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ABSTRACT

The rising rates of antimicrobial resistance, as well as the need for sustainable preservation strat-
egies, have renewed interest in plant-derived antimicrobial agents. In this study, the chemical com-
position and antibacterial properties of Thymus capitatus essential oil (Tc EO) were evaluated.
Furthermore, the antibacterial activities of carvacrol, the main component of the essential oil, and
thymol, a major phenolic compound commonly found in Thymus species, were investigated
against a total of 32 bacterial strains. Gram-negative bacteria such as Aeromonas spp., Vibrio spp.,
Pseudomonas spp., and members of Enterobacteriaceae, as well as Gram-positive bacteria, in-
cluding Bacillus spp. and lactic acid bacteria (LAB), were evaluated, along with reference (ATCC)
strains obtained from aquatic and food-related sources.

The GC-MS analysis showed that Tc EO was dominated by a carvacrol-rich chemotype (62.35%),
along with considerable amounts of p-cymene and y-terpinene. All of these tested compounds
showed considerable antibacterial activity; their inhibition zone sizes were predominantly above
20 mm. Gram-positive bacteria showed high susceptibility to Tc EO and its phenolic derivatives.
In contrast, slightly lower inhibition zones were found in enteric bacteria, particularly Escherichia
coli, Klebsiella pneumoniae, and Citrobacter freundii.

However, fish-associated bacteria belonging to the species Aeromonas, Vibrio, and Flavobacte-
rium, such as Aeromonas hydrophila, Edwardsiella tarda, Vibrio anguillarum, and Flavobacte-
rium spartansii, showed high sensitivity to Tc EO and its phenolic derivatives. Of particular inter-
est is that strain-specific differences between environmental isolates and reference strains, like
Lactiplantibacillus plantarum, were found.

These results indicate that Tc EO and its phenolic components may be considered a promising
candidate for further investigation in food preservation and aquaculture applications.
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Introduction

In recent years, the rise of antimicrobial resistance and the
need for a more secure method for food preservation have in-
creased interest in the use of natural antimicrobial agents
(Burt, 2004). Gram-negative bacteria from aquatic environ-
ments and food systems, such as Aeromonas spp., Vibrio spp.,
Pseudomonas spp., and Shewanella spp., and Gram-positive
bacteria, such as Bacillus spp. and Lactococcus spp., are an
important concern for the safety of the aquaculture industry.
They cause spoilage and disease outbreaks in fish products,
resulting in considerable economic losses. In addition, the ca-
pacity of the aforementioned bacteria to develop biofilms and
show resistance to commonly used antibiotics complicates
their control (Hyldgaard et al., 2012). The interest in the use
of plant-derived antimicrobial agents, specifically essential
oils, has been attributed to their broad-spectrum activity and
complex mode of action against microorganisms (Chouhan et
al., 2017).

In this regard, essential oils extracted from plants have been
recognized as potential alternatives to synthetic antimicrobi-
als (Bassolé & Juliani, 2012). Essential oils are complex mix-
tures of volatile organic compounds, mainly composed of ter-
penes, terpenoids, and phenolic derivatives. They possess po-
tent antimicrobial activity through various modes of action
(Nazzaro et al., 2013), which include the disruption of mem-
brane integrity and fluidity, membrane permeability changes,
interference with the activity of the enzymatic system, and
quorum sensing (Swamy et al., 2016). Phenolic monoter-
penes such as carvacrol and thymol were shown to be im-
portant for the antimicrobial activity of essential oils by dis-
rupting the membrane structure and promoting the leakage of
intracellular components (Ultee et al., 2002; Lambert et al.,
2001).

Among the aromatic plants, Thymus capitatus (also referred
to as Thymbra capitata, commonly known as conehead
thyme) is a Mediterranean plant species well recognized for
its high yield of essential oil and antimicrobial activities (Tut-
tolomondo et al., 2015). Unlike other Thymus species, T. cap-
itatus is usually characterized by a carvacrol-rich chemotype,
which is highly potent against a wide range of microorgan-
isms (Goudjil et al., 2022; Bounatirou et al., 2007). Several
scientific studies have shown that 7. capitatus essential oil
(Tc EO) has considerable inhibitory activity against Gram-
positive microorganisms such as Staphylococcus aureus and
Listeria monocytogenes, as well as Gram-negative microor-
ganisms such as Escherichia coli and Salmonella spp.
(DzZamic et al., 2015; Zahli et al., 2023; Aouadhi et al., 2024;
Xylia et al., 2024). In addition, antifungal activities of Tc EO

against microorganisms such as Candida albicans have also
been recorded (Benoutman et al., 2022; Salihu et al., 2025).

The antimicrobial potential of 7. capitatus EO cannot be ex-
plained by carvacrol alone but is also affected by the presence
of other monoterpene hydrocarbons like p-cymene and y-ter-
pinene (Sousa et al., 2022). Although these compounds pos-
sess weak antimicrobial activity on their own, they have been
shown to potentiate the activity of phenolic compounds by
improving membrane fluidity and hence facilitating their
penetration into microbial cells (Sousa et al., 2022). This is
an important factor in the assessment of the bioactivity of 7.
capitatus EO.

Despite the growing number of studies on 7. capitatus, most
of the studies have only considered clinical or foodborne
pathogens, whereas studies on microorganisms from aquatic
environments are scarce. This is all the more relevant since
bacteria from fish may have different resistance mechanisms
and profiles compared to bacteria from terrestrial environ-
ments, and thus, the assessment of the antimicrobial potential
of essential oils against fish-associated bacteria is of particu-
lar interest. In addition, the chemical composition of essential
oils, which depends on the geographical location, environ-
mental factors, harvesting season, and extraction method,
may greatly affect the antimicrobial potential of the essential
oil, and thus, region-specific studies are necessary (Baser &
Buchbauer, 2015).

Therefore, the main aim of the present study is to assess the
antimicrobial potential of Tc EO against a wide range of
Gram-positive and Gram-negative bacteria, including strains
from aquatic sources, food products, and reference strains. In
addition, thymol and carvacrol, the main phenolic com-
pounds in the essential oils of plants belonging to the Thymus
genus (Marchese et al., 2016), were also tested separately to
compare the contribution of each compound to the overall an-
timicrobial potential. According to a comprehensive and
comparative evaluation, this study aims to contribute to a bet-
ter understanding of the antimicrobial potential of Tc EO,
which could be used as a natural agent in food and aquacul-
ture systems.

Materials and Methods

Bacterial Material

In the present study, the antimicrobial activity of Thymus cap-
itatus essential oil (Tc EO) was tested against a panel of 32
bacterial isolates. The panel consisted of both Gram-negative
and Gram-positive bacteria, including both field isolates and
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reference strains. Gram-negative bacteria are presented in Ta-
ble 1, Gram-positive bacteria in Table 2, and reference (col-
lection) strains in Table 3. All bacterial strains were preserved
at —80 °C until use and were obtained from the Aquatic Ani-
mal Health Research Laboratory, Faculty of Marine Sciences
and Technology, Canakkale Onsekiz Mart University.

Essential Oil Extraction and GC-MS Analysis

The essential oil (Tc EO) was obtained in June 2025 from
plant material purchased from a local vendor at a public mar-
ket in Ezine (Canakkale, Tiirkiye), and its chemical composi-
tion was confirmed by GC-MS analysis. The essential oil was
obtained by hydrodistillation using a Clevenger-type appa-
ratus for 4 h using the traditional method described by
Clevenger (1928). Gas chromatography—mass spectrometry
(GC-MS) was used to investigate the chemical profile of the
essential oil, following the method described by Kahraman
Yilmaz & Berik (2023). Before GC-MS, the essential oil
sample was diluted in n-hexane. The analysis was carried out
on a Shimadzu GCMS QP 2010 ULTRA system equipped
with an Rxi-5 ms capillary column, using helium as the car-
rier gas. The oven temperature was programmed from 40°C
to 240°C at a rate of 4°C/min. Identification of the volatile
compounds was achieved by comparing the obtained mass
spectra with those available in the Wiley WIN11 mass spec-
tral library.

Disk Diffusion Assay

The antimicrobial potential of Tc EO was evaluated by an
agar disk diffusion method based on Bauer et al. (1966), with
slight modifications. In brief, sterile discs (paper discs; Ox-
oid, CT0998B) were impregnated with 10 uLL of Tc EO and
dried under aseptic conditions before use. In contrast, thymol
(>98.5%, T0501, Sigma-Aldrich, St. Louis, MO, USA) and
carvacrol (>98%, W224502, Sigma-Aldrich, St. Louis, MO,
USA) were prepared in 10% (v/v) dimethyl sulfoxide
(DMSO; >99.7%, D2650, Sigma-Aldrich, St. Louis, MO,
USA) and applied at a concentration of 1 mg per disk (corre-
sponding to 10 pL per disc). Disks containing 10% (v/v)
DMSO alone were used as negative controls. The prepared
disks were aseptically placed onto the surface of agar plates
previously inoculated with the test microorganisms using
sterile forceps. All assays were performed in triplicate. Fol-
lowing incubation under appropriate conditions (temperature
and incubation parameters are provided in Tables 2—4) for
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each microorganism (24 h), the diameters of inhibition zones
were measured in millimeters, including the disk diameter.
Antibacterial activity was categorized as strong (=20 mm),
moderate (12—19 mm), or no inhibition (<12 mm) according
to Rota et al. (2008).

Results and Discussion

Chemical Composition of Tc EO

The GC-MS analysis of Tc EO revealed that the oil was
mainly composed of carvacrol (62.35%), followed by p-cy-
mene (10.12%) and y-terpinene (9.42%), indicating a car-
vacrol-rich chemotype (Table 1). Similarly, earlier studies
have established that carvacrol was the major constituent of
Tc EO, which ranged from 57-83.5%, while p-cymene and -
terpinene ranged from 3.52-13.17% and 2.16-7.81%, respec-
tively, depending on the geographical location, environmen-
tal conditions, and the technique used in the extraction (Usai
et al., 2010; Russo et al., 2013; Hosni et al., 2013; Tuttolo-
mondo et al., 2015). In addition, a comprehensive study con-
ducted on samples collected from different regions, including
the Canakkale (Saroz Bay) area, reported carvacrol as the
dominant compound (68.72—77.93%), accompanied by p-cy-
mene (6.10-10.48%) and y-terpinene (2.37-6.83%) (Ozek et
al., 1995), which is consistent with the compositional profile
observed in the present study.

Antibacterial Activity of Tc EO, Carvacrol, and Thymol

The antibacterial activity of carvacrol, thymol, and Tc EO
against Gram-negative bacteria is presented in Table 2. Over-
all, all treatments exhibited strong inhibition (SI >20 mm)
against the majority of isolates. No complete inhibition fail-
ure (NI <12 mm) was observed for any of the tested bacteria.
Moderate inhibition (MI, 12—-19 mm) was observed in a lim-
ited number of isolates, including Citrobacter freundii SY-
CF14 (12-13 mm), Citrobacter sp. SY-C10 (13—-15 mm),
Escherichia coli SY-EC4 treated with carvacrol and thymol
(17-18 mm), and Klebsiella pneumoniae SY-KP1 treated
with carvacrol and Tc EO (15 mm). Apart from these excep-
tions, all remaining bacterial isolates demonstrated strong
susceptibility (>20 mm) to carvacrol, thymol, and Tc EO. The
results show that carvacrol, thymol, and Tc EO have broad-
spectrum antibacterial activity against Gram-negative bacte-
ria.
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Table 1. Chemical composition of Tc EO determined by GC-MS analysis

Retention time Compound Area %
9.18 a-Thujene 1.20
9.46 a-Pinene 0.96
9.95 Camphene 0.55
11.12 B-Pinene 0.18
11.30 Vinyl amyl carbinol 0.27
11.75 Myrcene 1.79
12.03 Ethyl amyl carbinol 0.04
12.20 1-Phellandrene 0.27
12.50 8-3-Carene 0.12
12.70 a-Terpinene 2.05
13.02 p-Cymene 10.12
13.25 (R)-1-methyl-5-(1-methylethenyl)cyclohexene 0.63
14.02 B-Ocimene 0.06
14.40 v-Terpinene 9.42
15.55 a-Terpinolene 0.30
16.05 Linalool 0.84
17.45 1,3,8-p-Menthatriene 0.04
18.58 Borneol 1.84
19.10 4-Methyl-1-(1-methylethyl)-3-cyclohexen-1-ol 1.27
19.35 4-(1-methylethyl)benzenemethanol 0.07
19.62 B-Fenchyl alcohol 0.20

22.20 Carvenone 0.07
23.12 Carvacrol 62.35
25.60 Eugenol 0.07
27.75 trans-Caryophyllene 4.20
27.92 1-(1,4-dimethyl-3-cyclohexen-1-yl)ethanone 0.05
28.85 a-Humulene 0.15
29.60 a-Amorphene 0.04
31.10 6-Cadinene 0.09
33.00 Caryophyllene oxide 0.60
42.60 3-Benzylsulfonyl-2,6,6-trimethylbicyclo[3.1.1]heptane 0.10
46.20 trans-Dehydroandrosterone pentafluoropropionate 0.06

However, it should be pointed out that there exist some dis-
advantages in regard to the effectiveness of the disk diffusion
method in determining the antimicrobial properties of essen-
tial oils due to their poor diffusion characteristics. As a result,
the outcome of the experiment may be biased. Moreover, the
antimicrobial activity testing of volatile substances in liquid
media can also be complicated due to the hydrophobicity,
volatility, and possible evaporation of these components dur-
ing experiments (Houdkova et al., 2021). It has also been es-
tablished that the minimum inhibitory concentration of essen-
tial oils might differ considerably under different experi-

mental conditions, such as the type of media used, emulsifi-
cation, and techniques applied (Van de Vel et al., 2019).
Thus, the results of the current experiment should be treated
as preliminary, and further quantitative testing in the form of
MIC and MBC should be performed to verify the antimicro-
bial activity of essential oils.

This is important, especially when one considers the inherent
resistance of Gram-negative bacteria. The inherent resistance
is due to the asymmetric outer membrane structure, which
acts as a permeability barrier to lipophilic substances. The
lipopolysaccharide-rich outer leaflet of this outer membrane
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is responsible for this resistance to lipophilic substances (Ni-
kaido, 2003; Delcour, 2009). Nevertheless, phenolic mono-
terpenes such as carvacrol and thymol have been observed to
be able to interact with this membrane and insert themselves
into this bilayer. This makes it permeable, thus repelling pro-
tons. This is based on the findings by Ultee et al. (2002) and
Burt (2004). Nevertheless, recent findings have also shown
that thymol is able to cause the release of such components
as potassium ions and adenosine triphosphate. This leads to
the dissipation of the proton motive force and thus makes it
more effective in fighting microorganisms (Liu et al., 2026).

The high antibacterial activity of 7. capitata EO results from
its phenolic content, especially carvacrol, as well as the syn-
ergistic effects of its components. It has been cited that while
some of the components, like p-cymene, which show low an-
tibacterial activities, can actually act by extending the mem-
branes to allow the penetration of other phenolic components,
thereby increasing the overall antibacterial activities (Sousa
et al., 2022). The similar or even better activities of Tc EO
compared to the individual compounds could therefore be at-
tributed to the synergistic effects of the components of Tc
EO. In addition, the recent formulation approaches in the
form of nanoemulsion systems have also been found to in-
crease the antibacterial activity of carvacrol and thymol by
improving the dispersion and stability of the two compounds
(Ozogul et al., 2025).

On the other hand, when these pathogens were assessed in
terms of their susceptibility as a group, it was found that fish-
related pathogens such as Aeromonas hydrophila, Aeromonas
veronii, Edwardsiella tarda, and Vibrio anguillarum were
highly susceptible. This is in agreement with previous studies
indicating that these two compounds, namely carvacrol and
thymol, can inhibit the growth of these pathogens as well as
their virulence factors and biofilm formation, making them
useful in aquaculture disease control practices (Alagawany et
al., 2021; Wang et al., 2022; Liang et al., 2022; Lu et al.,
2023).

Relatively lower levels of inhibition zones have been ob-
served in enteric bacteria such as E. coli, Klebsiella pneu-
moniae, and Citrobacter freundii. This relative resistance
could be an indication of the presence of a stronger outer
membrane and efflux systems. For instance, Klebsiella spp.
has structural defense systems that can restrict the entry of
hydrophobic antimicrobial agents (Li et al., 2025). This could
be through physical means such as an outer membrane, efflux
pumps, and a polysaccharide capsule.
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In particular, the differences observed between the fish iso-
late E. coli SY-EC4 and the reference strain of E. coli ATCC
25922 also point to the fact that sensitivity to these compo-
nents can be strain-dependent. These differences can be due
to differences in the composition, permeability, and re-
sistance of the cell membranes.

The antibacterial activity of carvacrol, thymol, and Tc EO
against Gram-positive bacterial isolates is presented in Table
3. All tested isolates exhibited strong inhibition (SI >20 mm)
against all treatments. Inhibition zone diameters ranged from
26 to 49 mm, indicating high susceptibility of Gram-positive
bacteria to all tested compounds.

The antibacterial activity of carvacrol, thymol, and Tc EO
against reference (ATCC) bacterial strains is presented in Ta-
ble 4. It was observed that all the reference strains showed
good inhibition (SI > 20 mm) for all the treatments. Lacti-
plantibacillus plantarum BC 7321 showed moderate inhibi-
tion for carvacrol (14 mm), whereas thymol (22 mm) and Tc
EO (22 mm) showed strong inhibition for this strain. The
highest susceptibility was observed in Aeromonas salm-
onicida ATCC 33658, which varied between 51 and 60 mm.
In contrast, relatively lower but still strong inhibition was ob-
served for Escherichia coli ATCC 25922 (23-30 mm) and
Bacillus spizizenii ATCC 6633 (34-38 mm).

This trend was further substantiated by the reference strain
Bacillus spizizenii ATCC 6633, which had excellent inhibi-
tion in all treatments. In contrast, Lactiplantibacillus planta-
rum had moderate inhibition against carvacrol and strong in-
hibition against thymol and Tc EO. This indicates that the
susceptibility of microorganisms is not only strain-specific
according to Gram classification but may also be related to
the physiological and membrane-related properties of the
strains.

The antibacterial activity of the compounds is related to the
interaction of the compounds with the cell membrane of the
microorganisms and the increased permeability of the cell
membrane with leakage of the cellular contents. This mecha-
nism has been extensively demonstrated in Bacillus cereus,
where carvacrol was shown to disrupt membrane function
and induce ion leakage and metabolic imbalance (Ultee et al.,
1999; Ultee et al., 2002). In addition, the hydrophobicity of
carvacrol enables it to interact with the lipid bilayer, causing
disturbances in its structure and permeability (Di Pasqua et
al., 2007).
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Table 2. Antibacterial activity of carvacrol, thymol, and Tc EO against Gram-negative bacterial isolates
Inhibition zone diameters (mm) include the diameter of the paper disc

Bacteria

Strain

Accession
Numbers

Test Media/Incubation
Temperature

Carvacrol

Thymol

Te EO

Aeromonas sobria SY-AS3 KY126831 MH /22 °C 47 39 60
Aeromonas sobria SY-ASI KY126835 MH /28 °C 45 51 45
Aeromonas veronii SY-AV10 MG563680 MH/35°C 31 37 35
Aeromonas hydrophila SY-AH2 MG844996 MH /35 °C 51 53 40
Acinetobacter johnsonii SY-AJ KY126836 MH /22 °C 35 45 32
Citrobacter freundii SY-CF14 KY126840 MH/35°C 12 13 12
Citrobacter sp. SY-C10 KX388233 MH /28 °C 15 13 15
Enterobacter sp. SY-EN560  KX388232 MH /22 °C 30 43 36
Lelliottia amnigena SY-LAI18 KY126834 MH/35°C 29 43 33
Pseudomonas putida SY-PP21 KY126830 MH /22 °C 46 57 41
Shewanella baltica SY-S145 KX388237 MH+ /22 °C 51 52 52
Flavobacterium spartansii SY-FSI KY386294 TS/22°C 31 30 36
Escherichia coli SY-EC4 MG855664 MH/35°C 17 18 25
Klebsiella pneumoniae SY-KP1 MG855663 MH /35 °C 15 27 15
Edwardsiella tarda SY-EDI1 KY126838 MH /28 °C 47 55 57
Edwardsiella tarda SY-ED14 KX388234 MH /28 °C 47 59 54
Plesiomonas shigelloides SY-PS16 MG574356 MH /35 °C 51 53 46
Vibrio anguillarum SY-L24 KX388236 MH+ /24 °C 32 25 39
Vibrio gigantis C24 ON778781.1/ MH+ /22 °C 29 29 32
ON792326.1
Yersinia ruckeri E42 KX388238 MH /22 °C 42 45 43

Note: MH: Mueller-Hinton Media; TS: Tryptic Soy Media; +: 1.5% NaCl

Table 3. Antibacterial activity of carvacrol, thymol, and Tc EO against Gram-positive bacterial isolates
Inhibition zone diameters (mm) include the diameter of the paper disc

Test Media/Incubation

Accession

Bacteria | Strain Numbers Tarrmerrirre Carvacrol | Thymol Tec EO

Bacillus pumilus SY-BP15 KY126833 MH/35°C 43 49 36
Bacillus subtilis SY-BS19 KY077683 MH /35 °C 41 45 45
Bacillus subtilis SY-BS20 KY078783 MH /35 °C 31 33 31
Bacillus subtilis SY-BS24 KY082822 MH /35 °C 37 38 45
Bacillus thuringiensis SY-BT11 KY127450 MH /35 °C 31 34 37
Lysinibacillus xylanilyticus SY-LX12 KY078822 MH/35°C 35 26 39
Lactococcus garvieae SY-LG1 KY118086 MH /24 °C 29 38 30
Niallia nealsonii SY-BN9 KY126832 TS /35°C 33 39 44

Note: MH: Mueller-Hinton Media; TS: Tryptic Soy Media
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Table 4. Antibacterial activity of carvacrol, thymol, and Tc EO against reference (ATCC) bacterial strains
Inhibition zone diameters (mm) include the diameter of the paper disc

Temperature

Aeromonas salmonicida subsp. salmonicida ATCC 33658

Bacillus spizizenii ATCC 6633
Escherichia coli ATCC 25922
Lactiplantibacillus plantarum BC 7321

MH /24 °C Gram (-)
MH /35 °C Gram (+) 34 38 36
MH /35 °C Gram (-) 30 27 23
MRS /35 °C Gram (+) 14 22 22

208

Moreover, bacterial cells exposed to sublethal concentrations
of these compounds may develop adaptive resistance, char-
acterized by changes in fatty acid composition of the bacterial
membranes, indicating efforts by bacterial cells to maintain
membrane functions under stress conditions (Di Pasqua et al.,
2007). However, these reactions may differ depending on
bacterial species, implying that structural composition and
stress response mechanisms may all be involved in determin-
ing bacterial susceptibility.

Based on the information provided above, it is evident that
the antibacterial action of carvacrol, thymol, and Tc EO is
mediated by mechanisms that target bacterial membranes and
influence a range of cellular events, which may explain the
high susceptibility of all Gram-positive bacteria to these oils.

Conclusion

The present study shows initial antibacterial activity of Tc
EO, carvacrol, and thymol against both Gram-positive and
Gram-negative bacteria. Gram-positive bacteria were more
susceptible, while Gram-negative bacteria showed lower sen-
sitivity. Fish-associated pathogens, including Aeromonas hy-
drophila, Edwardsiella tarda, and Vibrio anguillarum, were
highly susceptible to Tc EO. These results indicate that Tc
EO may be further explored in food safety and aquaculture
research. However, the results should be considered prelimi-
nary, and further studies are needed to confirm these conclu-
sions.
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