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This study investigates three products obtained from the hydrodistillation of Thymus zygis subsp. gracilis. It
compares the chemical profiles and antibacterial properties of the essential oil and hydrosol against four bacterial strains,
including Gram-negative (Escherichia coli and Proteus mirabilis) and Gram-positive (Bacillus subtilis and Staphylococcus
aureus). It also evaluates the antioxidant activity of the aqueous extract using a DPPH assay. GC-MS analysis shows that the
essential oil is primarily composed of carvacrol (48.14%), thymol (11.36%), and p-cymene (12.14%), whereas the hydrosol
contains higher levels of carvacrol (54.34%) and thymol (33.32%). The aqueous extract contains various bioactive
compounds, including aglycones and glycosylated flavonoids, phenylpropanoid derivatives, and triterpenoid acids related
to oleanolic acid. Both the essential oil and hydrosol exhibit strong antibacterial effects against all tested microorganisms
(MBC/MIC < 2). Meanwhile, the aqueous extract demonstrates notable antioxidant activity (ICso = 0.129 mg/mL). Overall,
the findings suggest that Thymus zygis subsp. gracilis could be a valuable natural source of antimicrobial and antioxidant
agents, with potential applications in food preservation and in reducing oxidative stress-related diseases.

Keywords: Thymus zygis; Essential oil; Hydrosol extract; Aqueous extract; Antibacterial; Antioxidant.
Introduction

The genus Thymus, commonly known as “Zaétra” in Morocco, is a member of the Lamiaceae family (Fennane et al., 2007).
These aromatic plants are widely used around the world for both their medicinal properties and as culinary spices (De
Oliveira etal., 2021). The genus Thymus includes around 350 species native to the Mediterranean region, many of which are
endemic. These plants are perennial, densely growing subshrubs, usually under 50 cm tall, and are well adapted to hot, dry
summer conditions (Stahl-Biskup, 2002). Its essential oil is highly valued for its distinctive aroma and is widely used as a
key ingredient in perfumery and cosmetics (Marzec, 2010). This oil is recognized for its wide range of pharmacological
properties, including antibacterial, antifungal, antispasmodic, antitussive, expectorant, and secretomotor effects (Micucci et
al.,, 2020).

Several studies have shown that the antioxidant, insecticidal, anesthetic, antiseptic, and food-preserving properties of
Thymus essential oil are due to its bioactive compounds (Escobar et al., 2020). Hydrosols from aromatic plants are
increasingly used in cosmetics, aromatherapy, traditional medicine, and food preservation, driving continued research into
their biological activities (Shafie et al., 2022).

Thymus zygis, an Ibero-Moroccan species widely found in Morocco, is commonly used as a culinary herb. Its essential oil
shows notable insecticidal, antibacterial, antiparasitic, and larvicidal activities (Rodrigues et al., 2019; Coimbra et al., 2022;
Gourich et al,, 2022); however, its hydrosol remains largely unexplored (Moukhles et al., 2022). Researchers have also
studied the organic and aqueous extracts of Thymus zygis (Khouya et al., 2015; Silva et al., 2020; Bouymajane et al., 2022).
Oxidative stress as defined by Sies (1985) arises from an imbalance between pro-oxidant/antioxidant in favor of the former.
Reactive oxygen species (ROS) damage vital cell components like nucleic acids, lipids, and proteins, with oxidative stress
contributing to diseases such as Alzheimer’s (Smith et al., 2000), atherosclerosis, cancer, AIDS non-ulcer dyspepsia (Kumari
et al, 2013), diabetic nephropathy, end-stage renal disease (Verma et al., 2014), major depression (Bajpai et al., 2014), and
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Parkinson’s disease (Verma et al., 2015). Polyphenols, common plant metabolites, are a key focus in food chemistry due to
their promising properties, though their characterization remains challenging (Dedvisitsakul and Watla-lad, 2022). Many
plant phenolics are studied for their antioxidant effects and ability to enhance starch digestibility (Ahmed et al.,, 2022).
Phenolics, particularly flavonoids, help regulate oxidative stress through multiple mechanisms (Li et al., 2020).

This study uniquely examines all three hydrodistillation fractions of Thymus zygis subsp. gracilis, analyzing the chemical
profiles and antibacterial activity of its essential oil (EO) and hydrosol (HYD) against both Gram-positive and Gram-negative
bacteria, and assessing the antioxidant potential of its aqueous extract.

Results and discussion
Yield and phytochemical profile

Essential oil and hydrosol

Table 1 shows that the EO yield (1.4%) is higher than that of HYD (0.37%), consistent with previous research findings
(Moukhles et al., 2020; 2022). Our results show a higher EO yield in T. zygis than the 0.3% reported by Zayyad et al. (2014),
though still below the higher values (5.25 % and 2.68 - 4.12 % respectively) reported by Radi et al. (2022) and Drioiche et
al. (2022). Variations in essential oil yield may result from environmental, genetic, and extraction-related factors, including
altitude, soil composition, climate, and equipment (Amarti et al.,, 2010). Numerous studies also show that growth stage and
drying time influence EO yield (Moukhles et al., 2019; 2020).

Figure 1 and Table 1 present the chromatograms and phytochemical profile of T. zygis EO and HYD. GC-MS analysis
identified 43 volatile compounds, accounting for 99.04% of the EO, with oxygenated (72.95%) and hydrocarbon (21.88%)
monoterpenes as the dominant components. The major compounds of T. zygis EO are carvacrol (48.14 %), thymol (11.36
%), and their biogenetic precursor p-cymene (12.14 %). Moreover, there are relatively lower levels of y-terpinen (5.23 %),
terpinen-4-ol (5.93 %), borneol (2.52 %), B-ocimene (1.55 %), A-terminal (1.45 %), menthol (1.14 %) and B-caryophyllene
(1.79 %). Considering the literature, it is seen that T. zygis revealed a chemical polymorphism with varying compositions.
Radi et al. (2022) stated the dominance of carvacrol (52.5 %), o-cymene (23.14 %), and thymol (9.68 %). Conversely,
Sedikelo et al. (2022) found thymol (46.39 %) and p-cymene (22.15 %) as the main constituents, while carvacrol represents
only 2.65 %. In a separate study, Drioiche et al. (2022) proved chemotypic variation in T. zygis EO from the Ifran region
(Morocco), with carvacrol ranging from 51.7 % to 57.5 % and thymol from 47.1 % to 42.1 %.

GC-MS analysis of the hydrosol identified 18 compounds (99.43%), dominated by oxygenated monoterpenes (97.53%).
Carvacrol (54.34%) and thymol (33.32%) were the main components, with minor amounts of borneol (4.40 %) and other
hydrophilic compounds, while hydrophobic constituents especially hydrocarbon monoterpenes were largely absent
(Tablel).
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Fig. 1. GC- Chromatogram of T. zygis essential oil (A) and hydrosol (B).

These results are consistent with Moukhles et al. (2022), who reported carvacrol (72.33 %) as the main compound, whereas
Andrés et al. (2018) found thymol to be dominant (61.87 %). Overall, the chemical profile of T. zygis hydrosol remains poorly
explored.
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Table 1. Phytochemical profile of the essential oil and hydrosol extracts of T. zygis.

RT LRI RI Compounds EOtz HYDrz
7.28 908 907 Santolina triene 0.64 -
7.68 939 931 a-Pinene 0.39 -
8.32 953 944 Camphene 0.40 -
8.41 976 974 1-Octen-3-ol - 0.05
9.15 999 997 @-Phellandrene 0.30 -
9.49 1003 1001 4-Carene 0.68 -
8.73 1011 1009 6-3-Carene 0.28 -
9.74 1025 1023 p-Cymene 12.14 0.44
10.13 1032 1031 S@Phellandrene 0.07 -
11.25 1037 1034 @EO0cimeéne 0.10 -
11.81 2057 2157 Linalyl anthranilate - 1.27
11.82 1041 1039 a-Ocimene 1.55 -
10.70 1062 1056 y-Terpinene 5.23 0.03
11.09 1073 1070 Cis-Sabinene hydrate 0.18 0.03
11.54 1088 1083 a-Terpinolene 0.10 -
11.84 1086 1084 Linalool oxide - 0.06
12.50 1097 1089 trans-Sabinene hydrate 0.41 -
12.95 1121 1118 p-Menth-2-en-1-o0l 0.19 -
13.75 1145 1140 trans-p-menth-2-en-7-ol 0.07 -
13.79 1161 1159 p-Cymen-8-ol - 0.23
13.83 1167 1165 Borneol 2.52 4.40
14.15 1171 1169 Decahydronaphtho[2,3-b]oxirene - 0.08
14.21 1175 1173 Menthol 1.14 -
14.49 1178 1176 a-Terpineol 1.45 0.08
14.16 1181 1179 Terpinen-4-ol 5.93 0.40
14.19 1244 1240 Isothymol méthyl ether 0.09 -
14.22 1253 1249 Thymoquinone - 0.05
17.24 1292 1290 Thymol 11.36 33.32
17.61 1300 1298 Carvacrol 48.14 54.34
17.33 1349 1347 4-Terpinyl acetate 0.06 -
17.56 1354 1352 B-Terpineol acetate 0.16 -
19.01 1357 1356 Eugenol 0.53 -
19.35 1371 1369 Nepetalactone 0.09 -
19.76 1375 1372 Carvacryl acetate 0.05 -
19.96 1391 1385 7a-Methyl-3-methylenehexahydrobenzofuran-2-  0.80 -
one

20.70 1418 1415 @-Caryophyllene 1.79 -
21.03 1441 1439 a-guaiene 0.09 -
21.17 1496 1493 4-Tert-butyl catechol 0.15 4.49
22.60 1504 1500 @-muurolene 0.19 -
22.89 1522 1519 Durohydroquinone - 0.05
23.19 1527 1524 6-Cardinene 0.18 -
24.15 1578 1575 Spathulenol 0.42 0.05
24.70 1642 1640 Alloaromadendrene oxide 0.56 0.06
26.26 1646 1643 @-Cadinol 0.06 -
32.14 1691 1688 2,4,6-Trimethylanisole 0.20 -
26.64 1759 1756 [@-costol 0.05 -
27.46 2053 2051 Abietatriene 0.09 -
31.94 2260 2256 3,5-Diethylphenol 0.16 -
36.18 2365 2362 Ferruginol 0.05 -

Monoterpene 21.88 0.47

hydrocarbons

Sesquiterpene 02.25 00

hydrocarbons

Diterpene 0.09 00

hydrocarbons

Oxygenated 72.95 97.53

monoterpenes

Oxygenated 01.09 0.11

sesquiterpenes
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Oxygenated 0.05 00

diterpenes

Oxygenated 0.73 1.32
derivatives

Total 99.04 99.43
Concentration%

Yield% 1.40 0.37

EOTZ: T. zygis EO; HYDTZ: T. zygis HYD; RI: Retention indices on DB-5MS column using homologous series of n-alkanes; LRI:
Literature retention indices on DB-5MS column; RT: Retention times.

Aqueous extract

The AE yield (3.5%) is notably lower than reported in previous studies. Afonso et al. (2018) found T. zygis AE yields with
higher rates (7.6 %, 12 % and 10 %, respectively). Notably, our AE contains no minerals or fats, unlike other extracts.
Table 2 shows that T. zygis AE is rich in polyphenols (451.00 * 5.35 mg caffeine acid eq/g of extract) and flavonoids (191.78
+4.15 mg rutin eq/g of extract), consistent with previous Soxhlet-based studies. As per Ramchoun et al. (2012), this extract
is characterized by a strong presence of total polyphenol and flavonoid contents (443.29 + 5.82 mg caffeine acid eq/g of
extractand 197.93 + 3.18 mg rutin eq/g of extract, respectively). Khouya et al. (2015) also reported that this extract contains
high amounts of total polyphenol and flavonoid contents, with 482.92 + 5.60 mg caffeine acid eq/g of extract and 208.13 +
4.20 mg rutin eq/g of extract, respectively.

Table 2. Polyphenol contents and antioxidant activity of T. zygis AE.

Phytochemical profile
TPC (mg Caffeic acid eq./G of 451.32 £5.35
extract)
TFC (mg rutin eq./G of extract) 191.78 + 04.15
DPPH scavenging activity of T. zygis ICso0
Concentration (mg/mL) 0.031 0.062 0.125 0.250 0.5 Mg/mL extract
Ascorbic acid 36.12 50.31 67.84 94.89 96.78 0.037
AE 20.53 34.22 58.33 92.15 93.40 0.129

1H-NMR analysis of T. zygis AE revealed signals corresponding to multiple phytochemical classes, summarized in Table 3
and illustrated in Figure 2. Distinct signals in the aliphatic region (0.75-2.5 ppm) corresponding to secondary and
quaternary methyl groups, as well as overlapping CH and CH, signals indicating the presence of triterpenoids. In the
aromatic region, signals characteristic of phenylpropanoid derivatives and flavonoids were observed. Additionally, peaks
corresponding to anomeric protons of glycosidic sugars and other sugar residues appeared at 4.80-5.5 ppm and 3.00-4.5
ppm, respectively. Analysis of the 'H-NMR spectrum in the 6.5-8.5 ppm range revealed phenolic compounds, including
phenylpropanoids, flavonoids units, glycosidic derivatives, and triterpenoids. Doublets at 6.3 and 7.5 ppm indicated trans-
olefinic signals, ascribable to the double bond of caffeic acid derivatives. This pattern is consistent with the *H-NMR profile
reported by Bendif et al. (2020) for a methanolic extract of Algerian Thymus munbyanus subsp. coloratus. Complementary,
HPLC-MS analysis confirmed the presence of phenolic compounds such as rosmarinic acid, and other common phenolic
acids, especially garlic, quince and caffeic acids. Khouya et al. (2015) reported rosmarinic and caffeic acids as the main
phenolic acids in T. zygis AE.
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Fig. 2. 1H-NMR spectrum obtained from the analysis of T. zygis AE.
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Table 3. 1H-NMR signals obtained from the analysis of the T. zygis.

Signal 'H-NMR Resonance Assignment

7.52d (J =15.8) H-7 of caffeic acid derivative

6.30d (J =15.8) H-8 of caffeic acid derivative

7.05d (J =1.9) H-2, H-7 of caffeic acid derivative

6.94dd (J=1.9,7.6) H-6 of caffeic acid derivative

6.75d (] =7.6) H-5 of caffeic acid derivative

6.70d (] =1.9) Aromatic signal of trisubstitued ring
6.68-6.62 dd and d partially overlapped Aromatic signal of trisubstitued ring

6.2 singlet (J = 2.1)-6.5 singlet (J = 1.7) Signals ascribable to protons 6-8 of flavonol glycosides
Multiplets 4.80-5.5 Anomeric signal of glycosidic sugar residues
3.00-4.5 multiples Signals ascribable to sugar residues
Multiplets 1.51-2.5 Signals ascribable to CHZ and aliphatic CH
1.4-1.35-1.34-1.3 singlets Quaternary methyl groups

0.79d Secondary methyl group

Antibacterial activity of volatile extracts

In vitro testing, according to the minimum inhibitory (MIC) and bactericidal (MBC) concentration values, showed that T.
zygis EO and HYD exhibited strong antibacterial activity against all tested strains— Staphylococcus aureus (S. aureus),
Bacillus subtilis (B. subtilis), Proteus mirabilis (P. mirabilis), and Escherichia coli (E. coli)— (Table 4). All tested strains
showed sensitivity to T. zygis EO from MIC of 0.125 pL/mL, whereas its bactericidal activity was shown at MBC of 0.25
uL/mL. These results align with previous studies about this EO: Drioiche et al. (2022) reported notable antibacterial activity
against S. aureus (MIC = 600-1200 ug/mL), P. mirabilis (MIC = 300-1200 pg/mL), and E. coli (MIC = 75-6200 pg/mL), while
Gourich et al. (2022) observed strong inhibition of E. coli (MIC= 300 pg/mL and MBC = 600 pg/mL), S. aureus (MIC= 1200
pg/mL and MBC =2500 pg/mL), and P. mirabilis (MIC= MBC =2500 pg/mL). T. zygis HYD showed the same bactericidal and
bacteriostatic activities against S. aureus, P. mirabilis and E. coli (MIC=MBC= 0.062 pL/mL), when B. subtilis appeared more
sensitive (MIC=MBC= 0.015 pL/mL).

Gram-negative bacteria were generally more resistant to the volatile oils, likely due to their outer membrane structure,
which is absent in the simpler cell walls of Gram-positive bacteria (Basavegowda and Baek, 2021). The hydrophilic
lipopolysaccharide membrane of Gram-negative bacteria restricts the passage of hydrophobic essential oil compounds
(Hyldgaard et al., 2012), whereas the peptidoglycan-rich cell wall of Gram-positive bacteria facilitates the diffusion of these
hydrophobic substances (Nazzaro et al., 2013).

Table 4. Minimum inhibitory and bactericide concentrations of T. zygis EO and HYD (pL/mL).
Gram-negative Gram-positive
E. coli Pr. mirabilis B. subtilis S. aureus
MIC MBC MIC MBC MIC MBC MIC MBC MBC/MIC ratio
EO 0.125 0.250 0.125 0.250 0.125 0.250 0.125 0250 2
HYD 0.062 0.062 0.062 0.062 0.015 0.015 0.062 0.062 1

The strong antibacterial activity of both EO and HYD against all tested bacteria can be largely attributed to the high
concentration of phenolic compounds like carvacrol and thymol. These compounds are known for their antimicrobial
properties, which stem from the acidic nature of their hydroxyl groups (Karam et al., 2020). Phenols (thymol, carvacrol, and
eugenol), alcohols (a-terpineol, borneol, and menthol), aldehydes, and ketones are recognized for their broad antimicrobial
spectrum (Oussalah et al., 2006). Many studies have highlighted the relationship between antimicrobial activity and the
chemical composition of essential oils. These effects are often linked to the synergistic interactions between both major and
minor constituents of the oil (Diao et al.,, 2014). Monoterpene hydrocarbons, particularly p-cymene (a precursor of thymol
and carvacrol), exhibit a strong affinity for microbial membranes and disrupt their electrical potential (Nazzaro etal., 2013).
As a result, key compounds such as thymol and carvacrol readily penetrate bacterial cell membranes, impair enzyme
systems, cause leakage of cellular contents, and ultimately lead to cell death (Basavegowda and Baek, 2021). Differences in
bacteriostatic (MIC) and bactericidal (MBC) effects between EO and HYD are mainly due to their bioactive composition,
particularly the higher content of oxygenated monoterpenes in HYD. Phenolic compounds, mainly thymol and carvacrol, are
far more abundant in HYD (87.66%) than in EO (59.50%), and HYD also contains notably higher levels of 4-tert-butyl-
catechol (4.49% vs. 0.15%).

Antibacterial activity is assessed using the MBC/MIC ratio: values above 2 indicate bacteriostatic effects, whereas ratios of
1-2 indicate bactericidal action (Hafidh et al., 2011). As shown in Table 4, both EO and HYD exhibited ratios of 1-2 across
all tested strains, with HYD showing a stronger bactericidal effect.

Antioxidant study of aqueous extract

The antioxidant activity of T. zygis AE, assessed by the DPPH assay, showed strong free radical-scavenging activity
comparable to ascorbic acid, particularly at concentrations of 0.25 mg/mL (Table 2 and Figure 3).

713



120

s y =122,77x + 45,402
= R2=0,7622
2 100 0,76
=
E
oo 80
[
‘&0
c
Y 60
©
&
73 40
=
e
T~ 20
(a
(a1
()]

0

0 0,1 0,2 0,3 0,4 0,5 0,6
Concentration en mg/mL
Ascorbic acid T. zygis aqueous extract

Fig. 3. DPPH free radical-scavenging capacity of Ascorbic acid and T. zygis AE.

The higher IC5, values found by Khouya et al. (2015) and Ramchoun et al. (2012) for the aqueous extract of the same plant
(0.44 +0.02 mg/mL and 0.54 + 0.02 mg/mL, respectively), and 0.234 + 0.001 mg/mL for the hydro-methanol extract (80/20
v/v) as reported by Bouymajane et al., in 2022, further confirming the higher activity observed in our study. The strong
antioxidant activity observed herein is consistent with previous findings and is largely attributed to the high polyphenol
contents of the plant extracts. These compounds—particularly caffeic acid derivatives and flavonoids, including their
glycosidic forms—can neutralize free radicals by donating electrons or hydrogen atoms through their hydroxyl groups
(Menkovi¢ et al., 2013).

Materials and Methods

Plant materials

The aerial parts of T. zygis subsp. gracilis (Boiss.) R. Morales were collected during flowering from Boutferda in Morocco’s
Middle Atlas (32°15'37"N, 5°46'13"W; 1511 m altitude), a mountainous area with a dry climate and marked seasonal
rainfall and snowfall. The species was taxonomically identified by Prof. Mohamed Kadiri (University of Tetouan), and a
voucher specimen (RAB 77494) was deposited in the Scientific Institute Herbarium, Mohammed V University. The plant
material was then air-dried at room temperature for eight days (Moukhles et al., 2020).

Essential oil and hydrosol extract isolation

The plant material was subjected to hydrodistillation in three replicates, each using 100 g of dry plant matter and steam
distillation for 3h. The extracted essential oil (EO) was dried with anhydrous sodium sulfate (Na,S0,), weighed, and stored
in a sealed dark vial at 4°C. The hydrosol, a by-product of distillation, contains hydrophilic volatile compounds dissolved in
the distilled water due to hydrogen bonding. These compounds were isolated via liquid-liquid extraction, as outlined by
Paolini et al. (2008). The hydrosol (HYD) was obtained after drying the organic phase with anhydrous sodium sulfate and
removing the solvent with a rotary evaporator (Moukhles et al., 2022). The average yields of both EO and HYD were
calculated based on the dry plant matter.

Aqueous extract preparation

After hydrodistillation, the residual aqueous solution was cooled, filtered under vacuum to remove solid impurities, and
then treated with n-butanol. The organic phase was recovered and the solvent removed using a rotary evaporator. The solid
residue was purified through successive solubilizations and precipitations with methanol and ether. The final precipitate
was dissolved in methanol, evaporated under reduced pressure at 64°C, and the resulting AE was weighed to determine its
yield.

Gas chromatography-mass spectrometry (GC-MS)

The oils were analyzed using an Agilent Technologies GC-MS system, equipped with a DB-5MS capillary column (30 m
length, 0.25 mm internal diameter, 0.25 pm film thickness) and a selective mass detector (MSD5975B, 70 eV ionization
voltage). Helium was used as the carrier gas at a flow rate of 1 mL/min. The oven temperature program started at 100°C for
1 minute, gradually increased to 260°C at 4°C/min, and was held at 260°C for 10 minutes. The injector operated in split
mode with a 1:100 split ratio. Compound identification was based on mass spectra comparison with Wiley and NIST
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libraries and available standards. Kovat’s retention indices were calculated using reference n-alkanes, following the Van
Den Dool and Kratz method (1963), and consulting reference libraries or literature data (Adams, 2007). Authentic
compounds were confirmed by co-injection under the same conditions. Quantification was performed using the external
standard method, with calibration curves derived from GC analysis of authentic compounds.

Sample preparation and 1H-NMR analysis

A 150 mg sample of the AE was dissolved in 600 pL of deuterated solvents (360 puL. CD30D, 240 pL D20, and 0.36 mg TSP).
After ultrasonicating for 3 minutes at room temperature and vortexing for 1 minute, the mixture was centrifuged at 13,225
g for 10 minutes. Subsequently, 500 pL of the supernatant was injected into a 5 mm NMR tube for analysis. 1H NMR spectra
were recorded using a Bruker Avance Neo 500 MHz spectrometer, with Tetramethylsilane (TMS) as the internal standard
and Dimethyl sulfoxide (DMSO-de) as the solvent. Chemical shifts were reported in § (ppm). Metabolite identification was
based on comparisons with an in-house library, relevant databases (Cui et al., 2008), and literature sources (Wolfender et
al,, 2013).

Total phenolic content evaluation (TPC)

The total phenolic content (TPC) of the AE was measured using the Folin-Ciocalteu method. In brief, 1 mL of the extract (0.1
mg/mL) was combined with 0.5 mL of Folin-Ciocalteu reagent and 1 mL of 7.5% sodium carbonate (Na,CO3), diluted to a
final volume of 10 mL with distilled water. The mixture was incubated for 1h at room temperature, and absorbance was
measured at 725 nm using a PerkinElmer Lambda 25 UV /VIS Spectrometer (Machado et al., 2013). Caffeic acid was used as
the standard, and TPC was expressed as mg caffeic acid equivalents per gram of extract (mg CA eq./g extract) (Ferreira et
al,, 2020).

Total flavonoid content evaluation (TFC)

The total flavonoid content (TFC) of the AE was determined following the method of Jia et al. (1999). Briefly, 1 mL of extract
solution (0.5 mg/mL) was mixed with 150 pL of 5% sodium nitrite and incubated at room temperature for 5 minutes. Then,
150 pL of 10% aluminum chloride was added, followed by a 6-minute incubation. Afterwards, 1 mL of 1 M sodium hydroxide
was introduced, and the absorbance was measured at 510 nm using a routinely prepared standard curve. Results were
expressed as milligrams of rutin equivalents per gram of extract (mg rutin eq./g extract).

Antibacterial activity

The antibacterial activity of T. zygis essential oil (EO) and hydrosol (HYD) was evaluated against four reference strains:
Bacillus subtilis DCM 6633 and Proteus mirabilis CIP 104588, as well as Staphylococcus aureus ATCC 9244 and Escherichia
coli K12. These strains were obtained from recognized microbial collections and laboratories in Germany, Morocco, and
Belgium.

Determination of minimum inhibitory and bactericidal concentrations

The antibacterial activity was assessed using the broth microdilution method. Essential oil (EO) dilutions (2-0.0019% v/v)
were prepared in LB broth containing 0.15% agar in 96-well plates, inoculated with bacteria (10 CFU/mL), and incubated
at 37 °C for 18 h. Resazurin was added to detect growth, and the minimum inhibitory concentration (MIC) was defined as
the lowest EO concentration preventing a color change. For the minimum bactericidal concentration (MBC), samples from
non-growing wells were plated; MBC was the lowest EO concentration that killed 99.9% of bacteria after 24 h (Bouhdid et
al,, 2008).

Antioxidant activity

The free radical-scavenging activity of the extract was evaluated using the DPPH (2,2-diphenyl-1-picrylhydrazyl) assay
(DPPH solution was made freshly), following a modified version of the method by Bouyahya et al. (2017). DPPH is a stable
free radical widely used for rapid and direct assessment of antioxidant activity. Absorbance was measured in the 515-
520 nm range (Bozin et al., 2008; Hara et al., 2018). For the assay, 0.2 mL of aqueous extract (0.03125-0.5 mg/mL) was
mixed with 1.8 mL of 0.11 mM DPPH solution in methanol, incubated in the dark at room temperature (23 * 2 °C) for
30 minutes, and the absorbance was recorded at 517 nm. Ascorbic acid served as a positive control due to its rapid reaction
with DPPH compared to other standard antioxidants (Sharma and Bhat, 2009).

The percentage of inhibition was calculated using the formula: % inhibition = [(Ao - A1)/Ac] x 100, where Ao is the
absorbance of the control (without extract) and A1 is the absorbance of the sample. Results are presented as the mean of
three replicates. The half-maximal inhibitory concentration (ICsy) was determined by plotting the scavenging percentage
against extract concentration and analyzing the curve using Microsoft Excel (New York, USA).

Conclusion
The study demonstrated that T. zygis exhibits both antioxidant and antibacterial activities. Its essential oil (EO) and hydrosol
(HYD), rich in phenolic compounds like carvacrol and thymol, showed strong antibacterial effects against both Gram-

positive and Gram-negative strains, with HYD particularly more effective against Gram-positive bacteria. The aqueous
extract (AE), abundant in polyphenols, especially flavonoids, displayed potent antioxidant activity by scavenging DPPH free
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radicals. These findings suggest that T. zygis extracts and derivatives hold promise as natural antibacterial and antioxidant
agents for food and pharmaceutical applications.
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