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ABSTRACT

In this study, the antimicrobial effect of the T. zygis essential oil (EO) was
investigated on 68 bacterial and two yeast isolates belonging to 20
different families, including foodborne, ready-to-eat food, aquatic, and
collection strains that are important for food safety and aquaculture. First,
the chemical composition of the oil was analyzed using GC-MS to better
understand its potential bioactivity. The major components of the T. zygis
EO were identified as thymol (38.82%), B-cymene (21.66%), y-terpinene
(6.51%), carvacrol (6.36%) and linalool (6.25%) and the total of these
components constituted 79.6% of the essential oil. In terms of
antimicrobial activity, the disk diffusion test revealed inhibition in 66 out
of 70 tested strains, with strong inhibition observed in 62 strains,
moderate inhibition in four, and no inhibition in the remaining four. It
showed strong antimicrobial activity against species known to be
foodborne and fish pathogens such as Aeromonas hydrophila, Aeromonas

Staphylococcus aureus, Streptococcus iniae, Klebsiella pneumoniae,
Edwardsiella tarda, Lactococcus garvieae, Yersinia ruckeri, Vibrio
parahaemolyticus, Vibrio anguillarum, and Vibrio gigantis. In addition,
it has been determined that the T. zygis EO has strong antifungal activity
against yeast species such as Candida albicans and Saccharomyces
cerevisiae. Antimicrobial activity levels were attributed to the high levels
of phenolic components, especially thymol. In conclusion, this study has
shown that the essential oil derived from T. zygis exhibits broad-spectrum
antimicrobial activity and an effective natural bioprotective agent for both
Gram-positive and Gram-negative bacteria and yeast species. In addition,
this study provides an original contribution to the literature through a
comprehensive evaluation of its effect on microorganisms isolated from
various sources. Future studies should focus on the stability, sensory
properties, and mechanisms of action of the T. zygis essential oil,
particularly in diverse seafood applications.

salmonicida, Escherichia coli, Pseudomonas putida, Salmonella enterica,
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1. Introduction

In recent years, interest in natural alternatives to control pathogenic microorganisms that threaten food safety and aquaculture
health has increased. Foodborne pathogens and bacteria that cause fish diseases pose a serious risk to human health and the
aquaculture industry (Kahraman Yilmaz & Berik 2024; Kahraman Yilmaz & Berik 2025). Bacteria such as Staphylococcus
aureus, Listeria monocytogenes, Escherichia coli, Vibrio parahaemolyticus, Klebsiella pneumoniae, Pseudomonas aeruginosa,
Salmonella spp., and Aeromonas hydrophila, which are commonly seen in foods and aquaculture systems, cause not only food
spoilage but also the spread of diseases (Janda & Abbott 2010; Defoirdt et al. 2011; Defoirdt 2014; Olaimat et al. 2024). In
particular, biofilm formation enables some bacteria to resist disinfectants, making food safety and infection control in aquaculture
challenging (Tomas 2012; Arthur et al. 2025). The resistance of these microorganisms to classical antibiotic treatments has
necessitated the search for natural and safe alternatives instead of synthetic preservatives (Wu et al. 2024; Elafify et al. 2025).
In this direction, herbal essential oils, known for their antimicrobial, antioxidant, and antibiofilm properties, have been
intensively researched in recent years (Farrukh et al. 2025). Essential oils obtained from aromatic plants are rich in bioactive
compounds such as phenolic compounds, terpenoids, and flavonoids. They have broad-spectrum antimicrobial potential (Othman
et al. 2019; Soji¢ et al. 2023).

T. zygis is a medicinal and aromatic plant belonging to the Lamiaceae family and native to the Mediterranean region. It contains
strong antimicrobial components such as thymol, carvacrol, cymene, terpinene, and linalool (Ziegler 2007). The U.S. Food and
Drug Administration (FDA) lists T. zygis essential oil as generally recognized as safe (GRAS) for use in foods, in accordance
with its intended use under 21 CFR section 182.20 (Electronic Code of Federal Regulations 2025).

Various studies have reported that T. zygis essential oil is effective against both Gram-positive and Gram-negative bacteria and
also has an inhibitory effect on fungal species (Pina-Vaz et al. 2004; Radi et al. 2022; Vuki¢ et al. 2023; Aabouch et al. 2024).
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In the literature, the antimicrobial effects of T. zygis on microorganisms that cause spoilage in food have been widely investigated.
However, studies on its effects on microorganisms isolated from fish and some collection strains are limited (Coimbra et al.
2022-Review article), and comprehensive assessments against a wide microbial spectrum from diverse sources are lacking. In
particular, comprehensive assessments against the wide microbial spectrum obtained from different isolation sources appear to
be lacking. In this study, microorganisms whose antimicrobial effects have not been previously evaluated with T. zygis essential
oil in the literature include Aeromonas salmonicida, Aeromonas sobria, Aeromonas veronii, Shewanella baltica, Bacillus
thuringiensis, Bacillus pumilus, Bacillus licheniformis, Lysinibacillus xylanilyticus, Niallia nealsonii, Staphylococcus
epidermidis, Staphylococcus equorum, Staphylococcus haemolyticus, Staphylococcus pasteuri, Staphylococcus warneri,
Lelliottia amnigena, Plesiomonas shigelloides, Serratia grimesii, Serratia liquefaciens, Serratia proteamaculans, Edwardsiella
tarda, Yersinia ruckeri, Flavobacterium tructae, Chryseobacterium spp., Aerococcus viridans, Carnobacterium
maltaromaticum, Carnobacterium sp., Kocuria rhizophila, Acinetobacter johnsonii, Psychrobacter sp., Vibrio gigantis, V.
anguillarum, V. hibernica, V. rumoiensis, Lactococcus garvieae, Streptococcus iniae and Saccharomyces cerevisiae.

This study hypothesizes that the essential oil from T. zygis, due to its high phenolic content, will exhibit potent antimicrobial
activity against a wide range of microorganisms, including fish- and foodborne pathogens, many of which have not been
previously evaluated. The broad range of isolates tested in this study was carefully selected to assess the oil's potential as a broad-
spectrum natural bioprotective agent for both food safety and aquaculture applications.

2. Material and Methods
2.1. Essential oil and chemical composition analysis

The T. zygis essential oil used in this study was obtained from a commercial supplier (Tito, Smart Kimya, izmir, Tiirkiye). The
chemical composition of the essential oil was analyzed by gas chromatography-mass spectrometry (GC-MS), following the
protocol described in our previous study (Kahraman Yilmaz & Berik 2023), after dilution with n-hexane. A Shimadzu GCMS
QP 2010 ULTRA equipped with an Rxi-5 ms capillary column was used, with helium as the carrier gas. The obtained
chromatograms were compared with the Wiley W9N11 mass spectral library for the identification of the components.

2.2. Bacterial material

In this study, the antimicrobial effect of T. zygis essential oil was investigated against a total of 70 isolates, including 68 bacteria
and two yeast isolates, belonging to 20 different families. Specifically, the antimicrobial activity was evaluated for Gram-
negative bacteria (Table 1) as well as Gram-positive bacteria and yeasts (Table 2). All strains were maintained as stock cultures
at -80 °C in the Ecotoxicology Research Laboratory of the Faculty of Marine Sciences and Technology of Canakkale Onsekiz
Mart University.
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GenBank/collection numbers, and isolation sources

Family

Genus/Species and Strain Code

GenBank/Colle

Isolation Source

ction No

Aeromonadaceae Aeromonas hydrophila SY-AH2 MG844996.1 Fish isolate
Aeromonadaceae Aeromo'nfas salmonicida subsp. - Collection strain

salmonicida ATCC 33658
Aeromonadaceae Aeromonas sobria SY-AS1 KY126835.1 Fish isolate
Aeromonadaceae Aeromonas sobria SY-AS3 KY126831.1 Fish isolate
Aeromonadaceae Aeromonas veronii SY-AV10 MG563680.1 Fish isolate
Shewanellaceae Shewanella baltica SY-S145 KX388237.1 Fish isolate
Enterobacteriaceae Citrobacter freundii SY-CF14 KY126840.1 Fish isolate
Enterobacteriaceae Citrobacter sp. SY-C10 KX388233.1 Fish isolate
Enterobacteriaceae Enterobacter sp. SY-EN560 KX388232.1 Fish isolate
Enterobacteriaceae Escherichia coli ATCC 25922 - Collection strain
Enterobacteriaceae Escherichia coli SY-EC4 MG855664.1 Fish isolate
Enterobacteriaceae Klebsiella pneumoniae ATCC BAA-1144 - Collection strain
Enterobacteriaceae Klebsiella pneumoniae SY-KP1 MG855663.1 Fish isolate
Enterobacteriaceae Lelliottia amnigena SY-LA18 KY126834.1 Fish isolate
Enterobacteriaceae Plesiomonas shigelloides SY-PS16 MG574356.1 Fish isolate
Enterobacteriaceae Salmonella enterica serovar Enteritidis ATCC 13076 - Collection strain
Enterobacteriaceae Serratia grimesii KY-SS7 PV459074.1 Seafood salad
Enterobacteriaceae Serratia grimesii KY-SS9 PV457913.1 Seafood salad
Enterobacteriaceae Serratia liquefaciens DKY-SS10 PV458288.1 Seafood salad
Enterobacteriaceae Serratia liquefaciens DKY-SS3 PV459209.1 Seafood salad
Enterobacteriaceae Serratia proteamaculans DKY-SS16 PV459206.1 Seafood salad
Enterobacteriaceae Serratia proteamaculans DKY-SS17 PV459208.1 Seafood salad
Enterobacteriaceae Serratia sp. DKY-SS11 PV458349.1 Seafood salad
Hafniaceae Edwardsiella tarda SY-ED14 KX388234.1 Fish isolate
Hafniaceae Edwardsiella tarda SY-ED1 KY126838.1 Fish isolate
Yersiniaceae Yersinia ruckeri E42 KX388238.1 Fish isolate
Flavobacteriaceae Chryseobacterium sp. DKY-AA281 PV583358.1 Salt-cured sardines
Flavobacteriaceae Chryseobacterium sp. DKY-UYA270 PV583221.1 Salt-cured sardines
Flavobacteriaceae Flavobacterium tructae SY-FS1 KY386294.1 Fish isolate
Moraxellaceae Acinetobacter johnsonii SY-AJ KY126836.1 Fish isolate
Moraxellaceae Psychrobacter sp. DKY-UYA1 PV582990.1 Salt-cured sardines
Pseudomonadaceae Pseudomonas aeruginosa ATCC 10145 - Collection strain
Pseudomonadaceae Pseudomonas putida SY-PP21 KY126830.1 Fish isolate
Pseudomonadaceae Pseudomonas sp. DKY-KIL2 PV583363.1 Lakerda
Vibrionaceae Vibrio parahaemolyticus ATCC 17802 - Collection strain
Vibrionaceae Vibrio anguillarum SY-L24 KX388236.1 Fish isolate
Vibrionaceae Vibrio gigantis C24 8“%%%1 / Fish isolate
Vibrionaceae Vibrio hibernica DKY-ML304 PV582992.1 Lakerda
Vibrionaceae Vibrio rumoiensis DKY-ML248 PV575816.1 Lakerda

Table 1- Gram-negative bacterial isolates used in the antimicrobial activity tests, with taxonomic classification, strain codes,
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Table 2- Gram-positive bacterial isolates and yeast strains used in the antimicrobial activity tests, with taxonomic
classification, strain codes, GenBank/collection numbers, and isolation sources

GenBank/Colle

Family Genus/Species and Strain Code ction No Isolation Source
Bacillaceae Bacillus subtilis SY-BS19 KY077683.1 Fish isolate
Bacillaceae Bacillus subtilis SY-BS20 KY078783.1 Fish isolate
Bacillaceae Bacillus thuringiensis SY-BT11 KY127450.1 Fish isolate
Bacillaceae Bacillus licheniformis DKY-AA247 PV583360.1 Salt-cured sardines
Bacillaceae Bacillus pumilus SY-BP15 KY126833.1 Fish isolate
Bacillaceae Bacillus sp. DKY-ENG173 PV583354.1 Salt-cured sardines
Bacillaceae Bacillus sp. DKY-YAK186 PV583222.1 Salt-cured sardines
Bacillaceae Bacillus spizizenii ATCC 6633 - Collection strain
Bacillaceae Lysinibacillus xylanilyticus SY-LX12 KY078822.1 Fish isolate
Bacillaceae Niallia nealsonii SY-BN9 KY126832.1 Fish isolate
Staphylococcaceae Staphylococcus aureus ATCC 25923 - Collection strain
Staphylococcaceae Staphylococcus epidermidis DKY-A10 PV575643.1 Salt-cured sardines
Staphylococcaceae Staphylococcus epidermidis DKY-SS1 PV459212.1 Seafood salad
Staphylococcaceae Staphylococcus epidermidis DKY-YA235 PV575815.1 Salt-cured sardines
Staphylococcaceae Staphylococcus equorum DKY-BL3 PV575741.1 Lakerda
Staphylococcaceae Staphylococcus haemolyticus DKY-UYL97 PV583349.1 Lakerda
Staphylococcaceae Staphylococcus haemolyticus DKY-YAK205 PV575817.1 Salt-cured sardines
Staphylococcaceae Staphylococcus pasteuri DKY-M16 PV405943.1 Stuffed mussel
Staphylococcaceae Staphylococcus pasteuri DKY-UYL2 PV575805.1 Lakerda
Staphylococcaceae Staphylococcus warneri DKY-M10 PV405942.1 Stuffed mussel
Staphylococcaceae Staphylococcus warneri DKY-M12 PV405944.1 Stuffed mussel
Aerococcaceae Aerococcus viridans DKY-M1 PV396891.1 Stuffed mussel
Carnobacteriaceae Carnobacterium maltaromaticum DKY-KOC29 PV583362.1 Salt-cured sardines
Carnobacteriaceae Carnobacterium maltaromaticum DKY-KOC60 PV583364.1 Salt-cured sardines
Carnobacteriaceae Carnobacterium sp. DKY-L10 PV583024.1 Lakerda
Lactobacillaceae Lactiplantibacillus plantarum BC 7321 - Collection strain
Streptococcaceae Lactococcus garvieae SY-LG1 KY118086.1 Fish isolate
Streptococcaceae Streptococcus iniae ATCC 29177 - Collection strain
Micrococcaceae Kocuria rhizophila DKY-UYA3 PV575796.1 Salt-cured sardines
Saccharomycetaceae Candida albicans ATCC 10231 - Collection strain
Saccharomycetaceae Saccharomyces cerevisiae ATCC 18824 - Collection strain

2.3. Disk diffusion test

The antibacterial activity of T. zygis essential oil against different bacterial and yeast isolates was evaluated using the disk
diffusion method (Bauer et al. 1966). For this purpose, 10 uL of T. zygis essential oil was impregnated onto sterile blank disks
(Oxoid, CT0998B) and dried in sterile 96-well plates under aseptic conditions. Since the essential oil was applied directly without
any solvent, sterile blank disks without any treatment were used as negative controls. The disks were placed on inoculated agar
plates using sterile forceps, and the plates were incubated at the appropriate temperatures for 24—36 hours. The diameters of the
inhibition zones formed after incubation were measured; zones of >20 mm were considered strong inhibition, zones of 12-19
mm moderate inhibition, and zones of <12 mm ineffective (Rota et al. 2008).

3. Results and Discussions

3.1. Chemical composition of Thymus zygis essential oil

In this study, among the 32 components identified in T. zygis essential oil (Table 3), thymol (38.82%), f-cymene (21.66%), y-
terpinene (6.51%), carvacrol (6.36%), and linalool (6.25%) together constituted 79.60% of the essential oil.
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Table 3- Chemical composition of Thymus zygis essential oil obtained by GC-MS analysis

Peak $;er;eent|on Area% Components

1 9.331 1.05 alpha-Thujene

2 9.559 2.47 alpha-Pinene

3 10.115 054 Camphene

4 11.242 251 beta-Pinene

5 11.787 0.07 Cyclohexane, 1-methyl-4-(1-methylethyl)-, cis-
6 11.952 243 Myrcene

7 12.375 0.16 Pseudolimonene

8 12.622 0.03 delta 3-Carene

9 12.915 1.36 alpha-Terpinene

10 13.105 0.04 Cyclohexene, 1-methyl-4-(1-methylethyl)-, (R)-
11 13.164 0.14 0-Cymene

12 13.317 21.66 p-cymene

13 13.423 2.03 Limonene

14 13.489 0.60 Eucalyptol

15 14.650 6.51 gamma-Terpinene

16 15.090 0.12 trans Sabinene hydrate

17 15234 0.06 trans-Linalool oxide

18 15.793 0.05 alpha-Terpinolene

19 15.866 0.07 trans-Linalool oxide

20 16.337 0.03 trans Sabinene hydrate

21 16.473 6.25 linalool

22 18.404 0.15 Cyclohexanone, 5-methyl-2-(1-methylethyl)-, (2R-cis)-
23 18.884 0.02 Ethanone, 1-(1,4-dimethyl-3-cyclohexen-1-yl)- (
24 19.024 1.17 endo-Borneol

25 19.220 0.04 2-Cyclohexen-1-one, 5-methyl-2-(1-methylethyl)-
26 19.419 2.34 3-Cyclohexen-1-ol, 4-methyl-1-(1-methylethyl)-
27 21.860 0.59 Carvacrol methyl ether

28 23.462 0.04 Anethole

29 24235 38.82 Thymol

30 24511 6.36 Carvacrol

31 28.057 1.49 Caryophyllene

32 33.366 0.80 Caryophyllene oxide

These findings are largely in agreement with the major components specified for T. zygis, namely thymol (37-55%), carvacrol
(0.5-5.5%), p-cymene (14-28%), y-terpinene (4-11%) and linalool (3-6.5%) in the ISO 14715:1999 standard (International
Organization for Standardization 1999). Similarly, for T. zygis essential oil, Pina-Vaz et al. (2004) reported 39.6% thymol, 21.2%
p-cymene, 7.9% y-terpinene and 5.5% linalool. Dorman & Deans (2004) also identified thymol (48.0%) and p-cymene (25.5%)
as the most dominant components. However, Aabouch et al. (2024) reported a different composition for T. zygis essential oil,
with J-terpineol (27.64%), o-3-carene (15.70%), and thymol (14.17%) predominating. Another study found a remarkable
difference. Among the total 31 components, thymol was found only at 9.68%, while carvacrol (52.20%) stood out as the main
compound (Radi et al. 2022). In the study conducted by Vukic¢ et al. (2022), 59 components were identified, and linalool (38.0%)
was determined as the most dominant component instead of thymol, followed by monoterpene components such as 4-terpineol
(10.1%), p-cymene (6.9%) and y-terpinene (6.5%).

This indicates that the component ratios in T. zygis samples can vary significantly depending on environmental variables such
as geographical conditions, ecological factors, and harvest time. In fact, in the studies conducted by Morales (1986) and Saez
(1995) on T. zygis species naturally growing in the southeast of Spain, it was reported that the most common chemotype in this
species was thymol, but pure linalool chemotype was also found. This may explain the high rate of linalool in some studies (Rota
et al. 2008). Variation in the chemical composition of T. zygis essential oil, particularly the proportions of thymol, p-cymene,
carvacrol, and linalool, can lead to significant differences in antimicrobial activity. Because the biological activity of the essential
oil is concentration-dependent, higher levels of phenolic monoterpenes such as thymol and carvacrol are generally associated
with stronger inhibition by disrupting the cell membrane and increasing permeability (Joshi et al. 2011; Chouhan et al. 2017).
Conversely, lower concentrations of these compounds or a shift to less active compounds may reduce efficacy. Such
compositional differences may be influenced by environmental factors, harvesting period, and storage conditions and should be
considered when comparing results between studies.

3.2. Antimicrobial test results
T. zygis essential oil inhibited 66 (~94%) of the 70 tested isolates, showing strong inhibition in 62 and moderate inhibition in 4

strains. All four non-inhibited strains were Gram-negative bacteria (Table 4), whereas all Gram-positive bacteria and yeasts were
inhibited (Table 5).
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Table 4- Antimicrobial effect of T. zygis essential oil on Gram-negative bacterial strains

Incubation
Genus/Species and Strain Code Test Media Temperature Zone* Result
°O

Aeromonas hydrophila SY-AH2 MHA 35 42 Sl
Aeromonas salmonicida subsp.

salmonicida ATCCp33658 MHA 24 60 S
Aeromonas sobria SY-AS1 MHA 28 47 Sl
Aeromonas sobria SY-AS3 MHA 28 62 Sl
Aeromonas veronii SY-AV10 MHA 35 38 Sl
Shewanella baltica SY-S145 MHA+1.5% NaCl 22 40 Sl
Citrobacter freundii SY-CF14 MHA 28 13 Ml
Citrobacter sp. SY-C10 MHA 28 16 MI
Enterobacter sp. SY-EN560 MHA 28 34 SI
Escherichia coli ATCC 25922 MHA 35 22 Sl
Escherichia coli SY-EC4 MHA 35 24 Sl
Klebsiella pneumoniae ATCC BAA-1144 MHA 35 18 Ml
Klebsiella pneumoniae SY-KP1 MHA 35 13 Ml
Lelliottia amnigena SY-LA18 MHA 35 35 Sl
Plesiomonas shigelloides SY-PS16 MHA 35 48 Sl
Salmonella enterica serovar Enteritidis ATCC 13076 MHA 35 22 Sl
Serratia grimesii KY-SS7 MHA 35 36 Sl
Serratia grimesii KY-SS9 MHA 35 30 SI
Serratia liquefaciens DKY-SS10 MHA 35 10 NI
Serratia liquefaciens DKY-SS3 MHA 35 10 NI
Serratia proteamaculans DKY-SS16 MHA 35 27 Sl
Serratia proteamaculans DKY-SS17 MHA 35 28 Sl
Serratia sp. DKY-SS11 MHA 35 30 Sl
Edwardsiella tarda SY-ED14 MHA 28 54 SI
Edwardsiella tarda SY-ED1 MHA 28 58 Sl
Yersinia ruckeri E42 MHA 24 41 SI
Chryseobacterium sp. DKY-AA281 MHA 22 80 Sl
Chryseobacterium sp. DKY-UYA270 MHA 22 80 Sl
Flavobacterium tructae SY-FS1 TSA 22 35 Sl
Kocuria rhizophila DKY-UYA3 MHA 22 30 Sl
Acinetobacter johnsonii SY-AJ MHA 22 34 Sl
Psychrobacter sp. DKY-UYA1 MHA 24 11 NI
Pseudomonas aeruginosa ATCC 10145 MHA 35 10 NI
Pseudomonas putida SY-PP21 MHA 22 43 Sl
Pseudomonas sp. DKY-KIL2 MHA 24 34 SI
Vibrio parahaemolyticus ATCC 17802 MHA+1.5% NaCl 24 42 Sl
Vibrio anguillarum SY-L24 MHA+1.5% NaCl 24 40 Sl
Vibrio gigantis C24 MHA+1.5% NaCl 24 30 Sl
Vibrio hibernica DKY-ML304 MHA+1.5% NaCl 24 42 Sl
Vibrio rumoiensis DKY-ML248 MHA+1.5% NaCl 24 50 SI

* Zone diameter including disk (mm). MHA: Mueller-Hinton agar; TS: tryptic soy agar; BHA: brain heart infusion agar; MRS: de Man, Rogosa and Sharpe
agar; SI: Strong inhibition (>20 mm), MI: Moderate inhibition (12-19 mm), NI: No inhibition (<12 mm)
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Table 5- Antimicrobial effect of T. zygis essential oil on Gram-positive bacterial and yeast strains

Incubation
Genus/Species and Strain Code Test Media Temperature Zone* Result
°O
Bacillus subtilis SY-BS19 MHA 35 48 Sl
Bacillus subtilis SY-BS20 MHA 35 39 Sl
Bacillus thuringiensis SY-BT11 MHA 35 36 Sl
Bacillus licheniformis DKY-AA247 MHA 35 49 Sl
Bacillus pumilus SY-BP15 MHA 35 39 Sl
Bacillus sp. DKY-ENG173 MHA 35 38 Sl
Bacillus sp. DKY-YAK186 MHA 35 40 Sl
Bacillus spizizenii ATCC 6633 MHA 35 38 Sl
Lysinibacillus xylanilyticus SY-LX12 MHA 35 36 Sl
Niallia nealsonii SY-BN9 TSA 35 46 Sl
Staphylococcus aureus ATCC 25923 MHA 35 25 Sl
Staphylococcus epidermidis DKY-A10 MHA 35 40 Sl
Staphylococcus epidermidis DKY-SS1 MHA 35 35 Sl
Staphylococcus epidermidis DKY-YA235 MHA 35 32 Sl
Staphylococcus equorum DKY-BL3 MHA 35 26 Sl
Staphylococcus haemolyticus DKY-UYL97 MHA 35 45 Sl
Staphylococcus haemolyticus DKY-YAK205 MHA 35 40 Sl
Staphylococcus pasteuri DKY-M16 MHA 35 28 Sl
Staphylococcus pasteuri DKY-UYL2 MHA 35 35 Sl
Staphylococcus warneri DKY-M10 MHA 35 25 Sl
Staphylococcus warneri DKY-M12 MHA 35 25 Sl
Aerococcus viridans DKY-M1 MHA 35 30 Sl
Carnobacterium maltaromaticum DKY-KOC29 MHA 22 50 Sl
Carnobacterium maltaromaticum DKY-KOC60 MHA 22 31 S
Carnobacterium sp. DKY-L10 MHA 22 80 Sl
Lactiplantibacillus plantarum BC 7321 MRS 30 20 S
Lactococcus garvieae SY-LG1 MHA 24 35 Sl
Streptococcus iniae ATCC 29177 BHI+5% Blood 35 26 S
Candida albicans ATCC 10231 MHA+2% glucose 24 36 Sl
Saccharomyces cerevisiae ATCC 18824 MHA+2% glucose 24 43 Sl

* Zone diameter including disk (mm). MHA: Mueller-Hinton agar; TS: tryptic soy agar; BHA: brain heart infusion agar; MRS: de Man, Rogosa and Sharpe
agar; SI: Strong inhibition (>20 mm), MI: Moderate inhibition (12-19 mm), NI: No inhibition (<12 mm)

The findings showed that antimicrobial activity was observed against important pathogenic and spoilage bacteria of fish and
food origin, such as Aeromonas, Bacillus, Staphylococcus, Edwardsiella, Pseudomonas, Vibrio. These results are consistent with
previous studies (Dorman & Deans 2004; Pina-Vaz et al. 2004; Radi et al. 2022; Vuki¢ et al. 2023; Aabouch et al. 2024), but
unlike earlier work, this study evaluated the essential oil against a wider range of microorganisms from fish, seafood, food, and
culture collections. For example, T. zygis essential oil exhibited a strong inhibitory effect on A. hydrophila, B. subtilis, E. coli,
K. pneumoniae, L. plantarum and P. aeruginosa (Dorman & Deans 2004). Similarly, it produced large inhibition zones against
Listeria monocytogenes serotypes 1/2c (44.0 mm) and 4b (36.6 mm), Yersinia enterocolitica (46.6 mm), Shigella flexneri (36.0
mm), Salmonella enteritidis (32.2 mm), S. typhimurium (30.3 mm), S. sonnei (30.0 mm), S. aureus (25.0 mm), E. coli O157:H7
(20.3 mm) and E. coli (16.0 mm) (Rota et al. 2008). In the study of Vuki¢ et al. (2022) the essential oil inhibited Gram-positive
(Listeria monocytogenes, Micrococcus luteus, Staphylococcus aureus), Gram-negative (Enterobacter aerogenes, Escherichia
coli, Pseudomonas putida) and four yeast species (Candida albicans, C. glabrata, C. krusei, C. tropicalis). Similarly, Radi et al.
(2022) reported strong antibacterial activity against S. aureus, E. coli, Salmonella Typhi, Acinetobacter baumannii, Enterobacter
cloacae and Shigella dysenteriae, and antifungal effects against C. albicans, Candida sp., Candida glabrata, Aspergillus fischeri
and Fusarium solani. In contrast, Aabouch et al. (2024) found smaller inhibition zones (17.11-18.33) for B. subtilis (ATCC
6633), S. aureus (ATCC 6538), and E. coli (ATCC 8739), likely due to the use of 5 uL/disc versus 10 puL/disc in this study.

The potent antimicrobial activity of T. zygis essential oil can be attributed to its main phenolic components, particularly thymol
and carvacrol. Thymol disrupts the lipid bilayer of microbial cell membranes, increasing permeability and leading to leakage of
cell contents (Burt 2004; Marchese et al. 2016; Chouhan et al. 2017). Carvacrol similarly integrates into the lipid matrix, affecting
membrane proteins, altering the proton motive force and ultimately leading to ATP depletion (Pei et al. 2009; Joshi et al. 2011;
Touati et al. 2025). Monoterpene alcohols, namely linalool, have also been reported to alter membrane fluidity and increase ion
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permeability (Joshi et al. 2011). Beyond their direct bactericidal effects, these components can suppress biofilm formation by
inhibiting quorum sensing pathways and reduce virulence factor production (Kerekes et al. 2013). However, despite its weak
antimicrobial properties, B-cymene (21.66%), present in high concentrations, can localize to the cell membrane, leading to
membrane expansion and potential changes (Hyldgaard et al. 2012). This property has been reported to provide a synergistic
effect by facilitating more efficient entry of compounds such as thymol and carvacrol into the cell (Hyldgaard et al. 2012; Touati
et al. 2025). These multifaceted mechanisms likely explain the broad-spectrum antimicrobial effect observed in this study.

4. Conclusions

This study demonstrated that T. zygis essential oil exhibits broad-spectrum antimicrobial activity against both Gram-positive and
Gram-negative bacteria and yeast species due to its rich phenolic content. The high inhibitory activity it exhibits on pathogenic,
non-pathogenic, and collection microorganisms isolated from food and aquatic products supports the potential of this essential
oil as a natural preservative. These findings obtained on many fish and food isolates tested for the first time, provide a new
perspective for the evaluation of T. zygis essential oil as a natural antimicrobial agent, especially in food safety and aquaculture.
T. zygis EO is generally recognized as safe (GRAS) for its intended use in foods under 21 CFR section 182.20. Therefore, its
application in food systems is permitted from a toxicological and regulatory perspective; however, sensory effects on the final
product must be evaluated to ensure consumer acceptance. Future studies should examine in detail the stability, sensory effects,
effective dosage ranges, and antimicrobial mechanisms of this oil in different applications in the seafood sector.
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