performed

in triplicate to ensure methodological rigor and reproducibility.

2.4 Biological Activity

2.4.1 Bacteria Strains and Growth Conditions

Three phytopathogens, including Agrobacterium tumefaciens C58, Allorhizobium Vitis S4, and Erwinia

amylovora, were used to study the antibacterial potential of OEEO at three phenological stages. All

the bacterial strains used in this work were obtained from the Laboratory of Phytopathology of the

Regional Centre for Agronomic Research (INRA-CRRA) in Meknes. The preparation of the bacterial



Phyton-Int J Exp Bot. 2026;95(1):12 5

suspension followed a precise protocol. However, separate colonies from a fresh culture on LB agar medium

were carefully selected. These colonies were then transferred to a sterile sodium chloride (0.9% NaCl)

solution. The bacterial concentration was adjusted to approximately 106 CFU/mL. The optical density of

the suspension was measured using a UV-visible spectrophotometer at 625 nm and standardized according

to the 0.5 McFarland standard.

2.4.2 Disc Di�usion

The antibacterial e�cacy of each phenological stage of OEEO was estimated using the disc di�usion

technique. This method was adapted from a published method with minor changes [15]. The previously

prepared bacterial working suspensions, adjusted to 106 CFU/mL, were spread homogeneously on LB agar

plates. A sterile �lter disc of 6 mm diameter, soaked with 10 µL of OEEO of each phenological stage, was

carefully positioned on the inoculated plates. Streptomycin 15 µg/disc was used as a positive control, and

the diameter of the inhibition zone around each disc was measured in millimeters after incubation at 37◦C

for 24 h.

2.4.3 The Minimum Inhibitory Concentration (MIC)

The antibacterial activity of OEEO at three phenological stages (OEEO-VS, OEEO-FS, and OEEO-PFS)

was evaluated using a 96-well microplate dilution method [15]. Each well contained 95 µL of double-strength

LB broth, to which serial dilutions of EO (in 4% DMSO) were added, yielding �nal concentrations ranging

from 1000 to 7.8 µg/mL. Streptomycin was used as a positive control, and 4% DMSO alone served as a

negative control. Then, 10 µL of bacterial suspension (≈ 106 CFU/mL) was added to each well. Microplate

was incubated at 35◦C for 24 h. Bacterial growth was assessed by adding 20 µL of resazurin solution; a

color change from blue to pink indicated metabolic activity. The MIC was de�ned as the lowest OEEO

concentration at which no color change was observed

2.5 Antioxidant Activity

2.5.1 DPPH Assay

The free radical scavenging properties of OEEO during the vegetative (OEEO-VS), �owering (OEEO-FS),

and post-�owering (OEEO-PFS) stages were evaluated using the 2,2-diphenyl 1-picrylhydrazyl (DPPH)

assay. This method, which has been previously documented in a published paper, was used with a slight

modi�cation to determine the free radical scavenging potential of each OEEO phenological stage [23].

Brie�y, 90 µL of EO at di�erent concentrations were mixed with 600 µL of 0.04% ethanolic DPPH solution.

After incubation for 30 min in the dark, the absorbance was measured at 530 nm using a spectrophotometer.

Negative controls were prepared by mixing 90 µL of ethanol with 600 µL of DPPH solution, without EOs, to

correct for background absorbance. However, positive controls included BHT (Butylated hydroxytoluene)

and ascorbic acid. All assays were performed in triplicate, and the IC50 was calculated as the concentration

of EOs required to inhibit 50% of DPPH free radicals.

2.5.2 FRAP Assay

The ferric reducing antioxidant capacity of each sample of OEEO phenological stage was studied as

reported by [24] with some slight changes.

Brie�y, a reaction mixture was prepared by combining 0.5 mL of each EO at various concentrations

with 1.25 mL of phosphate bu�er (200 mM, pH = 6.6) and 1.25 mL of 1% potassium ferricyanide. The

resulting mixture was incubated at 50◦C for 25 min. After incubation, 10% trichloroacetic acid (TCA) was
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added to precipitate the proteins, and centrifugation was performed at 5000 rpm for 5 min. The supernatant

obtained (1.25 mL) was diluted with 1.25 mL of distilled water, and 250 µL of 0.1% ferric chloride (FeCl3)

was added. However, negative controls were prepared by replacing the EO with ethanol only to correct

for background absorbance. Positive controls included BHT and ascorbic acid. The EC50, de�ned as the

concentration of OEEO required to achieve an absorbance of 0.5, was then calculated.

2.6 Statistical Analysis

All assays were conducted in triplicate, and the data are reported as mean ± standard deviation.

Statistical analyses were carried out using GraphPad version 9. Mean di�erences were evaluated by

one-way ANOVA followed by Tukey’s multiple comparison test, with signi�cance accepted at p < 0.05.

3 Results and Discussion

3.1 Chemical Pro�le of the Three OEEO Phenological Stage Samples.

The GC-MS analysis of the essential oils of O. elongatum from three di�erent phenological stages,

including vegetative, �owering, and post-�owering (Fig. 4 and Table 1), revealed a diverse range of chemical

composition (22 compounds), with monoterpenes representing the dominant class of compounds. The

extraction yields were found to be 4.9%, 5% and 2.1% for OEEO-VS, OEEO-FS, and OEEO-PFS, respectively.

The predominant compounds identi�ed in all three samples were p-cymene (26.83%_31.45%), 
 -terpinene

(8.46%_26.95%), thymol (13%_29.54%), and carvacrol (20.25%_37.26%), with notable variations according to

the phenological stage of the samples. The predominant chemical group was oxygenated monoterpenes,

representing 49.22%, 69.29% and 62.76% of the total composition, respectively, for OEEO-VS, OEEO-FS, and

OEEO-PFS. This was followed by hydrocarbon monoterpenes, which constituted 41.92%, 25.16% and 34.63%

of the total composition, respectively. The presence of sesquiterpenes was observed in minimal quantities in

OEEO-VS (4.11%) and OEEO-FS (2.62%), whereas no such compounds were identi�ed in OEEO-PFS (Table 2).

However, OEEO-FS was characterized by particularly high levels of carvacrol (37.26%) and thymol (29.54%),

while OEEO-PFS had the highest concentration of 
 -terpinene (26.95%) and p-cymene (31.45%). These

results highlight the signi�cant in�uence of the phenological stage on the chemical composition of OEEO.

The chemical composition of OEEO is comparable to that of other species within the Origanum genus,

yet it possesses distinctive characteristics. In their studies of O. compactum, Bouyahya and colleagues

observed that oxygenated monoterpenes (49.4–62.975%) and hydrocarbon monoterpenes (31.815–43.632%)

constituted the main chemical groups, with carvacrol, thymol, p-cymene, and γ-terpinene identi�ed as

the major compounds. The proportions of carvacrol and thymol exhibited notable variation across the

three phenological stages, at the vegetative stage, they constituted 27.71% and 15.32%, respectively. In

contrast, at the �owering stage, carvacrol increased to 43.58%, while thymol decreased to 10.33%. At the

post-�owering stage, this trend was reversed, with 38% thymol and 6.4% carvacrol being the predominant

compounds [14,25]. A similar trend was observed in O. vulgare in a previous study, which reported that

carvacrol was the predominant compound at all stages (61.08–83.37%), followed by p-cymene (3.02–9.87%)

and γ-terpinene (4.13–6.34%) [22]. Morshedloo and colleagues additionally observed the preponderance of

carvacrol (18.1–79.2%) in the EO vulgare subsp. gracile, with elevated concentrations in the �owers (79.2%),

roots (70%), and early vegetative stage (67.34%) [26]. A further study revealed that thymol constituted

the principal compound (46.90–62.26%) in O. vulgare EO at all stage of development, with γ-terpinene

(1.11–11.75%) and p-cymene (3.11–5.32%) ranking as the next most abundant components [27]. However,

Moradi and colleagues reported that the EO content was highest at the post-�owering stage (1.87%) and the
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lowest at the pre-�owering stage (1.01%) in O. vulgare, with carvacrol, p-cymene, and γ-terpinene as the

main components [28].

It is of great importance to highlight that the chemical composition of EO is subject to variation due to

a multitude of factors that in�uence the biosynthesis of secondary metabolites. The geographical origin of

the plant, its exposure, the altitude of its habitat, climatic conditions, in particular temperature, the genotype

of the plant, and edaphic factors linked to the soil are among the factors that contribute to the variation

in chemical composition observed in EOs [29]. The aforementioned diversity of parameters provides an

explanation for the observed variations in the chemical composition of our study in comparison with other

oregano species analyzed in the scienti�c literature.

Table 1: Chemical pro�le of OEEO at three phenological stage.

N◦ Compounds Formula RI1 LRT2 OEEO-VS3 (%) OEEO-FS4 (%) OEEO-PFS5 (%)

1 �-thujene C10H16 902 921 1.48 ± 0.03 0.32 ± 0.02 _
2 �-carene C10H16 919 929 1.46 ± 0.08 1.29 ± 0.04 2.36 ± 0.03
3 �-pinene C10H16 948 943 1.27 ± 0.14 _ _
4 3-octanonere C8H16O 952 969 0.42 ± 0.1 _ _
5 �-myrcene C10H16 958 990 1.31 ± 0.06 0.82 ± 0.21 0.81 ± 0.11
6 morillol C8H16O 969 1009 _ 0.28 ± 0.01 _
7 
 -terpinene C10H16 998 1017 8.46 ± 0.43 13.60 ± 1.57 26.95 ± 0.28
8 D-limonene C10H16 1018 1031 1.11 ± 0.01 _ _
9 p-cymene C10H14 1023 1024 26.83 ± 1.05 9.13 ± 0.26 31.45 ± 1.46
10 Trans-sabinene hydrate C10H18O 1041 1042 0.59 ± 0.09 _ _
11 linalool C10H18O 1082 1082 2.24 ± 0.13 _ _
12 L-4-terpineol C10H18O 1137 1177 1.20 ± 0.03 _ _
13 endo-borneol C10H18O 1138 1140 0.55 ± 0.02 0.57 ± 0.03 _
14 isothymol methyl ether C11H16O 1231 1235 _ 1.40 ± 0.06 _
15 thymol C10H14O 1262 1294 24.39 ± 0.27 29.54 ± 0.73 13.00 ± 0.21
16 tropolone C10H12O2 1311 1313 0.55 ± 0.08 _ _
17 p-ethylguaiacol C 10H14O2 1416 1430 1.80 ± 0.01 0.27 ± 0.01 1.63 ± 0.17
18 farnesyl acetate C15H26O 1479 1470 0.72 ± 0.03 _ _
19 caryophyllene C15H24 1494 1448 1.43 ± 0.01 2.62 ± 0.03 _
20 caryophyllene oxide C15H24O 1507 1578 1.96 ± 0.04 _ _
21 thiofenchone C10H18O 1575 1555 _ 0.52 ± 0.01 _
22 carvacrol C10H14O 1665 1590 20.25 ± 0.36 37.26 ± 0.55 21.81 ± 0.6

TOTAL (%) 98.02 97.62 99.01
YIELD (%) 4.9 5 2.1

1RI: retention index: 2LRT: retention index reported in literature. 3OEEO-VS: O. elongatum EO—vegetative stage. 4OEEO-FS: O.
elongatum EO—�owering stage. 5OEEO-PFS: O. elongatum EO—post �owering stage.

Table 2: Chemical groups of OEEO-VS, OEEO-FS and OEEO-PFS.

Chemical Groups OEEO-VS1 (%) OEEO-FS2 (%) OEEO-PFS3 (%)

Monoterpene hydrocarbons 41.92 25.16 34.62
Oxygenated monoterpenes 49.22 69.29 62.76
Sesquiterpene hydrocarbons 1.43 2.62 _
Oxygenated sesquiterpenes 2.68 _ _

Other 2.77 0.55 1.63
1OEEO-VS: O. elongatum EO—vegetative stage. 2OEEO-FS: O. elongatum EO—�owering stage. 3OEEO-PFS: O. elongatum EO—post
�owering stage.
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Figure 4: GC-MS pro�les of O. elongatum EOs. (a) the vegetative stage, (b) �owering stage, and (c) post�owering

stages.

3.2 Antibacterial Activity

The results of the evolution of the antibacterial activity of OEEO as a function of its stage of

development, using the disc di�usion method, show notable variations in antibacterial e�cacy for the

three phytopathogenic bacteria tested (Fig. 5a). The inhibition zones measured for E. amylovora were

47 ± 3.1 mm for OEEO-VS, 58 ± 2.01 mm for OEEO-FS, and 46 ± 1.13 mm for OEEO-PFS. When subjected to

OEEO-VS, OEEO-FS, and OEEO-PFS, A. tumefaciens C58 exhibited inhibition zones of 45 ± 1.12, 47 ± 1.45,

and 46 ± 1.32 mm, respectively. However, A. vitis S4 displayed inhibition zones of 34 ± 2.4, 52 ± 2.21,

and 47 ± 3.32 mm for OEEO-VS, OEEO-FS, and OEEO-PFS, respectively. The �ndings showed that the

OEEO-FS was the most e�ective, with the largest inhibition zones for the three phytopathogen tested, and

the most sensitive to the essential oils tested was E. amylovora (Fig. 6). In the case of microatmospher

assay, the inhibition zone caused by the volatile compounds present in OEEO are presented in Fig. 5b.

With the OEEO-VS, E. amylovora and A. tumefaciens C58 displayed the most extensive zone of inhibition,
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measuring 30 ± 2.1 and 30 ± 3.2 mm, respectively. Additionally, E. amylovora reported a 26 ± 3.2 mm zone

of inhibition for OEEO-FS. In summary, the biggest zone of inhibition for E. amylovora and A. tumefaciens

C58 was 29 ± 1.07 and 29 ± 2.5 mm in the present of OEEO-PFS. On the other hand, the results of MIC

demonstrate that OEEO exhibits antibacterial activity towards the three phytopathogen strains tested,

including E. amylovora, A. tumefaciens C58, and A. vitis S4. However, the degree of sensitivity exhibited

varies according to the phenological stage of OEEO (Table 3). Overall, OEEO-FS demonstrated the greatest

e�cacy, particularly against E. amylovora, exhibiting an MIC of 62.5 µg/mL, lower than that of the positive

control. For A. vitis oils from vegetative and �owering stages exhibited equivalent activity (125 µg/mL),

which was twice as potent as that observed in the post OEEO-PFS (250 µg/mL). A similar trend was observed

for A. tumefaciens, with the OEEO-VS and OEEO-FS exhibiting more pronounced activity (140 µg/mL). In

contrast, OEEO-PFS demonstrate reduced e�cacy (300 µg/mL). In fact, a study has shown that O. elongatum

EOs fractions obtained between 141 and 160 min of hydrodistillation exhibited the highest activity, with

MICs ranging from 0.0312 to 0.125%(v/v) and MBCs ranging from 0.0312 to 0.25% (v/v) [30]. Furthermore,

another study on the antibacterial e�cacy of O. elongatum reported MICs ranging from 2 to 8 µL/mL against

several bacterial strains, except for Staphylococcus aureus (MIC = 32 µL/mL) [5]

The aforementioned studies irrefutably demonstrate that the EOs of assorted medicinal plants exhibit

pronounced antibacterial activity, with discernible variations contingent on the phenological phase. The

analysis of Origanum vulgare subsp. glandulosum revealed zone of inhibition ranging from 9 to 36 mm

and the MICs of 125 to 600 µg/mL. against Bacillus subtilis [22]. However, the e�cacy of the vegetative

and �owering stages of Origanum compactum against Staphylococcus aureus was also con�rmed, with

remarkable inhibition diameters of 47 mm and best bactericidal action (MIC = MBC = 0.0312%(v/v)) [23]. In

a separate study, the researchers investigated the antibacterial activity of Thymus daenensis and Thymus

fedtschenkoi EOs against diverse range of pathogenic bacteria. They observed that the plant exhibited

notable antibacterial e�cacy at various phenological stages, with MICs values ranging from 1 to 16 mg/mL

and 2 to 32 mg/mL, respectively [31]. Nevertheless, a comprehensive examination of Salvia o�cinalis

at all three developmental stages revealed a consistent and pronounced antibacterial e�cacy. The most

sensitive bacteria were Listeria monocytogenes, followed by Bacillus subtilis, Staphylococcus aureus, proteus

mirabilis, Escherichia coli, and salmonella typhimurium, with slight superiority at the �owering stage [32].

This trend towards optimum e�cacy at the �owering stage was also observed in Pelargonium graveolens

against di�erent bacterial strains, with zones of inhibition ranging from 11 to 17.30 and MICs of 0.25 to

2% (v/v) [33]. Notably, Thymus maroccanus yield particularly impressive results, demonstrating maximum

activity against both Gram positive (21–48 mm and Gram negative (9.7–23.7 mm) bacteria, and the MICs

(0.13 to 0.95 mg/mL at di�erent stages of development [34].

Table 3: Minimum inhibitory concentration (MIC) of OEEO at di�erent stages.

Bacterial Strains
MIC (µg/mL)

OEEO-VS1 OEEO-FS2 OEEO-PFS3 Control+4

A. vitis S4 125 125 250 65

A. tumefaciens C58 150 150 300 130

E. amylovra 125 62.5 125 130
1OEEO-VS: O. elongatum EO—vegetative stage. 2OEEO-FS: O. elongatum EO—�owering stage. 3OEEO-PFS: O. elongatum EO—post
�owering stage.4Streptomycin (positive control).
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Figure 5: Inhibition zone of OEEO at three phenological stage against E. amylovora, A. tumefaciens C58 and A. vitis

S4. (a): disc di�usion assay; (b) microatmospher assay. OEEO-VS: O. elongatum EO—vegetative stage; OEEO-FS:

O. elongatum EO—�owering stage; OEEO-PFS: O. elongatum EO—post �owering stage and control+: streptomycin.

Data with the same letter in the same test present non-signi�cant di�erence by Tukey’s multiple range test (ANOVA,

p < 0.05).
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Figure 6: Inhibition zones of OEEO-VS, OEEO-FS and OEEO-PFS against three phytopathogens. OEEO-VS:

O. elongatum EO—vegetative stage; OEEO-FS: O. elongatum EO—�owering stage; OEEO-PFS: O. elongatum EO—post

�owering stage and T+: streptomycin (positive control).

3.3 Antioxidant Activity

The antioxidant potential of OEEO was evaluated using DPPH and FRAP tests, which yielded

distinct activity pro�ling according to phenological stage (Table 4). This suggests an intriguing

variation in antioxidant power. The DPPH test results demonstrated that the OEEO-PFS exhibited

the most potent antioxidant e�ect, with an IC50 value of 132.01 ± 2.06 µg/mL. This was followed by

OEEO-VS (IC50 = 147.01 ± 0.78 µg/mL), whereas OEEO-FS displayed the lowest activity with an IC50 of

168.25 ± 1.14 µg/mL. However, although these results are promising, they are still less e�ective than the

reference antioxidant BHT (IC50 = 63.21 ± 0.03 µg/mL) and ascorbic acid (IC50 = 41.32 ± 0.08 µg/mL). While

the results of the FRAP test demonstrated a notable variation in the antioxidant activity of OEEO across

the di�erent phenological stages of the plant. The most pronounced antioxidant e�ect was observed in

OEEO-FS, with an EC50 of 164.22 ± 1.04 µg/mL, followed by OEEO-PFS (184.06 ± 0.95 µg/mL). In contrast,

the OEEO-VS showed the lowest activity, with an EC50 of 215.73 ± 1.48 µg/mL. While these values indicate

an intriguing antioxidant potential, they remain inferior to that of BHT (89.44 ± 0.13 µg/mL), which serves

as reference antioxidant.

A comparison of our results with those of previous studies revealed both similarities and di�erences in

the antioxidant ability of our OEEO, depending on the phenological stage. However, for Origanum vulgare

subsp. gracile, Morshedloo, and colleagues observed maximum antioxidant activity in the �owering stage

(EC50 = 0.86 mL/mL), while the vegetative and fruiting stages showed lower activity [26]. Conversely,

another study demonstrated a progressive increase in antioxidant activity for Origanum compactum, with

antioxidant capacity rising from EC50 = 94.18 to 53.28 µg/mL and IC50 values falling from 320 to 172.87 µg/mL,
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between the vegetative �owering and post �owering stages of growth [23]. In contrast, Origanum majorana

exhibited higher antioxidant activity at the late vegetative stage (IC50 = 40–50 µg/mL) compared to the

early vegetative and �owering period [35]. However, a study demonstrated that the antioxidant activity

of Origanum vulgare ssp. Hirtum reaches its peak during the full �owering stage (7.711 ± 0.253 µmol/g),

subsequently declining signi�cantly at the post �owering phase [36]. Nevertheless, an investigation on

Origanum vulgare L �ned that the potential antioxidant of his EOs at various stages of growth range between

EC50 = 7.91 and 8.59 mg/mL [37]. Additionally, the anti-radical activity expressed by IC50 of Origanum

vulgare subsp glandulosum (Desf.) Ietswaart was varied from 59.2 mg/L to 226.19 mg/L [38]. In another work

on the e�ect of the development stage of Rosmarinus o�cinalis L. var. typicus Batt, �nd a high of ability

of EOs to trap the free radicals of DPPH (IC50 = 17.3 µg/mL for vegetative EO and IC50 = 8.59 mg/mL for

fruiting stage) [39]. The observed variations in antioxidant activity at di�erent phenological growth stages

may be ascribed to alterations in the chemical structure of the EOs occurring during the plant’s development.

This hypothesis is supported by the �ndings of supplementary studies, including [37]. Geographical origin,

exposure to sunlight, altitude, soil climate, and plant genetics can also modify the chemical content and

therefore the antioxidant capacity of the plant [25,40,41].

Table 4: Antioxidant activity of OEEO at three phenological stage.

Samples Positive Control

OEEO-FS1 OEEO-VS2 OEEO-PFS3 BHT4 Ascorbic Acid

FRAP (EC50 (µg/mL)) 164.22 ± 1.04b 215.73 ± 1.48d 184.06 ± 0.95c 89.44 ± 0.13a -

DPPH (IC50 (µg/mL)) 168.25 ± 1.14e 147.01 ± 0.78d 132.01 ± 2.06c 63.21 ± 0.03b 41.32 ± 0.08a

1OEEO-VS: O. elongatum EO—vegetative stage. 2OEEO-FS: O. elongatum EO—�owering stage. 3OEEO-PFS: O. elongatum EO—post
�owering stage.4butylated hydroxytoluene. Data with the same letter in the same test present non-signi�cant di�erence by Tukey’s
multiple range test (ANOVA, p < 0.05).

4 Conclusion

This study highlighted, for the �rst time, the decisive impact of the phenological stage on the chemical

composition and biological properties of O. elongatum EO. GC-MS analysis con�rmed that the major

compounds (p-cymene, 
 -terpinene, thymol, and carvacrol) are present at all stages, but in varying

proportions. The �owering stage (OEEO-FS) was characterized by maximum carvacrol (37.36%) and

thymol (29.54%) content, while the post-�owering stage (OEEO-PFS) revealed higher levels of 
 -terpinene

(26.95%) and p-cymene (31.45%). These chemical �uctuations resulted in notable di�erences at the biological

level. The EO produced during the �owering stage exhibited the most pronounced antibacterial activity,

particularly against E. amylovra with an MIC of 62.5 µg/mL, con�rming its value as a natural biocontrol

agent. At the same time, the EO from the post-�owering stage demonstrated greater e�ectiveness in

trapping free radicals FPPH, while that from the �owering stage performed better in the FRAP test. Overall,

these results highlight the crucial importance of choosing the right harvest stage to optimize therapeutic

and biotechnological use of O. elongatum EO. The �owering stage appears to be the most appropriate for

antibacterial actions, while the post-�owering stage could be valued for its antioxidant properties. These

�ndings pave the way for better utilization of this endemic Moroccan species, with promising prospects in

the pharmaceutical, agronomic, and environmental �elds.
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