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This study characterized Thymus maroccanus essential oil (TMEO) and
compared its antimicrobial activity with carvacrol and their combination.
The TMEO was obtained by microwave-assisted hydrodistillation and
analyzed by gas chromatography-mass spectrometry (GC-MS), revealing
a carvacrol-dominant profile (71.04%) with 11 compounds representing
98.52% of the volatile fraction. Antimicrobial activity was assessed against
Gram-positive and Gram-negative bacteria and clinical Candida isolates
using disc diffusion minimum inhibitory concentration (MIC), minimum
bactericidal concentration (MBC), and minimum fungicidal concentration
(MFC) assays. TMEO showed low MIC values and bactericidal activity
against Staphylococcus aureus and Micrococcus luteus (MBC/MIC < 2),
while Escherichia coli was less susceptible. Notably, TMEO consistently
outperformed carvacrol alone, indicating that the activity of the whole oil
cannot be explained by its major component only. A 1:1 (v/v) TMEO-
carvacrol combination further improved antimicrobial activity against
several strains, particularly Gram-positive bacteria and Candida albicans.
However, in the absence of interaction assays, this effect is interpreted as
enhanced combined activity rather than confirmed synergy. The observed
differences in susceptibility are consistent with known structural and
physiological variation among microorganisms. In conclusion, T.
maroccanus was found to be a carvacrol-rich chemotype with promising
antimicrobial activity, warranting further mechanistic, safety, and
formulation studies for practical applications.
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INTRODUCTION

The continuous rise of antimicrobial resistance represents a major global health
challenge, significantly reducing the effectiveness of conventional antibiotics and
antifungal agents (Fisher er al. 2022; Salam et al. 2023; Vitiello ef al. 2023). Pathogenic
bacteria and opportunistic yeasts increasingly display resistance to common antimicrobials,
leading to persistent infections and limited therapeutic choices (Perlin et al. 2017). This
situation has renewed interest in plant-derived antimicrobials, particularly essential oils, as
complementary sources of membrane-active compounds. However, their value depends on
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careful chemical characterization, standardized antimicrobial testing, and cautious
interpretation of activity in relation to conventional drugs (Khwaza and Aderibigbe 2025).
Essential oils (EOs) are complex mixtures of volatile substances found in various medicinal
plants. They are mainly composed of terpenes and phenolic compounds, which are widely
known for their broad-spectrum antimicrobial effects (Raut and Karuppayil 2014). Their
mechanisms of action often encompass disruption of microbial cell membranes, alteration
of permeability, leakage of intracellular components, and interference with enzymatic
systems. Because EOs contain chemically diverse constituents, their antimicrobial activity
may involve multiple cellular targets, including membrane disruption, altered permeability,
and leakage of intracellular materials. Nevertheless, reduced resistance development
should be considered a hypothesis rather than a proven advantage unless supported by
resistance-selection experiments (Reyes-Jurado ef al. 2015; Vergis et al. 2015 ; Chouhan
etal 2017).

The genus Thymus (Lamiaceae) includes several species traditionally used in folk
medicine for the treatment of respiratory, gastrointestinal, and infectious diseases
(Chaachouay et al. 2023). Several Thymus species are recognized for producing EOs rich
in phenolic monoterpenes, especially thymol and carvacrol, components with well-
documented antimicrobial potential. Among these, Thymus maroccanus Ball. is an endemic
Moroccan species that remains relatively underexplored despite its traditional medicinal
use and promising phytochemical profile (Abbad et al. 2011; Belaqziz et al. 2013;
Aljaiyash et al. 2022).

Carvacrol, one of the major bioactive constituents commonly found in 7hymus oils,
has demonstrated strong antimicrobial activity against a wide range of Gram-positive and
Gram-negative bacteria, as well as pathogenic yeasts (Maczka et al. 2023). Its
antimicrobial efficacy has been attributed to its ability to disrupt cytoplasmic membranes,
collapse proton motive force, and induce leakage of cellular contents (Masteli¢ et al. 2008).
However, the activity of isolated compounds may differ from that of the whole EO due to
potential additive, enhancing, or antagonistic interactions among constituents (Chroho et
al. 2024).

Previous studies reported synergistic interactions under conditions validated by
checkerboard or related assays, leading to enhanced antimicrobial activity, although formal
confirmation of synergy requires dedicated interaction assays such as checkerboard
analysis, fractional inhibitory concentration indices, or time—kill approaches (Ju et al.
2022; Soulaimani 2025). Such combinations may enhance antimicrobial performance
compared with individual constituents and, in some contexts, may offer advantages over
conventional antibiotics. However, their practical value cannot be assumed from in vitro
activity alone. Toxicological safety, formulation stability, and any resistance-modulating
effects must be experimentally confirmed before therapeutic claims are justified. At
present, evidence on the combined antimicrobial activity of 7. maroccanus EO and
carvacrol remains limited.

Therefore, this study aimed to characterize the volatile composition of 7.
maroccanus essential oil obtained by microwave-assisted hydrodistillation and to evaluate
its antibacterial and anticandidal activity alone, as pure carvacrol, and as an EO—carvacrol
combination. Antimicrobial performance was assessed using disc diffusion, minimum
inhibitory concentration (MIC), minimum fungicidal concentration-to-minimum inhibitory
concentration (MFC/MIC) ratios, or minimum bactericidal concentration-to-minimum
inhibitory concentration (MBC/MIC) ratios. Because no checkerboard or time—kill
interaction assay was performed, the combined treatment is interpreted as enhanced
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combined activity rather than confirmed synergy. This cautious framing strengthens the
biological interpretation and avoids overextension of the available data.

EXPERIMENTAL

Chemicals

Microbiological culture media and reagents used in the antimicrobial assays
included Luria—Bertani (LB) medium, nutrient agar, potato dextrose agar (PDA), yeast
extract-peptone—dextrose ~ (YPD)  medium, erythromycin, fluconazole, p-
iodonitrotetrazolium chloride (INT), dimethyl sulfoxide (DMSO), and sodium chloride.
Commercial carvacrol (CAS No. 499-75-2; product No. W224511; manufacturer-specified
assay, 99%) was purchased from Sigma-Aldrich, France, and used as received without
further purification as the antimicrobial test compound. It was not used as a GC-MS
identification or quantification standard, and its residual impurity/isomer profile was not
independently characterized. INT was prepared at 0.2 mg/mL for use as the microbial
viability indicator in the broth microdilution assay.

Plant Material and EO Extraction

Thymus maroccanus aerial parts were collected in April 2024 from the High Atlas
region of Morocco, at approximately 31.286° N, 7.966° W and an elevation of
approximately 1,260 m above sea level. The plant material was taxonomically
authenticated by Dr. Hanae Naceiri Mrabti (Laboratory of Drug Sciences, Faculty of
Medicine, Pharmacy, and Dental Medicine of Fez, Sidi Mohamed Ben Abdellah
University, Fez, Morocco), and a voucher specimen (T8025) was deposited in the
Laboratory of Drug Sciences. The aerial parts were shade-dried at room temperature under
well-ventilated conditions for approximately two weeks and stored in a tightly sealed
container until essential-oil extraction.

For essential-oil extraction, 90 g of dried aerial material was immersed in 1.5 L of
distilled water and subjected to microwave-assisted hydrodistillation using a Whirlpool
MWD 119 microwave oven (20 L capacity; 2.45 GHz) directly connected to a Clevenger-
type apparatus equipped with a water-cooled condenser supplied continuously with cold
tap water throughout the extraction to ensure efficient condensation of the volatile
components. Extraction was performed at 600 W for 20 min. The recovered essential oil
was separated from the aqueous phase, dried over anhydrous sodium sulfate to remove
residual moisture, transferred into a tightly sealed amber glass vial, and stored at 4 °C in
the dark until GC-MS analysis and antimicrobial testing. Essential-oil yield was calculated
as the volume of recovered oil per 100 g of dry plant material and expressed as mL EO/100
g dry weight.

Gas Chromatography—Mass Spectrometry (GC-MS) Analysis

The volatile composition of TMEO was analyzed using an HP 6890 gas
chromatograph coupled to an HP 5973 mass-selective detector and equipped with an HP-
SMS capillary column (30 m x 0.25 mm i.d., 0.25 pm film thickness), following the
previously described analytical procedure with minor adaptation (Al-Mijalli et al. 2025).
The oven temperature was initially maintained at 50 °C for 5 min and then increased to
200 °C at a rate of 4 °C/min. Helium was used as the carrier gas at a flow rate of 1.5
mL/min. A 1 pL aliquot of the diluted essential oil was injected, and mass spectra were
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acquired under electron-impact ionization at 70 eV, with the ion-source temperature
maintained at 230 °C and a scan range of m/z 35 to 450. Volatile constituents were
tentatively identified by comparison of their mass spectra with the NIST mass-spectral
library and by comparison of their calculated retention indices with published reference
values. Retention indices were determined under the same chromatographic conditions
using a homologous series of n-alkanes (C9—C31). The relative abundance of each
constituent was calculated from its chromatographic peak area and expressed as a
percentage of the total detected volatile fraction.

Studied Microorganisms

The antimicrobial activity of TMEO was evaluated against six microorganisms
comprising three Gram-positive bacterial reference strains, Listeria innocua ATCC 33090,
Micrococcus luteus ATCC 14452, and Staphylococcus aureus ATCC 29213; one Gram-
negative bacterial strain, Escherichia coli ATCC 25922; and two clinical yeast isolates,
Candida albicans and Candida tropicalis. The clinical Candida isolates were obtained
from the laboratory collection of the Laboratory of Drug Sciences, Faculty of Medicine,
Pharmacy, and Dental Medicine of Fez, Sidi Mohamed Ben Abdellah University, Fez,
Morocco, and had been previously identified to the species level using routine
microbiological identification procedures. Before antimicrobial testing, bacterial strains
were subcultured on nutrient agar and incubated at 37 °C for 24 h, whereas the Candida
isolates were subcultured on potato dextrose agar (PDA) and incubated at 37 °C for 48 to
72 h. Fresh colonies were suspended in sterile physiological saline (0.85% NaCl), and the
turbidity of each suspension was adjusted to a 0.5 McFarland standard. The standardized
suspensions were subsequently diluted as required to obtain final inoculum concentrations
of approximately 1 x 10° CFU/mL for bacterial assays and 1 x 10* CFU/mL for yeast
assays. Freshly prepared inocula were used for all antimicrobial experiments.

Disc-diffusion Test

The antimicrobial activity of TMEO, carvacrol, and the TMEO-carvacrol
combination was evaluated using the agar disc-diffusion method with minor modifications
from a previously described protocol (Al-Mijalli et al. 2023). Standardized microbial
suspensions were evenly inoculated onto Luria—Bertani (LB) agar for bacterial strains and
YPD agar for Candida isolates. Sterile paper discs (6 mm diameter) were loaded with 10
puL of undiluted TMEO, undiluted carvacrol, or a TMEO—carvacrol mixture prepared at a
fixed 1:1 (v/v) ratio and placed onto the inoculated agar surfaces. DMSO was maintained
at a final concentration of 0.5% (v/v) in the corresponding assay system, and discs
containing 0.5% DMSO without the test compounds served as negative controls.
Erythromycin (15 pg/disc) was used as the positive control for bacterial strains, whereas
fluconazole (10 pg/disc) served as the positive control for Candida isolates. Plates were
incubated at 37 °C for 24 h for bacteria and at 25 °C for 48 h for Candida isolates.
Following incubation, inhibition-zone diameters, including the 6-mm disc diameter, were
measured in millimeters. Each assay was performed in three independent experiments, and
the results were expressed as mean + standard deviation. Antimicrobial activity was
classified according to Galovi¢ova et al. (2021), with inhibition zones >15 mm considered
very strong, >10 mm moderate, and >5 mm weak
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MIC Assay

The minimum inhibitory concentrations (MICs) of TMEO, carvacrol, and the
TMEO-—carvacrol combination were determined using a broth microdilution method
adapted from Belaqziz et al. (2013), with minor modifications. Two-fold serial dilutions
of each test preparation were prepared over a concentration range of 16.0 to 0.0625% (v/v)
in Luria—Bertani (LB) broth for bacterial strains and YPD broth for Candida isolates. This
concentration range was selected to encompass the expected antimicrobial activity of the
tested preparations, while allowing determination of inhibitory endpoints across a broad
range using two-fold serial dilutions. DMSO was maintained at a final concentration of
0.5% (v/v) in the test wells and corresponding solvent controls. Aliquots of 190 uL of each
dilution were dispensed into sterile 96-well microplates, followed by 10 puL of the
appropriately diluted microbial suspension to obtain final inoculum concentrations of
approximately 1 x 10¢ CFU/mL for bacteria and 1 x 10* CFU/mL for yeasts. Plates were
incubated at 37 °C for 24 h for bacterial strains and at 25 °C for 48 h for Candida isolates.
Wells containing inoculated broth with 0.5% DMSO but without the test preparation served
as growth/solvent controls, whereas uninoculated broth served as the sterility control.
Following incubation, 25 puL of p-iodonitrotetrazolium chloride (INT; 0.2 mg/mL) was
added to each well as a microbial viability indicator. The MIC was defined as the lowest
concentration at which no visible color change from yellow to pink occurred, indicating
inhibition of detectable microbial growth. For the combination treatment, equal volumes
of TMEO and carvacrol were mixed at a fixed 1:1 (v/v) ratio before serial dilution, and the
reported concentrations refer to the total concentration of the mixture.

Determination of MBC, MFC, and Killing Profile

Subsequent to MIC determination, the MBC for bacterial strains and the MFC for
fungal strains were determined using a standardized agar subculture technique, with minor
adaptations from previously reported methods (Hernandes et al. 2013). Briefly, 50 pL
aliquots were withdrawn from microdilution wells corresponding to the MIC and higher
EO concentrations and aseptically spread onto appropriate solid media. The inoculated
plates were incubated under optimal growth conditions. Following incubation, plates were
inspected for visible colony formation. The MBC or MFC was defined as the lowest
concentration of the tested samples resulting in complete absence of microbial growth,
thereby confirming irreversible microbial killing rather than growth inhibition. To estimate
the killing profile of each treatment, and the killing profiles which are MBC/MIC and
MFC/MIC ratios were calculated. Ratios < 4 were considered indicative of bactericidal or
fungicidal activity, whereas ratios > 4 suggested a predominantly bacteriostatic or
fungistatic effect (Garcia-Vela et al. 2025). This ratio-based interpretation provides insight
into the killing efficiency and bactericidal or fungicidal tendency of the tested samples.

Statistical Analysis

Inhibition-zone assays were performed in three independent experiments, and the
results are expressed as mean + standard deviation (SD). For each microorganism,
differences among TMEQ, carvacrol, the TMEO-carvacrol combination, and the reference
antimicrobial were analyzed using one-way analysis of variance (ANOVA), followed by
Tukey’s honestly significant difference (HSD) post hoc test when a significant overall
difference was detected. Differences were considered statistically significant at p < 0.05.
MIC, MBC, and MFC assays were performed in triplicate and reported as discrete two-
fold dilution endpoints; these values and the derived MBC/MIC and MFC/MIC ratios were
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not subjected to parametric statistical analysis. Statistical analyses were performed using
IBM SPSS Statistics for Windows, version 32.0 (IBM Corp., Armonk, NY, USA).

Methodological Limitations

The TMEO-carvacrol combination was evaluated at a fixed 1:1 (v/v) ratio;
however, checkerboard, fractional inhibitory concentration index (FICI), and time—kill
interaction assays were not performed. Accordingly, improvements observed with the
combination are interpreted as enhanced combined activity rather than confirmed
synergism. In addition, inhibition-zone comparisons between the essential-oil preparations
and reference antimicrobials should be regarded as descriptive because these agents differ
substantially in applied dose, agar diffusion behavior, volatility, and physicochemical
properties. These limitations should be considered when interpreting the comparative
antimicrobial results.

RESULTS AND DISCUSSION

Volatile Content

GC-MS analysis identified 11 volatile constituents in TMEO (Table 1; Fig. 1). The
oil was characterized predominantly by oxygenated monoterpenes, with carvacrol as the
major constituent, indicating a strongly phenolic monoterpene-rich profile. The
contribution of minor constituents should nevertheless be considered when interpreting the
biological activity of the whole oil.

Table 1. Volatile Composition of TMEO identified with GC-MS*

No. Compounds Molecular RI Relative Peak
Formula Area (%)
1 a-Thujene C10H16 928 0.33
2 a-Pipene C10H16 938 3.02
3 Myrcene C10H16 958 1.47
4 p-Cymene C10H16 1026 8.15
5 y -Terpinene C10H16 1054 3.9
6 Linalool C10H180 1082 0.51
7 a-Terpineol C10H180 1185 4.68
8 Thymol C10H140 1290 0.97
9 Carvacrol C10H140 1301 71.04
10 (E)- C15H24 1421 3.9
Caryophyllene
11 R-Bisabolene C15H24 1511 0.54
Total identified % 98.52
Monoterpene hydrocarbons 16.88
Oxygenated monoterpenes 77.2
Sesquiterpene hydrocarbons 4.44

*Note: RI, retention index calculated relative to a homologous series of n-alkanes (C9-C31)
under the stated GC-MS conditions

The present TMEO showed a clearly carvacrol-rich profile with a comparatively
low thymol contribution (Table 2). Considerable intraspecific variation has been reported
for T. maroccanus, including differences associated with plant part and phenological stage
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(Belaqziz et al. 2013; Aljaiyash et al. 2022). The present profile therefore reinforces the
marked chemical variability reported within this species.

578,820
TIC
5 A I, --—-.AHW'W" b |
— e — : o e e
10.0 200 300 40.0 49.0

Fig. 1. Chromatogram of GC analysis of TMEO

Table 2. Comparison of Major Volatile Constituents of the Present TMEO with
Selected Thymus Essential Oils Reported in Previous Studies *

Y-

. Carvacrol Thymol p-Cymene . Dominant
Species/Sample (%) (%) (%) '(I;/t-:\);plnene profile Reference
T. maroccanus 71.04 0.97 8.15 3.91 Qawacrol- Present
(present study) rich study
T. maroccanus
(different 63.70 to 6.09 to Carvacrol- Aljaiyash et
phenological 68.19 ND 9.67 36710849 | o al. (2022)
stages)

T. maroccanus Carvacrol/p- | Belaqziz et
(leaf oil) 33.0 _ 253 B cymene-rich | al. (2013)
, . Galovicova
T. vulgaris 55 48.1 11.7 6.1 Thymol-rich et al. (2021)
p-Cymene- Tantaoui-
T. zygis 8.1 5.0 50.6 — rich Elaraki et al.
(1993)
Carvacrol- Tantaoui-
T. broussonetii 53.3 — 13.5 — fich Elaraki et al.
(1993)
. Carvacrol- Zairi et al.
T. capitatus 65.38 1.35 — — fich (2019)
* Note: Values represent relative essential-oil composition (%) as reported in the respective
studies. ND, not detected; —, not reported or not included in the source data used for comparison.

Essential-oil composition may vary according to plant part, geographic origin, phenological stage,
environmental conditions, and analytical methodology.

Clear chemotypic differences are also evident across the genus. 7. vulgaris is
frequently represented by thymol-rich oils, whereas strongly carvacrol-dominant profiles
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have been reported for 7. capitatus and some 7. maroccanus oils (Jordan et al. 2006;
Abdelli et al. 2017; Schott et al. 2017; Galovi¢ova et al. 2021; Gongalves et al. 2017; Zairi
et al. 2019). Similar inter- and intraspecific variability has been described for 7. zygis, T.
satureioides, T. broussonetii, and T. algeriensis (Tantaoui-Elaraki et al. 1993; Ben El Hadj
Ali et al. 2015). These differences may reflect geographic origin, altitude, phenological
stage, and other environmental factors (Aljaiyash ef al. 2022; El-Jalel et al. 2018).
Importantly, despite the predominance of carvacrol, minor constituents such as p-cymene,
y-terpinene, and a-terpineol may also contribute to the biological activity through additive
or enhancing interactions.

Antibacterial Activity

The antibacterial activity of TMEOQ, its major constituent carvacrol, and their
combination TMEO + carvacrol was evaluated against both Gram-positive and Gram-
negative bacterial strains and compared with erythromycin (15 pg/disc).

Disc-diffusion testing showed a clear strain-dependent antibacterial pattern (Table
3). According to the adopted inhibition-zone classification, TMEO showed very strong
activity against S. aureus and M. luteus and moderate activity against L. innocua and E.
coli. Carvacrol alone was less active than TMEO across all tested strains, supporting the
contribution of minor essential-oil constituents to the overall antibacterial effect. Although
carvacrol predominates in TMEO, compounds such as p-cymene may enhance its activity
by modifying membrane properties and facilitating the action of more active phenolic
constituents.

Table 3. Antibacterial Activity of TMEO, Carvacrol, and TMEO + Carvacrol *

Mean Zone of Inhibition (mm * SD)
Bacterial Strains (1 oT:f_I/Eoﬁsc) Carvacrol TMEO + Carvacrol E(?g T]rg/rgiiii)n
Microc000us testis 20.00 + 1.07° 14.00 + 0.64° 28.11 + 1.36 15.32 + 1,125
Histeria Innocua 14.46 + 0.28° 12.18 £ 0.71° 14.52 £ 0.11° 14.23 £0.14°
Stap’%‘zggcggzs 1"’;’” eus 21.13 +0.34° 17.25 +0.16° 23.05 + 1.54¢ 19.40 +0.3°
e sl 11.28 + 0.16° 10.42 +0.13° 11.00 + 0.48° 12.67 + 0.09°

* Values are expressed as mean + SD from three independent experiments (n = 3). Within each
row, values with different superscript letters are significantly different according to one-way

ANOVA followed by Tukey’s HSD test (p < 0.05).

The fixed 1:1 (v/v) TMEO-—carvacrol combination enhanced antibacterial activity
most clearly against M. luteus and S. aureus, whereas little improvement was observed
against L. innocua and E. coli. This pattern indicates that the effect of the combination was
strain dependent.

The TMEO produced inhibition zones comparable to or larger than those of
erythromycin under the assay conditions; however, direct potency comparison is limited
due to differences in concentration, diffusion behavior, and physicochemical properties
between essential oils and standard antibiotics.
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The microdilution findings (Table 4) were consistent with the disc-diffusion results.
Gram-positive bacteria were generally more susceptible to TMEO than E. coli, and TMEO
required lower inhibitory concentrations than carvacrol alone. The fixed TMEO—carvacrol
combination further improved inhibitory and bactericidal activity in most tested strains,
with the clearest effects observed among the Gram-positive bacteria and an improved
killing profile against E. coli.

Table 4. MIC, MBC, and Killing Profile (Based on MBC/MIC or MFC/MIC Ratios)
of Tested Bacteria *

Bacteria TMEO Carvacrol TMEO + Carvacrol
(%viv) (%viv) (%viv)
MIC MBC | MBC/MIC | MIC | MBC | MBC/MIC | MIC MBC | MBC/MIC

M. luteus | 0.25 | 0.25 1 0.5 1 2 0.125 | 0.125 1

L. 0.5 1 2 1 2 2 0.25 0.25 1
innocua

S. 0.125 | 0.25 2 1 2 2 0.125 | 0.125 1
aureus

E. coli 0.5 4 8 2 8 4 0.5 1 2

* MIC and MBC determinations were performed in triplicate and are reported as discrete two-fold
dilution endpoints. MBC/MIC ratios were calculated from the corresponding endpoint values.

The antibacterial activity of TMEO is likely influenced by its high carvacrol
content; however, the greater activity observed for TMEO compared to carvacrol alone
indicates that additional constituents contribute to the overall effect, a phenolic
monoterpene widely recognized for its ability to disrupt bacterial cell membranes, increase
permeability, and induce leakage of intracellular constituents (Kachur and Suntres 2020).
However, the superior activity of TMEO compared to pure carvacrol indicates that other
molecules within the EO likely contribute through additive or enhancing interactions.

The enhanced activity observed for the TMEO + carvacrol combination,
particularly against M. luteus and S. aureus, suggests an enhancing or additive interaction
between TMEO constituents and carvacrol. Such interactions may facilitate improved
partitioning of carvacrol into bacterial membranes or modify membrane fluidity, thereby
enhancing permeability and antimicrobial action. The pronounced increase in activity
against M. luteus may reflect higher membrane susceptibility to phenolic monoterpenes.
The reduced efficacy observed against E. coli is consistent with the intrinsic resistance of
Gram-negative bacteria, which possess an outer membrane rich in lipopolysaccharides
(LPS) that limits the diffusion of hydrophobic compounds including volatile molecules
(Kim et al. 2010; Ce pas et al. 2019).

Importantly, the TMEO + carvacrol combination demonstrated antibacterial
activity comparable to or exceeding that of erythromycin against selected Gram-positive
bacteria. This finding highlights the potential of TMEO-based formulations as natural
antibacterial agents or as adjuvants to conventional antibiotics, particularly in the context
of rising antibiotic resistance.
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Anticandidal Activity

The anticandidal activity of TMEO, carvacrol, as well as TMEO + carvacrol was
assessed against clinical isolates of C. albicans and C. tropicalis and compared with
fluconazole (10 pg/disc) (Table 5).

Disc-diffusion testing (Table 5) showed greater susceptibility of C. albicans than
C. tropicalis to TMEOQ. Carvacrol alone was less active than TMEO against both isolates.
The TMEO-—carvacrol combination significantly increased activity against C. albicans,
whereas its activity against C. tropicalis did not differ significantly from TMEO alone.

Table 5. Anticandidal Effect of TMEO, Carvacrol, and TMEO + Carvacrol *

Fungal Strains TMEO (10 uL of Carvacrol Mean Zone of Inhibition (mm)
EO/disc) TMEO + Fluconazole
Carvacrol (10 pg/disc)
Candida albicans | 22.65 + 2.93° 16.24 + 1.07° 24.30 £ 1.84° | 16.25+0.33°
(Clinical isolate)
Candida tropicalis | 15.50 + 0.62° 12.00 £ 0.162 15.78 £ 0.56° | 20.15 + 1.27°¢
(Clinical isolate)

* Values are expressed as mean + SD from three independent experiments (n = 3). Within each
row, values with different superscript letters are significantly different according to one-way ANOVA
followed by Tukey’s HSD test (p < 0.05).

Compared with fluconazole, TMEO and TMEO + carvacrol displayed superior
activity against C. albicans, whereas fluconazole remained more effective against C.
tropicalis.

The microdilution results (Table 6) supported the disc-diffusion findings. TMEO
required lower inhibitory concentrations than carvacrol alone against both Candida
isolates. The fixed TMEO-carvacrol combination further reduced the inhibitory
concentrations and produced the most favorable fungicidal profile against C. albicans,
whereas C. tropicalis remained comparatively less susceptible.

Table 6. MIC, MFC, and Killing Profile (Based on MBC/MIC or MFC/MIC Ratios)
of Tested Yeasts *

Yeast TMEO Carvacrol TMEO + Carvacrol
(%viv) (%viv) (%viv)
MIC | MFC | MFC/MIC | MIC MFC | MFC/MIC MIC MFC | MFC/MIC
C. 1 2 2 4 8 2 0.5 0.5 1
albicans
C. 4 4 1 8 16 2 2 4 2
tropicalis

* MIC and MFC determinations were performed in triplicate and are reported as discrete two-fold
dilution endpoints. MFC/MIC ratios were calculated from the corresponding endpoint values.

The pronounced anticandidal activity of TMEO, particularly against C. albicans,
can be ascribed primarily to its high carvacrol content, combined with the contribution of
minor terpenoid compounds that may contribute through additive or enhancing interactions
(Kachur and Suntres 2020; Chroho et al. 2024). Carvacrol is known to exert antifungal
effects through disruption of fungal cell membranes, interference with ergosterol
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biosynthesis, and induction of oxidative stress, ultimately compromising membrane
integrity and cellular viability (Lima et al. 2013; Nobrega et al. 2016).

The enhanced activity observed for the TMEO + carvacrol combination against C.
albicans suggests the presence of an enhanced interaction between carvacrol and other
TMEO constituents. These interactions may increase membrane permeability or facilitate
deeper penetration of carvacrol into fungal cells, thereby amplifying its antifungal effect.
The relatively high standard deviation observed for TMEO against C. albicans may reflect
biological variability among clinical isolates, which often differ in membrane composition,
efflux activity, and antifungal susceptibility profiles.

In contrast, the limited improvement observed against C. tropicalis suggests a
lower susceptibility of this species to membrane-active phytochemicals. This reduced
sensitivity may be related to differences in cell wall composition, efflux pump activity, or
intrinsic resistance mechanisms that diminish the efficacy of oil substances. The
observation that TMEO and its combination with carvacrol produced larger inhibition
zones than fluconazole against C. albicans under the experimental conditions; however,
this observation should be interpreted cautiously due to differences in diffusion properties
and standardized dosing between essential oils and antifungal drugs.

Although carvacrol was the dominant constituent, the biological activity of TMEO
should not be interpreted solely from its abundance. Several minor constituents identified
in the oil have independent or interaction-dependent activities. In a direct antioxidant
comparison, thymol showed a higher oxygen radical absorbance capacity than carvacrol
(47 versus 33 umol Trolox equivalents/mg, respectively), although this difference was
assay-dependent because the two compounds produced comparable results in other
antioxidant assays (Miguel ef al. 2010). In an antimicrobial model, p-cymene enhanced the
activity of carvacrol against planktonic Gardnerella spp., whereas carvacrol-linalool
combinations at sub-MIC concentrations were particularly effective against biofilm cells
(Sousa et al. 2022). These observations provide a plausible context for the greater
antimicrobial activity of TMEO than carvacrol alone in the present study, without
establishing the contribution of any individual minor constituent or confirming synergy.

Other constituents detected in TMEO also possess biological activities beyond
antimicrobial action. a-Terpineol inhibited several human tumour cell lines, with NCI-H69
small-cell lung carcinoma being the most sensitive (IC50 = 0.26 mM); this effect was
associated with suppression of NF-«kB signalling (Hassan et al. 2010). Likewise, (E)-
caryophyllene, also known as -caryophyllene, exhibited antioxidant activity and selective
antiproliferative activity against HCT116 colorectal cancer cells (IC50 = 19 uM), together
with antibacterial activity against S. aureus (Dahham et al. 2015). These antioxidant and
anticancer findings cannot be quantitatively compared with the inhibition-zone and MIC
endpoints measured in the present study because they were obtained using different
models, concentrations, and assay procedures. Nevertheless, they demonstrate the broader
biological relevance of non-carvacrol constituents and support future component-specific
investigation of TMEOQ.

CONCLUSIONS

1. Under the tested in vitro conditions, Thymus maroccanus essential oil (TMEQO)
showed greater antimicrobial activity than carvacrol alone against all tested bacterial
strains and Candida isolates. This superiority was demonstrated by consistently
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larger inhibition zones and lower minimum inhibitory concentration (MIC) values
for TMEO than for its major isolated constituent.

2. The fixed 1:1 (v/v) TMEO-carvacrol combination further improved antimicrobial
activity against several tested microorganisms. Relative to TMEO alone, the
combination reduced the MIC against Micrococcus luteus from 0.25 to 0.125% (v/v),
Listeria innocua from 0.50 to 0.25% (v/v), Candida albicans from 1.0 to 0.50% (v/v),
and Candida tropicalis from 4.0 to 2.0% (v/v). It also reduced the minimum
bactericidal concentration (MBC) against Staphylococcus aureus from 0.25 to
0.125% (v/v) and against Escherichia coli from 4.0 to 1.0% (v/v). Because no
interaction assay was performed, these results demonstrate enhanced combined
activity, not confirmed synergy.

3. Among the bacterial strains, TMEO was most active against the Gram-positive
organisms. S. aureus and M. luteus showed the lowest MIC values, 0.125 and 0.25%
(v/v), respectively, with MBC/MIC ratios < 2. In contrast, E. coli was less susceptible
to TMEO, with an MBC/MIC ratio of 8.

4.  In the anticandidal assays, TMEO was more active against C. albicans than against
C. tropicalis, with MIC values of 1.0 and 4.0% (v/v), respectively. The TMEO-
carvacrol combination produced its strongest antifungal effect against C. albicans,
with an MIC of 0.50% (v/v), a minimum fungicidal concentration (MFC) of 0.50%
(v/v), and an MFC/MIC ratio of 1.

5. Gas chromatography—mass spectrometry identified 11 volatile constituents
accounting for 98.52% of TMEO. Carvacrol, an oxygenated phenolic monoterpene,
was the dominant constituent at 71.04%. Oxygenated monoterpenes, including
carvacrol, collectively represented 77.20% of the oil composition, confirming the
analyzed sample as a carvacrol-rich TMEO.

FUNDING

Princess Nourah bint Abdulrahman University Researchers Supporting Project
number (PNURSP2026R158), Princess Nourah bint Abdulrahman University, Riyadh,
Saudi Arabia.

Conflict of Interest
Authors declare no conflict of interest exists.

Use of Generative Al

During the preparation of this manuscript, the authors used ChatGPT (OpenAl, San
Francisco, CA, USA) solely for language editing, including improvement of grammar,
sentence clarity, readability, and overall presentation. The scientific design, experimental
data, statistical analysis, interpretation of results, conclusions, and verification of
references were conducted and critically reviewed by the authors. The authors take full
responsibility for the accuracy, integrity, and originality of the final manuscript.

Al-Mialli et al. (2026). “Whole oil vs. major constituent,” BioResources 21(4), 10660-10675. 10671



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

REFERENCES CITED

Abbad, A., Belagziz, R., Bekkouche, K., and Markouk, M. (2011). “Influence of
temperature and water potential on laboratory germination of two Moroccan endemic
thymes: Thymus maroccanus Ball. and Thymus broussonetii Boiss.,” African Journal
of Agricultural Research 6(20), 4740-4745. https://doi.org/10.5897/AJAR10.574

Abdelli, W., Bahri, F., Romane, A., Hoferl, M., Wanner, J., Schmidt, E., and Jirovetz, L.
(2017). “Chemical composition and anti-inflammatory activity of Algerian Thymus
vulgaris essential oil,” Natural Product Communications 12(4), 611-614.
https://pubmed.ncbi.nlm.nih.gov/30520607/

Aboukhalid, K., Al Faiz, C., Douaik, A., Bakha, M., Kursa, K., Agacka-Motdoch, M.,
Machon, N., Tomi, F., and Lamiri, A. (2017). “Influence of environmental factors on
essential oil variability in Origanum compactum Benth. growing wild in Morocco,”
Chemistry & Biodiversity 14(9), article e1700158.
https://doi.org/10.1002/cbdv.201700158

Aljaiyash, A., Kasrati, A., Labiad, H., Alaoui, C., Ghanmi, M., Satrani, B., and Chaouch,
A. (2022). “Effect of phenological stages on yield, chemical composition and
biological properties of essential oil from Thymus maroccanus Ball.,” Arabian
Journal of Medicinal and Aromatic Plants 8(1), 187-208.
https://doi.org/10.48347/IMIST.PRSM/ajmap-v8i1.30673

Al-Mijalli, S. H., Jeddi, M., El Hachlafi, N., Abdallah, E. M., Assaggaf, H., Qasem, A.,
Rajab, B. S., Lee, L.-H., Bouyahya, A., Goh, K. W., et al. (2023). “Combination of
sweet orange, lentisk and lemon eucalyptus essential oils: Optimization of a new
complete antimicrobial formulation using a mixture design methodology,” Heliyon
9(9), article €19814. https://doi.org/10.1016/j.heliyon.2023.e19814

Al-Mijalli, S. H., Mrabti, H. N., Abdallah, E. M., Assaggaf, H., Qasem, A., Alenazy, R.,
Bouyahya, A., Alshabrmi, F. M., and El Hachlafi, N. (2025). “Acorus calamus as a
promising source of new antibacterial agent against Pseudomonas aeruginosa and
Staphylococcus aureus: Deciphering volatile compounds and mode of action,”
Microbial Pathogenesis 200, article 107357.
https://doi.org/10.1016/j.micpath.2025.107357

Belagziz, R., Bahri, F., Romane, A., Antoniotti, S., Fernandez, X., and Dunach, E.
(2013). “Essential oil composition and antibacterial activity of the different parts of
Thymus maroccanus Ball.: An endemic species in Morocco,” Natural Product
Research 27(18), 1700-1704. https://doi.org/10.1080/14786419.2013.768989

Ben El Hadj Alj, 1., Chaouachi, M., Bahri, R., Chaieb, I., Boussaid, M., and Harzallah-
Skhiri, F. (2015). “Chemical composition and antioxidant, antibacterial, allelopathic
and insecticidal activities of essential oil of Thymus algeriensis Boiss. et Reut.,”
Industrial Crops and Products 77, 631-639.
https://doi.org/10.1016/j.indcrop.2015.09.046

Cepas, V., Lopez, Y., Muioz, E., Rolo, D., Ardanuy, C., Marti, S., Xercavins, M.,
Horcajada, J. P., Bosch, J., and Soto, S. M. (2019). “Relationship between biofilm
formation and antimicrobial resistance in Gram-negative bacteria,” Microbial Drug
Resistance 25(1), 72-79. https://doi.org/10.1089/mdr.2018.0027

Chaachouay, N., Azeroual, A., and Zidane, L. (2023). “Taxonomy, ethnobotany,
phytochemistry and biological activities of Thymus saturejoides: A review,” Acta
Botanica Hungarica 65(1-2),35-51. https://doi.org/10.1556/034.65.2023.1-2.2

Al-Mialli et al. (2026). “Whole oil vs. major constituent,” BioResources 21(4), 10660-10675. 10672


https://doi.org/10.5897/AJAR10.574
https://pubmed.ncbi.nlm.nih.gov/30520607/
https://doi.org/10.1002/cbdv.201700158
https://doi.org/10.48347/IMIST.PRSM/ajmap-v8i1.30673
https://doi.org/10.1016/j.heliyon.2023.e19814
https://doi.org/10.1016/j.micpath.2025.107357
https://doi.org/10.1080/14786419.2013.768989
https://doi.org/10.1016/j.indcrop.2015.09.046
https://doi.org/10.1089/mdr.2018.0027
https://doi.org/10.1556/034.65.2023.1-2.2

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Chouhan, S., Sharma, K., and Guleria, S. (2017). “Antimicrobial activity of some
essential oils—Present status and future perspectives,” Medicines 4(3), article 58.
https://doi.org/10.3390/medicines4030058

Chroho, M., Rouphael, Y., Petropoulos, S. A., and Bouissane, L. (2024). “Carvacrol and
thymol content affects the antioxidant and antibacterial activity of Origanum
compactum and Thymus zygis essential oils,” Antibiotics 13(2), article 139.
https://doi.org/10.3390/antibiotics 13020139

Dahham, S. S., Tabana, Y. M., Igbal, M. A., Ahamed, M. B. K., Ezzat, M. O., Majid, A.
S. A., and Majid, A. M. S. A. (2015). “The anticancer, antioxidant and antimicrobial
properties of the sesquiterpene B-caryophyllene from the essential oil of Aquilaria
crassna,” Molecules 20(7), 11808-11829.
https://doi.org/10.3390/molecules200711808

El-Jalel, L. F. A., Elkady, W. M., Gonaid, M. H., and El-Gareeb, K. A. (2018).
“Difference in chemical composition and antimicrobial activity of Thymus capitatus
L. essential oil at different altitudes,” Future Journal of Pharmaceutical Sciences
4(2), 156-160. https://doi.org/10.1016/j.1jps.2017.12.004

Fisher, M. C., Alastruey-Izquierdo, A., Berman, J., Bicanic, T., Bignell, E. M., Bowyer,
P., Bromley, M., Briiggemann, R., Garber, G., Cornely, O. A., et al. (2022).
“Tackling the emerging threat of antifungal resistance to human health,” Nature
Reviews Microbiology 20(9), 557-571. https://doi.org/10.1038/s41579-022-00720-1

Galovi¢ova, L., Borotova, P., Valkova, V., Vukovic, N. L., Vukic, M., Stefanikova, J.,
Duranova, H., Kowalczewski, P. L., Cmikova, N., and Ka¢aniova, M. (2021).
“Thymus vulgaris essential oil and its biological activity,” Plants 10(9), article 1959.
https://doi.org/10.3390/plants10091959

Garcia-Vela, S., Cournoyer, A., Sanchez-Reinoso, Z., and Bazinet, L. (2025).
“Antimicrobial peptides from porcine blood cruor hydrolysates as a promising source
of antifungal activity,” Foods 14(1), article 8. https://doi.org/10.3390/foods14010008

Gongalves, J. C. R., de Meneses, D. A., de Vasconcelos, A. P., Piauilino, C. A., Almeida,
F.R. de C., Napoli, E. M., Ruberto, G., and de Aragjo, D. A. M. (2017). “Essential
oil composition and antinociceptive activity of Thymus capitatus,” Pharmaceutical
Biology 55(1), 782-786. https://doi.org/10.1080/13880209.2017.1279672

Hassan, S. B., Gali-Muhtasib, H., Goransson, H., and Larsson, R. (2010). “Alpha
terpineol: A potential anticancer agent which acts through suppressing NF-kB
signaling,” Anticancer Research 30(6), 1911-1919.

Hernandes, C., Coppede, J. da S., Bertoni, B. W., Franga, S. de C., and Pereira, A. M. S.
(2013). “Flash microbiocide: A rapid and economic method for determination of
MBC and MFC,” American Journal of Plant Sciences 4(4), 850-852.
https://doi.org/10.4236/ajps.2013.44104

Jain, N., and Choudhary, P. (2022). “Phytochemistry, traditional uses and
pharmacological aspect of Thymus vulgaris: A review,” Indian Journal of
Pharmaceutical Sciences 84(6), 1369-1379. https://doi.org/10.36468/pharmaceutical-
sciences.1035

Jordan, M. J., Martinez, R. M., Goodner, K. L., Baldwin, E. A., and Sotomayor, J. A.
(2006). “Seasonal variation of Thymus hyemalis Lange and Spanish Thymus vulgaris
L. essential oils composition,” Industrial Crops and Products 24(3), 253-263.
https://doi.org/10.1016/j.indcrop.2006.06.011

Ju,J., Xie, Y., Yu, H.,, Guo, Y., Cheng, Y., Qian, H., and Yao, W. (2022). “Synergistic
interactions of plant essential oils with antimicrobial agents: A new antimicrobial

Al-Mialli et al. (2026). “Whole oil vs. major constituent,” BioResources 21(4), 10660-10675. 10673


https://doi.org/10.3390/medicines4030058
https://doi.org/10.3390/antibiotics13020139
https://doi.org/10.3390/molecules200711808
https://doi.org/10.1016/j.fjps.2017.12.004
https://doi.org/10.1038/s41579-022-00720-1
https://doi.org/10.3390/plants10091959
https://doi.org/10.3390/foods14010008
https://doi.org/10.1080/13880209.2017.1279672
https://doi.org/10.4236/ajps.2013.44104
https://doi.org/10.36468/pharmaceutical-sciences.1035
https://doi.org/10.36468/pharmaceutical-sciences.1035
https://doi.org/10.1016/j.indcrop.2006.06.011

bioresources.cnr.ncsu.edu

PEER-REVIEWED ARTICLE

therapy,” Critical Reviews in Food Science and Nutrition 62(7), 1740-1751.

https://doi.org/10.1080/10408398.2020.1846494
Kachur, K., and Suntres, Z. (2020). “The antibacterial properties of phenolic isomers,

carvacrol and thymol,” Critical Reviews in Food Science and Nutrition 60(18), 3042-
3053. https://doi.org/10.1080/10408398.2019.1675585
Khwaza, V., and Aderibigbe, B. A. (2025). “Antibacterial activity of selected essential oil
components and their derivatives: A review,” Antibiotics 14(1), article 68.

https://doi.org/10.3390/antibiotics 14010068
Kim, S., Hirakawa, H., Muta, S., and Kuhara, S. (2010). “Identification and classification

of a two-component system based on domain structures in bacteria and differences in
domain structure between Gram-positive and Gram-negative bacteria,” Bioscience,
Biotechnology, and Biochemistry 74(4), 716-720. https://doi.org/10.1271/bbb.90746
Lima, I. O., Pereira, F. de O., Oliveira, W. A. de, Lima, E. de O., Menezes, E. A., Cunha,
F. A., and Diniz, M. de F. F. M. (2013). “Antifungal activity and mode of action of
carvacrol against Candida albicans strains,” Journal of Essential Oil Research 25(2),
138-142. https://doi.org/10.1080/10412905.2012.754728
Maczka, W., Twardawska, M., Grabarczyk, M., and Winska, K. (2023). “Carvacrol—A
natural phenolic compound with antimicrobial properties,” Antibiotics 12(5), article
824. https://doi.org/10.3390/antibiotics 12050824
Mastelié, J., Jerkovié, 1., Blazevi¢, 1., Poljak-Blazi, M., Borovi¢, S., Ivanci¢-Bace, 1.,
Smrecki, V., Zarkovi¢, N., Bréié-Kostié, K., Vikié-Topi¢, D., et al. (2008).
“Comparative study on the antioxidant and biological activities of carvacrol, thymol,
and eugenol derivatives,” Journal of Agricultural and Food Chemistry 56(11), 3989-
3996. https://doi.org/10.1021/j£073272v
Miguel, M. G., Dandlen, S. A., Figueiredo, A. C., Pedro, L. G., Barroso, J. G., and
Marques, M. H. (2010). “Comparative evaluation of the antioxidant activities of
thymol and carvacrol and the corresponding B-cyclodextrin complexes,” Acta
Horticulturae 853, 363-368. https://doi.org/10.17660/ActaHortic.2010.853.44
Moradi, S., Fazlali, A., and Hamedi, H. (2018). “Microwave-assisted hydro-distillation of
essential oil from rosemary: Comparison with traditional distillation,” Avicenna
Journal of Medical Biotechnology 10(1), 22-28.
Nobrega, R. de O., Teixeira, A. P. de C., Oliveira, W. A. de, Lima, E. de O., and Lima, L.
0. (2016). “Investigation of the antifungal activity of carvacrol against strains of
Cryptococcus neoformans,” Pharmaceutical Biology 54(11), 2591-2596.

https://doi.org/10.3109/13880209.2016.1172319
Perlin, D. S., Rautemaa-Richardson, R., and Alastruey-Izquierdo, A. (2017). “The global

problem of antifungal resistance: Prevalence, mechanisms, and management,” The
Lancet Infectious Diseases 17(12), €383-e392. https://doi.org/10.1016/S1473-

3099(17)30316-X
Raut, J. S., and Karuppayil, S. M. (2014). “A status review on the medicinal properties of
essential oils,” Industrial Crops and Products 62, 250-264.

https://doi.org/10.1016/j.indcrop.2014.05.055
Reyes-Jurado, F., Franco-Vega, A., Ramirez-Corona, N., Palou, E., and Lopez-Malo, A.

(2015). “Essential oils: Antimicrobial activities, extraction methods, and their

modeling,” Food Engineering Reviews 7(3), 275-297.

https://doi.org/10.1007/s12393-014-9099-2
Salam, M. A., Al-Amin, M. Y., Salam, M. T., Pawar, J. S., Akhter, N., Rabaan, A. A.,

and Alqumber, M. A. (2023). “Antimicrobial resistance: A growing serious threat for

Al-Mialli et al. (2026). “Whole oil vs. major constituent,” BioResources 21(4), 10660-10675. 10674


https://doi.org/10.1080/10408398.2020.1846494
https://doi.org/10.1080/10408398.2019.1675585
https://doi.org/10.3390/antibiotics14010068
https://doi.org/10.1271/bbb.90746
https://doi.org/10.1080/10412905.2012.754728
https://doi.org/10.3390/antibiotics12050824
https://doi.org/10.1021/jf073272v
https://doi.org/10.17660/ActaHortic.2010.853.44
https://doi.org/10.3109/13880209.2016.1172319
https://doi.org/10.1016/S1473-3099(17)30316-X
https://doi.org/10.1016/S1473-3099(17)30316-X
https://doi.org/10.1016/j.indcrop.2014.05.055
https://doi.org/10.1007/s12393-014-9099-2

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

global public health,” Healthcare 11(13), article 1946.
https://doi.org/10.3390/healthcare11131946

Schott, G., Liesegang, S., Gaunitz, F., GleB3, A., Basche, S., Hannig, C., and Speer, K.
(2017). “The chemical composition of the pharmacologically active Thymus species,
its antibacterial activity against Streptococcus mutans and the antiadherent effects of
T. vulgaris on the bacterial colonization of the in situ pellicle,” Fitoterapia 121, 118-
128. https://doi.org/10.1016/j.fitote.2017.07.005

Soulaimani, B. (2025). “Comprehensive review of the combined antimicrobial activity of
essential oil mixtures and synergism with conventional antimicrobials,” Natural
Product Communications 20(3), article 1934578X251328241.
https://doi.org/10.1177/1934578X251328241

Sousa, L. G. V., Castro, J., Cavaleiro, C., Salgueiro, L., Tomas, M., Palmeira-Oliveira,
R., Martinez-Oliveira, J., and Cerca, N. (2022). “Synergistic effects of carvacrol, a-
terpinene, y-terpinene, p-cymene and linalool against Gardnerella species,” Scientific
Reports 12, article 4417. https://doi.org/10.1038/s41598-022-08217-w

Tantaoui-Elaraki, A., Lattaoui, N., Errifi, A., and Benjilali, B. (1993). “Composition and
antimicrobial activity of the essential oils of Thymus broussonettii, T. zygis, and T.
satureioides,” Journal of Essential Oil Research 5(1), 45-53.
https://doi.org/10.1080/10412905.1993.9698169

Vergis, J., Gokulakrishnan, P., Agarwal, R. K., and Kumar, A. (2015). “Essential oils as
natural food antimicrobial agents: A review,” Critical Reviews in Food Science and
Nutrition 55(10), 1320-1323. https://doi.org/10.1080/10408398.2012.692127

Vitiello, A., Ferrara, F., Boccellino, M., Ponzo, A., Cimmino, C., Comberiati, E., Zovi,
A., Clemente, S., and Sabbatucci, M. (2023). “Antifungal drug resistance: An
emergent health threat,” Biomedicines 11(4), article 1063.
https://doi.org/10.3390/biomedicines11041063

Zairi, A., Nouir, S., Zarrouk, A., Haddad, H., Khélifa, A., Achour, L., Tangy, F.,
Chaouachi, M., and Trabelsi, M. (2019). “Chemical composition, fatty acids profile
and biological properties of Thymus capitatus (L.) Hoffmanns. essential oil,”
Scientific Reports 9(1), article 20134. https://doi.org/10.1038/s41598-019-56580-y

Article submitted May 16, 2026; Peer review completed: August 15, 2026; Revised
version received: August 20, 2026; Accepted: August 21, 2026; Published: September 15,
2026.

DOI: 10.15376/biores.21.4.10660-10675

Al-Mialli et al. (2026). “Whole oil vs. major constituent,” BioResources 21(4), 10660-10675. 10675


https://doi.org/10.3390/healthcare11131946
https://doi.org/10.1016/j.fitote.2017.07.005
https://doi.org/10.1177/1934578X251328241
https://doi.org/10.1038/s41598-022-08217-w
https://doi.org/10.1080/10412905.1993.9698169
https://doi.org/10.1080/10408398.2012.692127
https://doi.org/10.3390/biomedicines11041063
https://doi.org/10.1038/s41598-019-56580-y

