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ABSTRACT

The increasing prevalence of antimicrobial resistance necessitates the development of alternative antimicrobial agents derived
from natural sources. This study evaluated the volatile chemical profile and antimicrobial activity of a thymol-containing hydrolate
obtained from Thymus vulgaris L. against a panel of 14 clinically and economically relevant microorganisms. Headspace-gas
chromatography-mass spectrometry analysis revealed thymol (79.9%) and linalool (17.4%) as the predominant constituents of
the hydrolate. Antimicrobial activity was assessed using disc diffusion and broth microdilution assays to determine inhibition
zones and minimum inhibitory concentrations. The hydrolate exhibited pronounced activity against Gram-positive bacteria,
with the largest inhibition zones observed for Staphylococcus aureus and the lowest MIC values for the same strain (MIC,, =
5.765 mg/mL; MIC,, = 6.341 mg/mL). Gram-negative bacteria displayed moderate susceptibility, with MICs, values ranging from
13.605 to 15.946 mg/mL. Yeasts showed lower susceptibility (Candida albicans MICs, = 25.450 mg/mL), while filamentous fungi
exhibited the highest resistance (Botrytis cinerea MIC5, = 46.013 mg/mL). Overall antimicrobial efficacy followed the pattern:
Gram-positive bacteria > Gram-negative bacteria > yeasts > filamentous fungi. These findings demonstrate that thymol hydrolate
possesses substantial antimicrobial potential, particularly against Gram-positive pathogens, and may represent a promising natural

alternative to synthetic antimicrobial agents for applications in food preservation and cosmetic formulations.

1 | Introduction

Antimicrobial resistance is recognized as one of the most serious
challenges in modern medicine and food safety. The excessive
and often inappropriate use of synthetic antimicrobial agents
has accelerated the emergence of multidrug-resistant pathogens,
thereby intensifying the need for alternative antimicrobial strate-
gies derived from natural sources. In this context, essential

oils and their aqueous by-products, known as hydrolates or
hydrosols, have attracted increasing scientific interest due to
their broad-spectrum antimicrobial activity, biodegradability, and
comparatively lower toxicity [1, 2].

Hydrolates are produced as secondary products during steam
distillation or hydrodistillation of aromatic plants for essen-
tial oil extraction. Unlike essential oils, which are composed
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of highly concentrated volatile compounds, hydrolates consist
predominantly of water-soluble aromatic constituents and small
quantities of dissolved essential oil components, typically ranging
from 0.02% to 0.2% [3]. Although hydrolates contain lower
concentrations of bioactive compounds, numerous studies have
demonstrated their notable antimicrobial activity [3, 4]. More-
over, hydrolates are often considered to have a favorable safety
profile, although their regulatory status may vary depending
on application and region, making them suitable for appli-
cations in the food, pharmaceutical, and cosmetic industries

[5].

Thymus vulgaris L. (common thyme) is an aromatic plant belong-
ing to the Lamiaceae family and is widely used in Mediterranean
cuisine as well as in traditional medicine. Thyme essential oil is
characterized by a high content of phenolic monoterpenes, pre-
dominantly thymol (30%-70%) and carvacrol (3%-15%), which are
largely responsible for its strong antimicrobial properties [6]. Thy-
mol exerts antimicrobial effects through multiple mechanisms,
including disruption of microbial cell membranes, increased
membrane permeability, and interference with cellular energy
metabolism [5, 7].

Despite extensive research on thyme essential oil, hydrolates
derived from Thymus vulgaris L. have received comparatively less
attention in the scientific literature [4]. Given their milder sensory
profile, lower toxicity, and ease of application, a systematic
evaluation of the antimicrobial efficacy of thyme hydrolates
is essential for their potential incorporation into modern food
preservation systems [3].

Foodborne and spoilage microorganisms represent major threats
to public health, food quality, and food security. Gram-positive
bacteria such as Staphylococcus aureus, Listeria monocytogenes,
and Enterococcus faecalis are frequently associated with food-
borne diseases and contamination [8]. Similarly, Gram-negative
pathogens, including Escherichia coli, Salmonella enterica, and
Yersinia enterocolitica are among the most common causative
agents of food contamination and outbreaks [9]. In addition,
fungal pathogens, particularly yeasts of the genus Candida and
filamentous fungi such as Botrytis cinerea and Fusarium solani
cause significant economic losses in agriculture and postharvest
storage.

The aim of the present study was to evaluate the antimicrobial
activity of a thymol-containing hydrolate against a panel of
clinically and economically relevant microorganisms, including
Gram-positive and Gram-negative bacteria, yeasts, and filamen-
tous fungi. Minimum inhibitory concentrations (MICs, and
MIC,,) were determined using the broth microdilution method.
Furthermore, the correlation between disc diffusion assay results
and MIC values was assessed to evaluate the suitability of disc
diffusion as a rapid screening method. Finally, the antimicrobial
efficacy of thymol hydrolate was compared with previously
published data on other plant-derived hydrolates to establish
its relative potency. This study contributes to the growing
body of evidence supporting plant hydrolates as sustainable
and effective alternatives to conventional antimicrobial agents
for applications in food preservation and cosmetic formula-
tions.

2 | Material and Methods

2.1 | Hydrolate Sample

A thymol-containing hydrolate (thyme hydrosol) was obtained
from HANUS s.r.o. (Nitra, Slovakia; EAN: 8588008728161).
According to the manufacturer’s specifications, the product was
produced by steam distillation of flowering aerial parts of Thymus
vulgaris L. (Lamiaceae) of the thymol chemotype. The hydrolate
consisted of a 100% aqueous distillate without the addition of
preservatives or synthetic additives. The product was stored at
4°C in its original dark glass bottle until further use.

2.2 | Volatile Chemical Composition of Thymus
vulgaris L. Hydrolate

The chemical characterization of the volatile fraction of hydrolate
was performed by the use of a Perkin—Elmer Headspace Turbo-
matrix 40 autosampler (Waltham, MA, USA) connected directly
to the GC-MS apparatus. About 2 mL of Thymus vulgaris L. were
placed in 20 mL vial sealed with headspace PTFE-coated silicone
rubber septa and cap. The operative parameters were optimized
and following Garzoli et al. [10] with some minor modifications.
The GC capillary column housed in the oven was a Varian Factor
Four VF-5 (60 m X 0.32 mm ID, DF = 1.0 um) and helium was the
carrier gas at a flow rate of 1 mL/min. The temperature program
was set as follows: 60°C up to 220°C for 20 min at a rate of 6°C
min~'. For the identification of components, a match between the
mass spectra and those found in the databases of the NIST and
Wiley libraries was performed. Furthermore, the linear retention
indices (LRIs) were calculated for each component and compared
with those obtained by use of a mixture of n-alkanes (Cg—
C,) injected under the same conditions. The relative amounts
expressed as average percentages were calculated by peak area
normalization from GC-FID chromatograms. All analyses were
conducted in triplicate.

2.3 | Microorganisms and Cultivation Conditions

The antimicrobial activity of thymol hydrolate was evaluated
against a panel of selected bacterial and fungal strains obtained
from the Czech Collection of Microorganisms (CCM). The bacte-
rial panel included Gram-positive species E. faecalis (CCM 4224),
L. monocytogenes (CCM 4699), and Staphylococcus aureus subsp.
aureus (CCM 4423), as well as Gram-negative species E. coli (CCM
3953), S. enterica subsp. enterica (CCM 3807), and Y. enterocolitica
(CCM 72047). The fungal panel consisted of opportunistic yeasts
Candida albicans (CCM 8136), C. glabrata (CCM 8270), C. krusei
(CCM 8271), C. parapsilosis (CCM 8260), and C. tropicalis (CCM
8264), as well as filamentous fungi B. cinerea (CCM F-314), F.
solani (CCM 8014), and Trichoderma harzianum (CCM F-470).

Bacterial strains were cultivated in Mueller-Hinton Broth (MHB;
Oxoid, Basingstoke, UK), yeasts in Sabouraud dextrose broth
(SDB; Oxoid), and filamentous fungi in potato dextrose broth
(PDB; Oxoid). Incubation was performed at 37°C for bacteria and
at 25°C for yeasts and filamentous fungi for 24 h (bacteria and
yeasts) or 5-7 days (filamentous fungi). Prior to antimicrobial
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testing, microbial suspensions were adjusted to the 0.5 McFar-
land turbidity standard, corresponding to approximately 1.5 X
108 CFU/mL, to ensure uniform inoculum density across all
experiments.

2.4 | Agar Disc Diffusion Assay

Preliminary screening of the antimicrobial activity of thymol
hydrolate was conducted using the agar disc diffusion method.
Sterile paper discs (6 mm diameter) were impregnated with
10 uL of hydrolate and placed onto Mueller-Hinton Agar (MHA)
plates inoculated with bacterial suspensions, Sabouraud Dextrose
Agar (SDA) plates inoculated with yeasts, or potato dextrose
agar (PDA) plates inoculated with filamentous fungi. Plates were
incubated at 37°C for bacterial strains and at 25°C for yeasts
and filamentous fungi for 24 h (bacteria and yeasts) or 5-7
days (filamentous fungi). Following incubation, the diameters
of inhibition zones surrounding each disc, including the 6 mm
disc diameter, were measured and recorded. Sterile distilled water
served as the negative control. Positive controls included cefoxitin
for Gram-positive bacteria, gentamicin for Gram-negative bacte-
ria, and amphotericin B (10 pg) for yeasts and filamentous fungi
(Oxoid, Basingstoke, UK). All assays were performed in triplicate.

2.5 | Determination of Minimum Inhibitory
Concentrations (MICs, and MICy,)

MIC,, and MIC,, of thymol hydrolate were determined using the
broth microdilution method in sterile 96-well microtiter plates.
Each well contained 100 pL of microbial suspension adjusted
to the 0.5 McFarland standard and 100 pL of hydrolate serially
diluted two-fold in Mueller-Hinton Broth (MHB) for bacteria
or Sabouraud Dextrose Broth (SDB) for yeasts and filamentous
fungi. Hydrolate concentrations ranged from 100 to 0.049 mg/mL
across 12 dilution steps.

Negative controls consisted of broth containing hydrolate with-
out microbial inoculum, while positive controls consisted of
inoculated broth without hydrolate. Plates were incubated for
24 h at 37°C for bacteria and at 25°C for yeasts, or for 5-
7 days at 25°C for filamentous fungi. Microbial growth was
quantified by measuring absorbance at 570 nm using a microplate
reader. MIC;, and MIC,, values were defined as the lowest
hydrolate concentrations resulting in 50% and 90% inhibition of
microbial growth, respectively, compared to untreated controls.
MIC;, and MIC,, values were calculated using probit analysis
based on the relationship between the logarithm of hydrolate
concentration and the percentage of microbial growth inhibition.
All measurements were performed in triplicate.

3 | Results

3.1 | Chemical Composition of Thymus vulgaris L.
Hydrolate

The chemical composition of the thymol-containing hydrolate
was determined by headspace-gas chromatography-mass spec-
trometry (HS-GC-MS) analysis. The results are presented in
Table 1. The hydrolate was characterized by a high thymol content

TABLE 1 | Chemical composition of Thymus vulgaris L. hydrolate
determined by HS-GC-MS analysis.

Nos. Compounds LRI®° LRIt %*

1 B-Myrcene 979 982 tr

2 Limonene 1028 1031 tr

3 1,8-Cineole 1035 1033 0.3 +0.02

4 a-Ocimene 1038 1042 tr

5 Linalool 1079 1082 17.4 + 0.15

6 Camphor 1141 1139 0.2 +£0.02

7 Terpinen-4-ol 1185 1182 0.5+0.03

8 a-Terpineol 1192 1198 1.0+ 0.05

9 Thymol 1263 1267 79.7+6.20

10 Carvacrol 1295 1297 0.7+ 0.03
SUMP 99.8

The components are reported according to their elution order on a polar
column; LRI ®@°: LRI measured on a polar column; LRI lit: | RI from literature;
tr: percentage mean values < 0.1%.

2Percentage mean values + SD.

"Sum of the mean percentage values of all detected compounds.

(79.7%), followed by linalool (17.4%) as the second major compo-
nent. Minor constituents included a-terpineol (1.0%), carvacrol
(0.7%), terpinen-4-ol (0.5%), 1,8-cineole (0.3%), and camphor
(0.2%). Trace amounts of g-myrcene, limonene, and a-ocimene
were also detected. The GC-MS chromatogram has reported in
Figure 1.

3.2 | Antimicrobial Activity by Disc Diffusion
Method

The antimicrobial activity of thymol hydrolate was evaluated
using the disc diffusion method against 14 microbial strains,
including Gram-positive bacteria, Gram-negative bacteria, yeasts,
and filamentous fungi. The results, expressed as inhibition zone
diameters (including the 6 mm disc), are presented in Table 2.

Thymol hydrolate exhibited the strongest activity against Gram-
positive bacteria. The largest inhibition zones were observed for
S. aureus (16.33 mm), followed by E. faecalis (15.33 mm) and
L. monocytogenes (14.33 mm). Among Gram-negative bacteria,
moderate inhibition zones were recorded, with Y. enterocolitica
showing the highest susceptibility (9.67 mm), followed by S.
enterica (8.67 mm) and E. coli (8.33 mm).

Yeasts demonstrated relatively low susceptibility to thymol hydro-
late. Inhibition zone diameters ranged from 5.33 mm (C. krusei
and C. tropicalis) to 6.33 mm (C. parapsilosis). C. albicans
and C. glabrata exhibited identical inhibition zones (5.67 mm).
Filamentous fungi showed the weakest response to thymol hydro-
late, with inhibition zones ranging from 4.67 mm (T harzianum)
to 5.67 mm (B. cinerea). F. solani exhibited an intermediate
inhibition zone of 5.33 mm.

Positive controls amphotericin B for yeasts and filamentous fungi,
gentamicin for Gram-negative bacteria, and cefoxitin for Gram-
positive bacteria produced substantially larger inhibition zones
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FIGURE 1 | GC-MS chromatogram of Thymus vulgaris L. hydrolate.

(23.33-32.33 mm) than thymol hydrolate, confirming the expected
antimicrobial activity of the reference agents.

3.3 | Minimum Inhibitory Concentrations (MIC;
and MICy,)

The minimum inhibitory concentrations (MICs, and MICy,) of
thymol hydrolate were determined using the broth microdilution
method. MICy, values ranged from 5.765 mg/mL (S. aureus)
to 46.013 mg/mL (B. cinerea), while MIC,, values ranged from
6.341 mg/mL (S. aureus) to 50.614 mg/mL (B. cinerea). The results
are presented in Table 3.

Among Gram-positive bacteria, thymol hydrolate exhibited the
highest activity against S. aureus (MIC;, = 5.765 mg/mL;
MIC,, = 6.341 mg/mL), followed by L. monocytogenes (MICs, =
6.714 mg/mL; MIC,, = 7.386 mg/mL) and E. faecalis (MICs, =
7.638 mg/mL; MIC,, = 8.402 mg/mL).

Gram-negative bacteria showed higher MIC values than
Gram-positive strains. The lowest MIC values among Gram-
negative bacteria were observed for Y. enterocolitica (MICs, =
13.605 mg/mL; MIC,, = 14.966 mg/mL), followed by S. enterica
(MICs, =13.727 mg/mL; MIC,, = 15.100 mg/mL). E. coli exhibited
the highest MIC values among the tested bacterial strains (MICsy,
=15.946 mg/mL; MIC,y, = 17.540 mg/mL).

Yeasts demonstrated substantially higher MIC values than
bacteria, indicating lower susceptibility to thymol hydrolate.
Among Candida species, C. albicans exhibited the lowest MIC
values (MIC;, = 25450 mg/mL; MIC,, = 27.996 mg/mL),
whereas C. tropicalis showed the highest resistance (MICy, =
41.422 mg/mL; MICy, = 45.564 mg/mL). Intermediate MICj,

22.09

T ————— Time
27.09 32.09 37.09 42.09

values were observed for C. glabrata (27.591 mg/mL), C. krusei
(31.776 mg/mL), and C. parapsilosis (37.710 mg/mL).

Filamentous fungi exhibited the highest MIC values among all
tested microorganisms. T. harzianum showed the lowest MIC
values within this group (MICs, = 35.477 mg/mL; MICy, =
39.025 mg/mL), followed by F. solani (MICs, = 43.106 mg/mL;
MIC,y, = 47.417 mg/mL). B. cinerea demonstrated the highest
resistance to thymol hydrolate (MICs, = 46.013 mg/mL; MIC,, =
50.614 mg/mL).

Overall, the antimicrobial efficacy of thymol hydrolate followed
the pattern: Gram-positive bacteria > Gram-negative bacteria >
yeasts > filamentous fungi.

4 | Discussion
4.1 | Chemical Composition and Chemotype
Confirmation

GC-MS analysis of the thymol-containing hydrolate revealed
thymol (79.9%) as the predominant component, confirming that
the Thymusvulgaris L. material used in this study belonged to the
thymol chemotype. This observation is consistent with previous
reports on thyme essential oils, in which thymol concentrations
typically range from 30% to 70% [1, 6]. The notably high thymol
content (79.9%) detected in the present hydrolate indicates effi-
cient transfer of phenolic monoterpenes into the aqueous phase
during steam distillation. Linalool (17.4%) was identified as the
second major component, a compositional feature characteristic
of thymol chemotype thyme. The co-occurrence of thymol and
linalool has been widely reported in Thymus vulgaris essential oils
and may enhance overall antimicrobial efficacy through additive
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TABLE 2 | Antimicrobial activity assessed by the disc diffusion
method.

Inhibition zone Inhibition
of thymol zone of ATB

Microorganisms hydrolate (mm) (mm)
Gram-negative bacteria
Escherichia coli CCM 10.67 + 0.58 29.67 + 0.58
3953
Salmonella enterica 9.67 + 0.58 32.33 +0.58
CCM 3807
Yersinia enterocolitica 11.67 + 0.58 30.33 +0.58
CCM 7204T
Gram-positive bacteria
Enterococcus faecalis 15.33 £ 0.58 31.33 + 0.58
CCM 4224
Listeria monocytogenes 14.33 + 0.58 31.67 + 0.58
CCM 4699
Staphylococcus aureus 15.67 + 0.58 31.67 + 0.58
CCM 4423
Yeast
Candida albicans CCM 7.33 +£0.58 30.33 +0.58
8136
Candida glabrata CCM 7.33 +£0.58 30.67 + 0.58
8270
Candida krusei CCM 6.67 £ 0.58 29.33 £0.58
8271
Candida parapsilosis 8.33 +0.58 26.33 +0.58
CCM 8260
Candida tropicalis 7.33 + 0.58 26.33 +0.58
CCM 8264
Fungi
Botrytis cinerea F-314 5.67 + 0.58 23.33 £0.58
Fusarium solani CCM 4.67 + 0.58 24.33 + 0.58
8014
Trichoderma 6.67 = 0.58 25.33 £ 0.58

harzianum CCM F-470

Note: Data represents the mean (+ standard deviation) of 3 samples.

or synergistic interactions [7]. Minor constituents such as a-
terpineol (1.0%), terpinen-4-ol (0.5%), and 1,8-cineole (0.3%) are
commonly detected in thyme-derived products and are known to
exhibit antimicrobial activity, although generally at lower potency
than thymol [5].

The very low carvacrol content (0.7%) detected in the analyzed
hydrolate further supports the classification of the source plant
material as a thymol chemotype and clearly differentiates it from
carvacrol-dominant thyme products. This chemotype specificity
is particularly important for standardization, reproducibility, and
quality control in commercial applications, as different chemo-
types are associated with distinct biological activities and safety
profiles [11, 12].

TABLE 3 | Minimal inhibitory concentration in mg/mL.

Microorganisms MIC;, MIC,,
Gram-negative bacteria

Escherichia coli CCM 7.386 + 0.612 8.347 + 0.692
3953

Salmonella enterica 6.714 + 0.558 7.587 + 0.631
CCM 3807

Yersinia enterocolitica 12.662 + 0.166 14.308 + 0.187
CCM 7204T

Gram-positive bacteria

Enterococcus faecalis 6.280 + 0.189 7.097 £ 0.213
CCM 4224

Listeria monocytogenes 10.133 + 0.195 11.451 + 0.221
CCM 4699

Staphylococcus aureus 5.442 + 0.185 6.149 + 0.209

CCM 4423
Yeast

Candida albicans CCM
8136

Candida glabrata CCM
8270

Candida krusei CCM
8271

Candida parapsilosis
CCM 8260

Candida tropicalis
CCM 8264

Fungi
Botrytis cinerea F-314

Fusarium solani CCM
8014

Trichoderma
harzianum CCM F-470

20.099 + 0.028

22.228 + 0.651

18.459 + 0.040

19.017 £ 0.819

31191 £ 0.114

37.537 £ 0.494
34.744 + 1.117

27.521 £ 0.578

22.713 £ 0.032

25.118 + 0.736

20.859 + 0.045

21.489 + 0.926

35.246 + 0.129

42.416 + 0.559
39.261 + 1.262

31.099 + 0.653

Note: Data represents the mean (+ standard deviation) of 3 samples.

42 |

Antimicrobial Activity Against
Gram-Positive Bacteria

Thymol hydrolate exhibited pronounced antimicrobial activ-
ity against Gram-positive bacteria, with S. aureus showing
the highest susceptibility (MIC;, = 5.765 mg/mL; inhibition
zone 16.33 mm). This finding is particularly relevant given
that S. aureus is a major cause of foodborne illnesses and
nosocomial infections, and that the increasing prevalence of
methicillin-resistant S. aureus (MRSA) strains poses signifi-
cant challenges to conventional antimicrobial therapies [13, 14].
Recent systematic reviews have confirmed MRSA contamination
in retail meat and food products globally, with foodborne MRSA
strains often harboring multiple virulence factors that facili-
tate horizontal dissemination of antimicrobial resistance genes
[15].
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The antimicrobial activity observed against S. aureus is com-
parable to that reported for previously studied plant-derived
hydrolates, such as concentrated clove hydrolate [16]. For exam-
ple, concentrated clove hydrolate obtained by 50-fold solid-phase
extraction has been reported to exhibit MIC values of 4-8 mg/mL
against S. aureus, with inhibition zones ranging from 15.5 to
15.8 mm [16]. In contrast, the non-concentrated thymol hydrolate
evaluated in the present study achieved similar inhibitory effects
(inhibition zone 16.33 mm; MIC;, = 5.765 mg/mL), indicating a
relatively high antimicrobial potency despite the absence of any
concentration step.

L. monocytogenes (MICy, = 6.714 mg/mL) and E. faecalis (MICs,
= 7.638 mg/mL) also exhibited high susceptibility to thymol
hydrolate. L. monocytogenes is of particular concern in ready-
to-eat foods due to its psychrotrophic growth ability and high
mortality rates among vulnerable populations [17, 18]. The strong
inhibitory effect observed against this pathogen highlights the
potential applicability of thymol hydrolate in food preservation
systems, especially for refrigerated products where conventional
thermal treatments are unsuitable.

The antimicrobial mechanism of thymol against Gram-positive
bacteria involves multiple cellular targets. Due to its lipophilic
nature, thymol can integrate into bacterial cell membranes, lead-
ing to disruption of membrane integrity, dissipation of the proton
motive force (including membrane potential hyperpolarization
and pH gradient collapse), and depletion of intracellular ATP
reserves through blockade of ATP synthesis pathways [19, 20]. In
addition, thymol has been reported to inhibit essential bacterial
enzymes and interfere with protein synthesis, contributing to its
broad-spectrum bactericidal activity [21].

The presence of linalool (17.5%) may further contribute to
the antimicrobial efficacy of the hydrolate. Linalool possesses
intrinsic antimicrobial activity through mechanisms including
membrane depolarization, increased membrane permeability,
disruption of ATP synthesis, and interference with respiratory
metabolism [22, 23]. Linalool may enhance thymol action by
increasing bacterial membrane permeability, thereby facilitating
thymol penetration into bacterial cells and exhibiting synergistic
or additive antimicrobial effects [24]. Such multicomponent
interactions are characteristic of plant-derived antimicrobials and
may offer advantages over single-compound synthetic agents,
including a reduced likelihood of resistance development.

4.3 | Antimicrobial Activity Against
Gram-Negative Bacteria

Gram-negative bacteria exhibited moderate susceptibility to
thymol hydrolate, with MICs, values approximately two- to
three-fold higher than those observed for Gram-positive bacteria.
Among the tested Gram-negative strains, Y. enterocolitica showed
the lowest MICs, value (13.605 mg/mL), followed by S. enterica
(13.727 mg/mL) and E. coli (15.946 mg/mL).

The reduced susceptibility of Gram-negative bacteria compared
to Gram-positive strains is consistent with well-established
structural differences in bacterial cell envelopes. Gram-negative
bacteria possess an outer membrane rich in lipopolysaccharides

(LPS), which functions as an effective permeability barrier lim-
iting the penetration of hydrophobic antimicrobial compounds
such as thymol [25, 26]. The LPS molecules are located exclusively
in the outer leaflet of the asymmetric outer membrane, creating
a highly ordered structure that significantly reduces permeability
to hydrophobic antibiotics and other lipophilic agents [27]. This
additional barrier must be overcome before thymol can reach the
cytoplasmic membrane and exert its antimicrobial effect.

Despite this intrinsic resistance mechanism, the MIC values
obtained in the present study (13.6-15.9 mg/mL) remain within
a potentially applicable range for food-related applications. Pre-
vious studies on thyme essential oil have reported substantially
lower MIC values (0.10-0.45 mg/mL) against Gram-negative
bacteria, including Salmonella spp. and E. coli [28, 29], indi-
cating approximately 30- to 150-fold greater potency compared
to thymol hydrolate. The substantial difference in antimicro-
bial activity between essential oil and hydrolate is expected,
given the markedly lower concentration of volatile antimicrobial
compounds in hydrolates (typically 0.02%-0.2%) compared to
essential oils.

The observed activity against S. enterica is of particular relevance
for food safety, as this pathogen is among the most frequent
causes of foodborne gastroenteritis worldwide, with an estimated
93.8 million cases annually and 155,000 deaths globally [30,
31]. Recent surveillance data indicate that Salmonella accounted
for 19.6% of all foodborne outbreaks in the European Union
in 2023, representing the largest proportion among bacterial
foodborne pathogens [32]. These results suggest that thymol
hydrolate could be considered for use in washing solutions for
fresh produce or as a supplementary natural sanitizer in food
processing environments to reduce Salmonella contamination.

Notably, disc diffusion assays revealed only minor differences in
inhibition zone diameters among Gram-negative bacteria (8.33-
9.67 mm), whereas MIC determination demonstrated greater
variability in susceptibility (13.6-15.9 mg/mL). This discrepancy
underscores the importance of quantitative methods such as MIC
determination in addition to qualitative disc diffusion screening,
as the diffusion behavior of hydrolate constituents in agar media
may not accurately reflect their true antimicrobial potency.

4.4 | Antifungal Activity Against Yeasts

Yeast species exhibited markedly lower susceptibility to thymol
hydrolate compared to bacteria, with MICs, values ranging from
25.450 mg/mL (C. albicans) to 41.422 mg/mL (C. tropicalis). This
reduced susceptibility is consistent with fundamental structural
differences between prokaryotic bacteria and eukaryotic fungi.
Fungal cells possess a rigid cell wall composed primarily of
chitin and S-glucans [33], as well as ergosterol-containing plasma
membranes [34], which collectively confer increased resistance to
antimicrobial agents relative to bacterial cells [35].

Among the tested Candida species, C. albicans exhibited the
lowest MICs, value (25.450 mg/mL). This observation is of
particular relevance given that C. albicans is the most common
opportunistic fungal pathogen in humans, responsible for infec-
tions ranging from superficial mucosal candidiasis to invasive
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systemic disease in immunocompromised individuals [36, 37].
The moderate antifungal activity observed suggests that thymol
hydrolate may be suitable for use in topical formulations or
as a natural preservative in cosmetic products to limit fungal
contamination.

The susceptibility pattern observed among Candida species (C.
albicans < C. glabrata < C. krusei < C. parapsilosis < C. tropi-
calis) indicates species-specific differences in intrinsic resistance
mechanisms. In particular, C. tropicalis, which exhibited the
highest MICs, value (41.422 mg/mL), is known for its strong
biofilm-forming capacity and production of multiple virulence
factors [38], which may contribute to its reduced susceptibility to
antimicrobial agents.

The antifungal activity of thymol is primarily attributed to its
interaction with ergosterol, the major sterol component of fungal
cell membranes, which disrupts membrane integrity, increases
permeability, and results in leakage of intracellular components
[34, 39]. Thymol has also been reported to interfere with fungal
cell wall synthesis and inhibit germ tube formation, an important
virulence factor in Candida species [40].

MIC determination provides a more reliable quantitative measure
of antifungal activity than disc diffusion assays, as differences in
diffusion behavior of hydrolate constituents in agar media can
significantly affect inhibition zone measurements.

4.5 |
Fungi

Antifungal Activity Against Filamentous

Filamentous fungi exhibited the lowest susceptibility to thymol
hydrolate among all tested microorganisms, with MICs, values
ranging from 35.477 mg/mL (T. harzianum) to 46.013 mg/mL (B.
cinerea). This reduced susceptibility can be attributed to the com-
plex multicellular organization of filamentous fungi, their thick
cell walls composed of multiple polysaccharide layers [41], and
their capacity to produce extracellular enzymes and secondary
metabolites that may reduce the effectiveness of antimicrobial
compounds [42].

B. cinerea, which exhibited the highest MICy, value
(46.013 mg/mL), is an economically important phytopathogen
responsible for gray mold disease in a wide range of crops,
including grapes, strawberries, and tomatoes [43]. The
rapid development of resistance to synthetic fungicides by
this pathogen has stimulated interest in natural antifungal
alternatives [44]. Although the MIC values obtained in the
present study are relatively high, published data indicate that
thyme essential oils typically exhibit MIC values in the range
of 0.085-0.3 mg/mL against B. cinerea [45], demonstrating
substantially higher antifungal potency. This difference is
expected, given the markedly lower concentration of bioactive
volatile compounds in hydrolates compared to essential oils [46].

F. solani (MIC5, = 43.106 mg/mL) is another agriculturally
relevant pathogen causing root rot and wilt diseases in numerous
crops, as well as opportunistic infections in immunocompro-
mised individuals [47]. Previous studies have reported MIC values
of 0.085-0.3 mg/mL for thyme, oregano, and marjoram essential

oils against Fusarium species [45], further emphasizing the
greater antifungal activity of essential oils relative to hydrolates.

In contrast, T. harzianum (MICs, = 35.477 mg/mL), which is
widely used as a biological control agent against plant pathogens
[48], showed comparatively lower susceptibility. This observation
suggests that, if thymol hydrolate were to be applied in agri-
cultural environments, selective application strategies would be
required to avoid potential interference with beneficial fungal
species.

Disc diffusion assays revealed very small inhibition zones for
filamentous fungi (4.67-5.67 mm), only marginally exceeding the
disc diameter (6 mm). This limited inhibition may be attributed to
several factors, including the restricted diffusion of hydrophobic
thymol through aqueous agar media, rapid hyphal growth that
may outpace antimicrobial diffusion [49], and possible inter-
actions between thymol and agar components. These findings
further support the use of MIC determination as a more reliable
quantitative approach for assessing antifungal activity than disc
diffusion assays [50].

Recent work by Menicucci et al. [4] demonstrated that thyme
essential oil and hydrolate inhibited fungal growth on paper sub-
strates, suggesting potential applications in the preservation of
cellulose-based materials. Although the present study focused on
food-related and clinically relevant fungi, these observations indi-
cate that thymol hydrolate may also have broader applicability in
material preservation and cultural heritage conservation.

4.6 | Correlation Between Disc Diffusion and MIC
Methods

An important observation of this study is the variable relationship
between inhibition zone diameters obtained by the disc diffusion
method and MIC values determined by broth microdilution
across different microbial groups. For Gram-positive bacteria,
an inverse relationship was observed, whereby larger inhibition
zones were generally associated with lower MIC values (e.g.,
S. aureus: 16.33 mm, MICs, = 5.765 mg/mL; L. monocytogenes:
14.33 mm, MIC;, = 6.714 mg/mL). This pattern indicates a
relatively good level of agreement between the two methods for
Gram-positive bacteria, consistent with established guidelines for
conventional antimicrobial susceptibility testing [51].

In contrast, for Gram-negative bacteria and fungi, the relationship
between inhibition zone diameters and MIC values was weak or
inconsistent. For example, E. coli, S. enterica, and Y. enterocolitica
exhibited similar inhibition zones (8.33-9.67 mm) despite
differences in MICs, values (13.6-15.9 mg/mL). Likewise,
Candida species displayed nearly identical, small inhibition
zones (5.33-6.33 mm), while MIC, values varied considerably
(25.5-41.4 mg/mL). Similar discrepancies between disc diffusion
and dilution methods have been reported for essential oils
and plant extracts, particularly when testing complex natural
mixtures [52, 53].

The limited correspondence between disc diffusion and MIC
results for Gram-negative bacteria and fungi is likely related to
differences in the diffusion behavior of hydrolate constituents
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in agar media. Hydrolates comprise complex mixtures of water-
soluble and partially water-soluble compounds with diverse
molecular sizes and polarities, which may diffuse at differ-
ent rates through agar [54]. Furthermore, interactions between
hydrolate components and agar polysaccharides may reduce the
availability of active compounds at the agar surface, thereby
affecting inhibition zone formation [55]. The hydrophobic nature
of monoterpenes like thymol further complicates diffusion
through aqueous agar matrices, resulting in concentration gra-
dients that do not accurately reflect true antimicrobial potency
[56].

These findings highlight an important methodological consid-
eration: although the disc diffusion assay is useful for rapid,
preliminary screening of antimicrobial activity, MIC determi-
nation by broth microdilution provides a more accurate and
quantitative assessment of antimicrobial potency, particularly
for complex natural mixtures such as plant hydrolates [57, 58].
Accordingly, future studies aimed at standardization and quality
control of hydrolates should prioritize MIC-based methods over
disc diffusion assays. Statistical analysis revealed significant
differences in antimicrobial response among the tested microor-
ganisms (Tukey’s HSD, p < 0.05), suggesting differences in
susceptibility as reflected in inhibition zone diameters and MIC
values.

4.7 |
Studies

Comparison With Published Hydrolate

Despite increasing interest in plant hydrolates, studies specifically
addressing thymol-rich thyme hydrolates remain limited, partic-
ularly in terms of comprehensive antimicrobial evaluation across
different microbial groups. Direct comparison of the present
results with previously published studies on plant hydrolates is
limited by the relatively small number of comprehensive antimi-
crobial investigations in this area, particularly those focusing on
thymol-containing hydrolates. The majority of available studies
primarily address essential oils rather than hydrolates, and when
hydrolates are evaluated, they are frequently concentrated using
solid-phase extraction (SPE) or similar enrichment techniques
prior to antimicrobial testing [16].

Available literature indicates that concentrated clove hydrolate
(50-fold SPE) exhibits MIC values of 0.4%-0.8% (equivalent to 4—
8 mg/mL) against S. aureus and E. faecalis, with corresponding
inhibition zones ranging from 15.5 to 18.8 mm [16]. In comparison,
the non-concentrated thymol hydrolate evaluated in the present
study demonstrated MIC;, values of 5.765 mg/mL against S.
aureus and 7.638 mg/mL against E. faecalis, with inhibition zones
of 16.33 mm and 15.33 mm, respectively. These findings indicate
that thymol hydrolate exhibits antimicrobial activity comparable
to that reported for concentrated plant hydrolates, despite the
absence of any concentration step.

The relatively high antimicrobial efficacy observed in this study
can be attributed, at least in part, to the high thymol content
(79.9%) of the hydrolate, which exceeds the thymol levels com-
monly reported for thyme essential oils (typically 30%-70%). The
hydrodistillation process used for hydrolate production appears
to have facilitated efficient transfer of thymol into the aqueous

phase, resulting in a hydrolate with enhanced antimicrobial
properties.

Only a limited number of studies have systematically evaluated
the antimicrobial activity of hydrolates against both bacterial
and fungal microorganisms [46]. In this context, the present
work provides a broad assessment of antimicrobial efficacy by
examining 14 microorganisms, including Gram-positive bacteria,
Gram-negative bacteria, yeasts, and filamentous fungi. This
comprehensive screening offers valuable comparative insight
into the antimicrobial spectrum of thymol hydrolate and reveals
a consistent susceptibility pattern (Gram-positive bacteria >
Gram-negative bacteria > yeasts > filamentous fungi).

4.8 | Hydrolates Versus Essential Oils: Practical
Considerations

Although essential oils generally exhibit stronger antimicrobial
activity than hydrolates, hydrolates offer several practical advan-
tages that make them attractive for specific applications where
moderate antimicrobial efficacy is sufficient. First, hydrolates
contain substantially lower concentrations of volatile bioactive
compounds than essential oils, resulting in a more favorable
safety and tolerability profile. While essential oils may cause
skin irritation, sensitization, or phototoxic reactions at higher
concentrations, hydrolates are typically well tolerated and can
often be applied directly to the skin without prior dilution [59].
This characteristic is particularly advantageous for cosmetic and
personal care applications.

Second, hydrolates are inherently water-based, which facilitates
their incorporation into aqueous formulations such as toners,
sprays, mists, and oral rinses. In contrast, essential oils require
the use of emulsifiers or solubilizing agents for incorporation
into water-based systems, increasing formulation complexity and
production costs [60]. Recent advances in nanoencapsulation
technologies, including Pickering emulsions and nanoemulsions,
have improved the stability and efficacy of essential oil-based
formulations [61, 62].

Third, hydrolates generally exhibit milder and more subtle aro-
matic profiles than essential oils. Their less intense fragrance
makes them suitable for products where strong odors are undesir-
able, such as facial cosmetics, dermatological formulations, and
products intended for sensitive users [46].

From an economic perspective, hydrolates are by-products of
essential oil distillation and are therefore typically more cost-
effective than essential oils [63]. This advantage is particularly
relevant for applications requiring large volumes of antimicrobial
agents, including agricultural treatments, industrial sanitation, or
surface disinfection. The valorization of hydrolates contributes
to the sustainability of essential oil production by reducing
waste and enhancing the economic viability of aromatic plant
cultivation.

Finally, hydrolates are commonly regulated as cosmetic or
food-grade ingredients rather than as pharmaceutical agents
in many jurisdictions, which may simplify regulatory approval
processes depending on the intended use. However, regulatory
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classification may vary across regions and applications, and
proper quality control measures, including microbiological test-
ing and preservation strategies, remain essential for ensuring
product safety [59].

Taken together, these considerations suggest that thymol hydro-
late may be suitable for applications in which moderate antimi-
crobial activity is adequate and where safety, ease of formulation,
sensory properties, and cost-effectiveness are prioritized over
maximal antimicrobial potency.

4.9 | Potential Applications

Based on the antimicrobial activity demonstrated in this study,
thymol hydrolate may have potential applications in several fields
where moderate antimicrobial efficacy, combined with favorable
safety and formulation properties, could be advantageous.

In the context of food preservation, the pronounced activity
against Gram-positive bacteria, particularly S. aureus and L.
monocytogenes, suggests that thymol hydrolate may be considered
as a natural preservative or surface treatment for ready-to-eat
foods. Recent studies have demonstrated the efficacy of thyme
essential oil in reducing foodborne pathogens in meat products,
with applications including edible coatings, nanoemulsions, and
active packaging systems [8, 64, 65]. The use of bacterial cel-
lulose/thyme essential oil emulsion coatings has been shown
to effectively inhibit spoilage of chilled chicken during refriger-
ated storage [60], while pickering emulsion formulations have
improved the stability and antimicrobial efficacy of thyme essen-
tial oil against foodborne pathogens [61]. However, efficacy in
complex food matrices would require validation under practical
conditions.

In cosmetics and personal care products, the observed antifungal
activity against Candida species suggests the potential use of
thymol hydrolate as a functional ingredient contributing to
microbial stability and product safety. Applications may include
water-based formulations such as toners, facial mists, deodorants,
and oral care products. The safety profile of hydrolates for long-
term skin use has been documented for several Lamiaceae species
at appropriate concentrations [59]. In addition to antimicrobial
properties, the presence of linalool may enhance consumer
acceptability and provide additional sensory benefits [46].

With respect to medical and pharmaceutical applications, the
activity observed against clinically relevant microorganisms,
including S. aureus, L. monocytogenes, and Candida species, sug-
gests potential utility in topical formulations, including wound
care products or oral rinses. The synergistic antibacterial effects
of thyme and clove essential oils have been demonstrated against
food isolates of E. coli and S. aureus [8], supporting potential appli-
cations in infection control. Nevertheless, translation of these
findings into medical use would require comprehensive in vivo
efficacy studies, toxicological evaluation, and clinical validation
before any therapeutic application could be considered.

In agriculture and horticulture, although antifungal activity
against filamentous fungi was moderate, thymol hydrolate may
be further investigated as a component of integrated pest man-

agement strategies, particularly in organic farming systems where
the use of synthetic fungicides is restricted. Plant essential oils,
including those from thyme, have gained increasing attention
as biopesticides due to their target specificity, biodegradability,
and safety for nontarget organisms [66, 67]. Recent advances in
essential oil formulations, including nanoencapsulation and nat-
ural deep eutectic solvents (NaDES), have improved their stability
and efficacy as biopesticides [66]. However, potential effects on
beneficial microorganisms, such as Trichoderma species used in
biological control, should be carefully evaluated.

Finally, recent studies reporting antifungal effects of thyme
essential oils on paper substrates [4] suggest possible applica-
tions in the preservation of cellulose-based materials. While the
present study focused on food-related and clinically relevant
microorganisms, these findings point to broader potential uses of
thymol hydrolate in the conservation of books, documents, and
archival materials. However, further validation under real-world
conditions is required.

4.10 | Limitations and Future Research
Directions

Several limitations of the present study should be acknowledged.
First, only a single reference strain of each bacterial and fungal
species was evaluated. Future studies should include a broader
range of strains, including clinical isolates and drug-resistant vari-
ants, to better characterize the antimicrobial spectrum of thymol
hydrolate and assess the potential for resistance development.

Second, the mechanisms underlying the antimicrobial activity
of thymol hydrolate and possible interactions between thymol
and other hydrolate constituents were not investigated. Further
studies employing techniques such as transmission electron
microscopy, membrane permeability assays, and transcriptomic
or proteomic analyses could provide deeper insight into the
modes of action involved.

Third, although MICs, and MIC,, values were determined, min-
imum bactericidal and fungicidal concentrations (MBC/MFC)
were not assessed, nor was activity against biofilm-forming
microorganisms evaluated. Since biofilms represent a major
challenge in clinical, food-processing, and industrial environ-
ments [68, 69], future research should focus on the ability of
thymol hydrolate to inhibit biofilm formation or disrupt estab-
lished biofilms. Recent studies have demonstrated that thyme
essential oil and its major component, thymol exhibit signifi-
cant antibiofilm activity against foodborne pathogens, including
Salmonella, E. coli, L. monocytogenes, and S. aureus [70], sug-
gesting that thymol hydrolate may possess similar properties that
warrant investigation.

Fourth, the antimicrobial activity was evaluated exclusively
under in vitro conditions. The efficacy of thymol hydrolate in
real-world applications may be influenced by environmental
factors such as pH, temperature, organic matter, and interactions
with complex matrices (e.g., food, skin, or packaging materials).
Therefore, in situ and application-specific studies are required
to validate its practical effectiveness. Finally, the stability of
thymol hydrolate under different storage conditions and over
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extended periods was not examined. Long-term stability studies
are essential to ensure consistent antimicrobial performance and
shelf-life suitability for commercial applications.

Future research should therefore focus on (i) evaluating syn-
ergistic effects between thymol hydrolate and other natural
antimicrobials or reduced doses of conventional antimicrobial
agents [71]; (ii) assessing the effects of sub-inhibitory concentra-
tions on microbial virulence factors and biofilm development;
(iii) determining cytotoxicity and safety profiles for topical and
oral applications; (iv) developing and optimizing delivery systems
such as nanoemulsions, liposomes, or hydrogels to enhance
antimicrobial efficacy; (v) conducting scale-up and standard-
ization studies for industrial production; and (vi) performing
targeted in vivo and clinical studies for selected food, cosmetic,
or medical applications.

4.11 | Significance and Innovation

This study provides a comprehensive evaluation of a thymol
chemotype Thymus vulgaris hydrolate against a diverse panel
of bacteria, yeasts, and filamentous fungi using standardized
quantitative antimicrobial assays. The high thymol content
(79.9%) identified in the hydrolate represents a distinguishing
compositional feature and contributes to the pronounced antimi-
crobial activity observed, particularly against Gram-positive
bacteria.

The results demonstrate that even a non-concentrated thymol
hydrolate exhibits antimicrobial activity comparable to that
reported for a 50-fold SPE-concentrated clove hydrolate [16]. This
observation underscores its potential practical relevance. Overall,
thymol chemotype thyme hydrolate appears to be an effective
plant-derived antimicrobial option, particularly when factors
such as safety, formulation simplicity, and cost-effectiveness are
considered.

More broadly, this work contributes to the limited but growing
body of research on plant hydrolates and supports their potential
as sustainable and economically viable alternatives to synthetic
antimicrobial agents. In the context of increasing antimicrobial
resistance [72, 73] and rising consumer demand for natural prod-
ucts [74, 75]. Atanasov et al. [76] and Guedes et al. [75], the present
findings provide a valuable foundation for further research and
development of hydrolate-based antimicrobial solutions for food,
cosmetic, and related applications.

5 | Conclusion

This study provides a comprehensive evaluation of the antimi-
crobial activity of a thymol chemotype Thymus vulgaris L.
hydrolate against a diverse panel of clinically and economically
relevant microorganisms. HS-GC-MS analysis revealed a high
thymol content (79.9%), with linalool (17.4%) as the second major
constituent, confirming the thymol chemotype and providing
a chemical basis for the observed antimicrobial effects. The
antimicrobial activity of thymol hydrolate followed a consistent
susceptibility pattern: Gram-positive bacteria > Gram-negative
bacteria > yeasts > filamentous fungi. Pronounced activity was

observed against Gram-positive pathogens, particularly S. aureus,
L. monocytogenes, and E. faecalis, while Gram-negative bacteria
exhibited moderate susceptibility. Yeasts and filamentous fungi
showed lower sensitivity, although measurable antifungal activity
was still detected across all tested fungal species. Comparison
of disc diffusion and broth microdilution methods demonstrated
good agreement for Gram-positive bacteria but limited corre-
spondence for Gram-negative bacteria and fungi, highlighting the
importance of MIC-based approaches for quantitative assessment
of hydrolate antimicrobial activity. This methodological finding
is relevant for future standardization and quality control of plant
hydrolates. From a practical perspective, thymol hydrolate offers
several advantages over essential oils, including improved safety
and tolerability, water solubility, milder sensory properties, and
potential cost-effectiveness. These characteristics, combined with
its demonstrated antimicrobial activity, suggest further investi-
gation of thymol hydrolate as a potential natural antimicrobial
agent for applications in food preservation, cosmetics, and related
fields. Overall, this work contributes to the limited scientific
knowledge on plant hydrolates and provides a basis for future
studies focusing on the mechanism of action, in vivo efficacy,
stability, and formulation development. Further research into
synergistic combinations and activity against resistant microor-
ganisms may enhance the applicability of thymol hydrolate in
addressing current challenges related to antimicrobial resistance.
However, further studies are required to confirm its effectiveness
under practical conditions.
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