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Miroslava Kačániová
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Preface

Plant-derived volatile products (essential oils, volatile extracts and their constituents) are

commercially important as pharmaceuticals, agrochemicals, food flavours and fragrances. Because

of antimicrobial properties and high volatility, these products have strong potential to be used in

novel agricultural, food and pharmaceutical applications such as inhalation therapies and agents

used in active food packaging and controlled atmosphere storage of agricultural products. However,

lack of knowledge on chemistry and antimicrobial activity of their vapours is the main limiting factor

for their introduction to the practice. Therefore, the aim of the Special Issue is to present the recent

advances and developments in the area of antimicrobial activity of plant-derived volatile agents in

vapour phase. The papers provide information on various aspects of antibacterial/antifungal effects

and chemical properties of plant volatiles, with special emphasis on innovative bioassays and modern

sampling methods for testing and analysing their vapours.

Recent progress in the development of novel methods for testing of antimicrobial activity of

volatile agents in vapour phase and advances in the analysis of volatile substances in gaseous

state were the main reasons motivating me to edit this Special Issue. It includes 11 full research

papers addressing various aspect of antimicrobial activity and chemical composition of plant-derived

volatile agents such as development and validation of new methods for the assessment of essential

oils and their constituents, antibacterial and antifungal effects of volatiles in vapour phase against

human, food and plant pathogens (including their combinatory and anti-biofilm effects), and

innovative approaches in sampling and analysis of bioactive vapours.

This Special Issue should be useful for medicinal, pharmaceutical, food and agricultural experts

working in the areas related to the management of infectious diseases, food preservation, and

protection of agriculture products. It may also stimulate interest of pharmaceutical, food and

agriculture industries in research and development of new antibacterial and antifungal agents of

natural origin. The issue therefore appeals to communities of industrial stakeholders, pharmacists,

physicians, food experts, agriculturists and researchers in related areas such as pharmacology,

medicinal chemistry, microbiology, natural product chemistry, food preservation, plant protection,

etc.

Finally, I would like to thank all authors for publishing their research papers in this Special Issue.

A special thanks goes to the research teams from institutions contributing by two or more papers to

the issue. It has been a great pleasure collaborating with all the enthusiastic researchers around the

world working in the quickly developing field of antimicrobial plant-derived volatile agents.

Ladislav Kokoska

Editor
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Composition, Cytotoxicity, and Antibacterial Effect of Indian
Medicinal Plants against Pneumonia-Causing Pathogens
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Abstract: Essential oils (EOs) have great potential in inhalation therapy for the treatment of respiratory
infections. However, innovative methods for evaluation of antimicrobial activity of their vapors
are still needed. The current study reports validation of the broth macrodilution volatilization
method for assessment of the antibacterial properties of EOs and shows the growth-inhibitory
effect of Indian medicinal plants against pneumonia-causing bacteria in liquid and vapor phase.
Among all samples tested, Trachyspermum ammi EO exhibits the strongest antibacterial effect against
Haemophilus influenzae, with minimum inhibitory concentrations of 128 and 256 μg/mL in the liquid
and vapor phases, respectively. Furthermore, Cyperus scariosus EO is found to be nontoxic to normal
lung fibroblasts assessed by modified thiazolyl blue tetrazolium bromide assay. Chemical analysis
performed using gas chromatography–mass spectrometry identified α-citral, cyperotundone, and
thymol as the main constituents of Cymbopogon citratus, C. scariosus, and T. ammi EOs, respectively. In
addition, β-cymene is identified as the major compound of T. ammi EO vapors when analyzed using
solid-phase microextraction and gas-tight syringe sampling techniques. This study demonstrates
the validity of the broth macrodilution volatilization method for antimicrobial screening of volatile
compounds in the vapor phase and suggests the therapeutic potential of Indian medicinal plants in
inhalation therapy.

Keywords: antimicrobial activity; Cymbopogon citratus; Cyperus scariosus; GC/MS; headspace analysis;
macrodilution; MTT assay; respiratory infections; Trachyspermum ammi; vapor phase; volatiles

1. Introduction

Pneumonia is defined as acute infection of the lung parenchyma [1], typically caused
by bacterial species including gram-positive Staphylococcus aureus, Streptococcus pneumoniae,
Streptococcus pyogenes, and gram-negative Haemophilus influenzae [2]. It is a major health
problem associated with high morbidity and mortality, especially in developing countries,
where vulnerable populations such as children of <5 years of age and older adults with
prior chronic conditions are at great risk [3]. In the year 2020, India alone contributed
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23% of the global pneumonia burden with case fatality rates between 14 and 30% [4].
The general approach in the treatment of pneumonia includes the timely administration
of appropriate antibiotic therapy. Recently, nebulized antibiotics have become preferred
over intravenous and oral therapies, as they allow high pulmonary efficacy and minimal
systemic side effects [5]. Antibiotics currently marketed for inhalation treatment of chronic
Pseudomonas aeruginosa infections include tobramycin, colistin, and aztreonam. Although
both the U.S. Food and Drug Administration (FDA) and European Medicines Agency have
approved their use for cystic fibrosis, they have not been approved in other disease areas
because of a lack of supportive clinical trial evidence [6]. Moreover, other problems are
associated with the distribution and deposition of aerosol particles, whose size plays a
major role in efficient delivery. For example, larger particles preferably accumulate in the
oropharyngeal area, while smaller particles deposit in the lower airways, which alters drug
delivery, as small particles carry fewer active substances. In addition, patient-related factors
such as age, physical capability, disease severity, and the cognitive ability of the patient to
perform specific inhalation affect drug delivery [7].

Essential oils (EOs) can be promising sources for the development of new inhalation
preparations, as the physical property of being volatile at room temperature enables them
to freely distribute among the lung tissues [8]. Therefore, in contrast with nebulized antibi-
otics, EO vapors allow easy inhalation and uniform distribution of active substances in the
upper and lower parts of the respiratory tract [9]. Furthermore, due to their antimicrobial
and anti-inflammatory potency in the vapor phase, they offer effective treatment for various
respiratory infections. In the last few years, several inhalation devices using a combination
of different EOs have been developed and patented. For example, adhesive inhalation an-
tiviral patches (Axogen Inc., Alachua, FL, USA), which contain safe and effective amounts
of EOs obtained from plant species such as Cinnamomum verum J. Presl, Citrus limon (L.)
Osbeck, Gaultheria procumbens L., Matricaria recutita L., Mentha × piperita L., Salvia sclarea
L., Syzygium aromaticum (L.) Merr. & L.M. Perry, and Zingiber officinale Roscoe are usu-
ally placed near the nasal pathway with the application of an appropriate mask, which
prevents the entry of various respiratory-infection-causing pathogens [10]. In addition,
various herbal products based on EOs, e.g., GeloMyrtol (G. Pohl-Boskamp, Hohenlockstedt,
Germany) and Bronchipret (Bionorica, Neumarkt, Germany), are recommended for the
treatment of acute and chronic bronchitis [11]. EOs are very complex natural mixtures of
compounds that work in synergy to provide various medicinal properties. They are mainly
composed of aromatic and aliphatic compounds, hydrocarbon terpenes (isoprenes), and
terpenoids (terpene hydrocarbons such as phenols, alcohols, ketones, aldehydes, acids,
esters, and ethers) [12]. Especially the phenolic monoterpenoids, such as carvacrol and
thymol, have been reported to exhibit a strong antibacterial effect in the vapor phase against
pathogens that cause pneumonia [13]. The bioactivity of EOs depends greatly on their
chemical composition, which makes the chemical characterization of volatile components
an important work [14]. Nowadays, static headspace extraction, coupled with the gas
chromatography–mass spectrometry (S-HS-GC/MS) technique, is commonly used to in-
vestigate EO vapors. It is a simple, rapid, and solventless technique that requires a small
amount of sample and allows the analysis of highly volatile compounds [15]. Correspond-
ingly, several studies have explored the chemical composition of EO vapors with the aim to
find the most prominent volatile compounds responsible for antibacterial activity in the
vapor phase using S-HS-GC/MS. For example, a study conducted by Schweitzer et al. [16]
has explored the chemical composition of C. citratus EO vapors using solid-phase microex-
traction followed by GC/MS. Using this technique, citral, α-terpineol, γ-cadinene, and
calamenene have been found to be the major components of EO vapors that are attributed
to their antibacterial and antifungal activities. In another study, chemical investigation of
T. ammi EO has been conducted using headspace–solid phase microextraction (HS-SPME)
coupled with GC/MS, where γ-terpinene, p-cymene, and thymol were found to be major
compounds [17].
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In terms of plant diversity, 1500 species have been reported to have medicinal uses
in India [18], many of which have not been phytochemically and pharmacologically
explored [19]. Indian Ayurvedic medicine has a long tradition in the management of
various respiratory diseases using poly-herbal preparations and multicomponent thera-
peutics. Several pharmaceutical companies are manufacturing and marketing different
Ayurvedic formulations [20]. For example, Bresol-NS (Himalaya, Bengaluru, India), a
nasal spray with a combination of Coleus aromaticus Benth., Eucalyptus globulus Labill., and
Glycyrrhiza glabra L. extracts, helps relieve nasal congestion caused by upper respiratory
tract infections. Administration of drugs through the nasal route is an integral part of
Ayurvedic practices such as dhumpana (medicinal smoking), nasya (nasal administration
of therapeutic oil), and dhupanartha (herbal fumigation). In addition, ethnobotanical evi-
dence of using vapor-based medicines has been well-documented in northeast India. For
example, in Manipur, the people of the Meitei community use leaves of Phlogacanthus
thyrsiflorus Nees for steam inhalation in the treatment of pneumonia. Similarly, the stems
of Clerodendrum indicum (L.) Kuntze and Rotheca serrata (L.) Steane & Mabb. are inhaled
via smoke for treatment of acute bronchitis [21]. Among various plant species used in
Indian traditional medicine for the treatment of respiratory infections, Cymbopogon citratus
(DC.) Stapf and Trachyspermum ammi (L.) Sprague and certain species of genera Cyperus
(e.g., Cyperus rotundus L.) are common ingredients for vapor-based medicines [22–24]. In
correspondence with their traditional use, the antibacterial potential of EO vapors of the
above-mentioned species has been previously reported in several in vitro experiments. For
example, a study performed by Inouye et al. [25] assessed the growth-inhibitory effects of
C. citratus EO vapors against respiratory tract pathogens such as H. influenzae, S. aureus,
S. pneumoniae, and S. pyogenes using the airtight box disc volatilization method. In another
study, T. ammi EO vapors exhibited a growth-inhibitory effect against bovine respiratory
bacterial pathogens using an agar plug vapor-phase assay [26]. However, the antibacterial
potential of T. ammi and Cyperus scariosus R.Br. EO vapors against pneumonia-causing
bacteria has not been fully explored yet. Moreover, the methods used for examining the
antimicrobial effect of the above-mentioned EO vapors provided mainly qualitative results,
or in the case of quantitative methods, the results were expressed in different ways, e.g., as
a concentration of volatile agent per volume of air [25], and interpretation of results, includ-
ing minimum inhibitory concentration (MIC) values, was varying greatly [27]. Although
EOs and their compounds are usually considered as safe, and they are registered as gener-
ally recognized as safe (GRAS) products by the U.S. FDA, toxicological evaluations are still
necessary to know the risks associated with direct inhalation of EOs or their constituents
on lung tissues [28]. There are several studies describing the low cytotoxicity of C. citratus
EO when tested in vitro on human non-cancer fibroblasts [29]; however, there are no data
on toxicity of T. ammi and C. scariosus EOs to lung cells.

The current study reports an assessment of the antibacterial properties of selected EOs
from Indian medicinal plants, namely C. citratus, C. scariosus, and T. ammi, with the aim to
validate the newly developed broth macrodilution volatilization method for simultaneous
testing of EOs in liquid and vapor phase against the bacteria causing pneumonia. Addi-
tionally, their major chemical constituents responsible for growth-inhibitory effects were
identified using GC/MS, and the chemical profile of EO vapors was determined by a time
series of headspace analyses including both HS-SPME and headspace–gas-tight syringe
(HS-GTS) sampling techniques. Moreover, the cytotoxicity of EOs against normal lung
fibroblasts using a modified thiazolyl blue tetrazolium bromide (MTT) assay was evaluated
in this study.

2. Results

2.1. Antibacterial Activity and Cytotoxicity

The results showed that all EOs produced a certain level of in vitro growth-inhibitory
activity against the pneumonia-causing bacterial strains included in this study. The effec-
tiveness of EOs varied substantially in the MIC values ranging from 128 to 1024 μg/mL in

3
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the liquid phase and being equal or greater than 256 μg/mL in the vapor phase. Among all
samples tested, T. ammi EO was found to be the most active with respective MICs of 128
and 256 μg/mL in the liquid and vapor phases against H. influenzae, followed by C. citratus
EO with growth-inhibitory effect against H. influenzae with MIC 256 μg/mL in both phases.
The C. scariosus EO exhibited weak antibacterial effect with MIC 1024 μg/mL in the liquid
phase against all bacteria tested, while vapors of this EO were active against H. influenzae
(MIC 1024 μg/mL) only. In general, a higher activity was observed in the liquid than in
the vapor phase, and H. influenzae was the most susceptible bacterium to the EOs assayed.
Complete results on the antibacterial activity of Indian EOs against respiratory pathogens
in both liquid and vapor phases are shown in Table 1.

Table 1. In vitro growth-inhibitory effect of Indian essential oils in the liquid and vapor phases
against respiratory pathogens.

Sample Bacterium/Growth Medium/Minimum Inhibitory Concentration (μg/mL)

Essential Oil

Haemophilus
influenzae

Staphylococcus
aureus

Streptococcus
pneumoniae

Streptococcus
pyogenes x-MIC

Broth Agar Broth Agar Broth Agar Broth Agar

Cymbopogon citratus 256 256 512 1024 512 1024 512 1024 448
Cyperus scariosus. 1024 1024 1024 >1024 1024 >1024 1024 >1024 1024
Trachyspermum ammi 128 256 512 512 512 1024 512 1024 416
Positive antibiotic control 1 a n.d. 0.5 b n.d. 0.25 c n.d. 0.25 d n.d. -

x-MIC: mean value of minimal inhibitory concentrations in broth medium; positive antibiotic control: a ampicillin,
b oxacillin, c amoxicillin, d tetracycline; n.d.: not detected.

The results of a cytotoxicity assay showed that the values of half maximal inhibitory
concentration (IC50) varied substantially for all EOs tested. C. scariosus EO was evaluated
as nontoxic (IC50 > 258 μg/mL), whereas both C. citratus and T. ammi EOs were found
to be moderately toxic with respective IC50 values of 19.63 and 82.04 μg/mL. Similarly,
the highest 80% inhibitory concentration of proliferation (IC80) values were calculated for
C. scariosus (IC80 ≥ 258 μg/mL). According to the WHO [30], the EOs were classified as
nontoxic (C. scariosus) and moderately toxic (C. citratus and T. ammi). The therapeutic index
(TI) calculated for comparison of the antibacterial and cytotoxic effects indicates safety
of the C. scariosus EO (TI > 0.252). The detailed results of the cytotoxicity of EOs to lung
fibroblasts are shown in Table 2 with a graphical presentation in Figure 1.

Figure 1. Cytotoxic activity of eight twofold serially diluted concentrations (2–256 μg/mL) of
Cymbopogon citratus, Cyperus scariosus and Trachyspermum ammi EOs to lung fibroblast cells MRC-5
tested by MTT assay performed in microtiter plates sealed with vapor barrier EVA Capmat.

4
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Table 2. Cytotoxicity of Indian essential oils to the normal lung fibroblast cell line MRC-5.

Sample IC50 ± SD (μg/mL) IC80 ± SD (μg/mL) TI

Essential oil
Cymbopogon citratus 19.63 ± 1.02 29.54 ± 2.18 0.065
Cyperus scariosus >258 >258 >0.252
Trachyspermum ammi 82.04 ± 3.39 156.57 ± 13.88 0.376

Positive control
vinorelbine 0.54 ± 0.26 >10 n.a.

IC50: half maximal inhibitory concentration of proliferation in μg/mL; IC80: 80% inhibitory concentration of
proliferation in μg/mL; SD: standard deviation; TI: therapeutic index (TI = IC80/x-MIC); n.a.: not applicable.

2.2. Chemical Composition

Based on GC/MS analysis of EOs from C. citratus (aerial part), C. scariosus (rhizomes),
and T. ammi (seeds), a total of 17, 28, and 9 components were identified using HP-5MS
column, which represents 99.62, 91.48, and 99.47% of their total respective contents. Sim-
ilarly, using the DB-HeavyWAX column, 15, 36, and 13 components were determined,
which constituted 68.77, 77.17, and 84.26% of the EOs, respectively. In total, 21 compounds
were identified in the C. citratus EO, 40 compounds in C. scariosus EO, and 15 in T. ammi
EO. The analysis showed that in C. citratus and T. ammi EOs, monoterpene hydrocarbons
and oxygenated monoterpenoids were the predominated groups of chemicals, whereas
sesquiterpene hydrocarbons and oxygenated sesquiterpenoids were major classes of com-
pounds in C. scariosus EO. For both the columns, in C. citratus EO, α- and β-citral were
the most abundant compounds with peak areas of (HP-5MS = 48.9 and 35.8%) and (DB-
HeavyWAX = 24.3 and 33.2%), respectively. Caryophyllene oxide was the third abundant
compound in the EO (~3%). In the case of C. scariosus EO, cyperotundone was the major
component with peak areas of (29.1 and 28.9%), followed by caryophyllene oxide (19.8 and
17.54%) and cyperene with (9.9 and 8.5%), when measured using HP-5MS/DB-HeavyWAX
columns, respectively. Thymol was the most predominant substance reported for both the
columns with 51.2 and 45.8% in T. ammi EO, followed by β-cymene (22.6 and 17.1%) and
γ-terpinene (21.5 and 17.6%) for HP-5MS/DB-HeavyWAX columns, subsequently. The
complete chemical profiles of C. citratus, C. scariosus, and T. ammi EOs are provided in
Tables 3–5, respectively.

Table 3. Chemical composition of Cymbopogon citratus essential oil.

RI a

Compound Cl. b

Column

Content c (%) Identification f

Obs. Lit. HP-5MS DB-WAX HP-5MS DB-WAX

915 926 Tricyclene MH 0.26 ± 0.12 tr. d RI, MS, Std, MS
927 939 α-Pinene MH 0.20 ± 0.04 - e RI, MS, Std -
942 953 Camphene MH 2.42 ± 0.79 1.62 ± 0.34 RI, MS, Std MS
979 985 Sulcatone MO 0.35 ± 0.18 - RI, MS -
1023 1029 D-Limonene MH 0.23 ± 0.03 - RI, MS -
1029 1050 trans-β-Ocimene MH 0.31 ± 0.09 - RI, MS -
1039 1011 3-Carene MH 0.13 ± 0.02 - RI, MS, Std -
1063 1030 4-Nonanone MO 1.41 ± 0.38 1.55 ± 0.97 RI, MS MS
1098 1098 Linalool MO 0.46 ± 0.24 0.31 ± 0.07 RI, MS, Std MS
1178 1184.7 Isogeranial MO 0.70 ± 0.01 0.55 ± 0.05 RI, MS MS
1190 1189 α-Terpineol MO 0.39 ± 0.03 - RI, MS -
1238 1240 β-Citral MO 35.8 ± 0.61 24.3 ± 8.82 RI, MS, Std MS
1268 1270 α-Citral MO 48.9 ± 0.55 33.2 ± 11.2 RI, MS, Std MS
1376 1381 Geranyl acetate MO 2.02 ± 0.20 tr. RI, MS MS
1412 1418 Caryophyllene SH 0.45 ± 0.31 0.75 ± 0.05 RI, MS MS
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Table 3. Cont.

RI a

Compound Cl. b

Column

Content c (%) Identification f

Obs. Lit. HP-5MS DB-WAX HP-5MS DB-WAX

1510 1513 γ-Cadinene SH 1.19 ± 0.33 1.20 ± 0.23 RI, MS MS
g 1797 Geraniol MO - 0.77 ± 0.07 - MS

1582 1581 Caryophyllene oxide SH 3.0 ± 1.34 2.88 ± 1.40 RI, MS, Std MS
g 1430 α-Cyclocitral MO - 0.45 ± 0.04 - MS
g NA Isoneral MO - 0.36 ± 0.02 - MS
g 1669 Isoborneol MO - 0.83 ± 0.01 - MS

Total content (%) 99.62 68.77

a RI = retention indices; Obs. = retention indices determined relative to a homologous series of n-alkanes
(C8–C40) on an HP-5MS column; Lit. = literature RI values [31,32], NA = RI values not available in the literature;
b Cl = class; MH—monoterpene hydrocarbons, MO—oxygenated monoterpenoids, SH—sesquiterpene hydro-
carbons; c relative peak area percentage as mean of three measurements ± standard deviation; d tr. = traces,
relative peak area < 0.05%; e - = not detected; f identification method: MS = mass spectrum was identical to that of
the 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; g retention indices
were not calculated for compounds determined by DB-WAX column.

Table 4. Chemical composition of Cyperus scariosus essential oil.

RI a

Compound Cl. b

Column

Content c (%) Identification f

Obs. Lit. HP-5MS DB-WAX HP-5MS DB-WAX

927 939 α-Pinene MH 1.34 ± 0.10 0.50 ± 0.01 RI, MS, Std MS
970 980 β-Pinene MH 1.88 ± 0.33 0.06 ± 0.00 RI, MS, Std MS

1025 1032 Eucalyptol MO 0.24 ± 0.16 - d RI, MS -
1137 1137 Pinocarveol MO 1.85 ± 0.23 0.60 ± 0.01 RI, MS MS
1158 1165 Pinocarvone MO 0.37 ± 0.32 0.09 ± 0.00 RI, MS MS
1168 1193 Myrtenal MO 0.41 ± 0.27 0.13 ± 0.30 RI, MS MS
1314 1327 Cyprotene SH 0.16 ± 0.05 tr.e RI, MS MS
1344 1349 α-Terpinyl acetate MO 1.65 ± 0.18 tr. RI, MS MS
1371 1376 Copaene SH 1.46 ± 0.47 tr. RI, MS MS
1394 1398 Cyperene SH 9.87 ± 0.59 8.5 ± 0.04 RI, MS MS
1446 1477 α-Muurolene SH 0.16 ± 0.04 tr. RI, MS MS
1456 1461 Rotundene SH 1.94 ± 0.07 1.25 ± 0.01 RI, MS MS
1483 1473.7 γ-Patchoulene SH 0.19 ± 0.05 tr. RI, MS MS
1489 1491 Valencene SH 0.63 ± 0.08 0.57 ± 0.60 RI, MS MS
1518 1518 β-Cadinene SH 0.31 ± 0.18 0.08 ± 0.40 RI, MS MS
1528 1532 Cyperene epoxide SO 2.65 ± 0.26 1.50 ± 0.00 RI, MS MS
1541 1542 α-Calacorene SH 0.13 ± 0.05 - RI, MS -
1565 1579 Isoaromadendrene epoxide SO 0.62 ± 0.07 1.03 ± 0.00 RI, MS MS
1572 1627 Longiverbenone SO 1.33 ± 0.15 1.20 ± 0.08 RI, MS MS
1582 1581 Caryophyllene oxide SH 19.79 ± 0.58 17.54 ± 0.12 RI, MS, Std MS
1591 NA β-Santalol SO 0.38 ± 0.12 - RI, MS -
1609 1608 Humulene epoxide 2 SO 1.69 ± 0.25 2.60 ± 0.10 RI, MS MS
1656 1604 Globulol SO 0.23 ± 0.04 0.39 ± 0.03 RI, MS MS
1664 1663 Patchouli alcohol SO 0.50 ± 0.05 - RI, MS -
1677 1676 Mustakone SO 6.26 ± 0.26 3.67 ± 0.30 RI, MS MS
1697 1694 Cyperotundone SO 29.1 ± 1.11 28.91 ± 0.72 RI, MS MS
1750 1752 Aristolone SO 3.17 ± 0.77 3.73 ± 0.10 RI, MS MS
1808 1807 Nootkatone SO 2.17 ± 0.49 2.03 ± 0.40 RI, MS MS

g NA β-Pinone MO - tr. - MS
g 1586 β-Elemene SH - tr. - MS
g 1652 cis-Verbenol MO - tr. - MS
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Table 4. Cont.

RI a

Compound Cl. b

Column

Content c (%) Identification f

Obs. Lit. HP-5MS DB-WAX HP-5MS DB-WAX

g NA Aristolochene SH - tr. - MS
g 1680 α-Terpineol tr. - MS
g NA α-Maaliene SH - tr. - MS
g 1784 Myrtenol MO - tr. - MS
g 2063 Cubenol SO - 0.49 ± 0.00 - MS
g 1978 α-Cedrene epoxide SO - 0.40 ± 0.10 - MS
g NA Aromadendrene oxide-(1) SO - 1.35 ± 0.40 - MS
g NA Calarene epoxide SO - 0.52 ± 0.02 - MS
g NA Diepicedrene-1-oxide SO - 0.05 ± 0.00 - MS

Total content (%) 91.48 77.17

a RI = retention indices; Obs. = retention indices determined relative to a homologous series of n-alkanes
(C8–C40) on an HP-5MS column; Lit. = literature RI values [31,32], NA = RI values not available in the literature;
b Cl = class; MH—monoterpene hydrocarbons, MO—oxygenated monoterpenoids, SH—sesquiterpene hydrocar-
bons, SO—oxygenated sesquiterpenoids; c relative peak area percentage as mean of three measurements ± stan-
dard deviation; d - = not detected; e tr. = traces, relative peak area < 0.05%; f identification method: MS = mass
spectrum was identical to that of the 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; g retention indices were not calculated for compounds determined by DB-WAX column.

Table 5. Chemical composition of Trachyspermum ammi essential oil.

RI a

Compound Cl. b

Column

Content c (%) Identification e

Obs. Lit. HP-5MS DB-WAX HP-5MS DB-WAX

920 917 β-Thujene MH 0.30 ± 0.03 0.17 ± 0.02 RI, MS MS
964 925 α-Pinene MH 0.19 ± 0.01 0.42 ± 0.13 RI, MS, Std MS
981 971 β-Pinene MH 1.87 ± 0.25 2.13 ± 0.62 RI, MS, Std MS
994 984 β-Myrcene MH 0.21 ± 0.06 0.38 ± 0.03 RI, MS MS

1007 974 2-Carene MH 0.20 ± 0.02 - d RI, MS MS
1050 1031 β-Cymene MH 22.6 ± 0.89 17.1 ± 3.99 RI, MS, Std MS
1079 1065 γ-Terpinene MH 21.5 ± 0.86 17.6 ± 0.99 RI, MS, Std MS
1175 1086 Isoterpinolene MH 0.08 ± 0.06 - RI, MS MS
1315 1290 Thymol MO 51.2 ± 1.25 45.8 ± 4.41 RI, MS, Std MS

f 1172 α-Terpinene MH - 0.12 ± 0.01 - MS
f 1244 D-Limonene MH - 0.10 ± 0.01 - MS
f 1195 β-Phellandrene MH - 0.08 ± 0.03 - MS
f NA trans-2-Caren-4-ol MO - 0.18 ± 0.02 - MS
f 1680 Terpineol MO - 0.06 ± 0.01 - MS
f 1635 Terpinen-4-ol MO - 0.20 ± 0.04 - MS

Total content (%) 99.47 84.26

a RI = retention indices; Obs. = retention indices determined relative to a homologous series of n-alkanes
(C8–C40) on an HP-5MS column; Lit. = literature RI values [31,32], NA = RI values not available in the literature;
b Cl = class; MH—monoterpene hydrocarbons, MO—oxygenated monoterpenoids, SH—sesquiterpene hydrocar-
bons; c relative peak area percentage as mean of three measurements ± standard deviation; d - = not detected;
e identification method: MS = mass spectrum was identical to that of the 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; f retention indices were not calculated for compounds
determined by DB-WAX column.

7



Molecules 2023, 28, 4625

2.3. Chemical Composition of T. ammi EO Vapors

In the current study, the composition of headspace above the mixture of T. ammi
EO and Mueller–Hinton broth (MHB) has been carried out using HS-SPME and HS-GTS
in a time series every 3 h during a 12 h period using the HP-5MS column. Using HS-
SPME extraction, a total of six volatile compounds were identified in the EO sample, which
represented 97.25% of their respective total constituents. When using the HS-GTS extraction
method, a lower number (five) of compounds was detected, which accounted for 93.4% of
their total content. Regardless of the extraction method used, monoterpenes were the most
predominant chemical groups of volatile compounds identified in the headspace. Using
the HS-SPME extraction method, β-cymene was the most abundant constituent of the
headspace of T. ammi EO. The content of β-cymene gradually decreased during the whole
experiment with the peak area value ranging from 49% (time—0 h) to 43% (time—12 h).
Similarly, a slight decrease in the concentration of γ-terpinene, the second-most abounding
compound in the sample, was observed during overtime incubation from 39 to 31%. In
contrast, the concentration of the thymol increased in the vapor over the time from 4.9 to
12%. In the case of HS-GTS extraction, β-cymene, γ-terpinene, and β-pinene were detected
as the predominant compounds. For β-cymene and γ-terpinene, a steady decrease in the
concentrations was observed during the experiment, ranging from 52 to 45% and 35 to
28%, respectively. Although the concentrations of both most-abundant compounds are
nearly similar to those obtained using the HS-SPME method, the third-most abounding
compound differed for the HS-GTS extraction method, β-pinene being detected with peak
area values ranging from 2 to 6.5%. Interestingly, the chemical analysis showed that content
of thymol detected by HS-SPME extraction was much higher in comparison with HS-GTS
extraction (nearly 10%). Apart from this, no discrepancies for either sampling method were
observed, and there were no significant changes in the chemical composition in the vapor
of T. ammi EO over time. A complete chemical profile of T. ammi EO vapors is provided in
Table 6.
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3. Discussion

T. ammi is a medicinal plant highly valued in traditional Ayurvedic medicine [23].
Its EO has been reported to have pivotal antibacterial properties against foodborne and
spoilage bacteria; however, only a few studies have reported its effect against pneumonia-
causing pathogens [33,34]. The current study suggests the significant antibacterial activity
of T. ammi EO against the targeted bacteria in both liquid and vapor phases. The observed
endpoints for the liquid phase correspond well with a previously published study reporting
the MIC of T. ammi EO against S. aureus at 500 μg/mL [35] and within a three-dilution
MIC range for S. pneumoniae (MIC = 250 μg/mL) [36]. According to our best knowledge,
the antibacterial activity of T. ammi EO vapors was described for the first time in this
study. Considering the toxicity, the current study reports that T. ammi EO is moderately
cytotoxic to lung fibroblasts. This result corresponds with an in vivo study published by
Vazirian et al. [37], who observed mild oral toxicity of the EO in a rat model. Regarding in-
halation toxicity, the sources of information on the safety of EO vapors are scarce. However,
data on its predominant compound, thymol, might suggest its possible inhalation safety.
The European Chemicals Agency reported thymol to be nontoxic to mice when they are
exposed to the chemical via inhalation of its vapor for 2 h with a lethal dose 50% (LD50) of
7.57 mg/L [38]. Moreover, another study published by Xie et al. [39] reported no evidence
of chronic toxicity of thymol through inhalation in a mouse model. Nevertheless, further
experiments on their in vivo inhalation toxicity are necessary to determine the safety of
T. ammi EO. The biological properties of T. ammi EO are attributed to its chemical composi-
tion, which has already been studied. The chromatographic profile obtained in the current
study corresponds with previously published reports identifying thymol as the main com-
ponent (ranging from 54.32 to 67.4%), β-cymene as the second-most abundant compound
(ranging from 17.9 to 21.74%, respectively), and γ-terpinene as third-most abundant compo-
nent (ranging from 11.3 to 19.38%) [35,40]. Moreover, research led by Modareskia et al. [41]
investigated the bioactive potential of different populations of T. ammi EO in liquid phase
and reported that the antibacterial effects are mainly due to the presence of phenolic and
hydrocarbon monoterpenes such as thymol, p-cymene, and γ-terpinene. β-Cymene, γ-
terpinene, and thymol were identified as the key constituents of vapors of T. ammi EO in
the sample obtained using the HS-SPME technique. This is well-corresponding with the
results of Liu et al. [17], who reported γ-terpinene (26.21%), p-cymene (23.58%), and thymol
(20.02%) as the major components of T. ammi EO vapor analysis by HS-SPME. Because the
EO samples for headspace analysis performed in this study were prepared by dissolving
them in microbiological growth medium, variances in the concentration of γ-terpinene
can be attributed to the different experimental conditions [42]. Our paper identifying
β-cymene, γ-terpinene, and β-pinene as predominant components of T. ammi EO vapors is
the first report on its analysis using the HS-GTS method. When comparing both sampling
techniques, the present study reports disparities with thymol concentration. In comparison
with the HS-SPME method, the analysis of the sample collected by the HS-GTS technique
showed a lower amount of thymol. The possible explanation may be that it was due to
the sensitivity and affinity of SPME fibers toward certain volatile components [43]. In
contrast, the HS-GTS technique is less selective but provides a precise and, perhaps, closer
assessment of the real distribution of volatile compounds in vials [44]. These findings are
consistent with the data published by Antih et al. [42], who performed Thymus vulgaris L.
EO headspace analysis using similar experimental conditions. The antibacterial potential
of volatile monoterpene hydrocarbons (p-cymene and γ-terpinene) and phenolic monoter-
pene (thymol) are well-known; for instance, the bioactivity of thymol in the vapor phase
against respiratory tract bacteria such as H. influenzae, S. aureus, and S. pneumoniae has been
previously published [13]. As mentioned before, the antibacterial activity of T. ammi EO and
its vapors is mostly due to its composition; particularly, the presence of hydrocarbon and
phenolic monoterpenes in high concentrations are related to the growth-inhibitory effect.
Moreover, the current study also reports higher activity in the broth medium as compared
to the vapor phase. This can be related to data obtained from the headspace analysis, where
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thymol, which is regarded as the main antimicrobial constituent, was detected in lower
amounts in the EO vapors. The hydrophobic nature of thymol worsening its solubility in
water-based media and, subsequently, reducing its volatility, can be a possible reason of
lower antimicrobial activity [45].

C. citratus EO is extensively used in Ayurvedic medicine as a folk remedy for coughs,
flu, and pneumonia [46]. Previously published studies have reported the antibacterial and
anti-fungal properties of C. citratus EO [47,48]. As a result of the modified agar dilution
method, Inouye et al. [48] observed a moderate growth-inhibitory effect of C. citratus EO
against S. pyogenes (MIC = 400 μg/mL), H. influenzae, and S. pneumoniae (MIC = 800 μg/mL).
In addition, C. citratus EO vapors were reported to be more efficient against H. influenzae
as compared to S. aureus, S. pneumoniae, and S. pyogenes. Despite certain variances in the
MIC values caused probably by different bacterial strains and antimicrobial assays used,
these results correspond well with our findings. Regarding cytotoxicity, the current study
reports that C. citratus EO is moderately toxic (IC50 = 19.63 μg/mL) to the lung fibroblasts.
A previous study reported a similar mild cytotoxic effect on human fibroblast cell line
WI38 with an IC50 value of 49.39 μg/mL [29]. The minor variance in the IC50 values
can be attributed to the modification of the cytotoxicity assay previously recommended
for evaluation of biological properties of the volatile agents. The use of EVA Capmat
protects microtiter plates against vapor transition and provides more reliable results [49].
The safety of C. citratus EO for potential inhalation use can be supported by a previously
published study reporting a nontoxic effect of vapors of its predominant compound citral
on Sprague–Dawley rats at concentrations up to 34 ppm [50]. Furthermore, other published
data on the in vivo acute oral toxicity of C. citratus EO in mice and rabbit models have been
reported to be nontoxic with an LD50 value > 2000 mg/kg [51]. Although C. citratus EO is
classified as GRAS, further toxicological evaluation is necessary to confirm its nontoxicity
for practical application in inhalation therapy. GC/MS analysis showed that the major
constituents of C. citratus EO were α- and β-citral. These findings are consistent with those
of several previously published studies. For instance, El-Kased and El-Kersh [52] and
Hanaa et al. [53] reported α-citral (36.35 and 34.98%) and β-citral (34.99 and 40.72%) as the
main components of hydrodistilled EO from this species. Citral has also been identified as
the main antimicrobial compound of C. citratus EO [54].

The EO from rhizomes of C. scariosus is used as an ingredient in several Ayurvedic
formulations as an anti-infective agent [55]. Previous studies have reported the growth-
inhibitory effect of C. scariosus EO against carbapenem-resistant Klebsiella pneumoniae and
methicillin-resistant S. aureus in liquid media [56]. In our study, we have observed only
weak antibacterial activity of the EO. Considering cytotoxicity, the present research reports
that C. scariosus EO is nontoxic to the human lung cells. According to our best knowledge,
there are no studies reporting the toxicity of the EO from this species. In correspondence
with results of our study, cyperene (20.1%) and cyperotundone (10.30%) have previously
been identified as abundant components of C. scariosus EO [57]. Since a significant vari-
ability of chemical composition has been reported for C. scariosus EO extracted from plants
grown in different geographical locations in India (e.g., content of caryophyllene oxide
varied from 2.42 to 10.38%) [58], the geographical origin of plant material analyzed in this
study can explain minor differences in the concentrations of detected compounds.

Despite the recent progress in evaluation of biological properties of volatile agents,
development of new methodologies suitable for determination of antimicrobial effects in
the vapor phase remains a challenge [27]. Recently, a broth macrodilution volatilization
assay was developed by our team for evaluation of antimicrobial activity of volatile agents
in liquid and vapor phases [59], which combines the principles of broth microdilution
volatilization [13] and standard macrodilution methods [60]. The method is performed in
commercially available microtubes, which can be tightly closed with a snap cap preventing
loss of the active agents by evaporation. Another advantage is that appropriate amounts of
media suitable for the cultivation of a broad spectrum of microorganisms (including slow
growing fungi) can be applied in microtubes and their caps. However, our previous study
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assessed only several representatives of volatile phytochemicals. The results of experiments
described in this paper clearly demonstrate the validity of a new assay for testing the
susceptibility of bacterial pathogens causing respiratory infections to EOs and their vapors.

4. Materials and Methods

4.1. Chemicals

In biological assays, dimethyl sulfoxide (DMSO, CAS 67-68-5) and MTT dye (CAS
298-93-1) were used as solvent and indicator of cell viability, respectively. Amoxicillin (90%,
CAS 26787-78-0), ampicillin (84.5%, CAS 69-52-3), oxacillin (86.3%, CAS 7240-38-2), and
tetracycline (98–102%, CAS 60-54-8) were assayed as positive controls. Chemical standards,
namely 3-carene (99%, CAS: 498-15-7), camphene (97.5%, CAS: 79-92-5), caryophyllene
oxide (99%, CAS: 1139-30-6), citral (95%, CAS: 5392-40-5), linalool (97%, CAS: 78-70-6),
m-cymene (99%, CAS: 535-77-3), thymol (99%, CAS: 89-83-8), α-pinene (99%, CAS: 7785-
70-8), β-pinene (99.0%, CAS: 18172-67-3), γ-terpinene (97%, CAS: 99-85-4), and n-alkanes
were used for GC-MS analyses. With the exception of n-hexane (CAS: 110-54-3) obtained
from (Merck KGaA, Darmstadt, Germany), all other chemicals were purchased from Sigma-
Aldrich (Prague, Czech Republic).

4.2. Plant Material and Sample Preparation

Plant materials were purchased from Bhagyashree Herbal Farms (Chhattisgarh, India).
Dried aerial parts of C. citratus, rhizomes of C. scariosus, and seeds of T. ammi were ho-
mogenized using a Grindomix apparatus (GM 100 Retsch, Haan, Germany). The residual
moisture contents of both samples were determined gravimetrically at 130 ◦C for 1 h by a
Scaltec SMO 01 analyzer (Scaltec Instruments, Gottingen, Germany) in triplicate according
to the Official Methods of Analysis of the Association of Official Agricultural Chemists [61].
EOs were extracted by hydrodistillation of 100 g of ground plant materials in 1 L of distilled
water for 3 h using a Clevenger-type apparatus (Merci, Brno, Czech Republic) according to
the procedure described in the European Pharmacopeia (2013) [62] and stored in sealed
glass vials at +4 ◦C.

4.3. Bacterial Strains and Culture Media

The following four bacterial standard strains from the American Type Culture Collec-
tion (ATCC, Manassas, VA, USA) were used: H. influenzae ATCC 49247, S. aureus ATCC
29213, S. pneumoniae ATCC 49619, and S. pyogenes ATCC 19615. Cultivation and assay
media (broth/agar) were Mueller–Hinton broth (MHB) complemented by Haemophilus
test medium (H. influenzae), MHB (S. aureus), and brain–heart infusion (S. pneumoniae and
S. pyogenes). The pH of the broths was adjusted to a final value of 7.6 using Trizma base
(Sigma-Aldrich). All microbial strains and cultivation media were purchased from Oxoid
(Basingstoke, UK). Stock cultures of bacterial strains were cultivated in broth medium at
37 ◦C for 24 h prior to testing in the incubator (Memmert GmbH & Co. KG, Buchenbach,
Germany). For the preparation of inoculum, the turbidity of the bacterial suspension was
adjusted to 0.5 McFarland standard using a Densi-La-Meter II (Lachema, Brno, Czech
Republic) to obtain a final concentration of 108 colony-forming units per mL.

4.4. Antimicrobial Assay

EOs were tested for their in vitro antibacterial activity using the broth macrodilution
volatilization method at various concentrations in the liquid and vapor phases [59] in
standard 2 mL microtubes with snap covers (Eppendorf, Hamburg, Germany). Each EO
was dissolved in DMSO, which was subsequently diluted in the appropriate broth medium.
To make sufficient stock solutions and to prevent the loss of active chemicals by evaporation,
six twofold serially diluted concentrations of samples were created in 15 mL test tubes
(Gama Group, Ceske Budejovice, Czech Republic). The starting concentration of tested
EOs was 1024 μg/mL. In the subsequent phase, 90 mL of melted agar was pipetted into
the rims of the caps, and when the agar had solidified, 5 mL of bacterial suspension was
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added. Then, with a final volume of 1500 μL, the proper concentrations of each sample
that had been prepared in test tubes were pipetted into microtubes. The microtubes were
then sealed properly after being injected with 10 μL of bacterial solution. As growth and
purity controls, microtubes with inoculated and non-inoculated medium were prepared,
respectively. The experiment was incubated at 37 ◦C for 24 h. Thereafter, the MICs were
determined by visual assessment of bacterial growth after coloring the metabolically active
bacterial colonies with MTT dye. The respective volumes of 30 and 375 μL of MTT at
a concentration of 600 μg/mL were pipetted into the caps and in the microtubes when
the interface of color change from yellow to purple (relative to that of colors in control
wells) was recorded in broth and agar. The MIC values were determined as the lowest
concentrations that inhibited bacterial growth compared with the compound-free control,
and they were expressed in μg/mL. DMSO, assayed as the negative control, did not
inhibit any of the strains at the concentrations used in the assay (≤1%). The respective
susceptibilities of H. influenzae, S. aureus, S. pneumoniae, and S. pyogenes to ampicillin,
oxacillin, amoxicillin, and tetracycline were taken as positive antibiotic controls [63]. All
tests were performed as three independent experiments, each carried out in triplicate, and
the results were presented as median/modal values. According to the widely accepted
norm in MIC testing, the mode and median were used for the final value calculation when
triplicate endpoints were within the two- and three-dilution range, respectively.

4.5. Cell Cultures

Lung fibroblast cell line MRC-5, obtained from ATCC (Manassas, VA, USA), was prop-
agated in Eagle’s minimum essential medium (EMEM) supplemented with 10% fetal bovine
serum (FBS), 2 mM glutamine, 10 μL/mL nonessential amino acids, and 1% penicillin–
streptomycin solution (10,000 units/mL of penicillin and 10 mg/mL of streptomycin);
all these components were purchased from Sigma-Aldrich. The cells were pre-incubated
in 96-well microtiter plates at a density of 2.5 × 103 cells per well for 24 h at 37 ◦C in a
humidified incubator (Sanyo Electric Co, Ltd., Osaka, Japan) in an atmosphere of 5% CO2
in air. Vinorelbine (≥98%, CAS 125317-39-7), used as positive control, was also obtained
from Sigma-Aldrich.

4.6. Cytotoxicity Assay

The modified MTT test, which is based on the metabolism of MTT to blue formazan
by mitochondrial dehydrogenases in living lung cells, was used in the current investiga-
tion [64]. The evaluated EOs samples were applied to MRC-5 lung fibroblast cells grown in
96-well plates for 72 h. EOs were diluted in EMEM medium supplemented with 10% FBS
after being dissolved in DMSO at a maximum concentration of 1%. The samples were then
serially diluted eight times, yielding concentrations ranging from 256 to 2 μg/mL. The mi-
crotiter plates were incubated for 72 h at 37 ◦C in a humidified atmosphere of 5% CO2 in air
with ethylene vinyl acetate EVA Capmats (USA Scientific Inc., Ocala, FL, USA). After that,
MTT reagent (1 mg/mL) in EMEM solution was added to each well and the plates were
incubated for an additional 2 h at 37 ◦C in a humidified atmosphere of 5% CO2 in air. Once
the medium had been removed from the incubation, the intracellular formazan product had
been dissolved in 100 μL of DMSO. The viability of the lung cells at the tested concentration
(1%) was unaffected by the solvent utilized. The absorbance was measured at 555 nm
using a Tecan Infinite M200 spectrometer (Tecan Group, Mannedorf, Switzerland), and the
viability was computed in comparison to the untreated control. For each test, three indepen-
dent experiments, each with two replicates, were conducted. Using the GraphPad Prism
program (GraphPad Software, La Jolla, CA, USA), the results of the cytotoxicity effect were
calculated and expressed as average IC50 with standard deviation in μg/mL. According
to the Special Programme for Research and Training in Tropical Diseases (WHO-Tropical
Diseases) [30], the levels of cytotoxic effects were categorized as cytotoxic (IC50 < 2 μg/mL),
moderately cytotoxic (IC50 2–89 μg/mL), and nontoxic (IC50 > 90 μg/mL). Furthermore,
for the purpose of comparing microbiological and toxicological data, IC80 was determined
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to be equal to the MIC endpoint [65]. To compare the quantity of toxic antibacterial agents
with the amount of effective antibacterial agents, therapeutic indices (TIs) were defined as
the ratio of IC80 and x-MIC values [66].

4.7. Chemical Analysis of EOs’ Liquid Phase

The dual-column/dual-detector gas chromatograph Agilent GC-7890B system (Agi-
lent Technologies, Santa Clara, CA, USA) equipped with autosampler Agilent 7693, two
columns, a fused-silica HP-5MS (30 m × 0.25 mm, film thick-ness 0.25 μm, Agilent 19091s-
433), a DB-Heavy WAX (30 m × 0.25 mm, film thickness 0.25 μm, Agilent 122–7132), and
a flame ionization detector (FID) coupled with single quadrupole mass selective detector
Agilent MSD-5977B were used to characterize the chemical composition of the targeted EOs.
Helium was used as the carrier gas at a rate of 1 mL/min, and the injector temperature for
both columns was 250 ◦C. After 3 min, the oven temperature for both columns increased
from 50 to 280 ◦C. Initially, the heating velocity was 3 ◦C/min until the system reached a
temperature of 120 ◦C. Subsequently, the velocity increased to 5 ◦C/min until a tempera-
ture of 250 ◦C, and after 5 min holding time, the heating speed reached 15 ◦C/min until
obtaining a temperature of 280 ◦C. Heating was followed by an isothermic period of 20 min.
The EO samples were diluted in n-hexane for GC/MS at a concentration of 20 μL/mL. One
microliter of the solution was injected in split mode in a split ratio of 1:30. The mass detector
was set to the following conditions: ionization energy 70 eV, ion source temperature 230 ◦C,
scan time 1 s, and 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, Gaithersburg, MD,
USA) [33], as well as with authentic standards. The RIs were calculated for compounds
separated by the HP-5MS column using the retention times of n-alkanes series ranging
from C8 to C40. For each EO analyzed, 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. Quantitative data were expressed as
relative percentage content of constituents determined by the FID.

4.8. Chemical Analysis of EOs’ Vapor Phase

For the chemical analysis of EOs’ vapors, T. ammi was chosen, as it exhibited the
highest antimicrobial potential. Similarly, like Antih et al. [43], two distinct sampling
methods—HS-SPME and HS-GTS—were used to sample the headspace above a solution
of MHB and EO at a concentration of 256 μg/mL, which was observed as the lowest MIC
value of this EO in vapor phase. Five samples were made for each experiment (one for every
three hours during the 12 h incubation period), and a volume of 2 mL of the combination
was added to a 4 mL glass vial. Except for the first sample (t = 0 h), all the samples were
incubated in the same way as the bacterial cultures at a temperature of 37 ◦C until they were
analyzed at 3, 6, and 12 h. For the HS-SPME, a fiber assembly coated with a 50/30 m mixed
layer of divinylbenzene/carboxen/polydimehylsiloxane (DVB/CAR/PDMS—SUPELCO,
Bellefonte, PA, USA) was used. The coated fiber was exposed to the headspace for 15 min
to allow the adsorption of the volatile chemicals above the mixture (EO and MHB) until
the headspace had reached equilibrium. The fiber was then retained in the injector for the
duration of the analysis until the next measurement, when the needle was removed and
put into the GC injector port. The injection method was set at splitless mode and injector
temperature was set at 250 ◦C. For the HS-GTS sampling technique, a 2.5 mL SampleLock
gas-tight syringe (Hamilton Bonaduz AG, Bonaduz, Switzerland) was used, which has a
twist valve lock and a positive rear plunger stop to prevent sample loss. At equilibrium,
the needle was passed through the vial septum and inserted until reaching the middle
of the headspace, and after collecting the headspace, the valve of the syringe was closed.
Afterward, the syringe was removed from the vial and inserted into the GC injector at a
similar temperature of 250 ◦C, but the injection mode was set as spitless mode. For both
sampling methods, measurements were repeated every 3 h during a 12 h incubation period.
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Furthermore, analysis was performed on the HP-5MS column with similar operational
parameters as described earlier for GC/MS analysis.

The chemical analysis of the all EO samples was performed in triplicate, including the
chromatographic analysis of its liquid phase and the headspace analysis using both extrac-
tion techniques (HS-SPME and HS-GTS). Relative peak area percentages were expressed as
mean average of these three measurements ± standard deviation.

5. Conclusions

In summary, this study reports validation of the broth macrodilution volatilization
method for assessment of antibacterial properties of EOs and shows in vitro growth-
inhibitory effect of EOs hydrodistilled from three Indian medicinal plants, namely C. citratus,
C. scariosus, and T. ammi, against pneumonia-causing bacteria H. influenzae, S. aureus,
S. pneumoniae, and S. pyogenes in liquid and vapor phase. Among all EOs tested, the
strongest antibacterial effect was observed for T. ammi EO against H. influenzae with MIC
128 and 256 μg/mL in the liquid and vapor phases. The results of the cytotoxicity testing
showed no toxicity of C. scariosus EO to the normal lung fibroblasts. The GC/MS analy-
sis identified α-citral, cyperotundone, and thymol as the main constituents of C. citratus,
C. scariosus, and T. ammi EOs, respectively. In a series of headspace experiments, β-cymene
(52–49%), γ-terpinene (39–35%), thymol (12–2%), and β-pinene (6–2%) were identified as
the major compounds of T. ammi EO vapors when analyzed using HS-GTS and HS-SPME
sampling techniques. These compounds can be associated with imparting an antibacterial
effect in the vapor phase. Furthermore, HS-SPME and HS-GTS have been proven to be
complementary methods suitable for studying the qualitative and quantitative aspects of
the volatile profiles of EO, subsequently. Overall, the broth macrodilution volatilization
method can be recommended for testing the susceptibility of bacteria to EOs. In addition,
T. ammi EO seems to be a promising antibacterial agent for further research in the area
of inhalation therapies. However, further experiments focused on the safety and in vivo
efficacy of EOs analyzed in this study are required to verify their practical applicability.
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Abstract: This study aimed to obtain and analyse Mentha piperita essential oil (MpEO) for the prospect
of being used as an enhancement agent for the antimicrobial potential of ozone against gram-positive
and gram-negative bacteria and fungi. The research was done for different exposure times, and it gained
time–dose relationships and time–effect correlations. Mentha piperita (Mp) essential oil (MpEO) was
obtained via hydrodistillation and further analysed by using GC-MS. The broth microdilution assay
was used to determine the strain inhibition/strain mass growth by using spectrophotometric optical
density reading (OD). The bacterial/mycelium growth rates (BGR/MGR) and the bacterial/mycelium
inhibition rates (BIR/MIR) after ozone treatment in the presence and absence of MpEO on the ATTC
strains were calculated; the minimum inhibition concentration (MIC) and statistical interpretations of
the time–dose relationship and specific t-test correlations were determined. The effect of ozone on the
following tested strains at maximum efficiency was observed after 55 s of single ozone exposure, in order
of effect strength: S. aureus > P. aeruginosa > E. coli > C. albicans > S. mutans. For ozone with the addition
of 2% MpEO (MIC), maximum efficacy was recorded at 5 s for these strains, in order of effect strength:
C. albicans > E. coli > P. aeruginosa > S. aureus > S. mutans. The results suggest a new development and
affinity regarding the cell membrane of the different microorganisms tested. In conclusion, the use of
ozone, combined with MpEO, is sustained as an alternative therapy in plaque biofilm and suggested as
helpful in controlling oral disease-causing microorganisms in medicine.

Keywords: Mentha piperita; essential oil; GC-MS; ozonation; gram-positive; gram-negative bacteria

1. Introduction

Ozone is a chemical compound consisting of three oxygen atoms (O3, triatomic oxygen)
in an energy form larger than normal atmospheric oxygen (O2). It is one of the most potent
oxidants with a high oxidation capacity [1] and also with bactericidal, fungicidal, and virus-
inactivating effects. Ozone is well-known for its use in water purification and drinking
water treatment as well as for being used in heavily infected wounds such as burns, diabetic
feet, and ulcus cruris, lesions infected with germs resistant to most antibiotics, such as
MRSA (e.g., methicillin-resistant Staphylococcus aureus) [2].
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Ozone allows microbial flora to pass from acidogenic and acidic microorganisms to
normal oral commensals. In addition, ozone has a significant environmental advantage
represented by rapid degradation, a process that clinically causes low cytotoxicity after
contact with organic compounds. All of these features suggest that ozone could be widely
used soon in restorative and preventive dentistry [1–5].

Due to its high oxidation power, ozone can oxidise the bacterial cell wall, causing
its lysis, and the pyruvic acid produced by bacteria can then turn it into acetic acid and
carbon dioxide.

In recent years, in the search for new natural therapeutic solutions, the use of essential
oils (EOs) in alternative medicine and dentistry represents modern trends with a positive
impact on the patient [6,7]. Mentha piperitha essential oil (MpEO) has multiple uses in
medicine and dentistry. In dentistry, it was used as part of a mouthwash formula, positively
influencing the management of oral mucositis. It was demonstrated that the MpEO, when
loaded in chitosan polymeric nanogel, was influential in inhibiting Streptococcus mutans,
an important pathogen of dental caries in humans. In addition, the MpEO-nanogel inhib-
ited the formation of biofilms on the dental surface [8]. In particular, the antimicrobial
effect of MpEO was studied against gram-positive and gram-negative bacteria [9,10]. The
combination of conventional therapy with natural compounds such as EOs leads to syner-
gistic/antagonistic effects. The interaction of MpEO with amphotericin B as a conventional
antimicrobial agent revealed an antagonistic effect against Candida albicans and a synergistic
effect against Escherichia coli and Candida albicans. However, moderate influence against
Staphylococcus aureus was observed [11]. The inhibitory effect of MpEO against multidrug-
resistant clinical pathogenic bacteria, including Streptococcus pyogenes, Enterococcus faecalis,
and methicillin-resistant Staphylococcus aureus, was also reported [12].

The use of EOs as antimicrobial agents in water disinfection was recently studied.
EOs of ginger, turmeric, lavender, and tulsi enhanced the disinfection rate up to five times
when an innovative hybrid hydrodynamic cavitation process was applied [13]. MpEO’s
efficiency against Pseudomonas aeruginosa and Staphylococcus aureus using two different
cavitating reactors and hydrodynamic cavitation was higher than 99%. The advantage of
these procedures refers to enhancing the disinfection rate concurrently with significant
lowering of the oil dose [14].

The use of ozonated vegetal oils was previously evaluated in terms of their antibacte-
rial and antifungal activity with application in skin treatments [15–17] and dentistry [18–20].
In oral medicine, the control of periodontal and infectious diseases with oral microorgan-
isms based on ozonated oils, such as sunflower, olive, and groundnut, were reported [20,21].
In addition, commercial formulations, such as ozone gel with olive oil in its composition,
were patented to control the formation of dental plaque [22,23]. Indeed, ozonated sun-
flower oil (Oleozon®) was tested against pathogens such as S. aureus, Enterococcus faecalis,
S. pyogenes, Escherichia coli, Pseudomonas aeruginosa, and different species of Mycobacterium T.,
and the results confirmed the antimicrobial potential of this natural formulation. The MICs
varied between 2.37 and 9.95 mg/mL for mycobacteria and between 1.18 and 9.5 mg/mL
for all other bacteria [24].

Even if studies in the literature indicate a wide use of ozonated vegetable oils in
medicine, the possibility of ozonation of essential oils from medicinal plants, or the associa-
tion of the two elements, to our knowledge, was only briefly reported in the specialised
literature. Some studies have been carried out on the influence of ozonation on the chemical
composition of essential oils, emphasising that the presence of ozone does not change their
chemical composition [25,26]. In addition, some commercial products are based on vegetal
oils with essential oils added, but they do not present scientific support for antimicrobial
effects [22].

This study aims to analyse the antimicrobial potential of ozone alone and ozone
enhanced with MpEO against the following organisms at different times of exposure:
bacteria Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), Pseudomonas aeruginosa
(P. aeruginosa), Streptococcus mutans (S. mutans), and fungi Candida albicans (C. albicans).
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In this regard, two indicators, the bacterial/mycelium growth rate (BGR/MGR) and the
bacterial/mycelium inhibition rate (BIR/MIR), were calculated after ozone treatment in
the presence and absence of MpEO on the ATTC strains, and the minimum inhibition
concentrations (MIC) of ozone in single and combined forms were determined.

To our knowledge, this is the first study that intends to highlight the antagonis-
tic/synergistic effect obtained by combining ozone with MpEO against pathogenic bacteria
and fungi.

2. Results

2.1. The Obtaining and Characterisation of EOs

The chemical composition of MpEO is presented in Table 1.

Table 1. Chemical composition of MpEO.

Compounds Type LRI a % of Total
Compounds

Linalool MO 1533 0.752

α-pinene MH 1021 1.476

β-pinene MH 1106 1.179

Sabinene MH 1135 0.508

Limonene MH 1196 3.137

β-trans-ocimene MH 1199 0.233

γ-terpinene MH 1202 0.399

Eucalyptol MO 1204 5.639

p-cymene MH 1284 0.454

Menthofurane MO 1474 2.960

Linalol acetate MO 1541 0.558

Menthyl-acetate iso MO 1546 0.375

Menthyl acetateone
racemic MO 1548 10.322

p-menthan-3-one MO 1552 23.643

Menthol, acetate, iso- MO 1562 1.882

Isomenthone MO 1582 4.046

Terpinen-4-ol MO 1593 1.191

Menthol MO 1634 32.648

Germacrene D SH 1708 5.410

γ-Elemene SH 1717 0.244

p-menth-1-en-8-ol MO 1724 0.433

Pulegone MO 1730 1.636

Piperitone MO 1750 0.521

Caryophyllene oxide SO 1889 0.355

Total of compounds 100.000

Monoterpene
hydrocarbonates MH 7.386

Monoterpene
oxygenate MO 86.606
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Table 1. Cont.

Compounds Type LRI a % of Total
Compounds

Sesquiterpene
hydrocarbonates SH 5.653

Sesquiterpene
oxygenates SO 0.355

a Linear retention indices (LRI) calculated according to n-alkanes (C8–C27) for AT WAX 30 m × 0.32 mm × 1 μm
column [24].

The extraction yield of MpEO from the aerial parts of Mentha piperita prelevated was
small (3.50%). In MpEO, 95.169% of terpene compounds in percentages over 1% were
identified, of which the majority were oxygenated monoterpenes (83.967%), followed by
monoterpene hydrocarbonates (5.792%) and sesquiterpene hydrocarbonates (5.410%). The
main chemical compounds found in MpEO were menthol (32.658%), menthyl acetate
(23.643%), and menthone (10.322%).

2.2. Evaluation of MpEO Antimicrobial Activity and Ozone Potential as Single and Enhanced with
MpEO Antimicrobial Agent

Figures 1–6 show the bacterial inhibition rates (BIR%)/mycelial inhibition rate (MIR%)
against analysed strains of MpEO, ozone, and MpEO after ozone application, which were
calculated according to Formula (3), and the bacterial growth rates in relation to the time of
treatment application, which was calculated according to Formula (2).

Concerning MpEO’s efficacy against the strains tested, the results are presented in Figure 1.
The results suggest that the efficacy of MpEO starts at the first concentration tested, meaning
that the minimum concentration tested was 2%. S. mutans and S. aureus achieved a mean efficacy
of 30% BIR at the first concentration tested, with their maximum efficacies reaching 50.13% and
67.59% BIR, respectively. Regarding P. aeruginosa, antibacterial activity evolved with a positive
correlation to the concentration tested, with BIR% values ranging from 48.32% to 67.59%. The
antimicrobial activity against E. coli was also recorded with BIR% values ranging from 62.08%
to 74.06%. C. albicans was the only strain tested that showed a negative correlation; efficacy
decreased alongside the increase in concentration. The BIR% value recorded for 2 μL was
67.54%, and for 32 μL, the BIR% was 51.07%, a decrease in value by almost 25%. However, even
if the trend was negative, MIC was reached at the 2% concentration tested.

 

Figure 1. MpEO antimicrobial activity on the tested strains at different concentrations expressed
as BIR%.
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(a) (b) 

Figure 2. Ozone and ozone+MpEO antimicrobial activity on S. mutans at different time exposures
expressed in seconds (′′). (a) Results expressed as BIR%; (b) results expressed as BGR%.

  
(a) (b) 

Figure 3. Ozone and ozone+MpEO antimicrobial activity on S. aureus at different time exposures
expressed in seconds (′′). (a) Results expressed as BIR%; (b) results expressed as BGR%.

 
 

(a) (b) 

Figure 4. Ozone and ozone+MpEO antimicrobial activity on P. aeruginosa at different time exposures
expressed in seconds (′′). (a) Results expressed as BIR%; (b) results expressed as BGR%.
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(a) (b) 

Figure 5. Ozone and ozone+MpEO antimicrobial activity on E. coli at different time exposures
expressed in seconds (′′). (a) Results expressed as BIR%; (b) results expressed as BGR%.

  
(a) (b) 

Figure 6. Ozone and ozone+MpEO antimicrobial activity tested on C. albicans at different time
exposures expressed in seconds (′′). (a) Results expressed as MIR%; (b) results expressed as BGR%.

Comparing the BIR percentages concerning the ozone effect on S. mutans, the first
effective duration was 50 s, with a value of 7.77% compared to the control (Figure 2). All of
the values obtained in the previous tests were negative. The evolution trend was positively
correlated with the duration of ozonation. The maximum duration tested, 240 s, reached
a BIR% of 24.13% compared to the negative control, which was 0%. The negative values
of BIR showed synergistic activity of ozone with the S. mutans strain tested; the values
obtained proved a strain-boosting effect demonstrated by a bacterial mass growth of 2%
compared to the positive control in the duration interval between 5 s and 45 s, with values
ranging from −16.24% to −0.18% (Figure 2a).

All of the results changed when the ozone activity was enhanced by MpEO and used
at the lowest MIC (2%). As a result, the first effective duration became half of the duration
needed by ozone alone, 25 s, with a BIR% of 8.33%. Even if the starting point was similar
in the first duration tested (16.24% compared to 16.97%), evolution improved compared
to the inhibition caused by ozone alone. All of the subsequent durations used in the
research showed higher BIR% than any initial durations, proving a BIR% enhancement
rate of 15% on average. The inhibitory effects of the ozone and ozone enhanced with
M. piperitha treatments were also revealed from the bacterial growth rate–time relationship,
as shown in Figure 2b. Bacterial growth tended to decrease with ozone treatment time.
The time–inhibition relationship clearly shows the inhibiting effect against S. mutans when
ozone is applied in association with MpEO compared to simple ozone, which justifies this
therapeutic approach.
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Figure 3a summarises the ozone’s antimicrobial activity on S. aureus, both alone and
enhanced with MpEO. Ozone was effective against S. aureus with BIR values between
−14.75% and 80.91%, obtained from all of the periods tested. Concerning the growth-
boosting effect, it was present from 5 s to 45 s, just as for S. mutans, and the inhibitory
values were obtained after 50 s. These results are not superior to the ones recorded in the
test. Positive BIR values started at 50 s with a value of 4.73%; the value registered as the
MIC and increased up to 80.91%, the value reached after 240 s. The BIR values after 55 s
were higher against the S. aureus and S. mutans strains.

Regarding the antimicrobial effect on S. mutans, the MIC was reached at 25 s; concern-
ing S. aureus, inhibition was proven at the first duration tested, 5 s, with a BIR% value of
37.61%. All of the subsequent durations tested showed higher inhibition efficacy for ozone
enhanced by MpEO, with an average enhancement rate of 65%.

The time–bacterial growth relationship demonstrates the inhibitory effect against
S. aureus (Figure 3b). A decrease in bacterial growth over time can be observed both in the
treatment with ozone only and in the treatment with ozone and MpEO, but higher bacterial
inhibition can be noticed in the combined application of ozone with MpEO.

Concerning the inhibition of P. aeruginosa, ozone tested alone proved less effective
until after 120 s, when the MIC for P. aeruginosa was recorded at a BIR value of 3.54%. All
of the data were collected between 5–60 s, proving a positive strain-boosting effect. The
effects correlated with the duration of the test, and negative inhibitory values are presented
in Figure 4a.

Regarding ozone/MpEO efficacy, the effect was similar to the activity against S. mutans.
MIC proved to be effective at 5 s with a difference from the ozone alone of 56.66%. The
trend was evident, as inhibitory efficacy grew over time. The ozone alone reached the MIC
at 120 s, the ozone enhanced with MpEO demonstrated the MIC at 5 s, and the difference at
120 s was a 67.73% improvement of BIR%. The decreasing trend of bacterial development
over time was also observed, as shown in Figure 4b; it is worth mentioning that the growth
rate was lower when supplementing the treatment with MpEO. Bacterial growth rate BGR
(%) with the use of ozone–MpEO was lower (between 22–60%) than when the treatment
was done only with ozone (between 78–120%) (Figure 4b).

Figure 5a presents the results regarding the 15 time durations tested on E. coli. The
results show a positive antimicrobial effect recorded against E. coli (with the BIR% ranging
from 0.16% to 39.07%) for the ozone-alone treatment tested, starting from 10 s.

The only negative value was presented at 5 s. Even if time had a relatively weak
influence on the value of BIR recorded, with 0.64% at 15 s and 4.05% at 55 s, the effect
was still inhibitory considering that the value obtained was reported to be 0% growth of
the control strain. The last four durations tested proved good inhibitory results ranging
from 11.39% to 39.07% BIR. The values obtained for the ozone enhanced with MpEO
show the inhibitory pattern improved over what was presented in the previous test. For
ozone alone, the BIR% was −0.19, and for ozone enhanced with MpEO, the BIR% was
61.45%. The values obtained present an improvement of BIR% after MpEO enhancement by
approximately 70%. Figure 5b shows the decrease of bacterial growth over time, especially
for ozone treatment enhancement with MpEO.

Regarding the inhibition of C. albicans, there was a positive correlation between the
antimicrobial effect with ozonation duration, as seen in Figure 6a. The 120 s test was the
first active, with a MIR of 1.6%, while the final test at 240 s showed a mycelial inhibitory
percentage of 25.19%.

The values obtained for the enhanced ozone with MpEO show a clear improvement
in results. For the single ozone tested at 5 s, the MIR% was −29.84%, and for the ozone
enhanced with MpEO, the value reached 72.89%; all of the other durations tested confirmed
an average rise in efficacy by 50%. The inhibitory activity against C. albicans was also
demonstrated by BGR (%), as presented in Figure 6b. The bacterial growth rate was higher
for the use of ozone alone (between 78–130%) than when the treatment of ozone and MpEO
was applied (20%).
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Figures 7 and 8 present the inhibition percentages of all of the strains tested at different
periods selected in the research. The difference in the figures regarding the strains and times
of exposure to ozone is due to the fact that the data presented in Figure 8 are complementary
to the data presented in Figure 7. The values presented in Figure 8 are results obtained from
the first part of the analysis, from which we selected only the times necessary for obtaining
the MIC for each strain, and all of the extra periods of time outside of the necessary
timeframe were untested.

Figure 7. Antimicrobial activity (expressed as BIR/MIR%) of ozone tested on ATCC strains at
different exposure times represented in seconds (′′).

Figure 8. Antimicrobial activity (expressed as BIR/MIR%) of ozone+MpEO tested on ATCC strains
at different exposure times expressed in seconds (′′).

Concerning the ozone tested as a single element, the best results were on S. aureus,
with the inhibition value reaching 80.91% at 240 s. The second strain most affected by ozone
alone was P. aeruginosa, with a maximum inhibitory response of 54.21%, followed by E. coli
at 39.07%. S. mutans and C. albicans showed similar values at maximum exposure: 24.13%
and 25.18%, respectively. The results suggest the best effect was recorded for C. albicans
with BIR% up to 80.71%, followed by E. coli (73.38%), P. aeruginosa (71.24%), S. aureus
(69.54%), and finally, S. mutans (36.52%).

Regarding the BIR/MIR (%) values of MpEO (Figure 8), all bacterial strains were
inhibited. For each strain, the trend was positive, with BIR% values ranging from 36.59%
to 74.06%. There was a difference for C. albicans, where inhibition was present with
MIR% values ranging from 67.54% to 51.07%, the difference being made by the negative
trend of inhibition; the inhibitory values decreased with increases in EO concentration. For
C. albicans, the increase in MpEO concentration negatively correlated with inhibition values.
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The minimum inhibition concentrations (MIC) tested on the ATTC strains is presented
in Table 2. MIC was determined as being the lowest time expressed in seconds of ozone
exposure that inhibited the visible growth of cells.

Table 2. The MIC values of ozone (a), ozone+MpEO (b), and MpEO (c) on ATTC strains at different
exposure times. The red background colour highlights the time duration or concentration where
the MIC was determined for each strain. The effect was maintained together with an increase
in the period/concentration. The ozonations with positive inhibitory responses are marked with
grey background.

MIC Values of Ozone MIC Values of Ozone+MpEO
S.

mutans
S.

aureus
P.

aeruginosa
E.

coli
C.

albicans
S.

mutans
S.

aureus
P.

aeruginosa
E.

coli
C.

albicans
5′′ 5′′ 5′′ 5′′ 5′′ 5′′ 5′′ 5′′ 5′′ 5′′

10′′ 10′′ 10′′ 10′′ 10′′ 10′′ 10′′ 10′′ 10′′ 10′′
15′′ 15′′ 15′′ 15′′ 15′′ 15′′ 15′′ 15′′ 15′′ 15′′
20′′ 20′′ 20′′ 20′′ 20′′ 20′′ 20′′ 20′′ 20′′ 20′′
25′′ 25′′ 25′′ 25′′ 25′′ 25′′ 25′′ 25′′ 25′′ 25′′
30′′ 30′′ 30′′ 30′′ 30′′ 30′′ 30′′ 30′′ 30′′ 30′′
35′′ 35′′ 35′′ 35′′ 35′′ 35′′ 35′′ 35′′ 35′′ 35′′
40′′ 40′′ 40′′ 40′′ 40′′ 40′′ 40′′ 40′′ 40′′ 40′′
45′′ 45′′ 45′′ 45′′ 45′′ 45′′ 45′′ 45′′ 45′′ 45′′
50′′ 50′′ 50′′ 50′′ 50′′ 50′′ 50′′ 50′′ 50′′ 50′′
55′′ 55′′ 55′′ 55′′ 55′′ 55′′ 55′′ 55′′ 55′′ 55′′
60′′ 60′′ 60′′ 60′′ 60′′ 60′′ 60′′ 60′′ 60′′ 60′′
120′′ 120′′ 120′′ 120′′ 120′′ 120′′ 120′′ 120′′ 120′′ 120′′
180′′ 180′′ 180′′ 180′′ 180′′ 180′′ 180′′ 180′′ 180′′ 180′′
240′′ 240′′ 240′′ 240′′ 240′′ 240′′ 240′′ 240′′ 240′′ 240′′

S. mutans S. aureus P. aeruginosa E. coli C. albicans
MpEO% 2 2 2 2 2
MpEO% 4 4 4 4 4
MpEO% 8 8 8 8 8
MpEO% 16 16 16 16 16
MpEO% 32 32 32 32 32

Following statistical analysis with a t-test, the values obtained are recorded in the table
presented as a Supplementary File, wherein significant differences (p < 0.05) are recorded
between the ozone-treated and ozone-MpEO-treated samples.

3. Discussion

3.1. The Obtaining and Characterisation of EOs

The extraction yield of MpEO from the aerial parts of Mentha piperita prelevated from
spontaneous flora was small (3.50%) but similar to the results reported in the literature
(3.22%) [27].

Similar compositions have been reported in other studies regarding the chemotypes
identified in MpEOs. Oxygenated monoterpenes predominated: 60.826% in MpEOs ob-
tained from the aerial parts of Mentha piperita originating from the spontaneous flora of
Romania [28], and 73.9–94.8% obtained from Mentha species from China [29]. Yield rates
for menthol include the following: 36.02% [30], 45.05% [31], 32.14% [32], 10.6–66.6% (de-
pending on cultivar and harvest stage), and 11.57% [33]; for menthone, 20.14% [34] and
5–35% [35] were identified in the majority of EOs originating from Mentha piperita species
cultivated in different geographical areas.

3.2. The Ozone Potential as Single and Enhanced with MpEO Antimicrobial Agent

The results obtained regarding the antimicrobial effect of ozone on the tested strains
show that, in terms of the effect related to the effective exposure time, it decreased in the
following order: E. coli > S. aureus = S. mutans > P. aeruginosa = C. albicans. Regarding the
intensity of the effect of ozone on the tested strains, maximum efficiencies were observed,
after 240 s of ozone exposure, in decreasing order of strength: S. aureus > P. aeruginosa >
E. coli > C. albicans > S. mutans.
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All of the results obtained using the OD values and, subsequently, the BIR values
demonstrate the synergistic effect of the ozone and MpEO mixture. This affirmation is
sustained by the fact that the inhibitory rates obtained in the mixture increased compared
to the inhibitory rates obtained for ozone and MpEO tested as single compounds. This fact
is possibly a result of a dual effect: the oxidation reaction of the bacterial wall produced by
the ozone, potentiated with the MpEO mechanism of weakening the cell walls of resistant
bacteria, damages or kills these cells.

The effects of ozone on various bacterial and fungal strains and their mechanisms of
action were previously reported in specialised studies [36]. Giuliani et al., 2018 explained
that ozone attacks numerous cellular constituents such as proteins, unsaturated lipids,
enzymes, and nucleic acids in the cytoplasm [36]. When ozone interacts with the cell wall,
an oxidative burst occurs, creating a tiny hole in the cell wall; thus, the bacterium loses
its shape, and after multiple collisions with ozone, the cell dies in only a few seconds [36].
Another explanation regarding the antimicrobial activity was given by Srinivasan SR,
Amaechi BT, which highlighted the solid oxidising potential of ozone that degrades the
cytoplasmatic membranes of unsaturated fatty acids [37].

Our data agree with previous studies that confirm the antimicrobial potential of ozone.
In our study, the maximum effective rate of ozone inhibition on S. aureus was 80.91% af-
ter 240 s of exposure. Similar results were reported for different strains of Staphylococcus
(Staphylococcus aureus, 94.0%; Staphylococcus epidermidis, 88.6%; Enterococcus faecalis, 79.7%) [38].
In 2011, Wilczińska-Borawska et al. confirmed ozone’s bactericidal activity in bacterial strains
most frequently isolated from the oral cavity. In addition, two gas application models on the
infected medium were compared [39]. In agreement with our study, they found a statistically
significant difference regarding inhibited bacterial growth on all media depending on the
time of ozone action.

In 2000, Baysan et al. assessed the antimicrobial impact of ozone against S. mutans and
Streptococcus sobrinus on primary root caries and observed an important inhibition effect
for either 10 or 20 s after ozone introduction [40]. The killing rate was 78% after 6 s and
47% after twofold 18 s of exposure [40], but no completely eradicated strain was observed
after applying ozone against S. aureus, E. faecalis, Enterobacter cloacae, and C. albicans [41].
Our results are in agreement with those obtained by Baysan et al. in 2000. The inhibition
effect on S. aureus was proved at the first duration tested, meaning 5 s, with a BIR% value
of 37.61% and a higher MIC value at 25 s. Against S. mutans, ozone significantly affected
the bacterial load in dentin. Significant differences were found between the control and
treated groups after 4 and 8 weeks after treatment, but no significant differences were
found between 4 and 8 weeks [42].

The antibacterial effect of ozone on cariogenic bacterial species with and without the
presence of saliva and a possible effect on the salivary proteins was studied by Johans-
son et al. in 2009 [43]. The results showed that in salt buffer, 92%, 73%, and 64% of the initial
numbers of A. naeslundii, S. mutans, and L. casei were killed after 10 s of ozone exposure, and
approximately 99.9% of the bacteria were dead after 60 s; however, in saliva, compared to
the salt buffer, S. mutans and L. casei were less efficiently killed. In addition, saliva proteins
were degraded by ozone after 60 s of exposure [43].

Huth KC et al., 2009 studied the influence of ozone aggregation conditions on the
antimicrobial effect of treating different strains with not only either gaseous ozone or
aqueous ozone, but also with 0.2%, 1%, and 2% chlorhexidine [44]. After 60 s of exposure,
gaseous ozone at a concentration of 4 g m-3 was as effective as chlorhexidine. However,
the highest concentration of aqueous ozone (20 μg/mL) proved even more effective than
chlorhexidine in killing oral pathogens [44].

Although our experiments differed from those made by Huth et al. in 2009 regarding
the time of exposure and ozone concentration, the results of this study agree with their
results regarding the dose- and strain-dependence of ozone antimicrobial activity [44].

In another study, the effect of ozone on cultivatable microflora compared to chlorhex-
idine highlighted that the total reduction in the group without excavation was 7% after
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ozone treatment and 36% after chlorhexidine treatment. In comparison, 19% was the
inhibition rate for ozone and 41% for chlorhexidine in the group with excavation [45].
The efficacy of ozone on cariogenic microorganisms (S. mutans, S. salivarius, S. epidermidis,
S. mitis, Lactobacillus, and different kinds of Staphylococcus) exceeded the efficacy of 3%
hydrogen peroxide and 0.2% chlorhexidine digluconate significantly [46].

In recent years, there has been an increasing emphasis on the association of ozonation
with other natural preparations. The association of ozone with other natural preparations,
such as essential oils, enhances its efficiency. The killing rates of ozonated oil against
S. aureus were almost 100% [47]. In addition, ozonated water (4 mg/L) was discovered to
be viable for treating gram-positive and gram-negative oral bacteria and oral C. albicans in
plaque biofilms and helpful in controlling oral disease-causing microorganisms in teeth [48].

Montevecchi M. et al. in 2013 observed the antibacterial activity of ozonated sun-
flower oil against Porphyromonas gingivalis after 72 h of anaerobic incubation. Although
ozonated oil showed a significantly greater zone of inhibition than 0.2% chlorhexidine
against S. aureus and P. gingivalis [49], the evaluation of the antibacterial activity of ozonised
olive oil against oral and periodontal pathogens compared with the other two gel agents,
which were based on chlorhexidine, proved the moderate antiseptic potential of ozonated
oil [22]. A previous study reported the effectiveness of ozonated oil on Candida albicans.
Ozonated olive and sunflower oils demonstrated similar antimicrobial activity, with low
MICs ranging from 0.53 to 0.2 μg/mL [23].

Other approaches have referred to the intensity and concentration of ozone ap-
plied [50]. Schneider H. in 2004 reported that ozone concentrations ranging between 300
and 800 ppm have bactericidal effects, with the maximal effect recorded at 525 ppm [51].

The efficiency of our method of using ozone mixed with MpEO as an antimicrobial
agent is superior to methods reported by other authors who used only ozone. In the recent
study of Rangel and al. in 2022, an inhibition rate of 17% against P. aeruginosa was reported
after 60 s of exposure, and an inhibition effect of 99.99% against S. aureus was reported only
after 40 min of exposure [52]. Our data highlighted the advantage of enhancing ozone with
MpEO by showing the reduction of exposure time at 60 s with an inhibition rate of 65.71%
against P. aeruginosa and 69.54% after 50 s against S. aureus.

In our study, the MIC values of MpEO varied. The MIC value of MpEO, reported by
other authors, varied from 0.625 μg/mL against fungi such as C. albicans and C. parapsilosis,
gram-positive bacteria such as S. mutans, S. pyogenes to 1.14–6.25 μg/mL for E. coli or
5 μg/mL for P. aeruginosa [34,35,53]. The MIC values obtained in our study for MpEO
against S. mutans, S. aureus, P. aeruginosa, E. coli, and C. albicans were 2% lower than those
reported by Sechi et al., who obtained MICs values against S. aureus, Enterococcus faecalis,
S. pyogenes, E. coli, and P. aeruginosa that ranged between 1.18 and 9.5% [24].

Heydari in 2018 highlighted that MpEO possesses stronger antimicrobial activity with
greater activity on the bacilli (Bacillus subtilis and Bacillus cereus) rather than on the cocci
(Staphylococcus aureus and Staphylococcus epidermidis) [54]. Other authors reported only a
moderate antibacterial effect against some tested bacteria [55].

The main chemical compounds of our MpEO are menthol (32.658%), menthyl acetate
(23.643%), and menthone (10.322%). The MICs demonstrate that menthol is considerably
toxic against S. aureus and the most toxic against E. coli [56]. The inhibition potential of these
compounds against different bacteria and fungi is due to the toxic effects on their membrane
structures and functions [57]. Monoterpenes have a lipophilic character responsible for the
antimicrobial effects of menthol and menthone. The mechanism of action of menthol and
menthone is a perturbation of the lipid fraction of a microorganism’s plasma membrane,
resulting in membrane permeability alterations and leakage of intracellular materials [56].

The use of the ozone–MpEO mixture increased inhibition effects, as proved in this
study, and this increase is based on the combination of the two effects and mechanisms
of action of the materials as explained previously. The obtained results strengthen the
applicability of these mixtures in medical and dental techniques.
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4. Materials and Methods

4.1. The Obtaining and Characterisation of EOs

The aerial parts of the investigated medicinal plant (Mp) were collected during the
flowering period from the flora located in the outskirts of Timisoara, Romania (45◦47′00.1′′
N 21◦12′37.2′′ E) in 2020. A total of ~700 g fresh material was used. Additionally, a voucher
specimen was botanically identified and deposited in the temperature-controlled herbarium
(22–25 ◦C and 30–40% relative humidity) of the Faculty of Agriculture-Botany Department,
University of Life Sciences “King Mihai I” Timisoara, Romania; the plant’s name (accepted
name) was identified as Mentha x piperita L (M. aquatica x M. spicata) (Voucher Specimen
Number Herbarium-Botany Department, VSNH.ULST-BD65).

The plant material was dried under natural conditions. The MpEO was extracted from
300 g of plant material using Clevenger-type equipment for 2 h, and the essential oil was
separated via decantation and stored at 2–4 ◦C until used in GC/MS and microbiological
analyses. The extraction yield of MpEO was calculated using the following formula:

Yield (%) = [amount of EO (g)/amount of dry plant (g)] × 100 (1)

The GC-MS characterisation of MpEO was done using Shimadzu QP 2010 Plus equip-
ment (Shimadzu Corporation, Columbia, SC, USA), which was equipped with a capillary
column AT WAX 30 m × 0.32 mm × 1 μm. The carrier gas used was helium, with a flow
rate of 1 mL/min, and the injector and ion source temperatures were 250 ◦C and 220 ◦C,
respectively. The gradient temperature was used for compound separation with an initial
oven temperature of 40 ◦C maintained for 1 min; then, the temperature was raised to 210 ◦C
at a rate of 5 ◦C/min and maintained for 5 min at this temperature. The sample injection
volume was 1 μL, and a split ratio of 1:50 was used. Volatile compounds of MpEO were
identified using the NIST5 Wiley 275 libraries database. The linear retention indexes (LRI)
were calculated using n-alkane C8–C27 standards using the same experimental conditions.
The results are presented as percentages from total compounds [24]. The chromatogram of
the chemical compounds is presented in the Supplementary File.

4.2. Microbiological Assay
4.2.1. Microbial Strains

All of the strains used belong to the culture collection of the Microbiology Laboratory of
the Interdisciplinary Research Platform within the University of Life Sciences “King Michael
I” from Timis, oara. The used microbial strains were: Streptococcusmutans (ATCC 19615),
Staphylococcus aureus (ATCC 25923), Escherichia coli (ATCC 25922), Pseudomonas aeruginosa
(ATCC 27853), and Candida albicans (ATCC 10231). All ATCC strains are maintained at
−50 ◦C.

4.2.2. Microbial Culture Preparation and Essential Oil Efficacy Assessment

Antimicrobial activity was tested according to the method described by Hulea et al. [58]
and Obistioiu et al. [59], and the CLSI method was used for microdilution for the antimi-
crobial susceptibility test [60]. Different concentrations of MpEO ranging from 2 μL–32 μL
were tested using the broth microdilution method. Considering that the quantity of oil
tested was immersed in 100 μL of Brain Heart Infusion Broth, the concentration reached is
expressed as a percentage (2–32%). Subsequently, the minimum inhibitory concentration
(MIC) was determined. The MIC is defined as the lowest compound concentration that
yields no visible microorganism growth, and it is based on mass loss by measurement of
optical density (OD) by using the spectrophotometric method at 540 nm. For ozone, MIC
was determined as the lowest time expressed in seconds of the ozone or enhanced ozone
exposure that inhibited the visible growth of cells. The values obtained are expressed as
OD reading values (values presented as mean ± standard deviation in Supplementary
Material). The simple strain multiplied in BHI was used as a negative control. The control
group for each strain was represented by the ATCC strain multiplied in BHI after 24 h
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without any interference. The mean OD values reached for each experiment were used in
Formulas (2) and (3) and were considered to be 100% BGR and 0% BIR for each strain.

Two indicators were calculated, MGR/BGR and MIR/BIR, to interpret the values
obtained by using the following formulas:

MGR/BGR =
ODsample

OD
negativecontrol

× 100(%) (2)

MIR/BIR = 100 − MGR/BGR (%) (3)

where:
OD sample—optical density at 540 nm as the mean value of triplicate samples in the

presence of the selected fungi/bacteria;
OD negative control—optical density at 540 nm as the mean value of triplicate readings

for the selected fungi/bacteria in BHI.

4.2.3. Ozonation Procedure

Various authors researched the effect of ozone in either clinical or microbiological
studies, all stating as the conclusion that the duration of action can be an important consid-
eration in ozone’s antibacterial effect. Noites et al. [61] used gaseous ozone applied with an
ozone generator for 24, 60, 120, and 180 s and assessed the antimicrobial impact of ozone
against S. mutans and Streptococcus sobrinus for either 10 or 20 s, whereas Baysan et al. [40,62]
assessed that an ozone application of 10–20 s eliminated more than 99% of the microorgan-
isms found in dental caries and associated biofilms, and a 40 s treatment time covered all
eventualities. Starting from these conclusions, we selected a wider range of time periods to
investigate the efficacy of ozone on the microorganisms tested to ensure we obtained the
necessary MIC.

The ATCC strains were successively subjected to ozonation with gaseous O3 produced
with HealOzone X4 (KaVo Dental & Co., Biberach, Germany), which released O3 at a fixed
concentration of 2100 ppm with a flow rate of 615 cm2/min for 5′′ (s), 10′′, 15′′, 20′′, 25′′, 30′′,
35′′, 40′′, 45′′, 50′′, 55′′, 60′′, 120′′, 180′′, and 240′′. Each period selected in our research was
measured according to the times suggested by the manufacturer and in research articles.

The ozonation device comprises an air filter, vacuum pump, an ozone generator, a
handpiece fitted with a sealing silicone cup, and a flexible hose. Once the procedure was
started, the hose end was submersed into the ATCC strain within the 96-microdilution
plate, and therefore, no O3 was lost from the dose injected in the BHI broth. According to
the specifications, the device produced ozone at a concentration of 32 g/m3 at an exposure
of 60 s.

This analysis method was also used for broth microdilution, and all of the previous
steps presented before in the microbiological methodology (Sections 4.2.1 and 4.2.2) were
followed once the ozonation procedure was finished.

4.3. Statistical Analysis

Differences between means were analysed with a one-way ANOVA, followed by
multiple comparisons using a t-test (two-sample assuming equal variances) using Graph-
Pad Prism 8 (version 8.0.2; GraphPad Software Inc., La Jolla, CA, USA). Differences were
considered significant when p-values < 0.05. Time–inhibition relationships were established
with the Microsoft Excel 365 software.

5. Conclusions

The results underline that ozone in combination with MpEO exerts synergistic effects
of potentiating antimicrobial activity. The antibacterial effects obtained depend on contact
time and the strain type. The effect of ozone on the following tested strains at maximum
efficiency was observed after 55 s of single ozone exposure, listed in descending order
of effect strength: S. aureus > P. aeruginosa > E. coli > C. albicans > S. mutans. Exposure to
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the ozone–MpEO mixture decreased contact time with the bacteria, which is of practical
and economic importance. For ozone with the addition of 2% MpEO, the maximum
efficacy was recorded at 5 s in the following strains, listed in descending order of effect
strength: C. albicans > E. coli > P. aeruginosa > S. aureus > S. mutans.

The results demonstrate that the combination of ozone with MpEO leads to an increase
in efficiency and a decrease in exposure time. All bacterial strains were inhibited, with
BIR% values ranging from 36.59% to 74.06%, and the exposure time was reduced from 120 s
to an optimal 55 s.

In the search for alternative antimicrobial solutions to synthetic antibiotics, the use of
ozone in combination with essential oils can represent innovative solutions with applica-
tions in medicine and dentistry.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules28052032/s1, Table S1: Optical density (OD)
values at 540 nm, Table S2: BGR%/MGR% of ozone; Table S3: BGR%/MGR% of ozone enhanced
with MpEO; Table S4: BGR%/MGR% of MpEO on ATCC strains; Figure S1: GC-MS Chromatogram.
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Abstract: Pseudomonas aeruginosa is an opportunistic pathogen causing life-threatening, hard-to-heal
infections associated with the presence of a biofilm. Essential oils (EOs) are promising agents to
combat pseudomonal infections because of the alleged antimicrobial activity of their volatile fractions
and liquid forms. Therefore, the purpose of this paper was to evaluate the antibacterial efficacy of
both volatile and liquid phases of seven EOs (thyme, tea tree, basil, rosemary, eucalyptus, menthol
mint, lavender) against P. aeruginosa biofilm and planktonic cells with the use of a broad spectrum of
analytical in vitro methods. According to the study results, the antibacterial activity of EOs in their
liquid forms varied from that of the volatile fractions. Overall, liquid and volatile forms of rosemary
EO and tea tree EO displayed significant antibiofilm effectiveness. The outcomes indicate that these
particular EOs possess the potential to be used in the therapy of P. aeruginosa infections.

Keywords: biofilm; Pseudomonas aeruginosa; essential oil; EOs in liquid form; volatile fractions;
antimicrobial activity

1. Introduction

Pseudomonas aeruginosa is a Gram-negative, opportunistic bacterium responsible for
a growing number of serious nosocomial infections. As an example, such different pop-
ulations as patients suffering from chronic wounds, cystic fibrosis, catheter-related infec-
tions, or AIDS are at risk of developing a severe pseudomonal infection, accounting for
high mortality and morbidity rates [1]. The production of surface factors, flagella, pili,
lipopolysaccharide, toxin secretion and biofilm formation are considered primary virulence
determinants of P. aeruginosa [2]. Biofilms are complex microbial communities in which
cells display characteristic spatial localization and phenotypic and biochemical features
differentiating them from their free-swimming (planktonic) counterparts. Cells in the
biofilm are encased in extracellular polymeric substances (EPS), which serve as a scaffold
for the structural integrity of the microbial community and as a barrier protecting cells from
detrimental factors. The biofilm may form on living tissue and indwelling medical devices,
including catheters, tracheal tubes, implants, etc. Cells in the biofilm are highly tolerant
to antimicrobials (antibiotics, especially) and are resistant to host immune defense mecha-
nisms [3]. Therefore, therapeutic options for the treatment of pseudomonal, biofilm-based
infections are limited. Thus, numerous attempts have been made to devise novel strategies
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for combating Pseudomonas infections [2]. Among them, the application of various kinds of
phytochemical molecules has been reported to be a promising direction with regard to P.
aeruginosa biofilm eradication and overcoming this bacteria’s resistance to antibiotics [4].

One of the types of such phytochemical molecules is referred to as essential oils (EOs).
These mixtures of plants’ secondary metabolites belong mainly to groups of terpenes,
sesquiterpenes, and phenylpropanoids. Their broad spectrum of biological activity covers
antibacterial, antifungal, anti-inflammatory, antiviral, antioxidant, and anticancer proper-
ties. Overall, EO activity depends on the content of the constituents, which is, to a major
extent, impacted by such variables as plant origin, cultivation conditions, and extraction
techniques [5]. EOs are characterized by high lipophilicity and volatility. Due to the
lipophilic nature, they exhibit an unspecific mode of antimicrobial action, which relies on
binding to the cell wall or the membrane and damaging its integrity. Concerning this broad
mechanism of action and already proven effectiveness against multidrug-resistant microor-
ganisms/biofilms, EOs are suggested to be the alternative approach to combat bacterial
infections [6]. However, the topical administration of EOs may cause allergic reactions and
skin irritation; thus, undiluted EOs cannot be applied directly to body parts altered by the
infection process [7]. From the manufacturing perspective, EOs’ lipophilic properties also
restrain the development of physically stable, non-harmful skin formulations [8]. Therefore,
volatile fractions of EOs are more and more considered to be suitable for the treatment of
specific bacterial infections (e.g., of the respiratory tract, skin, or wounds) [9].

The already performed research demonstrated that the volatile forms of EOs may
display a stronger antimicrobial effect than their liquid phases used in direct contact [10]. It
is suggested that hydrophobic molecules in the aqueous phase associate and form micelles,
which hinder the attachment of EOs to microorganisms. The EOs’ volatile fractions are
devoided of this disadvantage [11]. In addition, because EOs’ volatile fractions may be
administered locally (not via systemic dosage), the risk of side effects and interactions
with other drugs is exiguous [8]. However, the majority of research is still mainly focused
on EOs’ antimicrobial activity through direct contact with the oil in its liquid form. Only
a limited number of studies on antimicrobial effectiveness of the volatile forms of EOs
are available [12]. Therefore, the purpose of this paper was to evaluate the antibacterial
potential of both volatile and liquid phases of seven commercially available EOs against
P. aeruginosa biofilm and planktonic cells with the use of a broad spectrum of analytical
in vitro methods.

2. Results

2.1. GC–MS (Gas Chromatography–Mass Spectrometry) Analysis of the Tested EOs Composition

The percentage composition of EOs’ constituents was assessed using gas chromatography–
mass spectrometry. The two main ingredients of thyme oil (T-EO) are thymol and p-
cymene. Terpinen-4-ol and γ-terpinene predominate in tea tree oil (TT-EO). Basil oil
(B-EO) is composed of methyl chavicol and linalool only. Camphor and 1,8-cineole are the
main components of rosemary oil (R-EO), while 1,8-cineole and γ-terpinene are primarily
presented in eucalyptus oil (E-EO). Menthol mint oil (MM-EO) contains mostly menthol
and menthone, and linalyl acetate and linalool are the main ingredients of lavender oil
(L-EO). The compositions of EOs were compared to the Polish Pharmacopoeia XI standards.
TT-EO was the only one whose components (and their percentage) were directly within
pharmacopeial ranges. B-EO is not included in the Pharmacopoeia. Table 1 presents a
list of the EOs’ detected compounds. Chromatograms of the tested EOs are presented in
Figure S1 in the Supplementary Materials.
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Table 1. The content (% ± standard deviation) of compounds in essential oils. T-EO, thyme oil;
TT-EO, tea tree oil; B-EO, basil oil; R-EO, rosemary oil; E-EO, eucalyptus oil; MM-EO, menthol mint
oil; L-EO, lavender oil. Dashes (-) indicate the compounds not presented in the specific EO. The
components in line with Polish Pharmacopoeia XI standards are marked in green color.

Retention
Time
(min)

Compound
Mean Concentration (%) ± SD

T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO

6.37 α-Thujene - 1.11 ± 0.02 - - - - -
6.56 α-Pinene 2.20 ± 0.09 2.85 ± 0.06 - 2.58 ± 0.28 2.30 ± 0.04 3.01 ± 0.17 0.94 ± 0.04
6.98 Camphene 0.73 ± 0.04 - - - - - -
7.8 Sabinene 0.64 ± 0.03 0.75 ± 0.02 - - - - -

8.22 Cyclofenchene - - - 4.99 ± 0.48 - 2.68 ± 0.17 3.66 ± 0.35
8.25 β-Pinene 0.81 ± 0.05 0.69 ± 0.01 - - 1.09 ± 0.02 - -
8.65 α-Phellandrene - 0.61 ± 0.01 - 0.23 ± 0.07 2.02 ± 0.02 - -
8.69 2-Bornene - - - 3.00 ± 0.29 - - -
9.06 α-Terpinene - 11.07 ± 0.17 - 0.80 ± 0.04 - - -
9.31 p-Cymene 26.91 ± 0.99 4.69 ± 0.07 - - 6.89 ± 0.07 - -
9.45 Limonene 0.77 ± 0.04 2.08 ± 0.05 - 14.26 ± 0.99 - 3.78 ± 0.27 -
9.52 1.8-Cineole - 3.34 ± 0.06 - 30.12 ± 1.74 79.10 ± 0.61 - 2.56 ± 0.39
9.57 β -Thujene - - - 2.33 ± 0.11 - - -

10.22 Myrcene - - - 0.38 ± 0.14 - - -
10.22 Myrcene - - - - - - 0.86 ± 0.13
10.47 γ-Terpinene 8.60 ± 0.03 19.07 ± 0.27 - 8.21 ± 0.35 8.16 ± 0.07 - -
10.83 3-Carene - - - - - - 1.19 ± 0.12
11.35 o-Cymene - - - 3.15 ± 1.45 - - 1.19 ± 0.12
11.44 α-Terpinolene - 4.34 ± 0.06 - - - - -
11.85 Linalool 3.45 ± 0.15 - 10.69 ± 1.13 - - - 37.76 ± 1.18
13.36 Camphor 0.66 ± 0.06 - - 21.97 ± 0.77 - - 0.84 ± 0.10
14.58 Terpinen-4-ol - 33.27 ± 0.79 - - - - 3.03 ± 0.46
14.99 α-Terpineol 7.84 ± 0.30 3.26 ± 0.13 - 1.56 ± 0.39 - - -
15.98 Menthone - - - - - 24.53 ± 0.23 -
16.08 Isoborneol - - - 1.53 ± 0.06 - - -
16.36 Isomenthone - - - - - 13.54 ± 1.75 -
16.40 Borneol - - - 2.69 ± 0.09 - - 2.04 ± 0.56
16.66 Menthol - - - - - 45.57 ± 2.21 -
17.59 Methyl chavicol - - 89.31 ± 1.13 - - - -
18.49 Thymol 44.00 ± 0.46 - - - - - -
19.60 Linalyl acetate - - - - - - 41.13 ± 0.40
20.61 Bornyl acetate - - - 1.17 ± 0.09 - - -
20.81 Lavandulyl

acetate - - - - - - 1.80 ± 0.22
20.89 Menthyl acetate - - - - - 5.61 ± 0.36 -
22.36 β-Caryophyllene 1.00 ± 0.05 0.53 ± 0.01 - - - - -
22.83 Aromadendrene - 1.83 ± 0.03 - - - - -
23.32 Alloaromadendrene - 0.82 ± 0.02 - - - - -
24.03 Viridiflorene - 2.35 ± 0.04 - - - - -
24.55 β-Cadinene - 2.78 ± 0.03 - - - - -
24.80 Caryophyllene - - - 0.85 ± 0.21 - 1.27 ± 0.57 3.47 ± 0.66

2.2. Biofilm Biomass and Activity Level Assessment

In the next line of investigation, the level of P. aeruginosa biofilm biomass and its cells’
metabolic activity were assessed. All tested strains were metabolically active and able
to form biofilm under applied in vitro conditions; however, differences in both biofilm
biomass and metabolic activity were observed between specific strains (Figure 1).
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Figure 1. The ability of Pseudomonas aeruginosa clinical (PA 1–7, PA 13–19) and the reference (ATCC
15442) strains to form biofilm. (A) Biofilm biomass level assessed with the crystal violet method.
(B) Metabolic activity of biofilm-forming cells, determined with resazurin staining. Ab, absorbance.
The average and standard deviations are marked.

2.3. Antimicrobial Activity of EOs in Their Liquid Forms against P. aeruginosa Planktonic Forms

Two standard techniques were performed to evaluate the antimicrobial effectiveness
of EOs in their liquid forms toward planktonic cells: disc diffusion, in which non-emulsified
EOs were applied, and minimal inhibitory concentration (MIC) estimation, in which EOs
emulsions were used. The results from the first methodology mentioned are presented in
Table 2. R-EO exhibited the highest antimicrobial activity, and zones of growth inhibition
(mm) were obtained for all strains. T-EO and E-EO displayed moderate antibacterial
efficacy against most of the strains. L-EO was almost inactive against P. aeruginosa strains.
Because Tween 20 was used as an emulsifying agent in the MIC assay, its antibacterial
potential against planktonic forms of P. aeruginosa ATCC 15442 strain was also evaluated.
The aforementioned substance did not influence P. aeruginosa cell growth in concentrations
from 1.0% to 0.002% (v/v), as it is presented in Figure S2 in the Supplementary Materials.
R-EO emulsion was the most active among the tested EOs against planktonic pseudomonal
cells. MIC values of B-EO ranged from 12.5% to 1.6% (v/v). In other EOs, MIC values were
detected mostly in concentrations of 12.5–25.0% (v/v). Moreover, particular strains were
not sensitive to MM-EO and T-EO even if a 25.0% (v/v) concentration of these oils was
applied. The detailed list of the determined MIC (%) values is presented in Table 3.
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Table 2. Mean diameters of inhibition zones (mm ± standard deviation) after treatment of P. aeruginosa
clinical (PA 1–7, PA 13–19) and the reference (ATCC 15442) strains with non-emulsified EOs in their
liquid forms assessed with the disc diffusion method. T-EO, thyme oil; TT-EO, tea tree oil; B-EO,
basil oil; R-EO, rosemary oil; E-EO, eucalyptus oil; MM-EO, menthol mint oil; L-EO, lavender oil.
According to their susceptibility to a particular oil, the strains were divided into two groups of seven
or eight samples per group. In the case of B-EO, MM-EO, and L-EO, the zone equal to 0 mm was
the parameter for the low-susceptibility group and higher than 0 mm for the high-susceptibility
one. The groups are marked as follows: red, low susceptibility among the tested strains; green, high
susceptibility among the tested strains.

Mean Zones of Growth Inhibition (mm ± SD) after Treatment with Non-Emulsified EOs in Their Liquid Forms

Strain T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO

PA 1 9 ± 1 8 ± 1 10 ± 2 18 ± 5 18 ± 1 8 ± 7 7 ± 1
PA 2 13 ± 3 0 ± 0 12 ± 1 17 ± 5 18 ± 2 0 ± 0 0 ± 0
PA 3 3 ± 5 13 ± 1 0 ± 0 15 ± 4 11 ± 1 0 ± 0 0 ± 0
PA 4 9 ± 1 0 ± 0 0 ± 0 29 ± 2 0 ± 0 0 ± 0 0 ± 0
PA 5 0 ± 0 0 ± 0 0 ± 0 20 ± 2 8 ± 2 6 ± 6 0 ± 0
PA 6 5 ± 5 6 ± 5 0 ± 0 20 ± 1 9 ± 1 7 ± 6 0 ± 0
PA 7 8 ± 7 0 ± 0 0 ± 0 19 ± 1 0 ± 0 11 ± 2 0 ± 0
PA 13 13 ± 4 4 ± 8 10 ± 1 15 ± 4 14 ± 1 0 ± 0 0 ± 0
PA 14 7 ± 1 0 ± 0 0 ± 0 15 ± 1 0 ± 0 0 ± 0 0 ± 0
PA 15 8 ± 0 0 ± 0 8 ± 1 14 ± 1 14 ± 1 0 ± 0 0 ± 0
PA 16 3 ± 6 9 ± 1 0 ± 0 19 ± 0 0 ± 0 0 ± 0 0 ± 0
PA 17 11 ± 1 9 ± 1 0 ± 0 19 ± 1 10 ± 8 0 ± 0 0 ± 0
PA 18 10 ± 1 14 ± 1 0 ± 0 15 ± 0 0 ± 0 4 ± 7 0 ± 0
PA 19 0 ± 0 0 ± 0 0 ± 0 13 ± 2 11 ± 0 0 ± 0 0 ± 0

ATCC 15442 7 ± 0 5 ± 4 0 ± 0 12 ± 0 0 ± 0 0 ± 0 0 ± 0

Table 3. Minimal inhibitory concentration (%) (v/v) of emulsified EOs in their liquid forms against
P. aeruginosa clinical (PA 1–7, PA 13–19) and the reference (ATCC 15442) strains assessed with the
microdilution method. T-EO, thyme oil; TT-EO, tea tree oil; B-EO, basil oil; R-EO, rosemary oil; E-EO,
eucalyptus oil; MM-EO, menthol mint oil; L-EO, lavender oil. R symbols indicate EOs where the
minimal inhibitory concentration values were not reached in the highest concentration (25.0% (v/v))
of applied emulsions.

Minimal Inhibitory Concentration (%) of Emulsified EOs in Their Liquid Forms

Strain T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO

PA 1 6.3 12.5 6.3 0.4 25.0 25.0 25.0
PA 2 25.0 25.0 12.5 0.8 25.0 25.0 25.0
PA 3 25.0 12.5 3.1 0.4 25.0 25.0 25.0
PA 4 25.0 12.5 6.3 0.4 25.0 25.0 25.0
PA 5 12.5 12.5 3.1 0.4 25.0 25.0 25.0
PA 6 25.0 25.0 6.3 0.8 25.0 25.0 25.0
PA 7 0.2 12.5 1.6 6.3 25.0 R 25.0
PA 13 25.0 12.5 1.6 0.8 25.0 R 25.0
PA 14 25.0 25.0 3.1 0.4 25.0 25.0 25.0
PA 15 25.0 25.0 3.1 0.8 25.0 25.0 25.0
PA 16 R 25.0 12.5 0.8 25.0 25.0 25.0
PA 17 R 25.0 12.5 0.8 25.0 25.0 25.0
PA 18 25.0 25.0 3.1 0.8 25.0 12.5 25.0
PA 19 12.5 25.0 3.1 0.4 12.5 6.3 25.0

ATCC 15442 R 25.0 12.5 0.4 25.0 R 25.0

2.4. Antimicrobial Activity of EOs in Their Liquid Forms against P. aeruginosa Biofilms

The antibiofilm activity of EOs in their liquid forms was determined using the standard
microdilution method and the modified A.D.A.M. (antibiofilm dressing’s activity measure-
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ment) technique. To evaluate the MBEC values (minimal biofilm eradication concentration)
of the emulsified EOs in their liquid forms, resazurin (7-hydroxy-3H-phenoxazin-3-one-10-
oxide sodium salt) staining was applied as an indicator of the presence of metabolically
active cells. Due to the observed inconsistency of the results (data not shown) obtained
for strains treated with T-EO and TT-EO, and dyed with resazurin, TTC (2,3,5-triphenyl-
tetrazolium chloride) solution was used instead (for these above-mentioned EOs). As
the MBEC values were not found within the applied concentration spectrum, changes in
the biofilm-forming cells viability (%) after exposure to selected EO concentrations are
presented in the study. The significant changes in the biofilm-forming cells viability were
assessed after the treatment of pseudomonal biofilm with T-EO and TT-EO emulsions in
concentrations of 25.0%–6.3% (v/v). B-EO and R-EO emulsions, both in concentrations of
25.0%–12.5% (v/v) and L-EO emulsion in a concentration of 25.0% (v/v) exhibited potent
antibiofilm effectiveness. The percentage changes in the pseudomonal biofilm-forming cells
viability after the application of 25.0% (v/v), 12.5% (v/v), and 6.3% (v/v) oils emulsions are
presented in Figure 2 and Figures S3 and S4 in the Supplementary Materials, respectively.

Finally, the antibiofilm effect exerted by volatile phases of non-emulsified EOs was
determined with the AntiBioVol (antibiofilm activity of volatile compounds) methodology.
As can be seen in Table 4, PA 6, PA 17–19 and the ATCC 15442 strains were the most
susceptible among all tested strains to volatile EOs. Reductions of biofilm cells viability
ranged from 5.40% to 52.99% were obtained for the strains after the exposure to MM-EO.
Volatile fractions of 96% (v/v) ethanol reduced 100.00% of pseudomonal biofilm.

Table 4. Changes in biofilm-forming cells viability (%) of P. aeruginosa clinical (PA 1–7, PA 13–19) and
the reference (ATCC 15442) strains after treatment with volatile non-emulsified EOs assessed with the
AntiBioVol (antibiofilm activity of volatile compounds) method. T-EO, thyme oil; TT-EO, tea tree oil;
B-EO, basil oil; R-EO, rosemary oil; E-EO, eucalyptus oil; MM-EO, menthol mint oil; L-EO, lavender
oil. The strains were grouped by their susceptibility to the particular oil. The groups are marked
as follows: red, lowest susceptibility; purple, moderate susceptibility; green, highest susceptibility
among the tested strains. The negative values indicate an increase in biofilm-forming cells viability
after their treatment with EOs in comparison to the growth control (untreated cells).

Changes in the Biofilm-Forming Cells Viability (%) after Treatment with Volatile Fractions of Non-Emulsified EOs

Strain T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO

PA 1 18.13 11.08 13.23 2.65 13.21 26.86 4.49
PA 2 29.21 24.08 6.18 −0.11 22.29 40.82 2.53
PA 3 10.29 19.17 10.73 −17.52 3.75 25.85 −0.78
PA 4 12.94 14.66 −1.71 −28.46 6.75 33.56 −6.11
PA 5 1.71 50.34 15.55 45.10 18.26 9.98 34.20
PA 6 9.22 53.81 −12.83 37.88 19.24 52.99 32.67
PA 7 3.51 20.04 −83.01 12.43 −96.64 5.40 −81.17
PA 13 8.11 −1.63 22.75 −4.50 3.69 17.62 −2.68
PA 14 12.30 −3.61 −17.21 −5.96 −8.91 19.66 −4.45
PA 15 15.10 −12.49 45.13 −10.29 −1.21 37.22 −3.83
PA 16 18.57 0.17 −3.85 −3.40 0.01 9.49 1.27
PA 17 6.38 22.34 20,84 14.73 13.74 11.22 42.97
PA 18 9.12 27.69 33.45 16.28 12.29 15.00 33.00
PA 19 3.58 27.20 7.97 18.32 11.94 19.00 40.84

ATCC 15442 13.08 53.11 22.80 43.74 −7.53 46.76 −1.71
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Figure 2. Changes in the biofilm-forming cells viability (%) of P. aeruginosa clinical (PA 1–7, PA 13–19)
and the reference (ATCC 15442) strains after treatment with emulsified essential oils in their liquid
forms in the concentration of 25.0% (v/v). Results of microdilution methodology with (A,B) TTC and
(C–G) resazurin staining. Standard deviations are marked. The negative values indicate an increase
in biofilm-forming cells viability after their treatment with EOs in comparison to the growth control
(untreated cells).

To perform the modified A.D.A.M. technique, biocellulose discs were soaked with the
non-emulsified EOs. The concentration of EOs released from the biocellulose discs was
approximately 65.8%. The biofilms of PA 1–7 and PA 14–16 strains were the most prone
to the activity of the EOs in their liquid forms (Table 5). The antibiofilm effectiveness of
individual EOs was strain-dependent, although regarding all EOs except for B-EO, the
reduction of cells viability equal to 60.11% or more was reported for selected strains. The
mentioned B-EO displayed the lowest antibiofilm activity, and 96% (v/v) ethanol was
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applied against the reference strain to prove the method’s usability. The mean obtained
reduction of the biofilm cells viability after the treatment with ethanol was 90.33%.

Table 5. Changes in the biofilm-forming cells viability (%) of P. aeruginosa clinical (PA 1–7, PA 13–19)
and the reference (ATCC 15442) strains after treatment with non-emulsified essential oils in their
liquid forms assessed with the A.D.A.M. (antibiofilm dressing’s activity measurement) method. T-EO,
thyme oil; TT-EO, tea tree oil; B-EO, basil oil; R-EO, rosemary oil; E-EO, eucalyptus oil; MM-EO,
menthol mint oil; L-EO, lavender oil. The strains were grouped by their susceptibility to the particular
oil. The groups are marked as follows: red, lowest susceptibility; purple, moderate susceptibility;
green, the highest susceptibility among the tested strains. The negative values indicate an increase in
biofilm-forming cells viability after their treatment with EOs in comparison to the growth control
(untreated cells).

Changes in the Biofilm-Forming Cells Viability (%) after Treatment with Non-Emulsified EOs in Their Liquid Forms

Strain T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO

PA 1 47.23 50.57 3.49 69.55 33.14 26.11 43.93
PA 2 52.79 54.53 32.19 52.64 38.57 35.23 38.61
PA 3 63.13 37.74 22.23 87.56 64.39 79.78 69.11
PA 4 38.37 58.28 10.05 81.75 52.14 27.31 61.08
PA 5 69.45 50.36 37.78 70.46 19.31 53.54 54.64
PA 6 60.11 60.23 25.06 37.05 29.49 72.11 60.74
PA 7 36.34 44.24 20.36 38.93 20.23 64.88 40.90
PA 13 51.79 44.36 −34.87 55.01 −16.98 −13.07 20.92
PA 14 49.02 81.27 16.06 31.39 31.71 25.78 27.83
PA 15 63.80 85.39 25.56 36.98 23.81 44.93 31.14
PA 16 77.03 80.88 37.35 53.77 21.97 −12.46 50.29
PA 17 13.07 44.30 36.54 31.32 44.17 43.41 51.57
PA 18 −49.39 −39.67 −138.15 −152.19 −168.89 −110.24 −127.17
PA 19 56.21 83.26 4.13 17.92 1.78 46.16 34.75

ATCC 15442 41.11 47.06 12.50 14.56 11.33 49.87 57.36

2.5. Antimicrobial Activity of EOs’ Volatile Fractions against P. aeruginosa

The influence of non-emulsified EOs’ volatile phases on pseudomonal planktonic cells
was assessed with the inverted Petri dish method. All of the examined strains (PA 1-7, PA
13–19, ATCC 15442) were resistant to the volatile of L-EO and B-EO. Almost all of the tested
strains were resistant to T-EO (PA 1-6, PA 13-19, ATCC 15442), TT-EO (PA 1-7, PA 13–17, PA
19, ATCC 15442), MM-EO (PA 1-4, PA 6-7, PA 13-19, ATCC 15442). Mean zones of growth
inhibition obtained for R-EO ranged from 0 to 23 mm. Table 6 presents the mean diameters
of inhibition zones (mm) measured after the treatment of planktonic cells with the volatile
fractions of EOs.

Table 6. Mean diameters of inhibition zones (mm ± standard deviation) after treatment of planktonic
forms of P. aeruginosa clinical (PA 1–7, PA 13–19) and the reference (ATCC 15442) strains with volatile
fractions of non-emulsified EOs assessed with the inverted Petri dish method. T-EO, thyme oil;
TT-EO, tea tree oil; B-EO, basil oil; R-EO, rosemary oil; E-EO, eucalyptus oil; MM-EO, menthol mint
oil; L-EO, lavender oil. According to their susceptibility to R-EO, the strains were divided into two
groups for seven or eight samples per group. For the rest of the EOs, the zone equal to 0 mm was
the parameter for the low susceptibility group and higher than 0 mm for the high susceptibility
one. The groups are marked as follows: red, low susceptibility among the tested strains; green, high
susceptibility among the tested strains.

Mean Zones of Growth Inhibition (mm ± SD) after Treatment with Volatile Fractions of Non-Emulsified EOs

Strain T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO

PA 1 0 ± 0 0 ± 0 0 ± 0 18 ± 15 22 ± 2 0 ± 0 0 ± 0
PA 2 0 ± 0 0 ± 0 0 ± 0 13 ± 13 16 ± 2 0 ± 0 0 ± 0
PA 3 0 ± 0 0 ± 0 0 ± 0 13 ± 6 16 ± 2 0 ± 0 0 ± 0
PA 4 0 ± 0 0 ± 0 0 ± 0 23 ± 2 0 ± 0 0 ± 0 0 ± 0
PA 5 0 ± 0 0 ± 0 0 ± 0 19 ± 3 0 ± 0 3 ± 6 0 ± 0
PA 6 0 ± 0 0 ± 0 0 ± 0 15 ± 2 0 ± 0 0 ± 0 0 ± 0
PA 7 3 ± 5 0 ± 0 0 ± 0 15 ± 3 0 ± 0 0 ± 0 0 ± 0
PA 13 0 ± 0 0 ± 0 0 ± 0 3 ± 6 3 ± 5 0 ± 0 0 ± 0
PA 14 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
PA 15 0 ± 0 0 ± 0 0 ± 0 5 ± 4 0 ± 0 0 ± 0 0 ± 0
PA 16 0 ± 0 0 ± 0 0 ± 0 12 ± 4 0 ± 0 0 ± 0 0 ± 0
PA 17 0 ± 0 0 ± 0 0 ± 0 16 ± 5 0 ± 0 0 ± 0 0 ± 0
PA 18 0 ± 0 7 ± 6 0 ± 0 14 ± 6 0 ± 0 0 ± 0 0 ± 0
PA 19 0 ± 0 0 ± 0 0 ± 0 3 ± 5 0 ± 0 0 ± 0 0 ± 0

ATCC 15442 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
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2.6. Microscopic Visualization of Biofilm

The R-EO’s high activity against P. aeruginosa biofilms was additionally confirmed
by fluorescence microscopy (Figure 3). While the high amount of live bacterial, biofilm-
forming cells (dyed green) was observed in the untreated control setting (Figure 3A,C), the
exposure of biofilm to the liquid (Figure 3B) or the volatile (Figure 3D) R-EO resulted in the
high increase in dead/damaged biofilm-forming cells (dyed red/orange).

 

Figure 3. Impact of R-EO on P. aeruginosa ATCC 15442 biofilm. (A,B) Pseudomonal biofilm untreated
and treated with R-EO in its liquid form, assessed with the modified A.D.A.M. (antibiofilm dressing’s
activity measurement) method. (C,D) Pseudomonal biofilm untreated and treated with R-EO volatiles,
assessed with the AntiBioVol (antibiofilm activity of volatile compounds) assay. The red/orange color
shows pseudomonal cells altered/damaged as the result of exposure to R-EO, while green-colored
cells are non-altered, viable cells. Moreover, the darker (less green) picture shows that fewer live cells
are captured in this particular field of vision.

2.7. Statistical Analysis

Statistical analysis was performed to evaluate statistically significant differences be-
tween EOs’ antimicrobial activity. A summary of significance levels for each method is
presented in Table 7.

Table 7. Significance levels of differences in changes in pseudomonal biofilm cells viability after
treatment with EOs in their liquid forms and volatile fractions obtained with three methods. The
differences were statistically significant for p < 0.05 and are referred to as p < 0.03 (*), p < 0.006 (**),
p < 0.00003 (***); ns refers to difference being statistically insignificant. T-EO, thyme oil; TT-EO, tea
tree oil; B-EO, basil oil; R-EO, rosemary oil; E-EO, eucalyptus oil; MM-EO, menthol mint oil; L-EO,
lavender oil.

Comparison of the Changes in the Biofilm-Forming Cells Viability after Treatment with Emulsified EOs in Their Liquid
Forms in the Concentration of 25.0% (v/v)

T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO

T-EO - ns *** *** ns ns ns
TT-EO ns - ** *** * ** ns
B-EO *** ** - ns *** *** ***
R-EO *** *** ns - *** *** ***
E-EO ns * *** *** - ns ns

MM-EO ns ** *** *** ns - ns
L-EO ns ns *** *** ns ns -
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Table 7. Cont.

Comparison of the Changes in the Biofilm-Forming Cells Viability after Treatment with Emulsified EOs in Their Liquid
Forms in the Concentration of 12.5 (v/v)

T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO

T-EO - ns ns ns *** *** ***
TT-EO ns - ns ns *** *** ***
B-EO ns ns - ns *** *** ***
R-EO ns ns ns - *** *** **
E-EO *** *** *** *** - ns ns

MM-EO *** *** *** *** ns - ns
L-EO *** *** *** ** ns ns -

Comparison of the Changes in the Biofilm-Forming Cells Viability after Treatment with Emulsified EOs in Their Liquid
Forms in the Concentration of 6.3 (v/v)

T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO

T-EO - ns *** *** *** *** ***
TT-EO ns - *** ** *** *** ***
B-EO *** *** - ns ns ns ns
R-EO *** ** ns - *** ns *
E-EO *** *** ns *** - ns ns

MM-EO *** *** ns ns ns - ns
L-EO *** *** ns * ns ns -

Comparison of the Changes in the Biofilm-Forming Cells Viability after Treatment with Non-Emulsified EOs in Their
Liquid Forms

T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO

T-EO - ns *** ns ** ns ns
TT-EO ns - *** ns *** * ns
B-EO *** *** - *** ns ** ***
R-EO ns ns *** - ** ns ns
E-EO ** *** ns ** - ns *

MM-EO ns * ** ns ns - ns
L-EO ns ns *** ns * ns -

Comparison of the Changes in the Biofilm-Forming Cells Viability after Treatment with Volatile Fractions of
Non-Emulsified EOs

T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO

T-EO - ns ns ns ns ** ns
TT-EO ns - ns ** ** ns **
B-EO ns ns - ns ns ** ns
R-EO ns ** ns - ns *** ns
E-EO ns ** ns ns - *** ns

MM-EO ** ns ** *** *** - ***
L-EO ns ** ns ns ns *** -

3. Discussion

EOs are volatile plant derivatives of global medical interest due to their high antimi-
crobial activity. However, the number of studies focused specifically on the antimicro-
bial/antibiofilm potential of EOs’ volatile forms is still limited. EO antimicrobial activity
depends on a plethora of factors: EO state of matter (volatile or liquid one), chemical com-
position, hydrophilicity/hydrophobicity, species/strain of microorganism they act against,
but also on the type of methodology applied to analyze the aforementioned potential [13].
Therefore, the aim of this paper was to investigate and compare the anti-pseudomonal
efficacy of seven EOs in their liquid forms and their volatile fraction with the use of a
diversified spectrum of techniques in order to obtain cohesive data. First, the content of
the EOs’ constituents was determined to confirm the presence of molecules recognized
as those exhibiting antimicrobial potential (Table 1, Figure S1 in the Supplementary Ma-
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terials). Next, the pseudomonal strains’ ability to form biofilm was assessed (Figure 1).
Having preliminary tests performed, the evaluation of the EOs in their liquid forms’ an-
timicrobial activity against P. aeruginosa planktonic cells was made with the use of two
different techniques. Their results indicated that R-EO was the most effective one among
the tested EOs (Tables 2 and 3). In addition, it is suggested that the strong antibacterial
potential of R-EO is associated with the activity of its main component, 1,8-cineole [14–16].
However, 1,8-cineole is also the major compound of E-EO (Table 1); this specific oil ex-
hibited significantly lower anti-pseudomonal efficacy than R-EO. Other research teams
indicated that the antimicrobial effectiveness of crude R-EO and E-EO was stronger than
1,8-cineole applied as a self-reliant antimicrobial agent [17,18]. Therefore, the synergistic
(or at least additive) effect of remaining R-EO constituents may also account for the overall
oil’s activity against P. aeruginosa. It is hypothesized that the smaller the droplets of EO
emulsions, the higher the antimicrobial effect that occurs [19]. As we have shown earlier,
the droplet diameters of the E-EO emulsion were 2201 nm, while R-EO was 783 nm [20].
The minimal inhibitory concentration (MIC) values (Table 3) of L-EO were 25% (v/v). MIC
values of E-EO were: 12.5% (v/v) for PA 19 strain and 25% (v/v) for the rest of the strains,
whereas the zones of growth inhibition being the result of antimicrobial activity of L-EO vs.
E-EO were 0-7 and 0-18 mm, respectively (Table 2). This interesting observation requires
additional experiments to be elucidated because a broad spectrum of possible variables
may contribute to the discrepancy between outcomes measured by two testing methods.
As an example, the differences in water solubility of the main EO ingredients also have an
impact on diffusion through agar. Because agar is mainly composed of water, the higher
the aqueous solubility of the compounds, the better their diffusion across the agar. The
aqueous solubility of 1,8-cineole, which predominates in E-EO, is 2.63 mg/mL at 293 K,
while the solubility of linalool (the main component of L-EO) is 1.34 mg/mL [21]. Linalool
diffuses more poorly through the agar than 1,8-cineole, thus, the growth inhibition zones
of L-EO are less than E-EO.

To evaluate the antibiofilm efficacy of EOs in their liquid forms, the microdilution
method and the modified A.D.A.M. (antibiofilm dressing’s activity measurement) assay
were conducted. In the microdilution assay, significant biofilm-forming cells viability
reduction was demonstrated for the emulsions of T-EO, TT-EO, B-EO, R-EO and L-EO in
their liquid forms at a concentration of 25% (v/v). In the modified A.D.A.M. methodology,
levels of biofilm-forming cells viability reduction were diversified and dependent on the EO
applied and on the specific strain exposed to the EO’s activity. Nevertheless, by means of
both methods, R-EO, T-EO and TT-EO in their liquid forms can be pointed out as the most
potent against the pseudomonal biofilm, which is in line with the results of other research
teams. It was reported that above 90% reduction of P. aeruginosa biofilm was obtained
after the incubation with T-EO and that 1,8-cineole, the main component of R-EO, greatly
affected P. aeruginosa biofilm formation and disrupted the mature biofilm [18,22–24]. The
volatile fractions of R-EO and TT-EO also displayed high effectiveness against P. aeruginosa
biofilm, which may result from their multiple mechanisms of anti-biofilm activity.

In the case of volatile fraction assays, not only does the volatility of the components
determine EO activity but also the number and concentration of particular molecules
adhered to the agar surface where biofilm forms. In the standard inverted Petri dish
method, the EOs are applied to a small stretch (6 mm in diameter paper disc). Therefore,
the obtained zones of growth inhibition also depend on the volatiles spreading. The volume
of the EOs used in the inverted Petri dish method is lower, and the tightness of the setting
is poorer than in the AntiBioVol (antibiofilm activity of volatile compounds) technique;
thus, the loss of volatiles is higher.

As mentioned above, volatile fractions of EOs exhibited higher antimicrobial activity
than those EOs in their liquid forms in some of the research reports [25]. However, opposite
results are reported in the present paper (Tables 4 and 6). In turn, outcomes of other studies
stay in line with the data provided in our work and indicate that EOs in their liquid forms
are more active against bacteria than in volatiles, due to the direct contact of molecules
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with the microorganism [9]. It was also suggested that the antimicrobial activity of EOs’
volatiles is related to the volatility of the EOs’ compounds and their adsorption into the
agar surface, which is associated with its hydrophilic character [26,27]. In the previous
paper, we demonstrated that the adsorption of EO compounds to the agar changes with the
time of exposure [28]. Moreover, the maximum concentration of molecules adsorbed into
the agar surface was approximately 40% [28]. Therefore, the working concentration of the
active substances is much lower than in the liquid tests. The obtained differences in both
fractions’ activity may result from various times of biofilm incubation with the applied
indicators of cell metabolic activity (resazurin and tetrazolium chloride). According to the
AntiBioVol results, TT-EO, R-EO, MM-EO, and L-EO were the most potent ones among the
analyzed EOs. The speed of EOs evaporation is related to their vapor pressure; the higher
the vapor pressure, the faster they evaporate. The vapor pressures of EOs main compounds
at 25 ◦C are: thymol, 2.2 Pa; terpinen-4-ol, 6.4 Pa; methyl chavicol, 22.0 Pa; 1,8-cineole,
253.0 Pa; menthol, 19.0 Pa; linalyl acetate, 61.0 Pa. In our study, we found no correlation
between the above-mentioned parameter and the level of antibacterial activity of EOs. Such
a phenomenon may be explained by the fact that besides vapor pressure, EO’s particular
antimicrobial mechanism of action and affinity to agar surface should be considered to
analyze the total level of antimicrobial activity. Additionally, strain-dependent tolerance
to EOs was observed when AntiBioVol was applied, similar to what was observed when
the modified A.D.A.M. method was used. The EOs examined in the current study were
also scrutinized in our previous line of investigation toward a Gram-positive bacterium,
S. aureus [20]. Comparing results from the recent and the present work, it has to be stated
that both fractions of all EOs (except for R-EO) displayed higher antimicrobial activity
against S. aureus than P. aeruginosa. It may be related to the fact that, because of the
hydrophobic nature, EOs react with lipids of the cell membrane and lead to a leak of
intracellular substances and to damage of the cell. Gram-negative bacteria hydrophilic cell
walls hinder the penetration of lipophilic EOs, resulting in their higher tolerance to EOs
than in the case of Gram-positive pathogens. Furthermore, Gram-negative P. aeruginosa is
a ubiquitous, opportunistic microorganism, forming a robust biofilm on solid surfaces at
the water–air interface [29–31]. It thrives there by developing a vast spectrum of adaptive
resistance to various antimicrobial agents, probably including those secreted by plants. [32].
Contrary to other EOs, MIC values of R-EO in its liquid emulsified form were equal for
S. aureus and P. aeruginosa. (Table 3) [20]. An explanation of this phenomenon may be the
hypothesis that the charge of the bacterial cell surfaces and the cell shape play a role in their
tolerance to EOs as well [33–35]. Hajlaouli et al. demonstrated a more evident reduction of
the bacterial cells’ negative charge for the Gram-negative versus Gram-positive bacteria
after the treatment with EOs [34]. Rod-shaped bacterial cells were also more susceptible
to EOs than the coccoid ones [35]. In the present study, EOs in their liquid forms and
their volatile fractions were investigated because the antimicrobial effect of EOs may alter
among different in vitro conditions. R-EO exhibited the highest antibacterial effectiveness
against P. aeruginosa of all tested EOs. The reported data confirm the high potency of EOs
against P. aeruginosa biofilms and planktonic cells. Therefore, we are convinced that the data
presented in this paper, showing EOs as a promising alternative to the current (performed
by means of antibiotics and antiseptics, mostly) anti-pseudomonal therapies, will finally
pave the way for novel solutions and approaches aiming to significantly reduce the risk
associated with pseudomonal biofilm-related infections.

4. Materials and Methods

4.1. Bacterial Strains and Culture Conditions

For research purposes, one reference strain of Pseudomonas aeruginosa 15442 from the
American Type and Culture Collection (ATCC) and fourteen clinical strains (later referred to
as PA 1–7 and PA 13–19) of this bacterial species were applied. The strains were part of the
Strain and Line Collection of Pharmaceutical Microbiology and Parasitology Department
of the Medical University of Wroclaw. The clinical strains were obtained in the year 2016
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during the internal Wroclaw Medical University SUB. D198.16.001 project: “The insight into
biofilm-related properties of clinical microorganisms and possibilities of their eradication”.
All patients provided written consent to participate in the trial and allowed the material
obtained during the study (exudate, biopsy specimen, microorganisms) to be used for
scientific purposes. The study was approved by the Bioethical Committee of Wroclaw
Medical University, protocol # 8/2016.

In each of the performed experiments, the microorganisms’ overnight cultures in the
TSB medium (Tryptic Soy Broth, Biomaxima, Lublin, Poland) were prepared, and 0.5 Mc-
Farland suspensions were established afterward in a 0.9% (w/v) solution of sodium chloride
(NaCl, Stanlab, Lublin, Poland) using a densitometer (Densilameter II Erba Lachema, Brno,
the Czech Republic).

4.2. Essential Oils

Seven commercially available essential oils in their liquid forms and their volatile
fractions were tested in the research. The applied EOs are listed in Table 8.

Table 8. List of the essential oils analyzed in the paper.

Common
Name of EO

Plant Origin Part of the Plant Abbreviation Manufacturer, City, Country

thyme oil Thymus vulgaris L. herb T-EO Etja, Elblag, Poland

tea tree oil Melaleuca alternifolia Cheel. leaves TT-EO Pharmatech, Zukowo, Poland

basil oil Ocimum basilicum L. flowers B-EO Nanga, Zlotow, Poland

rosemary oil Rosmarinus officinalis L. flowering shoots R-EO Nanga, Zlotow, Poland

eucalyptus oil Eucalyptus globulus Labill. leaves and twigs E-EO Pharmatech, Zukowo, Poland

lavender oil Lavandula angustifolia Mill. flowering herb L-EO Kej, Cirkowice, Poland

menthol mint oil Mentha arvensis L. leaves MM-EO Optima Natura, Grodki, Poland

Due to the volatility of EOs, individual essential oils and control settings were exam-
ined on separate plates. Moreover, to prevent EO evaporation, in the experiments where
their volatile phases were investigated, plates were sealed with parafilm.

4.3. GC–MS (Gas Chromatography–Mass Spectrometry) Analysis of the Tested EOs Composition

Essential oils (EOs) were diluted with hexane (JTB, GB), vortexed, and immediately
analyzed. All analyses were performed in triplicate.Analysis was carried out using the
system Agilent 7890B GC coupled with 7000GC/TQ system connected to PAL RSI85
autosampler (Agilent Technologies, Palo Alto, CA, USA).

The applied column was HP-5 MS; 30 m × 0.25 mm × 0.25 μm (J&W, Agilent Tech-
nologies, Palo Alto, CA, USA). Helium was used as a carrier gas at a total flow of 1 mL/min.
Chromatographic conditions were applied as follows: split injection in a ratio 100:1, the
injector was set on 250 ◦C, oven temperature program was: 50 ◦C held for 1 min, then
4 ◦C/min up to 130 ◦C, 10 ◦C/min to 280 ◦C, and then isothermal for 2 min. The MS
detector operated in the electronic impact ionization mode at 70 eV; transfer line, source,
and quadrupole temperatures were set at 320, 230, and 150 ◦C, respectively. Masses
were registered in a range from 30 to 400 m/z. Peaks identification was performed using
MassHunter Workstation Software Version B.08.00 coupled with the NIST17 mass spec-
tra library and accomplished by comparison with linear retention indexes. The relative
abundance of each EO constituent was expressed as percentage content based on the peak
area normalization. Regarding the obtained outcomes, only TT-EO met the requirement of
pharmacopeial standards. Although, the analysis was not performed in accordance with
the normalization procedure from Polish Pharmacopea XI (different column and different
temperature program).
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4.4. Biofilm Biomass Level Assay

The crystal violet assay was performed in 96-well plates (Wuxi Nest Biotechnology,
Wuxi, China) to evaluate the total biofilm mass. Briefly, 0.5 McFarland bacterial suspensions,
prepared as described in Materials and Methods Section 4.1., were diluted 1000 times in
TSB (Tryptic Soy Broth, Biomaxima, Lublin, Poland) medium, and 100 μL was poured into
the wells of the plates. The plates were then incubated under static conditions for 24 h
at 37 ◦C. Subsequently, the medium above the biofilm was gently pipetted out, and the
plates were dried for 10 min at 37 ◦C. Then, 100 μL of 20% (v/v) aqueous crystal violet
solution (Aqua-med, Lodz, Poland) was added to each well for 10 min at room temperature.
Biofilm cells were rinsed twice with 100 μL of 0.9% (w/v) solution of sodium chloride (NaCl,
Stanlab, Lublin, Poland) to remove unbounded cells and excess stain. The plates were
transferred to the incubator (37 ◦C) for 10 min. Next, 100 μL of 30% (v/v) water solution of
acetic acid (Chempur, Piekary Slaskie, Poland) was introduced to the wells, and the plates
were shaken for 30 min at room temperature at 450 rpm (Mini-shaker PSU-2T, Biosan SIA,
Riga, Latvia). The solution was transferred to fresh 96-well plates, and the absorbance was
measured at 550 nm using a spectrophotometer (Multiskan Go, Thermo Fisher Scientific,
Vantaa, Finland). One independent experiment was performed with six technical replicates.

4.5. Biofilm Activity Level Assessment

The presented protocol of biofilm culturing in Materials and Methods Section 4.4. was
applied. After the biofilm formation, 10 μL of 0.1% (w/v) resazurin sodium salt (7-Hydroxy-
3H-phenoxazin-3-one-10-oxide sodium salt, Acros Organics, Geel, Belgium) solution in TSB
(Tryptic Soy Broth, Biomaxima, Lublin, Poland) was added to the wells, and the plates were
incubated at 37 ◦C for two hours. The solution was transferred to fresh 96-well plates (Wuxi
Nest Biotechnology, Wuxi, China), and its absorbance was measured at 570 and 600 nm
using a spectrophotometer (Multiskan Go, Thermo Fisher Scientific, Vantaa, Finland). To
assess the cells viability, the absorbance value at 600 nm was subtracted from the value at
570 nm. One independent experiment was carried out with six technical repetitions.

4.6. Methods for the Assessment of the Activity of EOs in Their Liquid Forms
4.6.1. The Disc Diffusion Method

In the experiment, 90 mm diameter, 14.2 mm height Petri dishes (Noex, Komorniki,
Poland) with 5 mm thick Mueller–Hinton agar layers (Biomaxima, Lublin, Poland) were
used. Standard paper discs (diameter of 6 mm, 0.5 mm thickness) were introduced to the
wells of 48-well plates (Thermo Fisher Scientific, Waltham, MA, USA), and 0.2 mL of each
non-emulsified EOs or saline (control of bacterial growth) (NaCl, Stanlab, Lublin, Poland)
was added. The plates were wrapped with tape and kept at 4 ◦C for 30 min to soak the
discs. In the second step of the tests, the Petri dish plates were inoculated with the bacterial
suspensions at density 0.5 McFarland prepared as described in Materials and Methods
Section 4.1. Next, the soaked paper discs were placed onto the agar layer for assessing the
antimicrobial activity of pure EOs in their liquid forms. The dishes were incubated for 24 h
at 37 ◦C, and bacterial growth inhibition zones were measured in mm with a ruler. If no
total inhibition was obtained, zones of partial growth inhibition were assessed (in mm).
When unequal zones were observed, a shorter diameter was included. One independent
experiment with three repetitions was performed, and the mean diameters were calculated.

4.6.2. Assessment of the Minimal Inhibitory Concentrations of EOs Emulsions

To determine the minimal inhibitory concentration (MIC) values of the EOs in their
liquid forms, their emulsions in Tween 20 (Zielony Klub, Kielce, Poland) were prepared.
In the first step, each EO was combined with the solution of 1.0% (v/v) Tween 20 in TSB
medium (Tryptic Soy Broth, Biomaxima, Lublin, Poland) in ratio 1:1 and mixed with a
vortex (Micro-shaker type 326 m, Premed, Marki, Poland) for 30 min at room temperature.
Following, geometric dilutions were prepared in TSB and shaken for 30 s. Subsequently,
0.5 MacFarland bacterial suspensions were made according to the description in Materials
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and Methods Section 4.1. and diluted 1000 times in the TSB medium. Next, 100 μL
of the suspensions was added to the wells of 96-well plates (Jet Bio-Filtration Co. Ltd.,
Guangzhou, China), and the same volume of diluted emulsions was poured. Therefore, the
final concentration of each EO applied in the test ranged from 25.0% (v/v) to 0.01% (v/v).
The following additional samples were included: control of bacterial growth (bacteria
with medium), control of medium sterility (medium only), control of 1.0–0.002% (v/v)
Tween 20 antimicrobial activity and samples of emulsions only. The absorbance of the
solution was measured at 580 nm using a spectrophotometer (Multiskan Go, Thermo Fisher
Scientific, Vantaa, Finland). During the 24 h incubation at 37 ◦C, the plates were shaken at
350 rpm (Mini-shaker PSU-2T, Biosan SIA, Riga, Latvia). The absorbance was measured
immediately after the incubation at the same wavelength. The MIC value was assessed in
the concentration (%) (v/v) in which the difference between the absorbance after and before
the sample’s incubation was equal to or lower than zero. Two independent experiments
were performed, each with three technical replicates.

4.6.3. Assessment of the Minimal Biofilm Eradication Concentrations of EOs Emulsions

The EOs emulsions and bacterial suspensions applied to assess the Minimal Biofilm
Eradication Concentration (MBEC) values were prepared as was elaborated in Materials
and Methods Section 4.6.2.. On the first day of the experiment, 100 μL of the aforementioned
suspensions was added to the wells of 96-well plates (Jet Bio-Filtration Co. Ltd., Guangzhou,
China) containing 100 μL of TSB medium (Tryptic Soy Broth, Biomaxima, Lublin, Poland).
The plates were incubated at 37 ◦C for 24 h under static conditions. Subsequently, the
medium was aspirated, and 200 μL of EOs emulsions geometric dilutions were added to the
wells. The concentration of each EO applied in the test ranged from 25.0% (v/v) to 0.01%
(v/v). Control of bacterial growth (bacteria with medium) and medium sterility (medium
only) were also prepared. The plates were re-incubated for the next 24 h. Based on the
results of the preliminary study (data not shown), the MBEC values of T-EO and TT-EO were
determined using TTC (2,3,5-triphenyl-tetrazolium chloride, AppliChem Gmbh, Darmstadt,
Germany) as the indicator, while resazurin sodium salt (7-Hydroxy-3H-phenoxazin-3-one-
10-oxide sodium salt, Acros Organics, Geel, Belgium) was applied to other EOs. The
following steps were executed for the resazurin assay: 40 μL of 0.05% (w/v) resazurin
solution in TSB medium was added to the biofilm wells treated with EOs emulsions and to
the control wells. The plates were incubated for 2 h at 37 ◦C with continuous shaking at
400 rpm (Mini-shaker PSU-2T, Biosan SIA, Riga, Latvia). The absorbance was measured at
570 and 600 nm using a spectrophotometer (Multiskan Go, Thermo Fisher Scientific, Vantaa,
Finland). To calculate the final absorbance of the tested substance, the absorbance value
at 600 nm was subtracted from the value at 570 nm. The MBEC values were determined
as the lowest concentration of the emulsions where the obtained difference was equal to
or lower than zero. For the TTC methodology, 0.2% (w/v) TTC solution in TSB was added
in the volume of 150 μL to the biofilm after its incubation with EOs emulsions. The plates
were incubated for 2 h at 37 ◦C. Next, the MBEC value was visually determined in the
lowest concentration where no red color was observed. Due to the fact that in no case was
the MBEC assessed, the three highest concentrations of each EO emulsion for each strain
were chosen for further analysis. The contents of the mentioned wells were transferred to
1.5 mL Eppendorf tubes, and 350 μL of 0.1% (w/v) solution of saponin (VWR Chemicals,
Radnor, PA, USA) was added, and the Eppendorf tubes were vortexed for 1 min. Then,
700 μL of methanol (Stanlab, Lublin, Poland) was added, and the Eppendorf tubes were
vortexed for 30 min. Finally, the Eppendorf tubes were centrifuged for 1 min at 3000 rpm,
and 100 μL of the supernatant was transferred in three replicates to the wells of the 96-well
plates. The same procedure was performed for the control growth wells. The absorbance
was measured at 490 nm.
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The level of the reduction of biofilm-forming cells viability was calculated according
to the formula.

Cells viability reduction (%) = 100% −
(

AbS
AbC

∗ 100%
)

(1)

AbS, absorbance of the tested substance;
AbC, mean absorbance of growth control.
Two independent experiments were performed, each with three technical replicates.

4.6.4. Evaluation of Antibiofilm Activity of Non-Emulsified EOs Using the Modified
A.D.A.M. (Antibiofilm Dressing’s Activity Measurement) Assay

The methodology was a modification of the procedure displayed in our previous
research [36]. The following steps of the experiment were performed:

Preparation before the Experiment

To treat the biofilm with the EOs, biocellulose discs (BC) were produced. A Koma-
gataeibacter xylinus ATCC 53524 (American Type and Culture Collection) strain was used for
this purpose. A Herstin–Schramm (H-S) medium composed of 2% (w/v) glucose (Chempur,
Piekary Slaskie, Poland), 0.5% (w/v) yeast extract (VWR, Radnor, PA, USA), 0.5% (w/v)
bactopeptone (VWR, Radnor, PA, USA), 0.115% (w/v) citric acid monohydric (POCH, Gli-
wice, Poland), 0.27% (w/v) Na2HPO4 (POCH, Gliwice, Poland), 0.05% (w/v) MgSO4·7H2O
(POCH, Gliwice, Poland), and 1% (v/v) ethanol (Chempur, Piekary Slaskie, Poland) was
used for bacterial culturing. Then, 1 mL of H-S medium was added to the wells of a 24-well
plate (Wuxi Nest Biotechnology, Wuxi, China) and inoculated with K.xylinus. The plate was
incubated for 7 days at 28 ◦C to obtain 14 mm BC discs. Then, the discs were removed and
washed with 0.1 M NaOH (Chempur, Piekary Slaskie, Poland) at 80 ◦C. Next, BC discs were
washed with double-distilled water to neutralize their pH and autoclaved. To evaluate the
concentration of substances adsorbed into the BC discs, six of them were weighed, dried
at 37 ◦C and weighed again. The average concentration (%) of the adsorbed liquid was
calculated with the formula:

Compound concentration (%) = [EV/((WBC − DBC) + EV)] ∗ 100% (2)

EV, a volume of essential oil (mL);
WBC, the weight of wet BC disc (g);
DBC, the weight of dry BC disc (g).

First Day of the Experiment

In the first line of the investigation, 1.5 mL of Brain Heart Infusion Broth (BHI, Biomax-
ima, Lublin, Poland) with 2% (w/v) of Bacteriological Lab Agar (Biomaxima, Lublin, Poland)
was poured into the wells of a 24-well plate (further referred to as Agar Plate). After the
agar solidifies, 8 mm in diameter plugs were cut out of each well using a cork-borer. The
plugs were removed and discarded to make 8 mm in diameter tunnels in agar, and the
Agar Plate was kept refrigerated for the next day. Simultaneously, the same agar formula-
tion was used to prepare a 6 mm in height agar layer on a Petri dish (Noex, Komorniki,
Poland). Then, agar plugs 8 mm in diameter were cut out from the agar Petri dish and
placed in a fresh 24-well plate (further referred to as Plugs Plate). The microorganisms’
suspensions, prepared according to the description in Materials and Methods Section 4.1.,
were diluted 1000 times in TSB medium (Tryptic Soy Broth, Biomaxima, Lublin, Poland),
introduced to the wells of the Plugs Plate in the volume of 2 mL and transferred to the
incubator (37 ◦C) for biofilm formation. The BC discs, prepared as described above, were
placed in a fresh 24-well plate (further referred to as Discs Plate), and 1 mL of undiluted,
non-emulsified essential oils or saline (control of bacterial growth), or 96% (v/v) ethanol
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(Chempur, Piekary Slaskie, Poland) was added, and the plate was sealed with parafilm and
placed at 4 ◦C. Both plates (Plugs Plate 2 and Discs Plate) were incubated for 24 h.

Second Day of the Experiment

Subsequently, biofilm plugs were taken out from the Plugs Plate and placed in the
bottom of agar tunnels in the Agar Plate so that the biofilm was on the top of the plugs.
Then, 50 μL of TSB medium was added to fill up the space in the tunnels. The BC discs
soaked with non-emulsified EOs/saline/ethanol were transferred from the Disc Plate and
placed on the top of the agar wells in the Agar Plate. The biofilm was adhered to the
plug and had no direct contact with the BC. Substances were gradually released from
the BC to the medium. The experimental setting was incubated for 24 h/ 37 ◦C under
static conditions.

Third Day of the Experiment

After the biofilm treatment with the tested substances, the BC discs were removed.
The content of each agar tunnel (medium and agar plugs) was transferred to the wells of
48-well plates (Wuxi Nest Biotechnology, Wuxi, China) and 1 mL of 0.002% (w/v) resazurin
sodium salt (7-Hydroxy-3H-phenoxazin-3-one-10-oxide sodium salt, Acros Organics, Geel,
Belgium) in TSB was added. The plates were shaken at 350 rpm (Mini-shaker PSU-2T,
Biosan SIA, Riga, Latvia) for 4 h and 15 min at 37 ◦C. Then, 100 μL of the color solution
was transferred to 96-well plates (Jet Bio-Filtration Co. Ltd., Guangzhou, China) in three
replications from each 48-well. The absorbance was measured at 570 and 600 nm using a
spectrophotometer (Multiskan Go, Thermo Fisher Scientific, Vantaa, Finland). To calculate
the final absorbance of the tested substance, the absorbance at 600 nm was subtracted from
the value at 570 nm. The formula calculated the reduction of cells viability:

Cells viability reduction (%) = 100% − (
AbS
AbC

∗ 100%) (3)

AbS, absorbance of the tested substance;
AbC, mean absorbance of growth control.
One independent experiment was performed with six technical replicates. Antibiofilm

activity of ethanol was examined only against the P. aeruginosa 15442 strain.

4.7. Methods for the Assessment of EOs’ Volatile Fractions Activity
4.7.1. The Inverted Petri Dish Methodology

The assay was performed similarly to the method presented in Materials and Methods
Section 4.6.1. The paper disc soaked with the non-emulsified tested substances was solely
placed onto the lid of the Petri dish.

4.7.2. Evaluation of Antibiofilm Activity of Non-Emulsified EOs Using the AntiBioVol
(Antibiofilm Activity of Volatile Compounds) Method

The assay was performed based on the protocol presented in our previous study [37].

First Day of the Experiment

In this part of the investigation, the Agar Plate, the Petri dish with the plugs and
the Plugs Plate were prepared as mentioned in Materials and Methods Section 4.6.4. The
following modifications were made. First, wells of the Agar Plate were filled with BHI
(Brain Heart Infusion Broth, Biomaxima, Lublin, Poland) and agar to full. Second, twice as
many agar plugs were cut out from the Petri dish, and part of them remained sterile. They
were placed on the bottom of the agar tunnels (Agar Plate) and kept refrigerated until the
next day.
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Second Day of the Experiment

Biofilm plugs were taken out from the Plugs Plate and placed in the agar tunnels of the
Agar Plate on the top of the sterile ones. Then, 0.5 mL of undiluted, non-emulsified EOs or
saline (control of growth) or ethanol (Chempur, Piekary Slaskie, Poland) was added to the
wells of a fresh 24-well plate (later referred to as Substance Plate) (Wuxi Nest Biotechnology,
Wuxi, China). The Agar Plate was placed upside down on the Substance Plate, and the agar
wells were set directly above the wells with the tested substances. The plugs’ diameters
were the same as the tunnels in which they were placed, and plates were gently transferred
to protect the plugs from dropping into the wells of the Substance Plate. The plates were
sealed and incubated for 24 h at 37 ◦C under static conditions.

Third Day of the Experiment

As the incubation was completed, the plates were separated, and the upper plugs
(containing biofilms) were transferred to fresh 48-well plates (Wuxi Nest Biotechnology,
Wuxi, China), and 1 mL of 0.002% (w/v) resazurin sodium salt (7-Hydroxy-3H-phenoxazin-
3-one-10-oxide sodium salt, Acros Organics, Geel, Belgium) in TSB was poured. The
incubation was continued for 2 h/ 37 ◦C with shaking at 350 rpm. Then, 100 μL of the color
solution was transferred to 96-well plates (Jet Bio-Filtration Co. Ltd Guangzhou, China))
in three replications from each 48-well. The absorbance was measured at 570 and 600 nm
using a spectrophotometer (Multiskan Go, Thermo Fisher Scientific, Vantaa, Finland). The
absorbance at 600 nm was subtracted from the value at 570 nm. The reduction of cells
viability was calculated by the formula:

Cells viability reduction (%) = 100% − (
AbS
AbC

∗ 100%) (4)

AbS, absorbance of the tested substance;
AbC, mean absorbance of growth control.
One independent experiment was performed with six technical replicates. Antibiofilm

activity of ethanol was examined only against the P. aeruginosa 15442 strain.

4.8. Microscopic Visualization of Biofilm

The pseudomonal biofilm (ATCC 15442 strain) treated with R-EO or saline by means
of the A.D.A.M. (antibiofilm dressing’s activity measurement) or the AntiBioVol (an-
tibiofilm activity of volatile compounds) technique (as presented in Materials and Meth-
ods Section 4.6.4. or Section 4.7.2, respectively) was immersed in 1 mL of Filmtracer™
LIVE/DEAD™ Biofilm Viability Kit (Invitrogen, Thermo Fisher Scientific, USA) solution
and incubated at room temperature for 15 min. After incubation, the solution was removed,
and the biofilms were gently rinsed once with sterile water. The biofilms were analyzed
using a confocal microscope (Leica, SP8, Wetzlar, Germany) with a 25× water dipping
objective, using sequential mode for 488 nm laser line and 500–530 nm emission to detect
SYTO-9 and 552 nm laser line and 575–627 nm emission to detect propidium iodide (PI)
within microbial cells.

4.9. Statistical Analysis

Statistical analysis was performed using Statistica (Version 13; TIBCO Software Inc.,
Palo Alto, CA, USA). Normality distribution was assessed with the Shapiro–Wilk test.
To compare EOs’ efficacy, a non-parametric ANOVA Kruskal–Wallis test and post hoc
Dunn’s analysis were performed. Results with a significance level p < 0.05 were considered
significant. The statistical analysis is presented in Table 7.

5. Conclusions

The antimicrobial activity of EOs’ volatile fractions varies from that of EOs in their
liquid forms. The antimicrobial effectiveness of EOs may depend on the type of methodol-
ogy applied to analyze the antimicrobial activity. Rosemary and tea tree EOs in their liquid

54



Molecules 2022, 27, 4096

forms and their volatile fractions displayed significant antibiofilm effectiveness against
P. aeruginosa. Volatile fractions of menthol mint EO exhibited the most potent antibiofilm
effect among all tested EOs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27134096/s1, Figure S1: Chromatograms of tested EOs
measured with GC–MS (Gas Chromatography–Mass Spectrometry); Figure S2: The antimicrobial
activity of different concentrations (%) (v/v) of Tween 20 against planktonic forms of P. aeruginosa
ATCC 15442 strains. Ab, absorbance; C+, untreated cells. The absorbance of untreated cells is marked
with a red line; Figure S3: Changes in the biofilm-forming cells viability (%) of P. aeruginosa clinical
(PA 1-7, PA 13-19) and the reference (ATCC 15442) strains after treatment with emulsified essential
oils in their liquid forms in the concentration of 12.5% (v/v). Results of microdilution methodology
with (A,B) TTC and (C–G) resazurin staining. Standard deviations are marked. The negative values
indicate an increase in biofilm-forming cells viability after their treatment with EOs in comparison
to the growth control (untreated cells); Figure S4: Changes in the biofilm-forming cells viability (%)
of P. aeruginosa clinical (PA 1–7, PA 13–19) and the reference (ATCC 15442) strains after treatment
with emulsified essential oils in their liquid forms in the concentration of 6.3% (v/v). Results of
microdilution methodology with (A,B) TTC and (C–G) resazurin staining. Standard deviations
are marked. The negative values indicate an increase in biofilm-forming cells viability after their
treatment with EOs in comparison to the growth control (untreated cells).
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of Liquid and Volatile Fractions of Essential Oils against Biofilm Formed by Selected Reference Strains on Polystyrene and
Hydroxyapatite Surfaces. Pathogens 2021, 10, 515. [CrossRef]

29. Reyes-Jurado, F.; Navarro-Cruz, A.R.; Ochoa-Velasco, C.E.; Palou, E.; López-Malo, A.; Ávila-Sosa, R. Essential Oils in Vapor Phase
as Alternative Antimicrobials: A Review. Crit. Rev. Food Sci. Nutr. 2020, 60, 1641–1650. [CrossRef]

30. Gagné-Thivierge, C.; Barbeau, J.; Levesque, R.C.; Charette, S.J. A New Approach to Study Attached Biofilms and Floating
Communities from Pseudomonas Aeruginosa Strains of Various Origins Reveals Diverse Effects of Divalent Ions. FEMS Microbiol.
Lett. 2018, 365, fny155. [CrossRef]

31. Azam, M.W.; Khan, A.U. Updates on the Pathogenicity Status of Pseudomonas Aeruginosa. Drug Discov. Today 2019, 24, 350–359.
[CrossRef] [PubMed]

32. Poole, K. Pseudomonas Aeruginosa: Resistance to the Max. Front. Microbiol. 2011, 2, 65. [CrossRef] [PubMed]
33. Kim, J.; Marshall, M.R.; Wei, C.-i. Antibacterial Activity of Some Essential Oil Components against Five Foodborne Pathogens.

J. Agric. Food Chem. 1995, 43, 2839–2845. [CrossRef]
34. Hajlaoui, H.; Trabelsi, N.; Noumi, E.; Snoussi, M.; Fallah, H.; Ksouri, R.; Bakhrouf, A. Biological Activities of the Essential Oils

and Methanol Extract of Tow Cultivated Mint Species (Mentha Longifolia and Mentha Pulegium) Used in the Tunisian Folkloric
Medicine. World J. Microbiol. Biotechnol. 2009, 25, 2227–2238. [CrossRef]

56



Molecules 2022, 27, 4096

35. Cristani, M.; D’Arrigo, M.; Mandalari, G.; Castelli, F.; Sarpietro, M.G.; Micieli, D.; Venuti, V.; Bisignano, G.; Saija, A.; Trombetta,
D. Interaction of Four Monoterpenes Contained in Essential Oils with Model Membranes: Implications for Their Antibacterial
Activity. J. Agric. Food Chem. 2007, 55, 6300–6308. [CrossRef] [PubMed]
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Abstract: In this study, the volatilomes of naturally growing plant leaves were immobilized in a
suitable substrate to enhance vapors’ diffusion in the soil to eradicate the Fusarium wilt pathogens in
Tomato. Volatilomes produced by Mentha spicata leaves immobilized in vermiculite ball was found
to be effective and exhibit 92.35 percent inhibition on the mycelial growth of Fusarium oxysporum
f. sp. lycopersici (FOL). Moreover, the volatilomes of M. spicata immobilized vermiculite balls were
tested based on the distance traveled by the diffused volatilomes from the ball and revealed that the
volatilomes of M. spicata traveled up to 20 cm distance from the center of PVC (Polyvinly chloride)
chamber showed maximum reduction in colony growth of FOL at 12th day after inoculation. Tomato
plants inoculated with FOL revealed increased expressions of defense gene, pathogenesis related
protein (PR1) with 2.63-fold after 72 h and the gene, transcription factor (WRKY) increased with
2.5-fold after 48 h on exposure to the volatilomes of M. spicata vermiculite balls. To the best of our
knowledge, this is the first report on development of volatilomes based vermiculite ball formulations.
This result indicated that the volatilomes of M. spicata are promising phyto-fumigants for management
of Tomato Fusarial wilt.

Keywords: volatilomes; phyto-fumigants; antifungal action; Fusarium oxysporum

1. Introduction

Wilt caused by Fusarium oxysporum f. sp. lycopersici (Sacc.) (FOL) is a devastating
disease infecting tomatoes at all stages from seedling to fruiting around the world. FOL
being hemi-biotrophic xylem colonizing pathogen, exhibits a wider host range inducing
characteristic symptoms such as chlorosis of leaves, browning of vascular tissue and death
of plants. In India, a huge loss of up to 45 percent in tomato crops grown under greenhouse
conditions was recorded due to FOL incidence [1–3]. A considerable yield loss occurs due
to the prolonged survival of the pathogen propagules in soil, their rapid germination and
infection of plants under conducive conditions.

Cultural practices and regular applications of chemical fungicides are partially ef-
fective; however, application of fungicides repeatedly may cause damage to the natural
ecosystem, human health and aquatic life, and also be detrimental to the beneficial mi-
croflora in soil [4]. Soil disinfestation (SD) by fumigation with highly toxic synthetic
chemicals may lead to the development of fungicidal resistance in plant pathogens. How-
ever, carbon disulfide, methyl bromide (MB), methyl iodide, formaldehyde and hydrogen
cyanide were also banned because of safety concerns and due to their effect on depletion of
the ozone layer [5].
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Large-scale application of beneficial microorganisms with antagonistic properties
against plant pathogens could maintain the ecosystem more productive; keep the crop
healthy and develop sustainable crop protection and production [6,7]. Thus, bio-control
agents are considered to be the best alternatives for the management of soil-borne fungal
pathogens by replacing synthetic chemical fungicides. Although these bio-inoculants
enforce several modes of action, the novel concept of plant disease management through
Volatile Organic Compounds (VOCs) becomes an attractive topic for research and debate.
VOCs produced by the natural plant and microbial origins will have a greater stakeholder
in the management of soil-borne plant pathogens. VOCs could have different biological
and ecological functions in solemnizing defense mechanisms against plant pathogens and
even plant growth promotion [8–10].

VOCs are low molecular weight, carbon structured organic compounds with high
vapor pressure and lipophilic character [11]. VOCs are chemically diverse and belong to
the large group of terpenoids and their derivatives, fatty acid-derived volatiles, phenyl
propanoid aromatic compounds, alkanes, alkenes, alcohols, benzenoids, pyrazines, acids,
esters, aldehydes, ketones and sulfur-containing compounds [12]. Some VOCs act as signal-
ing mediators for cell-to-cell communications. These compounds are naturally produced
through diverse biosynthetic pathways such as methylerythritol phosphate pathway (MEP),
fatty acid metabolism, shikimate pathway, mevalonic acid pathway (MVA), lipo-oxygenase
pathway (LOX), cinnamate pathway and amino acid oxidation [13,14].

VOCs produced by odorous plants and microbes have received more attention in the
management of plant disease, plant growth promotion and induction of defense genes
in plants [15]. VOCs extracted from the leaves of Achyranthes aspera, Lawsonia inermis,
and Mimosa pudica [16,17] have been explored for the management of fungal pathogens.
VOCs of essential oil such as Foeniculum vulgare, Laurus nobilis, Lavandula stoechas subsp.,
stoechas, Origanum syriacum var. bevanii, Rosmarinus officinalis, and Thymbra spicata subsp.,
spicata showed antifungal activities against Phytopthora infestans [18]. Similarly, VOCs
produced by some microbial biocontrol agents and endophytic fungi act as elicitors that
prime defense in plants against pathogens and promote growth [19]. VOCs produced
by Bacillus pumilus exhibited antimicrobial activities against F. oxysporum f. sp. lycopersici
and also elicited defense mechanisms by up-regulation of defense genes [20]. Despite the
efficacy of VOCs in enhancing plant defense under in vitro laboratory, their effectiveness to
enhance defenses mechanism against plant diseases has not been explored in the field. To
date, a VOCs-mediated push–pull method of management strategy has been developed
for attraction and repulsion of herbivores from the plants [21]. Recently, new techniques
on micro encapsulation of VOCs have been developed, which allow controlled release of
synthetic blends of VOCs, but their efficacy was not known, since it is not yet clear how
VOCs inhibit plant diseases in nature.

With this background, the present study was carried out to develop suitable plant
and microbes associated volatilome formulations for the management of Fusarium wilt
pathogen infecting tomato crops under protected cultivation.

2. Results

2.1. Volatilomes Formulation

In earlier studies, the natural plant and microbe-associated volatilomes were screened
individually against FOL using a sealed plate assay. The volatilomes produced by the leaves
of Mentha spicata, Cymbopogon citratus and mycelia of Trichoderma asperellum showed the
maximum higher inhibitory potential on mycelial growth of FOL. The leaves of M. spicata
and C. citratus and the mycelial culture of T. asperellum were individually immobilized in a
vermiculite ball in the form of Volatilomes Immobilized Vermiculite Ball formulation and
further tested against the mycelial growth of pathogen under in-vitro. The vermiculite was
served as volatile absorbent material.

Moreover, the volatilomes produced by vermiculite and castor oil used in the volatilome
ball formulation did not show any relative abundance peak area, apart from the column
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contaminants as displayed in the heatmap (Figure 1). The prepared vermiculite ball-based
volatilome formulations were well packed in an airtight zip lock polybag to prevent the
diffusion of volatilomes.

Figure 1. Comparative analysis of VOCs produced by vermiculite and castor oil.

2.2. Efficacy of Volatilomes Immobilized Vermiculite Balls against Pathogens

The efficacy of volatilomes immobilized vermiculite balls were tested against FOL
using an olfactory chamber. The vermiculite balls of M. spicata volatilomes inhibited up to
92.35 percent on the mycelial growth of FOL (Figure 2). Vaporous inhibitory action was
conspicuous at all six outlets, indicating the diffusion of volatiles all around the olfactory
chamber. Subsequently, the vermiculite ball of C. citratus leaves showed 75.29 percent
inhibition on the mycelial growth of FOL. The mycelia of FOL were completely altered with
distorted growth on experimentation with the olfactory chamber (Figure 3), as compared
to normal linear thick, pink-colored mycelial growth in control plates (Figure S1). Conclu-
sively, the mycelial growth and sporulation behavior of the FOL was inhibited on exposure
to the volatilomes of M. spicata leaves immobilized in the vermiculite balls.
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Figure 2. In vitro efficacy of VOCs immobilized vermiculite ball using olfactory chamber, V—
Vermiculite, L.g—C. citratus, M—M. spicata, Ta—Trichoderma asperellum.
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Figure 3. Effect of volatilomes immobilized vermiculite ball using olfactory chamber. 1—Olfactory
chamber, 2—Outlet flow of chamber (6 no’s), 3—Vermiculite ball formulation, 4—Petri dish containing
pathogen and 5—Sterilized ploy cover.

2.3. GC MS Analysis of M. spicata Volatilomes Immobilized Vermiculite Ball

Based on the significant antagonistic potential on the inhibition of mycelial growth as
well as sporulation behavior of FOL, the volatilomes immobilized ball of M. spicata and
C. citratus were subjected to GC-MS analysis to find out the presence of major antifungal
compounds.

In M. spicata immobilized ball, carvone was frequently represented with a peak area
of 8–8.26% at 10.23 RT (Figure S2) up to 96 h of trapping (Figure 4, Table S1), which was
comparatively less as compared to the peak area of 56% at 9.89 RT when standard carvone
was used. The volatilomes of C. citratus showed the least diffusion of citronellol volatiles
with less peak area of 0.98% at 9.79 RT, which was comparatively very less in comparison
to that of the peak area of 31.82% at 9.96 RT, when standard citronellol was used. Therefore,
the volatilomes of M. spicata ball recorded the maximum diffusion of carvone volatiles
with a high peak area percent. However, the volatilomes produced by C. citratus (Table S2)
did not diffuse citronellol volatiles with similar peak area percent as represented by the
standard citronellol. Based on their higher antifungal activity against the pathogen, the
volatilomes of M. spicata leaves immobilized vermiculite ball was taken to test their efficacy
under pot culture conditions.
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Figure 4. Peak area percent of carvone volatiles produced by the leaves of M. spicata immobilized
vermiculite ball.

61



Molecules 2022, 27, 3631

2.4. SEM Imaging of M. spicata Volatilomes Immobilized Vermiculite Ball

The structural changes of vermiculite loaded with the leaves of M. spicata were
recorded concerning vertical and horizontal sheet expansion of vermiculite content. The
vermiculite sheet ultra-structure was found to be raised by 2.7 folds. The volatilomes im-
mobilized formulation consisting of vermiculite sample for its superior volatile absorbing
capacity, to which finely grounded leaves of M. spicata was added and blended with castor
oil. The volatile permeability and diffusion coefficients of the M. spicata immobilized ver-
miculite balls were altered due to the high loading of vermiculites compared to vermiculite
balls without M. spicata volatilomes (Figure 5A,C). The volatilomes permeability was in-
creased by 2–3 fold by the vermiculite (Figure 5E). The expansion coefficients of vermiculite
were computed from M. spicata leaves immobilized ball, and the crystal structure of vermi-
culite was increased (Figure 5B,D). The expansion of crystal structure from the volatilomes
of M. spicata ball significantly increased the absorption efficiency with vermiculite content.
This expansion is mainly due to a change in the structure of the octahedral and tetrahedral
layer, when volatilomes were immobilized in a vermiculite sample in the form of a ball.
The excess sorption appears to be the effect of absorption of M. spicata volatilomes by the
vermiculite and further helps to find out their efficacy against FOL.
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E 

Figure 5. SEM imaging of M. spicata vermiculite ball. (A,C)—Control (Without immobilized) at
1.00 Kx magnification; (B,D)—M. spicata immobilized vermiculite ball at 2.50 Kx magnification. The
double arrow indicates expanding, and the single arrow indicates non-expanding. (E)—Fold change
in control (Right) and M. spicata (Left) immobilized vermiculite ball.

2.5. Testing the Distance Traveled by the Volatilomes Immobilized Vermiculite Ball

In this study, the volatilomes of M. spicata immobilized vermiculite ball were kept at
the center of the PVC chamber to find out the exact distance traveled by the volatile that
diffused from the ball.

The volatilomes of M. spicata balls recorded the maximum inhibition of colony growth
of FOL at 10 and 20 cm distances away from the center of the PVC chamber. This indicates
that M. spicata leaves immobilized vermiculite ball traveled in the PVC chamber up to a
distance of 20 cm and suppressed the colony growth of the pathogen (0 × 10−3 CFU at
12 DAI (Day After Inoculation)) than in control (228 × 10−3 CFU) (Figure S3). However,
the volatilomes did not travel at a distance above 30 to 60 cm from the center of the PVC
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chamber and exhibited the highest number of colony regrowth of FOL (213 × 10−3 CFU on
2 DAI; 87 × 10−3 CFU on 12 DAI) (Figure 6). However, the volatilomes of M. spicata leaves
immobilized vermiculite balls proved to have fungicidal action in reducing the spore count
of FOL up to a distance of 20 cm from the center of the PVC chamber. From these results, it
is inferred that the volatilomes of M. spicata balls need to be placed at a distance of 20 cm
from the root zone of tomato plants to reduce the infections and pathogen populations
present in the soil.
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Figure 6. Performance of M. spicata volatilomes diffusion from the vermiculite ball over a distance
against F. oxysporum f. sp. lycopersici.

2.6. Effect of Volatilomes Immobilized Vermiculite Balls under Glasshouse Condition

In this investigation, Phytoformulation of M. spicata volatilomes immobilized vermi-
culite ball was used to validate their efficacy against FOL in tomato under glass conditions
using a controlled volatile growth chamber. Among the treatments, M. spicata immobilized
balls recorded a lesser wilt incidence with 8.33 percent than in control (100 percent wilt inci-
dence) (Table 1). The pathogen-inoculated pot expressed and observed with the symptom
of chlorosis, drying of the vascular system followed by wilting of the plants after 45 days
of inoculation (Figure S4). The growth parameters were highly promoted on exposure
to the volatilomes of M. spicata immobilized vermiculite balls with 9.33 no of branches,
shoot (31.83 cm) and root length (22.67 cm) as compared to pathogen-un-inoculated and
pathogen-inoculated tomato plant.

Table 1. Efficacy of VOCs immobilized vermiculite ball against F. oxysporum f. sp. lycopersici.

Treatments
Shoot

Length(cm)
Root Length

(cm)
No of

Branches
Percent Wilt

Incidence
Percent Reduction

over Control

Vermiculite + M. spicata in
pathogen inoculated 31.83 22.67 9.33 8.33 c

(16.78)
91.67 a

(73.22)

Uninoculated control 25.83 15.87 7.33 83.33 b

(65.91)
16.67 b

(24.09)

Inoculated control 21.67 3.10 3.33 100.00 a

(90.00)
0.00 c

(0.02)

Values are the mean of five replications. Data in parentheses are arc sine transformed values. Means in a column
followed by the same superscript letters are not significantly different according to the DMRT test at p = 0.05.
Superscript letters in Percent Wilt Incidence a, b—Higher Wilt Incidence, c—Lower Wilt Incidence. Superscript
letters (a, b, c) in Percent Reduction over Control represent higher to lower inhibition of pathogenic propagules in
the soil.

2.7. Defense Genes Expression

The tomato plants on exposure to M. spicata leaves immobilized vermiculite balls and
challenge inoculated with pathogens (FOL) were analyzed for their expression with further
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quantification of defense genes by using reverse transcriptase quantitative PCR (q-RT
PCR). During the quantitative analysis of the PCR product, the melt curve analysis of each
gene was performed to eradicate non-specific amplification of the sample. To understand
the plant sample-based volatilomes mediated defense mechanisms in tomato plants, four
defense responsive genes viz., WRKY transcription factor (WRKY), thaumatin-like protein
(TLP), pathogenesis-related protein (PR1) and lipoxygenase (LOX) were studied for their
expression patterns. All the genes that were focused on were found to be up-regulated
in tomato plants after 48 and 72 h on exposure to M. spicata volatilomes immobilized
vermiculite balls. Plants challenge inoculated with pathogens and those which are exposed
to volatilomes of M. spicata recorded higher levels of expression patterns of all the four
defense responsive genes studied.

Tomato seedlings exposed to the volatilomes of M. spicata immobilized vermiculite
ball formulation and challenges inoculated with FOL were assessed for the expression of
SlWRKY, SlTLP, SlPR 1 and SlLOX gene in roots due to the tripartite interactions. The
relative quantification of the defense gene was normalized to SlACTIN. Among the different
HPT, the volatilomes of M. spicata exposed tomato plants and challenge inoculated with
pathogen highly induced the expression of SlWRKY gene at 48 HPT (2.5-fold) followed by
pathogen-un-inoculated with plants (0.67-fold). The pathogen-un-inoculated and inocu-
lated tomato plants showed a lower level of SlWRKY gene expression during all hours of
post treatment. However, during the tri-trophic interaction, i.e., volatilomes of M. spicata
exposed plants infected with the pathogen showed an up-regulation of the expression
of the SlWRKY gene (Figure 7A), which conclusively indicated that the volatilomes of
M. spicata could trigger and activate defense mechanism in tomato plants. The defense
gene SlTLP was expressed at 72 HPT (2.00 fold) and 48 HPT (1.80 fold). A lower level of
SlTLP gene expression was displayed in all the treatments at 0 and 24 HPT. This result
indicated that the volatilomes of M. spicata up-regulated the expression of SlTLP gene
in pathogen-inoculated tomato plants (Figure 7B). In the case of the defense gene SlPR1,
higher level of SlPR1 expression at 72 HPT (Figure 7C) was followed by 48 HPT (2.63-fold
and 2-fold, respectively). Hence, the volatilome of M. spicata exposed plants significantly
up-regulated the SlPR1 gene, showing the potential of priming defense against pathogen
infection. Similarly, the higher level of expressions of SlLOX gene was observed at 0, 24, 48
and 72 HPT on the volatilomes of M. spicata exposed plant. Meanwhile, the pathogen-un-
inoculated, pathogen-inoculated and the volatilomes of M. spicata exposed un-inoculated
plants showed a lower level of SlLOX gene expression (Figure 7D). Nevertheless, the
volatilomes of M. spicata exposed plants strongly expressed the activation of immune
response in tomato plants. Conclusively, the results indicated that the tomato plants ex-
posed to volatilomes of M. spicata triggered a resistance mechanism against F. oxysporum f.
sp. lycopersici.

Figure 7. Cont.
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Figure 7. Defense gene expression of (A) WRKY, (B) TLP, (C) PR1 and (D) LOX during interaction of
volatilomes of M. spicata immobilized vermiculite ball with F. oxysporum f. sp. lycopercisi inoculated
Tomato Plant.

3. Discussion

As reported by several authors, the natural plant and microbial samples are well
known to produce a wide variety of antimicrobial activity, as they are naturally active
against a large spectrum of phytopathogenic microorganisms [22,23]. In the present study,
the antifungal volatile of M. spicata, C. citratus and mycelia of T. asperellum was found to be
effective on the mycelial growth of FOL. Based on this significant inhibition of the pathogen,
the volatilomes produced by the leaves of M. spicata and C. citratus and mycelial cultures
of T. asperellum were immobilized in a vermiculite ball-based formulation for further testing
under pot culture conditions.

Suitable immobilization substrates have been developed to induce high vaporous
diffusion of volatile compounds. [24] reported that vermiculite coated copper nanoparticle
showed the maximum antifungal activity against the pathogens. Earlier studies reported
that vermiculite could act as a superabsorbent composite and it swelled rapidly on increas-
ing the concentration of volatilomes [25]. Vermiculite based nanoparticles, coated with CuO
and ZnO could act as antibacterial activities against Staphylococcus aureus with long-acting
up to 24 h [26,27]. In the existing study, vermiculite was used as a volatilomes immobilizing
substrates in the form of organic-based formulation against the fungal pathogens. The SEM
study also proved that the vermiculite sheet was expanded two fold when immobilized
with M. spicata leaves compared to the vermiculite ball without volatilomes.

Furthermore, the volatilomes of M. spicata leaves immobilized vermiculite balls ef-
fectively inhibited the mycelial growth of FOL (92.35 percent) using an olfactory chamber.
Leaves of C. citratus immobilized vermiculite balls showed 75 percent inhibition of FOL.
However, this was the first report on mycelial growth inhibition of the pathogens using
an olfactory chamber assay. In contrast to the present investigation, an olfactory chamber
mediated assay was reported to attract and repel the insect population using novel volatile
compounds [28]. VOCs, 1-octen-3-ol and benzaldehyde were produced by lemongrass
oil, which attracts and repels Aedes aegypti mosquitos [29]. Additionally, the volatilomes
of M. spicata and C. citratus were quantified based on the production of the highest area
percent of major VOCs. In support to the present findings, [30] also recorded that VOCs of
carvone was highly produced by diverse plant samples, but greater in M. spicata, and also
validated that less peak area percent of citronellol was produced by C. citratus than earlier
reported C. nardus [31]. Hence, our study proved that the vermiculite balls immobilized
with M. spicata produced carvone volatiles with constant production of relative peak area
abundance (8.00%) even up to 96 h, which could effectively suppress FOL in tomato plants.

In addition, the defense responsive gene used in the present study could explore a
significant role in the activation of defense mechanisms in tomato plants. Gene responsi-
ble for the induction of salicylic acid (SAR) and pathogenesis-related protein (PR 1) are
widely used as molecular markers and greatly up-regulated when exposed to VOCs as
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reported by [32]. It has been reported that volatiles of 3-pentanol exposure strongly in-
duced the up-regulation of the pathogenesis-related protein PR 1, PR 2 and proteinase
inhibitor PIN 2 during the pathogen attack in the pepper plants [33]. In the present study,
M. spicata immobilized vermiculite balls when exposed to pathogen-inoculated tomato
plants exhibited the highest level of LOX gene expressions. The expression of SlLOX
gene steadily increased after inoculation with FOL (2.7-fold). It has been reported that the
expression of LOX gene led to the activation of the jasmonic acid pathway on interaction
with volatilomes of M. spicata. The higher RNA transcript level was observed at 48 HPI
and increases after 72 HPI in tomato plants. The defense gene expression pattern of SlLOX
gene varied significantly between the treatments as reported by [32]. The authors of [34]
reported that broad beans inoculated with Puccinia striiformis f. sp. tritici induced the
expression of PR 1 genes. This was evident from the present findings that up-regulation
of SlPR1 genes was increased in tomato on interaction with volatilomes of M. spicata in
the presence of pathogens. This result supports the hypothesis that the induction of the
SAR pathway may be responsible for the activation of the resistance mechanism in tomato
plants to pathogen attacks. In tomato, defense expression gene LOX and PR-1 were up-
regulated after exposure with volatilomes of M. spicata and challenge inoculated with
pathogen during 48 and 72 HPT, as observed by [32]. Thus, VOC-treated plants against
FOL expressed a higher level of PR-1 gene through an SA-dependent signaling pathway.
The present findings are further supported by [35], who reported that VOCs produced by
Ampelomyces and Cladosporium prime the defense mechanism by activating the salicylic acid
and jasmonic acid pathway in Arabidopsis. The volatiles of methyl benzoate (MeBA) and
m-cresol treated in the Arabidopsis plant activates the defense-related genes PR1. Similarly,
VOCs of methyl benzoate produced by T. asperellum induced the expression of the PR1
gene in Arabidopsis plants [36]. As for SlPR 1 gene response, the defense responsive gene
SlWRKY was expressed in the present study on treatment with the volatilomes of M. spicata
after 48 and 72 HPT in pathogen-inoculated tomato plants. This indicates the activation of
the defense gene (SlWRKY) in plants against pathogens as observed by [32]. The present
findings hypothesize that expression of the SlWRKY gene in tomato inoculated with FOL
might induce the activation of the gene containing W box in the promotors as reported
by [37]. Thaumatin-like proteins (TLP) are a highly complex protein family, which plays
a significant role in amino acid composition and induces defense mechanisms in plants.
The expressions of the TLP gene could strongly reduce pathogen infections in plants [38].
In the current study, the defense gene SlTLP differentially expressed after 24 HPT and
considerably increased on 48 HPT on interaction with volatilomes of M. spicata and it might
be acted as an elicitor. Conclusively, the defense-related gene such as Sl WRKY, Sl PR 1, Sl
LOX, and Sl TLP were differentially expressed on interaction with vermiculite ball of M.
spicata with tomato plants after 48 HPT. Among the treatments, a low level of defense gene
expression was noticed in volatilomes exposed tomato plants without pathogens.

Hence, the volatilomes of M. spicata vermiculite balls induced all the defense genes in
tomato plants, but the maximum level of defense gene expressions was more in FOL inocu-
lated plants than un-inoculated tomato plants. It might be attributed due to the activation
of systemic acquired resistance in the tomato plants when exposed to the volatilomes of
M. spicata leaves immobilized vermiculite balls.

4. Materials and Methods

4.1. Plant and Microbial Volatilomes

The volatilomes produced by the leaves of Mentha spicata, Cymbopogon citratus, Vitex
negundo, Coleus amboinicus, Vetiveria zizanioides, Ocimum tenuiflorum, Azadirachta indica,
mycelia of Auricularia auriculata, Coprinus cinereus, Ganoderma lucidum, Lentinus edodus,
Trichoderma asperellum and cell cultures of Bacillus subtilis, Streptomyces rochei have been
collected, selected and bio-efficacy explored [39]. Among the plant and microbial samples,
M. spicata, C. citratus and T. asperellum were taken further to develop a suitable formulation
against the mycelial growth of F. oxysporum f. sp. lycopersici.
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4.2. Immobilization of Eluted and Trapped Volatile Compounds

Volatile absorbing materials such as expanded vermiculite were used in this study.
As a major portion of the void volume of vermiculite, could absorb natural volatiles with
high retention properties at optimum temperature, it was further used to develop a novel
formulation in the form of balls for the immobilization of eluted and trapped volatilomes.
Seven parts of Vermiculite were mixed well with three parts of finely grounded volatile
producing leaf sample (7:3 ratios). The well-mixed sample was made into a ball (3 mm
diameter) by using one mL of castor oil. The vermiculite and castor oil-associated volatiles
were also estimated by following the procedure of volatile trapping as mentioned by [39]
and optimized for positive release of volatilomes produced by the plant samples used. The
vermiculite based volatilomes immobilized ball formulation was further used to study
the interactions with the test pathogens. Further, the volatilomes produced by the leaves
of plant samples were trapped and analyzed using air-entrainment technique [39] and
immediately subjected to HS-GCMS analysis using Thermo GC injector coupled with a
Mass Spectrophotometer. The important VOCs, carvone produced were noticed based on
the percent area and probability of compounds at different hours to validate on hours of
carvone production. Further, the leaves of M. spicata immobilized vermiculite ball were
examined under Scanning Electron Microscope (Sigma with gemini column, Carl zeiss
(Oberkochen, Germany); Resolution 1.5 nm) to observe the structural changes during
volatilomes absorption and diffusion.

4.3. Testing the Volatilomes Immobilized Vermiculite Balls against Pathogens

The vermiculite balls immobilized with VOCs were tested for their inhibitory effect
against test pathogens by the olfactory chamber method. The olfactory chamber was
designed with six outlets on all sides, each measuring 3.5 cm in diameter and an inlet at
the center of the chamber with 5.5 cm diameter as shown in Figure 8. Each of the outlets
was interconnected to the 20 cm diameter circular chamber, so as to facilitate the free
flow of volatiles from the central inlet to all the six outlets. The volatilomes immobilized
vermiculite ball was placed at the center of the circular chamber. A 5 mm mycelial disc from
7 days culture of the test pathogens separately, was placed on sterile plastic Petri plates
poured with PDA medium. Each of the Petri plates after removing the top lid was placed
inside a sterilized poly bag and the mouth of the bag was kept intact with the outlet mouth
and sealed airtight. The entire setup with Petri plates was incubated at 28 ± 2 ◦C until the
mycelia in control covered the plate fully. The percent reduction in mycelial growth was
recorded by using the formula:

Percent inhibition (PI) =
C –T

C
× 100

where, C is the mycelial coverage of pathogen in control, T is the mycelial growth of the
pathogen in treatment. The experiment was performed thrice with three replications to
confirm the efficacy of volatilomes produced by vermiculite ball.

Figure 8. Model of olfactory chamber.
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4.4. Testing the Distance on Volatilomes Travel

The distance traveled by the volatilomes mixture immobilized in vermiculite balls
used against the test pathogens and the efficacy was tested in a PVC chamber. A PVC pipe
having 20 cm diameter was cut into different lengths viz., 10, 20, 40 and 60 cm (Figure 9).
The PVC pipes were given with a flap cut to 10 cm width and length vary depending upon
the size of PVC pipe used. In the flap cut PVC pipe, autoclaved coir compost was filled
and inoculated with the spore suspension of the pathogens, separately and incubated for
7 days to induce the mycelial growth of pathogens. Later, one of the vermiculite balls
with immobilized VOCs was buried in the pathogen-inoculated coir compost taken in the
PVC pipes. The flap-cut portion of the PVC pipe was carefully covered with Parafilm.
The experimental setup was incubated at 28 ± 2 ◦C and replicated thrice for each of the
vermiculite ball-based formulations. A similar experimental setup was followed for control
by placing vermiculite balls without the volatilomes fraction. After 4 days of incubation, the
compost was collected from the PVC pipe at different distances surrounding the vermiculite
ball, serially diluted with sterilized water and 10−3 dilution was plated on a PDA medium.
The CFU count was recorded in both treatment and control at varied distances per interval
and tabulated. Based on the results, a separate experiment was conducted on tomato crops
grown under the poly house.

 
 

Figure 9. Model of PVC Pipe Chamber at different lengths.

4.5. Effect of Volatilomes Immobilized Vermiculite Balls Tested in Growth Chamber

The interaction of volatilomes immobilized vermiculite ball was evaluated under
a pot culture experiment in tomato plants. The tomato seedling was transplanted in a
pot filled with sterilized coir compost. The pots planted were interconnected with trans-
parent polythene tubes and placed inside the volatilomes diffusing chamber (Figure 10).
Arrangements were made prior to placing the volatilomes immobilized vermiculite ball
inside the transparent polythene tube facilitating the free flow of volatilomes emitted by
the ball between the interconnected pots. The M. spicata leaves immobilized vermiculite
ball were imposed with four replications. Control pots interconnected with polythene
tube but without VOCs immobilized vermiculite ball was maintained inside the chamber
as control treatments. The pathogen was inoculated to 20 days old tomato seedlings in
treatment (M. spicata exposing chamber) and control pots. The pathogen was not inoculated
in the Pathogen un-inoculation pot, but the volatilomes of M. spicata ball were exposed to
the pathogen-un-inoculated pot to compare the difference in volatilomes treated tomato
seedling inoculated with the pathogen. Then, the volatile chamber was closed completely
until the symptoms are noticed in control pots inside the chamber. The spore suspension
of FOL was inoculated in a sterilized coir compost and the volatilomes formulation was
exposed after a day of pathogen inoculation. The result of percent disease incidence and
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percent reduction over control was calculated after symptom expression in the pathogen-
inoculated pots with treatment. In addition, the growth parameters such as root length,
shoot length and number of branches produced by tomato plants were observed.

Figure 10. Volatilomes diffusing growth chamber model.

4.6. Defense Gene Expression Studies

A pot culture experiment was conducted with tomato plants (PKM 1) to evaluate
the defense genes expression as triggered by the volatilomes immobilized in vermiculite
balls containing M. spicata leaf volatilomes. The root samples from the plants inoculated
with pathogen were taken for determining defense genes expression due to the tripartite
interaction between plant, pathogen and immobilized volatilomes. The control plants were
maintained with and without pathogen inoculation.

4.6.1. RNA Extraction, cDNA Conversion

Total RNA was extracted separately, from tomato plants under different treatments by
following the procedures described by [32]. The root samples were collected on the first
day after pathogen inoculation, rinsed in sterile distilled water and dried on filter paper.
The dried root samples were weighed (200 g) and ground to a fine powder in a sterilized
pestle and mortar using liquid nitrogen. The ground sample was transferred to a microfuge
tube (1.5 mL) and added with one mL of cell lysis solution, followed by gentle shaking and
centrifugation at 11,000 rpm at 4 ◦C for 15 min. After centrifugation, the supernatant was
transferred to a new microfuge tube and added with 250 μL of phase separation solution.
The contents were vortexed well and centrifuged again at 11,000 rpm at 4 ◦C for 15 min.
The top aqueous portion was pipetted out to a new microfuge tube and added with an
equal volume of precipitation solution and sodium hydroxide before incubating at −20 ◦C
for 45 min. The precipitated RNA was centrifuged at 11,000 rpm at 4 ◦C for 15 min and the
supernatant was discarded. The pellet was washed by adding one mL of 70 percent ethanol
and centrifuged at 11,000 rpm at 4 ◦C for 15 min. The supernatant was decanted and
the pellet air-dried for 10 min and resuspended with 30 μL of sterile distilled water. The
quantity and quality of RNA were confirmed using Nanodrop™ 2000 spectrophotometer
(Thermo-Fisher, Waltham, MA, USA). The extracted RNA was stored at −80 ◦C for further
studies.

The DNA admixed in the extracted RNA sample was removed by following the
procedure given in DNAse I removal Kit (Sigma Aldrich, Saint Louis, MO, USA). The
extracted RNA (8 μL) was treated with one μL each of 10× DNAse reaction buffer and
DNAse I. The DNAse treated RNA sample was incubated at 28 ± 2 ◦C for 15 min. After
incubation, the DNAse reaction was stopped by adding 1 μL of EDTA as a stop solution to
inactivate the DNAse I and incubated at 70 ◦C for 10 min. Then, the DNA-free RNA sample
was used for cDNA synthesis. A quantity of 12 μL of DNA-free RNA sample was taken
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for activation of cDNA synthesis. The RNA sample was added with one μL of random
primer and incubated at 65 ◦C for one min in a PCR thermocycler. The incubated contents
were placed in ice and 4 μL of 5× reverse transcriptase (RT) reaction buffer; 2 μL of 10 mM
dNTP mixture; 1 μL of revert aid were added and the contents were completely mixed and
incubated in PCR thermocycler at three different step process: 42 ◦C for 60 min; 50 ◦C for
15 min; 70 ◦C for 15 min. The cDNA synthesized samples were stored at −80 ◦C.

4.6.2. Quantification of Defense Related Genes Expression

The defense gene expression in tomato plants, both in pathogen-infected and treatment
imposed with volatilomes was quantified by quantitative PCR (Bio-rad, California, United
States of America) using SYBR Green (KAPA SYBR FAST LC 480). The housekeeping gene
ACTIN was used as internal control and the diluted cDNA samples were used for qPCR
analysis. Each of the 10 μL reaction mix contained 5 μL SYBR green master mix (KAPA
SYBR FAST LC 480, Sigma Aldrich, Saint Louis, MO, USA); 2 μL of primers (Forward
and Reverse defense primers); one μL of sterile distilled water and 2 μL of diluted cDNA.
The quantification of defense genes was performed in Biorad RT PCR with the following
settings: initial denaturation (95 ◦C for 10 min), 39 cycles of PCR (includes denaturation
95 ◦C for 30 s and amplification at 58 ◦C for 30 s), melting curve (includes denaturation
95 ◦C for 5 s, amplification at 65 ◦C for 5 s). The relative expression of defense genes
was compared with internal control (ACTIN gene) and further assessed. The changes
in expression levels were analyzed using the relative quantification (ΔΔCt) method. The
analysis was carried out with three biological replicates and three technical replicates for
each of the defense primers. The relative expression of each defense gene was compared
among the treatments. The details of defense primers of tomato plants are listed in Table 2.

Table 2. Defense gene primers used for quantitative RT-PCR.

Defense Gene Forward and Reverse Primer Sequence Reference

SlPR 1
Forward: 5′-ACGTCTTGGTTGTGCTAGGG-3′

[32]

Reverse: 5′-TCAAAAGCCGGTTGATTTTC-3′

SlLOX
Forward: 5′-TGGGATTAAACTGCCAGACC-3′
Reverse: 5′-GGCATCGGAAATTTGAGAAA-3′

SlWRKY
Forward:5′-TCTCGATCTGACCAGGTTCC-3′
Reverse: 5′-TTGCCGTCTTCGTTCTCTTT-3′

SlTLP
Forward:5′-CCATCTTTGCTTCCCACATT-3′
Reverse: 5′-ATCGGTTTACCTGCACTTGG-3′

SlActin
Forward:5′-AGGCACACAGGTGTTATGGT-3′
Reverse: 5′-AGCAACTCGAAGCTCATTGT-3′

4.7. Statistical Analysis

In-vitro experiments were performed in triplicate and analyzed using a single ANOVA
with the data obtained from the radial growth of pathogenic inhibition. The result was
presented as mean ± standard deviation. The GC-MS data were statistically analyzed using
MetaboAnalyst V5.0 (Genome Canada, Ottawa, ON, Canada). The results of the GC-MS
data were presented as a heat map using heatmapper.ca.in.

5. Conclusions

In conclusion, volatilomes produced by the leaves of M. spicata could induce diverse
antifungal VOCs for the management of plant pathogens. Diverse volatile biomolecules
have been characterized from the leaves of M. spicata, but some VOCs such as carvone play
a major role in the suppression of pathogenic microorganisms. VOC of carvone has been
proved as antimicrobial activity for the management of plant disease in horticultural crops.
Thus, volatilomes produced by M. spicata need to be explored.

In the present study, we assessed the various immobilization substrate for volatilomes
based product development to eradicate the presence of pathogenic propagules present
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in the soil. Further, we conclude that volatilomes of M. spicata leaves immobilized in a
vermiculite ball were found to be effective in managing the plant disease under glasshouse
conditions. The present findings could be useful for the precise analysis of M. spicata leaves
immobilized vermiculite ball against soil-borne plant pathogens.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27113631/s1, Figure S1: Morphological Characterization
of mycelial growth of Fusarium Pathogen using olfactory chamber; Figure S2: GCMS chromatogram
of headspace volatile compounds produced by the leaves of Mentha spicata; Figure S3: Colony growth
of Fusarium oxysporum (CFU) using PVC chamber; Figure S4: Efficacy of Volatilomes Immobilized
Vermiculite Balls under Glass house Condition in Tomato Plant; Table S1: Area Percent of carvone
produced at different hours by the leaves of M. spicata immobilized vermiculite ball; Table S2: GC-MS
profiling of VOCs produced by leaves of Cymbopogon citratus immobilized vermiculite ball.
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Abstract: The possibilities of the practical utilization of essential oils (EOs) from various plant species
in the food industry have attracted the attention of the scientific community. Following our previous
studies, the antifungal activities of three further commercial EOs, Melaleuca armillaris subsp. armillaris
(rosalina; REO), Melaleuca quinquenervia (niaouli; NEO), and Abies alba (fir; FEO), were evaluated in
the present research in respect to their chemical profiles, over four different concentrations, 62.5 μL/L,
125 μL/L, 250 μL/L, and 500 μL/L. The findings revealed that the major compounds of REO, NEO,
and FEO were linalool (47.5%), 1,8-cineole (40.8%), and α-pinene (25.2%), respectively. In vitro
antifungal determinations showed that the inhibition zones of a Penicillium spp. mycelial growth
ranged from no inhibitory effectiveness (00.00 ± 00.00 mm) to 16.00 ± 1.00 mm, indicating a very
strong antifungal activity which was detected against P. citrinum after the highest REO concentration
exposure. Furthermore, the in situ antifungal efficacy of all EOs investigated was shown to be
dose-dependent. In this sense, we have found that the highest concentration (500 μL/L) of REO,
NEO, and FEO significantly reduced (p < 0.05) the growth of all Penicillium strains inoculated on the
bread, carrot, and potato models. These results indicate that the investigated EOs may be promising
innovative agents in order to extend the shelf life of different types of food products, such as bread,
carrot and potato.

Keywords: volatile compounds; in vitro antifungal activities; in situ efficacy; food model systems;
disc diffusion method

1. Introduction

In recent decades, there have been dramatic changes in demands for food quality and
safety of consumers who are increasingly aware of the impact of food on their health [1].
Bakery products and various types of vegetables, as important constituents of the human
diet, provide a substantial amount of essential nutrients [2,3]. However, these goods are
mainly sensitive to microbial contamination reducing their shelf life [4]. In particular, the
presence of microscopic filamentous fungi (including Penicillium spp.) can compromise
human health due to the production of mycotoxins [5]. Moreover, it is well known that
microorganisms have become increasingly resistant to common antifungals, as reported
in numerous studies. Taking into account this trend, some ways of stabilization and
preservation techniques, such as modified atmosphere, smart packaging, and bioactive or
antifungal agent coatings, have been innovated [6]. For such purposes, plant essential oils
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(EOs) can serve as one of the possibilities of effective natural substance applications with
antifungal activities [7]. In effect, their prediction of effective antimicrobials against yeasts
and fungi have been reported in many studies [8–10].

Essential oils are mainly uncoloured fluids composed of volatile and aromatic sub-
stances which naturally occur in different parts of the plants (such as the stem, flowers,
seeds, and peels) [11]. Owing to the complex chemical profile, their application appears to
be a viable way in the prevention and elimination of antifungal food spoilage [12]. Indeed,
the chemical composition of EOs is very complex, consisting of a mixture of more than
50 volatiles at very discrepant levels. Of these constituents, the most relevant for antifungal
activities are terpenoid compounds and their derivatives, also designated as isoprenoids
since the classification of terpenoids is based on the number of isoprene units [13]. There
are several methods for the extraction of EOs, each exhibiting certain advantages and
determining physicochemical and biological properties of the extracted oils [14]. The most
widely used EO isolation techniques include traditional hydrodistillation, steam distillation
extraction, organic solvent extraction, and microwave-assisted hydrodistillation [15].

Currently, more than 3000 EOs have been described, and only around 300 of them
are of relevance for use in various industries. However, considering the enormous global
diversity of medical plant species, as well as the industrial and commercial concern of EOs,
this count is expected to increase radically [16].

Myrtaceae family, including more than 5500 species and approximately 150 genera,
is considered the eighth largest flowering plant family with ecological and economic
importance related to its production of EOs [17]. Among them, EOs obtained from Melaleuca
(M.) armillaris subsp. armillaris (rosalina) [18] and M. quinquenervia (niaouli) [19] have been
shown to possess significant antifungal potential. Additionally, EOs of fir, Abies (A.) alba,
belonging to the Pinaceae family has attracted an increasing interest for its distinctive and
refreshing pine–forest fragrance. Having an easing and soothing effect on muscles, it is
beneficial for the respiratory system [20]. Moreover, its strong antioxidant and antimicrobial
activities also indicate its significant phytomedicine potencial [21].

In this context, as well as following our previous experiments to find new interesting
naturally food antifungal agents, the aim of the present study is to characterize three
commercially available EOs by evaluating their chemical composition and antifungal
efficacies against selected microscopic filamentous fungi of genus Penicillium (P. expansum,
P. citrinum, and P. crustosum). Finally, their use by the food industry to extend the shelf life
of food products will be evaluated on food-based models (bread, carrot, and potato).

2. Results

2.1. Volatile Substances of EOs

All the EOs were analyzed by gas chromatography/mass spectrometry (GC/MS),
and their detailed components are summarized in Table 1; in Table 2, the amounts of
volatiles in percentage for each class of compounds are presented. From them, it is evident
that the identified compounds represented 99.3%, 99.4%, and 99.7% of the oils from M.
armillaris subsp. armillaris, M. quinquenervia, and A. alba, respectively. The most abundant
compounds were shown to be linalool (47.5%), 1,8-cineole (16.9%), and α-terpineol (5.0%)
in REO; 1,8-cineole (40.8%), α-terpineol (14.6%), and viridiflorol (12.0%) in NEO; α-pinene
(25.2%), β-pinene (18.3%), and α-limonene (18.1%) in FEO.
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Table 1. Chemical composition of analyzed EOs.

No Compound a REO (%) NEO (%) FEO (%)
RI RI

(lit.) (calc.) b

1 santene / / 1.6 888 889
2 2-bornene / / 0.2 907 909
3 tricyclene / / 3.1 926 924
4 α-thujene Tr c tr / 930 926
5 α-pinene 1 4.8 25.2 939 938
6 β-fenchene / / tr 940 942
7 α-fenchene / / 2.6 952 947
8 camphene 0.1 0.5 13.4 954 948
9 benzaldehyde / tr / 960 958
10 sabinene tr 0.4 tr 975 977
11 β-pinene 0.9 2.2 18.3 979 980
12 β-myrcene 0.1 0.8 0.6 990 992
13 α-phellandrene / tr tr 1002 1004
14 pseudolimonene / / tr 1003 1003
15 δ-3-carene / tr 0.7 1011 1009
16 α-terpinene tr tr 0.1 1017 1016
17 p-cimene / 3.2 / 1024 1023
18 o-cymene 1.3 / 1.5 1026 1026
19 α-limonene 1.3 6.4 18.1 1029 1028
20 β-phellandrene / / 1.1 1029 1030
21 1,8-cineole 16.9 40.8 / 1031 1033
22 (E)-β-ocimene / tr / 1050 1047
23 γ-terpinene 1.5 1.8 tr 1059 1060
24 cis-linalool oxide 1.2 / / 1072 1074
25 α-terpinolene 0.2 1.2 0.4 1088 1088
26 trans-linalool oxide 1.4 / / 1086 1089
27 linalool 47.5 / / 1096 1098
28 α-thujone 0.4 / / 1102 1101
29 β-thujone tr / / 1114 1114
30 cis-limonene oxide / / 0.2 1136 1136
31 trans-pinocarveol / / 0.2 1139 1140
32 trans-verbenol / / tr 1144 1145
33 camphor 1.3 tr / 1146 1148
34 menthone / tr / 1152 1151
35 iso-menthone / tr / 1162 1162
36 pinocarvone / / tr 1164 1163
37 borneol 0.3 / 0.1 1169 1170
38 menthol / tr / 1171 1173
39 4-terpinenol 2.9 1.5 tr 1171 1178
40 p-cymen-8-ol / / tr 1182 1183
41 α-terpineol 5 14.6 0.6 1188 1189
42 verbenone / / tr 1208 1208
43 endo-fenchyl acetate / / 0.2 1220 1221
44 nerol 0.2 / / 1229 1227
45 carvone / / tr 1243 1241
46 linalool acetate 0.4 / / 1257 1255
47 2-phenyl ethyl acetate tr / / 1258 1258
48 geranial tr / / 1267 1263
49 (E)-cinnamaldehyde tr / / 1270 1269
50 bornyl acetate / / 2.8 1285 1286
51 isobornyl acetate tr / / 1285 1287
52 methyl geranate 0.1 / / 1324 1321
53 α-terpinyl acetate / 2.4 / 1349 1341
54 isoledene 0.4 / / 1376 1371
55 α-copaene / tr tr 1376 1379
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Table 1. Cont.

No Compound a REO (%) NEO (%) FEO (%)
RI RI

(lit.) (calc.) b

57 longifolene / / 0.5 1407 1408
56 α-gurjunene 0.3 tr / 1409 1408
58 (E)-caryophyllene 0.8 2.4 7 1419 1422
59 β-gurjunene 0.6 / / 1433 1427
60 β-humulene 0.2 / / 1438 1436

61 2-phenyl propyl
isobutanoate 0.5 / / 1440 1438

62 aromadendrene 5.3 0.6 / 1441 1443
63 α-humulene / tr 0.2 1454 1456
64 α-amorphene / tr tr 1484 1485
65 β-selinene / tr / 1490 1490
66 α-selinene 0.3 tr / 1492 1492
67 valencene 0.4 / / 1496 1497
68 ledene 1.5 1.6 / 1496 1498
69 bicyclogermacrene 0.8 / / 1500 1503
70 α-muurolene 0.1 / tr 1500 1504
71 δ-amorphene 0.1 / / 1512 1513
72 δ-cadinene 0.5 0.5 / 1523 1525
73 cis-calamenene 0.1 / / 1529 1530
74 α-cadinene / / tr 1538 1542
75 palustrol 0.9 tr / 1568 1570
76 spathulenol 0.5 / / 1578 1577
77 caryophyllene oxide 1.2 tr 1 1583 1583
78 viridiflorol 0.3 12 / 1592 1593
79 widdrol 0.3 / / 1599 1601
80 rosifoliol 0.2 / / 1600 1604
81 ledol / 1.7 / 1602 1605
82 α-cadinol / tr / 1654 1656

total 99.3 99.4 99.7
a Identified compounds; b values for retention indices on HP-5MS column; c tr—compounds identified in amounts
less than 0.1%.

Table 2. Total amount of volatiles presented in percentage for each class of compounds.

Class of Compounds REO (%) NEO (%) FEO (%)

non-terpenic compounds 0.5 tr 1.8
hydrocarbons / / 1.8

aromatic compounds 0.5 tr /
monoterpenes 84 80.6 89.2

monoterpene hydrocarbons 6.4 21.3 85.1
oxygenated monoterpenes 77.6 59.3 4.1
monoterpene epoxide 19.5 40.8 0.2
monoterpene alcohols 55.9 16.1 0.9
monoterpene ketones 1.7 tr tr
monoterpene esters 0.5 2.4 3

sesquiterpenes 14.8 18.8 8.7
sesquiterpene hydrocarbons 11.4 5.1 7.7
oxygenated sesquiterpenes 3.4 13.7 1
sesquiterpene alcohols 2.2 13.7 /
sesquiterpene epoxides 1.2 tr 1

total 99.3 99.4 99.7

2.2. In Vitro Antifungal Potential of EOs

In the current research, a disc diffusion method was applied to evaluate the antifungal
activities of the selected EOs (REO, NEO, FEO) against P. expansum, P. citrinum, and
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P. crustosum. As shown in Table 3, the growth inhibition of the Penicillium strains depended
on the type and concentration of the EO analyzed (p < 0.05); with increasing concentrations,
the antifungal activities increased. A very strong antifungal effectiveness was observed
for REO, where the highest concentration (500 μL/L) inhibited the growth of P. citrinum
with an inhibition zone of 16.00 ± 1.00 mm. Moderate values for antifungal potential were
detected for the highest concentration (500 μL/L) of REO and NEO against P. expansum
(10.33 ± 0.58 mm) and P. crustosum (10.67 ± 0.58 mm), and P. expansum (11.00 ± 1.00 mm)
and P. citrinum (10.00 ± 1.00 mm), respectively. The EOs exhibited weak zones of inhibition
as follows: REO against P. citrinum (5.33 ± 1.53 mm in 125 μL/L; 9.33 ± 0.58 mm in
250 μL/L), and P. crustosum (5.33 ± 0.58 mm in 125 μL/L; 6.57 ± 0.58 mm in 250 μL/L);
NEO against P. expansum (8.00 ± 1.00 mm in 250 μL/L), P. citrinum (5.33 ± 0.58 mm in
250 μL/L), and P. crustosum (7.33 ± 0.58 mm in 500 μL/L); FEO against P. citrinum (from
5.33 ± 0.58 mm in 125 μL/L to 7.67 ± 0.58 mm in 500 μL/L), P. crustosum (5.67 ± 1.15 mm in
250 μL/L and 8.33 ± 0.58 mm in 500 μL/L), and P. expansum (5.67 ± 1.15 mm in 500 μL/L).
Remaining values for fungal growth inhibition indicated weak or very weak antifungal
actions of the EOs.

Table 3. Antifungal activity of EO samples in analyzed concentrations (inhibition zone in mm).

P. expansum P. citrinum P. crustosum

Con.
(μL/L) 62.5 125 250 500 62.5 125 250 500 62.5 125 250 500

REO 0.00 ±
0.00 aA

0.00 ±
0.00 aA

3.67 ±
0.58 aB

10.33 ±
0.58 aC

2.68 ±
0.58 aA

5.33 ±
1.53 aB

9.33 ±
0.58 aC

16.00 ±
1.00 aD

4.67 ±
0.58 aA

5.33 ±
0.58 aA

6.57 ±
0.58 aB

10.67 ±
0.58 aC

NEO 0.00 ±
0.00 aA

0.00 ±
0.00 aA

8.00 ±
1.00 bB

11.00 ±
1.00 aC

3.33 ±
0.58 aA

4.33 ±
0.58 aAB

5.33 ±
0.58 bB

10.00 ±
1.00 bC

0.00 ±
0.00 bA

0.00 ±
0.00 bA

4.67 ±
0.58 bB

7.33 ±
0.58 bC

FEO 0.00 ±
0.00 aA

2.33 ±
0.58 bB

3.33 ±
0.58 aB

5.67 ±
1.15 bC

4.00 ±
1.00 aA

5.33 ±
0.58 aA

7.00 ±
1.00 cB

7.67 ±
0.58 cB

0.00 ±
0.00 bA

0.00 ±
0.00 bA

5.67 ±
1.15 abB

8.33 ±
0.58 bC

Note: Mean ± standard deviation. REO: rosalina essential oil; NEO: niaouli essential oil; FEO: fir essential oil.
Values in the same column with different small letters, and those in the same row (for the same type of fungi
strains) with different upper-case letters, are significantly different (p < 0.05). Con.—concentration; 0.00—total
growth; N—without growth.

2.3. Moisture Content and Water Activity of Food Models

Generally, the food quality depends on water activity (aw) and moisture content
(MC) directly affecting the microbial growth connected with the shelf life of the foods. Both
parameters were significantly different (p < 0.05) depending on the type of substrate analyzed
(Table 4). In this line, values for MC ranged from 43.12 ± 0.35% (bread) to 86.83 ± 0.42%
(carrot), and aw values varied from 0.942 ± 0.001 (bread) to 0.946 ± 0.002 (potato).

Table 4. Moisture content and water activity in food models analyzed.

Parameters Bread Carrot Potato

MC (%) 43.12 ± 0.35 a 86.83 ± 0.42 b 81.55 ± 1.65 c

aw 0.942 ± 0.001 a 0.945 ± 0.002 b 0.946 ± 0.002 c

Note: Mean ± standard deviation. MC—moisture content; aw—water activity. Values in the same row with
different small letters are significantly different (p < 0.05).

2.4. In Situ Antifungal Potential of EOs

In situ antifungal activity of all EOs investigated against filamentous fungi strains
growing on three selected food models (bread, carrot, potato) was shown to be dose-
dependent. In effect, we have found that the highest concentration (500 μL/L) of REO,
NEO, and FEO significantly reduced (p < 0.05) the growth of P. expansum, P. citrinum, and
P. crustosum inoculated on the bread model (Table 5). In P. expansum, the actions were
additionally identified to be an EO type-dependent. In this sense, REO appeared to be
the most effective (p < 0.05) in the fungus growth inhibition, and the EOs effectiveness
decreased in the following order: REO > FEO > NEO. Against P. citrinum, the highest
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concentration of FEO exhibited the same antifungal activity as NEO and REO; however,
both EOs (NEO, REO) had conversely stronger impacts (p < 0.05) on P. crustosum growth
inhibition as compared to FEO.

Table 5. In situ antifungal activity of the EO samples in analyzed concentrations against the growth
of selected Penicillium spp. inoculated on bread.

Fungi
Strain

P. expansum P. citrinum P. crustosum

Con.
(μL/L) 62.5 125 250 500 62.5 125 250 500 62.5 125 250 500

REO 8.14 ±
0.95 aA

1.20 ±
0.80 aB

29.27 ±
1.56 aC

98.50 ±
3.82 aD

−2.81 ±
1.40 aA

24.36 ±
3.57 aB

95.31 ±
4.03 aC

89.50 ±
3.73 aC

−30.43
± 4.11 aA

−47.37
± 5.98 aB

90.02 ±
3.42 aC

97.32 ±
4.51 aC

NEO 18.21 ±
1.65 bA

5.11 ±
2.33 bB

13.07 ±
3.92 bA

46.53 ±
4.85 bC

4.71 ±
1.19 bA

26.55 ±
1.37aB

23.89 ±
2.64 bB

79.84 ±
3.66 bC

13.87 ±
3.79 bA

11.90 ±
1.61 bA

84.04
±6.97aB

95.60 ±
4.12 aC

FEO 19.92 ±
6.51 bA

19.22 ±
6.76 cA

18.62 ±
4.87 bA

81.72 ±
4.17 cB

50.87 ±
1.47 cA

49.95 ±
1.73 bA

41.23 ±
1.18 cB

87.94 ±
10.3 abC

54.25 ±
4.61 cA

25.64 ±
1.15 cB

37.62 ±
1.65 bC

45.13 ±
1.81 bD

Note: Mean ± standard deviation. REO: rosalina essential oil; NEO: niaouli essential oil; FEO: fir essential oil.
Values in the same column with different small letters, and those in the same row (for the same type of fungi
strains) with different upper-case letters, are significantly different (p < 0.05). Con.—concentration.

The growth of P. expansum, P. citrinum, and P. crustosum on a carrot as a food model
was completely inhibited by the highest concentration of REO (Table 6). Additionally, NEO
was found to be able to inhibit the growth of P. expansum and P. citrinum but to a lesser
extent (p < 0.05). On the other hand, it showed only a slight effectiveness against the growth
of P. crustosum. FEO had the strongest antifungal action against P. expansum, which was
similar to that of REO. By contrast, the inhibitory effect of FEO on the mycelial growth of
P. citrinum and P. crustosum was lower than those of REO and NEO, and higher than that of
NEO, respectively.

Table 6. In situ antifungal activity of the EO samples in analyzed concentrations against the growth
of selected Penicillium spp. inoculated on carrot.

Fungi
Strain

P. expansum P. citrinum P. crustosum

Con.
(μL/L) 62.5 125 250 500 62.5 125 250 500 62.5 125 250 500

REO 52.17 ±
1.27 aA

60.00 ±
1.55 aB

100.00 ±
0.00 aC

100.00 ±
0.00 aC

54.05 ±
1.35 aA

72.73 ±
6.10 aB

87.84 ±
7.71 aC

100.00 ±
0.00 aD

54.88 ±
2.24 aA

59.74 ±
3.47 aA

96.51 ±
4.41 aB

100.00 ±
0.00 aB

NEO 40.35 ±
7.56 bA

0.00 ±
0.00 bB

39.39 ±
8.89 bA

72.22 ±
5.4 5bC

14.75 ±
2.94 bA

26.32 ±
7.57 bB

6.90 ±
1.11 bC

62.00 ±
1.98 bD

0.00 ±
0.00 bA

0.00 ±
0.00 bA

2.78 ±
0.48 bB

14.87 ±
1.65 bC

FEO 48.44 ±
6.36 abA

8.64 ±
3.69 cB

9.86 ±
5.82 cB

97.67 ±
6.22 aC

7.69 ±
2.76 cA

0.00 ±
0.00 cB

9.80 ±
3.58 bA

41.00 ±
4.97 cC

0.00 ±
0.00 bA

20.00 ±
8.94 cB

39.68 ±
4.19 cC

64.47 ±
6.37 cD

Note: Mean ± standard deviation. REO: rosalina essential oil; NEO: niaouli essential oil; FEO: fir essential oil.
Values in the same column with different small letters, and those in the same row (for the same type of fungi
strains) with different upper-case letters, are significantly different (p < 0.05). Con.—concentration.

On a potato model (Table 7), the growth of Penicillium spp. was markedly inhibited
by the highest concentrations of all EOs investigated (except for FEO in P. crustosum).
Regarding this, the results showed the strongest antifungal activity of REO and NEO
against the growth of P. expansum, P. citrinum, and P. crustosum. However, the inhibitory
action of the highest concentration of FEO was species-dependent. Indeed, the EO displayed
a very strong effectiveness against P. expansum, whilst its efficacy against the growth of
P. citrinum and P. crustosum was only weak.
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Table 7. In situ antifungal activity of the EO samples in analyzed concentrations against the growth
of selected Penicillium spp. inoculated on potato.

Fungi
Strain

P. expansum P. citrinum P. crustosum

Con.
(μL/L) 62.5 125 250 500 62.5 125 250 500 62.5 125 250 500

REO 23.21 ±
5.41 aA

4.00 ±
1.17 aB

53.18 ±
9.83 aC

83.02 ±
2.74 aD

0.00 ±
0.00 aA

0.00 ±
0.00 aA

86.32 ±
1.83 aB

76.67 ±
6.44 aC

0.00 ±
0.00 aA

29.17 ±
2.86 aB

40.82 ±
4.89 aC

70.97 ±
6.37 aD

NEO 0.00 ±
0.00 bA

0.00 ±
0.00 bA

0.00 ±
0.00 bA

71.43 ±
9.59 aB

0.00 ±
0.00 aA

0.00 ±
0.00 aA

0.00 ±
0.00 bA

86.67 ±
8.96 aB

0.00 ±
0.00 aA

0.00 ±
0.00 bA

15.79 ±
1.32 bB

92.00 ±
6.83 bC

FEO 7.81 ±
1.47 cA

9.62 ±
1.45 cA

82.76 ±
3.12 cB

98.31 ±
8.92 bC

10.91 ±
1.36 bA

1.79±
0.62 bB

7.32 ±
1.33 cC

18.75 ±
2.26 bD

0.00 ±
0.00 aA

0.00 ±
0.00 bA

2.00 ±
1.17 cB

9.59 ±
1.52 cC

Note: Mean ± standard deviation. REO: rosalina essential oil; NEO: niaouli essential oil; FEO: fir essential oil.
Values in the same column with different small letters, and those in the same row (for the same type of fungi
strains) with different upper-case letters, are significantly different (p < 0.05). Con.—concentration.

3. Discussion

Generally, it is well known that the antifungal activities of diverse EOs depend on
their chemical profile and concentration of the individual constituents [22]. Regarding the
M. armillaris subsp. armillaris EO, the literature reports the occurrence of three chemotypes
of this species based on the proportions of 1,8-cineole, linalol, and methyleugenol [23].
According to Brophy and Doran [24], M. armillaris subsp. armillaris presents EO that is
mainly monoterpenoid in character. The authors analyzed the EO samples obtained from
two latitude areas. From their findings, it can be seen that the chemical composition
of the samples was qualitatively very similar throughout the species range; however,
quantitatively, the EO differed considerably in an apparent association with the latitude
of collection. In line with our results, REO samples from the north of the species range
contained linalool (56.2%) as the major component, and also significant amounts of 1,8-
cineole (13.3%). On the other hand, REO from the south comprised 1,8-cineole (43.6%) as
the principal component along with significant amounts of α-pinene (13.1%). Supporting
our findings, linalool (41.6%), and 1,8-cineole (25.2%) as primary compounds of REO were
also detected in the study by Zhao et al. [25].

The research of Ireland et al. [26], which examined the needle EO of M. quinquenervia
over its geographical range in Australia and Papua New Guinea, has displayed a wide
variation in chemical composition, and only two major EO chemotypes. Indeed, chemotype
1 was composed of E-nerolidol (74–95%) and linalool (14–30%), and chemotype 2 contained
1,8-cineole (10–75%), viridiflorol (13–66%), and α-terpineol (0.5–14%) in varying propor-
tions and dominance order in the EO samples, which is in accordance with our findings.
Similarly, Zhao et al. [25] found that 1,8-cineole (59.2%) and α-terpineol (9.6%) were primary
compounds of NEO obtained from Australia.

FEO commonly contains various volatile substances, with α-pinene, β-pinene, cam-
phene, limonene, and bornyl acetate being the most important [20,27,28]. In this context,
the study by Zeneli et al. [29] showed the chemical variability of FEO from an Albania area,
in which four samples of the genus A. alba were evaluated. Their results demonstrated
that the samples were dominated on average by β-pinene (22.73%) and α-pinene (10.55%),
which agrees with our study. Likewise, the studies by Roussis et al. [30] and Tsasi et al. [31]
revealed β-pinene (19.8%) and α-pinene (10.9%), and β-pinene (26.9%), bornyl acetate
(12.5%) and α-pinene (10.1%) to be the main components in FEOs obtained from the South
Balkans and Greece areas, respectively.

Many studies indicated antifungal efficacy of different EOs types against a wide range
of fungal strains such as Penicillium spp. (P. polonicum, P. expansum, P. citrinum, P. crustosum,
P. funiculosum, P. brevicompactum, P. glabrum, P. oxalicum, P. chrysogenum) [32,33]. Very strong
antifungal action of the highest REO concentration against P. citrinum growth observed in
our study is reinforced by the work of Farag et al. [18], whose REO (in the concentration
of 5 μL on the filter paper discs) exhibited the highest inhibitory effects (inhibition zone
18.3 mm) on the growth of Aspergillus (A.) niger among the EOs obtained from other
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Melaleuca species. We hypothesize that the very high antifungal activity of our REO may
be due to the high proportion of linalool (47.5%). Indeed, results of the study by Dias
et al. [34] suggest the antifungal efficacy of linalool itself against Candida (C.) albicans,
C. tropicalis, and C. krusei. However, values for the minimal inhibitory concentration (MIC)
differed among the strains tested. In this line, linalool displayed the lowest inhibitory
concentration against C. tropicalis (500 μg/mL) followed by C. albicans (1000 μg/mL) and
C. krusei (2000 μg/mL), and the growth of C. tropicalis was completely inhibited by linalool.
The underlying mechanism of the linalool action is associated with its ability to damage the
cell wall of microorganisms accompained by a reduction in membrane potential, leakage
of alkaline phosphatase and the release of macromolecules (including DNA, RNA, and
protein), how it was found in Pseudomonas fluorescens [35] and Shewanella putrefaciens [36].
Additionally, bacterial metabolic and oxidative respiratory perturbations interfering in
cellular functions and even causing cell death have been demonstrated in these studies.
The very strong antifungal activity of REO can also be attributed to the high proportion
of 1,8-cineole (16.9%) in its composition, which is also known for its fungicidal properties.
This fact was also confirmed by Vilela et al. [37] who recorded a partial inhibitory action
(5.5%; independent of organism) of 1.35 μL of 1,8-cineole (isolated from Eucalyptus globulus
leaves) on the mycelial growth of A. flavus and A. parasiticus, thereby recognizing the
component to be one of those responsible for E. globulus antifungal activity. In this view,
it can be concluded that the presence of this substance in our NEO (40.8%) may greatly
contribute to its antifungal efficacy. In this regard, Tančínová et al. [38] analyzed three
EOs from the genus Melaleuca (tea tree, cajeput, and niaouli). They have found that
M. alternifolia Cheel (tea tree) EO showed a strong inhibitory effect (from 84.8% to 100%
inhibition) on the strains of P. commune. A weaker inhibitory action was reported for
M. leucadendra (cajeput) EO and the weakest one for NEO. As in our study, plant species-
and pathogen species-dependent variation in in vitro antifungal potential of 11 Myrtaceae
EOs has also been reported by Lee et al. [19]. Regarding 1,8-cineole, it has been found
that Staphylococcus aureus treated with the chemical substance exhibited prominent outer
membrane disintegration with a concentrated/reduced/agglomerated nucleoplasm [39].
Additionally, the study performed by Yu et al. [40] showed a destructive effect of 1,8-
cineole on organelles along with the appearance of many unidentifiable vesicular structures
in Botrytis cinerea. Using transmission electron microscopy, the authors found that 1,8-
cineole may penetrate the cell membrane and damage cellular organelles without causing
lesions on the membrane. Moreover, Nikolova et al. [41] observed very weak inhibitory
activity of acetone extract from A. alba needles against the growth of Alternaria alternata,
corresponding with our findings dealing with weak antifungal effectiveness of FEO against
the selected Penicillium strains investigated. A remarkable selective antimycotic effect
of FEO against a clinical strain of C. albicans has also been demonstrated in the study of
Salamon et al. [42]. Although the underlying mechanism of antifungal action of the EOs
has not been yet fully elucidated, we propose that in our EOs, it may be linked to the
inhibition of microscopic filamentous fungi respiration and disruption of the permeability
barriers of their cell membrane structures [43]. On the basis of the promising data from
in vitro antifungal activity, the samples of our EOs were also applied to determine their
vapour-phase inhibitory effects on the Penicillium spp. growth inoculated on the selected
food models.

Moisture content and aw are the pivotal parameters in predicting the quality and stabil-
ity of food products [44]. Moreover, they are very valuable indicators because their values
commonly correlate well with the potential for fungi growth and metabolic activity [45].
Concretely, MC defines the amount of water in a product, thus, providing information
about its yield, quantity, and texture; however, it does not provide credible data regarding
microbial safety. On the other hand, aw expresses the volume of water that is available
not only for reaction with other molecules but also for food spoilage processes including
enzymatic browning and microbial growth. Taking into account these aspects, aw is an
indicator of food stability with respect to microbial growth, biochemical reaction rates,
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and physical properties [46]. Generally, it is known that the growth of microorganisms
occurs in product samples with aw values higher than 0.60 [47], which is consistent with
our detected data. In line with these findings, the approximate value for aw in white bread
is within the range of 0.94 to 0.97 [48], indicating its susceptibility to microbial spoilage
with the main effect coming from the growth of various molds. With respect to our result
obtained from the bread analysis, similar values for aw (0.944; 0.948) were observed in
two bread samples from registered baking industries in the research by Ayub et al. [49].
Regarding the MC, bread is a food product with intermediate moisture [50], typically
ranging from 35–42% [51], which also corresponds with our results. Nonetheless, most of
the fresh foods are perishable because of their high values for MC [52], as it was also shown
in our vegetable samples (>80%). Similarly to our results, Sipahioglu and Barringer [53]
estimated the values for MC and aw in carrot and potato to be 89.97% and 0.996, and 75.19%
and 0.990, respectively. All the mentioned findings indicate the suitability of chosen food
models (bread, carrot, potato) for in situ antifungal analysis of the EOs investigated.

After testing the ability of the food spoilage fungi (P. citrinum, P. crustosum, and
P. expansum) to grow on the selected food models, the antifungal efficacy of REO, NEO and
FEO was evaluated. Generally, food products require protection against fungi deratoration
during their storage [54]. In bakery products, the microscopic filamentous microorganisms
(mainly Penicillium spp. and Aspergillus spp.) are the most common species causing their
spoilage [55,56]. These fungi are able to grow in the bread surface and form a greenish-
blue layer [57]. Besides the degraded quality including external appearance, the fungi
are responsible for an unpleasant taste and aftertaste formation, and the production of
mycotoxins and allergenic compounds. Importantly, these substances may be created even
before the growth is visible [55]. Bakery goods usually have a short shelf life (only a few
days at room temperature) due to their high aw, as it was confirmed in the previous part
of this research. Spoilage of fruits and vegetables caused by fungi during storage is also
the major concern affecting their quality and shortening their shelf life [54]. Therefore, the
application of EOs in packaging may be the principal choice for satisfying and ecologically
demanding ways to extend the shelf life of products without using synthetic preservatives.

The antimicrobial effect of EOs against various types of food spoilage microorganisms,
after being applied by direct contact, has been demonstrated on a large scale. However, the
vapour phase and volatile components present in EOs have not been thoroughly investi-
gated [58]. The bioactivity of EOs in the vapour phase seems to be an interesting alternative
that makes them potentially useful as antimicrobial agents for the preservation of stored
fresh products. In effect, promising results in this field of research have been obtained,
especially for bacteria and fungi [59–61]. Additionally, some studies have reported that
vapour generated by EOs has a greater antimicrobial effect as compared to their liquid
form applied by direct contact [62,63]. Moreover, Nadjib et al. [64] found that lipophilic
molecules in the aqueous phase associate to form micelles restraining the attachment of
EOs to microorganisms, whereas the vapour phase allows for free attachment.

The results of our in situ analysis revealed the antifungal effects of all three tested
EOs (REO, NEO, and FEO) against selected Penicillium spp.; however, their effectiveness
varied depending on diverse factors including the type of EOs, their concentrations, and
also the fungi and food model used. Although Penicillium strains are known due to their
high resistance [65], their mycelial growth on all three food models was suppressed by all
EOs used with the strongest effectiveness in their highest concentration (500 μL/L). We
suppose that the major compounds found in the EOs concept can primarily contribute
to the antifungal effects. However, it is necessary to keep in mind that the overall EO
effect is not attributed to just one or only some of its components [66], but it is a result
of the synergistic action of all its constituents [67]. The antifungal efficacy of linalool
(present in our REO in 57.5%) was also confirmed in the study performed by Xu et al. [68]
who exogenously applied linalool (in the concentration of 20.95 μM and 2095 μM) on
strawberry fruits infected with Botrytis cinerea. The antimicrobial potential of linalool has
also been demonstrated in the research of Chang et al. [69] who evaluated the effect of
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active polyethylene (PE) film containing linalool active components (0–2%) on the microbial
shelf life of mozzarella cheese. They found that PE films with a higher linalool content
significantly suppressed fungal growth throughout the storage period (30 days). Moreover,
the results obtained by Soković et al. [70] suggest that 1,8-cineole and α-pinene (primary
constituents in our NEO and FEO compositions, respectively) are very strong antifungal
agents with MICs of 2.00 μL/L (Trichoderma harzianum) and 7.00 μL/L (Verticillium fungicola),
and 3.00 μL/L (Trichoderma harzianum) and 8.00 μL/L (Verticillium fungicola), respectively.

From the findings of all our analyses it can be concluded that REO, NEO, and FEO
may be promising constituents with a potential use for extending the shelf life of bread and
vegetables in the commercial scale of the food industry.

4. Materials and Methods

4.1. Tested EOs

Rosalina EO (REO; M. armillaris subsp. armillaris), niaouli EO (NEO; M. quinquenervia),
and fir EO (FEO; A. alba) were extracted by steam distillation of fresh needles and leaves.
These EOs were obtained by a commercial producer Hanus Ltd. (Nitra, Slovakia), and
were preserved at 4 ◦C in the laboratory refrigerator until their next use. Importantly, the
research complements our knowledge gained in previous similar experiments [33,71]. In
this regard, it provides a comprehensive overview of the biological effects of different types
of commercial EOs obtained from the same company.

4.2. Determination of EOs Volatile Constituents

The volatile compounds of the EOs were determined using gas chromatography with
mass spectrometry (GC-MS), as it was described by Valková et al. [33]. In brief, the analysis
was carried out by Agilent Technology 6890N (Agilent Technologies, Santa Clara, CA,
USA) coupled to quadrupole mass spectrometer 5975B (Agilent Technologies, Santa Clara,
CA, USA). Separation of compounds was carried out using HP-5MS capillary column
(30 m × 0.25 mm × 0.25 m). The temperature program was as follows: 60 ◦C to 150 ◦C
(increasing rate 3 ◦C/min) and 150 ◦C to 280 ◦C (increasing rate 5 ◦C/min), using helium
5.0 as the carrier gas with a flow rate of 1 mL/min. Samples of essential oils were desolved
in pentane, and injection volume was 1μL. The split/splitless injector temperature was set
at 280 ◦C. The investigated samples were injected in the split mode with a split ratio at
40.8:1. Electron-impact mass spectrometric data (EI-MS; 70 eV) were acquired in scan mode
over the m/z range 35–550. The mass spectrometry ion source temperature was 230 ◦C,
while the temperature of MS quadrupole was set at 150 ◦C. Solvent delay time of 3 min.
After the separation, the components were identified based on the comparison of their
relative retention index and compared with the library mass spectral database (Wiley and
NIST databases). The percentage composition of compounds (relative quantity; amounts
higher than 0.1%) was measured based on the peak area [33]. The retention indices were
experimentally determined by injecton of standard n-alkanes (C6–C34) under the same
chromatographic conditions.

4.3. Evaluation of EOs Antifungal Potential
4.3.1. Fungal Strains and Culture Media

In the current study, three strains of genus Penicillium (P. expansum, P. crustosum,
P. citrinum), isolated from berry samples of Vitis vinifera (growing in vineyards localized in
Slovakia), were employed. Consequently, the microscopic filamentous fungi were classified
using a reference-based MALDI-TOF MS Biotyper, and validated by comparison with the
taxonomic identification using 16S ribosomal RNA (16S rRNA) gene sequences analysis.

To prepare fungal media, the strains were inoculated in Sabouraud Dextrose Agar
(SDA; Oxoid, Basingstoke, UK) and incubated for 5 days at 25 ◦C. Subsequently, small
aliquots of the fungi were transferred to test tubes, each containing 3 mL of distilled water.
The inoculum concentration was standardized by comparison with the 0.5 McFarland scale
(1.5 × 108 CFU/mL).
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4.3.2. In Vitro Antifungal Activity of EOs

Evaluation of the in vitro antifungal activity of the EOs was performed using the agar
disc diffusion method, according to Valková et al. [33] with minor modifications. For this
purpose, an aliquot of 100 μL of culture media was inoculated on SDA. Then, the discs of
filter paper (6 mm) were impregnated with 10 μL of each EO sample (in four concentrations:
62.5, 125, 250, and 500 μL/L), and applied on the SDA surfaces. Fungi were incubated
aerobically at 25 ± 1 ◦C for 5 days. After the incubation, diameters of the inhibition zones
in mm were measured. The values for inhibitory activity increased in the following manner:
weak antifungal activity (5–10 mm) < moderate antifungal activity (10–15 mm) < very
strong antifungal activity (zone > 15 mm).

4.3.3. In Situ Antifungal Activity of EOs

All three fungal strains (P. expansum, P. crustosum, and P. citrinum) were used to
evaluate the antifungal activity of the EOs in situ.

4.3.4. Food Models

Three frequently consumed food products, i.e., bread, carrot, and potato were applied
as substrates for the growth of the fungi. Among them, white bread was developed in the
Laboratory of Cereal Technologies (Research Center AgroBioTech, SUA in Nitra) according
to the methodology described in the study by Valková et al. [72]. The vegetables were
purchased at the local market (Nitra, Slovakia).

4.3.5. Moisture Content and Water Activity of Food Models

To predict the suitability of substrates for fungal growth, moisture content (MC) and
water activity (aw) were determined, as reported by Valková et al. [73].

4.3.6. Vapour Contact Assay

The experiment itself was performed as reported by Valková et al. [33]. After cooling,
the bread slices with a thickness of 15 mm were transferred into glass jars (Bormioli Rocco,
Fidenza, Italy; 500 mL). The inoculum of tested strains was applied by stabbing three
times with an injection pin on the bread substrate. Then, a sterile filter paper disc (60 mm)
was placed under the jar top, and 100 μL of the EOs in concentrations of 62.5, 125, 250,
and 500 μL/L (diluted in ethyl acetate) were applied to it. The control bread was not
treated with the EOs. Finally, the jars were hermetically closed and stored in an incubator
for 14 days at 25 ± 1 ◦C. For vegetables (carrot and potato) used as food models, the
methodology was slightly modified. Firstly, sliced carrot and potato (5 mm) were placed
on the bottom of Petri dishes (PDs), and the inoculum was applied by stabbing one time
with an injection pin on the vegetable surface. Further, 10 μL of the EOs (in the same four
concentrations) was applied on the sterile filter paper disc (60 mm), then, it was placed at
the top of PD. Subsequently, PDs were hermetically closed using parafilm and cultivated at
25 ◦C for 14 days.

4.3.7. Determination of Fungal Growth Inhibition

In situ fungal growth was determined using stereological methods. In this concept, the
volume density (Vv) of visible fungal colonies was firstly established using ImageJ software
counting the points of the stereological grid hitting the colonies (P) and those (p) falling
to the reference space (growth substrate used: bread, carrot, and potato). The volume
density of strain colonies was consequently calculated as follows: Vv (%) = P/p. Finally, the
antifungal potential of the EOs was expressed as the percentage of fungal growth inhibition
(FGI) according to the formula FGI = [(C − T)/C] × 100, where C and T is the growth of
fungal strains (expressed as Vv) in the control and treatment group, respectively [33].
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4.4. Data Processing

The data were submitted to one-way analysis of variance (ANOVA) and the means
were compared by the Tukey test at 5% of probability using statistical software Prism 8.0.1
(GraphPad Software, San Diego, CA, USA). All analyses were performed in triplicate.

5. Conclusions

The present research was carried out to analyze the presence of volatile profile and
antifungal efficacies of commercial REO, NEO, and FEO against Penicillium strains iso-
lated from berry fruits. Our findings revealed a variable chemical profile of analyzed EO
samples with linalool (REO), 1,8-cineole (NEO), and α-pinene (FEO) as principal com-
pounds of their composition. Regarding the in vitro antifungal activities, the EOs were
effective in inhibiting the growth of all Penicillium strains (P. expansum, P. citrinum, and
P. crustosum) in concentrations more than 125 μL/L, whereas the very strong inhibitory
effect (16.00 ± 1.00 mm) was detected for the highest REO concentration against P. citrinum.
Furthermore, the results from the estimation of MC and aw in the food substrates (bread,
carrots, potatoes) showed a good growth potential of microscopic filamentous fungi. Simi-
lar trends, as found in in vitro antifungal analyses, were also observed in those performed
on food models (in situ), indicating dose-dependent antifungal action of all EOs with the
highest mycelial growth inhibition being recorded in their highest concentrations against
all Penicillium spp. inoculated on all food models employed. In summary, our obtained
data suggest that REO, NEO, and FEO have promising perspectives as innovative natural
agents for application in the storage of food products (including bakery products and
vegetables) to prolong their shelf life. To explain the utilization of our EOs as antifungal
additives, we plan to perform a sensory evaluation of the food models investigated to reveal
which effective concentrations of the EOs are still acceptable for the product consumers.
Moreover, our findings complement our previous studies which contribute to create a more
comprehensive overview of the biological properties of diverse, commercially available
EOs purchased from the same company, Hanus Ltd. (Nitra, Slovakia).
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Abstract: While the inhalation of Thymus vulgaris L. essential oil (EO) is commonly approved for the
treatment of mild respiratory infections, there is still a lack of data regarding the antimicrobial activity
and chemical composition of its vapours. The antibacterial activity of the three T. vulgaris EOs against
respiratory pathogens, including Haemophilus influenzae, Staphylococcus aureus, and Streptococcus pyogenes,
was assessed in both liquid and vapour phases using the broth microdilution volatilisation (BMV) method.
With the aim of optimising a protocol for the characterisation of EO vapours, their chemical profiles were
determined using two headspace sampling techniques coupled with GC/MS: solid-phase microextraction
(HS-SPME) and syringe headspace sampling technique (HS-GTS). All EO sample vapours exhibited
antibacterial activity with minimum inhibitory concentrations (MIC) ranging from 512 to 1024μg/mL.
According to the sampling technique used, results showed a different distribution of volatile compounds.
Notably, thymol was found in lower amounts in the headspace—peak percentage areas below 5.27%
(HS-SPME) and 0.60% (HS-GTS)—than in EOs (max. 48.65%), suggesting that its antimicrobial effect is
higher in vapour. Furthermore, both headspace sampling techniques were proved to be complementary
for the analysis of EO vapours, whereas HS-SPME yielded more accurate qualitative results and HS-GTS
proved a better technique for quantitative analysis.

Keywords: antimicrobial activity; broth microdilution; headspace analysis; respiratory infections;
thyme; vapour phase

1. Introduction

Pneumonia is an acute lower respiratory infection (ALRI) mainly caused by bacte-
rial pathogens, including Gram-positive bacteria such as Staphylococcus aureus,
Streptococcus pneumoniae, and Streptococcus pyogenes, or Gram-negative strains such
as Haemophilus influenzae [1–3]. For decades, they have been amongst the major causes
of morbidity and mortality worldwide; this is particularly significant in low-income
countries where vulnerable populations such as children under five years old, the
elderly, and the immunocompromised population are at higher risk [4]. In 2019, AL-
RIs remained the world’s most deadly communicable diseases with nearly 2.6 million
deaths and accounted for 15% of deaths in children under 5 years of age [5–7]. To reduce
the fatality of these infections, the recommended treatment is the administration of a
full course of appropriate antibiotics. Currently, nebulised antibiotics offer significant
advantages over intravenous and oral therapies; amongst others, inhalation therapy
allows to deliver high drug concentrations and to have more efficient and faster action
while reducing the risk of side effects compared to systemic administrations [8]. Today,
such treatments are already included in care protocols, especially for cystic fibrosis. For
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example, nebulised tobramycin, colistin, and aztreonam lysine are commonly used in
Europe as inhaled antibiotics against chronic Pseudomonas aeruginosa infections [9]. How-
ever, difficulties with implementing optimal nebulisation techniques and the lack of
robust clinical data have limited the widespread adoption of aerosol treatments [10–12].
Among other reasons, this can be attributed to both particle-related and patient-related
factors. For instance, efficient delivery of aerosolised antibiotic particles in the lower
parts of the lungs rests on the aerodynamic behaviour of the particles: larger particles
preferably accumulate in the oropharyngeal area, while smaller particles deposit in the
lower airways. Consequently, this alters drug delivery in the lungs as small particles
carry fewer active substances [13]. Furthermore, the distribution of nebulised particles
depends on the breathing manoeuvre used by the patient: rapid and forceful inhalations
will see an increased deposition of drug in the upper airways, whereas slow and deep
inhalations deposit particles in the lower part of the respiratory system [14]. As a result,
drug delivery is also affected by the quality of inhalations which hinge on the patient’s
age (especially children and elderly), the severity of the respiratory disease, or even the
physical capability to perform a breathing manoeuvre [15].

In this context, plant-derived preparations, and more specifically, essential oils (EOs),
are interesting alternatives in the development of novel antimicrobial volatile agents [16,17].
EOs’ typical physicochemical feature is high volatility at room temperature. Therefore,
compared to aerosolised antibiotics, EO vapours are easy to inhale without requiring any
specific breathing technique. At the same time, this characteristic allows for a uniform
distribution of EOs’ active substances, at a significant concentration, in the lower section
of the lungs [18]. As an example, a recent clinical trial study has already demonstrated
that a Thymus vulgaris L. EO inhalation therapy would improve the respiratory conditions
in patients with ventilator-associated pneumonia. Among other benefits, this treatment
would facilitate the clearance of the mucous membrane, improve gas exchange in alveoli,
and thus increase the oxygen saturation in patients’ blood [19]. Furthermore, EOs are
complex mixtures containing a broad spectrum of chemically diverse compounds that
work in synergy to provide their antibacterial properties. Their composition includes
hydrocarbons (terpenes and terpenoids) and oxygenated compounds (phenols, aldehydes,
alcohols, ketones, esters, and lactones) as well as sulphur or nitrogen substances such
as isothiocyanates and pyrazines synthesised by certain plant families [20–22]. Because
of their well-studied chemical compositions, EOs can be used for medicinal purposes
if their long-standing usage and experience can be demonstrated [23]. Amongst the
nearly 30 EOs approved by the Committee on Herbal Medicinal Products (HMPC) of
the European Medicines Agency (EMA), the essential oil of T. vulgaris is one of the most
important plant species used traditionally to treat respiratory disorders, including cough,
bronchitis, laryngitis, and other respiratory congestions [24]. Moreover, several reports
are validating the in vitro antibacterial activities of this EO on respiratory pathogens
such as S. aureus and P. aeruginosa. Today, its composition is well known and comprises
components such as thymol methyl ether, p-cymene, 1,8 cineol, and α-pinene, but it is
widely believed that its antimicrobial activity is related to its content in two phenolic
monoterpenes: thymol and carvacrol [25–27]. T. vulgaris is also used in complex herbal
formulations. For instance, Bronchipret (Bionorica, Neumarkt, Germany) is an over-the-
counter oral treatment consisting mainly of Hedera helix L. and T. vulgaris extracts. This
herbal product is recommended in acute inflammation of the respiratory tract associated
with cough and thick mucus [7]. Although recent studies suggest that the EO of T. vulgaris
produce better results in antimicrobial activities in the vapour phase than their liquid
phase [17,28,29], there is still a lack of available data regarding its growth-inhibitory effect
against pneumonia-causing bacteria [28].

As opposed to well-established methods for the testing of antimicrobial susceptibility
in both solid (i.e., agar disc diffusion) and liquid (broth microdilution) media, there is no
standardised antimicrobial assay to study EO vapour phases according to, for example, the
Clinical and Laboratory Standards Institute (CLSI) [30–32]. Today, disc volatilisation is the
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most common method to examine the in vitro growth inhibition of EOs’ volatile agents [33];
however, similar methods have already been developed and used (e.g., dressing model
volatilisation test [34], or airtight apparatus disc volatilisation methods [28]). Unfortunately,
such tests have limitations: they are generally not designed for high-throughput screening,
some only allow the evaluation of a single concentration of each sample, and usually only
provide qualitative data [35]. Furthermore, the lack of standardisation of methods has led
to difficulties not only in interpreting but also in comparing antimicrobial growth results.
For instance, from all studies examining T. vulgaris EO vapour antimicrobial activity, it
is not unusual to observe results expressed in different ways, including unit volume of
air [28] or even various definitions of minimum inhibitory concentrations (MICs) [36,37].

The antimicrobial properties of EO vapours are determined by the relative volatility
and antimicrobial effects of their compounds [38]. It is therefore essential to understand
their chemical composition, something that has not been well-explored yet [39]. Nowa-
days, to examine the content of EOs vapour, static headspace extraction coupled with gas
chromatography–mass spectrometry (SHE-GC/MS) offers more advantages compared to
traditional liquid extraction of samples. It is a simple, rapid, and solventless technique
that requires a small amount of sample and allows the analysis of highly volatile com-
pounds [40]. Consequently, studies examining the antimicrobial activity of EO vapours are
also focused on their chemical composition using SHE-GC/MS. As an example, several
studies have explored the chemical composition of T. vulgaris’s volatile agents using differ-
ent SHE techniques, including solid-phase microextraction (HS-SPME) [37,41,42], which is
currently the preferred technique to examine complex, volatile mixtures in laboratories [43].
This method uses a fused silica fibre coated with a stationary phase that is directly exposed
to the sample headspace. After absorption of the analytes to the fibre coating, the sample
is transferred into a GC injection port for thermal desorption [40]. HS-SPME sampling is
not only a sensitive technique due to the concentration achieved by the fibre but also a
selective one thanks to the different coating material available; repeatability is also one
of its assets when used with a dedicated autosampler [40,44,45]. However, using fibre
coating suffers limitations; for example, it is not uniformly sensitive; therefore, competitive
adsorption between volatile agents for the limited number of active sites can be observed.
Similarly, selectivity will be different depending on the coating polymer used [46,47]. As a
result, GC peak areas might not reflect the exact compounds’; composition and proportion
in the headspace. That is why other approaches can be considered for analysing the EO
vapour profile, including gas tight syringe headspace sampling (HS-GTS). This technique
is the most convenient and inexpensive way to sample highly volatile compounds from
the headspace of a closed vessel [40,48]. The gas syringe with a pressure-lock valve is
inserted into the headspace, and a fraction of its volume is removed. The gas sample,
locked into the syringe, is then transferred and injected into the GC inlet. Despite the
above-mentioned advantages, the potential of this method for headspace sampling of
EO vapours has not fully been exploited yet. Intending to identify EO vapours with the
potential to inhibit the growth of bacteria causing pneumonia, we performed a series of
preliminary experiments with herbal products approved by the HMPC of the EMA for
the treatment of infectious cough and cold [23]. It encompassed the assessment of the
in vitro growth-inhibitory effect of Pimpinella anisum L. seed, Eucalyptus globulus Labill.
leaf, Thymus vulgaris L. aerial part, Mentha × piperita L. leaf, and Foeniculum vulgare Mill.
seed EOs using the broth microdilution volatilisation (BMV) method against H. influenzae,
S. aureus, and S. pyogenes. This novel method was recently developed by our team [35]; it is
a simple, rapid, and simultaneous technique that allows the assessment of EOs antibac-
terial activities at different concentrations in both liquid and vapour phases. As a result
of these exploratory tests, T. vulgaris EOs was selected for further evaluation due to the
lowest MICs it generated (J. Antih, M. Houdkova, and L. Kokoska, unpublished data). We
therefore investigated the in vitro growth-inhibitory effect of T. vulgaris EOs in both liquid
and vapour phases against the above-mentioned respiratory pathogens and compared
their chemical compositions using GC-MS. Then, with the aim of optimising a protocol
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for the chemical characterisation of EO vapours, we performed a time series of headspace
analyses comparing both HS-SPME and HS-GTS sampling techniques.

2. Results

2.1. Antimicrobial Activity

In this study, essential oil samples from dry plant material of T. vulgaris from three
different suppliers were tested against three standard bacterial strains associated with
respiratory infections using the BMV method (Table 1). All EOs presented a certain
degree of antibacterial efficacy ranging from 512 to 1024 μg/mL in both liquid and
vapour phases. Supplier C’s EO was the most active, with the lowest MICs value of
512 μg/mL in both liquid and vapour phases for the three bacteria strains. Similarly,
S. pyogenes and H. influenzae growth were more affected by the EO of supplier B than
S. aureus with MICs at 512 μg/mL and 1024 μg/mL in both broth and agar, respectively.
On the contrary, the least effective EO source was from supplier A: results showed
mild efficacy against H. influenzae (512 μg/mL), whereas a weaker inhibitory effect
of 1024 μg/mL was observed against both S. aureus and S. pyogenes. Likewise, each
EO affected the growth of S. pyogenes, H. influenzae, and S. aureus similarly in both
liquid and vapour phases. No discrepancy between broth and agar results was ob-
served on the tested strains. H. influenzae was the most susceptible bacterial strain
(MICs = 512 μg/mL for all EOs tested) followed by S. pyogenes (MICs = 512 μg/mL
supplier B and C and MIC = 1024 μg/mL for supplier C), while S. aureus was the least
sensitive (MIC = 512 μg/mL supplier C and MICs = 1024 μg/mL for supplier A and B).

Table 1. In vitro growth-inhibitory effect of Thymus vulgaris L. essential oils in liquid and vapour phases against respiratory
infection bacteria.

Supplier

Bacterium/Growth Medium/Minimum Inhibitory Concentration

Staphylococcus aureus Streptococcus pyogenes Haemophilus influenzae

Broth Agar Broth Agar Broth Agar

(μg/mL) (μg/mL) (μg/cm3) (μg/mL) (μg/mL) (μg/cm3) (μg/mL) (μg/mL) (μg/cm3)

A 1024 1024 256 1024 1024 256 512 512 128
B 1024 1024 256 512 512 128 512 512 128
C 512 512 128 512 512 128 512 512 128

Positive antibiotic control

Oxacillin 0.25 >2 >0.5 NT NT NT NT NT NT
Amoxicilin NT NT NT 0.06 >2 >0.5 NT NT NT
Ampicilin NT NT NT NT NT NT 0.5 >16 >4

NT = Not tested.

2.2. Chemical Analysis of EOs

In this investigation, T. vulgaris EOs from three different suppliers (A, B, and C)
were extracted with respective yield values of 0.73, 1.23 and 1.25%. All EOs presented a
strong herbaceous fragrance while being of different shades of orange colour. The complete
chemical analyses of all samples are provided in Table 2 as well as in Figure 1a,b. Using
the HP-5MS column, 54 compounds were identified in EOs of suppliers A and B, whereas
62 components were found in supplier C’s EO, representing 99.55, 99.65, and 99.62% of
their respective total constituents, respectively. Similarly, using the DB-HeavyWAX column,
44, 43, and 36 components were determined, which constituted 99.30, 99.68, and 99.61% of
the volatile oils, respectively. In the three samples analysed, monoterpenoids represented
by thymol (phenolic monoterpene) followed by sesquiterpenoids mainly represented by
β-caryophyllene were the two dominant groups of volatile agents identified. To a lesser
extent, other groups were identified, such as oxygenated phenylpropanoids, oxygenated
aliphatics, furanoids, and oxygenated diterpenes.
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Figure 1. GC-MS chromatograms of Thymus vulgaris L. essential oil obtained from commercial source C and headspace
analysis of its vapour. (a) Chromatogram on an HP-5MS column; (b) chromatogram on a DB-HeavyWAX column;
(c) chromatogram of the headspace after a 9-h incubation period using solid-phase microextraction sampling technique;
(d) chromatogram of the headspace after a 9-h incubation period using gas tight syringe sampling technique. Peak number
and compound names: 1. α-pinene, 2. camphene, 3. p-cymene, 4. γ-terpinene, 5. linalool, 6. methyl octanoate, 7. Camphor,
8. Thymol methyl ether, 9. Carvone, 10. thymol. 11. β-caryophyllene, 12. γ-Muurolene, 13. δ-cadinene, 14. caryophyllene
oxide, 15. α-epi-cadinol, 16. Carvacrol, 17. β-myrcene, 18. α-terpinene.

In all T. vulgaris EOs, thymol was the most abundant compound. When consid-
ering both HP-5MS/DB-HeavyWAX columns, supplier C’s EO percentage values were
48.09/48.65% in contrast to suppliers A and B results—i.e., 38.42/29.52% and 38.93/41.31%,
respectively. Likewise, p-cymene was the second most abundant constituent in the three
EO samples. While in sample C, the peak percentage area represented 12.75/12.90%, its
value was twice as high in both supplier A and B EOs—22.15/16.43% and 22.03/25.35%.
Carvacrol was the third abounding compound in A, B, and C samples, with percentage
values of 10.61/3.84%, 10.85/5.59%, and 10.92/3.60%, respectively. Although the content
of γ-terpinene was relatively high in the three samples, the amount detected in EOs from
suppliers A and B (2.82/2.02% and 2.78/2.90%) were significantly lower than in supplier C
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EO (5.22/5.40%). Eventually, in EO samples A, B, and C, other compounds were detected
in amounts lower than 1.80/1.08%, 1.82/1.77%, and 1.53/1.38%, respectively. Furthermore,
ten compounds, including 4-carene, 4-pentenyl butyrate, α-cubebene, isobornyl acetate,
calamenene, isoborneol, aromandendrene, lavandulyl butyrate, p-cymen-7-ol, and phytol,
were only detected by the DB-HeavyWAX column at an amount lower than 0.86% in
supplier A, 1.17% in supplier B, and 1.05% in supplier C.

2.3. Chemical Analysis of EOs’ Vapour Phase

In this study, the sampling of the headspace above a mixture of T. vulgaris EO and MH
broth has been carried out using two different methods of extraction, i.e., HS-SPME and HS-
GTS extractions. Headspace chemical compositions were measured every 3 h during a 12-h
experiment using the HP-5MS column. Complete analyses are provided in Tables 3 and 4, as
well as Figure 1c,d. Using HS-SPME extraction, a total of 40, 38, and 43 volatile compounds
were identified in the samples of suppliers A, B, and C, respectively. This represented 99.85,
99.89, and 99.63% of their respective total constituents at 12 hrs. In contrast, a significantly
lower number of compounds was detected when using the HS-GTS extraction method.
While 32 constituents were found in EO sample C, only 26 components in samples A and B
were found, which accounted for 99.87, 99.95, and 99.71% of their total contents at time 12 h.
Regardless of the extraction method used and the three samples analysed, monoterpenoids
followed by sesquiterpene hydrocarbons were by far the two most predominant chemical
groups of volatile compounds identified in the headspace. Other chemical categories
present in minor amounts (oxygenated phenylpropanoids, oxygenated aliphatics, and
furanoids) were identified using HS-SPME extraction only. On the other hand, cyclic ethers
such as furan derivatives were only present in samples obtained by HS-GTS extraction.

Using the HS-SPME extraction method, the most abundant volatile substance across all
T. vulgaris was p-cymene. Its percentage values during the whole experiment were rather
similar in the headspace of samples A, B, and C, ranging from 54.57 to 58.61%, 69.91 to 74.50%,
and 58.38 to 67.21%, respectively. Likewise, the second most abundant compound was γ-
terpinene. While in sample A the peak percentage area was between 19.74 and 20.45% during
the 12 h experiment, these values were lower in both supplier C and B, ranging from 12.37
to 16.18% and 7.07 to 9.30%, respectively. Thymol was the third abounding compound in A,
B, and C samples during the entire 12-h period, with percentage values ranging from 2.61
to 3.36%, 2.13 to 5.25%, and 3.72 to 5.27%, respectively. Similarly using HS-GTS extraction,
p-cymene (47.05 to 50.73% for sample A, 52.28 to 57.41% for sample B, and 44.80 to 49.28% for
sample C), as well as γ-terpinene (13.40 to 17.45%, 5.76 to 6.99%, and 9.54 to 11.85% for sample
A, B, and C, respectively), were the first two most abundant compounds in the headspace for
all EO samples and during the full experiment. However, the third volatile substance detected
in a significant amount was α-pinene, with percentage values over the 12-h experiment
between 5.74 and 6.83%, 6.34 and 8.98%, and 6.90 and 7.96% for EO samples A, B, and C,
respectively. Other differences have been observed when comparing the two sampling methods.
Firstly, the number of compounds detected using HS-SPME was higher than when using
HS-GTS extraction—i.e., on average, 41 versus 28 compounds. Then, the chemical analysis
showed that when using HS-SPME extraction, a larger number of sesquiterpene hydrocarbons
(14 components) were found in amounts lower than 3.09%, 1.59%, and 2.94% in EO samples
A, B, and C, respectively. In contrast, using the HS-GTS method, only six compounds were
found, including α-copaene, β-bourbonene, β-caryophyllene, γ-muurolene, γ-cadinene, and
δ-cadinene, at amounts lower than 0.38% in sample A, 0.28% in sample B, and 0.58% in sample
C. Similarly, percentage values of phenolic monoterpenes and derivatives were considerably
higher using HS-SPME sampling method (overtime for samples A, B, and C, lower than 3.14%,
5.25%, and 5.27%, respectively) than HS-GTS extraction (values lower than 0.67%, 0.49%, and
0.58%, respectively). Eventually, despite the above-mentioned discrepancies, the headspace
analysis of both sampling methods showed that there were no significant changes in the
chemical composition in the vapour of the three EO samples of T. vulgaris over time.
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3. Discussion

As reported by Houdkova and Kokoska [52], several assays have previously been
developed for the evaluation of the antibacterial activity of volatile plant compounds
in the vapour phase. However, there is still a lack of standardised methods, something
that makes any interpretation and comparison difficult [52]. For instance, three different
tests have been identified to investigate T. vulgaris EO vapours activity, and results are
described differently according to each author. A study led by Inouye et al. [28] assessed
the growth-inhibitory effects of two T. vulgaris EO vapours using the airtight box disc
volatilisation method. Introducing the minimum inhibitory dose (MID) expressed in mg/L
air, they determined that the vapour of carvacrol chemotype EOs were more active against
Gram-negative H. influenzae than against Gram-positive strains such as S. pyogenes and
S. aureus (MIDs of 3.13, 6.25, and 12.5 mg/L air, respectively). In this study, we reported
similar results: H. influenzae was more susceptible—i.e., MIC = 512 μg/mL or 128 μg/cm3

considering the volume of the entire well—to the vapour of our three thymol chemotype
EOs than the S. pyogenes, and S. aureus (MICs comprised in between 1024–512 μg/mL or
256–128 μg/cm3 for both bacteria strains). It is largely admitted that Gram-negative bac-
teria are more resistant to EOs than Gram-positive ones [53,54]. This weak antibacterial
activity was attributed to the presence of hydrophilic polysaccharide chains in the outer
membrane structure, preventing hydrophobic EOs from reaching the bacteria cell mem-
brane [55]. One reason that could explain the higher susceptibility of H. influenzae to EOs
would be the more hydrophobic nature of its outer membrane composed of oligosaccharide
shorter chains [28]. This was confirmed by Reyes-Jurado et al. [56], who demonstrated
that compounds including p-cymene, linalool, and thymol were able to disintegrate such
outer membrane structures. Furthermore, various studies have subsequently assessed the
growth-inhibitory effects of T. vulgaris EO vapour using vapour diffusion assay developed
by Lopez et al. [37]. Nedorostova et al. [36] reported a MIC of 17 μL/L against S. aureus,
which is, according to the author, equivalent to the result of Inouye et al. [28] against the
same bacterium (MID = 12.5 mg/L of air). Similarly, Kloucek et al. [57] have observed that
the vapour of T. vulgaris EO consisting mainly of geraniol had a MIC = 125 μL/L against
S. aureus as well. In contrast to these findings, MIC values recorded in our study were
usually higher—i.e., 1024–512 μg/mL (or 256–128 μg/cm3 considering the volume of the
entire well). The discrepancy in results could be firstly explained by the quality of the EO
samples used and their chemical compositions [28], but also by the disparate strains of
bacteria used in the different antimicrobial assays [58]. Most importantly, this variation
may also be attributed to the diverse methods used to explore the antimicrobial effect
of T. vulgaris EO vapour, allowing various interpretations of the MIC [35,37,57]. That is
why the BMV assay presented here is a powerful alternative to the previously developed
techniques. While their designs only enable the assessment of EO vapour at a single con-
centration [57], the BMV assay is conceived to evaluate the EOs’ in vitro growth-inhibitory
effect in liquid and gaseous phases simultaneously and at different concentrations, some-
thing that allows fast comparison of MIC values in both liquid and solid media. Based on
broth microdilution [59] and disc volatilisation (DV) assays [33], the BMV experiments are
conducted on standard 96-well immune plates, which offer several advantages such as
cost and labour efficiency [57,60]: microplates are standard laboratory equipment that are
commonly available and compared, for example, to the special airtight experimental appa-
ratus used in certain methods such as in Seo et al. [61]. Furthermore, microplates can also
be employed in fully automated workstations, unlike Petri dishes used in DV assays which
therefore suffer from a lack of repeatability [62]. Other studies developed assays using
microplates for detecting volatile substances antimicrobial activity, such as the vapour-
phase-mediated patch assay of Feyaerts et al. [63]. However, contrary to the BMV assay,
their designs only allow to determine relative microbial inhibition values, and their main
limitation lies in only providing qualitative results [64]. Eventually, another asset of our
assay is that modifications can be easily implemented for new applications. For instance,
Netopilova et al. [17] modified the test to explore the combinatory effects of volatile sub-
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stances using a chequerboard design and thus determine fractional inhibitory concentration
(FIC) indices, something not possible with other methods. Overall, these features allow our
method to be suitable for high-throughput screening and thus be a simple, fast, and reliable
assay as well as providing reproducible and quantitative results [65]. Nevertheless, despite
its numerous advantages, serially produced microplates are not designed for volatile sub-
stance testing, something that contributes to weaknesses shown by our assay. For example,
only a limited volume of agar can be pipetted into each flange of the lid; this could impact
the bacterial growth and thus affect the results. Most importantly, when testing EO vapours,
the BMV assay also faces specific problems linked to the physico-chemical nature of EOs
and, more particularly, their high volatility, viscosity, and hydrophobicity [52]. Firstly,
volatility allows a loss of active substances by evaporation that can happen at different
steps of the protocol, including during sample handling and experiment preparation, com-
plications that are shared by all tests assessing EO properties [66,67]. More specifically to
volatilisation assays, the level of vapour transition from the matrix into which the EO is
included and its distribution into the inner atmosphere of the well during the experiment
are two critical factors that may affect the results. For instance, the matrix influences
both the intensity and the speed of the evaporation [35]. In our assay, a broth medium
was used, which according to Orchard et al.’s [68] observations, would slow the level of
vapour transition during the experiment and thus affect the bacterial growth. Similarly, as
described by Reyes-Jurado et al. [69], the hydrophobicity and viscosity properties of the EO
may also cause its uneven distribution through the broth medium, something that could
also alter the distribution of the volatile agents into the well’s atmosphere. That is why the
concentrations in the vapour phase used in our experiment should only be considered as
indicative values.

The antibacterial properties of T. vulgaris are mainly attributed to the chemical com-
position of its EO, which has already been extensively studied. Its major constituents
are mainly monoterpenoids, such as carvacrol, thymol, γ-terpinene, and p-cymene, but
also sesquiterpenoids such as β-caryophyllene. Within the same species, the variation of
proportions of these compounds defines the EO chemotype, which is named after the pre-
dominant constituent identified [70]. Our chemical analyses showed that thymol was the
most abundant constituent within our samples, followed by p-cymene and carvacrol. This
characterises our three EOs as thymol chemotypes. These findings are in accordance with
several studies previously published. For instance, Schmidt et al. [71], Grosso et al. [72],
and Nikolić et al. [25] reported thymol as the major component of their T. vulgaris thymol
chemotype EOs (peak percentage area of 38.8%, 41.6%, and 49.1%, respectively); p-cymene
was the second most abundant with 24.0%, 28.9%, and 20.0%, respectively. However,
instead of carvacrol, γ-terpinene was detected as the third most abundant constituent
(9.5%, 5.1%, and 4.2%, respectively). The variations in yields and concentrations of volatile
compounds in our samples could be attributed to several factors occurring at different
stages, from the growing conditions of the plants, the harvesting period to the storage con-
ditions of the plant materials by the commercial suppliers [18,73]. For instance, Nezhadali
et al. [56] showed that T. vulgaris harvested in the same location but at different stages
of the plant growth resulted in different yields of EOs: the highest oil yield (1.39%) was
obtained during the flowering period, whereas the lowest yield (0.83%) corresponded
to the fruiting stage. Similarly, he reported that the concentration of thymol between
those periods dropped from 63.01% to 38.23% of the total EO content. Subsequently, the
characterisation of the EOs was carried out by GC/MS using two capillary columns of
different polarities. The concomitant use of a polar column (DB-HeavyWAX) along with
a non-polar (HP-5MS) allows revealing overlapped signal peaks and thus improves the
identification of the separated compounds. Hudaib et al. [74], who analysed the chemical
profile of T. vulgaris EO by GC/MC using the same approach, demonstrated that the polar
column helped to enhance the resolution between compounds co-eluting on a non-polar
column such as the couples (α-thujene, α-pinene) or (sabinene, β-pinene). This has also
been observed in our study with, for instance, the couple (p-cymene-limonene). Moreover,
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as described by Fan et al. [75], while the main constituents of an EO are equally detected
by both columns, a fraction is identified by either of them: in our study, 23 compounds
out of 75 were detected using HP-5MS only—i.e., representing on average 5.82% of the
compounds identified within the three samples—and 10 compounds (1.88% on average)
with DB-HeavyWAX. The difference in detection recorded would be the result of the dif-
ferent polarity and material of the columns used [76]. Overall, these results suggest that
complementing a non-polar with a polar column provides a more precise picture of the EO
analysed than if displayed individually.

The characterisation of T. vulgaris EO vapours was carried out using two different sam-
pling methods: HS-SPME and HS-GTS. In recent years, HS-SPME has become the preferred
laboratory method for identifying EOs volatile compounds: it is a simple, fast, cost-effective,
selective, and sensitive method that provides high-quality results [40,42,60]. With the aim to
simulate the conditions of the antimicrobial susceptibility testing experiments performed in
this study, the EO samples were prepared identically to the most active EO during the BMV
assay (i.e., incubation temperature was at 37 ◦C and EOs dissolved in Mueller–Hinton (MH)
broth medium concentrated at 512 μg/mL). In addition, we used a mixed coating material
(DVB/CAR/PDMS) that gives better extraction yields for both polar and non-polar volatile
constituents than simple fibre coatings [41,77]. As a result, our investigation revealed that
although p-cymene and γ-terpinene were abundant in the headspace, the amount of thymol
extracted by the coated fibre was unusually low (peak percentage area lower than 5.27%
across the three EO samples). This observation is in contradiction with what was described
in previously published research. For instance, Lugo-Estrada et al. [41], Soleimani et al. [78],
and Nezhadali et al. [79], who investigated T. vulgaris EO vapour composition, all reported
that thymol was the most abundant constituent of the headspace (peak percentage area
of 34.28%, 28.50%, and 45.45%, respectively). As described by Adam et al. [80], efficient
extractions of EO volatile compounds depend on optimised experimental parameters such
as the selection of the fibre coating material and the incubation temperature of the EO
sample. The lack of thymol could, therefore, be explained by several reasons. Firstly, it is
the selectivity and sensitivity of the DVB/CAR/PDMS coating. Although it proved to be
the most universal assembly for the isolation of compounds with diverse physico-chemical
properties [81], Soleimani et al. [77] demonstrated in their comparative study that phenolic
monoterpenes and, more particularly, thymol, were better extracted by a simple poly-
dimethylsiloxane (PDMS) fibre than using mixed coating materials. Furthermore, as the
transfer rate of volatile agents toward the fibre increases with the incubation temperature
of the sample [81], the temperature chosen could have potentially limited the extraction
of thymol in our investigation. For example, in their research work, Nezhadali et al. [82]
compared the HS-SPME extraction efficiency of T. vulgaris EO main volatile agents at 25 ◦C
and 50 ◦C using a water-based matrix. The result showed that the amount of thymol at
higher temperatures is almost twice as high as at lower temperatures (73.09% and 45.45%,
respectively). This suggests that different experimental conditions using the HS-SPME
technique can yield different distributions of EO volatile compounds, and therefore, the re-
sult may not necessarily illustrate the actual chemical composition of the headspace above
the EO samples. In contrast, the HS-GTS technique provided a different perspective on the
constituency of the headspace, perhaps closer to the real distribution of volatile compounds
in the vial at equilibrium [83]. Despite this, the results showed a peak percentage area for
thymol lower than 0.60% across the three EO samples—even below the levels observed
with the HS-SPME method. Using identical experimental conditions with both methods
has demonstrated unusually low concentration levels of thymol. The possible explanation
may therefore lie in the matrix in which the EO was inserted. As previously mentioned,
the hydrophobic nature of volatile compounds worsens their solubility in water-based
media (here the MH broth medium), which may reduce their dilution capability and result
in an unequal distribution throughout the medium, something that may also affect their
distribution into the well’s atmosphere [69].
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The HS-GTS method also yielded interesting results with other components; for
instance, the amount of α-pinene obtained with HS-GTS sampling (peak percentage area
lower than 7.96% across the three EO samples) was at least three times higher than the
amount extracted with HS-SPME (peak percentage area lower than 2.82%). Despite a lack
of academic studies examining T. vulgaris EO using HS-GTS, these findings are consistent
with the data available in other publications. Coleman et al. [84], for instance, compared the
distribution of volatile constituents in the headspace above a sample of Juniperus virginiana
EO using both HS-SPME and HS-GTS techniques. He observed that α-pinene dominated
the headspace with 88.0% of the total composition when using HS-GTS, whereas it only
exhibited 32.4% with the HS-SPME technique. According to the author, this difference may
be explained by the sorption behaviour of α-pinene over time when using a coated fibre
assembly. In fact, he demonstrated that the percentage composition of volatile compounds
changes significantly with the fibre exposure time, with α-pinene levels dramatically
descending with greater time exposure, while high molecular weight components increased
with the sampling time.

When comparing the chemical profiles of T. vulgaris EO in the liquid phase with
the headspace analyses, we observed significant differences between both phases. The
EO liquid phase contained a greater number of substances with a variable distribution,
whereas the headspace composition detected a smaller number of compounds represented
mostly by highly volatile substances. This phenomenon is in accordance with what was
already described in previous research [83]. Nevertheless, the three EO samples showed
identical concentrations of antimicrobial activities during BMV experiments in both liquid
and vapour phases. This raises the question as to the levels of the active concentration of
the EO compounds in the vapour, and more particularly thymol as its main antimicrobial
constituent [57]. As a phenolic compound, thymol is very stable, moderately soluble in
water and of low volatility, and was detected in a lower amount in the headspace—i.e., peak
area percentage lower than 5.27% (HS-SPME) and 0.60% (HS-GTS)—than in the sample of
EO diluted in the broth (max. 48.65%). By contrast, α-pinene, which is highly volatile and
extremely insoluble in water, followed the opposite trend (peak area percentage lower than
2.82% (HS-SPME), 7.84% (HS-GTS), and 0.62% in the sample of EO diluted in the broth).
This was observed in previous studies and is explained by the difference in volatility:
when the EO is introduced into a closed environment, volatile compounds start to diffuse
at different rates according to their molecular weight until they reach equilibrium [69].
Despite its slower diffusion rate, we could possibly argue that the low levels of thymol
detected in the headspace was sufficient to generate the same antimicrobial activity as its
amount in the EO concentrated at 512 μg/mL. To compare, Wang et al. [84] observed that
the active concentration of thymol in its vapour phase samples against oral pathogens was
between 100–400 μg/mL. Although the correlation between the concentration of essential
oil and thymol were not the subject of this study, the results strongly suggest that the effect
of antimicrobial constituents of T. vulgaris EO (e.g., of thymol) is higher in vapour than in
the liquid phase. To further support this, an additional investigation focused on thymol
behaviour in vapour would be needed.

4. Materials and Methods

4.1. Plant Material and Sample Preparation

Dried aerial part bulk of Thymus vulgaris L. were randomly purchased at three local
spice stores and e-shops (supplier A = Kralovství chuti s.r.o., Prague, Czech Republic;
supplier B = Byliny Mikes s.r.o., Číčenice, Czech Republic; supplier C = Lbros s.r.o., Vrchlabí,
Czech Republic). Subsequently, plant materials were ground and homogenised using a
Grindomix apparatus (GM 100 Retsch, Haan, Germany). The residual moisture content
was evaluated gravimetrically at 130 ◦C for 1 h by Scaltec SMO 01 Analyzer (Scaltec
Instruments, Gottingen, Germany) in triplicates and results were expressed as arithmetic
averages (15.29%, 14.54%, and 13.13% for suppliers A, B, and C, respectively).
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4.2. Hydrodistillation of the Essential Oils

EOs were extracted by hydrodistillation of the ground material following the indi-
cation provided by the European Pharmacopoeia [85]: 100 g of ground plant materials
placed in 1 L of distilled water was distilled for 3 h using Clevenger-type apparatus (Merci,
Brno, Czech Republic). Since hydrodistillation is one of the commonly used methods for
commercial production of Thymus vulgaris L. EO, the properties of samples prepared in our
study should be similar to those commercially available [86]. Eventually, the extracted EOs
were stored in sealed glass vials at 4 ◦C until further handling.

4.3. Bacterial Strains and Culture Media

In this study, the following standard strains of the American Type Culture Collection
(ATCC) were used: H. influenzae ATCC 49247, S. aureus ATCC 29213, and S. pyogenes ATCC
19615. Both cultivation and assay media (broth/agar) were MH, complemented with
Haemophilus Test Medium and defibrinated horse blood for H. influenzae, MH only for
S. aureus, and Brain Heart Infusion when working with S. pyogenes. The pH of broths
was equilibrated to a final value of 7.6 using Trizma base (Sigma-Aldrich, Prague, Czech
Republic). All microbial strains, growth media, and additions were purchased from Oxoid
(Basingstoke, Hampshire, UK).

Stock cultures of bacterial strains were cultivated in appropriate media at 37 ◦C for 24 h
prior to the testing, and the bacterial suspension turbidity was adjusted to 0.5 McFarland
standard using Densi-La-Meter II (Lachema, Brno, Czech Republic) to reach the final
concentration of 107 CFU/mL. Ampicillin, oxacillin, and amoxicillin were purchased from
Sigma-Aldrich (Prague, Czech Republic) and assayed as positive antibiotic controls [30].

4.4. Antimicrobial Assay

The in vitro growth-inhibitory effect of EOs was assessed using BVM method that
allows simultaneous assessment of EOs antibacterial activities at different concentrations in
both liquid and vapour phases [4,35]. Experiments were performed using standard 96-well
microtiter plates (well volume = 400 μL) covered by tight-fitting lids with flanges designed
to reduce evaporation (SPL Life Sciences, Naechon-Myeon, Korea). Initially, 30 μL of agar
was pipetted into every flange on the lid, except the outermost flanges, and inoculated with
5 μL of bacterial suspension after solidification of the agar. Subsequently, each EO sample
was dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Prague, Czech Republic) at a
maximum concentration of 1% and diluted in an appropriate broth medium. Seven two-
fold serially diluted concentrations of samples starting from 1024 μg/mL were prepared for
all EOs. The final volume in each well was 100 μL. The plates were subsequently inoculated
with a bacterial suspension using a 96-pin multi-blot replicator (National Institute of Public
Health, Prague, Czech Republic). The wells containing inoculated and non-inoculated
broth were prepared as growth and purity controls simultaneously. The outermost wells
were left empty to prevent the edge effect. Eventually, clamps (Lux Tool, Prague, Czech
Republic) were used for fastening the plate and lid together with handmade wooden
pads (size 8.5 × 13 × 2 mm) and the microtiter plates were incubated at 37 ◦C for 24 h.
The MICs were evaluated by visual assessment of bacterial growth after colouring of
metabolically active bacterial colonies with thiazolyl blue tetrazolium bromide dye (MTT)
at a concentration of 600 μg/mL (Sigma-Aldrich, Prague, Czech Republic), when the
interface of colour change from yellow to purple (relative to that of colours in control
wells) was recorded in broth and agar. The MIC values were determined as the lowest
concentrations that inhibited bacterial growth compared with the compound-free control
and expressed in μg/mL (1024, 512, 256,128, 64, 32, 16, and 8 μg/mL, respectively). In the
case of the vapour phase, considering a uniform distribution of the volatile compounds in
the liquid and gaseous phase, these concentrations can be expressed as weight of volatile
agent per volume unit of a well; therefore, MIC values would be 256, 128, 64, 32, 16, 8, 4,
and 2 μg/cm3, respectively). The DMSO used as the negative control at a concentration of
1% did not inhibit any of the strains tested either in broth or agar media. All experiments
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were set in triplicates in three independent measurements, and results were expressed as
median/modal MICs values. According to the widely accepted norm in MIC testing, the
mode and median were used for the final value calculation when triplicate endpoints were
within the two- and three-dilution ranges, respectively.

4.5. Chemical Analysis of EOs

For the characterisation of the EOs, GC/MS analysis was performed using the dual-
column/dual-detector gas chromatograph Agilent GC-7890B system (Agilent Technologies,
Santa Clara, CA, USA). equipped with autosampler Agilent 7693, two columns, a fused-
silica HP-5MS column (30 m × 0.25 mm, film thickness 0.25 μm, Agilent 19091s-433) and a
DB-HeavyWAX (30 m × 0.25 mm, film thickness 0.25 μm, Agilent 122–7132), and a flame
ionisation detector (FID) coupled with single quadrupole mass selective detector Agilent
MSD-5977B. The operational parameters were the following: helium as carrier gas at
1 mL/min, injector temperature 250 ◦C for both columns. The oven temperature was raised
for both columns after 3 min from 50 to 280 ◦C. Initially, the heating velocity was 3 ◦C/min
until the system reached a temperature of 120 ◦C. Subsequently, the velocity increased to
5 ◦C/min until a temperature of 250 ◦C, and after 5 min holding time, the heating speed
reached 15 ◦C/min until obtaining a temperature of 280 ◦C. Heating was followed by an
isothermic period of 20 min. The EO samples were diluted in n-hexane for GC/MS (Merck
KGaA, Darmstadt, Germany) at the concentration 20 μL/mL. One microliter of the solution
was injected in split mode in a split ratio 1:30. The mass detector was set to the following
conditions: ionisation energy 70 eV, ion source temperature 230 ◦C, scan time 1 s, mass
range 40–600 m/z.

The identification of constituents was based on comparison of their retention indices
(RIs), retention times (RT), and spectra with the National Institute of Standards and Tech-
nology Library ver. 2.0.f and the available literature [57]. The RIs were calculated for
compounds separated by the HP-5MS column using the retention times of n-alkanes series
ranging from C8 to C40 (Sigma-Aldrich, Prague, Czech Republic). For each EO analysed,
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. Quantitative data are expressed as relative percentage content of constituents
determined by the FID.

4.6. Chemical Analysis of EOs’ Vapour Phase

The analysis of the chemical composition of the headspace above a mixture of MH
broth and T. vulgaris EO at a concentration of 512 μg/mL (i.e., the lowest MIC value
obtained from the BMV assay) was performed using two different sampling techniques:
HS-SPME and HS-GTS. Regardless of the sampling method used, for each experiment, a
set of five samples were prepared, and a volume of 2 mL of the above-mentioned mixture
was introduced into a 4 mL glass vial. Except for the first sample (t = 0 h), all EO samples
were placed into an oven set at a temperature of 37 ◦C for incubation until their analysis at
3, 6, 9, and 12 h.

In HS-SPME, the headspace sampling was achieve using a fibre assembly coated
with a 50/30 μm mixed layer of divinylbenzene/carboxen/polydimehylsiloxane
(DVB/CAR/PDMS—SUPELCO, Bellefonte, PA, USA). When equilibrium was reached
between the mixture and the headspace, the needle of the HS-SPME holder was in-
serted into the vial, and the coated fibre was exposed to the headspace for 15 min for
adsorption of the volatile compounds. The needle was subsequently removed, inserted
into the GC injector port, and set in splitless mode, where the desorption of analytes
occurred. The injector temperature was set at 250 ◦C, and the fibre was left into the
injector for the whole analysis until the next measure.

As for HS-GTS, however, the sampling technique was carried out using a 2.5 mL
SampleLock gas tight syringe (Hamilton Bonaduz AG, Bonaduz, Switzerland), including a
twist valve lock and a positive rear plunger stop to prevent sample loss. At equilibrium,
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with the valve of the syringe closed, the needle was passed through the vial septum
and inserted until reaching the middle of the headspace. The valve was then opened,
and a 2.5 mL sample was collected. Afterwards, the valve was closed again; the syringe
was removed from the vial and inserted into the GC injector at a similar temperature of
250 ◦C but set in splitless mode. Finally, the valve was opened one more time to inject the
headspace sample, and the syringe was immediately removed.

For both sampling methods, measurements were repeated every 3 h during a 12-h
incubation period. Furthermore, analyses were performed on the HP-5MS column with
similar operational parameters as described in Section 4.5 for GC/MS analyses, and their
quantification was expressed as relative percentage content of constituents determined by
the FID.

4.7. Statistical Analysis

The chemical analysis of the EO sample from supplier C (the most active EO based
on the results of the antimicrobial assay) was performed in triplicate, including the chro-
matographic analysis of its liquid-phase and the headspace analysis using both extraction
techniques (HS-SPME and HS-GTS). Relative peak area percentages were expressed as
mean average of these three measurements ± standard deviation. For all EO samples’
chemical profiles to be compared with one another, chemical analysis of EO samples from
suppliers A and B was carried out in one replication only.

5. Conclusions

To summarise, this study reports the antibacterial activity of three T. vulgaris EOs
hydrodistilled from commercial samples of different origins against three standard bac-
terial strains associated with respiratory infections, namely, H. influenzae, S. aureus, and
S. pyogenes, in both liquid and vapour phases when assayed using the BVM method.
While all bacterial strains were sensitive to T. vulgaris EO vapours to a certain degree,
Gram-negative strains of H. influenzae showed the highest susceptibility. The GC/MS
analysis identified the EO samples as a thymol chemotype, whose major constituents were
monoterpenoids such as thymol, carvacrol linalool, γ-terpinene, and p-cymene, but also
sesquiterpenoids represented by β-caryophyllene. In opposition, the chemical analysis
of the headspace reported fewer compounds in the vapour with a predominance of p-
cymene, γ-terpinene, and α-pinene, whereas the amount of thymol was unusually low. As
for which of the two headspace sampling techniques could prove more valuable for the
chemical analysis of EO vapours, results show that both methods are rather complemen-
tary and interdependent: HS-SPME with optimised experimental conditions may yield
more accurate results when aiming for qualitative aspects, while HS-GTS could provide
more accurate data representing the true headspace distribution of the EO volatile agents,
therefore proving to be a better technique when aiming for quantitative analysis. Further
research, however, is needed to corroborate this argument. Overall, the potential of the
procedures examined in this study could be further exploited to better assess the benefits
of EO volatile compounds and their applications in the healthcare and pharmaceutical
industries. Results of this study also suggest a potential of T. vulgaris EO for application
in inhalation therapy against respiratory infections; however, a further pharmacological
evaluation will be necessary in order to verify its potential practical use.
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21. Pisoschi, A.; Pop, A.; Cecilia, G.; Turcuş, V.; Olah, N.-K.; Mathe, E. An overview of natural antimicrobials role in food. Eur. J. Med.
Chem. 2017, 143, 922–935. [CrossRef] [PubMed]

22. Tongnuanchan, P.; Benjakul, S. Essential oils: Extraction, bioactivities, and their uses for food preservation. J. Food Sci. 2014, 79,
R1231–R1249. [CrossRef] [PubMed]

23. HMPC Monographs: Overview of Recommendations for the Uses of Herbal Medicinal Products in the Paediatric Population.
Available online: https://www.ema.europa.eu/en/documents/other/hmpc-monographs-overview-recommendations-uses-
herbal-medicinal-products-paediatric-population_en.pdf (accessed on 6 January 2021).

24. Assessment Report on Thymus vulgaris L., Thymus zygis L., Aetheroleum. Available online: https://www.ema.europa.eu/en/
documents/herbal-report/draft-assessment-report-thymus-vulgaris-l-thymus-zygis-l-aetheroleum-revision-1_en.pdf (accessed
on 6 January 2021).

109



Molecules 2021, 26, 6553
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Abstract: In this study, a new broth macrodilution volatilization method for the simple and rapid
determination of the antibacterial effect of volatile agents simultaneously in the liquid and vapor
phase was designed with the aim to assess their therapeutic potential for the development of new in-
halation preparations. The antibacterial activity of plant volatiles (β-thujaplicin, thymohydroquinone,
thymoquinone) was evaluated against bacteria associated with respiratory infections (Haemophilus in-
fluenzae, Staphylococcus aureus, Streptococcus pneumoniae, Streptococcus pyogenes) and their cytotoxicity
was determined using a modified thiazolyl blue tetrazolium bromide assay against normal lung
fibroblasts. Thymohydroquinone and thymoquinone possessed the highest antibacterial activity
against H. influenzae, with minimum inhibitory concentrations of 4 and 8 μg/mL in the liquid and
vapor phases, respectively. Although all compounds exhibited cytotoxic effects on lung cells, thera-
peutic indices (TIs) suggested their potential use in the treatment of respiratory infections, which was
especially evident for thymohydroquinone (TI > 34.13). The results demonstrate the applicability of
the broth macrodilution volatilization assay, which combines the principles of broth microdilution
volatilization and standard broth macrodilution methods. This assay enables rapid, simple, cost- and
labor-effective screening of volatile compounds and overcomes the limitations of assays currently
used for screening of antimicrobial activity in the vapor phase.

Keywords: antimicrobial; cytotoxicity; macrodilution method; respiratory infections; β-thujaplicin;
thymohydroquinone; thymoquinone; vapor phase; volatile compound

1. Introduction

Bacterial infections of the lower respiratory tract, such as pneumonia and bronchi-
tis, are some of the leading global causes of death, especially among children under
five years of age and elderly people [1,2]. Typical causative bacterial species of respiratory
infections include Haemophilus influenzae, Staphylococcus aureus, Streptococcus pneumoniae,
and Streptococcus pyogenes [3]. Moreover, co-infection with viruses (e.g., severe acute res-
piratory syndrome coronavirus) can significantly increase the morbidity and mortality
rates [4]. Inhalation therapy represents the appropriate way to treat respiratory disor-
ders. If a medication is inhaled, it is directly delivered into the airways to the site of
infection. This gives a relatively faster onset of action, while using a lower dose of active
agent, which consequently causes fewer side effects in districts where its action is not
needed [5,6]. Although antibiotic treatment is generally considered as effective against
most infective strains, it is increasingly failing due to some limitations including allergies,
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bacterial resistance, inadequate penetration in lung tissues, and undesirable adverse ef-
fects [7]. Several types of devices for the delivery of inhaled medications to the lungs have
been invented, such as nebulizers, pressurized metered-dose and dry-powder inhalers;
however, they all face various limitations, including a short-life because of pulmonary
clearance, enzymatic degradation, fast systemic absorption, and poor bioavailability of
bioactive agents at the target site [8]. Moreover, the efficiency of the inhalable therapies
may be affected by the deposition of the aerolized particles in the oropharyngeal region
and upper airways while the deposition of drugs in the lungs can be reduced due to the
inappropriate size of its droplets or due to specific respiratory tract anatomy, and proper
operation, especially in children and elderly patients [9,10].

Since plant-derived antimicrobial agents have been traditionally used in the pre-
vention and treatment of respiratory infections, they are considered promising sources
of novel chemical scaffolds for the development of new drugs against bacteria causing
respiratory diseases [11]. For this reason, the biological potential of natural substances, in-
cluding volatile plant-derived compounds has been intensively studied in recent years with
the aim to find potential alternatives to conventional synthetic antimicrobial agents [12,13].
For example, β-thujaplicin, a monoterpenoid isolated from the wood of the Cupressaceae
species, and thymohydroquinone, a monoterpenoid phenol occurring in the Ranunculaceae
and Lamiaceae families, have been reported to exhibit antimicrobial properties, includ-
ing effects against bacteria causing respiratory infections [14–17]. Due to the high vapor
pressure of volatile plant-derived products at the ambient temperature, they have the bene-
fit of bioactivity in the vapor phase [18], and thus, plant volatiles have great potential for
the development of novel preparations for inhalation [19,20]. For example, thymoquinone,
a benzoquinone occurring in the seeds of Nigella sativa (Ranunculaceae), has been recorded
to possess a relatively strong antibacterial effect in the vapor phase against pathogens
that cause pneumonia [21]. Although plant-derived products are generally considered
as relatively safe, the toxicological evaluation of volatile agents is necessary to confirm
their non-toxicity for their practical application in inhalation therapy [22]. Despite the
availability of several lung cell in vitro models, there is an urgent need for the development
of more appropriate non-animal methods of inhalation toxicity, particularly for predicting
effects in humans [23].

In vitro screening is typically the first step in the process of discovery of new antimi-
crobial drugs, including those derived from plant volatiles. However, the susceptibility
testing of microorganisms to volatile agents using standard methods, such as broth dilution
and disk diffusion assays, is a challenging task because of their specific physico-chemical
properties, including high volatility, hydrophobicity, and viscosity [24]. The main problem
is that their hydrophobic nature worsens the solubility of these compounds in water-based
media (e.g., agar, broth) and their volatility increases the risk of loss of active substances
via evaporation during sample handling, experiment preparation, and incubation. In ad-
dition, the transition of the vapors can affect the microplate assay results, as described in
our previous studies [25,26]. This is even more complicated in the case of antimicrobial
vapors testing. In contrast to well-established methods for antimicrobial susceptibility
testing on solid (agar disc diffusion) and liquid (broth dilution) media [27–32], there are no
standardized methods for the determination of microbial sensitivity to volatile compounds
in the vapor phase. In recent years, several methods for the testing of the antimicro-
bial effects of volatile plant-derived products in the vapor phase have been developed.
However, most of them have some specific limitations, such not being designed for high-
throughput screening, and some of them need special equipment that is not commonly
available [33]. Recently, we proposed a broth microdilution volatilization assay [21] based
on the principles of broth microdilution and disc volatilization methods, which is suitable
for high-throughput screening of volatile compounds simultaneously in the liquid and
vapor phase. This method can also be easily used for determination of the antibacterial ef-
fects of essential oil vapors [34,35]. Although the broth microdilution volatilization method
is fast, simple and labor-effective, it has several weaknesses. For example, clamps and
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wooden pads are required for a better sealing and fixing the microtiter plate and its lid
together. Moreover, the limited volume of agar that is applied on the lid can affect the
growth of the microorganisms tested.

With the aim to overcome the above mentioned drawbacks of previously developed
methods used for testing of volatile antimicrobial agents in the vapor phase, we designed a
novel macrodilution volatilization assay that combines the principles of broth microdilu-
tion volatilization [21] and standard broth macrodilution [27] methods. The validity of the
method for susceptibility testing of bacterial pathogens causing respiratory infections was
evaluated using three antimicrobial phytochemicals, namely β-thujaplicin, thymohydro-
quinone, and thymoquinone (Figure 1). In addition, the cytotoxicity of these compounds
was analyzed using a modified thiazolyl blue tetrazolium bromide (MTT) cytotoxicity
assay to assess their safety for use in the treatment of respiratory infections.

 
Figure 1. Chemical structures of plant volatile compounds tested.

2. Results and Discussion

2.1. Antimicrobial Activity

The results of the antibacterial effect of plant-derived volatiles against respiratory
pathogens in the liquid and vapor phases assessed using the broth macrodilution volatiliza-
tion method are listed in Table 1. All the compounds tested exhibited a certain degree
of growth-inhibitory effect in both the liquid and vapor phase and their effectiveness
varied in the ranges 4–64 μg/mL and 8–1024 μg/mL in the broth and agar media, respec-
tively. To the best of our knowledge, this is the first report on the antibacterial activity
of thymohydroquinone in the vapor phase. Moreover, the antimicrobial susceptibility of
H. influenzae to β-thujaplicin and thymohydroquinone, S. pyogenes to thymohydroquinone
and thymoquinone, and S. pneumoniae to thymohydroquinone was also described for the
first time in this study.

In the liquid phase, the lowest minimal inhibitory concentration (MIC) values were
observed for thymohydroquinone and thymoquinone against H. influenzae (4 μg/mL),
followed by the growth-inhibitory effects against S. aureus, S. pneumoniae, and S. pyogenes
with respective MIC values of 8, 16, and 32 μg/mL. β-thujaplicin exhibited the same
level of antibacterial activity against all bacterial strains tested with a MIC of 64 μg/mL.
As well as in the broth, thymohydroquinone and thymoquinone were found to be the
most active antibacterial agents against H. influenzae in the vapor phase with a MIC of
8 μg/mL. In addition, both compounds effectively inhibited the growth of S. aureus and
S. pyogenes on agar medium at the same concentrations, 16 and 32 μg/mL, respectively.
However, their activity differed against S. pneumoniae, where a lower MIC value was
detected for thymoquinone (16 μg/mL) than for thymohydroquinone (32 μg/mL). In the
case of β-thujaplicin, a moderate antibacterial efficacy was recorded against H. influenzae
and S. aureus (512 μg/mL) and a low antibacterial efficacy against S. pneumoniae and
S. pyogenes.
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In general, the results of antibacterial potential of plant-derived volatiles obtained
by our novel broth macrodilution volatilization assay correspond with those observed
by other authors using standard broth and agar dilution methods. The MICs previously
determined by Domon et al., Morita et al., and Inoue et al. [17,36,37] for β-thujaplicin
against various strains of S. aureus in the range 12.5–160 μg/mL were close to the MIC
detected in our study. However, a much higher antimicrobial efficacy of this compound
was recorded against S. pneumoniae and S. pyogenes with MICs of 0.3–1 μg/mL in previ-
ously published studies [17]. Other authors [25,38] observed the growth-inhibitory effect
of thymoquinone against S. aureus ATCC 29213 and ATCC 25923 with the MIC value of
8 μg/mL, which is the same as that in our study. In the case of thymohydroquinone, a fifty-
times-higher MIC value of 400 μg/mL was detected against S. aureus ATCC 25923 [39].
As it has previously been observed, various bacterial strains with different susceptibilities
to antibacterial agents [40], as well as different antimicrobial assays used for the testing of
volatiles [41], may be responsible for the variability of the results obtained by other authors.
In contrast to a number of published papers on the antibacterial potential of plant-derived
volatile compounds in the liquid phase, literature on the activity of their vapors is limited.
Wang et al. [42] recorded a certain level of growth-inhibitory effect of β-thujaplicin against
oral microorganisms in the gaseous phase and Inouye et al. [43] described a very potent
vapor activity of thymoquinone against Trichophyton mentagrophytes; both by using the
disc volatilization method. Our previous results on the antimicrobial activity of thymo-
quinone against respiratory pathogens H. influenzae, S. aureus, and S. pneumoniae obtained
by using the broth microdilution volatilization assay with respective MIC values of 8, 16,
and 16 μg/mL in the liquid phase and 8, 16, and 32 μg/mL in the vapor phase [21] corre-
spond to this current study and demonstrate the validity of our newly developed method.
In general, the compounds tested in this study showed higher or equal antibacterial effects
in the liquid phase than in the vapor phase. The largest differences were observed in the
case of β-thujaplicin when sixteen times lower MIC values were detected in broth than on
the agar against S. pneumonieae and S. pyogenes.

The above-described results demonstrate the validity of our novel broth macrodilution
volatilization assay, which combines the principles of broth microdilution volatilization [21]
and standard macrodilution methods [27] and overcomes some of their drawbacks. In com-
parison with previously established liquid matrix volatilization techniques, the broth
macrodilution volatilization method is performed in commercially available microtubes,
which can be tightly closed with a snap cap, and therefore, it does not require specialized
equipment, such as wooden pads and clamps to prevent the losses of the active agents
by evaporation. A variable number of sample concentrations tested in one experiment is
another benefit of this method, while the design is not limited by the quantity of wells,
as in the case of microplate-based assays. Whereas a higher amount of appropriate me-
dia can be applied in microtubes and their caps, which are suitable for the cultivation of
slower growing microorganisms (e.g., fungi) that require longer incubation time to produce
enough growth for MIC determination [44]. Despite the obvious benefits of our novel
antimicrobial susceptibility test based on microtubes, it has some specific limits, such as a
lower potential for the automation (e.g., use of automated pipetting platform and reader)
and the need for an extra step for the preparation of an appropriate amount of serially
diluted concentrations of samples in the test tubes. Due to the transition of antimicrobial
compounds between the liquid and vapor phases and their possible losses during the exper-
iment preparation, the final concentration should be considered as indicative only. For that
reason, the concentrations of the samples tested in the vapor phase were expressed as the
weight of the volatile agent per volume unit of a microtube, that is, 640, 320, 160, 80, 40, 20,
10, and 5 μg/cm3 for 1024, 512, 128. 64, 32, 16, 8, and 4 μg/mL, respectively. Nevertheless,
the real quantity of volatile agents evaporated from the broth should be determined, e.g.,
using a combination of solid-phase microextraction and gas chromatography analysis [45].
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2.2. Cytotoxicity

The results of the modified MTT assay performed on lung fibroblast cells are sum-
marized in Table 2. The cytotoxic effect of twelve two-fold serially diluted concentrations
of compounds tested are displayed in Figure 2. β-Thujaplicin and thymohydroquinone
exhibited moderate toxicity to the lung cells with respective half maximal inhibitory concen-
tration (IC50) values of 4.15 and 2.64 μg/mL. Thymoquinone was evaluated as toxic with
an IC50 value of 1.21 μg/mL. In the case of an 80% inhibitory concentration of proliferation
(IC80) determination, the lowest cytotoxic effect was observed for thymohydroquinone
followed by β-thujaplicin with IC80 values >12.00 and 214.85 μg/mL, respectively. Simi-
lar to IC50, the lowest IC80 value was recorded for thymoquinone (IC80 = 15.00 μg/mL).
Although according to the WHO [46], all the compounds were classified as toxic and
moderately toxic, the therapeutic index (TI) calculated to compare their antibacterial and
cytotoxic effects indicate that thymohydroquinone (TI > 34.13) can be a safe and effective
antibacterial agent for inhalation therapy.

Table 2. Cytotoxicity of plant volatile compounds to the normal lung fibroblast cells MRC-5.

Samples IC50 ± SD (μg/mL) IC80 ± SD (μg/mL) TI

Plant volatile compound
β-thujaplicin 4.15 ± 0.45 214.85 ± 9.71 3.36

thymohydroquinone 2.64 ± 0.33 >512.00 >34.13
thymoquinone 1.21 ± 0.24 15.00 ± 4.46 1.00

Positive control
vinorelbin 0.54 ± 0.26 >10 -

IC50: half maximal inhibitory concentration of proliferation in μg/mL, IC80: 80% inhibitory concentration of
proliferation in μg/mL, SD: standard deviation, TI: therapeutic index (TI = IC80/x-MIC).

Figure 2. Cytotoxic activity of twelve two-fold serially diluted concentrations (0.25–512 μg/mL) of
plant volatile compounds to lung fibroblast cells tested by using MTT assay performed in microtiter
plates sealed with vapor barrier EVA Capmat.

Series of assays examining the toxic potential of thymoquinone have been performed
including our previous study [21], which observed that this compound has a very similar
cytotoxic effect on healthy human lung MRC-5 cell lines with a IC50 value of 1.70 μg/mL,
while Gurung et al. [47] found that thymoquinone did not alter the viability of normal IMR-
90 lung fibroblasts at a concentration of 32.84 μg/mL. In contrast to the well-documented
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toxicity of thymoquinone, there are only few data available on the safety of other com-
pounds tested in normal human lung fibroblasts. In a study of Ivankovic et al. [48],
thymohydroquinone exhibited a certain level of cell growth inhibition against mouse fi-
broblasts at concentrations of 10 and 100 μg/mL (21% and 63%, respectively). A toxic effect
of β-thujaplicin was detected against various types of human lung cancer tissues, with IC50
values of 0.26–12.32 μg/mL [49–51]. Regarding the relatively high toxicity of compounds
tested in lung cell cultures, their practical application for inhalation therapy to treat respi-
ratory infection seems to be limited. However, their specific structural and technological
modifications reducing toxicity are possible. For example, liposomal encapsulation of
thymoquinone was found to be effective in decreasing its toxic effects [52].

3. Materials and Methods

3.1. Chemicals and Reagents

The following plant-derived volatile antibacterial agents were assayed: β-thujaplicin
(99%, CAS 499-44-5), thymohydroquinone (98%, CAS 2217-60-9), and thymoquinone
(99%, CAS 490-91-5). Amoxicillin (90%, CAS 26787-78-0), ampicillin (84.5%, CAS 69-52-3),
oxacillin (86.3%, CAS 7240-38-2), and tetracycline (98–102%, CAS 60-54-8) were used as
positive antibiotic controls. The chemicals used for antimicrobial susceptibility testing were
as follows: dimethyl sulfoxide (DMSO, CAS 67-68-5), thiazolyl blue tetrazolium bromide
dye (MTT, CAS 298-93-1), and Tween 20 (CAS 9005-64-5). With the exception of thymo-
hydroquinone prepared by reduction of thymoquinone according to a method described
further, all other chemicals were obtained from Sigma-Aldrich (Prague, Czech Republic).

The following chemicals were used for thymohydroquinone preparation and char-
acterization: acetic acid (CAS 64-19-7) purchased from Merck (Darmstadt, Germany),
then deuterium oxide containing 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt
(CAS 7789-20-0), vanillin (CAS 121-33-5) and zinc (CAS 7440-66-6) purchased from Sigma-
Aldrich (Praha, Czech Republic), and others obtained from Penta (Praha, Czech Republic),
namely chloroform (CAS 67-66-3), ethanol (96%, CAS 64-17-5), hexane (CAS 110-54-3),
hydrochloric acid (35%, CAS 7647-01-0), and sulfuric acid (CAS 7664-93-9).

3.2. Thymohydroquinone Preparation and Characterization

Thymohydroquinone was prepared by the reduction of thymoquinone using acetic
acid in the presence of zinc powder as a catalyst according to the method previously
described by Tesarova et al. [53]. Briefly, 50 mg of thymoquinone (Sigma Aldrich, Praha,
Czech Republic) was dissolved in 3 mL of concentrated acetic acid (99%) and 5 g of zinc
powder was subsequently added. The reaction mixture was stirred for 4 h, monitored by
thin layer chromatography (TLC) under laboratory conditions, and then filtered. The TLC
was performed on TLC Silica gel 60 F254 (Merck, Darmstadt, Germany) plates with chloro-
form and ethanol in a ratio of 9:1 as the mobile phase. Vanillin dissolved in sulfuric acid in
ethanol (1%) was used as a visualizing agent. The liquid fraction was evaporated under
vacuum in a rotary evaporator (Rotavapor R-210, Buchi, Flawil, Switzerland). The solid
residue was dissolved in water, acidified by the addition of hydrochloric acid (to 5% v/v)
and yellow residues of thymoquinone were removed by repeated extraction with hexane.
Thymohydroquinone was then extracted three times with distilled diethyl ether and evap-
orated under a stream of N2. For further purification, sublimation at 168 ◦C was used and
colorless needle crystals of thymohydroquinone were stored in the dark.

The identity and purity of obtained thymohydroquinone were confirmed using gas
chromatography/mass spectrometry analysis (GC/MS) and a nuclear magnetic resonance
(NMR). The mass spectra of thymohydroquinone were recorded by Agilent GC-7890B and
MSD-5977B (Agilent Technologies, Santa Clara, CA, USA) equipped with a fused-silica
HP-5MS column (30 m × 0.25 mm, film thickness 0.25 μm, Agilent 19091s-433) and a
flame ionization detector coupled with single quadrupole mass selective detector Agilent
MSD-5977B (Agilent Technologies, Santa Clara, CA, USA). Operational parameters were:
helium as a carrier gas at 1 mL/min, injector temperature 250 ◦C. The oven temperature
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was raised from 50 to 280 ◦C. Thymohydroquinone was diluted in n-hexane for GC/MS
at a concentration of 20 μg/mL. One microliter of solution was injected in a 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 the sample was based on the comparison of its retention index (RI), retention time (RT)
and mass spectra with the National Institute of Standards and Technology Library ver. 2.0.f
(National Institute of Standards and Technology, USA) [54].

The 1H-NMR spectra of thymohydroquinone standard (2 mg/mL) were recorded on a
Bruker Avance III HD BBFO (Bruker BioSpin GmbH, Rheinstetten, Germany), operating at
500 MHz for 1H-NMR and 126 MHz for 13C-NMR using noesypr1d pulse sequence, at 25 ◦C.
The sample was dissolved in H2O containing 10% deuterium oxide, at pH 7.4, and includ-
ing 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt (99%) as an internal standard.
Supplementary evidence was given by 13C-NMR, HSQC, HMBC and COSY experiments.
The experimental chemical shifts in 1H and 13C-NMR spectra of thymohydroquinone
closely matched the theoretically predicted chemical shifts obtained using www.nmrdb.org
(accessed on 21 June 2021) [55,56].

The signals were confirmed and assigned after inspection of the 1D and 2D spectra
and GC/MS data and were as follows: Thymohydroquinone. White crystals; RI: 1520, MS,
m/z (rel. int.): 166 (M+, 43%), 151 (100), 152 (14), 77 (8), 123 (7), 95 (7); 1H-NMR (H2O/D2O
9:1, 500 MHz): δ 6.79 (s, 1H, 2-H), 6.73 (s, 1H, 5-H), 3.14 (sept, 1H, J = 6.9 Hz, 8-H), 2.13 (s, 3H,
7-H), 1.17 (d, 6H, J = 6.9 Hz, 9,10-H); 13C-NMR (H2O/D2O 9:1, 126 MHz): δ 147.5 (C-6),
145.8 (C-3), 134.4 (C-4), 123.3 (C-1), 118.3 (C-2), 113.2 (C-5), 26.0 (C-8), 22.2 (C-9), 22.2 (C-10),
14.9 (C-7).

3.3. Bacterial Strains and Culture Media

The following four bacterial standard strains from the American Type Culture Collec-
tion (ATCC, Manassas, VA, USA) were used: Haemophilus influenzae ATCC 49247, Staphylo-
coccus aureus ATCC 29213, Streptococcus pneumoniae ATCC 49619, and Streptococcus pyogenes
ATCC 19615. Cultivation and assay media (broth/agar) were Mueller–Hinton (MH) com-
plemented by Haemophilus Tested Medium (H. influenzae), MH (S. aureus), and Brain
Heart Infusion (S. pneumoniae and S. pyogenes). The pH of the broths was equilibrated to a
final value of 7.6 using Trizma base (Sigma-Aldrich, Praha, Czech Republic). All microbial
strains and cultivation media were purchased from Oxoid (Basingstoke, UK).

Stock cultures of bacterial strains were cultivated in broth medium at 37 ◦C for
24 h prior to testing. For the preparation of inoculum, the turbidity of the bacterial
suspension was adjusted to 0.5 McFarland standard using a Densi-La-Meter II (Lachema,
Brno, Czech Republic) to obtain a final concentration of 108 CFU/mL.

3.4. Cell Cultures

Lung fibroblast cell line MRC-5, obtained from ATCC, was propagated in Eagle’s Min-
imum Essential Medium (EMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM
glutamine, 10 μL/mL non-essential amino acids, and 1% penicillin–streptomycin solution
(10,000 units/mL of penicillin and 10 mg/mL of streptomycin); all these components were
purchased from Sigma-Aldrich. The cells were pre-incubated in 96-well microtiter plates
at a density of 2.5 × 103 cells per well for 24 h at 37 ◦C in a humidified incubator in an
atmosphere of 5% CO2 in air.

3.5. Antimicrobial Assay

The antibacterial potential of volatile plant-derived compounds in the liquid and
vapor phases was determined using a newly developed broth macrodilution volatilization
method performed in standard 2 mL microtubes with snap caps (Eppendorf, Hamburg,
Germany). Initially, each sample of compound was dissolved in DMSO at maximum
concentration of 1% and diluted in the appropriate broth medium. With the aim to prepare
a sufficient amount of stock solutions of the compounds assayed, six two-fold serially
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diluted concentrations of samples were prepared in 15 mL test tubes closed with plugs
to avoid the losses of active compounds by evaporation (Gama Group, Ceske Budejovice,
Czech Republic). The concentration of β-thujaplicin started from 1024 μg/mL and from
128 μg/mL for thymohydroquinone and thymoquninone. In the second step, 90 μL of
melted agar was pipetted into rims on the caps (Figure 3a) and inoculated with 5 μL of
bacterial suspension after agar solidification. Subsequently, the appropriate concentrations
of each sample previously prepared in test tubes were pipetted into microtubes in a final
volume of 1500 μL. Then, the microtubes were inoculated with 10 μL of bacterial suspension
and closed properly (Figure 3b). Microtubes containing inoculated and non-inoculated
media were prepared as growth and purity controls simultaneously. After incubation at
37 ◦C for 24 h, the MICs were evaluated by the visual assessment of bacterial growth after
coloring metabolically active bacterial colonies with MTT dye. The respective volumes of
30 and 375 μL of MTT at a concentration of 600 μg/mL were pipetted into the caps and
in the microtubes when the interface of color change from yellow to purple (relative to
that of colors in control wells) was recorded in broth and agar (Figure 3c). A black and
white scheme of a cross-sectional view of a microtube filled with broth and agar shows the
effective flow of sample vapors in the closed testing system (Figure 4). The MIC values
were determined as the lowest concentrations that inhibited bacterial growth compared
with the compound-free control and are expressed in μg/mL. In the case of the vapor
phase, the concentration was also expressed in μg/cm3 as the weight of the volatile agent
per volume unit of a microtube. DMSO, assayed as the negative control, did not inhibit
any of the strains at the tested concentration (≤1%). The respective susceptibilities of
H. influenzae, S. aureus, S. pneumoniae, and S. pyogenes to ampicillin, oxacillin, amoxicillin,
and tetracycline were checked as positive antibiotic controls [57]. All tests were performed
as three independent experiments, each carried out in triplicate, and the results were
presented as median/modal values. According to the widely accepted norm in MIC testing,
the mode and median were used for the final value calculation when triplicate endpoints
were within the two- and three-dilution ranges, respectively.

3.6. Cytotoxicity Assay

A modified method based on the metabolization of MTT to blue formazan by mito-
chondrial dehydrogenases in living lung cells previously described by Mosmann [58] was
used. The lung fibroblast cells were treated for 72 h with the tested compounds dissolved
in DMSO at a maximum concentration of 1% and diluted in the EMEM medium supple-
mented with 10% FBS. Twelve two-fold serially diluted concentrations of these agents
ranging from 512 to 0.25 μg/mL were prepared. The microtiter plates were covered with
EVA capmatsTM at 37 ◦C in a humidified atmosphere of 5% CO2 in air and cultivated for
72 h. Thereafter, MTT reagent (1 mg/mL) in EMEM solution was added to each well and
the plates were incubated for an additional 2 h at 37 ◦C in a humidified atmosphere of
5% CO2 in air. The media were removed, and the intracellular formazan product was
dissolved in 100 μL of DMSO. The solvent used did not affect the viability of the lung cells
at the tested concentration (≤1%). The absorbance was measured at 555 nm using a Tecan
Infinite M200 spectrometer (Tecan Group, Mannedorf, Switzerland), and the viability was
calculated in comparison to that of the untreated control. Three independent experiments
(two replicates each) were performed for each test. The results of the cytotoxicity effect
were calculated using GraphPad Prism software (GraphPad Software, La Jolla, CA, USA)
and expressed as average IC50 with standard deviation in μg/mL. The levels of cytotoxic
effects were classified according to the Special Programme for Research and Training in
Tropical Diseases (WHO–Tropical Diseases) [46] as cytotoxic (IC50 < 2 μg/mL), moderately
cytotoxic (IC50 2–89 μg/mL), and non-toxic (IC50 > 90 μg/mL). Furthermore, IC80 was
calculated as equivalent to the MIC endpoint [59] for comparison of microbiological and
toxicological data. Therapeutic indices (TIs) were defined as the ratio of x-IC80 and x-MIC
values with the aim of determining the amount of effective antibacterial agents with the
quantity causing toxicity [60].
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Figure 3. Broth macrodilution volatilization method (a) pipetting of agar in the microtube caps: 90 μL
of agar is pipetted into rim of every cap; (b) incubation: after inoculation, microtubes containing liquid
medium with serially diluted samples of tested volatiles and their caps containing solid medium are
properly closed together to prevent the losses of active compounds; (c) MIC determination: the results
are evaluated visually after coloring of living bacterial colonies with MTT dye.

Figure 4. Detail of the cross-sectional view of the closed microtube with snap cap containing broth
and agar media.
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4. Conclusions

As a result of this study, a new broth macrodilution volatilization method was devel-
oped for the simultaneous determination of the antimicrobial effects of volatile agents in the
liquid and the vapor phases at variable concentrations. This rapid, simple, cost- and labor-
effective technique, which combines the principles of broth microdilution volatilization and
standard broth macrodilution methods, is performed in commercially available microtubes
and, therefore, does not require specialized equipment. It can also be a suitable option
for the testing of slower growing organisms (e.g., fungi) that require longer incubation
time to produce enough growth for MIC determination. Nevertheless, further research
focusing on the optimization of the novel broth macrodilution volatilization method for
susceptibility testing of a broader spectrum of microorganisms will be necessary to confirm
this assumption. In addition, the validity of the method for the susceptibility testing of
bacterial pathogens causing respiratory infection was evaluated using three antimicrobial
phytochemicals (β-thujaplicin, thymohydroquinone, and thymoquinone). As a result of
this research, thymohydroquinone was found to be a promising antibacterial agent for
application in inhalation therapy that is safe to human lung cell lines. However, in vivo
experiments are required to verify the therapeutic potential of this compound.
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Abstract: The chemical composition, antioxidant activity, and antimicrobial properties of three
commercially available essential oils: rosemary (REO), lavender (LEO), and mint (MEO), were
determined in the current study. Our data revealed that the major components of REO, MEO, and
LEO were 1,8-cineole (40.4%), menthol (40.1%), and linalool acetate (35.0%), respectively. The highest
DPPH radical-scavenging activity was identified in MEO (36.85 ± 0.49%) among the investigated
EOs. Regarding antimicrobial activities, we found that LEO had the strongest inhibitory efficiencies
against the growth of Pseudomonas aeruginosa and Candida (C.) tropicalis, MEO against Salmonella (S.)
enterica, and REO against Staphylococcus (S.) aureus. The strongest antifungal activity was displayed
by mint EO, which totally inhibited the growth of Penicillium (P.) expansum and P. crustosum in
all concentrations; the growth of P. citrinum was completely suppressed only by the lowest MEO
concentration. The lowest minimal inhibitory concentrations (MICs) against S. enterica, S. aureus, and
C. krusei were assessed for MEO. In situ analysis on the bread model showed that 125 μL/L of REO
exhibited the lowest mycelial growth inhibition (MGI) of P. citrinum, and 500 μL/L of MEO caused
the highest MGI of P. crustosum. Our results allow us to make conclusion that the analysed EOs have
promising potential for use as innovative agents in the storage of bakery products in order to extend
their shelf-life.

Keywords: essential oils; volatile compounds; antioxidant activity; antifungal activity; antibacterial
activity; bakery product; moisture content; water activity

1. Introduction

Bread is an important staple food worldwide. However, its fungal spoilage during
storage is a serious problem that can result not only in economic losses, but also in human
health hazards because of the presence of mycotoxins [1]. In general, bread rot is caused by
microscopic fungi, such as Penicillium and Aspergillus, as well as Mucor, Cladosporium, Fusar-
ium, and Rhizopus [2]. One of the potential alternatives to prevent the spoilage of bakery
goods appears to be the application of essential oils (EOs) as natural preservatives [3].

EOs are volatile secondary metabolites derived from plants responsible for their typ-
ical smell and taste. They can be obtained from about 17,500 angiosperm plants (e.g.,
Rutaceae, Lamiaceae, Zingiberaceae, Myrtaceae, Asteraceae), and among them, only ap-
proximately 300 species of EOs are commercially available [4]. These highly concentrated

126



Molecules 2021, 26, 3859

aromatic materials can be extracted from various parts of the plant, including the leaves,
stem, flowers, seeds, roots, fruit rind, resin, or bark [5]. The isolation of such oils is rela-
tively simple, but their chemical composition depends on the extraction technique used.
Hydrodistillation, solvent extraction, simultaneous distillation-extraction, supercritical
carbon dioxide extraction, and the use of microwave ovens are the most frequently used
extraction methods [6].

There are some properties, such as radical scavenging [7], as well as antiviral [8],
antiprotozoal [9], antibacterial [10], and antifungal [11] properties, and many others that
are well recognized regarding the biological activities of EOs. The wide range of activities
is attributed to the diverse chemical composition of EOs. Generally, lipophilic and highly
volatile components from many chemical classes are the most common substances found
in EOs [12]. Terpenic and phenolic compounds [13], as well as alcohols and esters have
shown significant biological effects [14].

Rosemary (Rosmarinus officinalis L.; Lamiaceae) is a rich source of phenolic compounds,
such as carnosol, rosmanol, rosmaridiphenol, and rosmarquinone [15]. It is used in the
treatment of various disorders and in food preservation as well [16]. Rosemary EO (REO)
possesses a higher antioxidant activity than other EOs [15].

Lavender (Lavandula spp.) is a herb that belongs to the family Labiatae and is inten-
sively cultivated for oil production [17]. The products derived from this popular garden
herb are used as therapeutics as well as antibacterial agents, and lavender essential oil
(LEO) is traditionally believed to have sedative, carminative, antidepressant, and anti-
inflammatory properties [18].

Mint (Mentha piperita L.; Lamiaceae) EO (MEO) has been used in traditional medicine
and its biological activity may be due to its major volatile components: carvone, menthol,
and menthone [19].

The major purpose of our study was to evaluate the antifungal effects of selected
EOs (REO, LEO, and MEO) against Penicillium spp. using the contact vapour method. In
addition, the volatile compounds of the EOs, their antimicrobial properties and antioxidant
activities, and basic technological properties of bread (as a model substrate for growth
of fungi in situ) were determined. Summarily, the EO with the greatest potential and its
effective concentration applied as a natural preservative used in the storage of bread in
commercial practice were assessed.

2. Results

The vapour-phase antifungal activities of three selected EOs obtained from rosemary,
lavender, and mint against Penicillium spp. inoculated on bread samples were evaluated
in the current study. The data expand our findings related to bread preservation using
natural alternatives, such as EOs [20,21].

2.1. Chemical Composition of EOs

The chemical composition of our EOs was determined by gas chromatography/mass
spectrometry (GC/MS) analysis. Overall, there were 44, 43, and 40 components accounting
for a total of 99.4%, 99.6%, and 99.5% of the EO identified in the LEO, MEO, and REO,
respectively (Table 1). The main components of the LEO were linalool acetate (35.0%),
linalool (32.7%), and 1,8-cineole (8.1%). The major chemical constituents of the MEO
were represented by the menthol (40.1%), menthone (16.8%), and menthyl acetate (9.1%).
However, 1,8-cineole (40.4%), camphor (11.9%), and α-pinene (8.7%) were detected as
major compounds in the REO.

2.2. Antioxidant Activity of EOs

Table 2 presents the quenching of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals from
which it is evident that all analysed EOs displayed moderate antioxidant activity. Addi-
tionally, the results indicate the significantly (p < 0.05) strongest DPPH-scavenging activity
of mint EO (36.85 ± 0.49%), whilst the EOs from lavender and rosemary displayed lower
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values for the activity (29.08 ± 0.99%, 28.76 ± 2.68%, respectively) without statistically
significant differences.

Table 1. Chemical composition of the analysed EOs.

Components LEO (%) MEO (%) REO (%)

1,8-cineole 8.1 5.2 40.4
menthol - 40.1 -

linalool acetate 35.0 - -
linalool 32.7 - 1.2

menthone - 16.8 0.1
camphor 6.4 - 11.9

menthyl acetate - 9.1 -
α-pinene 0.3 0.7 8.7
β-pinene 0.3 1.1 6.9

neo-menthol - 4.7 -
(E)-caryophyllene 1.6 2.2 5.3

methofuran - 4.6 -
borneol 2.4 - 3.9

camphene 0.2 tr 3.5
isomenthone - 2.8 -
α-terpineol 1.3 - 2.7
α-limonene 0.9 1.8 2.4

ocimene 0.3 0.3 2.2
lavandulyl acetate 2.0 - -

germacrene D 0.4 1.7 tr
pulegone - 1.5 -

cis-sabinene hydrate - 1.5 0.2
β-myrcene 0.6 0.2 1.5

bornyl acetate - - 1.4
4-terpineol 1.3 - 1.1
γ-terpinene tr 0.5 1.2

(Z)-β-farnesene 1.0 - -
(E)-β-ocimene 0.9 tr 0.1

hexyl butanoate 0.9 - -
geranyl acetate 0.8 - -
α-humulene - - 0.7

3-carvomenthenone - 0.6 -
α-terpinene - 0.3 0.6

caryophyllene oxide - tr 0.6
sabinene tr 0.5 0.4

β-bourbonene - 0.5 -
δ-cadinene - 0.5 0.3
α-thujene tr tr 0.4

α-terpinolene tr 0.4 0.4
α-copaene - tr 0.4

neryl acetate 0.4 - -
iso-menthyl acetate - 0.4 -

(E)-β-farnesene - 0.4 -
α-amorphene 0.3 tr 0.2
hexyl tiglate 0.3 - -
α-bisabolol 0.3 - -
3-octanol - 0.3 -

isomenthol - 0.3 -
bicyclogermacrene - 0.3 -
trans-linalool oxide 0.3 - -

3-octanone 0.3 - -
α-phellandrene - - 0.2

δ-3-carene - - 0.2
viridiflorol - 0.2 -

n-amyl isovalerate - 0.2 -
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Table 1. Cont.

Components LEO (%) MEO (%) REO (%)

n-hexanol 0.1 - -
pinocarvone - - 0.1

tricyclene tr - 0.1
p-cimene - - 0.1
β-elemene - tr -

carvone - tr -
isopulegol - tr -

cis-3-hexenol tr tr -
β-thujone - - tr
α-ylangene - - tr

aromadendrene - - tr
3-octanol tr - -

ethyl hexanoate tr - -
cis-linalool oxide tr - -

capryl acetate tr - -
nerol tr - -

caryophyllene oxide tr - -
epi-α-cadinol tr - -

Total 99.4 99.6 99.5

Note: tr—compounds identified in amounts less than 0.1%; —-not detected.

Table 2. Antioxidant activity of the analysed EOs.

LEO MEO REO

Antioxidant Activity (%) 29.08 ± 0.99 a 36.85 ± 0.49 b 28.76 ± 2.68 a

Note: Mean ± standard deviation. MEO: Mint essential oil; LEO: Lavender essential oil; REO: Rosemary essential
oil; Values with different superscripts within the same row are significantly different (p < 0.05).

2.3. Antimicrobial Activity of EOs

A disc diffusion method was used to evaluate the antimicrobial activities of selected
EOs (LEO, MEO, REO) against Gram-positive (G+) and Gram-negative (G−) bacteria,
yeasts, and microscopic fungi in the current study. As shown in Table 3, our results
revealed that LEO had the strongest inhibitory efficiency against the growth of Pseudomonas
(P.) aeruginosa and Candida (C.) tropicalis, with a zone of inhibition of 9.33 ± 0.58 mm and
9.66 ± 0.58 mm, respectively, which were significantly (p < 0.05) higher than those of
MEO (7.33 ± 1.53, 6.00 ± 0.00 mm, respectively) and REO (7.00 ± 1.00, 8.33 ± 0.58 mm,
respectively). On the other hand, LEO exhibited the least antimicrobial activity against the
remaining bacteria and yeasts, with an inhibition zone ranging from 1.00 ± 0.00 (Yersinia
(Y.) enterocolitica, Staphylococcus (S.) aureus) to 6.33 ± 0.58 mm (C. krusei). The antimicrobial
activities were statistically (p < 0.05) different in comparison with MEO and REO. The EO
from M. piperita showed the strongest antimicrobial activity against Salmonella (S.) enterica,
with an inhibition zone of 9.00 ± 1.00 mm, which was demonstrably (p < 0.05) higher than
those exhibited by LEO and REO. The inhibitory actions of MEO against the growth of
Y. enterocolitica (7.00 ± 1.00 mm), Enterococcus (E.) faecium (8.00 ± 1.00 mm), C. glabrata
(7.33 ± 0.58 mm), C. albicans (6.67 ± 0.58 mm), and C. krusei (9.67 ± 0.58 mm) were similar
to those of REO (7.67 ± 1.53, 8.00 ± 1.00, 7.67 ± 0.58, 8.00 ± 1.00, 10.00 ± 1.00 mm) but
considerably (p < 0.05) higher as compared to the actions of LEO (1.00 ± 0.00, 3.00 ± 0.00,
2.00 ± 0.00, 2.00 ± 0.00, 6.33 ± 0.58 mm, respectively).

The strongest antimicrobial activity of REO was shown to be against S. aureus, with an
inhibition zone of 10.33 ± 0.58 mm, which significantly differed from those of MEO and
LEO. Additionally, the REO activities against S. enterica and C. tropicalis were considerably
(p < 0.05) higher as compared to LEO and MEO, respectively.
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Table 3. Antimicrobial activity of EOs (inhibition zone in mm).

EOs
Gram-Negative Bacteria

Gram-Positive
Bacteria

Yeasts

PA SE YE EF SA CG CA CK CT

Inhibition Zone [mm]

LEO 9.3 ± 0.6 a 1.3 ± 0.6 a 1.0 ± 0.0 a 3.0 ± 0.0 a 1.0 ± 0.0 a 2.0 ± 0.0 a 2.0 ± 0.0 a 6.3 ± 0.6 a 9.7 ± 0.6 a

MEO 7.3 ± 1.5 b 9.0 ± 1.0 b 7.0 ± 1.0 b 8.0 ± 1.0 b 5.3 ± 0.6 b 7.3 ± 0.6 b 6.7 ± 0.6 b 9.7 ± 0.6 b 6.0 ± 0.0 b

REO 7.0 ± 1.0 b 5.3 ± 0.6 c 7.7 ± 1.5 b 8.0 ± 1.0 b 10.3 ± 0.6 c 7.7 ± 0.6 b 8.0 ± 1.0 b 10.0 ± 1.0 b 8.3 ± 0.6 c

ATB 22.0 ± 1.0 23.0 ± 1.0 22.0 ± 1.0 25.0 ± 1.0 26.0 ± 1.0 23.0 ± 1.0 24.0 ± 1.0 25.0 ± 1.0 24.0 ± 1.0

Note: Means ± standard deviation. Values followed by superscript within the same column are significantly different (p < 0.05). MEO:
Mint essential oil; LEO: Lavender essential oil; REO: Rosemary essential oil. P. aeruginosa—PA, S. enterica—SE, Y. enterocolitica—YE,
E. faecium—EF, S. aureus—SA, C. glabrata—CG, C. albicans—CA, C. krusei—CK, C. tropicalis—CT. ATB—positive control (Cefoxitin for G−,
Gentamicin for G+, Fluconazole for yeast).

Data from the inhibitory effects of the analysed EOs against three tested
Penicillium (P.) spp. fungi (P. crustosum, P. citrinum, P. expansum) are shown in Table 4.
Our results revealed that the growth inhibition of fungi strains depends on the type and
concentration of the EO used. Remarkable antifungal activity was observed for the MEO
among all investigated EOs, which completely inhibited the growth of P. crustosum and
P. expansum in all used concentrations (125, 250, and 500 μL/L). The growth of P. citrinum
was also totally inhibited by MEO in a concentration of 125 μL/L, whereas it showed
significantly (p < 0.05) different zones of inhibition (6.67 ± 0.58 mm; 9.00 ± 1.00 mm,
respectively) in the 250 and 500 μL/L concentrations. On the other hand, LEO (125 and
250 μL/L) and REO (in all concentrations) displayed no inhibitory impact on the growth of
P. crustosum, and P. citrinum and P. expansum were significantly (p < 0.05) inhibited by the
EOs in the highest concentrations.

Table 4. Antifungal activity of EOs (inhibition zone in mm).

EOs P. crustosum P. citrinum P. expansum

Conc. 125 (μL/L) 250 (μL/L) 500 (μL/L) 125 (μL/L) 250 (μL/L) 500 (μL/L) 125 (μL/L) 250 (μL/L) 500 (μL/L)

LEO 0.00 ± 0.00 aA 0.00 ± 0.00 aA 2.67 ± 0.58 aB 2.67 ± 0.58 aA 3.33 ± 0.58 aAB 4.00 ± 1.00 aB 2.33 ± 0.58 aAB 2.67 ± 0.58 aBC 4.00 ± 1.00 aC

MEO N bA N bA N bA N bA 6.67 ± 0.58 bB 9.00 ± 1.00 bC N bA N bA N bA

REO 0.00 ± 0.00 aB 0.00 ± 0.00 aB 0.00 ± 0.00 cB 1.67 ± 0.58 aB 2.33 ± 0.58 aB 4.00 ± 1.00 aC 3.33 ± 0.58 aB 5.67 ± 0.58 cC 6.00 ± 1.00 aC

Note: Means ± standard deviation. MEO: Mint essential oil; LEO: Lavender essential oil; REO: Rosemary essential oil. Values in the
same column with different small letters, and those in the same row with different upper-case letters are significantly different (p < 0.05).
Conc.—concentration; 0.00—total growth; N—without growth.

2.4. Minimum Inhibitory Concentrations of EOs against Gram-Negative and Gram-Positive
Bacteria, and Yeasts

The MIC values of tested EOs against Gram-negative and Gram-positive bacteria and
yeasts are represented in Tables 5 and 6. The EOs displayed a variable degree of inhibition
activity against the different tested strains, with significant differences (p < 0.05) among
the analysed EOs, as well as the microorganisms that were used. LEO had the lowest
MICs against C. albicans regarding the effectiveness of selected EOs, whilst EO was the
most effective against S. enterica. MEO exhibited the weakest action against the growth of
P. aeruginosa, and also against C. glabrata and C. albicans. On the other hand, MEO was the
most effective against S. enterica and C. krusei. Finally, REO had weak antimicrobial activity
against C. albicans and a stronger effect against S. enterica.

2.5. Moisture Content and Water Activity of Bread Samples

The results from the moisture content (MC) and water activity (aw) measurements
showed that the parameters of bread analysed in our study had values of 41.65 ± 0.55%
and 0.944 ± 0.001, respectively.
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Table 5. Antimicrobial activity of EOs expressed as the minimum inhibitory concentration (MIC) in μL/mL against
Gram-negative and Gram-positive bacteria.

EOs Gram-Negative Bacteria Gram-Positive Bacteria

PA SE YE EF SA

MIC 50
(μL/mL)

MIC90
(μL/mL)

MIC 50
(μL/mL)

MIC90
(μL/mL)

MIC 50
(μL/mL)

MIC90
(μL/mL)

MIC 50
(μL/mL)

MIC90
(μL/mL)

MIC 50
(μL/mL)

MIC90
(μL/mL)

LEO
232.15 ±
0.58 aA

288.41 ±
0.23 aB

94.26 ±
0.19 aC

115.15 ±
0.96 aD

243.11 ±
1.01 aE

391.10 ±
0.23 aF

134.18 ±
0.22 aG

255.21 ±
0.98 aH

205.88 ±
0.14 aI

286.99 ±
1.05 aB

MEO
2128.30 ±

0.41 bA
598.41 ±
0.74 bB

5.72 ±
0.44 bC

4.12 ±
0.15 bD

297.96 ±
0.17 bE

255.95 ±
0.07 bF

270.68 ±
0.81 bG

513.86 ±
0.69 bH

19.42 ±
0.62 bI

7.33 ±
0.46 bJ

REO
134.51 ±
0.19 cA

155.18 ±
0.09 cB

93.58 ±
0.25 cC

98.75 ±
0.11 cD

255.95 ±
0.65 cE

299.76 ±
0.35 cF

270.68 ±
0.73 bG

313.86 ±
0.05 cH

198.58 ±
0.66 cI

331.18 ±
0.41 cJ

Note: Means ± standard deviation. MEO: Mint essential oil; LEO: Lavender essential oil; REO: Rosemary essential oil; P. aeruginosa—PA,
S. enterica—SE, Y. enterocolitica—YE, E. faecium—EF, S. aureus—SA. Values in the same column with different small letters, and those in the
same row with different upper-case letters are significantly different (p < 0.05).

Table 6. Antimicrobial activity of EOs expressed as the minimum inhibitory concentration (MIC) in μL/mL against yeasts.

EOs Yeasts

CG CA CK CT

MIC 50
(μL/mL)

MIC90
(μL/mL)

MIC 50
(μL/mL)

MIC90
(μL/mL)

MIC 50
(μL/mL)

MIC90
(μL/mL)

MIC 50
(μL/mL)

MIC90
(μL/mL)

LEO 179.61 ± 0.23 aA 241.63 ± 0.11 aB 432.40 ± 0.38 aC 724.99 ± 0.77 aD 121.35 ± 0.17 aE 226.40 ± 0.14 aF 144.25 ± 0.49 aG 191.35 ± 0.46 aH

MEO 562.30 ± 0.92 bA 944.85 ± 0.55 bB 459.91 ± 0.73 bC 644.58 ± 0.54 bD 5.50 ± 0.12 bE 8.60 ± 0.07 bF 432.40 ± 0.88 bG 139.81 ± 0.32 bH

REO 121.86 ± 0.47 cA 151.83 ± 0.67 cB 459.91 ± 0.56 bC 644.51 ± 0.33 bD 120.38 ± 0.64 aE 296.18 ± 0.09 cF 136.58 ± 0.76 cG 185.45 ± 0.82 cH

Note: Means ± standard deviation. Candida glabrata—CG, Candida albicans—CA, Candida krusei—CK, Candida tropicalis—CT. Values in the
same column with different small letters, and those in the same row with different upper-case letters are significantly different (p < 0.05).

2.6. In Situ Antifungal Analysis on Bread

The antifungal properties of the analysed EOs on bread are presented in Table 7 and
Figure 1. The results of the analysis revealed that LEO had the significantly (p < 0.05)
highest inhibition against P. crustosum in all used concentrations (125, 250, and 500 μL/L)
in a very slightly increasing manner (81.18 ± 2.78%, 85.88 ± 1.95%, 88.64 ± 2.74%, respec-
tively), and against P. citrinum and P. expansum in the highest concentrations (89.38 ± 2.05%,
86.12 ± 3.04%, respectively). The strongest significant (p < 0.05) antifungal activity of MEO
was observed against P. crustosum in concentrations of 125 and 500 μL/L (87.91 ± 1.06%
and 90.19 ± 2.99%, respectively), and against P. citrinum and P. expansum in the lowest and
the highest concentrations, respectively. Interestingly, REO exhibited (p < 0.05) the highest
activity in different concentrations for individual fungal species: P. crustosum in 250 μL/L
(92.48 ± 1.69%), P. citrinum at 500 μL/L (57.36 ± 2.63%), and P. expansum in 125 μL/L
(86.48 ± 3.55%).

Table 7. Mycelial growth inhibition of the analysed EOs.

Fungi
Strains

MGI (%)

LEO (μL/L) MEO (μL/L) REO (μL/L)

125 250 500 125 250 500 125 250 500

P. crustosum 81.18 ± 2.78 aA 85.88 ± 1.95 aA 88.64 ± 2.74 aA 87.91 ± 1.06 aA 77.65 ± 1.32 aB 90.19 ± 2.99 aA 73.73 ± 0.99 aA 92.48 ± 1.69 aB −4.71 ± 2.18 aC

P. citrinum 61.12 ± 2.59 bA 70.49 ± 1.96 bB 89.38 ± 2.05 aC 42.54 ± 3.11 bA 18.30 ± 3.02 bB 23.03 ± 1.01 bC 14.03 ± 3.37 bA 39.02 ± 4.02 bB 57.36 ± 2.63 bC

P. expansum 63.45 ± 3.08 bA 77.62 ± 1.33 cB 86.12 ± 3.04 aC 62.68 ± 1.66 cA 67.05 ± 2.84 cA 82.07 ± 1.65 cB 86.48 ± 3.55 cA 36.05 ± 1.73 bB 41.10 ± 1.77 cC

Note: Means ± standard deviation. MEO: Mint essential oil; LEO: Lavender essential oil; REO: Rosemary essential oil. Values in the same
column with different small letters, and those in the same row with different upper-case letters are different (p < 0.05).
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Figure 1. In situ analysis of antifungal activities of the EOs (MEO: Mint essential oil; LEO: Lavender essential oil; REO:
Rosemary essential oil).

3. Discussion

It is generally known that the antibacterial effects of EOs depend on their chemical
composition [22], which can be influenced by various factors, such as the plant develop-
mental state, the plant part used for extraction, plant geographical location, and physical
and chemical characteristics of the soil and climate in question [23].

According to ISO [24], the EOs obtained from L. angustifolia are mainly composed
of linalool acetate (25.0–47.0%) and linalool (20.0–45.0%), which is in line with our study
(35.0% and 32.7%, respectively). Similarly, the research by Zheljazkov et al. [25] and Baydar
and Kineci [26] showed that linalool (23.3–43.4%; 34.0%) and linalool acetate (20.2–39.6%;
47.7%) were the main components of the EO from L. angustifolia Mill. and L. x intermedia
Emeric ex Loisel, respectively. Other components in lavender EOs [24] are present in smaller
quantities, such as E-β-ocimene (0.0–10.0%), Z-β-ocimene (0.0–6.0%), 4-terpineol (0–8.0%),
lavandulyl acetate (0.0–8.0%), 3-octanone (0.0–5.0%), lavandulol (0.0–3.0%), α-terpineol
(0.0–2.0%), β-phellandrene (0.0–1.0%), and limonene (0.0–1.0%), which is also in agreement
with our results (0.9%, 0.0%, 1.3%, 2.0%, 0.3%, 0.0%, 8.1%, 1.3%, 0.0%, 0.9%, respectively).
On the other hand, the concentrations of 1,8-cineole (8.1%) and camphor (6.4%) were higher
in our LEO as compared to those (0.0–3.0% and 0.0–1.5%, respectively) reported by ISO [24].
The higher content of both components in the EO can not only significantly affect its aroma
intensity [27], but the higher abundance of 1,8-cineole can also be associated with stronger
antifungal properties [28].

Mentha EOs consist mainly of oxygenated monoterpenes as a major fraction [29].
Soković et al. [30] determined in the EO from Mentha piperita, that the most abundant
substances were menthol (37.4%), menthyl acetate (17.4%), and menthone (12.7%). The
chemical composition of the EO from M. piperita during two seasons (summer and winter)
was analysed in the study by Hussain et al. [29]. The authors found that the main compo-
nents of the EOs collected during summer and winter were menthone (28.13% and 25.54%),
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menthyl acetate (9.51% and 9.68%), limonene (7.58% and 7.73%), and isomenthone (4.04%
and 7.63%), respectively. However, the content of the compounds (menthone 16.8%, men-
thyl acetate 9.1%, menthol 40.1%, limonene 1.8%, and isomenthone 2.8%) was different in
our study, indicating that the aforementioned factors might contribute to the discrepancies
in the chemical composition of the MEO analysed in the three studies. We assume that
a lower content of methyl acetate in our MEO as compared to that by Soković et al. [30]
may be connected with its higher antifungal activity since it was found that this compound
causes a decrease in the antifungal properties of the EOs [28].

Regarding the REO chemical composition, our findings are confirmed by the many
other studies [31–33] in which 1,8-cineole, camphor, and α-pinene were reported to be
the major components of R. officinalis EOs. However, the percentages of the individual
components (43.99%, 26.54%, and 37.6% and 47.2% for 1,8-cineole; 12.41%, 12.88%, and
7.1% and 13.3% for camphor; 10.09%, 20.14%, and 7.0% and 19.4% for α-pinene) of the
rosemary EOs were different compared to our REO (40.4%, 8.7%, and 11.9%, respectively).
Similarly, Elamrani et al. [34] indicated that the major compounds of R. eriocalix oil were
1,8-cineole (54.6%), camphor (8.6%), and β-pinene (6.8%). The commercially known EO
from R. officinalis is characterized by the presence of 1,8-cineole (19.59%), camphor (18.35%),
α-pinene (17.17%), camphene (10.10%), β-pinene (6.08%), and α-limonene (3.90%) [35],
which is dissimilar in comparison with our findings (40.4%, 11.9%, 8.7%, 3.5%, 6.9%, and
2.4%, respectively).

As mentioned above, EOs are especially known for their variable range of biological
functions, including an antioxidant purpose [36]. The antioxidant ability is dependent
on compounds that protect the biological system against the deleterious influences of
processes causing excessive oxidation exponentiation of reactive oxygen forms [37]. The
DPPH, i.e., stable free radical, is a compound often used in methods for determining
antioxidants’ free radical scavenging activities [38].

The antioxidant activity of EOs may vary depending on their chemical composi-
tion [39]. Our results revealed that the effect of the MEO was stronger as compared to
other analysed EOs. This fact may be related to the presence of individual volatile com-
pounds, especially menthol and menthone, containing the hydroxyl radical (-OH), which
improves the antioxidant activity strength [40]. We assume based on the data obtained
from recent studies that other minor components in MEO, including 1,8-cineole, carvone,
and γ-terpinene, could also increase the variable [41,42].

The antimicrobial properties of various plant EOs have been recognized since an-
cient times [43], and currently, the scientific community is increasingly focused on the
evaluation of their capacity to inhibit the growth of diverse foodborne pathogens. In-
deed, various studies showed antibacterial properties of many EOs against a wide range
of bacterial strains (such as Stenotrophomonas maltophilia, Bacillus subtilis, Y. enterocolitica,
S. enterica subs. enterica, Bacillus cereus, S. aureus subs. aureus), yeasts (Candida albicans,
C. kruseii, C. tropicalis) [20,21,44,45], and fungal strains, including Penicillium spp.
(P. citrinum, P. crustosum, P. expansum, P. brevicompactum, P. funiculosum, P. glabrum,
P. chrysogenum, P. oxalicum, P. polonicum) [46,47].

The antimicrobial activity of L. officinalis EO (10 μg/disk) against P. aeruginosa was
also evaluated in the study by Gavanji et al. [48]. However, the authors found that the zone
of inhibition of their EO was 7.83 ± 0.03 mm, and P. aeruginosa proved to be more resistant
toward a broad range of L. officinalis EO concentrations (0.08–100 μg/disk) as compared
to S. aureus, which is inconsistent with our findings. Indeed, the LEO used in our study
possessed a better inhibitory effect on the growth of P. aeruginosa, whilst the antibacterial
activity against S. aureus was weak. This discrepancy between the two studies could be
associated with the different chemical compositions of both lavender EOs employed. A
particularity of P. aeruginosa is its high intrinsic resistance to antiseptics and antibiotics,
which is partly caused by its low permeability of the outer membrane [49]. However, the
study by Trombetta et al. [50] suggests that the antimicrobial effect of EO components, such
as linalool acetate, may (at least partially) result from a perturbation of the lipid fraction
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of bacterial plasma membranes, thereby leading to alterations of membrane permeability
and leakage of intracellular materials. In effect, the amount of linalool acetate was, in our
LEO, quantified as a high content, whilst in the EO from L. officinalis used in the research
by Gavanji et al. [48], it was completely absent. The hypothesis is also supported by the
research of Hanamanthagouda et al. [51], in which EOs from dried leaves of L. bipinnata
containing 3.37% of linalyl acetate exhibited low activity against P. aeruginosa (inhibition
zone: 7 mm).

REO exhibited the strongest antibacterial activity against S. aureus in our research.
Gomes Neto et al. [52], in line with this finding, reported significant inhibition of S. aureus
viability and growth in meat broth induced by the effects of R. officinalis EO and by
its majority compound 1,8-cineole itself, which was also quantified in our REO in the
highest amount. The inhibitory and bactericidal efficiencies of R. officinalis EO, with
the main component being 1,8-cineole (23.56%), against S. aureus were also reported by
Jardak et al. [53].

Generally, MIC is a parameter that is often used for the measurement of Eos’ antimi-
crobial activity, expressing the lowest concentration of the compound able to inhibit the
growth of the analysed microorganisms [54].

Our results indicate that even antimicrobial highly resistant isolates, including
S. aureus [55], C. albicans [56], and E. faecium [57], showed sensitivity to lavender, mint, and
rosemary EOs, predicting their potential usage as promising detergents with the ability to
inhibit the growth of a wide range of microorganisms. The differences in the susceptibility
of the analysed bacteria and yeasts to the test EOs can be linked to variation in the rate of
samples’ penetration through the cell wall and cell membrane structures [58]. In addition
to the EOs used, their concentration, and the type of microorganism tested, the differences
in MIC values may be influenced by the cell size, cell damage, and EO oxidation [59].

EOs are known for their hydrophobicity through which they are capable of interacting
with the fungal plasma membrane, leading to disruption of the membrane structures
(leakage of some cellular components) or to alterations of the membrane permeability,
reflecting their antifungal effects [60].

Many studies have shown strong antifungal activity of diverse plant EOs with a wide
inhibition spectrum, pointing out their high potential as innovative preservative agents
to replace synthetic fungicides [61]. Among other factors, the variations in the fungicidal
activity of these aromatic compounds can be related to their active compounds, such as
phenols, aldehydes, and ketones [62], which is consistent with the GC-MS analysis carried
out in our study.

The results from MC and measurements showed that the parameters of bread anal-
ysed in our study had values of 41.65 ± 0.55% and 0.944 ± 0.001, respectively. Bread is
considered as an intermediate moisture food, with MC typically ranging from 35–42%, and
aw above 0.95, which is consistent with our findings. Therefore, baked goods, including
bread, are susceptible to microbial spoilage with high growth of various fungi strains [63],
thereby offering its application as a suitable type of substrate in such experiments.

Generally, antimicrobial agents are applied in food products for two main reasons:
(i) to control natural spoilage processes (preservation of food), and (ii) to prevent or control
the growth of microorganisms (food safety) [43]. Our study was focused primarily on an
evaluation of the antifungal effects of EOs on bread as a model substrate for fungal growth
(in situ conditions) since fungal spoilage occurs more often than bacterial spoilage [64].
Vapour diffusion exposure was applied based on the fact that most of the antimicrobial
activity of EOs is attributed to volatile compounds [65].

The EOs’ antifungal activity upon solution contact (broth dilution and agar dilu-
tion methods) has been studied by many researchers. However, the activity by vapour-
phase contact has been reported more rarely [66,67]. Different types of fungi, including
Penicillium spp., are responsible for bread spoilage [68]. Although P. expansum is mainly
associated with the degradation of apples, it was used in our study for its higher resistance
than other species of the Penicillium strains [69]. Despite the high resistance, the antifungal
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effectiveness of all EOs tested against P. expansum, ranging from 36.05 ± 1.73% (250 μL/L of
REO) to 86.48 ± 3.55% (125 μL/L of REO), was reported in the current research. Therefore,
we assume that the EOs used can also be effective against other resistant species of mi-
croorganisms. Interestingly, P. citrinum was the most sensitive to the lowest concentration
(125 μL/L) of MEO. We propose that the finding can be associated with the lower concentra-
tion of methyl acetate as compared to the MEO higher concentrations used as the chemical
compound decreases the antifungal activity of MEO [28]. The results are in accordance
with our previous studies, in which the antifungal effects of other EOs, such as coriander
EO [20] or Citrus aurantium EO [21], against the same fungi species analysed (P. citrinum,
P. expansum, P. crustosum) were confirmed.

4. Materials and Methods

4.1. Essential Oils

The following EOs were applied in this study: Lavender (LEO; Lavandula angustifolia
x latifolia), mint (MEO; Mentha x piperita L.), and rosemary (REO; Rosmarinus officinalis).
All essential oils were purchased from Hanus s.r.o. (Nitra, Slovakia) to complement our
previous results [20,21] from such experiments, thus creating a comprehensive view of the
biological actions of various commercially available EOs obtained from the same company.

4.2. Fungal Strains

Three Penicillium (P.) strains (P. crustosum, P. citrinum, P. expansum) were isolated
from berry samples of Vitis vinifera and consequently classified using a reference-based
MALDI-TOF MS Biotyper. The obtained results were also validated by comparison with
the taxonomic identification obtained by 16S rDNA sequences analysis.

4.3. Microbial Strains

Three Gram-negative bacteria: P. aeruginosa CCM 1959, S. enterica subsp. enterica CCM
3807, Y. enterocolitica CCM 5671; two Gram-positive bacteria: E. faecalis CCM 4224, S. aureus
subsp. aureus CCM 4223; and four yeasts: C. glabrata CCM 8270, C. albicans CCM 8186,
C. krusei CCM 8271, and C. tropicalis CCM 8223 were used to evaluate the antimicrobial
activities of the EOs. The microorganisms were obtained from the Czech Collection of
Microorganisms (Brno, Czech Republic).

4.4. Evaluation of Antioxidant Activity of the EOs

The antioxidant activity of the three analysed EOs was assessed on the basis of the
scavenging activity of the stable radicals 2,2-diphenyl-1-picrylhydrazyl (DPPH) according
to the methodology used in the studies [20,21].

4.5. Chemical Characterization of EO Samples by Gas Chromatography/Mass Spectrometry
(GC/MS) and Gas Chromatography (GC-FID)

Gas chromatography/mass spectrometry analyses of the selected EO samples were
performed using an Agilent 6890N gas chromatograph (Agilent Technologies, Santa Clara,
CA, USA) coupled to a quadrupole mass spectrometer 5975B (Agilent Technologies, Santa
Clara, CA, USA). A HP-5MS capillary column (30 m × 0.25 mm × 0.25 m) was used. The
temperature program was as follows: 60 ◦C to 150 ◦C (increasing rate 3 ◦C/min) and
150 ◦C to 280 ◦C (increasing rate 5 ◦C/min). The total run time was 60 min. Helium 5.0
was used as the carrier gas with a flow rate of 1 mL/min. The injection volume was 1 L
(EO samples were diluted in pentane), while the split/splitless injector temperature was
set at 280 ◦C. The investigated samples were injected in the split mode with a split ratio
at 40.8:1. Electron-impact mass spectrometric data (EI-MS; 70 eV) were acquired in scan
mode over the m/z range 35–550. The mass spectrometry ion source and MS quadrupole
temperatures were 230 ◦C and 150 ◦C, respectively. Acquisition of data started after a
solvent delay time of 3 min. Gas chromatography (GC-FID) analyses were performed on
an Agilent 6890N gas chromatograph coupled to an FID detector. Column (HP-5MS) and
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chromatographic conditions were the same as for GC-MS. The FID detector temperature
was set at 300 ◦C.

The individual volatile constituents of injected EO samples were identified based
on their retention indices [69], and a comparison with reference spectra (Wiley and NIST
databases). The retention indices were experimentally determined using the standard
method [70], which included retention times of n-alkanes (C6–C34), injected under the
same chromatographic conditions. The percentages of the identified compounds (amounts
higher than 0.1%) were derived from their GC peak areas.

4.6. Evaluation of Antimicrobial Activity of the EOs

The evaluation of the antimicrobial activity of the EOs was performed using the
agar disc diffusion method. For this purpose, there was an aliquot of 0.1 mL of fungal
and bacterial suspension in Mueller Hinton Broth (MHB; Merck, Gernsheim, Germany)
inoculated to Mueller Hinton Agar (MHA; Merck, Germany; 60 mm). Subsequently, the
discs of filter paper (6 mm) were impregnated with 10 μL of the analysed EO samples
and then applied on the MHA surface. Inoculated MHA plates were kept at 4 ◦C for 2 h
and incubated aerobically at 37 ◦C for 24 h (bacteria). In the case of fungi, 10 μL of the
analysed oils were applied at three concentrations (125, 250, and 500 μL/L, diluted in
0.1% dimethyl sulfoxide (DMSO)), and incubated at 25 ◦C for 5 days. Two antibiotics
(Cefoxitin, Gentamicin) and one antifungal (Fluconazole) were used as positive controls
for Gram-negative and Gram-positive bacteria and yeasts, respectively. Disks impregnated
with ethanol served as negative controls.

The diameters of the inhibition zones were measured in mm after incubation. Each
test was repeated three times (one repeat reflecting one separate plate).

4.7. Determination of Minimum Inhibitory Concentration

The minimum inhibitory concentration (MIC) was detected according to the National
Committee for Clinical Laboratory Standards (NCCLS) as it was recently described by
Kačániová et al. [20,21]. Chloramphenicol and nystatin, and DMSO served as positive and
negative controls, respectively. MIC was detected at 570 nm with a spectrophotometer
(Promega Inc., Madison, WI, USA).

4.8. Bread Preparation

Wheat bread used for analyses was baked in the Laboratory of Cereal technologies
(AgroBioTech Research Centre) according to the methodology described by
Kačaniova et al. [20,21].

4.9. Moisture Content and Water Activity of Bread

The moisture content (MC) and water activity (aw) of bread were measured using
the Lab Master aw Standard (Novasina AG; Lachen, Switzerland) and the Kern DBS 60-3
moisture analyzer (Kern and Sohn GmbH, Balingen, Germany), respectively, after the
bread cooling [20,21].

4.10. In Situ Antifungal Analyses on Bread Model

First, the bread samples were cut into slices with a 150 mm height and placed into 0.5 L
sterile glass jars (Bormioli Rocco, Fidenza, Italy). A fungal spore suspension of each strain
(in final concentration of 1 × 106 spores/mL) was diluted in 20 mL of sterile phosphate-
buffered saline with 0.5% Tween 80 by adjusting the density to 1–1.2 McFarland; 5 μL of
inoculum were used for bread inoculation. The EOs in concentrations of 125, 250, and
500 μL/L (EOs + ethyl acetate) were evenly distributed in a volume of 100 μL on a sterile
paper–filter disc (6 cm), which was inserted into the cover of the jar, except for the treatment
of the control group. The jars were hermetically closed and kept at 25 ◦C ± 1 ◦C for 14 days
in the dark. The size of the microfungal colonies with visible mycelial growth and visible
sporulation [20,21] was evaluated using stereological methods. In this concept, the volume
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density of the colonies was firstly assessed using ImageJ software (National Institutes
of Health, Bethesda, MD, USA), counting the points of the stereological grid hitting the
colonies and those falling to the reference space (growth substrate used, i.e., bread). The
antifungal activities of the EOs were expressed as the percentage of mycelial growth
inhibition (MGI), which was calculated using the formula: MGI = [(C − T)/C] × 100 [71],
where C = volume density of the fungal colony in the control group and T = volume density
of that in the treatment group.

4.11. Statistical Analysis

The data from the analyses was statistically evaluated using Prism 8.0.1 (GraphPad
Software, San Diego, CA, USA). One-way analysis of variance (ANOVA) followed by
Tukey’s test was used to evaluate the statistical significance of differences between the
analysed groups of samples. The level of significance was set at p < 0.05. MIC50 and
MIC90 values (i.e., concentration causing 50% and 90% reduction of microbial growth)
were estimated by the logit analysis.

5. Conclusions

The current study evaluated the chemical composition, antioxidant, antibacterial, and
antifungal activities of rosemary, lavender, and mint EOs (125, 250, and 500 μL/L concen-
trations) against selected microorganisms. Our results revealed that MEO possessed the
highest DPPH radical-scavenging activity, which was even significantly (p < 0.05) different
from that of LEO and REO. Considering the antimicrobial activity, the EOs exhibited the
strongest inhibitory efficiencies against the growth of P. aeruginosa and C. tropicalis (LEO),
S. enterica (MEO), and S. aureus (REO). From the fungi strains, MEO (in all concentrations)
was able to totally inhibit the growth of P. expansum and P. crustosum, whilst the growth of
P. citrinum was completely suppressed only by its lowest concentration. From in situ
analysis, REO (125 μL/L) exhibited the lowest MGI of P. citrinum, and 500 μL/L of MEO
caused the highest MGI of P. crustosum. Our results suggest the analysed EOs have promis-
ing potential as innovative agents for use in the storage of bakery products to extend
their shelf-life. Thus, their combination with other preservatives or modified atmosphere
packaging could be a valuable alternative in the food industry. Moreover, our results
complement our previous studies, thus creating a comprehensive view of the biological ac-
tivities of various commercially available EOs obtained from the same company, Hanus s.r.o.
(Nitra, Slovakia).
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M.K.; project administration, M.K.; funding acquisition, M.K. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the grant APVV SK-BY-RD-19-0014 “The formulation of
novel compositions and properties study of the polysaccharides based edible films and coatings with
antimicrobial and antioxidant plant additives”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: This work has been supported by the grants of the VEGA no. 1/0180/20.

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

Sample Availability: Essential oils samples are available from the authors.

137



Molecules 2021, 26, 3859

References

1. Ju, J.; Xu, X.; Xie, Y.; Guo, Y.; Cheng, Y.; Qian, H.; Yao, W. Inhibitory effects of cinnamon and clove essential oils on mold growth
on baked foods. Food Chem. 2018, 240, 850–855. [CrossRef]

2. Ju, J.; Xie, Y.; Yu, H.; Guo, Y.; Cheng, Y.; Zhang, R.; Yao, W. Synergistic inhibition effect of citral and eugenol against Aspergillus
niger and their application in bread preservation. Food Chem. 2020, 310, 125974. [CrossRef]

3. Prakash, B.; Kedia, A.; Mishra, P.K.; Dubey, N.K. Plant essential oils as food preservatives to control moulds, mycotoxin contamination
and oxidative deterioration of agri-food commodities–Potentials and challenges. Food Control 2015, 47, 381–391. [CrossRef]

4. Mérillon, J.M.; Riviere, C. Natural Antimicrobial Agents, 1st ed.; Springer: Cham, Switzerland, 2018.
5. Hanif, M.A.; Nisar, S.; Khan, G.S.; Mushtaq, Z.; Zubair, M. Essential oils. In Essential Oil Research; Springer: Cham, Switzerland,

2019; pp. 3–17.
6. Scheffer, J.J.C. The isolation of essential oils-factors influencing the oil composition. Acta Hortic. 1993, 344, 2–8. [CrossRef]
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21. Kačániová, M.; Terentjeva, M.; Galovičová, L.; Ivanišová, E.; Štefániková, J.; Valková, V.; Borotová, P.; Kowalczewski, P.L.;
Kunová, S.; Felšöciová, S.; et al. Biological activity and antibiofilm molecular profile of Citrus aurantium essential oil and its
application in a food model. Molecules 2020, 25, 3956. [CrossRef] [PubMed]

22. Jianu, C.; Pop, G.; TGruia, A.; Horhat, F.G. Chemical composition and antimicrobial activity of essential oils of lavender (Lavandula
angustifolia) and lavandin (Lavandula x intermedia) grown in Western Romania. Int. J. Agric. Biol. 2013, 15, 772–776.

23. Gende, L.B.; Maggi, M.; Van Baren, C.; Lira, A.D.L.; Bandoni, A.; Fritz, R.; Eguaras, M. Antimicrobial and miticide activities of
Eucalyptus globulus essential oils obtained from different Argentine regions. Span. J. Agric. Res. 2010, 642–650. [CrossRef]

24. ISO (International Standards Organisation). Oil of Lavender (Lavandula angustifolia Mill.), 3rd ed.; ISO 3515:2002; ISO/TC 54; ISO:
Genewa, Switherland, 2002; pp. 1–16.

25. Zheljazkov, V.D.; Astatkie, T.K.; Hristov, A.N. Lavender and hyssop productivity, oil content, and bioactivity as a function of
harvest time and drying. Ind. Crop. Prod. 2012, 36, 222–228. [CrossRef]

26. Baydar, H.; Kineci, S. Scent composition of essential oil, concrete, absolute and hydrosol from lavandin (Lavandula x intermedia
Emeric ex Loisel.). J. Essent. Oil Bear. Plants 2009, 12, 131–136. [CrossRef]
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Abstract: Fungal contamination in stored food grains is a global concern and affects food economics
and human and animal health. It is clear that there is a need to develop new technologies with
improved performances that are also eco-friendly in nature. Due to the bioactivity of essential oils
(EOs) in the vapor phase, their low toxicity for humans, and their biodegradability and antifungal
properties, EOs could be a suitable solution. In this study, we explored the potential of thyme,
oregano, lemongrass, clove, and cajeput EOs in the vapor phase. For 17 days, inhibitory activity
was assessed against five strains of postharvest pathogens—Aspergillus spp., Fusarium s. l. spp., and
Penicillium ochrochloron—isolated from cereal grains. A modified disc volatilization method was used,
which is more effective in comparison to traditional screening methods. Three concentrations were
tested (250, 125, and 62.5 μL/L). The two highest concentrations resulted in complete inhibition of
fungal growth; however, even 62.5 μL/L showed a significant antifungal effect. The efficiency of
EOs followed this order: thyme > oregano > lemongrass > clove > cajeput. From our findings, it
appears that the use of EOs vapors is a better option not only for laboratory experiments, but for
subsequent practice.
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1. Introduction

Food grains constitute a vital part of the daily diet of the population worldwide [1],
and the most cultivated crop is wheat [2]. However, cereal grains contain a large number of
microorganisms that deteriorate the products’ nutritive value and are dangerous to human
and animal health [3]. Fungal contamination in stored food grains is a global concern
and affects food economics both directly and indirectly [1]. Approximately 20% of wheat
that would otherwise be available each year is lost due to diseases [2,4]. In addition, the
mycotoxins secreted by different seed-borne fungi cause qualitative losses of commodities,
and potentially induce various health problems in consumers [5]. Approximately 25–40%
of cereals consumed all over the world are contaminated by mycotoxins [5,6], and the
European Food Safety Authority, in their Panel on Contaminations in the Food Chain [7],
stated grains and grain-based products are one of three main chronic dietary sources
of ochratoxin A, a mycotoxin of Aspergillus ochraceus. Among the mycotoxins, aflatoxins
chiefly produced by Aspergillus flavus are the most dangerous, and approximately 4.5 billion
people in underdeveloped countries are exposed to aflatoxicoses [6].

However, the major factors responsible for fungal growth depend on various intrin-
sic and extrinsic factors, such as the meteorological conditions during vegetation and
harvesting, the duration of storage, the water content of grains, the storage temperature,
the humidity during storage, and the type of storage technology [1,3]. Fusarium spp.,
Aspergillus spp., and Penicillium spp. were found to be dominant [1,3,8,9], but the higher
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incidence of Aspergilli than other fungi may be due to their saprophytic nature and ability
to colonize diverse substrates because of secretions of various hydrolytic enzymes [5].
Although Fusarium species are predominantly considered to be field fungi, it has been
reported that the production of fumonisins (Fusarium mycotoxins) can occur post-harvest
when storage conditions are inadequate [10]. The removal of mycotoxins from the food
chain is one of the major challenges for food scientists. Therefore, efforts should be made
to prevent sources of mycotoxins from being present, i.e., the mycotoxin-producing fungi
in the stored grains [1].

Today, synthetic pesticides play a major role in crop protection, but the widespread use
of pesticides has resulted in the development of pest resistance, outbreaks of new pests, tox-
icity to non-target organisms, and harmful effects on the environment [11]. During storage,
phosphine (PH3) and methyl bromide (CH3Br) are used for grain disinfection, but limita-
tions regarding the application of the latter in Europe are increasing, and in America, their
use is totally banned [3]. Hence, there is a need to develop new fungicides/preservatives
with improved performances that are also eco-friendly in nature [6].

Many studies have explored various nonchemical fungi management practices, includ-
ing traditional methods such as drying to a safe moisture level, aeration, and dry heating
and novel control measures such as hermetic storage, microwave heating, and applications
of gaseous ozone, cold plasma, ionizing radiation, pulsed light, or supercritical carbon
dioxide (SCeCO2) [1]. In addition, the use of plant extracts and essential oils (EOs) for
the control of seed-associated fungi could be an eco-friendly solution, resulting in a lower
chance of pathogens developing resistance [4,8].

EOs are volatile, oily liquids extracted from various plant materials; they are complex
mixtures of chemical compounds with predominant terpenes associated with alcohols,
aldehydes, and ketones [4]. Due to their bioactivity in the vapor phase, their low toxicity for
humans, and their biodegradability and antifungal properties, EOs could find applications
as fumigants for the protection of cereals and cereal-based products [12–14]. The antimicro-
bial effect could possibly be attributed to the presence of various antifungal substances,
mainly phenolic compounds such as the monoterpenes thymol and carvacrol [15]. It is
postulated that EOs, through their lipophilicity, have the ability to penetrate the plasma
membrane, causing morphological changes in the hyphae, damaging the enzymatic cell
systems, disrupting in the plasma membrane, and eventually destroying the mitochon-
dria, thereby killing the fungi [1,8]. Many tested EOs show inhibitory effects on fungal
postharvest pathogens, always in a dose-dependent manner [5,9–11,16,17].

The determination of the minimum inhibitory concentration (MIC) is important for
setting a minimum dose for controlling fungal populations while using the lowest possible
amount of pesticide [5]. The most common methodology for testing antifungal properties is
the poisoned food technique—the use of culture media mixed with different amounts of an
EO [2,18,19]. However, the less explored use of EOs in the vapor phase [13,20,21] seems to
be a better option, as it should be more practical and more realistic for applications during
storage. The main aims of the present study were to determine the antifungal activities
of thyme, oregano, clove, lemongrass, and cajeput EOs in the vapor phase, and their
suitability for use as disinfectants against Aspergillus spp., Fusarium spp., and Penicillium
ochrochloron isolated from cereal grains.

2. Results

2.1. Compositions of Essential Oils

The major components of the EOs tested were identified and assessed by GC–MS. The
main compounds found in thyme oil were thymol (58%), p-cymene (22%), and linalool
(3%). Carvacrol was identified and determined as the major component of oregano oil
(70%), followed by p-cymene (11%) and thymol (3%). Lemongrass oil contained, above all,
geranial (42%) and neral (28%), and in smaller quantities geraniol (5%) and geranyl acetate
(4%). The major components of clove oil were eugenol (80%), eugenol acetate (7%), and
caryophyllene (7%). The minor components are listed in an earlier related publication [13].
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The main components of cajeput oil were terpinen-4-ol (44%), γ-terpinene (20%), and
p-cymene (14%); α-terpineol (4%) and 1,8-cineole (3%) were present in smaller quantities.

2.2. Antifungal Effect of the Essential Oils

After testing the highest concentration, namely, 250 μL/L, it was found that all of
the EOs completely inhibited all strains. Therefore, 250 μL/L of any EO demonstrated
fungicidal effect against the fungal strains we selected. Due to this finding, it was possible
to start testing a lower concentration.

A lower concentration—125 μL/L—of all of the EOs except cajeput fully inhibited
the mycelial growth of all strains. The cajeput EO was the least effective, so testing with a
lower concentration of this EO was not appropriate.

Using the lowest concentration, namely, 62.5 μL/L, all of the EOs showed some
inhibitory effect. A heat map of these results is available in Supplementary Table S2. The
most effective was the thyme EO (Figure 1a), followed by the oregano EO (Figure 1b).
These two EOs had the strongest inhibitory effect on the mycelial growth of every fungal
strain. Among the strains tested, A. niger and A. flavus were the most resistant (significantly)
and had almost the same mycelial growth development. On the sixth and seventh days,
for the first time, oregano treatment on both Aspergilli did not statistically differ from the
treatments of clove and lemongrass, respectively. Two days later, there was no statistical
difference between the clove, lemongrass, oregano, or thyme treatments. However, the
thyme EO as the first and the oregano EO as the second were still the most effective EOs.
Control-equivalent full growth (4.75 cm diameter) for the thyme and oregano EOs was
reached after 13 and 10 days of incubation, respectively. In the case of the thyme EO against
Fusarium sporotrichioides and F. solani, full growth was not observed, even after 17 days.
In general, the mycelia of the Fusarium strains grew very slowly due to the treatments of
the thyme and oregano EOs. Until the tenth day, they were the most susceptible strains;
after the tenth day, faster growth was observed. This mycelial growth development
was significantly different compared to the controls (Figure 1e). However, no statistical
difference from the control was observed at the end of the experiment (day 17). A table with
statistical comparisons of the EOs’ efficiencies is available in the Supplementary Materials.

The lemongrass EO showed a lower inhibitory effect, with similar activity against
F. sporotrichioides, F. solani, and A. niger (Figure 1c). A very similar growth pattern was
observed—intensive growth from the third day to the maximum on the sixth day—which
means it delayed the fungal growth on average for two days compared to the control. The
most resistant strain was A. flavus.

The clove EO (Figure 1d) at this concentration was the least effective EO against all of
the tested strains, except A. flavus, against which the least effective was lemongrass EO.
After 24 h, only the clove treatment was statistically equal to the growth control. Among
the EOs tested, the clove EO was significantly the least effective against F. solani, whose
mycelial growth was comparable to that of the controls (entirely grown on the fourth day).
From the fifth day, the clove and lemongrass treatments did not significantly differ from
the control for all fungi except P. ochrochloron. Of all the strains tested, P. ochrochloron was
the least invasive and the most susceptible. The development of this fungus after treatment
of EOs was significantly lower; even at the end of the assay, the mycelial growth did not
reach the maximum. Additionally, the controls indicated that this strain is less invasive
than others. Only when treated with the thyme or oregano EO was the mycelial growth of
P. ochrochloron less inhibited than the growth of F. sporotrichioides and F. solani, but after the
tenth day, in contrast to Fusaria, it did not increase pronouncedly. To briefly summarize the
effectiveness of the EOs, they can be sorted in this order: thyme > oregano > lemongrass
> clove.
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Figure 1. Each graph shows the efficiency of one essential oil (EO) at 62.5 μL/L against particular fungal strains
(PO = Penicillium ochrochloron, FSP = Fusarium sporotrichioides, FSO = F. solani, AN = Aspegillus niger, and AF = A. flavus) over
17 days. The data are the average of three repetitions. (a) Efficiency of thyme EO; (b) efficiency of oregano EO; (c) efficiency
of lemongrass EO; (d) efficiency of clove EO; (e) control sample without any EO.

3. Discussion

In grain cereals, mycotoxins are produced by fungal species such as Aspergillus, Penicil-
lium, and Fusarium that colonize the plants in a field and can spread during the post-harvest
period [22]. Spoilage of stored food commodities is a chronic problem and can produce
qualitative and quantitative losses throughout the world [23]. Most EOs are considered
to be “generally recognized as safe” (GRAS) food additives by the Food and Drug Ad-
ministration (FDA), which makes them potential bio-resources of eco-friendly antifungal
agents [24].

However, the dissimilar methods used for monitoring of antifungal efficiency consti-
tute a problem. No standardized test has been developed and adopted for evaluating the
possible antifungal activity of EOs against seed-borne fungi [25]. Not many studies have
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been performed that have applied EOs via gaseous contact, or have used similar EOs and
similar strains as in this study. Until now, studies have been carried out using a combi-
nation of the same strains and different EOs or vice versa, and of varying concentrations.
Herein, we used a method by Kloucek et al. [21]—a modified version of the commonly
used disc volatilization method that uses a four-section Petri dish, a large filter paper disc
evenly impregnated with EO, and a medium-containing lid. In comparison to the normal
disc volatilization method, the labor and materials needed are reduced by several fold, and
the composition of headspace is more uniform than in the case of a 6 mm disc, wherein
different volatilities of particular compounds could influence the results. On the contrary, a
number of studies have been performed using contact assays, such as the poisoned food
technique. However, several researchers have concurred that the best antifungal activity of
volatile compounds is achieved by gaseous contact, as opposed to aqueous solutions or
agar contact [25–30].

Tullio et al. [27] reported that the inhibition effect of certain EOs (thyme red, clove, etc.)
in the gaseous phase is generally higher than that in liquid state. They tested a concentration
ranging from 10 mL/L to 19 μL/L against some fungi of the species Mucor, Rhizopus,
Penicillium, Alternaria, and Cladosporium. In the disc volatilization method study of Mentha
piperita EO, Tyagi and Malik [31] found that the minimum inhibitory concentrations (MICs)
for A. flavus and A. niger varied from 1130 to 2250 μL/L, and the minimum fungicidal
concentrations (MFCs) were 1130–2250 and 2250–4500 μL/L, respectively. In all strains,
the zone of inhibition resulting from the exposure to EO vapors was again significantly
larger than that due to same concentration of EO in the liquid phase, which supports our
experiment. Yahyazadeh et al. [32] reported the fungicidal effect of thyme and clove EOs
applied by gaseous contact against Penicillium digitatum. These EOs completely inhibited
fungal growth by their volatiles at 340 μL/L, but when they were added to medium (direct
contact), even at 600 μL/L, the effect was just fungistatic. However, even at concentrations
that caused less than 100% mycelial growth inhibition, which is also our case, conidia
lost their pigmentation (became hyaline). According to Yigit et al. [33], this effect might
decrease the virulence of pathogens. In the case of clove EO, Bluma et al. [34] found that
this oil did not show homogeneous antifungal activity against Aspergillus Flavi, and its
efficacy depended on the water activity. In our study, evaluation of water activity was not
included. However, the efficiency of the clove EO could have been affected due to this.

Additionally, a few contact assay studies and their results can be mentioned here.
Linde et al. [35] used a modified microdilution technique and found that EO from Pet-
roselinum crispum (parsley) exhibited fungistatic activity against all tested fungi, mainly P.
ochrochloron. The in vitro results of Jahani et al. [36] showed that the growth of A. niger was
completely inhibited by the contact assay with clove EO at concentrations of 200, 400, 600,
and 800 μL/L on the first and tenth days, and thyme EO application at 800 μL/L on the
tenth day. Morphological evaluation performed by both light microscopy and scanning
electron microscopy conducted by Kohiyama et al. [37] showed that the antifungal activity
of thyme EO against A. flavus could be detected at a concentration of 50 μL/L and the
fungicidal effect at 250 μL/L. Oliveira et al. [24] also tested thyme EO, but at a higher
concentration of 500 μL/L, and observed the complete inhibition of A. flavus growth. How-
ever, this is a very high concentration that cannot be used in practice. Krzyśko-Łupicka
et al. [38] compared lemongrass, thyme, and cajeput EOs against Fusarium phytopathogens
by a poisoned substrate assay and found out that thyme oil fully inhibited the growth at
the lowest concentration (250 μL/L), lemongrass oil caused the same result at a slightly
higher concentration (500 μL/L), and cajeput had a weaker effect even at 5 mL/L, which is
consistent with its exclusion from our testing.

The determination of the antifungal activity of EOs appears to be influenced by the
method used, as evidenced by the differences between the results just cited. It is also
possible to assume that different chemical composition of specific tested EOs and different
sensitivity or resistance of individual fungal strains are influential factors. Tullio et al. [27]
described the content of thymol, a monoterpene phenol occurring in thyme EO, as a
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major contributor of bioactivity, and its connection with the efficacy of thyme EO, which
corresponds to our findings. When multiple species of thyme EO were tested [21], a
consistently significant inhibitory effect was obtained, although the composition differed.
In addition, thymol was the most abundant compound in our EO. However, even EO
rich in components such as carvacrol, p-cymene, or geranial has good preconditions for
antifungal action. A eugenol-rich EO should act in the same way, in our case of clove EO;
however, the factors mentioned above play important roles.

The advantages of using the volatile gas phase of EOs for agricultural and food
products are that they may have less of an influence on the final taste and aroma, and their
release may be regulated [34]. In addition, our results suggest that, thanks to the use of
the gas phase, it is possible to achieve the inhibition of fungal growth using significantly
lower concentrations than have been tested thus far. The above-mentioned studies have
tested substantially higher concentrations by applying a gas phase or by direct contact, the
efficiency of which could have been higher, but the need remains to find the lowest possible
usable concentration. Higher concentrations could adversely affect sensory properties and
would require more EOs to be used, which would be reflected in costs. In addition, our
method makes it possible to monitor the inhibition of fungal growth over time, from which
the need for possible repeated applications of EOs to different strains can be deduced. This
could then be carried out more efficiently in practice, thanks to the use of the gas phase.

4. Materials and Methods

4.1. Essential Oils

Six essential oils were tested for their antifungal potential. The EOs from thyme
(Thymus vulgaris L.) and lemongrass (Cymbopogon citratus L.) were purchased from the
commercial supplier Sigma-Aldrich (Hamburg, Germany); oregano (Origanum vulgare L.),
clove (Syzygium aromaticum L.), and cajeput (Melaleuca alternifolia Cheel) were purchased
from Biomedica (Prague, Czech Rep.). These EOs were chosen according to previous
results [21]. All of the used EOs were stored in glass bottles at 4 ◦C until used.

4.2. Essential Oil Analysis

Relative proportions of essential oils constituents were assessed by gas chromatogra-
phy with flame ionization detector (GC–FID), Agilent 7890A (Agilent Technologies, Palo
Alto, CA, USA) with HP-5MS, 30 m × 0.25 mm, and a 0.25 μm film thickness. The oven
temperature was increased from 60 ◦C at a rate of 3 ◦C/min to a maximum of 231 ◦C, where
it was kept constant for 10 min. Prior to the analysis, the EOs were diluted in hexane to a
concentration of 1 μL/L. One microliter of the sample was injected in the split mode 1:12.
The carrier gas was nitrogen (constant flow of 1 mL/min, 99.999% purity); the injector and
detector temperatures were 250 ◦C. The relative proportions were calculated by dividing
the individual peak area by the total area of all peaks; the response factor was not taken into
account. Only compounds over 3% were included. The EO constituents were identified by
mass spectrometry (GC–MS), the results of which were previously reported [13].

4.3. Microorganisms

The fungal strains used in present study were isolated in our laboratory from grain
samples of wheat (Triticum aestivum), barley (Hordeum vulgare), and triticale (Triticosecale) of
organic quality collected from experimental station of the Czech University of Life Sciences,
Prague—Uhříněves. These included Aspergillus flavus Link (strain number VURV F-778),
Aspergillus niger Tiegh. (strain number VURV F-779), Penicillium ochrochloron Biourge (strain
number VURV F-780), Fusarium sporotrichioides Sherb. (strain number VURV F-804), and
Fusarium solani (according to the new taxonomy—Neocosmospora solani (Mart.) L. Lombart
and Crous). The fungal isolates were grown on Sabouraud Dextrose Agar (SDA) (Oxoid CZ
s.r.o., Brno, Czech Rep.) at 25 ◦C. Pure cultures were obtained after repeated sub-culturing
of isolated fungi. After the determination, the strains were preserved in liquid nitrogen in
the form of freeze-dried conserves, and under paraffin oil on an agar slant in test tubes.
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4.4. Determination of Microorganisms

A Phire Plant Direct PCR Kit was used to obtain DNA for preparation and PCR from
five-day-old cultures grown on 2% malt extract agar. Translation elongation factor 1-alpha
fragment strains belonging to genus Fusarium were amplified with primers EF1 and EF2
under conditions according to O’Donnell et al. [39]. Beta-tubulin fragment was amplified
with primers Ben2f [40] and Bt2b [41] in strains belong to genera Aspergillus and Penicillium.
PCR amplification of the section was performed in touch-down PCR mode: denaturation
at 95 ◦C for 2 min; five cycles of 95 ◦C for 30 s, annealing for 30 s with temperature starting
at 65 ◦C and decreasing by 1 ◦C each cycle and extension for 30 s; followed by 30 cycles
of 95 ◦C for 15 s, 60 ◦C for 30 s, and 72 ◦C for 30 s; and final extension at 72 ◦C for 1 min.
The obtained sequences were checked and compared using the Chromas and BioEdit
programs. The species identity was determined by comparing the DNA sequence to the
NCBI database using BLAST [42].

4.5. Antimicrobial Assay

The antifungal tests were carried out according to the method reported by Kloucek
et al. [21] with several modifications. In the first phase of the study, all EOs were tested at
the highest concentration (250 μL/L of air); then, 125 and 62.5 μL/L were tested. The tests
were performed in 90 mm Petri dishes (PDs) divided into four sections. Into each section,
5 mL of SDA medium was poured, and SDA medium was poured onto the lid as well. After
solidification, different mycelia were inoculated onto the middle of the three compartments
by sterile loops. The fourth compartment remained empty as a purity control. The EOs
were diluted in ethyl acetate to obtain the final volumes required. Each solution was equally
distributed on 85 mm round sterile filter paper using a micropipette, and the paper was
left to dry for 1 min for the evaporation of ethyl acetate. Finally, the filter paper was laid
onto the walls of the compartments, so there was no direct contact with the medium in the
Petri dish or lid containing solidified medium; then, the PD was hermetically closed and
sealed with parafilm. The PDs were incubated at 25 ◦C in reverse position for 17 days, and
every day the fungal growth was evaluated by measuring two perpendicular diameters of
the colony using a ruler. The radial growth inhibition was observed and compared with
blank filter paper with and without ethyl acetate, which served as negative controls. All
the assays were carried out in triplicate and under aseptic conditions.

4.6. Statistical Analysis

The data were homogeneous and normal according to Bartlett and Shapiro tests. The
results were tested by one-way ANOVA and Scheffe’s method of homogeneous subsets
(Statistica12, StatSoft CR s.r.o., Prague, Czech Rep.). The data were normalized to a
percentage of fungal growth each day, with the growth of the control that day equaling
100%. A table containing the statistical data is available in the Supplementary Materials
(Table S1).

5. Conclusions

In this study, we demonstrated that antifungal effects of the EOs from thyme, oregano,
clove, and lemongrass can be achieved with lower doses and for longer time than those
tested in previous studies. Complete inhibition was achieved at concentrations equal to
or higher than 125 μL/L; at 62.5 μL/L, the fungal growth was significantly slowed down.
The above discussion supports the suitability of the selected method, as studies have
demonstrated a more efficient action of EOs in the gaseous phase. With this method, it
is also possible to reduce the required amount of applied EO. However, this depends on
the combination of the type of EO and the fungal strain. In general, the EOs tested can
be ranked according to effectiveness as follows: thyme > oregano > lemongrass > clove.
The most suitable uses would be EOs that have the broadest antifungal effect due to the
real contamination of grains being by several strains. Future research needs to focus on
testing these low-dose EOs in agricultural and food matrices, as they could become a part
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of organic production, could extend shelf life, and would not compromise sensory quality.
In addition, our method is suitable for the screening of large quantities of samples in a
shorter time and could be standardized for testing antimicrobial activity in the gas phase
due to the uniformity of the headspace.

Supplementary Materials: The following are available online. Table S1: Relative fungal growth
after EOs treatment at 62.5 μL/L; Table S2: A heat map of EOs efficiency at 62.5 μL/L against
fungal strains.
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Abstract: Essential oils obtained via the hydrodistillation of two Asian herbs (Houttuynia cordata and
Persicaria odorata) were analyzed by gas chromatography coupled to mass spectrometry (GC–MS) and
gas chromatography with flame ionization detector (GC–FID). Additionally, both the liquid and vapor
phase of essential oil were tested on antimicrobial activity using the broth microdilution volatilization
method. Antimicrobial activity was tested on Gram-negative and Gram-positive bacteria—Escherichia
coli, Staphylococcus aureus, Pseudomonas aeruginosa, Enterococcus faecalis, Streptococcus pyogenes,
Klebsiella pneumoniae, Seratia marcescense and Bacillus subtilis. Hydrodistillation produced a yield
of 0.34% (Houttuynia cordata) and 0.40% (Persicaria odorata). 41 compounds were identified in both
essential oils. Essential oils contained monoterpenes and their oxidized forms, sesquiterpenes and
their oxidized forms, oxidized diterpenes, derivates of phenylpropene and other groups, such as,
for example, aldehydes, alcohols or fatty acids. Both essential oils were antimicrobial active in both
vapor and liquid phases at least in case of one bacterium. They expressed various antimicrobial activity
in the range of 128–1024 μg·mL−1, 512–1024 μg·mL−1 in broth and 1024 μg·mL−1, 512–1024 μg·mL−1

in agar, respectively. Research showed new interesting information about P. odorata and H. cordata
essential oils and demonstrated that both essential oils could be possibly used in the field of natural
medicine or natural food preservation.

Keywords: Houttuynia cordata; Persicaria odorata; essential oil; distillation; antimicrobial activity;
vapor phase; volatile compounds; gas chromatography

1. Introduction

In recent years, many researchers have been focused on finding new antimicrobial agents that could
be applied to multi-resistant microorganisms. Medicinal herbs and their products, such as essential
oils (EOs), are the main source of natural remedies. They have been used since the time immemorial
as the most affordable means of treating diseases. As it has been proven several times, EOs have
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diverse biological properties. They are bactericidal, viricidal, fungicidal, antiparasitic, antioxidant and
insecticidal [1–3]. EOs and their components have activity against a variety of targets, particularly
the membrane and cytoplasm, and, in some cases, they can completely change the morphology
of the cells [4]. They contain a wide range of complex and structurally different compounds that
are biologically, respectively, antimicrobially active. Antimicrobial activity is closely related to the
chemical composition of EOs, functional groups and possible synergic interactions among constituents.
In addition, due to the combination of these active compounds, bacteria are more difficult to develop a
resistance to these compounds in comparison with commercial antimicrobials, which are usually based
on one chemical substance [5]. In order to use EOs for treating various diseases caused by bacteria, it is
important to understand to the relationship between their chemical composition and the potential
antimicrobial activity.

EOs are volatile, and their vapors influence their antimicrobial properties. Therefore, it is necessary
to sufficiently investigate the composition and properties of the vapors of essential oil. Currently,
several researchers have investigated the vapor phase of the essential oil, but it deserves much wider
research and consideration when examining the properties of essential oils [6–12]. It is assumed that
active compounds in both phases are synergic and furthermore it has been shown that vapor phase
is sometimes even more effective than liquid phase to some microorganisms. If biologically active
molecules were present in the vapor phase, there would be, for example, the possibility of using EOs for
the inhalation and treatment of respiratory diseases [8,9]. Furthermore, there would be the possibility
of using these properties of EOs to produce various food packaging materials that protect food against
the spread of microorganisms and extend their shelf life [13–15].

Traditionally, agar dilution, broth dilution or broth microdilution methods have been used to
measure the minimal inhibitory concentrations of antimicrobial agents against microorganisms [16,17].
Unfortunately, these methods have been limited to measuring the minimal inhibitory concentrations
(MICs) of antimicrobials only in the liquid phase. In the last few years, several methods and the
modification-testing MICs of antimicrobials in the vapor phase were developed. Usually, the disc
volatilization method with various modifications is used [10–12,17,18].

Two Southeast Asian herbs (Houttuynia cordata and Persicaria odorata), used mainly in the traditional
Chinese medicine and as a spice in Asian cuisine, have been chosen for this study. These two herbs
have been chosen for their known health benefits from Chinese medicine and for their geographical
occurrence. Moreover, there is a lack of scientific literature about Houttuynia cordata [19–24] and Persicaria
odorata [25,26] EOs. Therefore, they were examined in more detail. Houttuynia cordata, also known
as a fish mint, belongs to a family Saururaceae. It is a flowering perennial herb native to Southeast
Asia and it grows in moist shady places [27]. EOs from H. cordata have a fishy scent and show a
variety of biological activities, such as antimicrobial, antiviral, anti-inflammatory, anticancer and insect
repellent [28]. According to the previous reports, the liquid phase of EOs from H. cordata has inhibitory
effects against Pseudomonas aeruginosa, Escherichia coli, Bacillus cereus, Bacillus subtilis, Vibrio cholerae
and Staphylococcus aureus [21,29]. The dominant volatile compounds are houttuynin, myrcene, decanal,
cis-ocimene and bornyl acetate [27,28,30]. Persicaria odorata, also known as a Vietnamese coriander,
belongs to a family Polygonaceae. It is a tender perennial herb native to Southeast Asia and it grows
in wet environments with a rich, moist soil shady places [25]. EOs isolated from P. odorata have a
very strong coriander odor and show antimicrobial, anti-inflammatory, antitumor and antioxidant
activity. According to the previous reports, the liquid phase of essential oil from P. odorata inhibits
Salmonella choleraesuis [31], Enterococcus faecalis, Enterococcus faecium, Staphylococcus epidermidis and
Staphylococcus aureus [32]. The most abundant volatile compounds are dodecanal, decanal, 3-hexanal,
2-hexanal, β-caryophyllene and α-humulene [25,26,33,34].

Due to the growing demand for natural products and in light of the prevalence of pharmaceuticals,
antioxidants or food additives in the food preservation process, it is necessary to find new sources for
developing these products and to specify their properties. Plant-derived essential oils have received
significant attention in this field. The aim of this study was to find herbs used both in the cuisine and
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natural medicine and determine their EOs composition and especially their antimicrobial efficiency in
both vapor and liquid phase. In this study were two EOs obtained by hydrodistillation and thereafter
analyzed by standard techniques GC–MS and GC–FID. Antimicrobial activity was determined by the
modern, recently developed method of Houdkova et al. [35] called the broth microdilution volatilization
method. It is a simple and rapid simultaneous determination of the antibacterial potential of plant
volatile compounds in the liquid and the vapor phase at different concentrations [35].

2. Results and Discussion

2.1. Extraction Yield and Chemical Composition

Hydrodistillation in the Clevenger-type apparatus of Houttuynia cordata produced a pale-yellow
liquid with a fishy scent. The essential oil content of distilled aerial parts of dried plant was 0.34%.
The extraction yield is higher in comparison with those previously published by R. S. Verma et al. [24]
who only achieved a yield of 0.06–0.14%. A total of 41 compounds were identified that made up
90.6% of the essential oil composition (Table 1). The essential oil contained a higher amount of
terpenoid compounds (75.5%), followed by non-terpenoid compounds (15.1%), such as derivates
of phenylpropene, aldehydes, ketones, esters and fatty acids. The major group of substances was
monoterpenes with a content of 59.4%, followed by the group of other compounds with a content
of 14.8%, oxidized monoterpenes with a content of 7.2% and sesquiterpenes with a content of 6.6%.
Other groups were oxidized sesquiterpenes and derivates of phenylpropene. Major compounds of the
essential oil were myrcene (51.6%), 2-undecanone (6.7%), tridecan-2-one (6.1%), cis-β-ocimene (5.7%),
geranyl acetate (3.1%), bornyl acetate (2.9%) and cis-caryophyllene (2.6%). The other compounds were
present at less than 2%. These results are similar with the results of previous reports [19,22,24]. Only a
few fluctuations from other reports were found and are probably attributed to the origin of the plant
samples or different extraction method. For the characteristic fishy scent and flavoring of H. cordata
essential oils is responsible compound houttuynin (decanoyl acetaldehyde). This compound was not
identified in our essential oil due to its instability. It is usual that decanoyl acetaldehyde is during the
process of distillation easily oxidized into 2-undecanone [24]. This compound had the second highest
concentration in our essential oil. Therefore, the amount of 2-undecanone is the primary indicator for
the quality of Houttuynia cordata essential oil [23,24].

Table 1. Chemical composition of essential oils from Houttuynia cordata and Persicaria odorata.

Compound CAS Number Identification 1 Retention Index Peak Area [%]

Observed Published 2 H. cordata P. odorata

Monoterpenes

α-pinene 80-56-8 MS, RI 930 933 0.53 -
camphene 79-92-5 MS, RI 946 953 0.36 -
β-pinene 127-91-3 MS, RI 974 978 0.45 -
myrcene 123-35-3 MS, RI, Std 993 991 51.64 -
limonene 138-86-3 MS, RI, Std 1027 1030 0.49 -

cis-β-ocimene 3338-55-4 MS, RI 1036 1040 5.72 -
trans-β-ocimene 3779-61-1 MS, RI 1046 1046 0.18 -

7-epi-sesquithujene 159407-35-9 MS, RI 1387 1387 - 0.02
Sum [%] 59.37 0.02

Oxidized monoterpenes

perillene 539-52-6 MS, RI 1097 1098 0.51 -
linalool 78-70-6 MS, RI, Std 1100 1101 0.28 -

myroxide 33281-83-3 MS, RI 1131 1129 0.01 -
isoborneol 10385-78-1 MS, RI 1169 1165 0.08 -
α-terpineol 98-55-5 MS, RI, Std 1193 1195 0.06 -
β-cyclocitral 432-25-7 MS, RI 1218 1219 - 0.04

trans-geraniol 102-24-1 MS, RI 1251 1255 0.2 -
bornyl acetate 92618-89-8 MS, RI 1283 1285 2.85 -
neryl acetate 141-12-8 MS, RI 1358 1365 0.12 -

geranyl acetate 105-87-3 MS, RI, Std 1378 1383 3.11 -
Sum [%] 7.22 0.04
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Table 1. Cont.

Compound CAS Number Identification 1 Retention Index Peak Area [%]

Observed Published 2 H. cordata P. odorata

Sesquiterpenes

cis-caryophyllene 13877-93-5 MS, RI 1419 1424 2.58 3.88
trans-α-bergamotene 13474-59-4 MS, RI 1431 1432 0.1 0.25

isogermacrene D 317819-80-0 MS, RI 1441 1447 - 0.08
trans-caryophyllene 87-44-5 MS, RI 1452 1451 0.99 -

α-humulene 6753-98-6 MS, RI, Std 1455 1454 - 4.50
γ-gurjunene 22567-17- 5 MS, RI 1474 1476 - 0.30

selina-4.11-diene 17627-30-4 MS, RI 1476 1482 1.13 0.23
α-curcumene 644-30-4 MS, RI 1482 1480 - 0.23
β-selinene 17066-67-0 MS, RI 1487 1491 - 0.40
valencene 4630-07-3 MS, RI 1490 1492 0.67 0.04

β-bisabolene 4891-79-6 MS, RI 1508 1508 - 0.07
β-curcumene 72345-84-7 MS, RI 1510 1511 - 0.08

7-epi-α-selinene 123123-37-5 MS, RI 1517 1518 0.54 0.52
trans-calamenene 73209-42-4 MS, RI 1519 1527 0.24 -

cis-sesquisabinene hydrate 58319-05-4 MS, RI 1543 1544 - 0.96
Sum [%] 6.25 11.54

Oxidized sesquiterpenes

β-elemene 33880-83-0 MS, RI 1387 1390 0.13 -
ishwarane 26620-70-2 MS, RI 1465 1468 0.24 -
α-farnesene 502-61-4 MS, RI 1503 1504 0.18 -
β-nerolidol 40716-66-3 MS, RI 1560 1561 0.76 0.53
spathulenol 72203-24-8 MS, RI 1575 1576 0.37 -

caryophyllene oxide 1139-30-6 MS, RI 1580 1587 0.99 1.42
humulene epoxide II 19888-34-7 MS, RI 1608 1613 - 1.09

caryophylla-4(12).8(13)-dien-5-ol 19431-80-2 MS, RI 1632 1636 - 0.69
epi-β-bisabolol 235421-59-7 MS, RI 1669 1675 - 0.34
α-bisabolol 515-69-5 MS, RI 1686 1688 - 0.05

trans-α-bergamotol 88034-74-6 MS, RI 1688 1688 - 0.05
drimenol 19078-37-6 MS, RI 1768 1769 - 1.24
drimenin 2326-89-8 MS, RI 1944 1944 - 0.30
Sum [%] 2.67 5.71

Oxidized diterpenes

phytone 502-69-2 MS, RI 1840 1841 - 0.38
Sum [%] 0 0.38

Derivates of phenylpropene

methyl eugenol 93-15-2 MS, RI 1401 1403 0.25 -
Sum [%] 0.25 0

Others

6-methyl-hept-5-en-2-one 110-93-0 MS, RI 985 986 0.05 -
2-pentyl-furan 3777-69-3 MS, RI 993 991 - 0.06

6-methyl-Hept-5-en-2-ol 1569-60-4 MS, RI 998 995 - 0.03
n-undecane 1120-21-4 MS, RI 1101 1100 - 2.52
n-nonanal 124-19-6 MS, RI 1104 1107 0.12 0.26
1-nonanol 143-08-8 MS, RI 1172 1169 0.33 0.35
n-decanal 112-31-2 MS, RI, Std 1208 1208 0.15 18.4
1-decanol 112-30-1 MS, RI 1276 1278 - 5.37

2-undecanone 112-12-9 MS, RI 1293 1294 6.67 -
n-undecanal 112-44-7 MS, RI 1307 1309 - 1.37
1-undecanol 112-42-5 MS, RI 1377 1379 - 1.16

2-dodecanone 6175-49-1 MS, RI 1393 1393 0.07 -
n-dodecanal 112-54-9 MS, RI, Std 1411 1410 0.02 37.08
1-dodecanol 112-53-8 MS, RI, Std 1477 1476 - 4.81

tridecan-2-one 593-08-8 MS, RI 1496 1495 6.06 -
n-dodecanoic acid 143-07-7 MS, RI 1569 1570 0.70 -

n-tetradecanal 124-5-4 MS, RI 1612 1614 - 0.26
intermedeol 6168-59-8 MS, RI 1661 1668 - 0.13

2-pentadecanone 2345-28-0 MS, RI 1696 1697 0.21 -
n-hexadecanoic acid 57-10-3 MS, RI 1963 1968 0.45 0.44

linoleoyl chloride 7459-33-8 MS, RI 2135 2139 - 0.16
n-dodecenylsuccinic anhydride 1978-11-1 MS, RI 2159 2159 - 0.29

Sum [%] 14.83 72.69

Total peak area [%] 90.59 90.38
1 MS—mass spectra, RI—retention index, Std—analytical standard; 2 Data published in database ofNational Institute
of Standards and Technology (NIST) [36] and Adams [37].
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Hydrodistillation in Clevenger-type apparatus of Persicaria odorata produced a deep yellow liquid
with a strong spicy coriander-like aroma. Due to its aroma, it is also called Vietnamese coriander [25].
The essential oil content of distilled aerial parts of dried plant was 0.41%. The extraction yield is lower
in comparison with those previously published by A. A. Almarie et al. [33] who achieved a yield of
0.64%. A total of 41 compounds were identified that made up 90.4% of the essential oil composition.
In comparison with other reports, we identified more compounds [38,39]. N. X. Dung et al. [38]
used steam distillation for the isolation of essential oils and they identified 28 compounds and the
most abundant were β-caryophyllene, dodecanal and caryophyllene oxide. M. V. Hunter et al. [39]
only identified 17 compounds using steam distillation as an extraction technique for the isolation of
essential oil from P. odorata, where the most abundant compounds were α-humulene, decanal and
dodecanal. Our essential oil contained a higher amount of non-terpenoid compounds (72.7%) followed
by terpenoid compounds (17.7%). Carbonyls and alcohols, especially C10 and C12, made up 68.8%
of essential oil composition, followed by the group of sesquiterpenes with a content of 11.5% and
oxidized sesquiterpenes with a content of 5.7%. Other groups (monoterpenes, oxidized monoterpenes
and oxidized diterpenes) made up less than 1% of essential oil constitution. The major compounds of
the essential oil were n-dodecanal (37.1%), n-decanal (18.1%), 1-decanol (5.4%), 1-dodecanol (4.8%),
α-humulene (4.5%), cis-caryophyllene (3.9%) and n-undecane (2.5%). The other compounds were
present at less than 2%. These results in relative percent content are similar with the results of previous
reports. It can clearly be seen that the essential oil from Persicaria odorata is rich in C10 and C12
carbonyls. Dodecanal and decanal are the main compounds of Persicaria odorata essential oil in all
previous published reports and ours [25,33,38,39].

When comparing both EOs, it was found that they have only 12 common compounds out of 41
but they vary in the percent content. The essential oil from Hottuynia cordata contained much more
monoterpenes and monoterpenoids, where the most abundant compound was myrcene (51%) that
was not found in the essential oil from the P. odorata. On the other hand, the essential oil from Persicaria
odorata contained more sesquiterpenes, sesquipterpenoids and especially aldehydes, where n-dodecanal
(37.1%) was the dominant compound compared to H. cordata essential oil, where it was only 0.02%.
In general, the composition of both essential oils is different. The results are adequate because both
herbs are neither from the same genus nor family, so their similarity in composition was not expected.
They were selected for this study according to their similar use and same geographical occurrence.

2.2. Antimicrobial Activity

The antimicrobial activity of H. cordata and P. odorata essential oils is reported in Table 2. Both EOs
showed antimicrobial efficiency but in different concentrations. H. cordata and P. odorata essential
oil expressed various antimicrobial activity in the range of 128–1024 μg·mL−1, 512–1024 μg·mL−1 in
broth and 1024 μg·mL−1, 512–1024 μg·mL−1 in agar, respectively. In the liquid phase, the lowest MIC
was showed for H. cordata (128 μg·mL−1) against E. faecalis and for P. odorata (512 μg·mL−1) against
S. pyogenes, E. faecalis and B. subtilis. In the vapor phase, the lowest MIC was observed for H. cordata
(1024 μg·mL−1) against E. faecalis and E. coli and for P. odorata (512 μg·mL−1) against E. coli. There are
observable differences between the efficiency of the vapor and liquid phases of observed essential oils
(EOs). In most cases, the higher MIC reached the liquid phase, except in the case of EOs from P. odorata
on E. coli, where the vapor phase was twice as effective as the liquid phase.

In general, Gram-negative bacteria are more resistant to EOs than Gram-positive bacteria [40].
This is supported by our results because, as it is shown in Table 2, Gram-positive bacteria were
more sensitive to tested EOs in comparison with Gram-negative bacteria. It is possible that active
compounds in EOs can more easily break important bonds (peptidoglycan) in the cell wall structure
of Gram-positive bacteria. The structure of the Gram-positive bacteria cell wall allows hydrophobic
molecules to easily penetrate the cells and act on both the cell wall and within the cytoplasm. After the
cell wall is broken, the reactive constituents of the essential oil can penetrate the interior of the cell and
further damage its DNA. The other fact is that phenolic compounds, which are also present in the EOs,
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generally show antimicrobial activity against Gram-positive bacteria. On the other hand, the cell wall
of Gram-negative bacteria is far more complex, and it is, among other reasons, why they are more
resistant to biologically active compounds (EOs) [4].

Table 2. Antimicrobial activity of tested essential oils and antibiotic ampicillin against Gram-negative
and Gram-positive bacteria.

Bacterium

Sample/Growth/MIC (μg·mL−1)

Houttuynia cordata Persicaria odorata Ampicillin

Agar Broth Agar Broth Agar Broth

Gram negative

Escherichia coli 1024 512 512 1024 >4 0.50
Pseudomonas aeruginosa >1024 >1024 >1024 1024 >4 1.00

Klebsiella pneumoniae >1024 1024 >1024 1024 >4 >4.00
Serratia marcescens >1024 1024 >1024 >1024 >4 4.00

Gram positive

Staphylococcus aureus >1024 1024 >1024 >1024 >4 0.50
Enterococcus faecalis 1024 128 >1024 512 >4 0.25

Streptococcus pyogenes >1024 512 1024 512 >4 1.00
Bacillus subtilis >1024 >1024 >1024 512 >4 2.00

The most abundant compound in H. cordata essential oil is myrcene. Myrcene has an antimicrobial
activity and moreover enhances the activity of antibiotics [41]. EOs with a high content of myrcene
have a positive effect on urinary and genital infections [42,43]. These infections may be caused among
others by E. coli and E. faecalis; therefore, we could assume that EOs from H. cordata will affect them,
which has been confirmed in this study. The most abundant compound in P. odorata essential oil
was α-humulene, which is known for its anti-inflammatory effect. It is well known that EOs with
α-humulene are natural antimicrobial agents [44–46]. Pichette et al. [46] have tested the antimicrobial
activity of α-humulene against E. coli and S. aureus using the microdillution method. α-humulene
exhibited an MIC of 2.6 μg·mL−1 against S. aureus and an MIC of more than 20 μg·mL−1 against E. coli.
Jang et al. [45] have tested the antimicrobial activity of α-humulene against B. fragilis and obtained MIC
of 0.5 μg·mL−1. The high content of α-humulene could be the reason why P. odorata EOs inhibited the
growth of six from eight tested bacteria. On the other hand, there is one possible disadvantage when
using these oils orally or internally, which is possible irritation or allergy caused by cis-caryophyllene,
which both EOs contains [47]. It would be necessary to further examine the negative effect of each
compound in the essential oil on the human body before using it for treating illness.

As far as authors know, there are no previous reports about Persicaria odorata and Houttuynia cordata
essential oils and its antimicrobial activity in the vapor phase, so it is not possible to further compare
those results with other publications. However, there are some reports about testing the liquid phase
of EOs from Houttuynia cordata. Verma et al. [24] tested the antimicrobial activity of the essential oil
from Houttuynia cordata against four bacteria (Staphylococcus aures, Streptococcus mutans, Mycobacterium
smegmatis and Enteroccocus faecalis). Their essential oil exhibited MIC in the range of 0.52–1.04 μL·mL−1.
Ji et al. [20] performed a disc diffusion test to determine antimicrobial activity of H. cordata essential
oil against Bacillus subtilis, Escherichia coli and Staphylococcus aureus; unfortunately, the disc diffusion
test is only a screening method, which is not possible to compare with MIC. Lu et al. [22] tested
the antimicrobial activity of H. cordata EOs against Staphylococcus aureus and Sarcina ureae using the
broth and agar dilution method. Their reached minimal inhibitory concentration was in the range of
0.5–1.0 μL·mL−1.
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3. Materials and Methods

3.1. Plant Material

Approximately 120 g of fresh Chinese herbs (H. cordata and P. odorata) was purchased in a local
Vietnamese market (TTTM Sapa, Prague, Czech Republic). Each sample was air dried in a dark room
at the laboratory’s temperature. Prior to the distillation, both herbs, including leaves and stems, were
crushed into smaller pieces.

3.2. Essential Oil Isolation

Essential oils were obtained by hydrodistillation using Clevenger-type apparatus. The EOs was
prepared as follows: 26.7 g (H. cordata) or 18.4 g (P. odorata) of dried herb was weighted into a 2000 mL
distillation flask, 1000 mL of water was added and the EOs was distilled for 4 h. The essential oil was
then separated from hydrosol and stored in sealed dark-glass vials at 4 ◦C until the analysis.

3.3. Bacterial Strains and Culture Media

Four Gram-negative and four Gram-positive bacteria that caused respiratory infections,
including upper and lower airway diseases, were chosen. Standard strains were used for the
experiment: Escherichia coli CCM 3954, Pseudomonas aeruginosa CCM 3955, Klebsiella pneumoniae
NPK12, Serratia marcescens CCM 303, Staphylococcus aureus CCM 4223, Enterococcus faecalis CCM 4224,
Streptococcus pyogenes NPK01 and Bacillus subtilis CCM 2215. All standard strains were purchased from
Czech Collection of Microorganisms (CCM), Brno, Czech Republic. Bacteria were incubated at 37 ◦C
for 24 h. Prior to the experiment, bacterial suspensions with turbidity according to the McFarland scale
were prepared corresponding to the grade 0.5 (~1.5 × 108 CFU·mL−1). The cultivation and assay media
were Mueller-Hinton (agar and broth; Himedia, India). The pH of the broth was adjusted to a final
value of 7.6 using Trizma base and hydrochloric acid (both Himedia, India). Ampicilin (St. Louis, MO,
USA) was used as a positive antibiotic control.

3.4. Antimicrobial Activity Assay

The antimicrobial activity of the liquid and vapor phase of Eos was determined by the broth
microdilution volatilization method [35]. The experiments were carried out in 96-well microtiter plates
with one well volume of 400 μL. The test is designed for the testing of 6 essential oils in total. For this
study, we tested only 2 essential oils, and different samples were in other wells. The plates were
covered with wooden plates and clamped to prevent vapor phase leakage. The edge wells were left
blank to avoid the edge effect. First, essential oil samples were prepared as follows: approximately
2 μL of EOs was added to corresponding amount of dimethyl sulfoxide (DMSO) at a concentration
of 1%, then further diluted in the corresponding broth to initial concentration. Then, the antibiotic
was prepared at an initial concentration of 4 μg·mL−1. In the first part of the experiment, 30 μL of
agar was pipetted onto the plate lid and inoculated with 5 μL of bacterial suspension for vapor phase
testing. In the second part (liquid phase assay), 100 μL of buffered Mueller-Hinton broth was pipetted
into the wells. Each well had a final volume of 100 μL. Seven two-fold diluted concentrations of
samples starting at a concentration of 1024 μg·mL−1 were prepared for each essential oil in one row.
A positive and negative control of bacterial growth was prepared in the first two columns. In the last
column, 6 two-fold diluted concentrations of antibiotic starting at 4 μg·mL−1 were prepared. Finally,
all wells except the negative control were inoculated with 5 μL of bacterial suspension. Plates were
closed, fixed and incubated at 37 ◦C for 24 h. After incubation, minimal inhibitory concentrations of
EOs were evaluated by the visual assessment of bacterial growth after the coloring of a metabolically
active bacterial colony with thiazolyl blue tetrazolium bromide dye (MTT; Sigma Aldrich, Prague,
Czech Republic). A total of 25 μL of 600 μg·mL−1 dye was applied to the lid and each well of the
plate and equilibrated for 10 min. The color changed from yellow (dead cells) to purple (live cells).
Thereafter, the MICs were recorded. All experiments were performed in triplicate in three independent
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experiments. The results were expressed as the median of minimal inhibition concentration of the
antimicrobial agent values.

3.5. GC–MS Analysis

The GC–MS analysis of samples was carried out by using a Gas Chromatograph GC 2010 coupled
to a Mass Selective Detector GCMS-QP2010 Plus (both Shimadzu, Kyoto, Japan) and Combi Pal
Autosampler (CTC Analytics, AG, Zwingen, Swizerland) on a capillary column SLB-5ms Supelco
(30 m × 0.25 mm, 2.5 μm film thickness; Bellefonte, PA, USA). The carrier gas was Helium 5.0 (Linde,
Prague, Czech Republic) with a constant flow of 30 cm·s−1. The oven temperature program was set
at an initial temperature of 40 ◦C for 3 min, then heated up to 250 ◦C at 2 ◦C·min−1 and held at
250 ◦C for 10 min. The injector and detector temperatures were set at 200 ◦C. The mass spectrometry
detector was operated under electron ionization mode at ionization energy of 70 eV when ions with
m/z 33–500 were scanned. A total of 1 μL of diluted essential oil (200 times, n-hexane) was injected
with a split ratio 1:50. The experimental results of retention indices were calculated relative to C8–C33
n-alkanes in concentrations of 100–200 μg·mL−1, dissolved in n-hexane (Restek, Bellefonte, PA, USA).
The calculation was performed according to the van den Dool and Kratz method, and the results
were further compared to published data [36,37]. Compounds were identified by comparing their
mass spectra with mass spectra of several standards (Table 1) and commercial mass spectral databases
NIST’14 Mass Spectral Library and FFNSC 2 GC/MS Library Release 2.0 (Flavor and Fragrance Natural
and Synthetic Compounds Library) and further checked out by manual mass spectra evaluation.

3.6. GC–FID Analysis

The GC–FID analysis of samples was carried out by using a Gas Chromatograph GC 2010 with
a flame ionization detector (Shimadzu, Kyoto, Japan) and Autosampler Combi Pal (CTC Analytics,
AG, Zwingen, Swizerland) on a capillary column SLB-5ms Supelco (30 m × 0.25 mm, 2.5 μm film
thickness; Bellefonte, PA, USA). The GC–FID conditions were the same as in case of GC–MS analysis.
The injector temperature was set at 200 ◦C and the detector temperature was set at 260 ◦C. A total of
1 μL of diluted essential oil (200 times, n-hexane) was injected with a split ratio 1:50. As in the case of
GC–MS, experimental retention indices were calculated and compared to published data.

4. Conclusions

This study shows new interesting knowledge about EOs distilled from two Asian herbs—Persicaria
odorata and Houttuynia cordata. The chemical composition of EOs corresponds to previous studies with
a minor deviation that may be caused by agronomic factors, sample storage or sample preparation and
other factors. Both EOs showed antimicrobial activity in different concentrations to different bacteria.
Due to great antibacterial activity, along with the composition of Eos, we see a great potential for
future usages of these oils, such as natural antimicrobials or food preservatives. As far as we know,
we were the first to describe the antimicrobial properties of those EOs in both vapor and liquid phases
on eight selected bacteria. Furthermore, it is necessary to study the possible cytotoxicity of these oils.
The disadvantage is that both oils contain cis-caryophyllene that causes allergic reactions and skin
irritation. It would be necessary to find the balance in concentrations of beneficial antimicrobial active
compounds and potentially toxic compounds.
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Abstract: There is an increasing interest in developing natural methods to replace the current
chemicals used for maintaining postharvest quality of citrus fruits. The essential oil antifungal
activity of mint (MEO), basil (BEO), and lavender (LEO) acting as the vapor-phases was tested against
Penicillium digitatum. The minimum doses with fungistatic and fungicidal effect, in vitro, acting
as the vapor-phases, were set up. The minimum fungicidal dose was 300 μL for BEO and 350 μL
LEO, while for MEO only minimal dose with fungistatic effect was reached. The IC50 values were
calculated and used (v/v) for testing preservation of lemon fruits, in close space enriched in vapor oil.
For this purpose, the following two independent in vivo experiments were carried out: experiment 1,
inoculated lemons with P. digitatum stored without chemical treatments 7 days, at 22 ± 2 ◦C, at two
concentrations (C1—IC50 equivalent; C2—half of C1); and experiment 2, the non-inoculated lemons
kept under the same conditions and concentrations of EO vapor served to evaluate the lemon quality
properties. The results showed that antifungal protective effect was provided in the order of LEO-C1
> BEO-C1 >MEO-C1 > BEO-C2 >MEO-C2 > LEO-C2. The quality indicators like weight loss, pH,
and firmness were not negatively influenced.

Keywords: IC50; fungicide effect; GC/MS analysis; Penicillium digitatum; ascorbic acid

1. Introduction

Nowadays, the major concern in postharvest research is keeping the phytonutrients, which assures
the nutritional value of fruits and vegetables while minimizing the losses during storage [1]. The fungal
decay of lemon fruits (Citrus limon) is the main cause of microbiological spoilage during postharvest,
leading to high economic declines due to the high water content and to the wounds that often form as
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a result of harvesting and transportation. The main fungus genus responsible for lemon depreciation
is Penicillium, among which Penicillium italicum is responsible for blue rot, and Penicillium digitatum
causes green rot [2–5].

Because consumers are more and more concerned about the use of synthetic preservatives,
the exploitation of natural compounds has been intensively researched in recent years [6–10].
Innovations in preserving horticultural commodities can be achieved through three directions: (1)
introduction of biocontrol agents, such as yeasts and bacteria [11–13]; (2) use of plant essential oils
(EOs) extracted from thyme, mint, lemongrass, lemon balm, oregano, or savory [5,14–16]; and (3) by
physical methods like sulphur dioxide fumigation, use of ozone, or mixed techniques [7,17,18].

The antifungal activity of EOs has been known and used for centuries, and nowadays efforts to
promote natural compounds in post-harvest control of horticultural products have led to an increased
interest in their possible applications [19–23]. A particular problem regarding the use of essential oils
is related to the decrease in concentration of bioactive compounds due to evaporation [24].

The volatilization properties of essential oils was the idea behind this study. Therefore, it would
be particularly interesting to know what amount of essential oil is required to achieve the fungistatic
and fungicidal action of the EO vapor-phase against fruit fungal depreciation, and what essential
oil is more economically efficient, given their high costs [24]. Considering this background, the aim
of this work was to study the effectiveness of the vapor-phases of the essential oils (EOs) of Mentha
piperita (MEO), basil (Ocimum basilicum, BEO), and lavender (Lavandula angustifolia, LEO) in lemon
preservation for antifungal protection against P. digitatum and the effect on fruits quality indicators.

Our research could help to extend the method of storage of freshly cut vegetables or fruit in a
modified atmosphere based on the use of natural volatile compounds. To the best of our knowledge,
this is the first time that essential oils in the vapor-phase were tested as a preservation method to
prevent fungal lemon degradation.

2. Results

2.1. Chemical Composition of Essential Oils by GC/MS Analysis

The MEO, BEO, and LEO composition was determined by the GC/MS method and 23 different
components of MEO, 12 of BEO, and 23 of LEO were identified (Table 1). Regarding the extraction of
the essential oils, the highest yield was obtained for the dry mass of lavender with 4.85%, followed by
the mint with 3.22%, and basil with 0.28%.

About 99.99% of the total constituents were detected in MEO. Of them p-menthan-3-one had the
highest percent (31.00%), followed by menthol (25.19%), 1,3,12-nonadecatriene (9.76%), eucalyptol
(7.44%), and carvone (6.72%). The oxygenated monoterpene compounds predominated in a proportion
of 81.28%; sesquiterpene oxygenated compounds were not detected.

BEO had the lowest diversity of compounds compared with MEO and LEO. Only 12 compounds
were identified (99.68% proportion), the majority being monoterpene oxygenated compounds (97.02%).
The predominant compound was estragole (49.94%), followed by linalool (41.49%) and eucalyptol
(3.46%). Other compounds were found in concentrations lower than 1%. LEO showed a chemical
composition similar to that of MEO, 23 compounds being identified of which two represented the major
constituents linalool (31.44%) and linalyl acetate (31.78%). The next constituents in lower proportion
were 4-terpineol (8.43%), caryophyllene (5.39%), and lavandulol (5.24%). LEO was the singular EO that
contained the sesquiterpene oxygenated compound, caryophyllene oxide, in a low proportion (0.35%).
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Table 1. The chemical composition of essential oils, GC/MS analysis (% from total compounds).

Compounds Type LRIc/LRIr MEO BEO LEO

α-Pinene MH 1021/1015 0.62 - -
β-Pinene MH 1106/1096 0.89 0.40 -
Thujene MH 1118/1122 0.50 - -

β-Myrcene MH 1158/1164 0.31 - 0.36
p-Mentha-2,4(8)-diene MH 1176/1180 0.23 - -

d-Limonene MH 1196/1193 3.06 0.39 0.62
Eucalyptol MO 1204/1209 7.44 3.46 1.48

trans-β-Ocimene MH 1228/1230 - - 4.75
Gamma Terpinene MH 1241/1242 0.43 - -

cis-β-Ocimene MH 1245/1250 - 0.62 4.02
p-Cymol MH 1263/1264 - - 0.35
o-Cymol MH 1265/1268 - 0.31 -

6-Methyl hept-5-en-2-one MO 1325/1325 - 0.30 -
Octen-1-ol acetate MO 1364/1365 - - 1.20
p-Menthan-3-one MO 1457/1458 31.00 - -
cis-Linaloloxide MO 1460/1463 - - 0.14
Menthofurane MO 1474/1477 1.38 - -
d-Menthone MO 1484/1486 3.19 - -

Camphor MO 1507/1518 - - 0.26
Linalool MO 1533/1537 0.39 41.49 31.44

Linalyl acetate MO 1541/1543 0.94 - 31.78
Menthyl acetate MO 1552/1551 2.20 - -

p-Menth-8-en-3-one MO 1562/1561 0.19 - -
1-Terpineol MO 1565/1562 - - 0.17

Alfa Santalene SH 1571/1574 - - 0.56
4-Terpineol MO 1593/1592 - – 8.43

Caryophyllene SH 1598/1599 2.35 - 5.39
Cyclohexanone,5 methyl-2-(1 methylethyliden) MO 1635/1633 2.07 - -

Estragole/Methyl chavicol MO 1652/1650 - 49.94 -
Beta Farnesene SH 1653/1652 - - 1.35

8-p-Menthen-2-ol MO 1655/1656 0.24 -
Cryptone MO 1658/1661 - - 0.47
Cis Citral MO 1664/1668 - 0.66 -

Alfa Terpineol MO 1694/1697 - - 0.13
Germacrene D SH 1708/1708 0.57 - 0.45

Trans Citral MO 1712/1714 - 0.80 -
3-Carvomenthenone MO 1713/1710 0.32 - -

Carvone MO 1719/1718 6.72 - -
Alfa Bisabolene SH 1734/1736 - 0.94 -

3-Isopropylbenzaldehyde MO 1765/1765 - - 0.13
Menthol MO 1801/1788 25.19 - -
Anethole MO 1807/1817 - - 0.69

Lavandulol MO 1879/1879 - - 5.24
Caryophyllene oxide SO 1998/1989 - - 0.35

Eugenol MO 2198/2186 - 0.37 -
1,3,12-Nonadecatriene SH 2405/2400 9.76 - -

Total (%) 99.99 99.68 99.76
from which MH 6.06 1.72 10.10

MO 81.28 97.02 81.56
SH 12.65 0.94 7.75
SO - - 0.35

LRIc, calculated linear retention index; LRIr, referred linear retention index [25]; MH, monoterpene hydrocarbonates;
MO, monoterpene oxygenated; SH, sesquiterpene hydrocarbonates; SO, sesquiterpene oxygenated.

2.2. In Vitro Assay of MEO, BEO, and LEO Vapors for Antifungal Performances

The presence of essential oil vapor led to inhibition of mycelial growth of P. digitatum in a
dose-dependent manner. The EO dose used in the experiment provided the vapor-enrichment of Petri
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dish atmosphere for 50 cm3 of air according to Formula (2). From the first dose of added essential
oils (50 μL) we observed decreases of new mycelium growth, but only for BEO and LEO were the
differences statistically significant (Figure 1).

Figure 1. The NMG (new mycelium growth) of P. digitatum in EO vapor-phase modified atmospheres
in the in vitro assay (cm2). MEO, mint essential oil; BEO, basil essential oil; LEO, lavender essential oil;
* with statistical differences compared to control for p ≤ 0.05, n = 4; ns, without statistical significance.

The mycelial growth of the fungus became null at 150 μL BEO, 200 μL LEO, and 300 μL MEO.
Thus, these doses can be attributed to the minimum inhibitory dose which provides a fungistatic effect
(MFsD), as seen in Table 2. After passing the mycelium on CYA medium without added EOs, we found
that the mycelium restarted the growth after 4 days of incubation. Where the fungal growth was not
resumed, the dose of the EO used was considered the minimum dose with fungicidal effect (MFdD).

Table 2. Values of fungistatic and fungicidal doses of essential oils used as the vapor-phases in the
in vitro study.

EO Treatment Effect
EO Doses (μL)

50 100 150 200 250 300 350 400

MEO
MFsD a + + + + + - - -
MFdD b + + +

BEO
MFsD a + + - - - - - -
MFdD b + + + - - -

LEO
MFsD a + + + - - - - -
MFdD b + + + - -

a minimum dose with fungistatic effect; b minimum dose with fungicidal effect.

Therefore, by transferring the P. digitatum mycelia disks, it was possible to estimate the two
different doses for each type of EO, as seen in Table 2. Thus, MFsD for BEO was reached at 150 μL
(0.3%), and BEO 300 μL (0.6%) had a fungicidal effect. LEO, in the presence of linalool and linalyl
acetate (together totaling 63.22%) achieved the MFsD at 200 μL (0.4%) and MFdD at 350 μL (0.7%),
while for MEO only MFsD was reached at 300 μL.

2.3. Experiment 1: In Vivo Assay of Inoculated Lemon Fruits Stored with EO Vapor-Phase

After 7 days of lemon storage in atmosphere enriched with essential oil vapor, the mycelium
growth of P. digitatum was measured. The non-treated control lemons recorded the largest average
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diameter of 47 mm Ø followed in order by LEO-C2 >MEO-C2 > BEO-C2 >MEO-C1 > BEO-C1 and
finally LEO-C1 with an average of fungal diameter of 16.88 mm (Figure 2).

Figure 2. Results of lemon depreciation inoculated with P. digitatum stored seven days in the modified
atmosphere with EO vapor. Data represent the diameter (mm) affected by the fungal growth with or
without reproductive structure presented as mean ± SD. Vertical bars represent standard deviations (n
= 8); * with statistical differences compared to control at p < 0.05; MEO-C1 = 183 μL·L−1, BEO-C1 =
46 μL·L−1, LEO-C1 = 86 μL·L−1, MEO–C2 = 91.5 μL·L−1, BEO-C2 = 23.0 μL·L−1, LEO-C2 = 43.0 μL·L−1.

EO results tested by fumigation of artificially inoculated lemon fruits were compared and classified
according to the t-test for independent samples. It was observed that between BEO-C1 and LEO-C1
there were no statistically significant differences (Table 3). The same aspect was noted for BEO-C2 and
MEO-C2. The lowest effect was recorded for LEO-C2, ranking in second place after the control for the
antifungal performance.

Table 3. Ranking the EO treatments acting as vapor in the storage of lemons by t-test analysis.

Rank Treatment Mean * LEO C1 BEO C1 MEO C1 BEO C2 MEO C2 LEO C2 Control

1 Control 47.0 a 30.1 29.4 26.4 25.4 22.8 16.1
2 LEO-C2 30.9 b 14.0 13.3 10.3 9.3 6.6
3 MEO-C2 24.3 c 7.4 6.6 3.6 2.6
4 BEO-C2 21.6 d 4.8 4.0 1.0
5 MEO-C1 20.6 d 3.8 3.0
6 BEO-C1 17.6 e 0.8
7 LEO-C1 16.9 e

* mean (n = 8) with different superscript letters indicating that the differences are statistically significant for α = 0.05;
C1—concentration corresponding to IC50, C2—half of C1 according to Table 1 (MEO-C1 = 183 μL·L−1, BEO-C1 =
46 μL·L−1, LEO-C1 = 86 μL·L−1, MEO–C2 = 91.5 μL·L−1, BEO-C2 = 23.0 μL·L−1, LEO-C2 = 43.0 μL·L−1).

2.4. Experiment 2: Physiological and Biochemical Indicators of Lemon Quality

Loss of fruit firmness, assessed by the penetration power of lemon fruits, was influenced by
type and concentration of EO vapor, as seen in Table 4. In this regard, the treatment LEO-C2 (65.1 N)
and MEO–C1 (59.0 N) showed significant differences compared with the control (46.6 N). In contrast,
treatments with BEO, at both concentrations (C1 and C2), did not provided significant differences
versus the control.
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Table 4. Effects of essential oils of mint (MEO), basil (BEO), and lavender (LEO) acting as vapor on
firmness (N), weight loss (%), and pH recorded in lemon fruits after storage for 7 days.

Treatment Firmness a (N) Weight Loss b (%) pH b

Initial control 45.0 ± 9.1 A - 2.57 ± 0.01
Control 46.6 ± 8.8 A 0.46 ± 0.1 2.56 ± 0.2 ns

MEO-C1 59.0 ± 15.2 B 0.44 ± 0.12 * 2.66 ± 0.12 ns
BEO-C1 45.9 ± 10.8 A 0.51 ± 0.32 * 2.63 ± 0.03 ns
LEO-C1 53.6 ± 15 A,C 0.33 ± 0.13 ns 2.72 ± 0.06 ns
MEO-C2 51.2 ± 19.5 A,C 0.47 ± 0.09 * 2.64 ± 0.01 ns
BEO-C2 48.4 ± 9.5 A 0.42 ± 0.07 * 2.67 ± 0.00 ns
LEO-C2 65.1 ± 7.3 B 0.35 ± 0.11 * 2.69 ± 0.00 ns

a means (n = 10) followed by the same letter do not differ significantly at p = 0.05; b means for n = 5; * significant
difference according to control; ns without significance; C1-concentration corresponding to IC50; C2—half of C1;
MEO-C1 = 183 μL·L−1, BEO-C1 = 46 μL·L−1, LEO-C1 = 86 μL·L−1, MEO–C2 = 91.5 μL·L−1, BEO-C2 = 23.0 μL·L−1,
LEO-C2 = 43.0 μL·L−1.

Regarding the weight loss after 7 days of storage in fumigated EO vapor, the smallest decrease was
noted for the fruits kept in LEO-C1 treatment. For the rest, the differences were statistically significant
(values expressed as a percentage from initial control). Analyzing the pH value, it was found that
keeping the lemons in EO vapor had no influence; there were no significant differences compared with
the control.

Citrus fruits are widely recognized for rich content in ascorbic acid (AsA). As can be seen from
Figure 3a, the AsA content increased in lemon peel in all EO vapor treatments during 7 days of lemon
fumigation. The smallest differences compared to the control were noticed for treatments MEO-C1,
MEO-C2, and BEO-C1, respectively, differences which proved to be without statistical significance.
The highest AsA was determined for LEO-C2. In addition, it can be noted that the C2 concentration
of the EO treatments led to a higher AsA content accumulated in lemon peels, compared to C1
concentration. This observation was only valid for BEO and LEO.

In the lemon pulp, the amount of AsA after 7 days of storage in the atmosphere enriched by
EOs was higher in all treatments except one, as seen in Figure 3b. For LEO-C1 the amount of AsA
determined (17.1 gr 100−1g FW) did not ensure significant differences compared to the control (18.6 gr
100−1 g FW). In contrast, LEO-C2 provided the highest amount of AsA in the lemon peel of 31.5 gr
100−1 g FW. Similar to AsA content in lemon peel the C2 EO concentration caused a greater amount of
AsA accumulation than C1 concentration.
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(a) (b)

Figure 3. Levels of ascorbic acid in the peel (a) and pulp (b) of lemons after 7 days of storage in enriched
air-space with EO vapor. Data represent means ± SD (mg AsA·100 g FW). Different letters on top of
column indicate differences for p < 0.05, t-test. Vertical bars represent standard deviations for n = 10;
MEO-C1 = 183 μL·L−1, BEO-C1 = 46 μL·L−1, LEO-C1 = 86 μL·L−1, MEO–C2 = 91.5 μL·L−1, BEO-C2 =
23.0 μL·L−1, LEO-C2 = 43.0 μL·L−1.

3. Discussion

Essential oils differ from other oils due to the presence of volatile aromatic compounds that plants
synthesize in stressful moments [21]. Mostly, the antimicrobial effect of essential oils is due to the
predominant compounds of essential oil; based on this observation different chemotypes have been
distinguished within aromatic species [26–28].

Obviously, the antifungal effect of EO against P. digitatum is mainly due to the presence of
monoterpene oxygenated compounds [29]. Within this group, the following compounds represent the
majority, as seen in Table 1: menthol in MEO, linalool and methyl chavicol in BEO, and linalool in
LEO. This is in accordance with the findings of other researchers; they have shown that linalool and
terpinen 4-ol acts against Aspergillus fumigatus through vapors and not through agar diffusion contact
action [30].

Considering the definition of the minimum inhibitory dose (MID) as the lowest dose that
determines 100% inhibition of fungal growth, similar with MIC for testing EO in liquid [29,31], we must
consider one important aspect, namely the particularity of fungus to regenerate. Therefore, it appears
imperative to define two different aspects: (1) the minimum dose leading to a temporary inhibition of
fungal growth, in which case the fungistatic effect was achieved (MFsD); and (2) the minimum dose
necessary for fungal irreversible inhibition, when the hyphae do not regenerate, and the fungicidal
effect is achieved (MFdD). To be noted, in the case of MEO the establishment of MFdD, the minimal
fungicidal dose, was not successful, and future investigations are needed to determine the fungicidal
effect of MEO for doses greater than 400 μL (0.8%, v/v). Taking into account the mycelia growth
in the presence of EO vapor valid for 50 cm3 of Petri dish headspace, the IC50 values for each EO
were established using the polynomial equation (Supplementary Materials Figure S1). Accordingly,
the doses of EO that provided 50% inhibition of P. digitatum growth were 91.49 μL (0.183%, v/v) for MEO,
23.28 μL (0.046%, v/v) for BEO, and 43.39 μL (0.086%, v/v) for LEO. The good antifungal performance
of BEO can be due to the synergic action of the two majority compounds like estragole and linalool.

Keeping lemons in the EO enriched atmosphere has the advantage that fruits are not in direct
contact with oils because they act on fungi due to its volatilization properties. From what is known so far,
only MEO among the EOs tested is recommended for fumigation-based methods due to volatilization
properties [32]. However, the action of the EO vapor-phase has proven to be more effective against
Trichophyton mentagrophytes and Aspergillus fumigatus than has been shown in agar essential oil diffusion
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assays [33]. Similarly, in MEO, BEO, and LEO performed by vapor, the amplitude of EO antifungal
effects occurred in a dose-dependent manner (Figure 1). Thus, the presence of MEO vapors assures the
antifungal effect due to the menthol, whereas the p-menthan-3-one compound (similar to menthone) is
known to have no antifungal action [34,35]. Existence of other compounds, such as eucalyptol (7.44%),
carvone (6.72%), and D-limonene (3.06%) recognized for their antimicrobial activity, could interact
together or synergic with menthol, thus enhancing the antifungal action. The mode of action of vapor
compounds from EO is different, being capable of disrupting the hyphal cells or fungal spore membrane,
inhibiting the sporulation, and finally affecting the growth of food spoilage fungi [35]. Identically,
the antifungal potential of BEO is due to the presence of the alcoholic compounds linalool, 41.49%,
and estragole, 49.94%, (similar to methyl chavicol), which also has proven antifungal activity [28].
The presence of estragole in a high proportion, above the value of linalool, includes the basil plant used
in the study into estragole chemotype. Generally, it is widely accepted that the chemical composition
of BEO exhibits fluctuations for each component, mainly due to the climatic conditions but influenced
by genotype as well.

Similarly, for LEO, linalool represents a major compound of about 31.44% and together with
linalyl acetate (31.78%) ensures the antifungal effect of LEO. Additionally, if the ratio value of linalyl
acetate-linalool is above one, lavender oil is considered to be of high quality [36]. In the case of the
lavender essential oil used in our experiment, the ratio was 1.011, which attests the high quality of the
oil. Ranking the EO vapor treatments by t-test analysis revealed that the same intensity of the antifungal
effect could be reached with different amounts of EOs (Table 3). Evidently, this can be explained
by the different proportion of antifungal compounds contained in EOs. The most effective EOs for
in vivo antifungal preservation of lemons was significant by LEO-C1 with 86 μLL−1, and BEO-C1 with
46 μL·L−1, respectively. Both essential oils contain linalool as a major compound, but we must make it
clear that lemon peel has antifungal compounds such as D-limonene and citral that can potentiate the
antifungal effect of the linalool. This argument is in line with Bakkali et al., who affirm that the minority
compounds have an important role in the biological effect of EOs by facilitating the penetration of the
microbial cell wall or membranes [37]. The antifungal protective effect for lemons was provided in
order of LEO-C1 > BEO-C1 >MEO-C1 > BEO-C2 >MEO-C2 > LEO-C2.

Physiological quality indicators like fruit firmness depend on the EO dose used. Firmness is one
of the most important indicators used to assess the quality of many fruits. Loss of fruit firmness during
storage shows that there are water losses and metabolic changes in fruits [23]. Different polysaccharide,
protein, or carboxymethyl cellulose (CMC) coating techniques or edible coatings with chitosan bilayers
do not form effective water-vapor barriers [38]. Thus, essential oil vapor-phase treatment is proving to
be more efficient during the post-harvest manipulation of fruits. Until now research on the application
of cinnamon and eucalypt EO vapor treatments (50 ppm) have been reported with positive effects on
maintaining firmness for tomato crop and cherry tomatoes [23]. Additionally, Jiang et al. noted that in
shiitake mushrooms after fumigation with cloves, thymus, and cinnamaldehyde EO vapors for 20 days
at 4 ◦C storage, the firmness, texture, and resistance to microorganism attack were augmented. As a
result, the mushrooms were better preserved compared to the control sample during storage, but at
the same time a higher concentration of EO can have an undesirable effect [39].

Regarding the pH value, it was found that keeping the lemons in EO vapor did not influence the
pH values. The result is in agreement with previous research that showed that citrus fruits treated
with wax and citral did not change their pH values after 5 days of storage [40].

AsA is one of the most frequently studied and powerful antioxidants. Fruit cells have the ability
to protect themselves from oxidative stress by producing low molecular mass antioxidant molecules;
in this category ascorbic acid and phenolic compounds are included [41]. Until now, EO was used
especially in coating mixtures with chitosan or wax [10]. It appears that certain compounds from the
structure of essential oils, such as ethylene, act on lemons in oxidative stress, triggering the enzymatic
pathway for the synthesis of AsA molecules [10,39]. Therefore, AsA accumulation in large quantities,
especially in the lemon peel, confirms this. However, not all EO vapor can cause the stimulant effect.
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MEO vapors in both concentrations did not induce ascorbic acid synthesis. In our experience, BEO and
LEO vapor have proven elicitor properties. Additionally, other researchers applied thyme EO vapor
in peach treatment and reported increased activities of defense-related enzymes and total phenolic
content [42].

The results obtained regarding AsA increases, in lemon pulp and peel, in the presence of EO
vapor, are in line with recent studies on treatment with compounds such as methyl jasmonate, nitric
oxide, salicylic acid, and essential oil that have proven to elicit and stimulate the inductive-defensive
system and extend the shelf life of fruits and vegetables [43–45].

4. Materials and Methods

4.1. Plant Materials, EO Extraction, and Gas Chromatography/Mass Spectrometry Assessment

The research was performed between April and August 2018 in the Interdisciplinary Research
Platform of Banat University of Agricultural Sciences and Veterinary Medicine (Romania). Aerial parts
of plants, including mint, lavender, and basil, were collected from experimental fields of the Aromatic
Plant Department, Faculty of Agriculture Timisoara. The samples were harvested in full flowering
stage, in the months of June and July, on sunny days with moderate water deficit when the essential oil
content was the highest [21]. Plant samples were cleaned, dried in the shade, milled, and then stored
in the dark until use. An amount of 300 g of a homogenous sample was used for steam distillation
for 2.0 h, using Clevenger-type equipment for essential oil extraction according to the European
Pharmacopeia [46]. The obtained oils were stored at 2–4 ◦C until GC/MS analysis. The extraction
yields of MEO, BEO, and LEO were calculated using the following formula:

Yield (%) = (amount of EO (g)/amount of dry plant (g)) × 100 (1)

The chemical characterization of EO was done using a gas-chromatograph equipment with a
Shimadzu QP 2010Plus, Columbia, SC, USA mass spectrometer (GC/MS) with an AT WAX capillary
column (characteristics 30 m × 0.32 mm × 1 μm). Helium was used as the carrier gas with a flow rate of
1 mL/min with a column pressure of 42 kPa. Component separation was achieved under the following
program: 40 ◦C for 1 min a rate of 5 ◦C/min to 210 ◦C for 5 min. Injector and ion source temperatures
were 250 ◦C and 220 ◦C, respectively. The injection volume was 1 μL of a hexane solution of EO with
a 1:50 split ratio. The NIST 5 Wiley 275 libraries database was used to identify volatile compounds
through previously calculation of linear retention index (LRI) [25].

4.2. Antifungal Efficacy Assessment: In Vitro Assay

The fungal isolate, denoted Pd_0318_L, from Microbial Culture Collection, Agricultural
Microbiology Department, Faculty of Horticulture and Forestry Timisoara, was used in both
in vitro and in vivo assessments. The fungus was previously isolated from spoiled lemons on
MEA (malt-extract-agar, Sigma-Aldrich, Chemie, Madrid, Spain) and was identified, by morphological
and cultural characteristics according to Pitt and Hocking, as Penicillium digitatum [47]. To test the
antifungal efficacy of EO vapor, two circular plugs per Petri dish (8 mm Ø) were picked up from the
edge of a 4 day-old P. digitatum mycelium and were transferred on CYA medium (Czapek-yeast-agar,
Sigma-Aldrich). The amount of medium distributed was exactly 20 mL on each Petri dish (Ø =
100 mm). After mycelia plug inoculation (two per Petri dish) to ensure an atmosphere with essential
oil vapor, in the lid of the Petri dish a sterile filter paper was placed on which the dose of essential oil
was added. The variants were as follows: 0.0 (control), 50, 100, 150, 200, 250, 300, 350, 400 μL for MEO,
BEO, and LEO, respectively. To prevent the escape of volatile compounds, the Petri dishes were sealed
with adhesive tape. The volume of vapor enriched air in each Petri dish was calculated according to
the following equation:

VHS = VPD − VM (2)
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where VHS is the headspace of the Petri dish with EO vapor; VPD is the volume of the Petri dish (70
cm3); and VM is the volume of media in the Petri dish (20 cm3).

This means that for each Petri dish, 50 cm3 of air was enriched in EO vapor, resulting in the
following concentrations (%, v/v): 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8, respectively, valid for each EO
used in the experiment. The research was performed twice.

After 5 days, two perpendicular diameters of mycelia were measured, and their average (AD)
was calculated. The formula for calculating the new mycelium grown surfaces (NMG) is

NMG = ((AD2 ∗ 3.14/4) − AFI)/100 (3)

where NMG is the new mycelium growth surface (cm2); AD is the average of two perpendicular
diameters of the fungal colony (mm); and AFI is the circular plug area of fungal inoculums (50.24 mm2).

For assessment of fungistatic (MFsD) or fungicidal (MFdD) doses, the fungal discs from treatment
samples with no growth recorded were re-inoculated into fresh CYA medium, and after 3 days the
fungus revival was checked. The NMG values were then used to determine IC50 (EO concentration
with 50% mycelia inhibition).

4.3. Experiment 1—Antifungal Protection of Lemons, In Vivo Assay

Lemon (Citrus limon, Verna cv) fruits without chemical treatments were used for the evaluation of
antifungal protection in the atmosphere enriched in the essential oil vapor-phase. Fourteen desiccant
containers of 2 L volume were used; in each of them, 4 lemons were tested as replicates. In total,
56 lemons fruit were washed first in a 9:1 hypochlorite (NaOCl) solution and then rinsed three times in
sterile water. After drying in a sterile niche, the lemons were wounded in the peel at the equatorial
zone with a cork borer (0.8 cm diameter and 0.5 cm deep); two wounds were produced on each lemon.
The wounds were inoculated with 100 μL spore suspension of P. digitatum in saline water (0.65%)
containing 105 spores·mL−1. For each type of essential oil, two doses were tested, in two repetitions
each. Thus, EO vapor fumigation treatments were denoted as MEO-C1, MEO-C2, BEO-C1, BEO-C2,
LEO-C1, LEO-C2, and the control without EOs. Each treatment was done twice. C1 represents dose of
EOs corresponding to the IC50 value, and C2 is the half of it, as seen in Table 5.

Table 5. Doses and concentrations of EOs used for the in vivo study of lemon preservation in
vapor-phase modified atmosphere.

EO Doses

IC50
In Vitro *

C1
In Vivo **

C2
In Vivo ***

EO Doses
μL

EO
μL L−1 Air Space

EO Doses
μL

EO
μL L−1 Air Space

EO Doses
μL

EO
μL L−1 Air Space

MEO 91.49 183.0 3660 183 1830 91.5
BEO 23.28 46.0 932 46 466 23.0
LEO 43.39 86.0 1736 86 868 43.0

MEO, mint essential oil; BEO, basil essential oil; LEO, lavender essential oil; * IC50 values valid for 50 cm3 of Petri
dish head space; **C1 concentration of EO corresponding to the IC50 value, *** C2 concentration of EO corresponding
to half of IC50 value valid for 2 L air from container space.

The essential oil was added on the filter paper at the bottom of the desiccant container along with
a Petri glass with 10 mL distilled water for maintaining 90% relative humidity (RH). Four artificially
inoculated lemons were placed on the grid. The desiccant containers were hermetically sealed with
grease and stored at 24 ± 2 ◦C in the dark for 7 days. The in vivo experiment was performed twice.

4.4. Experiment 2: Physiological and Biochemical Indicators of Lemon Fruit Quality, In Vivo Assay

Forty lemons of the Maglina variety, purchased from the supermarket (conventional culture from
Greece), were divided into 8 groups (five lemons per group serving as repetitions). For the initial
determination of the indicators, namely firmness, the content of ascorbic acid in peel and pulp, and the
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pH value, a group of five lemons was used. For the firmness index of the lemons (n = 5), a digital
penetrometer FR 5120 (tips 8 mm, manufacturer LUTRON ELECTRONIC ENTERPRISE, Taiwan) was
used. The rest of the lemons were used to monitor the quality indicators after a 7-day storage period in
an atmosphere enriched with EO vapor. The lemon preservation was tested in hermetically desiccant
containers (2 L volume each) inside of which 5 lemons (taken as repetitions) were placed. The required
volume of each EO, in order to ensure the concentrations C1 and C2 according to Table 5, was added
on a filter paper placed on the bottom of the container. Each lemon fruit was weighed, recorded,
and labelled prior to storage in EO vapor-enriched air-space. After 7 days of storage in the dark at 24
± 2 ◦C, 90% RH, the lemons were weighed again, and the differences were presented as percent of
weight loss compared to the initial weight using Formula (4).

Weight loss (%) = IW − FW ∗ 100/IW (4)

where IW is the initial weight; and FW is the final weight.
The pH value was determined using an automatic WTW inoLab pH 720 (Weilheim,

Wissenschaftlich- Technische Werkstätten GmbH, Germany). The contents of ascorbic acid (AsA)
from peel and lemon pulp were determined with the Tillman method using 2,6-dichloroindophenol
(Tillman’s reagent, TR) from an average of 5 lemons per treatment [48]. Briefly, after weighing
and determining lemon firmness, the peel was scratched until the white lemon skin was exposed.
An amount of 4 g was weighed from an average sample to obtain the extract. Therefore, for each gram,
10 mL of 70% ethanol (ethanol 96%, Merck KGaA, Darmstadt, Germany) was added, and the sample
was shaken for 120 min at room temperature using a GFL 3005 Analogue Orbital Shaker (Gesellschaft
für Labortechnik GMBH, Burgwedel, Germany). Extracts were filtered using Whatman membrane
filters (nylon, 0.45 μm, 30 mm diameter; Sigma-Aldrich; Merck, Germany). AsA content was estimated
titrimetrically using 5 mL of extract diluted with 5 mL of oxalic acid (CAS Number 144-62-7, Merck,
Germany), adding 1 mL acetaldehyde (6.9 g L−1; CAS Number 75-07-0, Merck, Germany) and then
titrated with 1 mM solution 2,6-dichloroindophenol sodium salt hydrate (Merck, Germany) to pink
color. The experiment was performed twice.

4.5. Statistical Analysis

The results of both in vivo and in vitro assays, regarding the potential of EO treatments,
were presented as mean ± standard deviation (SD). ANOVA analyses were applied for data obtained
from new mycelial growth area and diameters of fungal growth on lemons preserved with EO vapor
treatment. The IC50 for each EO was established by the polynomial equation; previous data were
log-transformed. Additionally, t-test analysis was performed for ranking the EO treatments acting
as vapor in the storage of lemons, and for AsA accumulation in lemon peel and pulp. Data were
processed with Statistica 10 (StatSoft, USA).

5. Conclusions

Due to the volatilization properties, essential oils represent a natural method with high potential
for use in preserving or storing organic fruits and vegetables. EO utilized in the vapor-phase could
be effective against fungal deteriorations. Our data suggest that integration of EO treatments in the
vapor-phase could be an alternative to enhance the health-promoting phytochemicals in lemons.

The presence of EO in the vapor-phase stimulates the activity of the defense system in fruits by
increasing the ascorbic acid content responsible for protecting against the oxidative stress.

Our study clearly indicated that the vapor activity of BEO contributed considerably to the
inhibitory diameter of P. digitatum, and suggested, from an economic point of view, that BEO has
better efficiency than LEO and MEO since it needs the smallest quantity of EO in the lemon antifungal
preservation for the same time period.
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For the future, research is needed using higher doses of mint essential oil or research under
controlled conditions, taking into account lower temperature, humidity control, and the possibility of
airflow to determine the maximum potential that each EO can provide.

Supplementary Materials: Figure S1: The IC50 values determined by polynomial equation for MEO (a), BEO (b),
and LEO (c).
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