
Citation: Piasecki, B.; Balázs, V.L.;

Kieltyka-Dadasiewicz, A.; Szabó, P.;

Kocsis, B.; Horváth, G.; Ludwiczuk,

A. Microbiological Studies on the

Influence of Essential Oils from

Several Origanum Species on

Respiratory Pathogens. Molecules

2023, 28, 3044. https://doi.org/

10.3390/molecules28073044

Academic Editors: William Setzer

and Riccardo Petrelli

Received: 20 February 2023

Revised: 27 March 2023

Accepted: 27 March 2023

Published: 29 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Microbiological Studies on the Influence of Essential Oils from
Several Origanum Species on Respiratory Pathogens
Bartłomiej Piasecki 1,*,† , Viktória L. Balázs 2,† , Anna Kieltyka-Dadasiewicz 3 , Péter Szabó 4, Béla Kocsis 5,
Györgyi Horváth 2,‡ and Agnieszka Ludwiczuk 1,‡

1 Department of Pharmacognosy with the Medicinal Plant Garden, Medical University of Lublin,
20-093 Lublin, Poland

2 Department of Pharmacognosy, Faculty of Pharmacy, University of Pécs, 7624 Pécs, Hungary
3 Department of Plant Production Technology and Commodity, University of Life Sciences in Lublin,

20-950 Lublin, Poland
4 Institute of Geography and Earth Sciences, Faculty of Sciences, University of Pécs, 7624 Pécs, Hungary
5 Department of Medical Microbiology and Immunology, Medical School, University of Pécs,

7624 Pécs, Hungary
* Correspondence: bartlomiejpiasecki@gmail.com
† These authors contributed equally to this work.
‡ These authors also contributed equally to this work.

Abstract: Essential oils (EOs) with established and well-known activities against human pathogens
might become new therapeutics in multidrug-resistant bacterial infections, including respiratory
tract infections. The aim of this study was to evaluate the antimicrobial activity of EOs obtained
from several samples of Origanum vulgare, O. syriacum, and O. majorana cultivated in Poland. EOs
were analyzed by GC-MS and tested against four bacterial strains: Staphylococcus aureus (MRSA),
Haemophilus influenzae, Haemophilus parainfluenzae, and Pseudomonas aeruginosa. Chemical analyses
showed that the Eos were characterized by a high diversity in composition. Based on the chemical
data, four chemotypes of Origanum EOs were confirmed. These were carvacrol, terpineol/sabinene
hydrate, caryophyllene oxide, and thymol chemotypes. Thin-layer chromatography-bioautography
confirmed the presence of biologically active antibacterial components in all tested EOs. The highest
number of active spots were found among EOs with cis-sabinene hydrate as the major compound. On
the other hand, the largest spots of inhibition were characteristic to EOs of the carvacrol chemotype.
Minimal inhibitory concentrations (MICs) were evaluated for the most active EOs: O. vulgare ‘Hirtum’,
O. vulgare ‘Margarita’, O. vulgare ‘Hot & Spicy’, O. majorana, and O. syriacum (I) and (II); it was shown
that both Haemophilus strains were the most sensitive with an MIC value of 0.15 mg/mL for all EOs.
O. majorana EO was also the most active in the MIC assay and had the highest inhibitory rate in the
anti-biofilm assay against all strains. The most characteristic components present in this EO were the
trans-sabinene hydrate and terpinen-4-ol. The strain with the least sensitivity was the MRSA with
an MIC of 0.6 mg/mL for all EOs except for O. majorana, where the MIC value reached 0.3 mg/mL.
Scanning electron microscopy performed on the Haemophilus influenzae and Haemophilus parainfluenzae
biofilms showed a visible decrease in the appearance of bacterial clusters under the influence of O.
majorana EO.

Keywords: oregano; essential oil; GC-MS; biofilm inhibition; MRSA; Haemophilus; Pseudomonas

1. Introduction

An alarming need for new therapeutics that are active against multidrug-resistant
bacterial strains has prompted researchers to study plants and herbs that are rich in essen-
tial oils (EOs), many of which have established and well-known activity against human
pathogens. According to the National Library of Medicine, the number of publications con-
taining the phrase “essential oils” is growing every year, reaching more than 2500 annually
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for the past 2 years. Among the most common herbs containing essential oils are aromatic
plants classified in genus Origanum. This genus is within the Lamiaceae family and consists
of 67 species according to the World Flora Online [1], but that number varies depending
on different sources. Species create many subspecies and hybrids and the highest natural
prevalence of these occur in the Mediterranean region where they have been used since
antiquity as herbal medicines, condiments, and fragrance ingredients. Although volatile
compounds, which can be obtained in the form of the essential oil, are the most abundant
and desirable compounds found in Origanum, the phytochemistry of this genus is far more
complex, and, in addition to volatiles, a wide range of phenolic compounds, e.g., phenolic
acids and flavonoids, are also present [2]. The rich chemical composition of oregano deter-
mines its various pharmacological activities. In folk medicine oregano is mainly used to
treat respiratory disorders and dyspepsia. Among other biological activities, antidiabetic,
antiproliferative, vasoprotective, anti-inflammatory, antibacterial, and antiviral properties
are worth mentioning [2–7]. The diverse biological activities of the plant were primarily
found to be due to Origanum essential oil constituents. The composition of EOs varies
considerably depending on the species and collection place, but also by the method and
conditions of essential oil distillation. It is well known that within oregano, different chemo-
types can be defined on the basis of a single prominent compound or group of compounds.
For example, there are carvacrol, caryophyllene oxide, γ-terpinene, trans-sabinene hydrate,
and thymol, among others [8–10].

The antibacterial activity of oregano is extensively described in the literature showing
a wide range of microorganisms that are sensitive to either EOs or their single compounds,
mainly carvacrol and thymol [11,12]. It has also been reported that EOs containing aldehy-
des or phenols, such as cinnamaldehyde, neral, geranial, carvacrol, or thymol as the major
components, show high antibacterial activity [13–15]. Some studies have demonstrated
that whole EOs usually have higher antibacterial activity than a mixture of their major com-
ponents, suggesting that the minor components are critical in synergistic activity [13,16].

The ability of pathogenic strains to create biofilms is widely regarded as one of the most
important problems and hurdles in current medical practice and effective anti-infective
therapy. Infections caused by these microorganisms are harder to eradicate and the cost of
the treatment is increased. In biofilms, the cells have up to 1000 times greater resistance to
the antimicrobial agents [17,18]. However, there is evidence of the significant inhibition of
bacterial strains creating biofilm by EOs. Therefore, EOs could be an essential component
in the fight against antibiotic resistance due to their efficient anti-biofilm activities [19–24].

The aim of this study was to link up the antibacterial and anti-biofilm properties of
Origanum EOs with their chemical compositions. Among the oregano EOs examined in
this work, the antimicrobial properties, chemical compositions, and antioxidant activities
of O. vulgare, O. vulgare ‘Hirtum’, O. vulgare ‘Variegata’, O. vulgare ‘Hot & Spicy’, O.
syriacum, and O. majorana have been studied by other researchers [25–30]. To the best of the
authors’ knowledge, the antimicrobial properties of O. vulgare ‘Margarita’ and O. vulgare
‘Aureum’ were examined here for the first time. This research gives a unique insight into
the chemotype-dependent bioactivity of up to nine EOs of plants representing the same
genus against popular human pathogens known for problematic treatments.

2. Results
2.1. Gas Chromatography-Mass Spectrometry (GC-MS)

GC-MS analyses showed remarkable differences in the composition of the investigated
EOs, and these results are presented in Table 1.



Molecules 2023, 28, 3044 3 of 15

Table 1. The chemical composition—relative amounts [%] of examined oregano essential oils;
RIex—Retention index on ZB-5MS column, RIlit—Retention index from the literature (Mass-
Finder, NIST).

RIex RIlit Compound 1 * 2 3 4 5 6 7 8 9

925 932 α-Thujene - - - 0.1 - - 0.2 - 0.6
933 936 α-Pinene - - 0.3 0.6 - - 0.2 - 0.5
973 973 Sabinene - - - - - - 0.7 0.2 -
978 978 β-Pinene - - - - - - 0.1 - 0.1
982 962 1-Octen-3-ol 0.7 0.7 0.4 0.2 - 0.2 1.8 1.8 0.3
984 969 3-Octanone - 0.2 0.1 - - - 0.2 - -
988 987 Myrcene - - 0.9 1.3 - 0.4 0.3 - 1.7
998 981 3-Octanol 0.2 - - - - 0.2 0.2 - 0.4

1007 1002 α-Phellandrene - - - 0.1 - - - - 0.2
1018 1013 α-Terpinene - - 0.5 0.9 0.1 0.4 0.4 - 1.9
1026 1015 p-Cymene 1.8 1.1 5.8 5.6 0.1 3.8 8.2 4.1 7.0
1030 1024 Limonene - - 0.2 0.2 - - 0.3 0.1 0.3
1033 1025 1,8-Cineole 0.1 0.2 0.5 - - - 0.4 0.2 0.2
1036 1029 (Z)-β-Ocimene - - 0.2 - - - 0.3 - -
1046 1041 (E)-β-Ocimene - - 0.1 - - - - - -
1060 1051 γ-Terpinene - - 2.1 2.7 0.2 1.3 0.2 - 8.9
1074 1065 cis-Sabinene hydrate 4.5 1.0 0.6 0.5 6.4 0.6 3.9 2.6 0.9
1087 1082 α-Terpinolene - - - 0.1 - - - - 0.1
1101 1086 Linalool 0.3 0.3 0.2 - 3.4 - 0.2 1.8 0.8
1105 1098 trans-Sabinene hydrate 1.5 0.9 0.5 0.3 37.1 0.6 26.4 28.0 1.2
1129 1108 cis-p-Menth-2-en-1-ol 0.2 - - - 1.7 - 0.8 1.6 -
1148 1116 trans-p-Menth-2-en-1-ol 0.1 - - - 0.7 - 0.4 0.1 -
1152 1123 Camphor - 0.2 - - - - 0.2 0.2 -
1162 1132 Sabina ketone 0.3 - - - - - 0.2 0.9 -
1179 1150 endo-Borneol - 0.4 0.2 0.1 - 0.1 0.7 0.1 0.1
1183 1156 Neomenthol 0.3 - - - - - - 0.2 -
1186 1164 Terpinen-4-ol 2.8 0.7 0.7 0.7 19.8 0.7 9.7 4.4 0.5
1193 1169 p-Cymen-8-ol 0.2 - - - 0.2 - 0.3 0.5 -
1201 1176 α-Terpineol 0.6 0.4 0.4 0.3 5.9 0.3 1.1 1.8 0.2
1215 1193 trans-Piperitol - - - - 0.4 - 0.2 0.3 -
1230 1215 Thymol methyl ether 0.1 - - - - - - 0.1 -
1240 1221 Carvacrol methyl ether 0.2 1.8 0.8 0.4 - - 3.8 0.3 -
1248 1239 Linalyl acetate - - - - 4.5 - - - 0.2
1249 1242 Carvone 0.7 0.1 - - - - 0.3 0.3 -
1287 1270 Bornyl acetate - 0.1 - - - - 0.2 0.2 -
1297 1289 Terpinen-4-yl acetate - - - - 0.8 - - - -
1301 1290 Thymol 0.8 0.3 0.4 0.4 - 0.6 - 5.7 46.9
1313 1300 Carvacrol 22.1 57.6 71.5 81.3 8.0 86.4 26.5 15.3 25.3
1356 1342 Neryl acetate - - - - 0.3 - - - -
1367 1354 Carvacryl acetate - 0.2 0.3 0.3 - 0.3 - - -
1375 1362 Geranyl acetate - - - - 0.6 - - - -
1382 1379 α-Copaene 0.1 - 0.1 - - - - 0.3 -
1391 1386 β-Bourbonene 1.8 0.2 0.2 - - - 1.1 0.9 -
1394 1389 β-Elemene 0.2 - - - - - 0.2 0.1 -
1429 1420 (E)-β-Caryophyllene 0.6 - 1.2 1.5 1.2 2.0 - 0.6 0.9
1438 1430 β-Copaene 0.2 0.1 - - - - 0.1 0.1 -
1448 1443 Aromandendrene - 0.2 - - - - - - -
1466 1455 α-Humulene 0.2 - 0.2 - - - - - -
1470 1462 allo-Aromadendrene 0.7 - - - - - - 0.8 -
1499 1494 Valencene - 0.1 0.1 - - - - - -
1505 1496 α-Muurolene 0.2 0.3 0.3 - - - - 0.4 0.2
1511 1503 β-Bisabolene 0.4 1.9 0.6 0.2 - - 0.5 0.2 -
1522 1507 γ-Cadinene 0.5 0.5 0.2 0.1 - - - 0.2 -
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Table 1. Cont.

RIex RIlit Compound 1 * 2 3 4 5 6 7 8 9

1525 1520 δ-Cadinene - 0.7 0.5 0.3 - - - 0.5 -
1591 1572 Spathulenol 11.7 1.5 0.9 0.1 1.3 5.6 1.6 -
1596 1580 Caryophyllene oxide 15.2 6.8 1.9 0.4 1.3 0.6 0.6 4.9 -
1606 1592 Viridiflorol 0.4 - - - - - 0.1 0.2 -
1625 1602 Humulene epoxide II 3.1 1.0 0.2 0.3 - - - 0.7 -
1669 1643 α-Cadinol 2.3 0.3 0.2 - - - 0.4 2.1 -
1964 1951 Hexadecanoic acid 1.3 - - - - - - 0.2 -
2095 2096 Heneicosane 0.8 8.2 - - - - - - -

* Essential oils obtained from: 1—Origanum vulgare, 2—Origanum vulgare ‘Hirtum’, 3—Origanum vulgare ‘Mar-
garita’, 4—Origanum vulgare ‘Hot & Spicy’, 5—Origanum majorana, 6—Origanum syriacum (I), 7—Origanum
vulgare ‘Variegata’, 8—Origanum vulgare ‘Aureum’, 9—Origanum syriacum (II).

The data presented in Table 1 show that the most characteristic component of the
examined essential oils was carvacrol. This compound was the most abundant in four
among nine examined EOs. These were oils obtained from the aerial parts of O. vulgare
cultivars ‘Hirtum’ (2), ‘Margarita’ (3), and ‘Hot & Spicy’ (4), as well as from O. syriacum,
denoted as (I) (6). The relative percentage of carvacrol in these EOs was between 58 and
86%. All of these essential oils were classified within the carvacrol chemotype.

Essential oil (1) was hydrodistilled from O. vulgare and showed the presence of car-
vacrol as well as considerable amounts of sesquiterpenoids, including caryophyllene oxide
and spathulenol. The relative amount of these two components was almost 27% and was
higher than the carvacrol content (22%). This finding is in agreement with the previous
data published by Baj and coworkers [8] and indicates that this essential oil belongs to the
caryophyllene oxide chemotype.

The major component present in EOs obtained from O. majorana (5) and O. vulgare
cultivars ‘Variegata’ (7) and ‘Aureum’ (8) was the trans-sabinene hydrate. The relative
percentage of this compound in O. majorana EO was 37%, while in both cultivars of O.
vulgare this was below 30%. As in the case of other oregano EOs, the presence of carvacrol
was also confirmed in these samples. The lowest amount of carvacrol was detected in the
O. majorana EO (8%), while the amount of carvacrol in the EO from O. vulgare ‘Variegata’
was almost equal to the trans-sabinene hydrate. The literature data indicated that trans-
sabinene hydrate can be partly rearranged to form terpinen-4-ol [31]. The amount of this
monoterpene alcohol in the mentioned EOs was relatively higher in comparison to the other
essential oils. Another terpinene-type alcohol that was characteristic for these three EOs was
α-terpineol. EOs 5, 7, and 8 were classified in the terpineol/sabinene hydrate chemotype.

The essential oil hydrodistilled from the aerial parts of O. syriacum (II) (9) was found
to produce thymol and carvacrol as the major components. The relative percentage of both
constituents was over 72%, but the dominant compound was thymol (47%). Other charac-
teristic monoterpenoids identified in this EO were γ-terpinene and p-cymene. Because of
the high content of thymol, EO (9) was classified in the thymol chemotype.

GC-MS analysis of the chemical composition of Origanum essential oils showed that
they can be divided into four chemotypes:

1. carvacrol: EO 2, 3, 4, 6
2. caryophyllene oxide: EO 1
3. terpineol/sabinene hydrate: EO 5, 7, 8
4. thymol: EO 9

2.2. Thin-Layer Chromatography-Direct Bioautography (TLC-DB)

The antibacterial effects of nine oregano essential oils were investigated using the TLC-
bioautographic method. EOs after TLC separation were tested against four bacterial strains:
Staphylococcus aureus (MRSA), Haemophilus influenzae, H. parainfluenzae, and Pseudomonas
aeruginosa. The results are shown in Figure 1.



Molecules 2023, 28, 3044 5 of 15

Molecules 2023, 27, x FOR PEER REVIEW 5 of 15 
 

 

2.2. Thin-Layer Chromatography-Direct Bioautography (TLC-DB) 
The antibacterial effects of nine oregano essential oils were investigated using the 

TLC-bioautographic method. EOs after TLC separation were tested against four bacterial 
strains: Staphylococcus aureus (MRSA), Haemophilus influenzae, H. parainfluenzae, and Pseu-
domonas aeruginosa. The results are shown in Figure 1.  

 
Figure 1. Results of thin-layer chromatography—Direct bioautography; 1 to 9—EOs’ code numbers
(see Table 1), (A)—TLC plate photographed under UV light λ = 254 nm, (B)—H. influenzae, (C)—H.
parainfluenzae, (D)—MRSA, (E)—P. aeruginosa, Rf—Retardation factor, VR—Vanillin reagent, Car—
carvacrol reference, O.v H&S—O. vulgare ‘Hot & Spicy’ EO, Fr H&S—Fraction of O. vulgare EO with
carvacrol. Adsorbent, silica gel 60 F254. Solvent, toluene–ethyl acetate, 95 + 5 (v/v).

Data presented in Figure 1A confirmed the results obtained by GC-MS that carvacrol
is the monoterpene present in all Origanum EOs. Since carvacrol and thymol are a pair of
isomers, they could be identified on the TLC plate as a single zone at Rf = 0.51. For EO 9, in
which both compounds were detected, thymol was the major component, and the shape of
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the zone at Rf = 0.51 was different in comparison to the other EOs, indicating the presence
of thymol.

Figure 1B-E shows the antibacterial activity of the examined EOs against four bacterial
strains. This activity was related to the most abundant component-carvacrol, but the effect
of the minor components should also be taken into consideration. The plates treated with
both Haemophilus strains (Figure 1B,C) showed the highest number of single inhibition
zones. The zone at Rf = 0.51 corresponding to carvacrol also showed an antibacterial
effect against methicillin-resistant S. aureus (Figure 1D). A few more active zones were
also apparent on the TLC plates of the EOs classified in the terpineol/sabinene hydrate
chemotype (EO 5, 7, 8), indicating that some more polar components were active against
MRSA. The weakest activity was observed for P. aeruginosa (Figure 1E).

Further studies (minimum inhibitory concentration (MIC) assay and anti-biofilm
assay) were conducted using essential oils that were obtained in sufficient quantities. These
were EOs from the carvacrol chemotype: O. vulgare ‘Hirtum’ (2), O. vulgare ‘Margarita’
(3), O. vulgare ‘Hot & Spicy’ (4), and O. syriacum (I) (6); the terpineol/sabinene hydrate
chemotype: O. majorana (5); and the thymol chemotype: O. syriacum (II) (9).

2.3. Minimum Inhibitory Concentration Assay

As mentioned, the minimum inhibitory concentration assay was performed for EOs
2, 3, 4, 5, 6 and 9. The MIC values against Haemophilus influenzae, H. parainfluenzae, Pseu-
domonas aeruginosa, and Staphylococcus aureus (MRSA) were determined using the broth
microdilution assay in the concentration range of 0.0781–5 mg/mL. The data are presented
in Table 2.

Table 2. Minimum inhibitory concentrations (MICs) of examined oregano essential oils.

Sample Name
Minimum Inhibitory Concentrations (mg/mL)

H. influenzae H. parainfluenzae P. aeruginosa MRSA

O. vulgare “Hirtum” (2) 0.15 0.15 0.3 0.6
O. vulgare “Margarita” (3) 0.15 0.15 0.3 0.6

O. vulgare “Hot & Spicy” (4) 0.15 0.15 0.3 0.6
O. majorana (5) 0.15 0.15 0.15 0.3

O. syriacum (I) (6) 0.15 0.15 0.3 0.6
O. syriacum (II) (9) 0.15 0.15 0.3 0.6

The results showed that the most active essential oils obtained from the aerial parts
of Origanum majorana (6) were classified within the terpineol/sabinene hydrate chemo-
type. Compared to the other EOs, this oil showed coherently higher activity against all
bacterial strains.

All examined EOs showed the same activity against H. influenzae and H. parainfluenzae
strains with MICs of 0.15 mg/mL. Therefore, these two strains were the most susceptible.
S. aureus (MRSA) was the most “resistant” to all EOs and the MIC values were 0.6 mg/mL
for the EOs belonging to the carvacrol and thymol chemotypes, except for the O. majorana
EO (MIC = 0.3 mg/mL). The MIC values of EOs against P. aeruginosa were 0.3 mg/mL and
only O. majorana EO exhibited any inhibitory effect against P. aeruginosa at 0.15 mg/mL.

2.4. Anti-Biofilm Assay

The EOs described in Section 2.3 were also subjected to an anti-biofilm assay and the
results are presented in Figure 2.



Molecules 2023, 28, 3044 7 of 15

Molecules 2023, 27, x FOR PEER REVIEW 7 of 15 
 

 

mg/mL and only O. majorana EO exhibited any inhibitory effect against P. aeruginosa at 
0.15 mg/mL.  

2.4. Anti-Biofilm Assay 
The EOs described in Section 2.3 were also subjected to an anti-biofilm assay and the 

results are presented in Figure 2.  

 
Figure 2. Inhibitory rates of essential oils in the biofilm assay. O. vulgare “Hirtum” (2), O. vulgare 
“Margarita” (3), O. vulgare “Hot & Spicy” (4), O. majorana (5), O. syriacum (I) (6), O. syriacum (II) (9); 
(A): H. influenzae, (B): H. parainfluenzae, (C): P. aeruginosa, (D): MRSA; Inhibitory rate = (1 – S/C) × 
100%, where C and S were defined as the average absorbance of control and sample groups, respec-
tively. 

The inhibitory rate of all EOs for H. influenzae and H. parainfluenzae was higher than 
that for P. aeruginosa or methicillin-resistant S. aureus, and the difference was approxi-
mately 10%. O. majorana EO (5) showed the strongest inhibition among the tested oregano 
Eos. In the case of the Haemophilus strains, O. majorana EO produced the highest inhibitory 
rates (82.2% and 84.4%). The second most effective oil against all of the tested bacteria was 
O. vulgare “Hirtum”. 

2.5. Scanning Electron Microscopy 
Scanning electron microscopy (SEM) was used to investigate the structural changes 

of biofilms after the EO treatment. Only the most effective EO obtained from O. majorana 
(5) was included in this experiment and the results are presented in Figure 3.  

Figure 2. Inhibitory rates of essential oils in the biofilm assay. O. vulgare “Hirtum” (2), O. vulgare “Mar-
garita” (3), O. vulgare “Hot & Spicy” (4), O. majorana (5), O. syriacum (I) (6), O. syriacum (II) (9); (A): H.
influenzae, (B): H. parainfluenzae, (C): P. aeruginosa, (D): MRSA; Inhibitory rate = (1–S/C) × 100%,
where C and S were defined as the average absorbance of control and sample groups, respectively.

The inhibitory rate of all EOs for H. influenzae and H. parainfluenzae was higher than
that for P. aeruginosa or methicillin-resistant S. aureus, and the difference was approximately
10%. O. majorana EO (5) showed the strongest inhibition among the tested oregano Eos. In
the case of the Haemophilus strains, O. majorana EO produced the highest inhibitory rates
(82.2% and 84.4%). The second most effective oil against all of the tested bacteria was O.
vulgare “Hirtum”.

2.5. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to investigate the structural changes of
biofilms after the EO treatment. Only the most effective EO obtained from O. majorana (5)
was included in this experiment and the results are presented in Figure 3.

Every untreated strain developed a biofilm, and these are shown in Figure 3A (H.
influenzae), Figure 3C (H. parainfluenzae), Figure 3E (MRSA), and Figure 3G (P. aeruginosa).
Following EO treatment, each bacterial strain was unable to form the meshed biofilm struc-
ture and the bacteria remained discrete (Figure 3B,D,F,H). The built-up three-dimensional
structure of the biofilm can be observed in the control samples (Figure 3A,C,E,G), but in
case of the treated samples, no mature biofilm formed. In the case of the Haemophilus strains,
it was observed that the adhesion of the bacterial cells took place, but the process of biofilm
formation could not start. For the MRSA strain, separate planktonic cells were detected.
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P. aeruginosa was the most resistant bacterium during the anti-biofilm assay, and the SEM
photographs also supports this result. In case of this strain, it was observed that the cell
network of the biofilm began to form after 4 h. The embeddedness of bacterial cells in the
alginate mucus can be seen in the picture. However, the mature biofilm did not form due
to the treatment with EO.
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Figure 3. Scanning electron microscopy photographs of examined strains, control samples: (A)—H.
influenzae, (C)—H. parainfluenzae, (E)—MRSA, (G)—P. aeruginosa. Samples treated with EO of O.
majorana (5): (B)—H. influenzae, (D)—H. parainfluenzae, (F)—MRSA, (H)—P. aeruginosa
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3. Discussion

There are many different interpretations as to how pathogenic bacteria become sensi-
tive to EOs and, therefore, their antibacterial activity is still not fully understood. Some
papers suggest that this mechanism depends on the varied composition of EOs, while
others focus on the activity of the major compounds alone. Among the properties that are
supposed to enhance the susceptibility of pathogens to EOs, an increased fluidity of the cell
membrane, a perturbed metabolism, and their ability to limit cell division are mentioned.
In general, the antimicrobial activity of EOs is probably a resultant of all mentioned mech-
anisms [32–35]. The research of Zouhir et al. and Uzair et al. showed the need to study
mixtures of different EOs or EOs in combination with antibiotics or other active components
as the mixtures often exhibit synergistic bactericidal effects [36–38]. Due to the rich chemi-
cal composition of most EOs, there is very little chance for pathogenic bacteria to acquire
resistance against them, although different strains exhibit various susceptibilities [36,39,40].

Three out of four strains in this study (Haemophilus spp. and P. aeruginosa) are Gram-
negative bacteria, known for their increased resistance to antibiotics [41,42]. There is
evidence of significant activity of EOs against these bacteria in the literature, which support
the results of this work, where the two most sensitive strains were H. influenzae and H.
parainfluenzae [43–47]. Huang et al. proved that Artemisia asiatica EO was active against
H. influenzae with an MIC of 1.9 mg/mL, and SEM photographs showed changes in the
bacterial cells. The major components were found to be oxygenated: piperitone, (Z)-
davanone, and 1,8-cineole. In this study, the Gram-positive MRSA showed the strongest
lack of susceptibility in the MIC assay, while other research indicated that this strain
is sensitive to many EOs and the carvacrol chemotype was mentioned as significantly
active [12,27,30,48]. On the other hand, in the TLC-DB assay of this work, MRSA had the
largest inhibition zones at Rf = 0.51, identified as carvacrol.

The antimicrobial activity of Origanum spp. EOs is widely described in the literature.
Researchers examined the sensitivity of pathogenic strains such as S. epidermidis, E. coli, S.
aureus, S. mutans, Pseudomonas aeruginosa, Proteus vulgaris, Citrobacter koseri, and Klebsiella
pneumoniae [49–52]. Kozics et al. showed that the EO of O. vulgare of the carvacrol chemo-
type was one of the most active of the examined EOs and surprisingly significantly more
active compared to cefuroxime against P. aeruginosa. Shamseddine et al. examined the EO
of O. syriacum of the carvacrol chemotype and found significant inhibitory effects on S.
aureus and Streptococcus mutans and that this oil could have utility in the field of dentistry.
Taleb et al. studied the bactericidal effect of the thymol EO chemotype of O. vulgare and
concluded that it was the most active against acne strains: S. epidermidis and P. acne. These
results were in agreement with the high activity of carvacrol chemotype EOs examined in
this work.

The ability to create a biofilm is not only a feature of pathogenic strains but in case of
their virulence, it makes them significantly less sensitive to antibiotics. Quorum sensing
is a phenomenon of chemical communication between bacterial cells consisting of the
synthesis and secretion of signal molecules which participate in the regulation of various
physiological processes [17]. Substances that are able to disturb this signaling can enhance
the susceptibility of biofilm-producing strains to antibiotics and such anti-quorum sensing
activity is called quorum quenching [19,20,53]. Kalia et al. gave an evidence of such
activity of cinnamon EO against P. aeruginosa, where both the ability to create a biofilm
and extracellular secretion were inhibited [54]. Sharifi et al. examined the anti-biofilm
and anti-quorum sensing activity of Thymus daenensis and Satureja hortensis EOs against
Staphylococcus aureus isolates and concluded that disruption of the biofilm formation was
observed at sub-MIC concentrations and that one of the most abundant major compounds
of the EOs was carvacrol [55]. In our study, after cis-sabinene hydrate and terpinen-4-
ol, carvacrol was the third most-abundant compound identified in the O. majorana EO
examined in the anti-biofilm assay, and its activity could not be readily associated with
the activity of the whole EO. Nevertheless, the composition of this particular EO suggests
that anti-biofilm activity might depend on a mixture of major compounds. The SEM
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photographs presented here show visible effects on the biofilm inhibition by O. majorana
EO against all strains. This confirmed the validity of research that combined the major
compounds of the EOs into more active mixtures. Ramos et al. investigated the chemical
composition and antibacterial activity of the Origanum majorana EO and showed that trans-
sabinene hydrate and terpinen-4-ol were the main compounds, which is in agreement with
the results presented here [56]. Several studies support the fact that EOs are proven to be
more effective compared to the activity of the major components because synergism can
be observed so the minor components present in the EO strengthen the effect of the main
compound [57–59].

The novelty of the results presented in this work focus on comparing the activity of
the cis-sabinene hydrate chemotype with the well-described properties of the carvacrol
chemotype. The EO of O. majorana showed the highest activity in the MIC and anti-
biofilm assays, which indicated that this chemotype represents an interesting direction for
further investigation.

Interestingly, all of the nine examined O. vulgare cultivars could not be included into
one chemotype. O. vulgare ‘Variegata’ and O. vulgare ‘Aureum’ showed the highest share
of trans-sabinene hydrate despite having high amounts of carvacrol and, therefore, were
included in a different chemotype than carvacrol. Baj et al. [9] examined the chemical com-
position of Origanum spp. EOs, where O. vulgare ‘Hot & Spicy’ and O. vulgare ‘Hirtum’ were
identified as the carvacrol chemotype and O. vulgare ‘Aureum’ as the sabinene chemotype,
which is in agreement with the results in this work. However, the composition of the two
examined EOs of O. vulgare and the one EO of O. majorana in the Baj and coworkers [9] assay
were different compared to the results presented here. These data suggest that, despite
cultivating the same cultivars, multiple factors can affect the final chemical composition
of EOs.

4. Materials and Methods
4.1. Essential Oils

Essential oils were obtained from 9 different Origanum species and cultivars: Origanum
vulgare (1), O. vulgare ‘Hirtum’ (2), O. vulgare ‘Margarita’ (3), O. vulgare ‘Hot & Spicy’ (4),
O. majorana (5), O. syriacum (I) (6), O. vulgare ‘Variegata’ (7), O. vulgare ‘Aureum’ (8), and
O. syriacum (II) (9). Oreganos were cultivated in the garden of the Research and Science
Innovation Center in Wola Zadybska near Lublin (Poland 51◦44′49′′ N 21◦50′38′′ E). The
aerial parts were collected in June 2018, and authentication was performed by A. Kiełtyka-
Dadasiewcicz. Voucher specimens were deposited in the Research and Science Innovation
Center. The essential oils of air-dried plant materials were obtained by hydro-distillation
for 2 h in a Deryng-type apparatus. The oils were stored in tightly sealed 1.5 mL amber
vials at 4 ◦C prior to analysis.

4.2. Gas Chromatography-Mass Spectrometry

A Shimadzu GC-2010 Plus instrument coupled to a Shimadzu QP2010 Ultra mass spec-
trometer (Shim-pol, Warsaw, Poland) was used for GC-MS analyses. The chromatograph
was equipped with a fused-silica capillary column ZB-5 MS (30 m, 0.25 mm i.d.) with a film
thickness of 0.25 mm (Phenomenex, Torrance, CA, USA). The oven temperature program
was started at 50 ◦C, held for 3 min, then increased at the rate of 8–250 ◦C/min, and held
for a further 2 min. The MS was operated in EI mode; the scan range was 40–500 amu, the
ionization energy was 70 eV, and the scan rate was 0.20 s per scan. The injector (250 ◦C),
interface (250 ◦C), and ion source (220 ◦C) temperatures were set. Split injection was per-
formed with a split ratio of 1:20. Helium was the carrier gas at a 1.0 mL/min flow rate. Each
of the 9 EOs samples were prepared by diluting 2 µL of EO in 1 mL of hexane. An internal
standard was added to each sample. Three parallel measurements were done. The relative
percentages of each component present in the EOs were calculated. The retention indices
were determined in relation to a homologous series of n-alkanes (C8–C24) under the same
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operating conditions. The compounds were identified with computer-assisted spectral
libraries (MassFinder 2.1 Hamburg, Germany; NIST 2011, Gaithersburg, MD, USA).

4.3. Cultivation of Bacterial Strains

The antibacterial effects of all investigated EOs were examined on Haemophilus spp., (H.
influenzae DSM 4690; H. parainfluenzae DSM 8978), Pseudomonas aeruginosa ATCC 27853 and
methicillin-resistant Staphylococcus aureus (MRSA, ATCC 700698). For the microbiological
assays, Haemophilus spp. bacterial cultures were grown as follows: 100 mL of brain heart
infusion (BHI) broth (Sigma Aldrich Ltd., Darmstadt, Germany) with 1 mL of supplement
B (Diagon Kft., Budapest, Hungary) and 15 µg/mL of NAD solution. P. aeruginosa an
MRSA were grown with 100 mL of BHI in a shaker incubator (C25 Incubator Shaker, New
Brunswick Scientific, Edison, NJ, USA) at 37 ◦C and at a speed of 60 rpm for 12 h [60].

4.4. Thin-Layer Chromatography-Direct Bioautography (TLC-DB) Assay

For the TLC-DB assay, each EO was diluted with ethanol (1:5 v/v), and then 1 µL
of each sample was applied onto a silica gel plate (Merck, silica gel 60 with fluorescent
indicator F254) as a single spot. The plates were eluted in a standing chromatographic
chamber with an eluent composed of toluene and ethyl acetate (95:5 v/v). Each plate was
photographed under UV light λ = 254 nm and then DB was performed. The DB plate was
first dipped in a chamber filled with examined bacterial suspension (4 × 107 CFU/mL)
for a couple of seconds. Then, it was gently dried and left for 10 min of incubation at
37 ◦C in a high humidity chamber. After that, the plate was dipped for a couple of seconds
in 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) aqueous solution
(0.071 g/100 mL) and then dried and left in the same conditions as described above, but for
an incubation period of 24 h. Places where the growth of the bacterial strain was inhibited
are called inhibition zones, and they are easily spotted due to their lack of color change in
contrast to the purple color of the areas with uninhibited growth.

Each inhibition zone from each DB plate was related to a corresponding retardation
factor (Rf) on the plate photographed under UV light. The DB plates (bioautograms) were
photographed after the incubation period. In order to identify the inhibition zones at
Rf = 0.51, carvacrol reference, O. vulgare ‘Hot & Spicy’ EO, and carvacrol fraction of O.
vulgare ‘Hot & Spicy’ EO were developed in the same conditions as described for the DB
plates. Three parallel TLC-DB measurements were made.

4.5. Minimum Inhibitory Concentrations and Anti-Biofilm Assay

In order to dissolve the EOs in BHI, 1% Tween 40 (Sigma Aldrich Kft., Budapest,
Hungary) was used as an emulsifier for preparing the stock solution of samples. Upon
further examination, the emulsified Tween 40 did not show any inhibitory effect as the
control [24]. The MIC values were determined with the broth microdilution test and 96-well
microtiter plates were used. From each bacterial solution of concentration 105 cfu/mL,
100 µL was added to the wells. The stock solutions of the EOs were at a concentration of
5 mg/mL. Each stock solution was prepared in BHI using 1% Tween 40 as the emulsifier
and a serial two-fold dilution was made up to 0.0781 mg/mL. The incubation time was
24 h at 37 ◦C. The absorbance was measured at 600 nm with a plate reader (BMG Labtech,
SPECTROstar Nano, Budapest, Hungary). The negative control was the Tween 40 solution,
and the positive control was the untreated bacterial suspension. An average of the six
replicates was calculated and then the mean of the negative control was subtracted from
the value obtained. An absorbance lower than 10% of the positive control samples, i.e.,
growth inhibition of 90% or more, was considered as the MIC value.

The bacterial biofilms were prepared in 96-well microtiter plate as follows: 200 µL of
the bacterial culture (108 cfu/mL) was added into each well and then incubated for 4 h at
37 ◦C. The non-adherent cells were washed with physiological saline solution. The EOs
were used at MIC/2 concentrations and incubated for 24 h at 37 ◦C. Adherent cells were
fixed with methanol for 15 min and the biofilms were dyed with 0.1% crystal violet solution
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for 20 min, after which the redundant dye was removed. Acetic acid 33% (w/w) was added
to each well. The absorbance was measured at 595 nm with a microtiter plate reader (BMG
Labtech SPECTROstar Nano, Budapest, Hungary). All tests were carried out repeatedly
8 times [61]. The anti-biofilm formation activity was calculated and demonstrated in terms
of the inhibitory rate according to the equation:

Inhibitory rate = (1 − S/C) × 100%

where C and S were defined as the average absorbance of the control and sample groups,
respectively [62].

4.6. Scanning Electron Microscopy

For this investigation, the EO sample of O. majorana was chosen as the most effective
sample from the MIC assay, as show in Section 2.3. For biofilm formation, 5 mL of the
BHI culture (108 cfu/mL) of P. aeruginosa, MRSA, H. influenzae, and H. parainfluenzae
were added into a sterilized bottle. The biofilms were created on sterile, degreased, glass
coverslips. In order for the biofilm formation to occur, the prepared coverslips were placed
in the bacterial suspension and then incubated (4 h at 37 ◦C). After the incubation period,
physiological saline solution was used to remove non-adherent cells. During the treatment,
O. majorana EO was used with a concentration of MIC/2 (5 mL), and then incubated for 24 h
at 37 ◦C degrees. When the incubation time was over, the solutions were removed from the
coverslips and washed with physiological saline. Next, the samples were prepared for SEM
images. In order to attach and fix the bacterial biofilms to the surface, 2.5% glutaraldehyde
was used (5 mL at room temperature for 2 h). The biofilms were then dehydrated using
an ascending alcohol series: 5 mL of wash with ethanol of increasing concentrations, 50,
70, 80, 90, 95, and 98%, was used at room temperature for 30 min of rinsing. The last
step of the dehydration process was rinsing with 5 mL of t-butyl-alcohol and absolute
ethanol solution in 1:2, 1:1, and 2:1 ratios. For each ratio, the dehydration lasted for 1 h
at room temperature and then was dehydrated with absolute t-butyl alcohol for 2 h at
room temperature. The samples were stored at 4 ◦C for 1 h and freeze-dried overnight.
The samples were coated with a gold membrane and observed with a JEOL JSM IT500-HR
scanning electron microscope (Jeol Ltd., Tokyo, Japan) [63].

5. Conclusions

The chemotypes of the carvacrol, caryophyllene oxide, terpineol/sabinene hydrate,
and thymol chemotypes were recognized among the Origanum EOs and all major and
minor compounds of these chemotypes were oxygenated, which may be of importance
for their antimicrobial activity. These results showed that oregano EOs with the carvacrol
chemotype were active against all of the four examined strains, although the most active
was Origanum majorana, classified in the terpineol/sabinene hydrate chemotype, with
trans-sabinene hydrate and 4-terpineol as the major monoterpenes. In the anti-biofilm assay,
the least susceptible strains were found to be methicillin-resistant S. aureus and P. aeruginosa.
The Haemophilus strains used in this study were the most sensitive to the EO treatment. The
cultivation of EO-rich plants can affect the chemical composition of final products which
are valuable and relatively safe therapeutics for the treatment of respiratory tract infections.
This work proves that essential oils obtained from Origanum cultivated in Poland with the
carvacrol or trans-sabinene hydrate as the main components possess an anti-biofilm effect
against the respiratory tract pathogens used in this study.
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