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Abstract: Combinatory action of antimicrobial agents such as essential oils (EOs) show to be an
effective strategy to overcome the problem with increasing antibiotic resistance of microorganisms,
including Staphylococcus aureus. The objective of this study was to evaluate in vitro antimicrobial in-
teractions between Origanum vulgare and Thymus vulgaris EOs against various S. aureus strains in both
liquid and vapor phases using the broth volatilization checkerboard method. Fractional inhibitory
concentrations (FICs) were determined for both liquid and vapor phases, and the composition of
EOs was analyzed by gas chromatography-mass spectrometry using dual-column/dual-detector gas
chromatograph. Results of oregano and thyme EOs combination showed additive effects against
all S. aureus strains in both phases. In several cases, sums of FICs were lower than 0.6, which can be
considered a strong additive interaction. The lowest FICs obtained were 0.53 in the liquid phase and
0.59 in the gaseous phase. Chemical analysis showed that both EOs were composed of many com-
pounds, including carvacrol, thymol, γ-terpinene, and p-cymene. This is the first report on oregano
and thyme EOs interactions against S. aureus in the vapor phase. It also confirms the accuracy of the
broth volatilization checkerboard method for the evaluation of combinatory antimicrobial effects of
EOs in the vapor phase.

Keywords: antimicrobial interactions; broth volatilization chequerboard method; chemical composi-
tion; gaseous phase; fractional inhibitory concentration; GC/MS; oregano; thyme; volatile compound

1. Introduction

Staphylococcus aureus is a gram-positive bacterium that has been responsible for a broad
spectrum of diseases, ranging from food poisoning and superficial skin and soft tissue
infections to life-threatening infections such as bacteremia, endocarditis, osteomyelitis,
pneumonia, or toxic shock syndrome [1]. It is notorious for its ability to quickly become
resistant to any antibiotic, which makes this bacterium one of the most serious pathogens
in humans, and its treatment is often difficult [2]. In humans, S. aureus can occur as both
a benign commensal and a harmful pathogen. Besides being a common colonizer of the
skin, it also asymptomatically and permanently colonizes the anterior nostrils of up to 30%
of the normal human population [3,4], which is widely considered to be a predisposition
of invasive infection [5]. Since S. aureus is a microorganism that is associated with a
broad spectrum of infections affecting the respiratory tract, taking up antibiotics through
inhalation could be one of its possible treatments. Moreover, the combination of two or
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even more antibiotic agents may be used as a possible strategy for increasing efficiency in
fighting S. aureus-related diseases, including respiratory infections. An example of such
treatment is a combination of fosfomycin and tobramycin that is currently in the late-stage
development of an inhalation therapy of cystic fibrosis [6,7]. It was demonstrated that
fosfomycin synergistically enhances the activity of tobramycin against a wide range of
bacteria, including S. aureus [6,8]. However, inhalation of solid antimicrobial agents, as
well as the use of inhaler devices, may often be problematic, especially in children and
the elderly [9]. Therefore, there is a need to search for new antimicrobial agents to combat
bacteria affecting the respiratory tract and for easier ways how to deliver antimicrobials
into the lower respiratory tract.

Recently, as concerns about the increasing bacterial resistance to conventional antibi-
otics are growing, the use of medicinal plants, their unique properties, and possibilities
of applications are more frequently proposed as an option for treating these problems.
The use of agents of complex chemical composition, such as essential oils (EOs), as well
as the therapy combination based on a combination of drugs, have already shown to be
generally effective strategies to overcome issues with microbial resistance. In general, the
antibacterial activity of any EO may depend on one major compound only; however, new
findings show that interactions with other compounds in the oils are also important [10],
whereas possible synergistic or antagonistic effects between EO constituents can either
enhance or reduce activities of single compounds [11]. Similarly, EOs, when used in com-
bination, can initiate a synergistic antimicrobial effect. Various experiments focused on
interactions between EOs and their volatile constituents have previously been conducted
against numerous microorganisms. In the extensive review of Leigh-de Rapper and van
Vuuren [12] that was focused on EOs against pathogens of the respiratory tract, synergy
was determined for 34% of the EOs combinations. However, only a limited number of
studies dealing with the combinatory effects have been performed in the vapor phase,
as recently reviewed in Houdkova and Kokoska [13]. One of the reasons is that there
is only a limited number of assays suitable for qualitative evaluation of antimicrobial
interactions of volatile agents in the gaseous phase. Recently, we have developed a new
broth volatilization checkerboard method allowing evaluation of the antimicrobial activity
of volatile agents in the vapor phase, of which the accuracy was verified on a combination
of two plant-derived compounds [14] as well as on the combination of a compound with
an EO [15]. However, the usability of this method for the determination of the combinatory
antimicrobial effect of two EOs has not been proven yet.

Origanum vulgare L. (oregano) and Thymus vulgaris L. (thyme) are aromatic spice
herbs belonging to the Lamiaceae family. They are native to the Mediterranean re-
gion and neighboring countries [16,17], and in folk medicine, they have been used as
remedies to treat respiratory disorders (e.g., coughs and bronchitis) as expectorants,
dyspepsia as well as urinary tracts disorders [16–19]. Although the principal compo-
nents of oregano and thyme EOs are carvacrol and thymol, respectively, their chemical
compositions vary depending on geographical region and season of collection [20].
Both plants are also used in pharmaceutical industries, including the products for the
treatment of respiratory infections. For example, the extract of T. vulgaris is used in
two oral over-the-counter products Bronchipret Saft and Bronchipret TP (Bionorica,
Neumarkt, Germany), which are used for the treatment of respiratory tract illnesses,
cough, and bronchitis [21]. Furthermore, EOs derived from these plants have been
shown to exhibit a broad range of considerable biological activities, including their
antimicrobial effect, which has been mostly attributable to the presence of phenolic
compounds, such as carvacrol and thymol [22–24]; however, other minor constituents
such as monoterpene hydrocarbons γ-terpinene and p-cymene contribute to the an-
tibacterial activity of the oils as well [22,24]. To date, numerous studies concerned
with the chemical composition and antimicrobial activity of O. vulgare and T. vulgaris
EOs have been published. Differences between the antimicrobial activities of various
chemotypes of these oils have been described [25,26]. Furthermore, it was also proved
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that the antimicrobial effect of these EOs might be comparable to their main compo-
nent alone [27]. Due to their antimicrobial properties, EOs (including O. vulgare and T.
vulgaris EOs) could be used as alternatives to conventional antimicrobial agents, espe-
cially against antibiotic-resistant pathogens [24]. So far, numerous studies regarding
the antibacterial activity of O. vulgare and T. vulgaris EOs alone against a wide range of
microorganisms, including S. aureus, have been published [28–30]. Both EOs have also
previously been tested against S. aureus in combination with other EOs [31,32] as well
as with classic/conventional antibiotics [33]. Moreover, their synergistic and additive
inhibitory activity with each other has previously been reported against S. aureus as
well [34,35]. However, although there are numerous articles on the antistaphylococcal
activity of O. vulgare and T. vulgaris EOs tested in the broth and agar, substantially
fewer articles dealing with their antibacterial effects against S. aureus have been pub-
lished using the vapor phase [36,37]. Moreover, to the best of our knowledge, the
combinatory antistaphylococcal activity of O. vulgare EO and T. vulgaris EO have not
previously been studied in the gaseous phase.

Based on the results of our preliminary screenings performed as several combinations
of different EOs (Cinnamomum cassia, C. verum, Cymbopogon flexuosus, O. vulgare, Syzygium
aromaticum, and T. vulgaris) against S. aureus of the American Type Culture Collection
(ATCC) 29213 (the lowest fractional inhibitory concentration (FIC) values in the vapor
phase ranged from 0.59 to 1.25), the combination of O. vulgare EO with T. vulgaris EO
was selected for more detailed evaluation due to its lowest FIC values that it had pro-
duced (unpublished data). Therefore, the aim of the present study was to determine the
antibacterial combinatory potential of EOs hydrodistilled from O. vulgare and T. vulgaris
against standard strains and clinical isolates of S. aureus in both the vapor and liquid phases.
Since the methods currently available for the determination of antimicrobial interactions of
EOs in the vapor phase are based on disk diffusion assay, which yields only qualitative
information about the antimicrobial agent combination, the accuracy of these techniques
is limited because it is difficult to distinguish indifferent from synergistic interaction. For
this reason, the validation of the qualitative broth volatilization checkerboard method for
testing of combinatory antimicrobial effect of two different EOs was an additional objective
of this study.

2. Results
2.1. Antimicrobial Analysis

The detailed results of individual minimum inhibitory concentrations (MICs) of O.
vulgare and T. vulgaris EOs against 12 strains of S. aureus including clinical isolates, as well
as the MICs of their combinations with corresponding ΣFIC values are summarized in
Tables 1 and 2 for the vapor and liquid phases, respectively. Results show that O. vulgare
EO exhibited an antistaphylococcal effect with MICs ranging from 427 to 796 µg/mL and
from 512 to 1024 µg/mL in agar and broth media, respectively. Similar numbers were
observed for T. vulgaris EO with MICs ranging from 427 to 796 µg/mL in the vapor phase
and from 512 to 967 µg/mL in the liquid phase.

Considering their combinatory activity, EO of O. vulgare in combination with T. vulgaris
EO produced an additive antimicrobial effect against all 12 strains tested. The combination
profiles of four S. aureus strains are presented graphically in Figure 1. The isobole curves
clearly show the additive effect against S. aureus strains tested, whereas the additive
interactions can be read according to the curves indicating the borderline of additivity and
synergy. In several cases (i.e., for one combination of these volatile agents in the vapor
phase and four combinations in broth), they showed ΣFICs lower than 0.6, which can be
considered a strong additive interaction, reaching values close to the synergistic effect. The
most effective concentrations inhibiting the growth of S. aureus (SA) were found in the
liquid phase against methicillin-resistant clinical isolate SA 2 at 512 µg/mL of O. vulgare
EO and 32 µg/mL of T. vulgaris (ΣFIC = 0.53) and in the vapor phase against standard
strain SA ATCC 29213 at 242 µg/mL of O. vulgare EO and 128 µg/mL of T. vulgaris EO
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(ΣFIC = 0.59). On average, the best FIC values were observed in both the liquid and vapor
phases when the concentrations of T. vulgaris EO were 256 and 128 µg/mL. Based on the
results, the optimum ratio of T. vulgaris and O. vulgare to achieve bacterial inhibition would
be 0.5-2:1 in the vapor phase and 0.4-1.2:1 in the liquid phase.

Table 1. In vitro inhibitory activity of interactions between Origanum vulgare and Thymus vulgaris essential oils against
Staphylococcus aureus in the vapor phase.

S. aureus Strains

MICs Alone (µg/mL) OVEO at Concentration Indicated in MIC Column in Combination with
Listed TVEO Concentrations (µg/mL)

OVEO TVEO O
+TVEO 512 +TVEO 256 +TVEO 128 +TVEO 64 +TVEO 32

MIC ΣFIC MIC ΣFIC MIC ΣFIC MIC ΣFIC MIC ΣFIC

SA ATCC 25923 427 427 ND 16 1.24 59 0.74 149 0.65 242 0.72 299 0.78
SA ATCC 29213 683 569 ND 16 0.94 158 0.70 242 0.59 398 0.70 484 0.79
SA ATCC 33591 626 569 ND 16 0.94 112 0.63 270 0.67 313 0.61 370 0.65
SA ATCC 33592 796 484 ND 16 1.09 149 0.72 370 0.73 512 0.78 512 0.72
SA ATCC 43300 512 512 ND 16 1.03 92 0.68 228 0.69 398 0.90 455 0.95

SA ATCC BAA 976 484 484 ND 16 1.10 82 0.70 228 0.74 341 0.84 341 0.78
SA 1 683 512 ND 16 1.02 92 0.64 242 0.63 341 0.63 455 0.76
SA 2 683 626 ND 16 0.86 178 0.67 313 0.67 427 0.76 484 0.78
SA 3 455 455 ND 16 1.20 62 0.73 185 0.72 270 0.76 341 0.85
SA 4 484 484 ND 16 1.10 92 0.73 194 0.67 348 0.85 356 0.80
SA 5 427 427 ND 16 1.24 44 0.70 149 0.64 270 0.77 370 0.96
SA 6 740 796 ND 43 0.75 341 0.81 427 0.76 512 0.79 512 0.74

ATCC: American type culture collection; MIC: minimum inhibitory concentration, the values are expressed as an average from three
independent experiments, each performed in triplicate (rounded to integers); ND: not determined; O: Oxacillin; OVEO: O. vulgare essential
oil; SA: Staphylococcus aureus; TVEO: Thymus vulgaris essential oil; ΣFIC: sum of fractional inhibitory concentrations; the combinatory effect
is evaluated as follows: synergy ΣFIC ≤ 0.5; additive ΣFIC > 0.5 and ≤ 1; indifferent ΣFIC > 1 and ≤ 2 (rounded to two decimal places).

Table 2. In vitro inhibitory activity of interactions between Origanum vulgare and Thymus vulgaris essential oils against
Staphylococcus aureus in the liquid phase.

S. aureus Strains

MICs Alone (µg/mL) OVEO at Concentration Indicated in MIC Column in Combination with
Listed TVEO Concentrations (µg/mL)

OVEO TVEO O
+TVEO 512 +TVEO 256 +TVEO 128 +TVEO 64 +TVEO 32

MIC ΣFIC MIC ΣFIC MIC ΣFIC MIC ΣFIC MIC ΣFIC

SA ATCC 25923 512 512 0.6 16 1.03 156 0.81 313 0.86 512 1.13 512 1.06
SA ATCC 29213 740 569 0.4 16 0.94 270 0.81 341 0.69 455 0.73 512 0.76
SA ATCC 33591 910 683 555 16 0.77 370 0.78 484 0.73 512 0.66 512 0.61
SA ATCC 33592 740 512 164 16 1.02 121 0.67 341 0.72 512 0.88 512 0.81
SA ATCC 43300 626 512 36 16 1.03 185 0.79 313 0.75 512 0.96 512 0.90

SA ATCC BAA 976 569 512 64 16 1.03 142 0.75 284 0.75 427 0.89 512 0.98
SA 1 512 512 6 16 1.03 128 0.75 284 0.81 512 1.13 512 1.06
SA 2 1024 967 149 16 0.55 427 0.68 512 0.63 512 0.57 512 0.53
SA 3 512 512 455 16 1.03 116 0.73 256 0.75 398 0.90 512 1.06
SA 4 512 512 427 16 1.03 121 0.74 256 0.75 484 1.07 512 1.06
SA 5 512 512 1 16 1.03 107 0.71 313 0.86 512 1.13 512 1.06
SA 6 967 796 1 44 0.75 356 0.72 512 0.71 512 0.62 512 0.58

ATCC: American type culture collection; MIC: minimum inhibitory concentration, the values are expressed as an average from three
independent experiments, each performed in triplicate (rounded to integers with the exception of values lower than 1); O: Oxacillin; OVEO:
O. vulgare essential oil; SA: Staphylococcus aureus; TVEO: Thymus vulgaris essential oil; ΣFIC: sum of fractional inhibitory concentrations; the
combinatory effect is evaluated as follows: synergy ΣFIC ≤ 0.5; additive ΣFIC > 0.5 and ≤ 1; indifferent ΣFIC > 1 and ≤ 2 (rounded to
2 decimal places).
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2.2. Gas Chromatography/Mass Spectrometry (GC/MS) Analysis

The yields of O. vulgare and T. vulgaris EOs in the dried weight of plant materials
(containing 14.42% and 13.68% of residual moisture) for T. vulgaris were 1.5% and 1.2%
(v/w), respectively. The complete chemical compositions of oregano and thyme EOs are
provided in Table 3; Table 4, respectively. In EOs isolated from O. vulgare and T. vulgaris, 19
and 28 components have been identified using an HP-5MS column, representing 99.78%
and 99.26% of their respective total content. Using DB-HeawyWAX column, 25 and
34 compounds were determined, which constitute 99.90% and 99.53% of the volatile oil,
respectively. In total, 26 compounds were identified in the EO of O. vulgare, whereas
37 compounds were found in the EO isolated from T. vulgaris. The analysis showed that
the most monoterpene hydrocarbons and oxygenated monoterpenes were the main groups
of chemicals in both EOs.

In EO extracted from O. vulgare, carvacrol was the predominant compound represent-
ing 77.92%/82.60% (= 13.52/15.01 mg/kg) when measured using HP-5MS/DB-HeawyWAX
columns, respectively. Other compounds detected in significantly lower amounts were p-
cymene and γ-terpinene with percentage values 8.25%/5.63% (= 1.24/0.88 mg/kg) and
4.52%/3.33% (= 0.74/0.57 mg/kg). In EO obtained from T. vulgaris, thymol was the most
abundant component representing 42.34%/48.46% (= 6.55/10.04 mg/kg), followed by p-
cymene and γ-terpinene representing 24.08%/18.00% (= 3.22/3.22 mg/kg) and 13.37%/10.61%
(= 1.96/2.08 mg/kg) when measured using HP-5MS/DB-HeawyWAX columns, respectively.
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Table 3. Chemical composition of Origanum vulgare essential oil.

1 RI
Component 2 C 3 RF

4 Column 5 Identification

HP-5MS DB-H.WAX
HP-5MS DB-H.WAX

Obs. Lit. (%) c (%) c

1 922 a 924 α-Thujene
Monoterpene
hydrocarbon

(MH)
0.765 1.17 0.19 0.77 0.13 GC/MS, RI GC/MS

2 929 a 932 α-Pinene MH 0.765 0.67 0.11 0.42 0.07 GC/MS, RI, Std GC/MS
3 945 a 946 Camphene MH 0.765 0.18 0.03 0.12 0.02 GC/MS, RI, Std GC/MS
4 973 a 974 β-Pinene MH 0.765 0.16 0.03 0.10 0.02 GC/MS, RI, Std GC/MS
5 991 a 988 β-Myrcene MH 0.765 1.87 0.31 1.23 0.21 GC/MS, RI GC/MS
6 1005 a 1002 α-Phellandrene MH 0.765 0.14 0.02 0.08 0.01 GC/MS, RI GC/MS
7 1009 a 1008 3-Carene MH 0.765 0.08 0.01 0.06 0.01 GC/MS, RI, Std GC/MS
8 1017 a 1014 α-Terpinene MH 0.765 0.85 0.14 0.63 0.11 GC/MS, RI, Std GC/MS
9 1028 a 1025 p-Cymene MH 0.698 8.25 1.24 5.63 0.88 GC/MS, RI, Std GC/MS

10 1061 a 1054 γ-Terpinene MH 0.765 4.52 0.74 3.33 0.57 GC/MS, RI, Std GC/MS

11 1078 a 1068 trans-Sabinene
hydrate

Oxygenated
monoterpene

(MO)
0.869 0.30 0.06 0.11 0.02 GC/MS, RI GC/MS

12 1110 a 1095 Linalool MO 0.869 0.11 0.02 - - GC/MS, RI, Std -
13 1185 a 1165 Borneol MO 0.869 0.06 0.01 0.58 0.11 GC/MS, RI, Std GC/MS
14 1190 a 1174 Terpinen-4-ol MO 0.869 0.64 0.12 0.36 0.07 GC/MS, RI GC/MS
15 1302 a 1289 Thymol MO 0.808 0.26 0.04 0.47 0.08 GC/MS, RI, Std GC/MS
16 1314 a 1298 Carvacrol MO 0.808 77.92 13.52 82.60 15.01 GC/MS, RI, Std GC/MS

17 1430 a 1418 β-Caryophyllene
Sesquiterpene
hydrocarbon

(SH)
0.751 1.89 0.30 1.53 0.26 GC/MS, RI, Std GC/MS

18 1466 a 1452 Humulene SH 0.751 0.26 0.04 0.18 0.03 GC/MS, RI GC/MS
19 1517 a 1505 β-Bisabolene SH 0.751 0.45 0.07 0.35 0.06 GC/MS, RI GC/MS
20 1181 b 1185 c D-Limonene MH 0.765 - - 0.15 0.03 - GC/MS, RI
21 1190 b 1195 d β-Phellandrene MH 0.765 - - 0.15 0.03 - GC/MS, RI
22 1438 b 1445 e 1-Octen-3-ol Others (O) 0.748 - - 0.22 0.04 - GC/MS, RI

23 1450 b 1450 f cis-Sabinene
hydrate MO 0.869 - - 0.27 0.05 - GC/MS, RI

24 1579 b 1583 g Carvacrol methyl
ether O 0.798 - - 0.36 0.06 - GC/MS, RI

25 1848 b 1868 h Carvacrol acetate O 0.901 - - 0.06 0.01 - GC/MS, RI

26 1957 b 1953 d Caryophyllene
oxide

Oxygenated
sesquiterpene 0.830 - - 0.14 0.03 - GC/MS, RI

Chemical classes
Monoterpene hydrocarbons 17.89 12.67
Oxygenated monoterpenes 79.29 84.39

Sesquiterpene hydrocarbons 2.60 2.06
Oxygenated sesquiterpenes - 0.14

Others - 0.64

Total identified (%) 99.78 99.90
1 RI = retention indices; Obs. = retention indices determined relative to a homologous series of n-alkanes (C8–C40) on HP-5MS column and
on DB-HeawyWAX column, Lit. = literature RI values [38], c [39], d [40], e [41], f [42], g [43], h [44]; 2 C = Class; 3 RF = Response factor
(calculated from the molecular formulae of the component using a methyl octanoate as internal standard); 4 Column = composition of
essential oil detected on HP-5MS and DB-HeawyWAX columns; (%) = relative percentage content; c = content is expressed as concentration
in mg per 1 kg of dry plant material; - = not detected; 5 Identification method: GC/MS = Mass spectrum was identical to that of National
Institute of Standards and Technology Library (ver. 2.0.f), RI = the retention index was matching literature database; Std = constituent
identity confirmed by co-injection of authentic standards.
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Table 4. Chemical composition of Thymus vulgaris essential oil.

1 RI
Component 2 C 3 RF

4 Column 5 Identification

HP-5MS DB-H.WAX
HP-5MS DB-H.WAX

Obs. Lit. (%) c (%) c

1 922 a 924 α-Thujene
Monoterpene
hydrocarbon

(MH)
0.765 0.93 0.14 0.55 0.11 GC/MS, RI GC/MS

2 929 a 932 α-Pinene MH 0.765 1.01 0.15 0.67 0.13 GC/MS, RI, Std GC/MS
3 944 a 946 Camphene MH 0.765 0.50 0.07 0.36 0.07 GC/MS, RI, Std GC/MS
4 973 a 974 β-Pinene MH 0.765 0.24 0.04 0.18 0.04 GC/MS, RI, Std GC/MS
5 991 a 988 β-Myrcene MH 0.765 2.71 0.40 1.35 0.26 GC/MS, RI GC/MS
6 1005 a 1002 α-Phellandrene MH 0.765 0.16 0.02 0.12 0.02 GC/MS, RI GC/MS
7 1008 a 1008 3-Carene MH 0.765 0.08 0.01 0.08 0.02 GC/MS, RI, Std GC/MS
8 1017 a 1014 α-Terpinene MH 0.765 1.96 0.29 1.51 0.29 GC/MS, RI, Std GC/MS
9 1029 a 1025 p-Cymene MH 0.698 24.08 3.22 18.00 3.22 GC/MS, RI, Std GC/MS

10 1061 a 1054 γ-Terpinene MH 0.765 13.37 1.96 10.61 2.08 GC/MS, RI, Std GC/MS

11 1078 a 1068 trans-Sabinene
hydrate

Oxygenated
monoterpene

(MO)
0.869 0.59 0.10 0.24 0.05 GC/MS, RI GC/MS

12 1090 a 1086 Isoterpinolene MH 0.765 0.18 0.03 - - GC/MS, RI -
13 1113 a 1095 Linalool MO 0.869 2.84 0.47 2.87 0.64 GC/MS, RI, Std GC/MS
14 1149 a 1141 Camphor MO 0.887 0.28 0.05 0.30 0.07 GC/MS, RI, Std GC/MS
15 1184 a 1165 Borneol MO 0.869 0.47 0.08 1.14 0.25 GC/MS, RI, Std GC/MS
16 1190 a 1174 Terpinen-4-ol MO 0.869 0.91 0.15 - - GC/MS, RI -

17 1244 a 1232 Thymol methyl
ether Other (O) 0.798 0.77 0.12 2.06 0.42 GC/MS, RI GC/MS

18 1254 a 1244 Carvacrol methyl
ether O 0.798 0.64 0.10 1.47 0.30 GC/MS, RI GC/MS

19 1289 a 1285 Bornyl acetate O 0.957 0.17 0.03 0.13 0.03 GC/MS, RI, Std GC/MS
20 1302 a 1289 Thymol MO 0.808 42.34 6.55 48.46 10.04 GC/MS, RI, Std GC/MS

21 1430 a 1417 β-Caryophyllene
Sesquiterpene
hydrocarbon

(SH)
0.751 3.55 0.51 2.06 0.40 GC/MS, RI, Std GC/MS

22 1466 a 1452 Humulene SH 0.751 0.10 0.02 0.10 0.02 GC/MS, RI GC/MS

23 1478 a 1475 Geranyl
propionate O 0.935 0.06 0.01 0.10 0.02 GC/MS, RI GC/MS

24 1487 a 1478 γ-Muurolene SH 0.751 0.17 0.02 0.23 0.04 GC/MS, RI GC/MS
25 1517 a 1505 β-Bisabolene SH 0.751 0.10 0.01 0.07 0.01 GC/MS, RI GC/MS
26 1529 a 1513 γ-Cadinene SH 0.751 0.30 0.04 - - GC/MS, RI -
27 1535 a 1522 δ-Cadinene SH 0.751 0.38 0.05 0.70 0.14 GC/MS, RI GC/MS

28 1602 a 1582 Caryophyllene
oxide

Oxygenated
sesquiterpene 0.830 0.37 0.06 0.40 0.09 GC/MS, RI, Std GC/MS

29 1181 b 1185 c D-Limonene MH 0.765 - - 0.31 0.06 - GC/MS, RI
30 1192 b 1199 c 1,8-Cineole MO 0.869 - - 0.64 0.14 - GC/MS, RI
31 1438 b 1445 e 1-Octen-3-ol O 0.748 - - 1.10 0.21 - GC/MS, RI

32 1450 b 1450 f cis-Sabinene
hydrate MO 0.869 - - 0.68 0.15 - GC/MS, RI

33 1471 b 1475 d α-Copaene SH 0.751 - - 0.06 0.01 - GC/MS, RI
34 1496 b 1531 g Bourbonene SH 0.751 - - 0.07 0.01 - GC/MS, RI
35 1799 b 1804 h Calamenene SH 0.707 - - 0.07 0.01 - GC/MS, RI
36 1824 b 1840 i Thymol acetate O 0.901 - - 0.19 0.04 - GC/MS, RI
37 2169 b 2186 i Carvacrol MO 0.808 - - 2.65 0.55 - GC/MS, RI

Chemical classes
Monoterpene hydrocarbons 45.22 33.74
Oxygenated monoterpenes 47.43 56.98

Sesquiterpene hydrocarbons 4.60 3.36
Oxygenated sesquiterpenes 0.37 0.40

Others 1.64 5.05

Total identified [%] 99.26 99.53
1 RI = retention indices; Obs. = retention indices determined relative to a homologous series of n-alkanes (C8–C40) on HP-5MS column and
on DB-HeawyWAX column, Lit. = literature RI values [38] c [39], d [40], e [41], f [42], g [45], h [46], i [47] 2 C = Class; 3 RF = Response factor
(calculated from the molecular formulae of the component using a methyl octanoate as internal standard); 4 Column = composition of
essential oil detected on HP-5MS and DB-HeawyWAX columns; (%) = relative percentage content; c = content is expressed as concentration
in mg per 1 kg of dry plant material; - = not detected; 5 Identification method: GC/MS = Mass spectrum was identical to that of National
Institute of Standards and Technology Library (ver. 2.0.f), RI = the retention index was matching literature database; Std = constituent
identity confirmed by co-injection of authentic standards.
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3. Discussion

In our study, the in vitro growth inhibitory effect of both O. vulgare and T. vulgaris
EOs was slightly stronger in the vapor phase than in a liquid medium since the MIC
values were for the vast majority of the staphylococcal strains slightly lower on the agar
media than in the broth. The only exceptions were standard strain ATCC 33592 and
clinical isolate SA 1, where the antimicrobial effect of O. vulgare was stronger in the liquid
phase, and staphylococcal strains ATCC 29213, ATCC 43000, SA 1, and SA 6, where the
MICs of T. vulgaris EO were the same in both phases. Similar pattern showing that the
vapor generated by EOs has a greater antimicrobial effect compared to EOs in liquid form
applied by direct contact (in aqueous solutions or on solid agars) can be observed in several
previous studies [48,49]. This phenomenon can be explained by the fact that in the aqueous
phase, lipophilic molecules associate to form micelles and thus restrain the attachment of
EOs to microorganisms, whereas the vapor phase allows for free attachment [50,51].

Values of MICs observed in our study for O. vulgare and T. vulgaris EOs in the liquid
phase were similar to numerous previously published data. For example, the investigation
carried out by Boskovic et al. [30] determined antibacterial effects of EOs isolated from O.
vulgare against S. aureus ATCC 25923 (MIC values = 640 µg/mL) and methicillin-resistant S.
aureus (MRSA) ATCC 43300 (MIC values = 320 µg/mL) using broth microdilution method.
In the study performed by Ozkalp et al. [28], O. vulgare EO inhibited growth of S. aureus
Refik Saydam National Type Culture Collection 96090 and MRSA with MIC values 64 and
250 µg/mL, respectively. Similarly, the results of antistaphylococcal activity of T. vulgaris
EO obtained in this study correspond well with previous findings of Kot et al. [52], who
reported MIC values ranging from 90 to 780 µg/mL against 18 MRSA strains in the liquid
phase, or with the results of Boskovic et al. [30], who determined the antimicrobial effect of
thyme EO against S. aureus ATCC 25923 (MIC values = 640 µg/mL) and MRSA ATCC 43300
(MIC values = 320 µg/mL). Moreover, our results are supported by research conducted
by Stojkovic [34], where MICs of oregano and thyme EOs against S. aureus were equal to
0.5 µL/mL and 1 µL/mL, respectively.

If mixtures of EOs are used as antimicrobials, they may, according to the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) [53], show either an antago-
nistic, additive, indifferent, or synergistic effect, measured by assessment of the FIC values.
Several authors have demonstrated additive effects as well as synergistic actions of O.
vulgare EO in combination with T. vulgaris EO in the liquid phase. Our results correspond
well with Gavaric et al. [35], who reported additive antibacterial action of thyme and
oregano against several bacteria, including S. aureus ATCC 25923 (FIC value = 1). Similarly,
Gutierrez et al. [54] confirmed the additive effect of these EO combinations against several
spoilage organisms, such as Enterobacter cloacae, Pseudomonas fluorescens, and Listeria innocua,
using a checkerboard method with FIC values ranging from 0.75 to 1. On the other hand,
synergistic activity of oregano and thyme EO combinations have previously been reported
as well; for example, in the study of Stojkovic et al. [34], oregano combined with thyme
EO produced synergy against S. aureus (FIC value 0.45). However, as the assayed EOs
possess similar chemical composition, their combination may exhibit addition rather than
a synergistic effect [55].

The disc volatilization method is probably the most frequently used assay for the
evaluation of in vitro growth inhibitory effect in the vapor phase. Both EOs have previ-
ously been tested individually against S. aureus in the gaseous phase. For example, an
investigation carried out by Nedorostova et al. [37] determined antibacterial effects of
EOs isolated from O. vulgare and T. vulgaris against S. aureus ATCC 25923 using modified
disc volatilization method, and the MIC value of both EOs was 0.017 µg/cm3. Similarly,
Kloucek et al. [56] used a modified disc volatilization method to assess the antimicrobial
activity of various EOs, including those of oregano and thyme. In this study, vapors of O.
vulgare EO containing 92% of carvacrol inhibited growth of S. aureus ATCC 25923 with MIC
values 62.5 µL/L, whereas three EO samples of T. vulgaris with different chemical composi-
tion exhibited antimicrobial activity against the same staphylococcal strain with the MIC
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ranging from 125 to 250 µL/L. However, a thyme EO where thymol was the predominant
compound was not active at all. A study performed by Lopez et al. (2007) [36] determined
the growth inhibitory effects of O. vulgare and T. vulgaris vapors against S. aureus ATCC
29213 by a similar method and consequently calculated MIC causing apparent inhibition
(17.5 µL/L and 87.3 µL/L, respectively) of the atmosphere above microorganisms. Sub-
sequent research led by Reyes-Jurado et al. [57] assessed the MIC values of T. vulgaris EO
vapors against S. aureus and MRSA as >5 µg/mL of air. However, although there has been
increasing research interest in the antimicrobial activity of individual EO vapors in recent
years, significantly fewer studies have been reported on their combinations. In the case
of thyme and oregano EO vapors, to the best of our knowledge, the only study dealing
with their combinatory effects in the gaseous phase was published by Cho et al. [58], who
reported synergistic activities of gaseous oregano and thyme EOs against Listeria monocy-
togenes by modified checkerboard assay (FIC = 0.375). Our study is the first report on O.
vulgare and T. vulgaris interactions in the vapor phase against S. aureus.

The antimicrobial properties of O. vulgare and T. vulgaris have been attributed to
their chemical compositions, which are primarily rich with monoterpene hydrocarbons
and oxygenated monoterpenes. The principal terpenes identified in oregano and thyme
are usually carvacrol, thymol, γ-terpinene, and p-cymene; while terpinen-4-ol, linalool,
β-myrcene, trans-sabinene hydrate, and β-caryophyllene are also present. The proportion
of these and other components in oils within the same species defines the chemotype [59].
In our study, the chromatographic profiles of both EOs were analyzed by GC/MS using
two detectors and two capillary columns of different polarities to avoid the overlapping of
signal peaks observed in the chromatogram and to achieve the best possible resolution of
compounds. The internal standard was used for quantitative analysis. Compounds belong-
ing to the classes with monoterpene hydrocarbons and oxygenated monoterpenes were the
most numerous identified. Carvacrol was the most abundant compound in oregano EO,
followed by p-cymene and γ-terpinene, and the oil is, thus, characterized as a carvacrol
chemotype. This finding is in accordance with several previously published studies. For
example, Stojkovic et al. [34], Scalas et al. [60], and Stoilova et al. [61] reported carvacrol as
the main component of oregano EO (contributing 64.50%, 62.61%, and 66.20% of the EO,
respectively), p-cymene as the second the most abundant compound (10.90%; 12.36%, and
9.1%, respectively), and γ-terpinene as third most abundant component (10.80%, 7.60%,
and 7.30%, respectively). Thymol, on the other hand, has been in our study detected as the
most abundant constituent in thyme EO, also followed by its precursors, p-cymene and
γ-terpinene; therefore the present thyme oil belongs to thymol chemotype. This finding is
also in accordance with numerous previously published studies [26,29,30,34,62,63], where
thymol, p-cymene, and γ-terpinene were reported as the first, second, and third most
abundant compounds, respectively. The number of components identified in our study (26
and 37 in total in oregano and thyme EOs, respectively) is within the range of numbers
of compounds identified in other reported studies, as eight to 38 compounds have been
reported for O. vulgare [30,34,60,61,64], and 16–50 for T. vulgaris [26,29,30,34,60,62,63,65].
Since the used plant material has been obtained from a commercial supplier, the age of
the plants as well as their growing conditions, harvest time, transportation, and storage
conditions are unknown. Therefore, the chemical composition of EOs analyzed in this study
can be influenced by all the above-mentioned factors [66,67]. The qualitative differences
(numbers of components) between the two columns are in accordance with previously
reported studies on GC/MS analysis of EOs using two columns. For example, Anderson
and Parnell [68], who compared cold-pressed orange oil profiles by GC/MS using polar
(Zebron ZB-WAX column) and non-polar (Zebron ZB-1ms) GC columns, identified 22 and
29 components on non-polar and polar compounds, respectively. The higher number of
volatile components identified on a polar column might have been caused, similarly as in
our case, by the better resolution between compounds that were seen to co-elute on the
non-polar column. Similarly, quantitative differences between the polar and non-polar
columns have previously been reported as well. In our study, the main compound (thymol)
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in thyme EO showed the highest proportional difference between two columns (more than
6%), which can be, for example, compared to Fan et al. [69], who analyzed the composition
of the EO from Dendranthema indicum var. aromaticum and detected α-thujone as the main
compound with a difference of 4.88% between columns. Different amounts of the detected
compounds are caused by different polarity and material of the used columns. Besides de-
termining of raw percentages of peak areas, the concentration of components in 1 kg of dry
plant material was calculated using predicted relative response factors with an objective to
increase the reliability and accuracy of the volatile components’ quantification [70]. This
approach is important in technological processes with various applications in the field of
chemical analysis of volatile plant-derived products because it allows the quantification
of volatile components by GC/MS with flame-ionization detection when the authentic
components are not available, and in addition, it can avoid time-consuming procedures of
calibration [71].

Since carvacrol and thymol have been found to be the most abundant compounds
in our oregano and thyme EOs, respectively, the additive effects obtained by interactions
between our volatile oils might be caused mainly by these two phenolic monoterpenoids.
The presumption that the predominant component in both EOs is responsible for the
antimicrobial activity of EOs can be supported by our previous research [14], whereas
the range of MIC values of carvacrol (370–1593 µg/mL and 484–1024 µg/mL in agar
and broth media) and thymol (341–1707 µg/mL and 355–1024 µg/mL in the vapor and
liquid phases) were very similar to the MIC values of the O. vulgare (427–796 µg/mL and
512–1024 µg/mL in agar and broth media) and T. vulgaris (427–796 µg/mL in the vapor
phase and from 512–967 µg/mL in liquid phase) EOs tested in this study. The occurrence
of additive interaction between carvacrol and thymol could be related to the similarity in
their molecular structures (they are isomers), suggesting a similar mechanism of action [72].
Both thymol and carvacrol are expected to cause functional and structural damages to
the cytoplasmic membranes. The primary mechanism of antibacterial action of thymol is
not fully known; however, it is believed to involve outer and inner membrane disruption
and interaction with membrane proteins and intracellular targets. Similarly, the primary
mechanism of action of carvacrol is its ability to position in the membrane where it increases
permeability [73]. In both EOs tested in our study, the principal compounds, carvacrol, and
thymol, were followed by their biosynthetic precursors p-cymene and γ-terpinene, which,
together with the main compound comprised more than 90% and 77% of the oregano
and thyme oils. Their interaction within the tested EOs is presumable and might also
contribute to the additive effects. This statement can be supported by Ultee et al. [74], who
reported synergistic activity between carvacrol and cymene against Bacillus cereus, or by
Delgado et al. [75], who found synergistic effect against the same bacterium when cymene
was combined with thymol. The additive antimicrobial effect of carvacrol and thymol has
already been previously reported in several studies against different bacteria, including
S. aureus in liquid [35,76,77] as well as in the vapor phase [14]. However, further research
focused on a better understanding of antimicrobial interactions between major and minor
components, which was suggested to play an important role in the synergistic activity of
EO gases [78] is warranted.

Although EOs of O. vulgare and T. vulgaris have acquired Generally Recognized as Safe
(status from the Flavour and Extract Manufacturers Association and got approved by the US
Food and Drug Administration (FDA) for safety food use [79,80]), there is limited published
research on the safety of EO vapors per se [51]. As EOs are complex blends of components,
individual volatile compounds need to be assessed as potential allergens. Currently,
26 ingredients that may trigger allergic reactions, including, e.g., linalool and limonene, are
listed in the seventh amendment of directive 76/768 CEE (directive 2003/15/CE); however,
these are all based on skin contact and not inhalation [81,82]. Regarding inhalation toxicity,
which is a crucial aspect of inhalation administration, median lethal concentration (LC50)
values were determined neither for oregano nor for thyme EOs for the inhalation route.
However, the data on their predominant compounds, carvacrol and thymol, might suggest
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their possible inhalation safety. The European Chemicals Agency reported that the LC50 of
carvacrol in rats was estimated to be greater than 20 mg/L when rats were treated with the
given test chemical via inhalation route for 6 h exposure period. Similarly, the reported
LC50 value for thymol was 7.57 mg/L, when mice were exposed to a test chemical via
inhalation by vapor for 2 h [83]. Furthermore, neither data from literature nor results from
chronic toxicity studies presented in the study by Xie et al. (2019) [84] provide any evidence
for chronic toxicity of inhaled thymol. In an acute oral toxicity study, the median lethal
dose (LD50) of carvacrol and thymol in rats was found to be 810 and 980 mg/kg of body
weight (bw), respectively, and carvacrol-rich EO obtained from the leaves of Origanum spp.
showed the oral LD50 to be 1850 mg/kg bw; therefore, they are all classified as category 4
(H302) according to the Classification, Labelling and Packaging Regulation N◦ 1272/2008
and the Globally Harmonized System of Classification and Labelling of Chemicals [83]
which means that it might be “harmful if swallowed”. Moreover, thymol is FDA approved
when used as a synthetic flavoring (21 CFR 172.515), a preservative and indirect food
additive of adhesives [84], and is a common ingredient in many products such as perfumes,
food flavorings, mouthwashes, pharmaceutical preparations, and cosmetics [85]. Similarly,
carvacrol is generally considered safe for human consumption. It has been approved by
FDA for its use in food and is included by the Council of Europe in the list of chemical
flavorings that can be found in several food products, such as alcoholic beverages, baked
goods, chewing gums, condiment relish, frozen dairy, gelatine puddings, non-alcoholic
beverages, and soft candies [86]. Moreover, EO derived from T. vulgaris has been approved
by the Committee on Herbal Medicinal Products of the European Medicines Agency as a
traditional herbal medicinal product used for relief of cough associated with cold [87].

The above-mentioned data suggest a low toxicological risk of carvacrol and thymol
administration through an inhalation route. Moreover, the rich historical evidence of
culinary, medicinal, and pharmaceutical uses of O. vulgare and T. vulgaris could support
their use as safe herbal medicinal products. Therefore, due to the considerable antimicrobial
activity as well as the presumable safety of O. vulgare and T. vulgaris EOs, it can be assumed
that the results of oregano and thyme EO combinations could be potentially applied
in the development of various pharmaceutical applications that are based on volatile
antimicrobials. These combinations could decrease the minimum effective doses of the
agents, thus reducing their possible adverse effects and treatment costs. However, further
research to achieve a better understanding of the action mechanisms, further in vivo
experiments, and clinical trials on O. vulgare in combination with T. vulgaris are still
necessary to determine their pharmacodynamics and pharmacokinetics.

4. Materials and Methods
4.1. Chemicals

Oxacillin (86.3%, Chemical Abstracts Service (CAS) number: 7240-38-2) and thiazolyl
blue tetrazolium bromide (MTT, 98%, CAS: 298-93-1) were purchased from Sigma-Aldrich
(Prague, Czech Republic), whereas dimethylsulfoxide (DMSO, CAS: 67-68-5) and n-hexane
(CAS: 110-54-3) were obtained from Penta (Prague, Czech Republic). Methyl octanoate
(≥99.8%, CAS: 111-11-5) and other standards (3-carene (99%, CAS: 498-15-7), borneol
(97%, CAS: 464-45-9), bornyl acetate (95%, CAS: 5655-61-8), camphene (97.5%, CAS: 79-
92-5), camphor (98%, CAS: 464-49-3), carvacrol (97%, CAS: 499-75-2), caryophyllene oxide
(99%, CAS: 1139-30-6), linalool (97%, CAS: 78-70-6), p-cymene (99%, CAS: 99-87-6), thymol
(99%, CAS: 89-83-8), α-pinene (≥99%, CAS: 7785-70-8), α-terpinene (85%, CAS: 99-86-5), β-
caryophyllene (98.5%, CAS: 87-44-5), β-pinene (≥99.0%, CAS: 18172-67-3), and γ-terpinene
(97%, CAS: 99-85-4)) were purchased from Sigma-Aldrich, Prague, Czech Republic.

4.2. Plant Material and Preparation of Essential Oils

The dried aerial parts of O. vulgare and T. vulgaris were purchased from a commercial
supplier (U Salvatora, Prague, Czech Republic). Initially, they were homogenized by
a Grindomix apparatus (GM100 Retsch, Haan, Germany). Subsequently, the residual
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moisture contents of both samples were determined gravimetrically at 130 ◦C for 1 h
by Scaltec SMO 01 analyzer (Scaltec Instruments, Gottingen, Germany) in triplicate, and
results were expressed as arithmetic averages according to the Official Methods of Analysis
of the Association of Official Agricultural Chemists [88]. Both EOs were obtained by
hydrodistillation of dried plant material in 1 L of distilled water using a Clevenger-type
apparatus (Merci, Brno, Czech Republic) according to the procedure described in the
European Pharmacopeia (2013) [89] and stored in sealed glass vials at 4 ◦C.

4.3. Bacterial Strains and Culture Media

In this study, 12 strains of S. aureus were used, including antibiotic-resistant and
sensitive forms. Standard strains of the ATCC 25923, 29213, 33591, 33592, 43300, and
BAA 976 were purchased from Oxoid (Basingstoke, UK) on ready-to-use bacteriological
Culti-Loops. Clinical isolates (SA 1-6) obtained from Motol University Hospital (Prague,
Czech Republic) were selected based on the previous antimicrobial susceptibility testing
(data not shown) as representatives of methicillin-sensitive S. aureus (SA 1, SA 5, and SA 6)
and methicillin-resistant S. aureus (SA 2, SA 3, and SA 4) strains and were identified by
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry as described
in Rondevaldova et al. [90].

Mueller–Hinton (MH) broth was used as a cultivation medium, and both MH agar
and MH broth purchased from Oxoid (Basingstoke, Hampshire, UK) were used as assay
media. The pH of cation-adjusted MH broth was equilibrated to a final value of 7.6 with
Trizma base (Sigma-Aldrich, Prague, Czech Republic). Stock cultures of bacterial strains
were cultivated in broth medium at 37 ◦C for 24 h prior to the testing. The bacterial
suspension’s turbidity used for the inoculation of both plate and lid, was adjusted to 0.5
McFarland standard by Densi-La-Meter II (Lachema, Brno, Czech Republic) to reach the
final concentration of 107 CFU/mL.

4.4. Antimicrobial Assay

The in vitro antibacterial combinatory potential of O. vulgare EO in combination with
T. vulgaris EO in the liquid and vapor phase was determined using a broth volatilization
checkerboard assay previously developed in our laboratory [17]. The method is based
on the combination of classical microdilution checkerboard test and broth microdilution
volatilization technique [16], allowing the determination of interactions between EOs
and/or plant volatile agents simultaneously in liquid and vapor phase as well as compari-
son of MIC values and calculation of FICs in both liquid and solid media. Experiments
were performed in white, 96-well immunoplates (total well volume = 400 µL) covered by
tight-fitting lids with flanges designed to reduce evaporation (SPL Life Sciences, Naechon-
Myeon, Korea). In the first part of the procedure, 30 µL of agar was pipetted into every
flange on the lid (with the exception of the outermost wells) and inoculated with 5 µL of
the bacterial suspension. Subsequently, both O. vulgare and T. vulgaris EOs were dissolved
in DMSO and diluted in the broth medium to get the initial concentrations of 2048 µg/mL,
with maximum DMSO content of 1%.

The preparation of plate assay and serial dilutions were performed by an automated
pipetting platform, Freedom EVO 100, equipped with a four-channel liquid handling arm
(Tecan, Mannedorf, Switzerland). In combinations, six two-fold serial dilutions of oregano
EO from horizontal rows were subsequently cross-diluted vertically by six two-fold serial
dilutions of thyme EO. The final volume in each well was 100 µL, except for the outermost
wells, which were left empty to prevent edge leakage effect. The plates were subsequently
inoculated by bacterial suspensions using a 96-pin multi-blot replicator (National Institute
of Public Health, Prague, Czech Republic). Each plate also contained inoculated and non-
inoculated broth, which served as growth and sterility controls, respectively. Oxacillin was
used as a positive antibiotic control for verification of susceptibility of S. aureus strains in
broth medium. The DMSO assayed as the negative control at a concentration of 1% did not
inhibit any of S. aureus strains tested either in broth or agar media. After the inoculation,
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clamps (Lux Tool, Prague, Czech Republic) were used to fasten the plate and lid together,
with handmade wooden pads (size 8.5 × 13 × 2 mm) for better fixing, and microtiter plates
were incubated for 24 h at 37 ◦C.

MIC values and combinatory effects in both liquid and the vapor phases (i.e., in plates
and on lids) were evaluated by visual assessment of bacterial growth after coloring of
metabolically active staphylococcal colonies with 25 µL of MTT dye in a concentration of
600 µg/mL when the interface of color in broth and on agar changed from yellow and
purple (relative to that of colors in control wells). The MIC values were defined as the lowest
concentration that visually inhibited staphylococcal growth compared to the compound-
free growth control and were expressed in µg/mL. The final MIC values presented in this
work are the average of MICs obtained from three independent experiments that were
performed in triplicate.

The combinatory effect of EOs was determined based on the value of ΣFIC. For the
combination of agent A (O. vulgare EO) and agent B (T. vulgaris EO), the ΣFIC was calculated ac-
cording to the following equation: ΣFIC = FICA + FICB, where FICA = MICA (in combination with B)
/MICA (alone), and FICB = MICB (in combination with A) /MICB (alone) and evaluated according to
EUCAST [50]. The ΣFIC index was interpreted as follows: synergistic interaction if ΣFIC ≤ 0.5;
additive effect if ΣFIC > 0.5 and ≤ 1; indifferent if ΣFIC > 1 and < 2; and antagonistic if
ΣFIC ≥ 2.

4.5. GC/MS Analysis

For determination of the main components of O. vulgare and T. vulgaris EOs, GC/MS
analysis was performed using the dual-column/dual-detector gas chromatograph Agilent
GC-7890B system equipped with autosampler Agilent 7693, two columns (fused-silica
HP-5MS column (30 m × 0.25 mm, film thickness 0.25 µm) and a DB-HeawyWAX column
(30 m × 0.25 mm, film thickness 0.25 µm)) and a flame ionization detector (FID) coupled
with a single quadrupole mass selective Agilent MSD-5977B detector (Agilent Technologies,
Santa Clara, CA, USA). Operational parameters were helium as carrier gas at 1 mL/min,
injector temperature 250 ◦C for both columns. The oven temperature was raised for both
columns from 50 ◦C to 280 ◦C. Initially, after an isothermic period of 3 min, the heating rate
was 3 ◦C/min until the temperature reached 120 ◦C. Subsequently, the heating velocity
increased to 5 ◦C/min until it reached 250 ◦C; and after 5 min of holding time on 250 ◦C,
the heating rate increased to 15 ◦C/min until it reached 280 ◦C. Heating was followed
by an isothermic period of 20 min. Both EOs were diluted in n-hexane for GC/MS at a
concentration of 20 µg/mL, and for quantitative analysis, 1 µL of methyl octanoate was
added as an internal standard. One µL of each EO solution was injected in split mode (split
ratio 1:50). The mass detector was set to the following conditions: ionization energy 70 eV,
ion source temperature 230 ◦C, scan time 1 s, mass range 40–600 m/z.

Identification of constituents was based on a comparison of their retention indices
(RI) and retention times (RT) and spectra with the National Institute of Standards and
Technology Library ver. 2.0.f (NIST, USA) [91], as well as with authentic standards and
literature [47–56]. The RI was calculated for compounds separated by both HP5-5MS and
DB-HeawyWAX columns using the retention times of n-alkanes series ranging from C8
to C40 (Sigma-Aldrich, Prague, Czech Republic). For each analyzed EO, the final number
of compounds was calculated as the sum of components simultaneously identified using
both columns and the remaining constituents identified by individual columns only. Quan-
titative data were calculated according to Cachet et al. [70] using the following formula

mi= RRFPred
i mMO

Ai

AMO
(1)

where mi is the mass of the compound i to be quantified, expressed in mg per 1 kg
of plant dry weight (DWP); RRFPred

i —predicted relative response factor of compound i
(calculated from the molecular formulae of the component using a methyl octanoate as
internal standard), mMO—mass of methyl octanoate (internal standard, IS), Ai and AMO



Plants 2021, 10, 393 14 of 18

are the peak areas of the analyte and the IS, respectively, determined by the FID. Moreover,
relative percentage contents of identified components have been determined using the FID
data and indicated for both columns.

5. Conclusions

In summary, the present study reports the results of antistaphylococcal interactions
between EOs obtained from O. vulgare and T. vulgaris that were tested by broth volatilization
checkerboard assay. This combination of volatile oils exhibited additive effects against all 12
S. aureus strains in both liquid and vapor phases, whereas the best results in the liquid phase
were obtained against methicillin-resistant strain (SA 2). To the best of our knowledge,
this is the first report on interactions between O. vulgare and T. vulgaris EOs against S.
aureus in the gaseous phase. In addition, the results presented in the form of isobologram, a
graphical diagram enabling precise and intuitive judgment of the additive effect produced
by EOs combination, validates the accuracy of broth volatilization checkerboard method for
evaluation of the combinatory antimicrobial effect of EOs in the vapor phase. These results
can potentially serve as a base for further research focused on the development of various
pharmaceutical applications that are based on volatile microbials. However, since the MICs
values obtained in the gaseous phase are only indicative and the real concentrations of
evaporated EOs are lower, we believe that our results suggest a potential of thyme and
oregano combination for application in the inhalation therapy against respiratory infections
caused by S. aureus. However, further research focusing on in vivo evaluation will have to
be carried out in order to verify its potential practical use.

Author Contributions: Coordination and performance of antistaphylococcal activity testing and
its related data analysis, and manuscript drafting, M.N.; participation in investigation and data
analysis M.H.; coordination of the GC/MS analysis; K.U.; participation in manuscript preparation;
J.R.; conceptualization and coordination of the whole study and finalization of the manuscript. L.K.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a METROFOOD-CZ research infrastructure project (MEYS
Grant No: LM2018100), including access to its facilities and by the Czech University of Life Sciences
Prague (IGA.20205001 and IGA. 20205002).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Reddy, P.N.; Srirama, K.; Dirisala, V.R. An update on clinical burden, diagnostic tools, and therapeutic options of Staphylococcus

aureus. Infect. Dis. 2017, 10, 1–15. [CrossRef]
2. French, G.L. The continuing crisis in antibiotic resistance. Int. J. Antimicrob. Agents 2010, 36, S3–S7. [CrossRef]
3. Kluytmans, J.A.J.W.; Wertheim, H.F.L. Nasal carriage of Staphylococcus aureus and prevention of nosocomial infections. Infection

2005, 33, 3–8. [CrossRef] [PubMed]
4. Sakr, A.; Bregeon, F.; Mege, J.-L.; Rolain, J.-M.; Blin, O. Staphylococcus aureus nasal colonization: An update on mechanisms,

epidemiology, risk factors, and subsequent infections. Front. Microbiol. 2018, 9, 2419. [CrossRef]
5. Prince, A. Staphylococcus aureus infection in the respiratory tract. In Mucosal Immunology of Acute Bacterial Pneumonia;

Prince, A., Ed.; Springer: New York, NY, USA, 2013; pp. 239–258. [CrossRef]
6. MacLeod, D.L.; Velayudhan, J.; Kenney, T.F.; Therrien, J.H.; Sutherland, J.L.; Barker, L.M.; Baker, W.R. Fosfomycin enhances the

active transport of tobramycin in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 2012, 56, 1529–1538. [CrossRef] [PubMed]
7. Curxpharmaceuticals. Available online: http://curxpharma.com/fti.html (accessed on 13 September 2020).
8. McCaughey, G.; McKevitt, M.; Elborn, J.S.; Tunney, M.M. Antimicrobial activity of fosfomycin and tobramycin in combination

against cystic fibrosis pathogens under aerobic and anaerobic conditions. J. Cyst. Fibros. 2012, 11, 163–172. [CrossRef]
9. Ibrahim, M.; Verma, R.; Garcia-Contreras, L. Inhalation drug delivery devices: Technology update. Med. Devices 2015, 8, 131–139.

[CrossRef]

http://doi.org/10.1177/1179916117703999
http://doi.org/10.1016/S0924-8579(10)70003-0
http://doi.org/10.1007/s15010-005-4012-9
http://www.ncbi.nlm.nih.gov/pubmed/15750752
http://doi.org/10.3389/fmicb.2018.02419
http://doi.org/10.1007/978-1-4614-5326-0_10
http://doi.org/10.1128/AAC.05958-11
http://www.ncbi.nlm.nih.gov/pubmed/22232284
http://curxpharma.com/fti.html
http://doi.org/10.1016/j.jcf.2011.11.003
http://doi.org/10.2147/MDER.S48888


Plants 2021, 10, 393 15 of 18

10. Chouhan, S.; Sharma, K.; Guleria, S. Antimicrobial activity of some essential oils-present status and future perspectives. Medicines
2017, 4, 58. [CrossRef] [PubMed]

11. Hadacek, F. Secondary metabolites as plant traits: Current assessment and future perspectives. Crit. Rev. Plant Sci. 2002, 21,
273–322. [CrossRef]

12. Leigh-de Rapper, S.; van Vuuren, S.F. Odoriferous therapy: A review identifying essential oils against pathogens of the respiratory
tract. Chem. Biodivers. 2020, 17, e2000062. [CrossRef]

13. Houdkova, M.; Kokoska, L. Volatile antimicrobial agents and in vitro methods for evaluating their activity in the vapour phase:
A review. Planta Med. 2020, 86, 822–857. [CrossRef]

14. Netopilova, M.; Houdkova, M.; Rondevaldova, J.; Kmet, V.; Kokoska, L. Evaluation of in vitro growth-inhibitory effect of
carvacrol and thymol combination against Staphylococcus aureus in liquid and vapour phase using new broth volatilization
chequerboard method. Fitoterapia 2018, 129, 185–190. [CrossRef]

15. Netopilova, M.; Houdkova, M.; Urbanova, K.; Rondevaldova, J.; van Damme, P.; Kokoska, L. In vitro antimicrobial combinatory
effect of Cinnamomum cassia essential oil with 8-hydroxyquinoline against Staphylococcus aureus in liquid and vapour phase. J.
Appl. Microbiol. 2020, 129, 906–915. [CrossRef]

16. Modnicki, D.; Balcerek, M. Estimation of total polyphenols contents in Ocimum basilicum L., Origanum vulgare L. and Thymus
vulgaris L. commercial samples. Herba Pol. 2009, 55, 35–42.

17. Murillo-Amador, B.; Nieto-Garibay, A.; Lopez-Aguilar, R.; Troyo-Dieguez, E.; Rueda-Puente, E.O.; Flores-Hernandez, A.; Ruiz-
Espinosa, F.H. Physiological, morphometric characteristics and yield of Origanum vulgare L. and Thymus vulgaris L. exposed to
open-field and shade-enclosure. Ind. Crop. Prod. 2013, 49, 659–667. [CrossRef]

18. Teixeira, B.; Marques, A.; Ramos, C.; Serrano, C.; Matos, O.; Neng, N.R.; Nogueira, J.M.; Saraiva, J.A.; Nunes, M.L. Chemical
composition and bioactivity of different oregano (Origanum vulgare) extracts and essential oil. J. Sci. Food Agric. 2013, 93,
2707–2714. [CrossRef] [PubMed]

19. Javed, H.; Erum, S.; Tabassum, S.; Ameen, F. An overview on medicinal importance of Thymus vulgaris. Asian J. Sci. Res. 2013, 3,
974–982.

20. Faleiro, M.L.; Miguel, M.G.; Ladeiro, F.; Venancio, F.; Tavares, R.; Brito, J.C.; Figueiredo, A.C.; Barroso, J.G.; Pedro, L.G.
Antimicrobial activity of essential oils isolated from Portuguese endemic species of Thymus. Lett. Appl. Microbiol. 2003, 36, 35–40.
[CrossRef]

21. Kokoska, L.; Kloucek, P.; Leuner, O.; Novy, P. Plant-derived products as antibacterial and antifungal agents in human health care.
Curr. Med. Chem. 2019, 26, 5501–5541. [CrossRef]

22. Santoro, G.F.; das Gracas, M.C.; Guimaraes, L.G.L.; Salgado, A.P.; Menna-Barreto, R.F.; Soares, M.J. Effect of oregano (Origanum
vulgare L.) and thyme (Thymus vulgaris L.) essential oils on Trypanosoma cruzi (Protozoa: Kinetoplastida) growth and ultrastructure.
Parasitol. Res. 2007, 100, 783–790. [CrossRef]

23. Kacaniova, M.; Vukovic, N.; Hleba, L.; Bobkova, A.; Pavelkova, A.; Rovna, K.; Arpasova, H. Antimicrobial and antiradicals
activity of Origanum vulgare L. and Thymus vulgaris essential oils. J. Microbiol. Biotechnol. Food Sci. 2012, 2, 263–271.

24. Fournomiti, M.; Kimbaris, A.; Mantzourani, I.; Plessas, S.; Theodoridou, I.; Papaemmanouil, V.; Kapsiotis, I.; Panopoulou, M.;
Stavropoulou, E.; Bezirtzoglou, E.E.; et al. Antimicrobial activity of essential oils of cultivated oregano (Origanum vulgare),
sage (Salvia officinalis), and thyme (Thymus vulgaris) against clinical isolates of Escherichia coli, Klebsiella oxytoca, and Klebsiella
pneumoniae. Microb. Ecol. Health Dis. 2015, 26, 23289. [CrossRef]

25. De Martino, L.; De Feo, V.; Formisano, C.; Mignola, E.; Senatore, F. Chemical composition and antimicrobial activity of the
essential oils from three chemotypes of Origanum vulgare L. ssp. hirtum (Link) Ietswaart growing wild in Campania (Southern
Italy). Molecules 2009, 14, 2735–2746. [CrossRef] [PubMed]

26. Schmidt, E.; Wanner, J.; Hiiferl, M.; Jirovetz, L.; Buchbauer, G.; Gochev, V.; Girova, T.; Stoyanova, A.; Geissler, M. Chemical
composition, olfactory analysis and antibacterial activity of Thymus vulgaris chemotypes geraniol, 4-thujanol/terpinen-4-ol,
thymol and linalool cultivated in southern France. Nat. Prod. Commun. 2012, 7, 1095–1098. [CrossRef] [PubMed]

27. Jafri, H.; Ahmad, I. Thymus vulgaris essential oil and thymol inhibit biofilms and interact synergistically with antifungal drugs
against drug resistant strains of Candida albicans and Candida tropicalis. J. Mycol. Med. 2020, 30, 100911. [CrossRef]

28. Ozkalp, B.; Sevgi, F.; Ozcan, M.; Ozcan, M.M. The antibacterial activity of essential oil of oregano (Origanum vulgare L.). J. Food
Agric. Environ. 2010, 8, 272–274.

29. de Carvalho, R.J.; de Souza, G.T.; Honorio, V.G.; de Sousa, J.P.; da Conceicao, M.L.; Maganani, M.; de Souza, E.L. Comparative
inhibitory effects of Thymus vulgaris L. essential oil against Staphylococcus aureus, Listeria monocytogenes and mesophilic starter
co-culture in cheese-mimicking models. Food Microbiol. 2015, 52, 59–65. [CrossRef] [PubMed]

30. Boskovic, M.; Zdravkovic, N.; Ivanovic, J.; Janjic, J.; Djordjevic, J.; Starcevic, M.; Baltic, M.Z. Antimicrobial activity of thyme
(Thymus vulgaris) and oregano (Origanum vulgare) essential oils against some food-borne microorganisms. Procedia Food Sci. 2015,
5, 18–21. [CrossRef]

31. Al-Bayati, F.A. Synergistic antibacterial activity between Thymus vulgaris and Pimpinella anisum essential oils and methanol
extracts. J. Ethnopharmacol. 2008, 116, 403–406. [CrossRef]

32. Honorio, V.G.; Bezerra, J.; Souza, G.T.; Carvalho, R.J.; Gomes-Neto, N.J.; Figueiredo, R.C.; Melo, J.V.; Souza, E.L.; Magnani, M.
Inhibition of Staphylococcus aureus cocktail using the synergies of oregano and rosemary essential oils or carvacrol and 1,8-cineole.
Front Microbiol. 2015, 6, 1223. [CrossRef] [PubMed]

http://doi.org/10.3390/medicines4030058
http://www.ncbi.nlm.nih.gov/pubmed/28930272
http://doi.org/10.1080/0735-260291044269
http://doi.org/10.1002/cbdv.202000062
http://doi.org/10.1055/a-1158-4529
http://doi.org/10.1016/j.fitote.2018.07.002
http://doi.org/10.1111/jam.14683
http://doi.org/10.1016/j.indcrop.2013.06.017
http://doi.org/10.1002/jsfa.6089
http://www.ncbi.nlm.nih.gov/pubmed/23553824
http://doi.org/10.1046/j.1472-765X.2003.01259.x
http://doi.org/10.2174/0929867325666180831144344
http://doi.org/10.1007/s00436-006-0326-5
http://doi.org/10.3402/mehd.v26.23289
http://doi.org/10.3390/molecules14082735
http://www.ncbi.nlm.nih.gov/pubmed/19701120
http://doi.org/10.1177/1934578X1200700833
http://www.ncbi.nlm.nih.gov/pubmed/22978238
http://doi.org/10.1016/j.mycmed.2019.100911
http://doi.org/10.1016/j.fm.2015.07.003
http://www.ncbi.nlm.nih.gov/pubmed/26338117
http://doi.org/10.1016/j.profoo.2015.09.005
http://doi.org/10.1016/j.jep.2007.12.003
http://doi.org/10.3389/fmicb.2015.01223
http://www.ncbi.nlm.nih.gov/pubmed/26579115


Plants 2021, 10, 393 16 of 18

33. van Vuuren, S.F.; Suliman, S.; Viljoen, A.M. The antimicrobial activity of four commercial essential oils in combination with
conventional antimicrobials. Lett. Appl. Microbiol. 2009, 48, 440–446. [CrossRef]

34. Stojkovic, D.; Glamoclija, J.; Ciric, A.; Nikolic, M.; Ristic, M.; Siljegovic, J.; Sokovic, M. Investigation on antibacterial synergism of
Origanum vulgare and Thymus vulgaris essential oils. Arch. Biol. Sci. 2013, 65, 639–643. [CrossRef]

35. Gavaric, N.; Mozina, S.S.; Kladar, N.; Bozin, B. Chemical profile, antioxidant and antibacterial activity of thyme and oregano
essential oils, thymol and carvacrol and their possible synergism. J. Essent. Oil Bear. 2015, 18, 1013–1021. [CrossRef]

36. Lopez, P.; Sanchez, C.; Batlle, R.; Nerin, C. Vapor-phase activities of cinnamon, thyme, and oregano essential oils and key
constituents against foodborne microorganisms. J. Agric. Food Chem. 2007, 55, 4348–4356. [CrossRef]

37. Nedorostova, L.; Kloucek, P.; Kokoska, L.; Stolcova, M.; Pulkrabek, J. Antimicrobial properties of selected essential oils in vapour
phase against foodborne bacteria. Food Control 2009, 20, 157–160. [CrossRef]

38. Adams, R.P. Identification of Essential Oil Components by Gas Chromatography/Spectrometry, 4th ed.; Allured Publishing Corporation:
Carol Stream, IL, USA, 2007.

39. Nebie, R.H.C.; Yameogo, R.T.; Belanger, A.; Sib, F.S. Composition chimique des huiles essentielles d’Ageratum conyzoides du
Burkina Faso. Comptes Rendus Chim. 2004, 7, 1019–1022. [CrossRef]

40. Lopes, D.; Strobl, H.; Kolodziejczyk, P. 14-Methylpentadecano-15-lactone (Muscolide): A new macrocyclic lactone from the oil of
Angelica archangelica L. Chem. Biodivers. 2004, 1, 1880–1887. [CrossRef]

41. Umano, K.; Shibamoto, T. Analysis of headspace volatiles from overheated beef fat. J. Agric. Food Chem. 1987, 35, 14–18. [CrossRef]
42. Avato, P.; Raffo, F.; Aldouri, N.A.; Vartanian, S.T. Essential oils of Varthemia iphionoides from Jordan. Flavour Fragr. J. 2004, 19,

559–561. [CrossRef]
43. Lee, S.-J.; Umano, K.; Shibamoto, T.; Lee, K.-G. Identification of volatile components in basil (Ocimum basilicum L.) and thyme

leaves (Thymus vulgaris L.) and their antioxidant properties. Food Chem. 2005, 91, 131–137. [CrossRef]
44. Kaya, A.; Baser, K.H.C.; Demirci, B.; Koca, F. The essential oil of Acinos alpinus (L.) Moench growing in Turkey. Flavour Fragr. J.

1999, 14, 55–59. [CrossRef]
45. Ngassoum, M.B.; Yonkeu, S.; Jirovetz, L.; Buchbauer, G.; Schmaus, G.; Hammerschmidt, F.-J.H. Chemical composition of essential

oils of Lantana camara leaves and flowers from Cameroon and Madagascar. Flavour Fragr. J. 1999, 14, 245–250. [CrossRef]
46. Stashenko, E.E.; Prada, N.Q.; Martinez, J.R. HRGC/FID/NP and HRGC/MSD study of Colombian Ylang-Ylang (Cananga odorata)

oils obtained by different extraction techniques. J. Res. Chromatogr. 1996, 19, 353–358. [CrossRef]
47. Bassole, I.H.N.; Ouattara, A.S.; Nebie, R.; Ouattara, C.A.T.; Kabore, Z.I.; Traore, S.A. Chemical composition and antibacterial

activities of the essential oils of Lippia chevalieri and Lippia multiflora from Burkina Faso. Phytochemistry 2003, 62, 209–212.
[CrossRef]

48. Tyagi, A.K.; Malik, A. Antimicrobial potential and chemical composition of Eucalyptus globulus oil in liquid and vapour phase
against food spoilage microorganisms. Food Chem. 2011, 1, 228–235. [CrossRef]

49. Tullio, V.; Nostro, A.; Mandras, N.; Dugo, P.; Banche, G.; Cannatelli, M.A.; Cuffini, A.M.; Alonzo, V.; Carlone, N.A. Antifungal
activity of essential oils against filamentous fungi determined by broth microdilution and vapour contact methods. J. Appl.
Microbiol. 2007, 102, 1544–1550. [CrossRef] [PubMed]

50. Inouye, S.; Abe, S.; Yamaguchi, H.; Asakura, M. Comparative study of antimicrobial and cytotoxic effects of selected essential oils
by gaseous and solution contacts. Int. J. Aromather. 2003, 13, 33–41. [CrossRef]

51. Laird, K.; Phillips, C. Vapour phase: A potential future use for essential oils as antimicrobials? Lett. Appl. Microbiol. 2012, 54,
169–174. [CrossRef] [PubMed]

52. Kot, B.; Wierzchowska, K.; Piechota, M.; Czerniewicz, P.; Chrzanowski, G. Antimicrobial activity of five essential oils from
Lamiaceae against multidrug-resistant Staphylococcus aureus. Nat. Prod. Res. 2019, 33, 3587–3591. [CrossRef] [PubMed]

53. European Committee for Antimicrobial Susceptibility Testing (EUCAST). Terminology relating to methods for the determination
of susceptibility of bacteria to antimicrobial agents. Clin. Microbiol. Infect. 2000, 6, 503–508. [CrossRef]

54. Gutierrez, J.; Barry-Ryan, C.; Bourke, P. Antimicrobial activity of plant essential oils using food model media: Efficacy, synergistic
potential and interactions with food components. Food Microbiol. 2009, 26, 142–150. [CrossRef]

55. de Souza, E.L.; de Barros, J.C.; da Conceicao, M.L.; Neto, N.J.; da Costa, A.C. Combined application of Origanum vulgare l.
essential oil and acetic acid for controlling the growth of Staphylococcus aureus in foods. Braz. J. Microbiol. 2009, 40, 387–393.
[CrossRef]

56. Kloucek, P.; Smid, J.; Frankova, A.; Kokoska, L.; Valterova, I.; Pavela, R. Fast screening method for assessment of antimicrobial
activity of essential oils in vapor phase. Food Res. Int. 2012, 47, 161–165. [CrossRef]

57. Reyes-Jurado, F.; Cervantes-Rincon, T.; Bach, H.; Lopez-Malo, A.; Palou, E. Antimicrobial activity of Mexican oregano (Lippia
berlandieri), thyme (Thymus vulgaris), and mustard (Brassica nigra) essential oils in gaseous phase. Ind. Crops Prod. 2009, 131, 90–95.
[CrossRef]

58. Cho, Y.; Kim, H.; Beuchat, L.R.; Ryu, J.-H. Synergistic activities of gaseous oregano and thyme thymol essential oils against Listeria
monocytogenes on surfaces of a laboratory medium and radish sprouts. Food Microbiol. 2020, 86, 103357. [CrossRef] [PubMed]

59. Leyva-Lopez, N.; Gutierrez-Grijalva, E.P.; Vazquez-Olivo, G.; Heredia, J.B. Essential oils of oregano: Biological activity beyond
their antimicrobial properties. Molecules 2017, 22, 989. [CrossRef]

60. Scalas, D.; Mandras, N.; Roana, J.; Tardugno, R.; Cuffini, A.M.; Ghisetti, V.; Benvenuti, S.; Tullio, V. Use of Pinus sylvestris L.
(Pinaceae), Origanum vulgare L. (Lamiaceae), and Thymus vulgaris L. (Lamiaceae) essential oils and their main components to

http://doi.org/10.1111/j.1472-765X.2008.02548.x
http://doi.org/10.2298/ABS1302639S
http://doi.org/10.1080/0972060X.2014.971069
http://doi.org/10.1021/jf063295u
http://doi.org/10.1016/j.foodcont.2008.03.007
http://doi.org/10.1016/j.crci.2003.12.027
http://doi.org/10.1002/cbdv.200490144
http://doi.org/10.1021/jf00073a004
http://doi.org/10.1002/ffj.1351
http://doi.org/10.1016/j.foodchem.2004.05.056
http://doi.org/10.1002/(SICI)1099-1026(199901/02)14:1&lt;55::AID-FFJ784&gt;3.0.CO;2-Q
http://doi.org/10.1002/(SICI)1099-1026(199907/08)14:4&lt;245::AID-FFJ819&gt;3.0.CO;2-X
http://doi.org/10.1002/jhrc.1240190609
http://doi.org/10.1016/S0031-9422(02)00477-6
http://doi.org/10.1016/j.foodchem.2010.11.002
http://doi.org/10.1111/j.1365-2672.2006.03191.x
http://www.ncbi.nlm.nih.gov/pubmed/17578419
http://doi.org/10.1016/S0962-4562(03)00057-2
http://doi.org/10.1111/j.1472-765X.2011.03190.x
http://www.ncbi.nlm.nih.gov/pubmed/22133088
http://doi.org/10.1080/14786419.2018.1486314
http://www.ncbi.nlm.nih.gov/pubmed/29888957
http://doi.org/10.1046/j.1469-0691.2000.00149.x
http://doi.org/10.1016/j.fm.2008.10.008
http://doi.org/10.1590/S1517-83822009000200032
http://doi.org/10.1016/j.foodres.2011.04.044
http://doi.org/10.1016/j.indcrop.2019.01.036
http://doi.org/10.1016/j.fm.2019.103357
http://www.ncbi.nlm.nih.gov/pubmed/31703857
http://doi.org/10.3390/molecules22060989


Plants 2021, 10, 393 17 of 18

enhance itraconazole activity against azole susceptible/not-susceptible Cryptococcus neoformans strains. BMC Complement. Altern.
Med. 2018, 18, 143. [CrossRef] [PubMed]

61. Stoilova, I.; Bail, S.; Buchbauer, G.; Krastanov, A.; Stoyanova, A.; Schmidt, E.; Jirovetz, L. Chemical composition, olfactory
evaluation and antioxidant effects of an essential oil of Origanum vulgare L. from Bosnia. Nat. Prod. Commun. 2008, 3, 1043–1046.
[CrossRef]

62. Nikolic, M.; Glamoclija, J.; Ferreira, I.C.F.R.; Calhelha, R.C.; Fernandes, A.; Markovic, T.; Markovic, D.; Giweli, A.; Sokovic, M.
Chemical composition, antimicrobial, antioxidant and antitumor activity of Thymus serpyllum L., Thymus algeriensis Boiss and
Reut and Thymus vulgaris L. essential oils. Ind. Crops Prod. 2014, 52, 183–190. [CrossRef]

63. Grosso, C.; Figueiredo, A.C.; Burillo, J.; Mainar, A.M.; Urieta, J.S.; Barroso, J.G.; Coelho, J.A.; Palavra, A.M. Composition and
antioxidant activity of Thymus vulgaris volatiles: Comparison between supercritical fluid extraction and hydrodistillation. J. Sep.
Sci. 2010, 33, 2211–2218. [CrossRef]

64. Lukas, B.; Schmiderer, C.; Mitteregger, U.; Franz, C.; Novak, J. Essential oil compounds of Origanum vulgare L. (Lamiaceae) from
Corsica. Nat. Prod. Commun. 2008, 3, 1127–1131. [CrossRef]

65. Hudaib, M.; Speroni, E.; Di Pietra, A.M.; Cavrini, V. GC/MS evaluation of thyme (Thymus vulgaris L.) oil composition and
variations during the vegetative cycle. J. Pharmaceut. Biomed. Anal. 2002, 29, 691–700. [CrossRef]

66. Baser, K.H.C.; Buchbauer, G. Handbook of Essential Oils: Science, Technology, and Applications, 1st ed.; CRC Press: Boca Raton, FL,
USA, 2010.

67. Figueiredo, A.C.; Barroso, J.G.; Pedro, L.G.; Scheffer, J.J.C. Factors affecting secondary metabolite production in plants: Volatile
components and essential oils. Flavour Fragr. J. 2008, 23, 213–226. [CrossRef]

68. Anderson, T.; Parnell, K. Comparison of Cold-Pressed Orange Oil Profiles by GC/MS Using Polar and Non-Polar GC Columns; Report
number: TN-2060; Phenomex: Torrance, CA, USA, 2015. [CrossRef]

69. Fan, S.; Chang, J.; Zong, Y.; Hu, G.; Jia, J. GC-MS Analysis of the composition of the essential oil from Dendranthema indicum var.
aromaticum using three extraction methods and two columns. Molecules 2018, 23, 576. [CrossRef]

70. Cachet, T.; Brevard, H.; Chaintreau, A.; Demyttenaere, J.; French, L.; Gassenmeier, K.; Joulain, D.; Koenig, T.; Leijs, H.;
Liddle, P.; et al. IOFI recommended practice for the use of predicted relative-response factors for the rapid quantification of
volatile flavouring compounds by GC-FID. Flavour Fragr. J. 2016, 31, 191–194. [CrossRef]

71. Tissot, E.; Rochat, S.; Debonneville, C.; Chaintreau, A. Rapid GC-FID quantification technique without authentic samples using
predicted response factors. Flavour Fragr. J. 2012, 27, 290–296. [CrossRef]

72. Raquena, R.; Vargas, M.; Chiralt, A. Study of the potential synergistic antibacterial activity of essential oil components using the
thiazolyl blue tetrazolium bromide (MTT) assay. LWT 2019, 101, 183–190. [CrossRef]

73. Hyldgaard, M.; Mygind, T.; Meyer, R.L. Essential oils in food preservation: Mode of action, synergies, and interactions with food
matrix components. Front. Microbiol. 2012, 3, 12. [CrossRef]

74. Ultee, A.; Slump, R.A.; Steging, G.; Smid, E.J. Antimicrobial activity of carvacrol toward Bacillus cereus on rice. J. Food Prot. 2000,
63, 620–624. [CrossRef] [PubMed]

75. Delgado, B.; Fernandez, P.S.; Palop, A.; Periago, P.M. Effect of thymol and cymene on Bacillus cereus vegetative cells evaluated
through the use of frequency distributions. Food Microbiol. 2004, 21, 327–334. [CrossRef]

76. Lambert, R.J.W.; Skandamis, P.N.; Coote, P.J.; Nychas, G.-J.E. A study of the minimum inhibitory concentration and mode of
action of oregano essential oil, thymol and carvacrol. J. Appl. Microbiol. 2001, 91, 453–462. [CrossRef] [PubMed]

77. Burt, S.A.; Vlielander, R.; Haagsman, H.P.; Veldhuizen, E.J. Increase in activity of essential oil components carvacrol and thymol
against Escherichia coli O157:H7 by addition of food stabilizers. J. Food Prot. 2005, 68, 919–926. [CrossRef] [PubMed]

78. Burt, S. Essential oils: Their antibacterial properties and potential applications in foods-a review. Int. J. Food Microbiol. 2004, 94,
223–253. [CrossRef]

79. Kuttan, R.; Liju, V.B. Safety evaluation of essential oils. In Essential oils in Food Processing: Chemistry, Safety and Applications, 1st ed.;
Hashemi, S.M.B., Khaneghah, A.M., de Sant’Ana, A.S., Eds.; John Wiley & Sons: West Sussex, UK, 2017; pp. 339–358. [CrossRef]

80. US Food and Drug Administration (FDA): CFR-Code of Federal Regulations Title 21. Available online: https://www.accessdata.
fda.gov/ (accessed on 15 October 2020).

81. Vostinaru, O.; Heghes, S.C.; Filip, L. Safety profile of essential oils. In Essential Oils-Bioactive Compounds, New Perspectives and
Applications, 1st ed.; de Oliveira, M.S., Ed.; IntechOpen: London, UK, 2020; pp. 1–13. [CrossRef]

82. Heisterberg, M.V.; Menne, T.; Johansen, J.D. Contact allergy to the 26 specific fragrance ingredients to be declared on cosmetic
products in accordance with the EU cosmetics directive. Contact Derm. 2011, 65, 266–275. [CrossRef] [PubMed]

83. ECHA. European Chemicals Agency. Available online: https://echa.europa.eu/ (accessed on 15 October 2020).
84. Xie, K.; Tashkin, D.P.; Luo, M.Z.; Zhang, J.Y. Chronic toxicity of inhaled thymol in lungs and respiratory tracts in mouse model.

Pharmacol. Res. Perspect. 2019, 7, e00516. [CrossRef] [PubMed]
85. EPA. RED Facts: Thymol. EPA-738-F-93–011; Office of Prevention, Pesticides, and Toxic Substances, United States Environmental

Protection Agency. Available online: https://archive.epa.gov/pesticides/reregistration/web/pdf/3143fact.pdf (accessed on 15
October 2020).

86. Suntres, Z.E.; Coccimiglio, J.; Alipour, M. The bioactivity and toxicological actions of carvacrol. Crit. Rev. Food Sci. Nutr. 2015, 55,
304–318. [CrossRef]

87. EMA. European Medicines Agency. Available online: https://www.ema.europa.eu/ (accessed on 19 October 2020).

http://doi.org/10.1186/s12906-018-2219-4
http://www.ncbi.nlm.nih.gov/pubmed/29724221
http://doi.org/10.1177/1934578X0800300702
http://doi.org/10.1016/j.indcrop.2013.10.006
http://doi.org/10.1002/jssc.201000192
http://doi.org/10.1177/1934578X0800300717
http://doi.org/10.1016/S0731-7085(02)00119-X
http://doi.org/10.1002/ffj.1875
http://doi.org/10.13140/RG.2.2.25843.53286
http://doi.org/10.3390/molecules23030576
http://doi.org/10.1002/ffj.3311
http://doi.org/10.1002/ffj.3098
http://doi.org/10.1016/j.lwt.2018.10.093
http://doi.org/10.3389/fmicb.2012.00012
http://doi.org/10.4315/0362-028X-63.5.620
http://www.ncbi.nlm.nih.gov/pubmed/10826719
http://doi.org/10.1016/S0740-0020(03)00075-3
http://doi.org/10.1046/j.1365-2672.2001.01428.x
http://www.ncbi.nlm.nih.gov/pubmed/11556910
http://doi.org/10.4315/0362-028X-68.5.919
http://www.ncbi.nlm.nih.gov/pubmed/15895722
http://doi.org/10.1016/j.ijfoodmicro.2004.03.022
http://doi.org/10.1002/9781119149392.ch12
https://www.accessdata.fda.gov/
https://www.accessdata.fda.gov/
http://doi.org/10.5772/intechopen.91363
http://doi.org/10.1111/j.1600-0536.2011.01962.x
http://www.ncbi.nlm.nih.gov/pubmed/21943251
https://echa.europa.eu/
http://doi.org/10.1002/prp2.516
http://www.ncbi.nlm.nih.gov/pubmed/31467680
https://archive.epa.gov/pesticides/reregistration/web/pdf/3143fact.pdf
http://doi.org/10.1080/10408398.2011.653458
https://www.ema.europa.eu/


Plants 2021, 10, 393 18 of 18

88. AOAC International. Official Methods of Analysis, Official Method 925.10; Association of Official Analytical Chemists: Gaithersburg,
MD, USA, 2012.

89. European Pharmacopoeia. Published in Accordance with the Convention on the Elaboration of a European Pharmacopoeia, 7th ed.;
European Treaty Series No. 50; Council of Europe: Strasbourg, France, 2013.

90. Rondevaldova, J.; Hummelova, J.; Tauchen, J.; Kokoska, L. In vitro antistaphylococcal synergistic effect of isoflavone metabolite
demethyltexasin with amoxicillin and oxacillin. Microb. Drug Resist. 2018, 24, 24–29. [CrossRef] [PubMed]

91. NIST WebBook Chemie. NIST Standard Reference Database Number 69. 2020. Available online: http://webbook.nist.gov/
chemistry/ (accessed on 5 October 2020).

http://doi.org/10.1089/mdr.2017.0033
http://www.ncbi.nlm.nih.gov/pubmed/28570834
http://webbook.nist.gov/chemistry/
http://webbook.nist.gov/chemistry/

	Introduction 
	Results 
	Antimicrobial Analysis 
	Gas Chromatography/Mass Spectrometry (GC/MS) Analysis 

	Discussion 
	Materials and Methods 
	Chemicals 
	Plant Material and Preparation of Essential Oils 
	Bacterial Strains and Culture Media 
	Antimicrobial Assay 
	GC/MS Analysis 

	Conclusions 
	References

