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Manuel Viuda-Martos

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade



Special Issue Editors

Juana Fernández-López
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Essential oils have received increasing attention as natural additives for the shelf-life extension
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food spoilage, but the present generation is very health conscious and believes in natural products
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major emerging technologies is the extraction of essential oils from several plant organs and their

application to foods. Essential oils are a good source of several bioactive compounds, which possess

antioxidative and antimicrobial properties, so their use can be very useful to extend shelf-life in

food products. Although essential oils have been shown to be promising alternative to chemical

preservatives, they present special limitations that must be solved before their application in food

systems. Low water solubility, high volatility, and strong odor are the main properties that make it

difficult for food applications. Recent advances that refer to new forms of application to avoid these

problems are currently under study. Their application into packaging materials and coated films but

also directly into the food matrix as emulsions, nanoemulsions, and coating are some of their new

applications among others.
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Abstract: Essential oils have received increasing attention as natural additives for the shelf-life
extension of food products due to the risk in using synthetic preservatives. Synthetic additives can
reduce food spoilage, but the present generation is very health conscious and believes in natural
products rather than synthetic ones due to their potential toxicity and other concerns. Therefore, one
of the major emerging technologies is the extraction of essential oils from several plant organs and
their application to foods. Essential oils are a good source of several bioactive compounds, which
possess antioxidative and antimicrobial properties, so their use can be very useful to extend shelf-life
in food products. Although essential oils have been shown to be promising alternative to chemical
preservatives, they present special limitations that must be solved before their application in food
systems. Low water solubility, high volatility, and strong odor are the main properties that make it
difficult for food applications. Recent advances that refer to new forms of application to avoid these
problems are currently under study. Their application into packaging materials and coated films but
also directly into the food matrix as emulsions, nanoemulsions, and coating are some of their new
applications among others.

Keywords: essential oil; foods; preservatives

Introduction

The application of essential oils (EOs) in food systems as natural inhibitors or biopreservatives
has received increasing attention mainly due to consumer concerns toward chemical preservatives.
This increasing interest can be checked by the number of papers published related to EOs application
in foods. In a basic search using the Web of Science database, from 1950 to 2017, selecting as search
topic “essential oils and foods” and as document type “article” a total of 5559 results were obtained.
Although the first article found dates from 1953 [1] and since then a trickle of articles appear in the
following years, it is not until 1990 that articles published every year are reported. Figure 1 shows the
evolution of the number of papers per year (from 1990 to 2017) published regarding essential oils and
foods. As can be seen in this figure, more than 86% of these papers have been published in last decade
which reveals the currently of the topic addressed in this special issue.

The application of essential oils for shelf-life extension in foods is mainly due to their antioxidant
and antimicrobial properties which also is reflected in the number of papers found when the words
“antioxidant” (1920 papers), “antimicrobial” (2473 papers), or both (973 papers) were added as
searching criterion. Regarding the type of foods mainly used in these studies, it can be concluded that
essential oils have been applied as biopreservatives in all types of foods, although their application in
fruits and vegetables has been the highest reported: fruits (657 papers), vegetables (403 papers), fish
products (415 papers), meat products (410 papers), milk and dairy products (216 papers), and bread
and baked foods (97 papers).

Foods 2018, 7, 56 1 www.mdpi.com/journal/foods
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Figure 1. Evolution of the number of papers per year (from 1990 to 2017) published regarding essential
oils and foods.

One of the most important aspects that has changed along time is the way in which essential
oil has been applied in foods. The first method of application was directly added essential oil to the
food matrix, which showed special limitations mainly associated with intrinsic obstacles such as their
low water solubility, high volatility, low stability, bioavailability, and strong odor. EOs are unstable
volatile compounds which can be degraded easily (by oxidation, volatilization, heating, light, etc.)
when they are added to the food matrix. It must be taken into account that most of the food elaboration
processes include heat treatment or air and light exposition, all of them factors that increase their
degradation. For these reasons, several protection methods to increase their action duration and to
provide a controlled release during the shelf-life of food have been proposed. Encapsulation has
emerged as a useful alternative to enhance EO stability. The encapsulation of EOs using different
materials and methods has been widely studied [2]. EOs have been encapsulated in polymeric particles,
liposomes, and solid lipid nanoparticles, which enhanced its stability and efficacy. The recent advances
in nanotechnology have made possible the development of novel carrier agents for the delivery and
control release of EOs in food system with enhanced chemical, oxidative, and thermal stability [3].
Although nanoencapsulation is a promising tool for effective delivery of EOs into food, the toxicological
aspects of most of the nanocarriers and their molecular target site must be further explored.

EOs have also been used as additives in biodegrabable films and coatings for active food
packaging [4,5]. EOs can provide the films and coatings with antioxidant and/or antimicrobial
properties, depending both on their composition and on the interactions with the polymer matrix.
The antioxidant activity depends not only on the specific antioxidant activity of the oil compounds
but also on the film’s oxygen permeability. The incorporation into edible films can promote the
antimicrobial capacity of EOs, and the effectiveness of the edible film against microbial growth will
depend on the oil’s nature and the type of microorganism. EOs’ controlled release from edible films is
another aspect that positively affects their effectiveness. In addition, consumers’ concern regarding
possible negative health effects of applying synthetic preservatives to food products together with the
boom of organic culture that promotes the consumption of organic foods (in whose processing synthetic
additives are not authorized) have also contribute to boost the interest in organic EOs properties.
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In this special issue, the original papers published address all these aspects providing further
insights into the application of EOs in foods or assessing specific properties relevant in a specific type
of EO.

In the study by Pellegrini et al. [6] the authors focused their interest in EOs from some officinal
plants from the Abruzzo territory (Italy), assessing the whole chemical characterization of their volatile
fraction and their antimicrobial and antioxidant activities. All these analyses allow establishing which
of them could be better candidates for their potential application as biopreservatives depending on the
type of food to be incorporated. In addition, the characterization of EOs autochthonous from a specific
region will allow their application by local industries contributing to their development.

The study by Sharopov et al. [7] also contributes to increasing the knowledge of local EOs, in this
case it is regarding the EO of Fennel from Tajikistan. These authors assessed the chemical composition
of this EO by gas chromatographic-mass spectrometric analysis and its antioxidant activity. In addition,
these authors also studied the potential cytotoxic activity against several cancer cell lines, which is
very important for its potential application in food products.

Consistent with this aspect there is also the paper of Satyal et al. [8] contributing to a deeper
knowledge about EOs from a culinary ingredient broadly used around the world (garlic). In this
case, EOs from both, garlic (Allium sativum) and other type of garlic widely used as its substitute
(Allium vineale), have been chemically characterized.

Ballester-Costa et al. [9] have focused their study in EOs from four Thymus species from organic
growth, contributing to their potential application to organic food processing. Taking into account
that thymus is a common specie in the Spain meat industry, the work has assessed its antioxidant and
antibacterial properties with the objective of its use for the meat industry. The main novelty of this
work is the application, as culture medium for the antibacterial activity evaluation, and of several
meat homogenates (minced beef, cooked ham, or dry-cured sausage). This type of study allows that
the potential effect of these meat matrices on bacterial survival would be included in the general
antibacterial activity that has been evaluated.

In the work carried out by Nowotarska et al. [10] the antimicrobial modes of action of six
compounds from cinnamon and oregano EOs against Mycobacteriun avium sbsp. paratuberculosis
were evaluated. It is a pathogenic bacterium that can infect food animals and humans and to be present
in milk, cheese, and meat which reveals the interest in studying some compounds to be inhibited and
their action mechanisms.

Others two papers are related to the effect of thyme and savory EOs on specific foods: Santoro et
al. [11] reported the effect on the control of postharvest diseases and quality of peaches and nectarines,
while Banani et al. [12] reported its efficacy on apples. In the first work the authors concluded that both
EOs favor a reduction of brown rot incidence (caused by Monilinia fructicola) but increased gray mold
(caused by Botrytis cinerea). Respect to the overall quality of the fruits, both EOs showed a positive
effect in reducing weight loos and in maintaining ascorbic acid and carotenoid content. Regarding
the second study, apples treated with these EOs showed lower gray mold severity and incidence and
the authors reported that the PR-8 gene of apple may play a key role in the mechanism implicated in
this inhibition.

The prevention of growth of Escherichia coli in ground beef by the application of surfactant
micelle-entrapped eugenol was the objective proposed in the paper by Tolen et al. [13]. In this case the
authors concluded that this antimicrobial treatment did not significantly decontaminate ground beef
and so further studies must be proposed to increase the utility of these EOs for beef safety protection.

Application of essential oils in food systems is an interesting and growing area for researchers
whose results could end up having a great use for food industries. It is a wide field of research
where different aspects can be addressed. We hope that readers will find this issue interesting and
useful and allow them to understand its importance and relevance and so to propose new studies for
future papers.

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

3



Foods 2018, 7, 56

References

1. Anderson, E.S.; Esselen, W.B.; Handleman, A.R. The effect of essential oils on the inhibition and thermal
resistance of microorganisms in acid food product. J. Food Sci. 1953, 18, 40–47. [CrossRef]

2. Asbahani, A.E.; Miladi, K.; Badri, W.; Sala, M.; Aït Addi, E.H.; Casabianca, H.; Mousadik, A.E.; Hartmann, D.;
Jilale, A.; Renaud, F.N.R.; et al. Essential oils: From extraction to encapsulation. Int. J. Pharm. 2015, 483,
220–243. [CrossRef] [PubMed]

3. Prakash, B.; Kujur, A.; Yadav, A.; Kumar, A.; Singh, P.P.; Dubey, N.K. Nanoencapsulation: An efficient
technology to boost the antimicrobial potential of plant essential oils in food system. Food Control 2018, 89,
1–11. [CrossRef]

4. Atares, L.; Chiralt, A. Essential oils as additives in biodegradable films and coatings for active food packaging.
Trends Food Sci. Technol. 2016, 48, 51–62. [CrossRef]

5. Ribeiro-Santos, R.; Andrade, M.; Ramos de Melo, N.; Sanches-Silva, A. Use of essential oils in active food
packaging: Recent advances and future trends. Trends Food Sci. Technol. 2017, 61, 132–140. [CrossRef]

6. Pellegrini, M.; Ricci, A.; Serio, A.; Chaves-López, C.; Mazzarrino, G.; D’Amato, S.; Lo Sterzo, C.;
Paparella, A. Characterization of essential oils obtained from Abruzzo autochthonous plants: Antioxidant
and antimicrobial activities assessment for food application. Foods 2018, 7, 19. [CrossRef] [PubMed]

7. Sharopov, F.; Valiev, A.; Satyal, P.; Gulmurodov, I.; Yusufi, S.; Setzer, W.N.; Wink, M. Cytotoxicity of the
Essential Oil of Fennel (Foeniculum vulgare) from Tajikistan. Foods 2017, 6, 73. [CrossRef] [PubMed]

8. Satyal, P.; Craft, J.D.; Dosoky, N.S.; Setzer, W.N. The chemical compositions of the volatile oils of garlic
(Allium sativum) and wild garlic (Allium vineale). Foods 2017, 6, 63. [CrossRef] [PubMed]

9. Ballester-Costa, C.; Sendra, E.; Fernández-López, J.; Pérez-Álvarez, J.A.; Viuda-Martos, M. Assessment of
Antioxidant and antibacterial properties on meat homogenates of essential oils obtained from four thymus
species achieved from organic growth. Foods 2017, 6, 59. [CrossRef] [PubMed]

10. Nowotarska, S.W.; Nowotarski, K.; Grant, I.R.; Elliott, C.T.; Friedman, M.; Situ, C. Mechanisms of
antimicrobial action of cinnamon and oregano oils, cinnamaldehyde, carvacrol, 2,5-dihydroxybenzaldehyde,
and 2-hydroxy-5-methoxybenzaldehyde against Mycobacterium avium subsp. paratuberculosis (Map). Foods
2017, 6, 72. [CrossRef] [PubMed]

11. Santoro, K.; Maghenzani, M.; Chiabrando, V.; Bosio, P.; Gullino, M.L.; Spadaro, D.; Giacalone, G. Thyme
and savory essential oil vapor treatments control brown rot and improve the storage quality of peaches and
nectarines, but could favor gray mold. Foods 2018, 7, 7. [CrossRef] [PubMed]

12. Banani, H.; Olivieri, L.; Santoro, K.; Garibaldi, A.; Gullino, M.L.; Spadaro, D. Thyme and savory essential oil
efficacy and induction of resistance against botrytis cinerea through priming of defense responses in apple.
Foods 2018, 7, 11. [CrossRef] [PubMed]

13. Tolen, T.N.; Ruengvisesh, S.; Taylor, T.M. Application of surfactant micelle-entrapped eugenol for prevention
of growth of the shiga toxin-producing Escherichia coli in ground beef. Foods 2017, 6, 69. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

4



foods

Article

Assessment of Antioxidant and Antibacterial
Properties on Meat Homogenates of Essential Oils
Obtained from Four Thymus Species Achieved from
Organic Growth

Carmen Ballester-Costa, Esther Sendra, Juana Fernández-López, Jose A. Pérez-Álvarezand

Manuel Viuda-Martos *

IPOA Research Group (UMH-1 and REVIV-Generalitat Valenciana), AgroFood Technology Department,
Escuela Politécnica Superior de Orihuela, Miguel Hernández University, Ctra. Beniel km 3.2,
E-03312 Orihuela, Spain; carmen.ballester@umh.es (C.B.-C.); esther.sendra@umh.es (E.S.);
j.fernandez@umh.es (J.F.-L.); ja.perez@umh.es (J.A.P.-A.)
* Correspondence: mviuda@umh.es; Tel.: +34-966-749-737; Fax: +34-966-749-677

Received: 30 June 2017; Accepted: 22 July 2017; Published: 28 July 2017

Abstract: In the organic food industry, no chemical additives can be used to prevent microbial
spoilage. As a consequence, the essential oils (EOs) obtained from organic aromatic herbs and
spices are gaining interest for their potential as preservatives. The organic Thymus zygis, Thymus
mastichina, Thymus capitatus and Thymus vulgaris EOs, which are common in Spain and widely used
in the meat industry, could be used as antibacterial agents in food preservation. The aims of this
study were to determine (i) the antibacterial activity using, as culture medium, extracts from meat
homogenates (minced beef, cooked ham or dry-cured sausage); and (ii) the antioxidant properties
of organic EOs obtained from T. zygis, T. mastichina, T. capitatus and T. vulgaris. The antioxidant
activity was determined using different methodologies, such as Ferrous ion-chelating ability assay,
Ferric reducing antioxidant power, ABTS radical cation (ABTS•+) scavenging activity assay and
2,2′-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging method; while the antibacterial activity
was determined against 10 bacteria using the agar diffusion method in different meat model media.
All EOs analyzed, at all concentrations, showed antioxidant activity. T. capitatus and T. zygis EOs were
the most active. The IC50 values, for DPPH, ABTS and FIC assays were 0.60, 1.41 and 4.44 mg/mL,
respectively, for T. capitatus whilst for T. zygis were 0.90, 2.07 and 4.95 mg/mL, respectively. Regarding
antibacterial activity, T. zygis and T. capitatus EOs, in all culture media, had the highest inhibition
halos against all tested bacteria. In general terms, the antibacterial activity of all EOs assayed was
higher in the medium made with minced beef than with the medium elaborated with cooked ham or
dry-cured sausage.

Keywords: essential oil; Thymus; antibacterial; antioxidant; meat homogenates

1. Introduction

Greater understanding of the relationship between diet, specific food ingredients and health
is leading to new insights into the effect of food components on physiological function and health.
This awareness has moved consumers to become more health-conscious, driving a trend towards
“green”, healthy and nutritious foods with additional health-promoting functions. This new approach
to improving health status is especially interesting for the meat industry. The study by Grunert [1]
on trends in meat consumption identifies the processed meat manufacturing sector as having the
most promising future, due, among other reasons, to consumers’ demand for products that are easy
and quick to prepare. However, to maintain the safety and prolong the shelf-life of meat and meat

Foods 2017, 6, 59 5 www.mdpi.com/journal/foods
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products, the meat industry uses synthetic preservatives that have been widely used to control the
lipid oxidation and to eliminate bacteria or moulds.

The use of these synthetic preservatives enters into controversy with the idea of a healthy and
“green” product due to the fact that these compounds could cause health problems for consumers over
a long-term period. Thus, aiming at the reduction of the use of chemical additives in the food industry,
there has been growing interest recently in the use of natural food additives with antimicrobial and
antioxidant properties that do not have any negative effects on human health [2]. In this way, natural
antioxidants extracted from plants can be used as alternatives to synthetic preservatives due to their
equivalent or greater effect on the inhibition of lipid oxidation and bacterial growth [3].

Essential oils (EOs) obtained from aromatic herbs and spices are aromatic oily liquids formed
by aromatic plants as secondary metabolites, which are constituted by a complex mix of compounds,
including monoterpens and sesquiterpene hydrocarbons, as well as their corresponding oxidized
products (e.g., alcohols, aldehydes, ethers and ketones), several phenylpropane derivatives, phenols
and miscellaneous volatile organic compounds (e.g., octanal, dodecanal, 2-undecanone) [4,5]. Although
the antioxidant and antimicrobial properties of EOs were acknowledged a long time ago, there are
still several investigations that have shown that these compounds exhibit strong antimicrobial and
antioxidant properties [6–8], making them interesting ingredients in the meat industry. Additionally,
the main advantage of EOs is that they can be used in any food, and are generally recognized as
safe (GRAS), as long as their maximum effects are attained with minimal change in the organoleptic
properties of the food [9]. Although the antimicrobial properties of EOs reaches in vitro bioactive
concentrations at 5% or less, the application of plant EOs for control of food-borne pathogens and food
spoilage bacteria requires the evaluation of their efficacy within food products or in model systems
that closely simulate food composition [10]. The organic essential oils were obtained from four Thymus
species: Thymus zygis, Thymus mastichina, Thymus capitatus and Thymus vulgaris chemotype linalool,
which are common in Spain and are widely used in the meat industry. Additionally, they are widely
used as culinary flavoring agents, and their flavor and aroma are familiar to and widely accepted by
consumers [11]. Therefore, the aims of this study were to determine (i) their antibacterial activity using,
as culture medium, extracts from meat homogenates (minced beef, cooked Ham or dry-cured sausage);
and (ii) their antioxidant properties.

2. Material and Methods

2.1. Essential Oils

The essential oils (EOs) of Thymus zygis reference (ref.) 11961, Thymus mastichina ref. 90001-1284,
Thymus capitatus ref. 95001-1150, and Thymus vulgaris ref. 80001-3577 were used in this work. These
EOs were analyzed by Ballester-Costa et al. [11]. These authors reported that in T. mastichina EO the
major compounds were 1,8-cineole (51.94%), linalool (19.90%) and β-pinene (3.39%). T. capitatus EO
was characterized by the high monoterpenoid fraction, and especially by the presence of carvacrol
(69.83%), and their precursors p-cymene (6.12%) and γ-terpinene (6.68%). With regard to T. vulgaris
EO, the main component was linalool (44.00%) followed by terpineol-4 (11.84%), γ-terpinene (8.91%)
and β-myrcene (6.89%). Finally, in T. zygis EO, the major components were thymol (48.59%), p-cymene
(18.79%), γ-terpinene (8.31%) and linalool (4.31%). All EOs analyzed were supplied by Esencias
Martinez Lozano (Murcia, Spain). The EOs were certified organic by the Institute for Marketecology
(IMO) according to the procedures as outlined in the USDA, AMS 7 CFR Part 205 National Organic
Program, Final Rule.
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2.2. Antioxidant Activity

2.2.1. 2,2′-diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging Method

The antioxidant activity of different concentrations (0.23–30 mg/mL) of Thymus EOs was measured
in terms of hydrogen donating or radical scavenging ability, using the stable radical DPPH [12].
The results were expressed as IC50 value: concentration (mg/mL) for a 50% chelating effect.

2.2.2. ABTS Radical Cation (ABTS•+) Scavenging Activity Assay

The ABTS•+ scavenging activity assay was determined as described by Leite et al. [13] with some
modifications. The ABTS•+ solution was produced by reacting aqueous ABTS solution (7 mM) with
potassium persulfate (2.45 mM). Diluted ABTS•+ solution with an absorbance of 0.70 ± 0.02 at 734 nm
was employed in the analysis. The reactions were performed by adding 990 μL of ABTS•+ solution
to 10 μL of each EOs solution (0.23–30 mg/mL). After 6 min of incubation at room temperature,
absorbance values were measured on a spectrophotometer at 734 nm. The results were expressed as
IC50 value: concentration (mg/mL) for a 50% chelating effect.

2.2.3. Ferric Reducing Antioxidant Power

The ferric reducing antioxidant power (FRAP) of different concentrations (0.23–30 mg/mL) of
Thymus EOs samples was determined by using the potassium ferricyanide-ferric chloride method [14].
The FRAP of the samples was estimated in terms of mg Trolox equivalent (TE) mL of the sample as the
mean of three replicates.

2.2.4. Ferrous Ion-Chelating Ability Assay

Ferrous ion (Fe2+) chelating activity (FIC) of different concentrations (0.15–20 mg/mL) of EO
samples was measured by inhibiting the formation of Fe2+-ferrozine complex after treatment of test
material with Fe2+, following the method of Carter [15]. The results were expressed as IC50 value:
concentration (mg/mL) for a 50% chelating effect.

2.3. Microbial Strains

The EOs were individually tested against several bacterial strains: Listeria innocua CECT 910,
Serratia marcescens CECT 854, Pseudomonas fragi CECT 446, Pseudomonas fluorescens CECT 844, Aeromonas
hydrophila CECT 5734, Shewanella putrefaciens CECT 5346, Achromobacter denitrificans CECT 449,
Enterobacter amnigenus CECT 4078, Enterobacter gergoviae CECT 587, Alcaligenes faecalis CECT 145.
These microorganisms were chosen as they are commonly associated with the spoilage of refrigerated
foods; as an indicator of pathogenic microorganism or as the spoilage microorganism. All species were
supplied by the Spanish Type Culture Collection (CECT) of the University of Valencia (Valencia, Spain).

2.4. Antimicrobial Screening

2.4.1. Preparation of Meat Model Medium

Ten grams of minced beef (MB), cooked ham (CH), or dry-cured sausage (DCS) were added to
90 mL of one-quarter-strength buffered peptone water (pH 7.2) in blender bags and homogenized in a
Stomacher until smooth. After that, the samples were filtered through a paper disc Whatman n◦ 2 to
remove solid particles and obtained a clarified extract. Meat model medium was made mixing the
extracts obtained from MB, CH or DCS with agar solution (Sharlab, Barcelona, Spain) in order to obtain
a final solid medium solution with 1.5% agar. Finally, all prepared meat solutions were autoclaved,
separately, at 121 ◦C for 15 min prior to use, to eliminate contamination from organisms that may
already be present in the food.
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2.4.2. Disc-Diffusion Method

Screening of EOs for antibacterial activity was determined by the agar diffusion method following
the recommendations of Tepe et al. [16]. Petri plates were prepared by pouring 20 mL of previously
prepared meat model medium (MB, CH or DCS) at 55 ◦C and allowed to solidify. Plates were dried for
30 min in a biological safety cabinet with vertical laminar flow. A suspension (0.1 mL of 106 CFU/mL)
of standardized inoculum suspension was spread on the solid medium plates. The inoculums were
allowed to dry for 5 min. Then, a sterile filter paper disk (9 mm in diameter Schlinder & Schuell, Dassel,
Germany) was impregnated with 30 μL EO. The plates were left for 15 min at room temperature
to allow the diffusion of the EO, and then they were incubated at appropriated temperature for
each bacterium for 24 h. At the end of the period, the diameter of the clear zone around the disc
was measured with a caliper (Wiha dialMax® ESD-Uhrmessschieber) and expressed in millimeters
(disk diameter included) as its antimicrobial activity. According to the width of the inhibition zone
diameter expressed in mm, results were appreciated as follows: not active (−) for diameters equal
to or below 12.0 mm; moderately active (+) for diameters between 12.0 and 21.0 mm; active (++) for
diameters between 21.0 and 30.0 mm and extremely active (+++) for diameters equal to or longer than
30.0 mm [17]. All tests were performed in triplicate.

2.5. Statistical Analysis

Conventional statistical methods were used to calculate means and standard deviations of
three simultaneous assays carried out with the different methods. Data collected for antioxidant
properties were analyzed by one-way analysis of variance to test the effects of essential oils (levels:
T. zygis, T. mastichina, T. capitatus and T. vulgaris). Data collected for antibacterial properties were
analyzed by two-way analysis of variance to test the effects of two fixed factors: essential oil
(levels: T. zygis, T. mastichina, T. capitatus and T. vulgaris) and bacterial strains (levels: L. innocua,
A. hydrophila, S. marcescens, A. faecalis, A. denitrificans, P. fragi, P. fluorescens, S. putrefaciens, E. amnigenus
and E. gergoviae). The Tukey’s post hoc test was applied for comparisons of means, differences were
considered significant at p < 0.05. Statistical analysis and comparisons among means were carried
out using the statistical package Statgraphics 5.1 for Windows (Statpoint Technologies Inc., Herndon,
VA, USA).

3. Results and Discussion

3.1. Antioxidant Activity

The antioxidant activity of EOs obtained from T. zygis, T. mastichina, T. capitatus and T. vulgaris
was determined using four different methodologies (DPPH and ABTS•+ scavenging activity, reducing
power and chelating activity), due to the fact that a single method will provide basic information
about antioxidant properties, but a combination of methods will describe the antioxidant properties of
the sample in more detail [18]. The results are summarized in Table 1. With regard to DPPH assay,
the EOs analyzed exhibited varying degrees of scavenging ability. T. capitatus EO showed the strongest
(p < 0.05) radical scavenging effect, with an IC50 value of 0.60 mg/mL followed by T. zygis EO, which
had an IC50 value of 0.90 mg/mL. T. mastichina and T. vulgaris EOs, in that order, showed the lowest
scavenging activity (p < 0.05). In the case of ABTS•+ scavenging activity (Table 1), all EOs analyzed
showed this ability. Again T. capitatus EO showed the lowest (p < 0.05) IC50 value, and therefore it had
the greatest antioxidant activity. On the other hand, T. vulgaris EO had the lowest (p < 0.05) IC50 value.
This strong radical scavenging potential capacity, measured with DPPH and ABTS assays, of the EOs
analyzed could explained by the occurrence of hydroxylated compounds such as terpenoids in their
composition [19].
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Table 1. Antioxidant activity of essential oils obtained from T. capitatus, T. mastichina, T. vulgaris and
T. zygis determined using four different methods such as DPPH, ABTS, FRAP and FIC.

DPPH Assay ABTS Assay FIC Assay FRAP Assay

IC50 (mg/mL) IC50 (mg/mL) IC50 (mg/mL) (mg TE/mL)

T. mastichina 3.11 ± 0.11 b 3.73 ± 0.14 b 9.61 ± 0.19 b 19.26 ± 0.10 c

T. zygis 0.90 ± 0.03 c 2.07 ± 0.06 c 4.95 ± 0.14 c 49.56 ± 0.09 b

T. vulgaris 4.05 ± 0.09 a 6.46 ± 0.11 a 13.29 ± 0.18 a 12.69 ± 0.03 d

T. capitatus 0.60 ± 0.02 d 1.41 ± 0.05 d 4.44 ± 0.16 d 58.12 ± 0.25 a

DPPH: 2,2′-diphenyl-1-picrylhydrazyl Radical Scavenging Method; ABTS: Radical Cation (ABTS•+) Scavenging
Activity Assay; FIC: Ferrous ion (Fe2+) chelating activity; FRAP: The ferric reducing antioxidant power. Values
followed by the same lower-case letter within the same column are not significantly different (p > 0.05) according to
Tukey’s Multiple Range Test.

Table 1 shows the ferric reducing antioxidant power obtained using the FRAP assay. T. capitatus
EO had the highest (p < 0.05) ferric reducing capacity in terms of Trolox concentrations. It was
followed by T. zygis EO. T. mastichina and T. vulgaris EOs had lower (p < 0.05) ferric reducing capacity
compared with the other EOs. Ferrous ion, normally present in foods, is recognised as an effective
pro-oxidant agent. EOs displayed the ability to chelate pro-oxidant metal ions, such as iron and
copper, consequently avoiding free radical formation from these pro-oxidants. The Fe+2 chelating
capacity of different Thymus EOs is shown in Table 1. T. capitatus and T. zygis EOs, showed the highest
values (p < 0.05) for chelating Fe+2, with IC50 values of 4.44 and 4.95 mg/mL, respectively. Once more,
T. mastichina and T. vulgaris EOs had the lowest capacity (p < 0.05) to act as chelating agents.

The antioxidant activities of essential oils obtained from several thyme varieties have been
reported by several studies [20–22]. Therefore, Zouari et al. [20] investigated the antioxidant activity of
Thymus algeriensis Boiss. et Reut EO, which grows wild in Tunisia. They reported that T. algeriensis EO
was able to reduce the stable free radical DPPH with an IC50 of 0.8 mg/mL. Viuda-Martos et al. [4]
analyzed the antioxidant activity of Thymus vulgaris EO cultivated in Egypt. These authors reported
that this EO showed, in a DPPH assay, an IC50 of 4.50 mg/mL, while in the FIC assay the EC50 was
0.27 mg/mL. Ruiz-Navajas, et al. [6] reported IC50 values for Thymus piperella EO, in DPPH and FIC
assays, of 9.30 and 425 mg/mL, respectively, while for Thymus moroderi EO the IC50 values were
90 and 6 mg/mL, respectively. In a similar study, Ali et al. [22] analyzed the antioxidant activity of EO
obtained from Thymus algeriensis. These authors reported that the level of antioxidant activity estimated
by the DPPH (IC50 = 4.31–9.23 mg/mL) and ABTS (11.69–28.23 μg Trolox Equivalent/mg) tests was
moderate. Nikolić et al. [23] reported that Thymus serpyllum essential oil showed the highest DPPH
radical scavenging activity (IC50: 0.96 μg/mL), followed by the oils of T. algeriensis (IC50: 1.64 μg/mL)
and T. vulgaris (IC50: 4.80 μg/mL).

The difference in the antioxidant capacity measured with four different tests, between the four
Thymus species analyzed in this work could be explained by the different mechanisms involved in each
corresponding assay; each EO had different compounds in its composition with specific capacities
to participate in those mechanisms. However, it should be borne in mind that, as mentioned by
Viuda-Martos et al. [24], it is very difficult to attribute the antioxidant effect of an EO to one or a
few main constituents, due to an EO always containing a mixture of different chemical compounds,
meaning that their biological profiles are probably the result of a synergism of all molecules present
in the EO. It is even possible that the activity of the main components is modulated by other minor
molecules, as mentioned Bakkali et al. [25]. However, it should be borne in mind that the activities
of EOs such as antioxidants depend not only on their structural features, but also on many other
factors, such as concentration, temperature, light, type of substrate, and physical state of the system,
as well as on microcomponents acting as pro-oxidants or synergists [26]. Anyway, the use of EOs
or the individual isolated components obtained from them are new approaches for increasing their
efficacy, taking advantage of their synergistic and additive effects [27].
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3.2. Antibacterial Activity

The antibacterial activity of EOs obtained from T. zygis, T. mastichina, T. capitatus and T. vulgaris was
determined by the application of disk diffusion against a panel of ten bacteria commonly associated
with refrigerated foods, either as indicator of pathogenic microorganism or as spoilage microorganism,
using medium extracts obtained from meat homogenates as culture. Table 2 shows the antibacterial
activity of Thymus EOs using a minced beef extract as culture medium. All EOs studied showed growth
inhibitory activity against all strains tested. All EOs tested showed the largest halos of inhibition
against A. faecalis and L. innocua strains. For both bacteria all EOs were extremely active. In the case of
A. faecalis, the T. capitatus EO showed the greatest inhibition halos (p < 0.05), followed by the T. zygis,
T. vulgaris and T. mastichina Eos; while for L. innocua, the EO obtained from T. zygis had the greatest
inhibition halos (p < 0.05), followed by T. mastichina, T. capitatus and T. vulgaris Eos, which showed
no differences (p > 0.05) between them. For E. amnigenus, E. gergoviae and P. fluorescens, T. zygis and
T. capitatus EOs showed the highest inhibitory activity on these strains, with no statistically significant
differences (p > 0.05) between them. These EOs were moderately active against Enterobacter spp. and
active on P. fluorescens. For A. denitrificans, A. hydrophila, P. fragi, S. marcescens and S. putrefaciens,
T. capitatus EO showed the highest inhibition halos (p < 0.05), and their activity against these strains
could be classified as active or extremely active. For these bacteria, the next most effective was the
T. zygis EO, and its activity could be classified as moderately active or active.

Table 2. Antibacterial activity of T. capitatus, T. mastichina, T. vulgaris and T. zygis EOs against several
bacterial strains using minced beef extract as culture medium.

Diameter of Inhibition Zone (mm) Including Disc (9 mm)

T. capitatus T. mastichina T. vulgaris T. zygis

A. denitrificans 28.37 ± 0.11 aD (++) 11.29 ± 0.00 dE (−) 19.82 ± 0.97 cB (+) 23.92 ± 2.72 bD (++)

A. faecalis 35.12 ± 0.30 aA (+++) 16.91 ± 1.17 dB (+) 32.73 ± 0.33 cA (+++) 33.85 ± 0.36 bB (+++)

A. hydrophila 30.69 ± 1.88 aC (+++) 14.70 ± 0.98 dC (+) 16.04 ± 0.11 cC (+) 19.35 ± 0.07 bE (+)

E. amnigenus 16.80 ± 0.28 aE (+) 10.97 ± 0.01 cF (−) 12.43 ± 0.18 b (+) 17.98 ± 1.67 aE (+)

E. gergoviae 13.78 ± 0.63 aF (+) 10.82 ± 0.06 bF (−) 10.77 ± 1.42 bE (−) 13.92 ± 0.08 aF (+)

L. innocua 34.07 ± 1.68 bA (+++) 34.98 ± 1.67 bA (+++) 33.77 ± 3.35 bA (+++) 45.37 ± 5.98 aA (+++)

P. fluorescens 29.36 ± 2.11 aCD (++) 12.07 ± 1.10 cDE (+) 19.91 ± 2.55 bB (+) 27.72 ± 0.68 aC (++)

P. fragi 29.80 ± 2.16 aCD (++) 11.61 ± 0.01 dE (−) 16.23 ± 2.29 cCD (+) 26.61 ± 1.90 bC (++)

S. marcescens 29.06 ± 1.10 aCD (++) 11.84 ± 0.49 cE (−) 16.84 ± 1.10 bCD (+) 16.96 ± 0.05 bE (+)

S. putrefaciens 32.04 ± 0.01 aB (+++) 13.09 ± 0.40 dD (+) 15.34 ± 0.00 cD (+) 20.85 ± 3.28 bDE (+)

For the same bacteria, values followed by the same lower-case letter within the same row are not significantly
different (p > 0.05) according to Tukey’s Multiple Range Test. For the same essential oil, values followed by the
same upper-case letter within the same column are not significantly different (p > 0.05) according to Tukey’s
Multiple Range Test. Essential oils are classified as (−) not active, (+) moderately active, (++) active and (+++)
extremely active.

With regard to the antibacterial activity of Thymus EOs using a cooked ham extract as culture
medium (Table 3); again, all EOs analyzed had antibacterial activity on all bacteria strains tested.
Except for S. putrefaciens, T. vulgaris EO showed the lowest inhibition zones (p < 0.05) of all EOs
analyzed, and could be classified as not active or active depending of bacteria strain. On the other
hand, T. capitatus EO showed the greatest (p < 0.05) inhibition halos against A. denitrificans, A. faecalis,
E. amnigenus and P. fluorescens, while T. zygis EO had the highest inhibition halos (p < 0.05) against
L. innocua, A. hydrophila and P. fragi. These EOs, against these strains, could be classified as moderately
active or active. For E. gergoviae and S. marcescens, no statistical differences (p > 0.05) were found
between T. capitatus and T. zygis EOs.
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Table 3. Antibacterial activity of T. capitatus, T. mastichina, T. vulgaris and T. zygis EOs against several
bacterial strains using cooked ham extract as culture medium.

Diameter of Inhibition Zone (mm) Including Disc (9 mm)

T. capitatus T. mastichina T. vulgaris T. zygis

A. denitrificans 14.70 ± 0.14 aE (+) 13.29 ± 0.61bcB (+) 13.59 ± 0.00 bE (+) 13.11 ± 0.13 cE (+)

A. faecalis 32.25 ± 0.01 aA (+++) 15.34 ± 0.70 cA (+) 24.55 ± 1.44 bA (++) 25.39 ± 1.96 bA (++)

A. hydrophila 14.49 ± 0.39 bE (+) 12.13 ± 0.34 cC (+) 14.74 ± 0.08 bD (+) 18.51 ± 0.24 aB (+)

E. amnigenus 16.29 ± 0.50 aC (+) 10.69 ± 0.37cE (−) 10.87 ± 0.10 cF (−) 15.08 ± 0.90 bD (+)

E. gergoviae 16.51 ± 1.73 aC (+) 13.81 ± 0.28 cB (+) 14.46 ± 0.20 bDE (+) 17.32 ± 0.97 aC (+)

L. innocua 20.86 ± 0.59 bB (++) 15.23 ± 1.22 cA (+) 22.35 ± 0.40 aB (++) 23.01 ± 0.78 aA (++)

P. fluorescens 17.71 ± 0.85 aC (+) 12.86 ± 0.56 dC (+) 13.93 ± 0.45 cE (+) 15.48 ± 0.25 bD (+)

P. fragi 15.17 ± 0.15 bD (+) 11.78 ± 0.06 dD (−) 14.30 ± 0.64 cDE (+) 16.68 ± 0.37 aC (+)

S. marcescens 16.59 ± 1.09 aC (+) 12.69 ± 0.01 bC (+) 15.95 ± 0.80 aC (+) 15.15 ± 0.00 aD (+)

S. putrefaciens 13.75 ± 0.00 bF (+) 14.34 ± 0.23 aA (+) 9.77 ± 0.04 dG (−) 12.98 ± 0.11 cE (+)

For the same bacteria, values followed by the same lower-case letter within the same row are not significantly
different (p > 0.05) according to Tukey’s Multiple Range Test. For the same essential oil, values followed by the
same upper-case letter within the same column are not significantly different (p > 0.05) according to Tukey’s
Multiple Range Test. Essential oils are classified as (−) not active, (+) moderately active, (++) active and (+++)
extremely active.

Table 4 shows the antibacterial activity of T. capitatus, T. mastichina, T. vulgaris and T. zygis EOs
against several bacteria strains using a dry-cured sausage extract as culture medium. In this case,
not all EOs studied showed growth inhibitory activity against all strains tested. Thus, for E. gergoviae,
only T. vulgaris EOs produced inhibition halos while for A. faecalis and E. amnigenus, only T. mastichina
and T. vulgaris EOs had antibacterial activity, with T. vulgaris EOs presenting higher (p < 0.05) inhibition
halos. For A. hydrophila, A. denitrificans, S. marcescens and S. putrefaciens strains, the EOs obtained from
T. capitatus and T. zygis showed the greatest inhibition halos, with no statistically significant differences
(p > 0.05) between them. These EOs could be classified as moderately active against these bacteria,
except on A. hydrophila. In this case, their activity is extremely active. In the case of Pseudomonas (P. fragi
and P. fluorescens), T. capitatus EOs showed the greatest inhibition halos (p < 0.05), followed by T. zygis,
T. mastichina and T. vulgaris EOs.

Table 4. Antibacterial activity of T. capitatus, T. mastechina, T. vulgaris and T. zygis EOs against several
bacterial strains using a dry-cured sausage extract as culture medium.

Diameter of Inhibition Zone (mm) Including Disc (9 mm)

T. capitatus T. mastechina T. vulgaris T. zygis

A. denitrificans 20.75 ± 1.57 aC (+) 15.87 ± 1.10 bE (+) 15.99 ± 1.03 b (+) 20.63 ± 0.28 aC (+)

A. faecalis 9.00 ± 0.00 cE (−) 16.03 ± 0.30 bE (+) 21.38 ± 2.08 a (++) 9.00 ± 0.00 cF (−)

A. hydrophila 38.18 ± 1.48 aA (+++) 24.94 ± 0.11 cA (++) 29.91 ± 5.12 b (++) 40.72 ± 0.85 aB (+++)

E. amnigenus 9.00 ± 0.00 cE (−) 17.31 ± 0.29 bC (+) 19.19 ± 1.08 a (+) 9.00 ± 0.00 cF (+−)

E. gergoviae 9.00 ± 0.00 bE (−) 9.00 ± 0.00 bH (−) 12.85 ± 0.44 a (+) 9.00 ± 0.00 bF (−)

L. innocua 38.59 ± 1.37 bA (+++) 19.45 ± 1.03 dB (+) 22.82 ± 0.45 c (++) 50.97 ± 5.17 aA (+++)

P. fluorescens 19.28 ± 0.15 aC (+) 16.70 ± 0.33 cD (+) 11.49 ± 0.19 d (−) 18.99 ± 0.90 bD (+)

P. fragi 30.11 ± 0.02 aB (+++) 14.19 ± 0.06 cF (+) 13.26 ± 0.66 d (+) 18.49 ± 0.28 bD (+)

S. marcescens 16.60 ± 0.33 aD (+) 11.49 ± 0.02 cG (−) 14.82 ± 0.76 b (+) 16.64 ± 0.10 aE (+)

S. putrefaciens 18.96 ± 0.88 aC (+) 15.82 ± 0.08 bE (+) 13.45 ± 1.66 c (+) 18.87 ± 0.51 aD (+)

For the same bacteria, values followed by the same lower-case letter within the same row are not significantly
different (p > 0.05) according to Tukey’s Multiple Range Test. For the same essential oil, values followed by the
same upper-case letter within the same column are not significantly different (p > 0.05) according to Tukey’s
Multiple Range Test. Essential oils are classified as (−) not active, (+) moderately active, (++) active and (+++)
extremely active.
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To our knowledge, there are no studies where the antibacterial activity of Thymus EOs were
determined using extracts from meat homogenates as culture medium. However, the antibacterial
activity of EOs obtained from Thymus species has been widely determined. Ruiz-Navajas et al. [28]
reported that the EOs obtained from two Thymus species endemic of eastern of Spain, such as Thymus
moroderi and Thymus piperella, are a source of important bioactive compounds with antibacterial
capacities against several Gram-positive and Gram-negative bacteria. The inhibition zones of
microbial strains were in the range of 16.0–45.00 mm. Likewise, Fatma et al. [29] investigated the
antibacterial activity of Thymus hirtus sp. Algeriensis EO cultivated in Tunisia against six bacterial
strains; namely, Escherichia coli, Pseudomonas aeruginosa, Salmonella enteritidis, Staphylococcus aureus,
Bacillus subtilis and Listeria monocytogenes. These authors found that T. hirtus sp. Algeriensis EO was
capable of inhibiting the growth of bacterial organisms tested with inhibition zones of between 9 and
65 mm. Similarly, Tepe et al. [30] analyzed the antibacterial potential of Thymus hyemalis EO against
several bacterial strains, and they found that in the presence of this EO, no activity was observed
against Enterobacter aerogenes, Klebsiella pneumonia, P. aeruginosa, L. monocytogenes and P. fluorescens.
The most sensitive microorganisms were determined to be Bacillus cereus and B. subtilis, with an MIC
value of 31.25 mg/mL, while Enterococcus faecalis and S. aureus had MIC values of 62.50 mg/mL.
De Martino et al. [31] investigated the antibacterial properties of EOs obtained from Thymus longicaulis
and Thymus pulegioides. These EOs showed important antibacterial activity against Staphylococcus
aureus, Streptococcus faecalis, Bacillus subtilis, Bacillus cereus, Proteus mirabilis, Enterobacter coli, Salmonella
typhi Ty2 and Pseudomonas aeruginosa.

The antibacterial data obtained in this work showed that certain compounds in the oils were
successfully antibacterial, augmenting the oils’ significance in inhibiting microbial pathogens [27].
Terpenes have been widely demonstrated as potent antimicrobial compounds, and their considerable
contribution to the Thymus EOs composition could be responsible for the antibacterial activities
achieved in the present study. Thus, some researchers have reported that there is a relationship
between the chemical composition of the most abundant components in the EO and the antimicrobial
activity [32]. For instance, the main components of the Thymus EOs analyzed in this work—thymol,
carvacrol, linalool and 1,8-cineol—have been found in previous studies to exhibit strong antibacterial
activity [33,34]. Nonetheless, as occurs with the antioxidant activity, the antibacterial properties
showed by the Thymus EOs analyzed in the present study could result from a synergistic effect of more
than one component.

Additionally, it should be borne in mind, that when the EOs are used as antimicrobial agents in
food systems, higher concentrations of EOs are needed in order to have comparable antimicrobial
effects to those obtained in vitro. Factors present in complex food matrices such as fat content, proteins,
water activity, pH, and enzymes can potentially diminish the efficacy of EOs [35]. Thus, high levels of
fat and protein in food protect, to a certain extent, the bacteria strains from the action of EOs. Therefore,
if the EOs are dissolved in the lipid phase of the food, it will be less available to act on the bacteria
strains that are present in the aqueous phase. It is also important to highlight that, depending on the
state of the fat fraction of food—either emulsified, degraded by action of the fermentation and curing
process, or unaltered—the EOs may exert more or less activity against microbial growth, as is shown
in this paper.

Bacteria need water, several sources of nitrogen, and carbon, as well as numerous micronutrients.
To have carbon and nitrogen sources such as mono- and disaccharides (as carbon sources) and small
amino acids or peptides of molecular weight (as nitrogen sources) favors bacterial growth, and indeed
is essential for some bacterial species. The extract of fresh meat has integrity and a low presence of
simple sugar proteins or organic acids, and as such is less favorable as a substrate to bacterial growth
that extracts cooked product (with dextrose added and caseinates or hydrolyzed soy protein as simple
sources of carbon and nitrogen). Extract obtained from dry-cured product is a more favorable substrate
for the growth of many bacteria, overcoming the low water activity of additional product due to the
extraction, the extract contains dextrose and peptides because of the proteolytic activity of starter
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cultures. As mentioned above, the higher fat content of the dry-cured product extract can protect some
bacteria from the effects of Eos, since they tend to be solubilized by the fat being less available to act
on the bacteria. Therefore, EOs in fresh product extracts were more effective inhibitors of bacteria than
in cooked and dry-cured extract products.

Although the EOs showed antibacterial properties, the reasons behind this ability are not
well documented. For this reason, different mechanisms of action have been suggested. Thus,
the available literature data show that the primary site of the toxic action of EOs is generally the
plasmic membrane. Therefore, Horvathova et al. [36] mentioned that the effectiveness of EOs against
several microorganisms is related to their hydrophobicity, which enables them to integrate into the
lipids of the cell membrane and mitochondria, rendering them permeable and leading to leakage of
cell contents. Gao et al. [37] reported that membrane function could be disturbed by inhibition of the
proton motive force and electron transfer, or disruption of synthesis of critical macromolecules such
as nucleic acid and protein. Arques et al. [38] proposed that the EOs affect microbial cells by various
antimicrobial mechanisms, including disrupting enzyme systems, compromising the genetic material
of bacteria, and forming fatty acid hydroperoxidase caused by oxygenation of unsaturated fatty acids.
The essential oils might also inhibit the activity of protective enzymes and sequentially inhibit one or
more biochemical pathways, as mentioned by Xing et al. [39]

4. Conclusions

The essential oils obtained from Thymus vulgaris, Thymus mastichina and mainly from Thymus zygis
and Thymus capitatus may be used, by the food industry in general and the meat industry in particular,
as potential natural or “green” additives to replace or reduce the use of chemical ones, since they show
significant antioxidant and antibacterial properties. In addition, their efficacy as antibacterial agents
have been demonstrated in model systems that closely simulate food composition. However, the use
of these essential oils could be restricted by changes to the organoleptic properties of foods to which
they are added. So, the most suitable essential oil must be chosen, at the right concentration, for each
type of food.
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Abstract: Garlic, Allium sativum, is broadly used around the world for its numerous culinary and
medicinal uses. Wild garlic, Allium vineale, has been used as a substitute for garlic, both in food as
well as in herbal medicine. The present study investigated the chemical compositions of A. sativum and
A. vineale essential oils. The essential oils from the bulbs of A. sativum, cultivated in Spain, were obtained
by three different methods: laboratory hydrodistillation, industrial hydrodistillation, and industrial
steam distillation. The essential oils of wild-growing A. vineale from north Alabama were obtained
by hydrodistillation. The resulting essential oils were analyzed by gas chromatography-flame
ionization detection (GC-FID) and gas chromatography-mass spectrometry (GC-MS). Both A. sativum
and A. vineale oils were dominated by allyl polysulfides. There were minor quantitative differences
between the A. sativum oils owing to the distillation methods employed, as well as differences
from previously reported garlic oils from other geographical locations. Allium vineale oil showed
a qualitative similarity to Allium ursinum essential oil. The compositions of garlic and wild garlic
are consistent with their use as flavoring agents in foods as well as their uses as herbal medicines.
However, quantitative differences are likely to affect the flavor and bioactivity profiles of these
Allium species.

Keywords: Allium sativum; Allium vineale; essential oil composition; allyl polysulfides; cluster analysis

1. Introduction

Garlic (Allium sativum L., Amaryllidaceae) likely originated in Central Asia [1]. The plant has
been used as a flavoring agent and a traditional medicine since antiquity, and is now cultivated
worldwide [1,2]. Allium vineale L. (wild garlic, crow garlic) is native to Great Britain, most of Europe,
North Africa, and the Middle East. The plant has been introduced to North America, Australia, and
New Zealand [3].

Allium sativum has been used as a diaphoretic, diuretic, expectorant, and stimulant [4]. Extracts
of A. sativum have shown broad-spectrum antibacterial [5] and antifungal [6] activity and the plant
has been used to treat tuberculosis, coughs, and colds [7]. Garlic preparations have demonstrated
hypotensive activity in moderately hypertensive subjects, and garlic-based phytotherapeutic products
are used in France for minor vascular disorders [8]. There is an inverse correlation between regular
consumption of garlic and stomach cancer frequency [8], but there seems to be no correlation between
garlic consumption and other cancers. Garlic has been used in food preparation not only for its flavor,
but also as a digestive aid [4]. Allium vineale has been used as a substitute for A. sativum in cooking;
the bulb is used as a flavoring agent and the leaves as an addition to salad [9,10]. Cherokee Native
Americans used both A. vineale and A. sativum as carminatives, diuretics, and expectorants [11,12].
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Although there have been numerous investigations on the phytochemistry of garlic
(A. sativum) [1,13,14], the chemistry of wild garlic (A. vineale) has not been investigated, and because
of the history of the uses of Allium species as both condiments and phytopharmaceuticals, we have
investigated the essential oil compositions of A. sativum from Spain, obtained by different isolation
methods, and A. vineale growing wild in north Alabama, USA.

2. Materials and Methods

2.1. Plant Material

2.1.1. Allium sativum

Bulbs of Allium sativum were collected from a field in Las Pedroñeras, Spain (39◦26′59” N, 2◦40′23” W,
745 m elevation), in December 2015. Garlic bulbs were finely chopped, and were subjected to three
different distillation methods: laboratory hydrodistillation using a Clevenger apparatus for 3 h,
industrial hydrodistillation for 4 h, and industrial steam distillation for 5 h. Pale yellow essential oils
were obtained in 0.2%, 0.22% and 0.18% yields, respectively. The obtained essential oils and hydrosol
were separated by decantation; remaining water was removed from the essential oils with sodium
chloride. The collected essential oil samples were stored under refrigeration (−4 ◦C) until analysis.

2.1.2. Allium vineale

Four different samples of Allium vineale were collected from a field in Huntsville, Alabama
(34◦38′46” N, 86◦33′27” W, 191 m elevation) on 10 April 2017, 8 a.m. Each sample was cleaned of
debris, the entire plant (leaves and bulbs) chopped, and hydrodistilled using a Likens-Nickerson
apparatus for 4 h with continuous extraction with dichloromethane (CH2Cl2). Evaporation of the
dichloromethane yielded pale yellow essential oils with an extremely pungent odor (Table 1).

Table 1. Essential oil yields of Allium vineale.

Sample #1 a #2 #3 #4

Mass of plant material (g) 94.04 123.29 98.20 72.35
Mass of essential oil (mg) 87.2 258.5 210.5 25.3

Essential oil yield 0.0927% 0.2097% 0.2144% 0.0350%
a #1, #2, #3, and #4 are different essential oil samples.

2.2. Gas Chromatography-Mass Spectrometry (GC-MS)

GC-MS characterization of A. sativum oils was carried out as previously described using a
Shimadzu GCMS-QP2010 Ultra (Shimadzu Scientific Instruments, Columbia, MD, USA) [15,16].
This instrument was operated in the electron impact (EI) mode set at electron energy 70 eV with
a scan range of 40–400 amu, a scan rate of 3.0 scans per second, and with GC-MS solution software.
A ZB-5 fused silica capillary column (Phenomenex, Torrance, CA, USA), 30 m length × 0.25 mm inner
diameter, with a (5% phenyl)-polymethylsiloxane stationary phase and a film thickness of 0.25 μm was
used as the GC column. Helium was used as the carrier gas and the pressure was set at 551.6 kPa with
a flow rate of 1.37 mL/min on the column head. The temperature of the injector was set at 250 ◦C and
the temperature of the ion source was set at 200 ◦C. The temperature of the GC oven was programmed
to be 50 ◦C initially and was programmed to increase at a rate of 2 ◦C/min to a final temperature of
260 ◦C. The samples were prepared with CH2Cl2 in a 5% w/v solution. Then, 0.1 μL of the solutions
were injected into the instrument with a split ratio of 30:1.

GC-MS analysis of A. vineale oils was carried out as previously described [17]: Agilent 6890 GC
(Agilent Technologies, Santa Clara, CA, USA), Agilent 5973 mass selective detector (Agilent
Technologies), EI mode (70 eV), 40–400 mass scan range, 3.99 scans/s scan rate, and operated through
an Agilent ChemStation data system (G1701CA, Agilent Technologies); HP-5ms capillary column
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(30 m length × 0.25 mm inner diameter × 0.25 μm film thickness), helium carrier gas, head pressure
(92.4 kPa), flow rate (1.5 mL/min); oven temperature program (60 ◦C initial temperature, which was
held for 5 min, temperature increased at a rate of 3 ◦C/min up to 280 ◦C), inlet temperature (250 ◦C),
interface temperature (280 ◦C). Allium vineale solutions (1 μL of 1% in CH2Cl2) were injected using a
splitless mode.

The retention indices were determined by reference to a homologous series of n-alkanes.
The components of each essential oil sample were identified based on their retention indices and mass
spectral fragmentation patterns compared to reference literature [18–22] and our in-house library.

2.3. Semi-Quantitative Gas Chromatography

Semi-quantitative GC was performed with an Agilent 6890 GC with Agilent FID (flame ionization
detector) (Agilent Technologies), HP-5ms column (30 m length × 0.25 mm inner diameter × 0.25 μm
film thickness), He carrier gas, head pressure (144.1 kPa), flow rate (2.0 mL/min); oven temperature
program (as above). The percent compositions of the essential oils were determined from raw peak
area percentages without standardization.

2.4. Hierarchical Cluster Analysis

The chemical compositions of A. sativum from this current study along with garlic oil compositions
from previously published works (hydrodistillations and steam distillations only) [6,23–30] were used
as operational taxonomic units (OTUs). The percentages of the major sulfur-containing compounds
(diallyl sulfide, allyl methyl disulfide, dimethyl trisulfide, diallyl disulfide, allyl (Z)-1-propenyl
disulfide, allyl (E)-1-propenyl disulfide, allyl methyl trisulfide, 2-vinyl-4H-1,3-dithiine, diallyl trisulfide,
and diallyl tetrasulfide) were used to evaluate the chemical similarities and differences between
the garlic oil samples by agglomerative hierarchical cluster (AHC) analysis using the XLSTAT
software, version 2015.4.01 (Addinsoft™, New York, NY, USA). Pearson correlation was used to
evaluate similarity and clusters were defined by the unweighted pair-group method with arithmetic
averaging (UPGMA).

3. Results and Discussion

3.1. Allium sativum

The garlic (A. sativum) essential oils from Spain, obtained using three different distillation methods
(Clevenger laboratory hydrodistillation, industrial steam distillation, and industrial hydrodistillation)
were characterized by GC-MS (Table 2). The oils were dominated by allyl polysulfides, including
diallyl sulfide (1.9–9.5%), diallyl disulfide (20.8–27.9%), diallyl trisulfide (16.8–33.4%), allyl methyl
disulfide (4.4–8.3%), and allyl methyl trisulfide (14.5–19.2%). The major components of A. sativum
essential oil extracted by Clevenger-type laboratory distillation were diallyl trisulfide (allitridin)
(33.4%), diallyl disulfide (20.8%), allyl methyl trisulfide (19.2%), allyl (E)-1-propenyl disulfide (5.2%),
and allyl methyl disulfide (4.4%) (see Figure 1), whereas the main constituents in the oil extracted
by industrial hydrodistillation were diallyl trisulfide (31.2%), diallyl disulfide (25.9%), allyl methyl
trisulfide (14.5%), allyl methyl disulfide (5.2%), allyl (E)-1-propenyl disulfide (4.6%) and diallyl sulfide
(3.4%). Thus, the two hydrodistillation methods yielded very similar results. Extraction by industrial
steam distillation, on the other hand, resulted in the identification of diallyl disulfide (27.9%), allyl
methyl trisulfide (17.7%), diallyl trisulfide (16.8%), diallyl sulfide (9.5%), allyl methyl disulfide (8.3%),
and allyl (E)-1-propenyl disulfide (3.7%) as the major components. Thus, the steam distillation gave
somewhat increased yields of diallyl sulfide and diallyl disulfide with a concomitant decrease in diallyl
trisulfide and diallyl tetrasulfide yields. These differences are small, however; the three distillation
methods gave comparable results overall.
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Table 2. Essential oil compositions of garlic (Allium sativum) obtained by different distillation methods.

RI a Compound

Percent Composition

Clevenger-Type
Hydrodistillation

Industrial Steam
Distillation

Industrial
Hydrodistillation

739 Dimethyl disulfide 0.4 1.4 - b

741 2-Methyl-4-pentenal tr c 0.1 -
743 2-Methylene-4-pentenal 0.4 - -
787 3-Methylthiophene - 0.1 -
801 Hexanal tr 0.1 -
842 1,2-Dithiolane 0.5 0.3 0.4
855 Diallyl sulfide 1.9 9.5 3.4
870 Allyl propyl sulfide - 0.1 -
886 Allyl (Z)-1-propenyl sulfide tr tr tr
889 Allyl (E)-1-propenyl sulfide tr - -
904 3,4-Dimethylthiophene tr 0.2 0.1
916 Allyl methyl disulfide 4.4 8.3 5.2
928 Methyl (Z)-1-propenyl disulfide 0.4 0.4 0.4
936 Methyl (E)-1-propenyl disulfide 0.6 0.7 0.6
953 1,2-Dithiolene 0.3 0.1 0.4
968 Dimethyl trisulfide 2.0 2.9 1.3
1080 Diallyl disulfide 20.8 27.9 25.9
1093 Allyl (Z)-1-propenyl disulfide 2.6 2.2 2.6
1100 Allyl (E)-1-propenyl disulfide 5.2 3.7 4.6
1138 Allyl methyl trisulfide 19.2 17.7 14.5
1149 Methyl propyl trisulfide - - tr
1153 4-Methyl-1,2,3-trithiolane tr 1.2 0.5
1159 Methyl (Z)-1-propenyl trisulfide 0.1 - 0.1
1164 Methyl (E)-1-propenyl trisulfide 0.1 - 0.1
1188 3-Vinyl-4H-1,2-dithiine 0.9 0.8 0.6
1198 1,2,3-Trithia-4-cyclohexene 0.7 0.4 0.6
1208 Allicin tr - tr
1214 2-Vinyl-4H-1,3-dithiine 2.5 1.8 2.0
1292 Methyl (methylsulfinyl)methyl sulfide d 0.1 0.1 0.1
1301 Diallyl trisulfide 33.4 16.8 31.2
1313 Allyl propyl trisulfide 0.2 0.3 0.2
1325 Allyl (E)-1-propenyl trisulfide - - 0.4
1369 5-Methyl-1,2,3,4-tetrathiane 0.2 0.4 0.6
1379 Unidentified e 0.5 0.7 0.7
1411 1,4-Dihydro-2,3-benzoxathiin 3-oxide 0.4 0.2 0.2
1443 [(E)-1-Propenyl] 2-thiopent-3-yl disulfide d - 0.2 -
1540 Diallyl tetrasulfide 1.5 1.0 2.2
1591 Propyl 4-thiohept-2-en-5-yl disulfide d - 0.2 -
1646 4-Methyl-1,2,3,5,6-pentathiepane c - 0.1 0.2
2041 Cyclooctasulfur 0.3 0.1 0.4

Total Identified 99.2 98.9 99.0
Sulfur-containing 99.3 99.4 99.5

a RI = Retention index determined with respect to a homologous series of n-alkanes on an ZB-5 column.
b - = not detected. c tr = trace (<0.05%). d Identification based on MS only. e MS (m/z): 210 (1%), 184 (3%),
158 (9%), 146 (5%), 120 (32%), 105 (10%), 79 (36%), 64 (60%), 45 (41%), 41 (100%).
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Figure 1. Chromatogram of Allium sativum essential oil from Clevenger distillation, including major
sulfur-containing compounds.

The oil compositions from this study show quantitative similarities and differences from
previously published reports on garlic oil [6,23–30]. Egyptian garlic essential oil extracted by
hydrodistillation had diallyl disulfide (25.2%), allyl methyl trisulfide (23.8%) and diallyl trisulfide
(21.1%) as the major constituents [29]. The major components of Serbian garlic essential oil obtained
by hydrodistillation were diallyl trisulfide (33.6%), diallyl disulfide (28.1%), and allyl methyl trisulfide
(17.8%) [26]. Diallyl disulfide (49.1%) and diallyl trisulfide (30.4%) were the main components of
Tunisian garlic essential oil obtained by hydrodistillation [31]. The profile identified in this study was
also different from French garlic oil presented by Mnayer et al. [27] in which the major components
were diallyl disulfide (37.9%), diallyl trisulfide (28.1%), allyl methyl trisulfide (7.3%), diallyl sulfide
(6.6%), diallyl tetrasulfide (4.1%) and allyl methyl disulfide (3.7%). Douiri et al. [23] showed that
A. sativum essential oil obtained by Clevenger hydrodistillation was dominated by diallyl trisulfide
(46.5%) followed by diallyl disulfide (16.0%), allyl methyl trisulfide (10.9%) and diallyl disulfide
(7.2%). Similarly, Rao and co-workers have analyzed six geographical varieties of essential oils
obtained by steam distillation of fresh garlic grown in India. These investigators found diallyl disulfide
(27.1–46.8%) and diallyl trisulfide (19.9–34.1%) to be the dominant components, followed by allyl
methyl trisulfide (8.3–18.2%), and allyl methyl disulfide (4.4–12.0%) [28]. Commercial Chinese garlic
oil has shown abundant diallyl disulfide (45.1–63.2%), diallyl trisulfide (18.5–23.4%), diallyl sulfide
(4.5–11.4%), and diallyl tetrasulfide (6.3–10.5%) (unpublished results from our laboratories). Kimbaris
and co-workers obtained garlic oil from Greece (Likens-Nickerson hydrodistillation-extraction) and
found diallyl disulfide (23.1–28.4%), diallyl trisulfide (18.2–22.1%), allyl methyl trisulfide (16.3–17.5%),
and allyl methyl disulfide (8.5–11.2%) [25].

A hierarchical cluster analysis of garlic oils from this work and reported in the literature has been
carried out (Figure 2). The cluster analysis revealed greater than 70% similarity between all oils, but five
distinct clusters with greater than 90% similarity for each cluster can be defined based on the relative
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concentrations of sulfur-containing compounds: Cluster #1 (diallyl disulfide > diallyl trisulfide ≈ allyl
methyl trisulfide > allyl methyl sulfide), Cluster #2 (diallyl trisulfide � diallyl disulfide � allyl methyl
trisulfide ≈ diallyl tetrasulfide), Cluster #3 (diallyl trisulfide > diallyl disulfide > allyl methyl sulfide),
Cluster #4 (diallyl disulfide > diallyl trisulfide > allyl methyl trisulfide > allyl methyl disulfide), and
Cluster #5 (diallyl disulfide � diallyl trisulfide � diallyl tetrasulfide ≈ diallyl sulfide). Both of the
hydrodistilled samples from Spain in this work fall into Cluster #3, while the steam-distilled sample
falls into Cluster #1. Five of the Indian garlic varieties [28] (Rajkot, Gondal, Jamnagar, Junagadh,
and Gujarat) are in Cluster #4, while the Amreli variety is in Cluster #3. Four different commercial
garlic oil samples from China (unpublished data from our laboratories) form Cluster #5.

C
hi

na
 [3

0]

M
or

oc
co

 [2
3]

Tu
ni

si
a-

A
 [2

4]

C
hi

na
-C

 (t
hi

s)

C
hi

na
-D

 (t
hi

s)

C
hi

na
-A

 (t
hi

s)

C
hi

na
-B

 (t
hi

s)

Sp
ai

n-
C

H
D

 (t
hi

s)

Se
rb

ia
 [2

6]

In
di

a-
E 

[2
8]

Sp
ai

n-
IH

D
 (t

hi
s)

K
or

ea
 [6

]

Tu
ni

si
a-

B 
[2

4]

Tu
ni

si
a-

C
 [2

4]

Fr
an

ce
 [2

7]

In
di

a-
F 

[2
8]

In
di

a-
D

 [2
8]

In
di

a-
A

 [2
8]

In
di

a-
B 

[2
8]

In
di

a-
C

 [2
8]

Sp
ai

n-
IS

D
 (t

hi
s)

Eg
yp

t [
29

]

G
re

ec
e-

C
 [2

5]

G
re

ec
e-

A
 [2

5]

G
re

ec
e-

B 
[2

5]

0.732079

0.782079

0.832079

0.882079

0.932079

0.982079

Si
m

ila
ri

ty

#1 

#2 

#5 
#3 

#4 

Figure 2. Dendrogram obtained from the agglomerative hierarchical cluster analysis of 25 Allium sativum
essential oil compositions. Individual clusters are highlighted by different colored lines and
numbers (#1–#5). The letters A–F refer to different essential oil samples from the same country
of origin. CHD = Clevenger hydrodistillation; IHD = industrial hydrodistillation; ISD = industrial
steam distillation.

3.2. Allium vineale

The gas chromatographic analysis of A. vineale essential oils is summarized in Table 3. A representative
chromatogram (sample #4) is shown in Figure 3. The major components in the essential oils
were sulfur-containing compounds allyl methyl trisulfide (7.9–13.2%), allyl (E)-1-propenyl disulfide
(7.9–12.5%), dimethyl trisulfide (4.3–17.4%), diallyl disulfide (4.4–12.2%), diallyl trisulfide (2.8–10.5%),
and methyl (E)-1-propenyl disulfide (2.6–12.5%). The high proportion of sulfur-containing components
(74.9–91.6%) accounts for the very pungent aroma of the oils.
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Table 3. Essential oil compositions of wild garlic (Allium vineale) growing wild in north Alabama.

RI a Compound
Percent Composition

#1 b #2 #3 #4

837 2-Furaldehyde 2.2 1.0 1.3 1.3
854 (2E)-Hexenal 0.8 2.0 1.9 2.0
856 (3Z)-Hexenol tr c 1.4 tr tr
902 2,4-Dimethylthiophene 0.8 1.7 2.0 2.2
915 Allyl methyl disulfide 6.1 3.6 2.3 2.3
930 Methyl (Z)-1-propenyl disulfide 3.1 1.1 1.3 1.5
939 Methyl (E)-1-propenyl disulfide 12.5 3.2 2.6 3.0
958 Benzaldehyde tr 0.6 4.2 16.4
965 Dimethyl trisulfide 17.4 3.8 4.4 4.3
1079 Diallyl disulfide 6.3 12.2 4.4 5.2
1091 Allyl (Z)-1-propenyl disulfide 3.1 4.3 3.4 2.8
1099 Allyl (E)-1-propenyl disulfide 11.6 12.5 7.9 8.2
1115 1-Propenyl propyl disulfide d,e 1.4 2.0 1.9 1.7
1123 Methyl methylthiomethyl disulfide tr 0.5 1.2 0.8
1135 Allyl methyl trisulfide 13.2 9.9 9.9 7.9
1147 4-Methyl-1,2,3-trithiolane d tr 1.8 1.0 1.6
1149 Methyl propyl trisulfide tr 1.9 2.7 1.8
1158 Methyl (Z)-1-propenyl trisulfide 1.9 0.5 1.4 0.9
1164 Methyl (E)-1-propenyl trisulfide 2.7 1.0 1.7 1.5
1211 Dimethyl tetrasulfide 4.0 0.8 1.2 1.1
1284 Allyl methylthiomethyl disulfide d tr 2.3 2.6 1.9
1291 Diallyl trisulfide 2.8 10.5 7.9 5.3
1302 Allyl (Z)-1-propenyl trisulfide tr 3.0 2.7 2.3
1309 p-Vinylguaiacol 5.3 5.2 6.5 5.4
1320 Allyl propyl trisulfide tr 1.1 2.4 2.2
1344 5-Methyl-1,2,3,4-tetrathiane d tr 5.5 6.1 4.3
1346 Methyl methylthiomethyl trisulfide tr 0.7 1.0 1.5
1364 Allyl methyl tetrasulfide 2.4 1.6 2.4 1.8
1483 Allyl methylthiomethyl trisulfide d tr 0.5 1.2 0.9
1599 Unidentified f 1.6 1.7 4.6 3.3
1623 4-Methyl-1,2,3,5,6-pentathiepane d tr 0.5 2.0 1.2
1754 Unidentified g 0.6 2.0 4.1 3.2

Total Identified 97.8 96.2 91.4 93.5
Sulfur-containing 91.6 90.0 86.1 74.9

a RI = Retention index determined with respect to a homologous series of n-alkanes on an HP-5ms column. b #1–#4
are different essential oil samples. c tr = trace (<0.05%). d Identification based on MS only. e (Z)/(E)-Isomer not
determined. f MS (m/z): 410 (4%), 326 (3%), 221 (21%), 207 (5%), 129 (81%), 69 (100%), 59 (26%), 45 (32%), 41 (31%).
g MS (m/z): 446 (2%), 405 (2%), 269 (2%), 207 (5%), 129 (71%), 69 (100%), 59 (17%), 45 (27%), 41 (35%).

In contrast to wild garlic (A. vineale), garlic (A. sativum) essential oils tend to be very rich in
allyl polysulfides, especially diallyl disulfide, allyl methyl trisulfide, diallyl trisulfide, and diallyl
tetrasulfide (see above) [6,25,27]. The compositions of A. vineale are similar to those reported for
Allium ursinum (broad-leaved garlic, bear’s garlic, wild garlic) volatile oils, which showed allyl methyl
disulfide (13.0–18.9%), methyl (E)-1-propenyl disulfide (3.4–6.2%), dimethyl trisulfide (3.5–7.5%),
diallyl disulfide (16.2–19.9%), allyl (E)-1-propenyl disulfide (7.5–10.2%), and allyl methyl trisulfide
(12.6–15.0%) [32]. Both A. vineale and A. ursinum have qualitative similarities in composition to
A. sativum, which no doubt accounts for the similar uses of these two “wild garlic” species.

The medicinal properties of garlic have been attributed to the abundance of sulfur-containing
compounds. These compounds have also shown antifungal [33,34], antibacterial [27,35,36], acaricidal [37],
antiparasitic [38,39], nematicidal [40], antiviral [29], and insecticidal [23,30,41,42] properties. Diallyl
disulfide and dipropyl disulfide have hypoglycemic [43] and hypolipidemic actions [44]. Diallyl trisulfide
and diallyl disulfide, which are allicin-derivative products, have been shown to activate antioxidant
enzymes [45,46] and to possess antimicrobial activity [47,48].
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Figure 3. Chromatogram of Allium vineale essential oil sample #4 showing major components.
? = unidentified component.

4. Conclusions

The essential oils of garlic and wild garlic are shown to be dominated by sulfur-containing
compounds, particularly allyl polysulfides. Garlic oils from various geographical locations have
shown qualitative similarities, but quantitative differences in the concentrations of organosulfur
compounds, and are likely to affect both the medicinal and the organoleptic properties of the garlic.
Wild garlic is qualitatively similar in composition to garlic, but there are some key differences: diallyl
disulfide and diallyl trisulfide concentrations are higher in garlic than in wild garlic, while allyl
1-propenyl disulfide and dimethyl trisulfide concentrations are higher in wild garlic than in garlic.
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Abstract: Beef safety may be compromised by O157 and non-O157 Shiga toxin-producing Escherichia
coli (STEC) contamination. The capacity of surfactant micelles loaded with the plant-derived
antimicrobial eugenol to reduce STEC on beef trimmings that were later ground and refrigerated for
five days at 5 ± 1 ◦C was tested to determine their utility for beef safety protection. STEC-inoculated
trimmings were treated with free eugenol, micelle-encapsulated eugenol, 2% lactic acid (55 ◦C),
sterile distilled water (25 ◦C), or left untreated (control). Following treatment, trimmings were
coarse-ground and stored aerobically at 5 ± 1 ◦C. Ground beef was then sampled for STEC
immediately post-grinding, and again at three and five days of storage. STEC minimum
inhibitory concentrations (MICs) in liquid medium for free eugenol and 1% sodium dodecyl sulfate
(SDS)-loaded micelles were 0.5% and 0.125%, respectively. STEC numbers on beef trimmings
treated by sterile water (6.5 log10 CFU/g), free eugenol (6.5 log10 CFU/g), micelle-loaded eugenol
(6.4 log10 CFU/g), and lactic acid (6.4 log10 CFU/g) did not differ compared to untreated controls
(6.6 log10 CFU/g) (p = 0.982). Conversely, STEC were significantly reduced by refrigerated storage
(0.2 and 0.3 log10 CFU/g at three and five days of storage, respectively) (p = 0.014). Antimicrobial
treatments did not significantly decontaminate ground beef, indicating their low utility for beef
safety protection.

Keywords: plant-derived antimicrobial; micelles; non-O157 STEC; E. coli O157:H7; ground beef;
beef safety; eugenol

1. Introduction

The O157 and non-O157 Shiga toxin-producing Escherichia coli (STEC) are known causes of human
foodborne disease, inducing both acute and chronic sequelae ranging from mild diarrheal disease to
hemolytic uremic syndrome (HUS), renal failure and potentially death [1]. The U.S. Centers for Disease
Control and Prevention (CDC) has estimated 265,000 cases of STEC-associated human foodborne
disease occur annually in the U.S.; 36% percent of these are reportedly associated with O157 STEC
and the balance the result of the non-O157 STEC [2,3]. In addition to E. coli O157:H7, six serotypes
of the non-O157 STEC have been declared adulterants in fresh non-intact beef products by the U.S.
Department of Agriculture-Food Safety and Inspection Service (USDA-FSIS) [4]. Estimates of the
annual financial costs of these pathogens in the U.S. with respect to income loss, medical expenses,
and other quantifiable costs have ranged from $280 million to $790 million per annum [5,6].

Cattle have been identified as a reservoir for the STEC, potentially facilitating cross-contamination
of beef products during handling of meat [7–9]. Fresh beef can be cross-contaminated during the
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fabrication of beef trimmings destined for use in the production of ground beef [10]. Antimicrobial
interventions applied for the decontamination of beef trimmings and/or ground beef have exhibited
varying levels of efficacy for STEC reduction. Geornaras et al. [11] reported that the application of
antimicrobial interventions on trimmings produced from beef chuck rolls, including 0.1% acidified
sodium chlorite and 0.02% peracetic acid, produced reductions in STEC varying from 0.4 to
1.8 log10 CFU/cm2. Others have reported greater reductions in STEC on trimmings and ground
beef following application of lactic acid as a beef safety intervention. Harris et al. [12] reported that
STEC were reduced by 1.9 to 2.0 log10 CFU/g or 2.1 to 2.5 log10 CFU/g following application of 2% or
4% lactic acid, respectively. This group recently reported that application of acetic acid (2% or 4%) and
acidified sodium chlorite (1000 ppm) produced reductions in STEC on beef trimmings ranging from
0.3 to 0.5 log10 CFU/g (p < 0.05) [13]. Nonetheless, researchers described STEC reductions as being of
little practical utility for food safety protection.

In addition to exploring the use of traditional antimicrobials for reducing STEC on fresh beef
products, researchers have investigated plant-derived antimicrobials (PDAs), including essential oils
and their components, for beef safety protection. Application of commercial herb extract-containing
products to STEC-inoculated beef trimmings, two rounds of grinding, and up to seven days’
refrigerated (4 ◦C) storage, produced reductions of 0.1 to 0.2 log10 CFU/g in STEC numbers [14].
More recently, researchers reported that the application of 0.05% or 0.1% rutin, or 0.1% or 0.2%
resveratrol, did not reduce E. coli O157:H7 in ground beef patties during refrigerated storage, but
did enhance reductions of the pathogen upon subsequent cooking to an internal temperature of
65 ◦C [15]. The use of encapsulation strategies, such as surfactant micelles, has been described as
providing opportunity for enhanced transport and delivery of entrapped compounds to foodborne
microbes in both animal- and plant-based foods [16–18]. The use of micelle-encapsulated eugenol for
reducing O157 or non-O157 STEC on fresh beef has not, to the authors’ knowledge, been reported in
the scientific literature.

Application of such antimicrobial interventions may be useful for beef safety protection in the
manufacture of natural beef products. Hence, the objectives of this study were to: (i) quantify the
capability of free and micelle-encapsulated eugenol to produce statistically significant reductions in
numbers of inoculated STEC on beef trimmings prior to beef grinding when applied at concentrations
not likely to produce long-term negative impacts on consumer acceptability; and, (ii) determine the
capacity of antimicrobial treatments applied to beef trimmings to inhibit STEC growth and/or reduce
STEC numbers on ground beef during refrigerated storage post-treatment.

2. Materials and Methods

2.1. Microorganisms and Revival Procedures

STEC isolates belonging to serotypes O157:H7, O26:H11, and O121:H19, resistant to 100 μg/mL
rifampicin (RifR), were provided by J.B. Luchansky (USDA Agricultural Research Service, Wyndmoor,
PA, USA) and preserved at −80 ◦C upon receipt in the culture collection of the Food Microbiology
Laboratory (Department of Animal Science, Texas A & M University, College Station, TX, USA). Isolates
were revived by duplicate identical passages in sterile tryptic soy broth (TSB; Becton, Dickinson and
Co., Franklin Lakes, NJ, USA), followed by incubation at 35 ± 1 ◦C for 24 h. Following revival, isolates
were individually streaked onto Petri dishes containing MacConkey Agar (Becton, Dickinson and
Company, Sparks, MD, USA) supplemented with 100 μg/mL rifampicin (Sigma-Aldrich Co., St. Louis,
MO, USA), and incubated for 24 h at 35 ± 1 ◦C to verify RifR capacity, as well as organisms’ ability to
utilize lactose and decompose bile salts. Well-isolated colonies were picked with sterile needles and
slant cultures of each isolate were prepared on tryptic soy agar (Becton, Dickinson and Company) for
later use during experimental trials. Slants were layered with sterile mineral oil and stored at 5 ± 1 ◦C
until being prepared for use via the revival procedure described above.
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2.2. Preparation of Surfactant for Maximum Non-Inhibitory Concentration (MNIC) Determination

Sodium dodecyl sulfate (SDS; CAS #151-21-3) was purchased from Sigma-Aldrich Co.; a 30% (w/v)
stock was prepared by mixing 12.0 g SDS in 40.0 mL sterile distilled water in a sterile container. SDS has
been previously reported to exert antimicrobial activity against members of the STEC at concentrations
as low as 0.5% SDS [19]. Thus, to determine whether SDS exerted antimicrobial effects against STEC at
experimental concentrations on its own, each STEC isolate was individually inoculated into a 96-well
microplate and treated with 2-fold serially diluted SDS. STEC isolates were individually serially
diluted prior to loading into sample microplate wells to obtain a target 5.0 log10 CFU/mL inoculum
in double-strength TSB (2× TSB; 60 g TSB powder/liter water); 100.0 μL of each isolate was added
into surfactant solution-containing wells. Surfactant was added first (200.0 μL), and then 100.0 μL was
extracted and loaded into the adjacent well containing 100.0 μL sterile distilled water, according to
the method of Pendleton et al. [20]. This process was completed as needed to produce sufficient wells
containing 2-fold serially diluted SDS before wells were loaded with a STEC isolate. Loaded, inoculated
plates were sealed with plate sealers (Thermo-Fisher Scientific, Waltham, MA, USA) and optical density
at 630 nm (OD630) read on a UV/Visible Spectrophotometer (BioTek® Instruments, Inc., Winooski,
VT, USA). In addition to the experimental wells described, microplate wells containing identically
prepared and loaded solutions of SDS, 2× TSB, and sterile water, but no STEC, were prepared and
read at OD630. This was completed in order to provide for baseline adjustment in experimental data
to allow for identification of minimum inhibitory concentrations (MICs) of SDS and eugenol, using
the method of Brandt et al. [21]. STEC-inoculated wells bearing >0.05 change in OD630 following
incubation were labeled as non-inhibitory with respect to SDS concentration applied. Wells with the
highest content of SDS not inhibitory to STEC, the maximum non-inhibitory concentration (MNIC),
were chosen to prepare micelles for subsequent MIC experiments for STEC.

2.3. Preparation of Eugenol-Loaded Micelles and Unencapsulated Eugenol for MIC Determination

Working solutions from a 70% eugenol stock prepared in 95% ethyl alcohol (EtOH) were
diluted in 95% EtOH to desired eugenol concentrations; eugenol and EtOH were purchased from
Sigma-Aldrich Co. The working stock was stored at 5 ± 1 ◦C in a foil-wrapped container until ready
for use. Following calculation of required eugenol and surfactant for micelle generation [16], eugenol
in alcohol and surfactant in sterile water were mixed and brought to volume with sterile distilled
water as required. Mixtures were stirred at room temperature to form micelles. Based on results from
experiments detailed above (Section 2.2), 20 mL micelle volumes were prepared to contain varying
concentrations of eugenol. Double-strength micelle solutions (max. concentrations: 2.0% SDS ± 2.0%
eugenol) were prepared and filtered through a 0.45 μm cellulose acetate filter. Non-encapsulated
eugenol was prepared in EtOH and sterile distilled water to identical concentrations as those prepared
for eugenol-loaded SDS micelles.

Determination of STEC isolate-specific MICs for free and micelle-loaded eugenol was completed
according to published methods [16]. Microplate wells containing individual STEC isolates were
exposed to free or encapsulated eugenol at 2-fold serial dilutions and then incubated for 24 h at
35 ± 1 ◦C. OD630 readings were taken at 0 and 24 h, and baseline corrections made as previously
detailed using identically prepared microplate wells loaded with eugenol, 2× TSB, and sterile
distilled water, but not inoculated with STEC. Wells bearing <0.05 change in OD630 (<0.05 ΔOD630)
after baseline correction were identified as inhibitory for the inoculated STEC isolate. The lowest
concentration of free or encapsulated eugenol-producing inhibition was identified as the MIC for each
STEC isolate. To verify the maximal load of EtOH contacting STEC in wells was not inhibitory to STEC
on its own, a separate set of wells containing only EtOH at maximal calculated concentration was
tested alongside other experimental wells. Finally, positive and negative controls were incorporated,
bearing STEC plus growth medium only (positive control) or growth medium and sterile water but no
STEC inoculum (negative control).
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2.4. Application of Eugenol-Loaded Micelles to STEC-Inoculated Beef Trimmings and STEC Reductions on
Ground Beef Prepared from Treated Trimmings

Frozen beef trimmings (90% lean) were obtained from the Rosenthal Meat Science and Technology
Center at Texas A & M University (College Station, TX, USA) and transported to the Food Microbiology
Laboratory. Trimmings were thawed at 4 ◦C for 24 h prior to inoculation and use. On the day of
experiment initiation, 1000 g of thawed beef trimmings were inoculated with a three-strain mixture
of STEC and sealed in a sterile plastic bag. The STEC mixture was produced by blending equivalent
volumes of overnight cultures of revived STEC isolates (Section 2.1) according to previously published
methods [22]. Inoculated trimmings were hand-massaged for 1 min in order to distribute inoculum
over trimming surfaces, after which beef was left undisturbed in a biological safety cabinet at ambient
conditions for 30 min to allow inoculum attachment. Following STEC attachment, a 10 g aliquot
was aseptically collected to determine inoculation efficiency by preparation of decimal dilutions in
0.1% peptone diluent and plating onto tryptic soy agar supplemented with 100 μg/mL rifampicin
(TSAR)-containing Petri dishes, followed by 24 h incubation at 35 ± 1 ◦C. Remaining meat was
separated into 200 g batches and treated by application of three sprays from a handheld spray bottle
(2.4 mL total applied volume) held approximately 30.5–35.6 cm from the trimmings with solutions
of sterile distilled water at 25 ◦C (Water), twice the MIC of free eugenol (2× FreeEug) or three times
the MIC of eugenol-loaded SDS micelles (Micelles). These concentrations of free and micelle-loaded
eugenol were selected during preliminary trials in which antimicrobial treatments were applied to
non-inoculated beef trimmings that were then coarse-ground and stored for 5 days at 5 ◦C, after which
samples were removed and evaluated for residual eugenol (clove essence) odors. These treatments
(2× FreeEug, Micelles (3× micelle MIC)) were highest not producing strongly displeasing off-odor of
beef samples (data not shown). In addition, beef trimmings were treated by 2% lactic acid pre-warmed
to 55 ◦C (2% LA), a 25 ◦C sterile distilled water spray (Water), or were left untreated (Control). Spray
application, versus immersion application, was selected due to the low likelihood of a small sprayed
volume resulting in water uptake in treated beef as compared to immersion application of antimicrobial
systems. The USDA forbids addition of water to ground beef beyond a negligible amount (~0.5%) [23].

Following antimicrobial treatment, trimmings were coarse-ground through a 3/8 inch plate using
a LEM Products electric meat grinder (Model #781; West Chester, OH, USA). In between the grinding
of each batch of treated trimmings, all grinder components were disassembled and residual beef
tissue removed by brush-scrubbing while soaking in chlorinated (0.6% FAC) tap water. After all beef
was removed, the grinder components and scrubbing brush were soaked for an additional 10 min in
chlorinated water (0.6% FAC). Components were then removed and sprayed with 70% EtOH to further
sanitize prior to rinsing with water and re-assembly of the grinder. Beef was aseptically separated into
10.0 g samples, randomly assigned to an antimicrobial treatment and storage period, and subjected
to assigned antimicrobial intervention treatment. STEC survival was determined immediately after
antimicrobial treatment, immediately after grinding, and again at 3 and 5 days of aerobic refrigerated
(5 ± 1 ◦C) storage in order to determine whether STEC reductions would be detected quickly or require
additional holding to allow for eugenol release. Samples were placed into stomacher pouches, diluted
with 90 mL sterile 0.1% peptone diluent, and stomached for 1 min at 230 rpm. Decimal dilutions were
subsequently prepared in 0.1% peptone diluent and surviving STEC enumerated on TSAR following
24 h at 35 ± 1 ◦C.

2.5. Statistical Analysis

MIC experiments were repeated three times in identical fashion (n = 3); the lowest inhibitory
concentration of free or micelle-loaded eugenol for each STEC isolate across all replicates was identified
as the experimental MIC [21]. For beef decontamination experiments, three identical replicates were
executed (n = 3); log10-transformed plate counts were determined from sample plate counts prior to
statistical analysis. Reductions in STEC on beef were determined by analysis of variance (ANOVA)
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and statistically differing means separated by Tukey’s Honestly Significant Differences (HSD) test at
α = 0.05.

3. Results and Discussion

3.1. Minimum Inhibitory Concentration of Eugenol-Loaded SDS Micelles against STEC

The maximum non-inhibitory level of SDS for all STEC isolates tested was 1.0% (Table 1).
Additionally, eugenol-loaded micelles were inhibitory to all STEC isolates at 0.125% (w/v) eugenol
in 1% SDS (Table 1). Micelle-loaded eugenol MICs for STEC are similar to the MICs of 0.15% for
eugenol-loaded micelles against E. coli O157:H7 strains previously reported by Gaysinsky et al. [24].
The MIC for unencapsulated eugenol against E. coli O157:H7, O26:H11, and O121:H19 was 0.5% (w/v)
(Table 1). Similar MICs for other plant-derived antimicrobials against E. coli O157:H7 and other
Enterobacteriaceae have been reported elsewhere [25,26]. Previous research has also demonstrated
enhanced antimicrobial efficacy of plant essential oil components following micelle entrapment in
complex food matrices, reportedly resulting from enhanced dispersion of the hydrophobic oils into the
aqueous fraction of the food and transport of essential oil components into the membrane of STEC
isolates and other bacterial organisms [16,18,25,27,28]. Refrigerated storage is not expected to have
significantly inhibited eugenol release by SDS micelles, given previous reports in which a 4.1 log10-cycle
reduction of Salmonella Enteritidis was reported during a 5 min exposure to 1% SDS/levulinic acid
micelles at 8 ◦C [19].

Table 1. Shiga toxin-producing Escherichia coli (STEC) isolates, sources, and minimum inhibitory
concentrations (MICs) of free and micelle-loaded eugenol.

STEC Serotype Isolate 1 Source
Free Eugenol MIC

(% w/v)
Micelle-Eugenol MIC

(% w/v) 2

O157:H7 USDA-FSIS-380-94 Salami 0.5 0.125
O26:H11 H30 Clinical 0.5 0.125
O121:H19 CDC 97-3068 Human Stool 0.5 0.125

1 Isolates were provided by J.B. Luchansky (U.S. Department of Agriculture-Agricultural Research Service,
Wyndmoor, PA, USA). 2 Micelles were comprised of sodium dodecyl sulfate (SDS; 1.0% w/v) by mixture of
eugenol into aqueous dispersion of SDS, followed by stirring at ambient temperature. 1.0% SDS was the maximum
non-inhibitory concentration (MNIC) of the surfactant against STEC isolates. USDA-FSIS: U.S. Department of
Agriculture-Food Safety and Inspection Service; CDC: Centers for Disease Control and Prevention.

3.2. Reduction of STEC on Beef Trimmings by Free and Micelle-Encapsulated Eugenol

The mean number of STEC inoculated onto beef trimmings was 6.6 ± 0.4 log10 CFU/g.
No treatment produced statistically significant STEC reductions on trimmings versus untreated controls
(p = 0.902); the greatest numerical reduction in STEC (0.3 log10 CFU/g) as compared to the control was
observed for 55 ◦C lactic acid-treated beef trimmings (Table 2). Similar reductions in E. coli O157:H7
numbers (0.1 to 0.2 log10 CFU/g) have been reported following the treatment of beef trimmings
(80% lean) with sprays of either 2% or 4% acetic/lactic acid blends heated to 55 ◦C [29]. Researchers
suggested that inclusion of adipose tissue in trimmings may have compromised antimicrobial activity
of applied interventions for pathogen reduction, in addition to impacts of grinding and post-treatment
storage. Cutter [14] likewise reported low reductions in E. coli O157:H7 following plant extract
application in micro-encapsulation systems and subsequent holding.
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Table 2. Survival of Shiga toxin-producing Escherichia coli (STEC) on fresh beef trimmings following
application of antimicrobial treatments.

Treatment 1 STEC Survivors (log10 CFU/g) 2 p > F Pooled Standard Error

Sterile Water (25 ◦C) 6.5 ± 0.40

0.902 0.294
2× FreeEug 6.5 ± 0.36

Micelles 6.4 ± 0.36
2% LA 6.4 ± 0.25

1 Treatments were: Control (inoculated, non-treated); Sterile Water (25 ◦C spray), 2× FreeEug (twice the minimum
inhibitory concentration of eugenol applied by spray), Micelles (three times the minimum inhibitory concentration
of micellarized eugenol in vitro, applied by spraying), and 2% LA (lactic acid solution, heated to 55 ◦C prior to
spraying). 2 Values given depict mean STEC survivors from triplicate identical replications (n = 3) following
inoculation, a 30 min attachment period, and spray-application of antimicrobial treatments ± one sample standard
deviation from the mean. STEC mean inoculation on beef pre-treatment: 6.6 ± 0.40 log10 CFU/g.

In contrast to these studies, other studies have reported higher STEC reductions on trimmings
when immersed in solutions of traditional antimicrobials. Ellebracht et al. [30] submerged beef
trimmings in 95 ◦C water or 2% lactic acid tempered to 55 ◦C. Reductions in E. coli O157:H7 following
hot water and heated acid in this study were 0.5 and 1.1 log10 CFU/g, respectively. In a study
applying 5% lactic acid via immersion to lean trimmings inoculated with O157 and non-O157
STEC, researchers reported STEC reductions varied from 0.5 to 1.4 log10 CFU/cm2, depending on
whether the acid solution was applied at 25 ◦C or 55 ◦C [31]. This group also reported reductions
in E. coli O157:H7 numbers of 0.5 or 0.7 log10 CFU/cm2 on inoculated trimmings immersed in 0.1%
acidified sodium chlorite or 0.02% peroxyacetic acid, respectively [11]. Finally, research testing
4.4% lactic acid application onto STEC-inoculated beef trimmings compared pathogen reductions
when acid was applied by dipping or spraying. STEC reductions obtained by dipping approximated
1.5 log10 CFU/g following 20 h post-treatment refrigerated storage, whereas spray-treatment produced
only a 0.5 log10 CFU/g reduction following post-treatment refrigerated storage [32]. Researchers
suggested that dipping in lactic acid solution allowed for enhanced contact of acidulant with STEC
on trimmings versus spraying as an explanation for observed differences in STEC reductions [32].
Nevertheless, use of immersion treatment of meat trimmings is of limited utility in the U.S., due in part
to sensory impacts and limits on the utility of treatments expected to result in excess water pick-up
by meat, thereby resulting in treated products not adhering to the federal standard of identity for
such products [23].

3.3. Inhibition of STEC on Ground Beef Following Antimicrobial Treatment during Refrigerated Storage

Analysis of STEC reductions on ground beef at 0, 3, and 5 days of refrigerated storage (5 ± 1 ◦C)
following treatment by water, free or micelle-entrapped eugenol, or 55 ◦C lactic acid spraying indicated
no effect of antimicrobial treatment (p = 0.371), and no effect of interaction of antimicrobial treatment
with storage duration (p = 0.812) (Figure A1 in Appendix A). However, ground beef refrigerated
storage period did impact STEC survival on treated ground beef, where STEC counts differed between
days 0 and 5 (p = 0.014) (Figure 1). Lack of detectable differences in STEC numbers as a function of
treatment may have resulted from the homogenization of STEC throughout beef tissue during grinding,
or insufficient antimicrobial application despite applying two and three times the respective MICs for
free and encapsulated eugenol (Figure 1). Grinding, through the mechanical disruption of beef tissue,
exposes previously non-accessible tissue and surfaces to microbes. Likewise, meat grinding would be
expected to reduce the efficacy of applied interventions by exposing amino acids capable of buffering
against pH change, or fat/lean tissue allowing for STEC to be removed from close proximity of free or
micelle-encapsulated eugenol.
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Figure 1. Survival of Shiga toxin-producing Escherichia coli (STEC) on ground beef during aerobic
refrigerated storage (p = 0.014; pooled SE = 0.083). Bars depict means of the main effect of storage
period calculated from triplicate identical replicates (n = 3); error bars depict one standard deviation
from the mean. Columns not sharing letters (A,B) differ at p < 0.05. Beef trimmings were ground
through a 3/8 inch plate following antimicrobial intervention, separated into 10.0 g samples, and stored
for up to five days at 5 ± 1 ◦C prior to STEC enumeration on Petri dishes containing tryptic soy agar
supplemented with 100.0 μg/mL of rifampicin.

Others have also reported numbers of STEC on ground beef to be reduced only to a low
extent following application of plant compounds with antimicrobial activity. The application of
allyl isothiocyanate (AIT) via impregnated disc to ground beef reduced E. coli O157:H7 0.6 to 0.7
log10 CFU/g following five days’ storage at 4 ◦C under vacuum packaging [33]. Reductions in E. coli
O157:H7 numbers on minced beef following application of plant-derived antimicrobial essential
oil components and holding for 3 h at 5 ◦C approximated 0.1 to 0.5 log10-cycles [34]. Nonetheless,
while some researchers have reported that application of plant-derived antimicrobials to ground beef
produced no significant pathogen reduction, the application of these interventions enhanced lethality
achieved during subsequent processing for inactivation of STEC or Salmonella [15,35].

4. Conclusions

The application of eugenol (free, micelle-encapsulated) to members of the O157 and non-O157
STEC in vitro was able to produce growth inhibition at MICs similar to those reported elsewhere.
Nonetheless, the application of free or micelle-loaded eugenol to STEC-inoculated beef trimmings,
as well as the application of 2% lactic acid (55 ± 1 ◦C) did not reduce STEC on trimming surfaces
(Figure A1). Following grinding and five days of refrigerated storage, statistically significant,
albeit biologically non-significant (≥1.0 log10-cycle) reductions in STEC were observed as a function
of storage period (p < 0.05) (Figure 1). Eugenol was hypothesized capable of enhanced antimicrobial
activity in the current study by its delivery to beef surfaces in an encapsulated form versus the
unencapsulated plant-derived antimicrobial, reported elsewhere to occur in other high-protein
animal-derived foods [17]. While this study is the first to the authors’ knowledge reporting the
application of eugenol-loaded micelles for non-O157 STEC reduction on beef trimmings, analysis of
experimental data leads authors to reject the original hypothesis that eugenol micelles would reduce
STEC on beef trimmings versus controls when applied via spraying versus other methods. Beef safety
researchers should continue investigating and optimizing post-harvest technologies for effective beef
safety protection.
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Appendix A

Figure A1. Least squares LS means of Shiga toxin-producing Escherichia coli (STEC) as a function of
the interaction of antimicrobial treatment x storage period (p = 0.812; pooled SE = 0.164). Error bars
depict one standard error for treatment mean; means were determined by two-way analysis of variance
(ANOVA) and Tukey’s Honestly Significant Differences (HSD) means separation test. Beef trimmings
were ground through a 3/8-inch plate following antimicrobial intervention, separated into 10.0 g
samples, and stored for up to 5 days at 5 ± 1 ◦C prior to STEC enumeration on Petri dishes containing
tryptic soy agar supplemented with 100.0 μg/mL of rifampicin. Antimicrobial treatments were: 25 ◦C
sterile water spray (filled bars), free eugenol applied at twice the MIC in vitro against STEC (horizontally
hashed bars), SDS micelle-loaded eugenol applied at three times in vitro MIC (vertically hashed bars),
and 2% lactic acid pre-warmed to 55 ◦C (open bars).
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Abstract: The antimicrobial modes of action of six naturally occurring compounds, cinnamon oil,
cinnamaldehyde, oregano oil, carvacrol, 2,5-dihydroxybenzaldehyde, and 2-hydroxy-5-
methoxybenzaldehyde, previously found to inhibit the growth of Mycobacterium avium subsp.
paratuberculosis (Map) reported to infect food animals and humans and to be present in milk,
cheese, and meat, were investigated. The incubation of Map cultures in the presence of all six
compounds caused phosphate ions to leak into the extracellular environment in a time- and
concentration-dependent manner. Cinnamon oil and cinnamaldehyde decreased the intracellular
adenosine triphosphate (ATP) concentration of Map cells, whereas oregano oil and carvacrol caused
an initial decrease of intracellular ATP concentration that was restored gradually after incubation
at 37 ◦C for 2 h. Neither 2,5-dihydroxybenzaldehyde nor 2-hydroxy-5-methoxybenzaldehyde had
a significant effect on intracellular ATP concentration. None of the compounds tested were found to
cause leakage of ATP to the extracellular environment. Monolayer studies involving a Langmuir
trough apparatus revealed that all anti-Map compounds, especially the essential oil compounds,
altered the molecular packing characteristics of phospholipid molecules of model membranes,
causing fluidization. The results of the physicochemical model microbial membrane studies suggest
that the destruction of the pathogenic bacteria might be associated with the disruption of the bacterial
cell membrane.

Keywords: essential oils; oil compounds; benzaldehydes; Mycobacterium avium subsp. paratuberculosis;
Johne’s disease; Crohn’s disease; type 1 diabetes mechanism; cell membrane; AP release

1. Introduction

Many naturally-occurring compounds, such as plant extracts, secondary metabolites, and
phytochemicals, have been extensively evaluated for antimicrobial activity [1–9]. Many of them
have been shown to be active against both Gram-positive and Gram-negative bacteria, including
Bacillus cereus [10,11], Listeria monocytogenes [12,13], Pseudomonas aeruginosa, Salmonella typhimurium
and Staphylococcus aureus [14,15], Escherichia coli [16,17], and Campylobacter jejuni [18–20]. Some natural
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compounds, e.g., cinnamon oil and oregano oil, have exhibited activity against pathogenic bacteria
that have developed resistance to conventional antibiotics [21,22].

Map is a bacterial pathogen of animal health and potential public health significance [23]. As the
causative agent of Johne’s disease (paratuberculosis) in domesticated ruminants, such as cattle, sheep,
goats, and rabbits [24–28], as well as hens [29], starlings [30], and wildlife [31], it can cause chronic
diarrhea, progressive weight loss, decreased milk production, and infertility in these food animals,
as well as significant economic losses to farmers [32–35].

Currently there is no drug approved for the treatment of Johne’s disease. Click [36] reported that
infection with the probiotic bacterium Dietzia, alone or in combination with dexamethasone, inhibited
the growth of the mycobacterium in cattle. Godden, et al. [37] and Verhegghe, et al. [38] describe the
use of heat-treated colostrum for reducing Map in dairy cows. Vaccines in development also have the
potential to protect dairy herds against Map [39–42].

Human epidemiological and medical studies suggest that Map might also contribute to the
etiology of human diseases. These include Crohn’s disease of the digestive tract [43,44], type 1
diabetes [45–47], and multiple sclerosis [48]. The cited studies suggest the need to further define the
possible conflicting role of Map in the cause, mechanism, and prevention of Map-induced adverse
effects in humans [49].

Once farm animals are identified as being infected with Map, they are culled prematurely.
However, because of the relatively long latent period of Map infections, generally between two
and five years, by the time the first clinically-affected animal is identified a significant proportion of the
herd could have been infected by the bacterium. Map can be readily transmitted through the fecal-oral
route between animals and via contaminated water because it can persist in the farm environment for
lengthy periods [50–54]. Transmission of Map to humans may be via contaminated dairy products,
meat, or water [55]. Map has been isolated from or detected in dairy products such as cheese, raw and
pasteurized milk, and infant milk formula [56–59]. The bacteria can survive extreme conditions such
as low pH, high pasteurization temperatures, or low refrigeration temperatures [60].

In a previous study we investigated the effect of a range of naturally-occurring compounds
on Map cells. Six compounds (cinnamon oil, trans-cinnamaldehyde, oregano oil, carvacrol,
2,5-dihydroxybenzaldehyde, and 2-hydroxy-5-methoxybenzaldehyde) inhibited the growth of Map [61].
Following appearance of our study, Crandall et al. [62] reported that citrus oils inhibited the
growth of Mycobacterium tuberculosis species in vitro. These authors suggested that the observed
anti-mycobacterium properties of the Valencia orange oil warrant further study designed to elucidate
the specific mechanisms of action. In a related study, we explored the use of monolayers of bacterial
phospholipids as artificial model membranes to study the interaction these compounds with the
artificial cell membranes [63].

To further define the antimicrobial mechanisms, in the present study, the potential
anti-mycobacterium mechanisms of these compounds have been investigated with Map bacteria.
Naturally-occurring compounds, such as potato and tomato glycoalkaloids and plant essential oils
and their constituents are generally known to target the cell membrane of microorganisms and animal
tissues owing to their hydrophobic nature, which enables them to partition into the hydrophobic part
of the phospholipid bilayer and accumulate at the cell membrane [64,65]. However, the molecular
interactions between the naturally-occurring compounds and bacterial cells still require further
determination [15]. It has been suggested that naturally-occurring antimicrobial compounds might
have several modes of action to achieve metabolic inhibition and growth inhibition of microbes,
subsequently leading to cell death [66].

Methods for studying antibacterial mechanisms include: measuring the change of cell
homeostasis, e.g., using fluorescent probes to measure the change of intracellular pH, the relative
change of membrane potential and ATP synthesis [10]; measuring oxygen consumption [16];
proteomic studies to investigate protein expression or repression under stressful, but non-lethal,
antimicrobial treatments [67]; observing changes in cell morphology after antimicrobial treatment
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using transmission [68] and scanning electron microscopy [69]; and measuring cell membrane stability,
e.g., whole cell autolysis which could indicate whether the antimicrobials cause the disintegration of
cells [70]. In the present study, we determined extracellular phosphate ion concentration, intracellular
and extracellular ATP concentrations, and monitored changes in absorbance of supernatants from
broth cultures exposed to the six active naturally-occurring compounds. In addition, monolayer model
membrane studies using a Langmuir trough apparatus were performed. Monolayer model membrane
studies are a biophysical approach to study the interaction of antimicrobials with lipid monolayers
that mimic the outer surface of biological membranes. These techniques have recently been employed
for mode of action studies [71–73].

Biological membranes have an extremely complex chemical composition including different
types of phospholipids [74] which serve as a matrix for other essential components, e.g., proteins,
including enzymes and biopolymers for cellular function [75–78]. Due to the complexity of biological
membranes, different varieties of model membrane systems, e.g., liposome, planar lipid bilayer,
and monolayer have been studied [79]. In this study, a monolayer model membrane was used as
a single component system to analyze the influence of antimicrobial substances on lipid behavior in
the membrane. We believe this to be the first reported study to determine the cellular response of Map
to six naturally-occurring compounds previously demonstrated to inhibit growth of this bacterium.
Possible modes of action of the plant antimicrobials against Map are discussed.

2. Materials and Methods

2.1. Plant Materials

The naturally-occurring compounds 2,5-dihydroxybenzaldehyde, 2-hydroxy-5-methoxybenzaldehyde,
carvacrol, and trans-cinnamaldehyde were obtained from Sigma-Aldrich (Poole, Dorset, UK); the
purity levels of these compounds ranged from 98 to 99% according to the manufacturer’s specifications.
Cinnamon oil (purity > 95%), containing 85% trans-cinnamaldehyde, was obtained from Yerba Buena
Co. (Berkeley, CA, USA). Oregano oil (purity > 95%), containing 85% carvacrol, was obtained from
Lhasa Karnak Herb Co. (Berkeley, CA, USA). The purity levels of 2,4,6-trihydroxybenzaldehyde,
geraniol, and vanillic acid (Sigma-Aldrich, Dorset, UK); ranged from 97% to 98% according to
the manufacturer’s data. Stock solutions, 50 mg/mL for solid compounds and 50 μL/mL for oil
compounds, were prepared by suspension in absolute ethanol. As a high percentage of ethanol is
bactericidal, the maximum concentration of ethanol that a strain could tolerate (showing no observable
inhibition of growth) was determined in a previous study of the bactericidal assay [61]. The final
concentration of ethanol present in all studies using Map culture was standardized at 0.4% (v/v).

2.2. Bacterial Strains and Growth Conditions

Mycobacterium avium subsp. paratuberculosis NCTC 8578 (a bovine isolate) was originally obtained
from the National Collection of Type Cultures, Colindale, London. The strain was maintained in
Cryobank vials (Mast Group Ltd., Merseyside, UK) at −70 ◦C. When a broth culture was required,
two cryobeads were inoculated into 10 mL of Middlebrook 7H9 broth (Difco Laboratories, Detroit, MI,
USA), supplemented with 0.05% (w/v) Tween 80 (Sigma-Aldrich, Dorset, UK), 10% (v/v) oleic albumin
dextrose catalase (OADC) supplement (Difco), and 2 μg/mL of mycobactine J (Synbiotics Europe SAS,
Lyon, France), pH 6.6 ± 0.2, and incubated at 37 ◦C with shaking at 100 rpm for 28 to 35 days until the
optical density at 600 nm (OD600) was between 0.7 and 1.0. Fifty milliliters of early stationary phase
Map culture (OD600 = 0.7–1.0, ~5 × 107 cfu/mL) was centrifuged at 2500× g for 30 min to pellet the
cells. Cell pellets were washed three times in 50 mL of sterile reverse osmosis water (Milli Q water
system; Millipore, Molsheim, France) at room temperature. Map cells were resuspended differently
depending on the analysis to be performed, as indicated below.

2.3. Determination of Extracellular Phosphate Concentration

The phosphate assay was carried out as described by Lambert, et al. [15] with minor modifications.
Briefly, the washed Map cell pellets were resuspended to the original volume in sterile HPLC water
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(Sigma-Aldrich, Dorset, UK). Aliquots (2 mL) of the cell suspension were transferred into sterile
Eppendorf tubes to which the test compounds were added. Four of the anti-Map compounds
(cinnamaldehyde, carvacrol, 2,5-dihydroxybenzaldehyde, and 2-hydroxy-5-methoxynenzaldehyde)
and a non-active compound vanillic acid, were tested at three-fold dilutions ranging from eight to
1000 μg/mL. Ethanol (0.4%, v/v) was used as negative control. The samples were incubated at 37 ◦C
for 24 h with aliquots taken at 0, 1, 2, 4, 8, and 24 h time points. Aliquots were transferred into
Eppendorf tubes and centrifuged at 16,873× g for 15 min. Supernatants were carefully transferred into
fresh Eppendorf tubes. All samples were stored at −20 ◦C until used. For the phosphate test, aliquots
of each sample (50 μL) were pipetted into a flat-bottom 96-well microtitre plate (Sarstedt Ltd., Leicester,
UK) and Biomol Green™ phosphate assay reagent (100 μL) (Enzo Life Sciences UK Ltd., Exeter, UK)
was dispensed into each well. The plate was sealed and incubated at room temperature for 20 min to
allow for color development. The OD620 was then measured using a microplate reader (Tecan UK Ltd.,
Reading, UK). Phosphate standard solution (Enzo Life Sciences UK Ltd., Exeter, UK) was prepared
to establish a calibration curve range from 0 to 40 μM to allow the phosphate concentration to be
determined. The experiment was repeated twice on different dates.

2.4. Determination of Intra- and Extra-Cellular ATP Concentration

The intracellular and extracellular concentrations of ATP were investigated using the procedures
described by Gill and Holley [12] with minor modifications. Briefly, the washed Map pellet was
resuspended in 7H9 broth base (45 mL) without OADC or mycobactine J and incubated at 37 ◦C
to starve (deplete the intracellular ATP) for six weeks. Aliquots of the cell suspension (3.6 mL)
were transferred into small bottles, and supplemented with 0.5% D-glucose. Duplicate bottles were
supplemented with natural compound stock (17.76 μL) to achieve the previously-determined minimum
inhibitory concentration (MIC) of each compound (MIC: cinnamaldehyde, 24 mg/L; cinnamon oil,
24 mg/L, carvacrol, 74 mg/L, oregano oil, 74 mg/L; 2,5-dihydroxybenzaldehyde, 74 mg/L; and
2-hydroxy-5-methoxybenzaldehyde, 74 mg/L). Two other bottles were supplemented with the
non-active compound 2,4,6-trihydroxybenzaldehyde (17.76 μL) stock to achieve a final concentration
of 74 mg/L. Another two bottles were supplemented with absolute ethanol (17.76 μL) to a final
concentration 0.4% v/v to serve as negative controls. At 0, 1, 2, 4, 8, and 24 h, samples were taken
and subjected to the following procedure. A sample (500 μL) from each bottle was transferred to an
Eppendorf tube; the cells were pelleted by centrifugation at 2500× g for 15 min, and the supernatant
(250 μL) was carefully transferred to an Eppendorf tube containing 200 mM Tris (250 μL) + 4 mM
EDTA + 0.05% dodecyl trimethyl ammonium bromide (DTAB) for stabilization and determination
of extracellular ATP concentration. The remaining half of the supernatant was carefully discarded.
The cell pellet was then resuspended in an ‘extractant’ (500 μL; 100 mM Tris + 2 mM EDTA + 0.025%
DTAB). To facilitate ATP extraction, the cell suspensions mixtures were heated in a boiling bath for
20 min. After heat treatment, samples were placed in an ice bath to facilitate rapid cooling. Triplicate
aliquots (50 μL) of each sample were pipetted into a white 96-well plate (Greiner Bio-One Ltd.,
Gloucestershire, UK). ATP standard (Sigma-Aldrich, Dorset, UK) at a concentration of 1, 2, 4, 8, 16,
32, and 64 nM prepared in the extractant was used to generate a calibration curve. The ATP assay
mix reagent (50 μL) (Sigma-Aldrich, Dorset, UK) was dispensed into each sample and standard well.
The bioluminescence was then read immediately using a microplate reader (Mithras LB 940, Berthold
Technologies UK Ltd., Herts, UK). This experiment was repeated twice.

2.5. Absorbance Scans of Culture Supernatant after Antimicrobial Treatment

The washed Map cell pellets were resuspended in the original volume of sterile reverse
osmosis water. Aliquots (4 mL) were transferred to small sterile bottles and supplemented with
test compounds. Three of the anti-Map compounds (carvacrol, 2,5-dihydroxybenzaldehyde and
2-hydroxy-5-methoxynenzaldehyde) and the non-active vanillic acid were tested at 74 μg/mL, and
cinnamaldehyde was tested at 24 mg/L. Since all of the natural compounds were suspended in
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absolute ethanol as a stock solution prior to addition to the Map cultures, ethanol (0.4% (v/v) was
used as a negative control. The bottles were incubated at 37 ◦C for 48 h. At 0, 1, 2, 4, 8, 24, and
48 h, sample aliquots were pipetted into Eppendorf tubes and centrifuged at 16,873× g for 15 min.
Supernatants were carefully transferred into fresh Eppendorf tubes. For the scan experiment, samples
(200 μL) were pipetted into separate wells of a flat-bottom 96-well UV plate (Costar, Corning Ltd.,
Sunderland, UK). The samples were scanned from 230 nm to 370 nm with a wavelength step size of
5 nm, using a microplate reader (Tecan UK Ltd., Reading, UK). Since most of the natural compounds
absorb UV light and might show more than one peak when scanned for a series of wavelengths,
a corresponding blank (composed of water and natural compound only, without culture) was prepared
for each natural compound and processed under the same conditions as the Map-containing sample to
allow a comparison of supernatant samples. This experiment was repeated twice.

2.6. Monolayer Studies

A Langmuir trough (Precision Plus) (μTrough XL; Kibron, Helsinki, Finland) equipped
with a computer-controlled microbalance (Kibron) and MicroSpot (Kibron) was used to measure
surface pressure-area (π-A), using the control software (FilmWare 3.61; Kibron). The total
surface area of the trough was 227.15 cm2, and the volume of the subphase was approximately
0.1 L. Phospholipids 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine (DOPE) and
1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phospho-(1′-rac-glycerol) sodium salt (DOPG) were purchased
from Avanti Polar Lipids (Alabaster, Alabama, USA). Stock solutions of the phospholipids
(5 mg/mL) were prepared in chloroform (Sigma-Aldrich, Dorset, UK) and stored at −20 ◦C.
The naturally-occurring antimicrobial compounds were prepared as stock solutions in reverse osmosis
water for powder compounds (100 mg/mL) and chloroform for oil compounds (500 mg/mL).
Reverse osmosis water was freshly obtained and used in all experiments. The stocks of powder
compounds were freshly prepared before each experiment and used on the same day. The stocks of oil
compounds were stored at −20 ◦C until required. The compounds were tested at concentrations closed
to the MIC determined in previous antibacterial assays [61] was 74 mg/L for powder compounds. For
the essential oil compounds, the above stock solution (1 μL) was deposited onto the surface of the
subphase. The concentration could not be determined as the oil compounds were surface active and
no shaking or stirring was employed to facilitate mixing. The phospholipids prepared in chloroform
were deposited onto the water surface (pure water with or without natural compounds in the
subphase) interface using a 5-μL Hamilton micro-syringe (Supelco, Bellefonte, PA, USA). The selection
of subphases was based on the results of the previous antimicrobial assays by Wong, et al. [61].
After spreading the phospholipids, the monolayer was allowed to equilibrate for 10 min (to ensure
evaporation of the solvent). Film compression was initiated by moving the two barriers symmetrically,
with a speed of 21.157 Å2/chain/min to allow for the reorientation and relaxation of the lipids during
compression. Surface pressure (π) was measured with an accuracy of ±0.1 mN/m using a metal wire
probe (Kibron) linked to a high precision microbalance connected to a computer. All isotherms were
recorded at 23 ◦C. The subphase temperature was controlled thermostatically to within 0.1 ◦C by
a circulating water system (Grant Instruments (Cambridge) Ltd., Cambridgeshire, UK).

2.7. Analysis of Isotherms

The interaction between lipid molecules deposited on subphase containing different antimicrobials
and their molecular organization were analyzed by calculating the compression modulus CS

−1, which
is a reciprocal of isothermal compressibility (CS) as previously described [80]. The CS value of
the investigated films at the given surface pressure (π) was obtained from π-A data as follows:
CS = (−1/Aπ) (dA/dπ)T, where Aπ is the area per molecule at the indicated surface pressure π.
The CS values were calculated using Origin® 8 program (OriginLab Corporation, Northampton, MA,
USA). Accordingly, the higher the value of the compressibility modulus CS

−1; the lower the interfacial
fluidity will be [81].
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2.8. Data Analysis

Graphs were plotted using the mean of the replicates of each experiment. Ordinary ANOVA was
performed on data, when appropriate, by using GraphPad InStat (GraphPad Software, Inc., La Jolla,
CA, USA).

3. Results

3.1. Extracellular Phosphate Assay

The effect of cinnamaldehyde on phosphate leakage of Map cells is shown in Figure 1. The results
showed an increase in extracellular phosphate level in the presence of cinnamaldehyde that was
concentration- and time- dependent, suggesting increased membrane permeability. Figure 2 shows
the effects of four anti-Map compounds and two negative controls, non-active compound vanillic
acid and ethanol, on phosphate leakage of the Map culture. Similar to cinnamaldehyde, the results
indicated that membrane permeability increased in the presence of all naturally-occurring compounds,
including the non-active compound, and the observed increase was time-dependent.
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Figure 1. Extracellular levels of phosphate ion in aliquots of Map cultures incubated with various
concentrations of cinnamaldehyde (MIC 24 mg/L) and non-inhibitory concentration of ethanol (0.4%,
v/v) as the negative control.
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Figure 2. Extracellular concentration of phosphate ion in cultures of Map incubated with different active
compounds, non-inhibitory compound (vanillic acid) at 74 mg/L, and non-inhibitory concentration of
ethanol (0.4%, v/v).
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3.2. Intracellular and Extracellular ATP Assays

Cinnamon oil and its active ingredient cinnamaldehyde significantly decreased intracellular ATP
(p < 0.05). Oregano oil and its active constituent carvacrol resulted in an initial rapid decrease of
intracellular ATP concentration, before it rose again (data not shown). The final intracellular ATP
concentrations of Map cells exposed to these two compounds were still low (p < 0.05) compared to
the two negative controls. No significant change in intracellular ATP was observed with the other
tested compounds.

Low levels of ATP were found in the extracellular environment in all the samples tested including
anti-Map compounds and negative controls (data not shown). The extracellular ATP concentration
was very low (0.5 nM) and remained unchanged throughout the incubation period.

3.3. Absorbance Scans of Culture Supernatant after Antimicrobial Treatment

The absorbance scan (from 230 to 370 nm) of cinnamaldehyde (24 μg/mL) in sterile reverse
osmosis water incubated at 37 ◦C is shown in Figure 3a. A peak was observed and the highest
absorbance was measured at 290 nm (A290). The A290 reading represents the abundance of
cinnamaldehyde in the sample, which decreased from about 2.75 to 2.25 during the two-day incubation
period. When a similar scan was performed on the supernatant of the culture incubated with 24 mg/L
cinnamaldehyde (the MIC that inhibits the growth of Map in broth medium), the A290 reading also
decreased over the two-day incubation period (Figure 3b). A new peak, which had the highest
absorbance at about 250 nm, appeared after one day of incubation.
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Figure 3. Absorbance scan (230 to 370 nm) of 24 mg/L cinnamaldehyde prepared in sterile reverse
osmosis water and incubated in (a) absence of and (b) presence of Map NCTC 8578 at 37 ◦C for 48 h.

An absorbance scan (230 to 370 nm) of carvacrol (74 mg/L) in sterile reverse osmosis water or the
supernatant of Map cultures incubated at 37 ◦C is illustrated in Figure 4a,b. Maximum absorbance was
observed at about 270 nm (A270) (Figure 4a). When a similar scan was performed on the supernatant
of the Map culture incubated with 74 mg/L carvacrol (the MIC that inhibits the growth of Map in broth
medium) (Figure 4b), the A270 reading decreased as the time of incubation increased.
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Figure 4. Absorbance scan (230 to 370 nm) of 74 mg/L carvacrol prepared in sterile reverse osmosis
water and incubated in (a) absence of and (b) presence of Map NCTC 8578 at 37 ◦C for 48 h.

42



Foods 2017, 6, 72

3.4. Monolayer Studies

The compression isotherms and compression modulus for the DOPE monolayer deposited on
subphases containing natural antimicrobial compounds are shown in Figure 5a,b. In subphase
containing pure water only, the lift-off value was approximately 105 Å2 per molecule and increased
gradually into the liquid-condensed (LC) phase up to around 62 Å2 per molecule, at which point the
monolayer collapsed (collapse pressure was about 38 mN/m) (Figure 5a). Analysis of the compression
modulus for the DOPE monolayer in the presence of different naturally occurring antimicrobial
compounds is shown in Figure 5b.
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Figure 5. The surface pressure-area (π-A) (a) and compression modulus (CS
−1) values versus surface

pressure (π); and (b) isotherms recorded for monolayers formed by DOPE on the subphases containing
pure water with and without naturally-occurring antimicrobial compounds.

The compression isotherms and compression modulus for the DOPG monolayer deposited on
subphases containing selected naturally-occurring antimicrobial compounds are shown in Figure 6a,b.
In the subphase containing pure water only, the lift-off value was approximately 120 Å2 per molecule
and increased gradually into the liquid-condensed (LC) phase up to around 68 Å2 per molecule,
at which point the monolayer collapsed (collapse pressure was about 42 mN/m) (Figure 6a).

Analysis of the compression modulus for the DOPG monolayer in the presence of different
antimicrobial compounds is shown in Figure 6b.
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pressure (π); and (b) isotherms recorded for the monolayers formed by DOPG on the subphases
containing pure water with and without naturally occurring antimicrobial compounds.
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4. Discussion

Mechanisms of Antimicrobial Effects against Map

The measurement of intracellular constituents in the extracellular environment, e.g., soluble
proteins [69], nucleic acids [82], ATP [83], and phosphate and potassium ions [15] are good indicators
of membrane leakage and can reflect the severity of membrane damage. These cellular constituents
are important for cellular functions. Presumably, leakage of these constituents might cause further
disturbances in cellular metabolism and viability.

As shown in Figures 1 and 2, the degrees of phosphate leakage varied between different
compounds in the present study. Cinnamaldehyde caused the highest level of phosphate leakage
(Figure 2) in a dose- and time-dependent manner (Figure 1). By contrast, 2,5-dihydroxybenzaldehyde
induced the lowest level of leakage. Lambert, et al. [15] reported that oregano essential oil caused
leakage of phosphate ion in both the Gram-positive bacterium S. aureus and the Gram-negative
bacterium P. aeruginosa. However, because supplementary controls were not included, it is unclear
whether the leakage observed from the two organisms was caused only by the oregano essential oil.

The effects of six anti-Map compounds at their MIC values on the intracellular and extracellular
ATP concentration of Map cells that had been starved for six weeks were also investigated. Significant
effects (p < 0.05) of cinnamon oil and cinnamaldehyde were observed. The transient effect (an initial
rapid decrease) of oregano oil and its active ingredient carvacrol (data not shown), suggests that
oregano oil and carvacrol might exert their antimicrobial effect by means of initially stressing Map.
The data show that Map was able to partially overcome such a challenge and to decrease the effect to
some degree. Thus ATP synthesis might have resumed or ATP hydrolysis might have slowed down as
a result of a self-defense mechanism. In the present study, we found that carvacrol did not deplete the
intracellular ATP pool of Map. This finding contrasts with observation that carvacrol rapidly depleted
the ATP pool in the Gram-positive foodborne pathogen Bacillus cereus [10].

A possible explanation for the different effects might be due to the differences in the cell membrane
compositions. The Map membrane is characterized by a thicker, waxy, and hydrophobic cell wall,
which is very rich in mycolic acid, making it more resistant to chemical damage and environmental
stress. Low levels of extracellular ATP found in our study may be due to a weak ATP efflux as a result
of Map being stressed when exposed to the antimicrobial compounds. This also implies that the
compounds did not increase the membrane permeability for ATP.

The absorbance scan of cinnamaldehyde (24 μg/mL) in water or Map culture showed a decrease
of the peak at 290 nm over the two-day incubation period (Figure 3a,b). When comparing the
culture supernatant at time 0 min with the corresponding blank, the A290 reading is approximately
0.5 absorbance units lower in the supernatant. The explanation for this finding might be due to
the adsorption of cinnamaldehyde to the cell surface or uptake of cinnamaldehyde into the cells.
Furthermore, a new peak, which had the highest absorbance at about 250 nm, appeared after one
day. The new peak could either be a product transformed by Map by cinnamaldehyde during the
incubation, or an intracellular constituent that had leaked from the cells. Since the peak showed
the highest absorbance within the UV region (250 nm), it is possibly an indication of nucleic acid
or leakage of other constituents from the cells. The appearance of such a new peak was unique to
cinnamaldehyde; culture supernatants from cells exposed to all of the other compounds did not
show additional peaks. Attempts were made to identify this peak, using QToF LC/MS and NMR
spectroscopy, but without success.

An absorbance scan (230 to 370 nm) of carvacrol in sterile reverse osmosis water (Figure 4a) or
supernatant cultures (Figure 4b) shows that the highest absorbance was observed at 270 nm (A270).
The A270 value decreased from about 0.58 to 0.53 during the two-day incubation period (Figure 4a),
similar to the absorbance scan of cinnamaldehyde in water. However, the decrease in A270 was much
smaller than that with cinnamaldehyde. When a similar scan was performed on the supernatant of the
Map culture incubated with carvacrol (74 mg/L; the MIC that inhibits the growth in broth medium)
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(Figure 4b), the A270 reading decreased as the time of incubation increased, i.e., from about 0.55 to
0.44. The decreased quantity of carvacrol suggested the uptake of carvacrol by the Map organism.
However, in contrast to the cinnamaldehyde experiment, the decrease in absorbance reading in culture
supernatant treated with carvacrol was much smaller and no additional peaks were observed.

Lipid monolayers were formed at the air-liquid interface to mimic the outer surface of the bacterial
membrane by using DOPE and DOPG. PE and PG phospholipids were selected for this study because
they are the predominant zwitterionic and anionic phospholipids found in the membranes of both
Gram-positive and Gram-negative bacteria [75,78]. The changes in compressibility modulus in both
the DOPE and DOPG monolayers reflect the physical state of the lipid monolayer compressed on
the surface of different subphases. The factor that determines compressibility of the isotherm is its
slope. This can be calculated as a derivative of area per molecule versus surface pressure, which
reflects the rate of change of the area per molecule against surface pressure. The higher the value of
the compressibility modulus, the higher the rigidity of the model membrane and, vice versa, a low
value of compressibility modulus indicates high fluidity of the model membrane [84].

Isotherms of DOPE deposited on the subphase with naturally-occurring antimicrobial compounds
showed the lift-off value increased and varied from approximately 110 to 200 Å2 per molecule
(Figure 5a). The increase in the lift-off value indicated these antimicrobial compounds could have
been incorporated into the lipid monolayers in the gas state resulting in the observed reduced packing
effectiveness of DOPE molecules. In the presence of three oil compounds, cinnamaldehyde, carvacrol,
and geraniol, the slopes of the isotherms were the flattest. For the DOPE monolayer compressed on
the subphase containing pure water only, the maximal value of CS

−1 was observed at approximately
122 mN/m, whereas the value for 2,4,6-trihydroxybenzaldehyde was approximately 138 mN/m,
suggesting a rigidifying effect of this compound on the DOPE monolayer (Figure 5b). For the other
compounds, the maximal values of the compression modulus varied from 50 to 110 mN/m. Such a
decrease in the maximal value of the compression modulus indicated a fluidizing effect possibly in the
DOPE monolayer. Carvacrol showed the highest fluidizing effect, whereas 2,5-dihydroxybenzaldehyde
exhibited the lowest effect.

Isotherms of DOPG deposited on the subphase with natural antimicrobial compounds showed
the lift-off value varied from approximately 117 to 195 Å2 per molecule (Figure 6a). In the presence
of two of the oil compounds, carvacrol and geraniol, the slopes of the isotherms were the flattest.
2,4,6-Trihydroxybenzaldehyde and 2,5-dihydroxybenzaldehyde caused a non-significant decrease in
the lift-off value (p > 0.05). For the DOPG monolayer compressed on a subphase containing pure
water only, the maximal value of CS

−1 was observed at approximately 118 mN/m, whereas the
value for 2,4,6-trihydroxybenzaldehyde was approximately 137 mN/m, indicating a rigidifying effect
(Figure 6b). For the other compounds, the maximal values of the compression modulus varied from 42
to 117 mN/m. Geraniol showed the highest fluidizing effect, whereas 2,5-dihydroxybenzaldehyde
showed the lowest effect.

It has been reported that antimicrobial compounds interact more easily with the gas or liquid
phase of the monolayer than with the liquid-condensed phase [85]. The shape and size of lipid
rafts/aggregates seem to be determined by competition between the line tension at the raft boundary
and the electrostatic repulsion between molecular polar heads [86]. The present biophysical experiment
indicated that antimicrobial compounds interacted differently with the lipid rafts in both lipids,
depending on the electrical charge at the polar head as indicated by the higher lift-off values.
The difference might be due to the electrostatic interaction between charged head groups and
antimicrobials inserted between hydrophobic tails.

In the present study, only 2,4,6-trihydroxybenzaldehyde caused a slight rigidifying effect on both
DOPE and DOPG. All other compounds exhibited either a small or large fluidizing effect. The essential
oil compounds carvacrol and geraniol showed a greater fluidizing effect in all the monolayers tested
than did the solid compound 2,5-dihydroxybenzaldehyde. Sikkema, et al. [87] suggested that the
toxicity of a compound is highly related to its ability to disturb the hydrophobic interactions between
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the lipids and proteins in the cell membrane. The toxicity is, thus, highly related to the decline in
membrane integrity. The present results on the relationship between antimicrobial and membrane
effects are consistent with this suggestion.

It has been suggested that hydrophobic oil compounds interact with the bacterial cell membrane,
changing the membrane structure, stability, and permeability of certain intracellular constituents.
Results of this study clearly indicated that natural antimicrobial compounds could modify the lipid
monolayer structure, leading to the leakage of phosphate and other essential cell components and
a change in the membrane potential and the cell environments, ultimately causing the death of cells.
A related study showed that exposure of Bacillus subtilis ATCC 6633 cells to Trachyspermum ammi
essential oil caused an instant loss of cytoplasm membrane integrity causing it to become increasingly
permeable to protons and ions that might be responsible for the antibacterial activity [88]. Studies with
green tea catechins have showed that hydrogen bonding of phenolic hydroxyl groups of catechins to
cell membranes might be correlated with antimicrobial and anti-cancer-cell effects of catechins [89–91].

5. Conclusions

To conclude, the cellular responses of the potentially zoonotic pathogen Map in the presence
of naturally-occurring compounds were studied. The natural compounds tested caused the
leakage of phosphate ions from Map cells in relation to the time of exposure to and concentration
of the test compounds; however, the extent of phosphate leakage was not consistent with the
relative antimicrobial activities of the compounds. Exposure of Map cells to cinnamon oil or its
constituent cinnamaldehyde caused a decline in intracellular ATP concentration; however, none of the
naturally-occurring compounds caused a leakage of ATP to the extracellular environment. Exposure
to cinnamaldehyde may have resulted in a leakage of intracellular constituents, possibly protein or
nucleic acids, or the transformation to a new product by Map. The monolayer model membrane
studies showed that natural antimicrobial compounds could modify the lipid monolayer structure
by incorporation into the monolayer, formation of aggregates/rafts of antimicrobials and lipids, and
reduction in the packing effectiveness of the lipid molecules, resulting in an increase in membrane
fluidity. The monolayer studies, therefore, confirmed that the antimicrobial compounds, especially oil
compounds, are targeting the cell membrane. The described studies offer insights into the interaction
between antimicrobials and membrane lipids and identifying characteristics or actions of the most
potent compounds.
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Abstract: The essential oil of fennel (Foeniculum vulgare) is rich in lipophilic secondary metabolites,
which can easily cross cell membranes by free diffusion. Several constituents of the oil carry reactive
carbonyl groups in their ring structures. Carbonyl groups can react with amino groups of amino
acid residues in proteins or in nucleotides of DNA to form Schiff’s bases. Fennel essential oil is rich
in anise aldehyde, which should interfere with molecular targets in cells. The aim of the present
study was to investigate the chemical composition of the essential oil of fennel growing in Tajikistan.
Gas chromatographic-mass spectrometric analysis revealed that the main components of F. vulgare
oil were trans-anethole (36.8%); α-ethyl-p-methoxy-benzyl alcohol (9.1%); p-anisaldehyde (7.7%);
carvone (4.9%); 1-phenyl-penta-2,4-diyne (4.8%) and fenchyl butanoate (4.2%). The oil exhibited
moderate antioxidant activities. The potential cytotoxic activity was studied against HeLa (human
cervical cancer), Caco-2 (human colorectal adenocarcinoma), MCF-7 (human breast adenocarcinoma),
CCRF-CEM (human T lymphoblast leukaemia) and CEM/ADR5000 (adriamycin resistant leukaemia)
cancer cell lines; IC50 values were between 30–210 mg L−1 and thus exhibited low cytotoxicity as
compared to cytotoxic reference compounds.

Keywords: Foeniculum vulgare; essential oil; trans-anethole; anise aldehyde; cytotoxicity; cluster analysis

1. Introduction

Fennel (Arpabodiyon, local Tajik name), Foeniculum vulgare Miller, an important member of the
Apiaceae, is widely used for flavouring foods and beverages due to its pleasant spicy aroma [1,2].
In traditional medicine, the plant and its essential oil have been extensively used as carminative,
digestive, galactogogue and diuretic and to treat respiratory and gastrointestinal disorders [1].
It is also used as a constituent in cosmetic and pharmaceutical products [3]. The essential oil of
F. vulgare, in particular anethole, exhibits antispasmodic, carminative, anti-inflammatory, estrogenic
and anti-microbial activities [4]. In vitro, fennel oil possesses antioxidant [5,6], antimicrobial [7],
insecticidal [8], antithrombotic [9] and hepatoprotective activities [2]. Furthermore, the essential oil
of fennel exhibits in vitro anticancer activity [10–12]. The in vitro cytotoxic, genotoxic, and apoptotic
activities of estragole were suspected to induce hepatic tumors in susceptible strains of mice [10].

Anethole is toxic in high concentrations [4]. Because of their lipophilic properties, the secondary
metabolites of essential oils are able to penetrate cytoplasmic membranes by free diffusion. This
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process can affect membrane fluidity and permeability, transport, ion equilibrium and membrane
potential [13], leading to cell death by apoptosis and necrosis [11].

The essential oil of fennel is rich in secondary metabolites, which carry reactive substituents
(among them carbonyl groups) in their ring structures or side chains. Aldehydes are generally
long-lived and electrophilic compounds, they can react with molecular targets which carry free
amino groups, such as of amino acid residues in proteins or of nucleotides in DNA to form Schiff’s
bases [14]. Aldehyde-containing essential oils often exhibit cytotoxicity [15,16] by reacting with cellular
nucleophiles, including proteins and nucleic acids [13,17].

The chemical composition of the essential oil of F. vulgare from different geographical locations
has been extensively studied [6,18–20]. According to these studies, the major components of fennel oil
are trans-anethole, estragole, fenchone, and limonene depending on the chemotype [21–23]. The aim
of the present study was to investigate the chemical composition of the essential oil of fennel growing
in Tajikistan (Central Asia) and to explore cytotoxic activity against different human cancer cell
lines. The biological activity and chemical composition of F. vulgare oil from Tajikistan have not been
previously reported.

2. Materials and Methods

2.1. Plant Material

The aerial parts of F. vulgare plants were collected from the Varzob region, Tajikistan on
29 July 2016. A voucher specimen of the plant material was deposited at the Department of
Pharmaceutical Technology, Avicenna Tajik State Medical University under accession number
TD2016-24. The material was completely dried and hydrodistilled using a Clevenger-type apparatus
for 3 h to give an essential oil yield of 0.5%.

2.2. Gas-Liquid Chromatography-Mass Spectrometry (GLC-MS)

The essential oil from F. vulgare oil was analyzed by GLC-MS using an instrument
(GCMS-QP2010 Ultra, Shimadzu, Tokyo, Japan) operated in the EI mode (electron energy = 70 eV),
scan range = 3.0 scans s−1. The GC column was ZB-5 fused silica capillary with a (5% phenyl)-polymethyl
siloxane stationary phase a film thickness of 0.25 mm. The carrier gas was helium with a column
head pressure 551 kPa and flow rate of 1.37 mL min−1. Injector temperature was 250 ◦C and the
ion source temperature was 200 ◦C, increased in temperature rate 2 ◦C min−1 to 260 ◦C. The GC
oven temperature program was programmed from 50 ◦C initial temperature, increased at a rate of
2 ◦C min−1 to 260 ◦C. A 5% w/v solution of the sample in CH2Cl2 was prepared and 0.1 μL was
injected in splitting mode (30:1).

Identification of the oil components was based on their retention indices determined by
reference to a homologous series of n-alkanes (Kovats RI), and by comparison of their mass spectral
fragmentation patterns with those reported in the literature [24] and stored on the MS library
(NIST 11 (National Institute of Standards and Technology, Gaithersburg, MD, USA), WILEY 10
(John Wiley & Sons, Inc., Hoboken, NJ, USA), FFNSC version 1.2 (Shimadzu Corp., Tokyo, Japan)).
The percentages of each component are reported as raw percentages based on total ion current without
standardization (set 100%).

2.3. Antioxidant Activity

The antioxidant activity of the essential oils was evaluated by 2,2-diphenyl-1-picrylhydrazyl
(DPPH), 2,2′-azinobis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) and ferric reducing antioxidant
power (FRAP) assays. DPPH, ABTS and FRAP assays were performed as described earlier by us [25,26].
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2.4. Cytotoxicity

The potential cytotoxicity of the fennel essential oil against of the five human tumor cell lines
(HeLa, Caco-2, MCF-7, CCRF-CEM and CEM/ADR5000) were determined by the MTT assay. The cells
were seeded at a density of 2 × 104 cells/well (HeLa, Caco-2, MCF-7) and 3 × 104 cells/well
(CCRF-CEM and CEM/ADR5000). The essential oil was serially diluted in media in the presence of
DMSO at concentrations between 10 mg/L and 5 g/L; 100 μL of each concentration was applied to the
wells of a 96-well plates. Cells were incubated with the essential oil for 24 h (HeLa, Caco-2, MCF-7)
and 48 h (CCRF-CEM and CEM/ADR5000) before the medium was removed and replaced with fresh
medium containing 0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).
The formazan crystals produced were dissolved in DMSO 4 h later; the absorbance was measured at
570 nm with a Biochrom Asys UVM 340 Microplate Reader (Cambridge, UK).

2.5. Hemolytic Activity

The hemolytic activity was investigated by incubation of serially diluted fennel essential oil
in phosphate-buffered saline with red blood cells (human O+). The hemolytic activity assay was
performed as described earlier [27].

2.6. Hierarchical Cluster Analysis

A total of 68 chemical compositions of F. vulgare essential oils, including the sample from this
study in addition to 66 compositions obtained from the published literature [5–7,9,23,28–45] were
used to carry out the cluster analysis using the XLSTAT software, version 2015.4.01. The essential
oil compositions were treated as operational taxonomic units (OTUs) and the percentages of 34 of
the most abundant essential oil components (trans-anethole, limonene, estragole, fenchone, α-pinene,
α-phellandrene, p-anisaldehyde, β-phellandrene, β-pinene, exo-fenchyl acetate, p-cymene, myrcene,
(E)-β-ocimene, camphor, 10-nonacosanone, piperitenone oxide, sabinene, neophytadiene, cis-anethole,
trans-dihydrocarvone, γ-terpinene, carvone, phytol, 1,8-cineole, iso-isopulegol, trans-β-terpineol,
endo-fenchyl acetate, camphene, carvacrol, apiole, o-cymene, δ-3-carene, linalool, and thymol)
were used to establish the chemical relationships of the F. vulgare essential oil samples using the
agglomerative hierarchical cluster (AHC) method. Pearson correlation was selected as a measure of
similarity, and the unweighted pair-group method with arithmetic average (UPGMA) was used for
definition of the clusters.

2.7. Microscopic Observation

The images of the treated or untreated CCRF cells were obtained and photographed using a by
fluorescence microscopy (BZ-9000, Keyence, Osaka, Japan) in order to investigate morphological changes.

2.8. Data Analysis

The experiments were repeated three times. IC50 values were calculated using a four parameter
logistic curve (Sigma Plot 11.0 (SYSTAT Software, San Jose, CA, USA)). The data are represented as
means ± standard deviations. The results of statistical test were determined by using Sigma Plot 11.0
software and also by using the statistical function t-test in Microsoft Excel. A p value below 0.05 was
considered to represent statistical significance.

3. Results and Discussion

3.1. Chemical Composition

The essential oil of F. vulgare was analyzed by gas-liquid chromatography—mass spectrometry
(GLC-MS). Thirty components were identified representing 97.7% of total oil composition (Table 1).
Oxygenated terpenoids were the dominant compounds of the essential oil of F. vulgare.
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The major components were trans-anethole (1) (36.8%), p-anisaldehyde (2) (7.7%),
α-ethyl-p-methoxybenzyl alcohol (3) (9.1%), carvone (4.9%), 1-phenylpenta-2,4-diyne (4.7%)
and fenchyl butanoate (4.2%). The main three compounds (trans-anethole, p-anisaldehyde,
α-ethyl-p-methoxybenzyl alcohol) are both ethers, having methoxy functional groups (Scheme 1).

Table 1. Chemical composition of the essential oil of Foeniculum vulgare according to a GLC-MS analysis.

Compounds % * RT ** RI ***

trans-Anethole 36.8 36.022 1286
α-Ethyl-p-methoxybenzyl alcohol 9.10 54.059 1569
p-Anisaldehyde 7.73 33.825 1254
Carvone 4.87 33.119 1243
1-Phenylpenta-2,4-diyne 4.75 35.875 1283
Fenchyl butanoate 4.23 46.653 1448
Neomenthol 3.62 28.027 1170
(2E)-Dodecenal 3.44 47.807 1467
β-Ethyl-p-methoxybenzyl alcohol 3.27 54.498 1577
trans-Thujone 2.95 24.404 1118
Fenchone 2.75 22.408 1089
Carvacrol 2.15 36.802 1297
Linalyl acetate 1.88 33.503 1249
Unidentified 1.39 42.318 1380
(E)-Chrysanthenyl acetate 1.38 34.015 1256
Thymol 1.03 36.255 1289
Fenchyl isobutanoate 1.03 47.726 1465
(E)-β-Terpineol 1.00 28.642 1179
Linalool 0.75 23.139 1100
cis-Thujone 0.74 23.624 1107
(E)-Dihydrocarvone 0.64 30.422 1204
Unidentified 0.64 48.021 1470
Geranial 0.56 34.747 1267
Myrtenyl acetate 0.54 36.160 1288
exo-Fenchyl acetate 0.48 32.269 1231
Penta-1,3-diynylbenzene 0.46 40.505 1353
Dill ether 0.44 29.148 1186
Methylchavicol (=estragole) 0.42 29.973 1198
Unidentified 0.30 53.885 1567
Caryophyllene oxide 0.25 54.759 1581
Camphor 0.23 26.445 1147
iso-Menthone 0.10 27.050 1156
1-Hexadecene 0.08 48.270 1474
Terpene hydrocarbons: 5.21
Oxygenated terpenoids: 85.78
Others: 6.70
Total identified: 97.67

* Total peak area was set to 100%; ** Retention time; *** Kovats retention index in ZB-5 column.

Scheme 1. Structures of main components of the essential oil Foeniculum vulgare.
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In accordance with previously published data, 1 is the main component [1,46], its content varying
from 5.0 to 85%. However, estragole [47,48], fenchyl acetate [7] and limonene [6] have also been
reported as main components of the fennel oil from other origins. Fennel essential oil is known as a
source for anethole [49].

F. vulgare is subdivided into three main chemotypes according to their relative compositions:
(1) estragole chemotype; (2) estragole/anethole chemotype and (3) anethole chemotype [34].
The essential oil of F. vulgare from Tajikistan thus belongs to the anethole chemotype, which is widely
distributed [47].

3.2. Cluster Analysis

In order to place the chemical composition of Tajik F. vulgare into context with previous
investigations, a hierarchical cluster analysis was carried out using the essential oil composition
from this study in conjunction with compositions from 66 samples previously reported in the
literature [5–7,9,23,28–45]. The cluster analysis (Figure 1) reveals the major chemotype of F. vulgare
to be an anethole-rich chemotype (CT1), which includes the sample from Tajikistan. There is
also an estragole-rich chemotype (CT2), represented by seven samples, and several chemotypes
represented by only one or two samples each: an estragole/α-phellandrene chemotype (CT3),
an anethole/estragole/α-pinene chemotype (CT4), an α-phellandrene chemotype (CT5), and a
limonene/β-pinene/myrcene chemotype (CT6). The anethole-rich cluster can be subdivided
into three chemotypes: an anethole chemotype (CT1a, including the sample from Tajikistan),
an anethole/limonene chemotype (CT1b), and an anethole/camphor chemotype (CT1c) represented
by a single sample from Romania (see Figure 1).

3.3. Antioxidant Activity

The investigation of antioxidant activity of essential oils as lipophilic secondary metabolites
became an interesting aspect of food and pharmaceutical research. Synthetic food additives are
increasingly replaced with plant-based natural ingredients, due to their safety, effectiveness and
consumer acceptance [50]. In general, fennel as an edible and medicinal plant represents an interest
through the neutralization of reactive oxygen species in order to prevent the damage of protein, lipid,
and DNA which are supposed to be the main reason for cell aging, oxidative stress-originated diseases
(cardiovascular and neurodegenerative diseases), and cancer.

The essential oil of fennel exhibits low antioxidant activity as compared to the positive control,
caffeic acid. The results of the DPPH, ABTS and FRAP analyses are represented Table 2.

Table 2. Antioxidant activity of the essential oil Foeniculum vulgare as determined by the ABTS, DPPH,
and FRAP assays *.

Sample
DPPH

IC50 (g L−1)
ABTS

IC50 (g L−1)
FRAP

μM Fe(II)/mg of Samples

Foeniculum vulgare 15.6 ± 1.1 ** 10.9 ± 0.4 ** 194 ± 18 **
trans-Anethole 23.4 ± 0.1 ** 35.6 ± 0.1 ** 104 ± 5.2 **

Caffeic acid 0.0017 ± 0.0002 *** 0.0011 ± 0.0002 *** 2380 ± 46 ***

* The data are represented as means ± standard deviations; ** significant at p < 0.0025; *** significant at p < 0.0001.
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Figure 1. Dendrogram obtained from the agglomerative hierarchical cluster analysis of 68
Foeniculum vulgare essential oil compositions. (CT1) anethole-rich chemotype, (CT1a) anethole
chemotype, (CT1b) anethole/limonene chemotype, (CT1c) anethole/camphor chemotype, (CT2)
estragole chemotype, (CT3) estragole/α-phellandrene chemotype, (CT4) anethole/estragole/α-pinene
chemotype, (CT5) α-phellandrene chemotype, and (CT6) limonene/β-pinene/myrcene chemotype.

The concentration of 50% inhibition (IC50) was the parameter used to compare the DPPH and
ABTS radical scavenging activity. A lower IC50 (for DPPH and ABTS) and higher FRAP values
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indicate higher antioxidant activity. IC50 values for the antioxidant activity were 15.6 mg mL−1

(DPPH) and 10.9 mg mL−1 (ABTS). The IC50 values of the known antioxidant substance—caffeic
acid—were 0.0017 mg mL−1 for DPPH and 0.0011 mg mL−1 for ABTS, respectively. Ferric reducing
antioxidant power (FRAP) were equivalent to 193.5 μM Fe(II)/mg for oil and 2380 μM Fe(II)/mg
for caffeic acid. In agreement with our results, it was reported that the an IC50 value of DPPH
radical scavenging activity of Foeniculum vulgare essential oil was 15.3 mg mL−1 [7]. According to
the authors [7], fennel essential oil reacts with free radicals as a primary antioxidant and, therefore, it
may limit free-radical damage occurring in the human body. In our previous paper, we reported the
antioxidant activity of pure essential oil components, including the main component of the essential oil
of fennel (trans-anethole). It shows weak antioxidant activity. We assume that the phenolic substances
(carvacrol (2.1%) and thymol (1.0%)) are responsible for the observed antioxidant activity. These data
are in agreement with previously reported data [25]. However, it is known that the bioactivity of plant
extracts is due to the entire composition of the extract [51,52].

3.4. Cytotoxicity

The cytotoxicity of the oil was tested against HeLa, Caco-2, MCF-7, CCRF-CEM and
CEM/ADR5000 cancer cell lines (Table 3). IC50 values were 207 mg L−1 for HeLa, 75 mg L−1 for
Caco-2, 59 mg L−1 for MCF-7, 32 mg L−1 for CCRF-CEM, and 165 mg L−1 for CEM/ADR5000 cell
lines. As compared to the positive control doxorubicin, the essential oil exhibits low cytotoxicity.
Doxorubicin, an anthracycline antitumor antibiotic is a hydrophilic drug, and shows broad spectrum
anticancer activity [53]. The cytotoxicity of F. vulgare oil is most likely due to the lipophilic properties
of essential oil and alkylating properties of the major components trans-anethole and p-anisaldehyde.
Caco-2 and CEM/ADR5000 overexpress the ABC transporter p-gp which can actively pump out any
lipophilic compound that has entered the cell by free diffusion [54]). Thus, both cell lines are rather
insensitive towards lipophilic cytotoxic agents. In contrast, the parent cell line CCRF-CEM should be
sensitive. We also suspect that some components of the essential oil are may be substrates for p-gp,
as IC50 values were higher in CEM/ADR5000 cells.

Table 3. Cytotoxicity of the essential oil of Foeniculum vulgare.

Sample
HeLa Caco-2 MCF-7 CCRF-CEM CEM/ADR 5000 RBC

IC50, mg L−1 *

Foeniculum
vulgare 207 ± 13 ** 75 ± 4 ** 59 ± 5 ** 32 ± 1 ** 165 ± 15 *** 1100 ± 50 **

Doxorubicin 4.5 ± 0.6 ** 1.1 ± 0.1 ** 1.3 ± 0.3 ** 0.25 ± 0.2 ** 1.4 ± 0.4 ** -

* The data are represented as means ± standard deviations; ** significant at p < 0.0006; *** significant at p < 0.001.

To better understand the mechanism of action of F. vulgare essential oil, we have investigated its
hemolytic effect. The result of hemolytic activity indicates that the oil is able to lyse the cell membrane
albeit with a rather high IC50 value of 1100 mg L−1 (Table 3). Moreover, in order to investigate the
effect of essential oil on the cell morphology, the images of untreated and treated CCRF cells with
essential oil were captured by fluorescence microscope. The images are illustrated in Figure 2.

Obtained images indicate that the essential oil can change the morphology of cells. Results of
both hemolysis and microscopic investigation indicate that essential oil also affects the integrity of cell
membranes. This is in agreement with many of the reported data [55].

In addition, trans-anethole, the main component of the essential oil, was examined for its
cytotoxicity in RC-37 cells. Its IC50 value was 100 mg L−1 [56]. The incubation of hepatocytes
with anethole caused a cell death accompanied by losses of cellular ATP and adenine nucleotide
pools [57]. Anethole shows apoptotic activity, as it can damage DNA [58]. Thus anethole could be
responsible for the overall cytotoxicity of the essential oil in our study.
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(a) (b)

Figure 2. The images of untreated (a) and treated (b) CCRF cells with essential oil of Foeniculum vulgare.

4. Conclusions

The essential oil of fennel contains several bioreactive secondary metabolites, such as aldehydes.
The oil apparently affects the stability of biomembranes and interacts with molecular targets, such as
proteins and DNA, which causes a low cytotoxicity.
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Abstract: The effect of biofumigation, through slow-release diffusors, of thyme and savory essential
oils (EO), was evaluated on the control of postharvest diseases and quality of peaches and nectarines.
EO fumigation was effective in controlling postharvest rots. Naturally contaminated peaches and
nectarines were exposed to EO vapors for 28 days at 0 ◦C in sealed storage cabinets and then exposed
at 20 ◦C for five days during shelf-life in normal atmosphere, simulating retail conditions. Under low
disease pressure, most treatments significantly reduced fruit rot incidence during shelf-life, while,
under high disease pressure, only vapors of thyme essential oil at the highest concentration tested
(10% v/v in the diffusor) significantly reduced the rots. The application of thyme or savory EO favored
a reduction of brown rot incidence, caused by Monilinia fructicola, but increased gray mold, caused
by Botrytis cinerea. In vitro tests confirmed that M. fructicola was more sensitive to EO vapors than
B. cinerea. Essential oil volatile components were characterized in storage cabinets during postharvest.
The antifungal components of the essential oils increased during storage, but they were a low fraction
of the volatile organic compounds in storage chambers. EO vapors did not influence the overall
quality of the fruit, but showed a positive effect in reducing weight loss and in maintaining ascorbic
acid and carotenoid content. The application of thyme and savory essential oil vapors represents a
promising tool for reducing postharvest losses and preserving the quality of peaches and nectarines.

Keywords: biofumigation; Monilinia spp.; Botrytis spp.; essential oils; stone fruit; postharvest disease

1. Introduction

Peaches and nectarines (Prunus persica (L.) Batsch) are fruit rich in vitamins, fibers and other
phytochemical compounds, such as carotenes and polyphenols, which are important for a healthy
diet [1,2]. Stone fruit are consumed worldwide and represent one of the most important fruit. In recent
years, peach and nectarine production increased progressively [3] and the main global producer is
China with over 12 million tons, followed by Spain and Italy, which produce 3 million tons annually [4].
Peaches and nectarines are the 3rd most important fruit crop in the European Union after apples and pears [5].
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During storage, the quality characteristics and some commercial parameters of these fruit can decrease, at a
rate depending on the storage conditions, due to postharvest diseases and senescence processes [6].

The most common postharvest pathogens on stone fruit are Monilinia spp. (M. fructigena Honey,
M. fructicola (G. Winter) Honey, and M. laxa (Aderh. and Ruhland) Honey), agents of brown rot,
Botrytis cinerea Pers. agent of gray mold, Penicillium expansum Link, agent of blue mold, Alternaria spp.,
agent of black mold, and Rhizopus stolonifer, Ehrenb., agent of Rhizopus rot [7,8]. On peaches,
postharvest losses can cause even higher damage than preharvest diseases [9]. Crop protection
in Europe should be performed in the orchard because only one fungicide (fludioxonil) can be used on
stone fruit after harvesting, but the supermarket chains typically request either no further postharvest
treatments or a limited number of active ingredients, as residues, on the fruit. The last fungicide has to
be applied 1 or 2 weeks before harvesting, to guarantee a high level of fruit protection against pathogens
during storage, and to remain below the maximum residue limits imposed by European legislation [10].
Moreover, consumer attention is attracted by environmentally friendly production practices, preferring
foods treated with natural products instead of conventional pesticides [11]. At present, Monilinia spp.
control depends on an integrated strategy based on orchard fungicide spray programs and maintenance
of proper storage conditions in the packinghouse and during distribution [12].

Hence, intense research efforts focus on developing innovative, unconventional, sustainable
strategies to preserve fruit quality and decrease food losses. The most promising control approaches
are the use of microorganisms and natural products with intrinsic antimicrobial properties [13,14].
Essential oils (EOs) represent a powerful tool to reduce the environmental impact of fruit
production [15]. The efficacy of plant EOs has been extensively evaluated in vitro [16], but a few
studies have been performed in vivo [17]. However, these treatments may modify the organoleptic
characteristics of fruit, changing taste or flavor during cold storage.

The antifungal activity of EOs is determined by their chemical composition. In particular,
aldehydes, phenols and ketones considerably inhibit pathogen growth. Thymol, carvacrol and
p-anisaldehyde have a proven fungicidal activity and EOs rich in these components showed the highest
inhibitory activity against many postharvest pathogens, such as Penicillium digitatum [18], Colletotrichum
gloeosporioides [19] and R. stolonifer [20]. EOs of thyme (Thymus vulgaris) and savory (Satureja montana)
are mainly composed of thymol and carvacrol [21], which are highly effective in controlling fungal
pathogens. Generally, the efficacy of EOs is investigated through direct contact with fruit, by application
through spraying or dipping [22]. However, these application methods can have undesired effects,
including phytotoxicity and organoleptic modification of treated fruit. Only a few studies have reported
the efficacy of EO treatments through biofumigation, focusing on phytopathological aspects [23].
Scientific research recently started to pay particular attention to the assessment of the antifungal activity
of EO vapors [24,25]. Fumigation with thyme and savory EOs resulted in effective control of several
postharvest pathogens, showing antifungal activity against Colletotrichum [26], Aspergillus, Penicillium,
Mucor and Trichoderma spp. [27] The use of EOs through fumigation avoids the direct contact with the
product, reducing the possibility of influencing the sensorial profile.

The aim of this study was to investigate the effect of the vapor phase of thyme and savory EOs,
applied by fumigation through slow-release diffusors, on both quality parameters and postharvest
diseases of peaches and nectarines, during cold storage and shelf life. Savory and thyme solid
diffusors were prepared at two different concentrations and they were used to treat naturally infected
peaches and nectarines. In order to clarify how essential oils diffuse and persist in cold rooms,
the atmospheric composition of the storage cabinets was analyzed during cold storage. At the same
time, the antimicrobial activity of essential oil vapors was evaluated in vitro on conidial germination
of M. fructicola and B. cinerea, two of the main postharvest pathogens of peaches and nectarines.

2. Materials and Methods

The EOs of thyme (Thymus vulgaris) and savory (Satureja montana) used in the assays were prepared
by Soave (Turin, Italy). The compositional analyses were performed using a gas chromatograph
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Shimadzu GC-2010 Plus (Shimadzu, Kyoto, Japan) equipped with a mass spectrometer GCMS-QP
2010 Ultra (Shimadzu) and a split-splitless injector. The gas chromatograph was fitted with a
30 m × 0.25 mm fused silica capillary Zebron ZB-5MSi column (Phenomenex, Torrance, CA, USA)
with 0.25 μm film thickness. Helium carrier gas using a linear velocity of 37 cm/s with a constant flow
rate of 1.0 mL/min was used. The pressure was 55 kPa and total flow was 105 mL/min. Ion electron
impact spectra at 70 eV were recorded in scan mode (30–700 m/z).

For savory essential oil, the oven program started with an initial temperature of 50 ◦C for 3 min,
heating at 5 ◦C/min to 70 ◦C, 70 ◦C for 5 min, heating at 1 ◦C/min to 90 ◦C, heating at 5 ◦C/min to
150 ◦C, and finally heating at 40 ◦C/min to 270 ◦C, held for 5 min. For thyme essential oil, the same
protocol was used without the isothermal phase at 70 ◦C for 5 min. For both essential oils, the injection
temperature was set at 250 ◦C and the ion source and the interface were both set at 280 ◦C.

Pure essential oil of savory and thyme were diluted at 1% and 10% in n-hexane (VWR,
Radnor, PA, USA) for direct injection using split mode (80%). Sampling in the chambers was
performed using SPME fiber assembly 100 μm PDMS (Supelco Analytical, Bellefonte, PA, USA)
for 5 min in triplicate at 1, 14 and 28 days of incubation whereby the injector was in splitless mode.
Relative composition (percentage) of volatile compounds was calculated by comparing peak area to
area of total chromatogram (from 7.5 to 40 min). Absolute quantification was calculated for carvacrol
and thymolusing a standard calibration curve between 1 and 50 ppm (mg/L). Relative quantification
was determined for the other compounds, by using standard calibration curve of thymol for thyme
essential oil and standard calibration curve of carvacrol for savory essential oil.

Peaches (‘Vista Rich’) and nectarines (‘Sweet Red’) were harvested from two different orchards
located in Lagnasco (Cuneo, Italy, 44◦37′33′ ′60 N, 07◦33′21′ ′24 E) at the firm-ripe stage and transported
immediately to the laboratory of DISAFA, University of Torino, during the summer of 2015. All fruit
were sorted by size. Defect-free fruit were randomly divided into five lots of 350 fruit each. Each lot
was treated in a different way and further divided into 5 replicates of 70 fruit. Each replicate was a box
kept in a container at the same temperature, but different atmosphere according to the treatment.

EO diffusors were made by adding EO (10% v/v), sterilized deionized water (88% v/v) and Tween
20 (2% v/v) (Merck, Darmstadt, Germany) to agar-agar (Merck) (15 g/L). Lower EO concentrations
were obtained by serial dilutions. 50 mL of medium were poured into Petri dishes and after agar
solidification, 5 diffusors were installed in storage cabinets under the fruit boxes. Fruit were stored
in refrigerator cabinets (75 × 70 × 65 cm) at 0 ◦C and 98% relative humidity for 28 days. Fumigation
was performed at 1% and 10% EO concentrations. A total of four treatments were tested: thyme EO at
1%, thyme EO at 10%, savory EO at 1% and savory EO at 10%. An untreated control was included.
The analyses were performed at 1, 14 and 28 days of cold storage.

After harvesting, healthy sound fruit were selected. Rotten fruit were counted and incidence of
diseased fruit was calculated for each treatment every 7 days up to 28 days of storage, and for 5 days
of shelf life at 20 ◦C. Pathogens were isolated by transferring small pieces of symptomatic fruit tissues,
previously washed in 1% sodium hypochlorite and rinsed in sterile deionized water, onto potato
dextrose agar (PDA, Merck) plates amended with 25 mg/L streptomycin sulfate (Merck). A 7-day-old
culture was used for DNA extraction by using the EZNA Plant DNA Kit (Omega Bio-Tek, Norcross,
GA, USA). The internal transcribed spacer (ITS) region of rDNA of 50 isolates was amplified using
the ITS1/ITS4 primers [28]. The PCR reaction mixture comprised 2 μL 10 × PCR buffer, 1 μL ITS1
primer at 10 mM, 1 μL of ITS4 primer at 10 mM, 1 μL of nucleotides mixture at 5 mM, 12 μL of MilliQ
autoclaved water, 0.8 μL of MgCl2 at 25 mM, 0.2 μL of Taq polymerase and 2 μL of template DNA.
PCR cycles included a denaturing step at 95 ◦C for 2 min and 35 cycles as follows: 94 ◦C for 30 s, 55 ◦C
for 30 s, 72 ◦C for 1 min and a final elongation step at 72 ◦C for 7 min. ITS amplicons were sequenced
by BMR Genomics (Padua, Italy), and DNA sequences were compared with those present in the NCBI
database and deposited with accession numbers.

The effect of essential oils on conidial germination was investigated on two main peach and
nectarine pathogens, B. cinerea and M. fructicola. Two virulent strains isolated from peaches were
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stored on agar slant at 4 ◦C until use. B. cinerea conidial suspension was obtained from 15 days of
culture grown on PDA+ streptomycin 25 mg/L at 25 ◦C. M. fructicola was cultured on tomato agar
plate (250 mL of tomato puree, 750 mL of deionized water and 20 g of agar) amended with 25 mg of
streptomycin for 5 days. 5 mL of sterile deionized water were added to the plate and the mycelium
was gently scraped with L-shaped spreader to detach the conidia. Conidial suspension was filtered
through four layers of sterile cheesecloth and 100 μL were spread on PDA+ streptomycin plates.
PDA plates were sealed with the essential oil diffusor. EOs were added to the diffusors at 350 μL/L
and 35 μL/L, a concentration proportional to the quantity present in the cabinet considering the
concentration of EO diffusor, the number of diffusors per cabinet and the volume of the cabinet and the
plates. Conidial germination was assessed after 20 h for B. cinerea and 36 h for M. fructicola counting
100 conidia per plate. Three replicates were used for each treatment and the assay was repeated twice.
Conidia were considered germinated when the germ tube exceeded the conidial length.

Weight loss was determined by weighing 30 fruit per treatment at the beginning of the trial
(zero time) and during storage (7, 14, 21 and 28 days of storage, and at 5 days for shelf life). Values are
reported as shown in Equation (1).

% weight loss =
initial weight − f inal weight

initial weight
× 100 (1)

The color parameters were measured weekly during cold storage, with a Minolta chromameter
(CR400, Konica Minolta Sensing, Inc., Osaka, Japan), calibrated with a standard white plate, using the
CIE L*C*h (lightness, chroma/saturation and hue angle) scale. The surface of 30 fruit (ground and
over color) was evaluated per treatment.

The carotenoid content was determined every 14 days, using the method reported by Talcott and
Howard [29]. The carotenoids were extracted using 10 mL of extraction solvent (ethanol/acetone w/w
with 0.2% butylhydroxytoluene) and 2 g of fresh sample from 10 fruit, homogenized at 24,000 rpm
for 1 min using an Ultra-Turrax T-25 Tissue homogenizer (IKA®-Labortechnik, Saufen, Germany).
The samples were then centrifuged at 2900 rpm for 20 min at 2 ◦C (Avanti J-25 centrifuge, Beckman
Instruments, Palo Alto, CA, USA). The recovered supernatants were combined with 30 mL of extraction
solvent, 25 mL of hexane and 12.5 mL of nanopure water. The tubes were left in the dark at 4 ◦C
for 1 h, then the samples were transferred to quartz cuvettes. Absorbance was measured using a
UV-visible spectrophotometer (DU 530, Beckman Coulter, Brea, CA, USA) at 450 nm, with β-carotene
as an external standard. The results are expressed as μg β-carotene equivalents per kg weight of fruit
and are an average of three replicates per treatment and per time point (at 0, 14 and 28 days of storage).

Ascorbic acid (AA) was determined according to Sánchez-Moreno et al. [30] and
González-Molina et al. [31], and evaluated at 0, 14 and 28 days (three replicates per treatment and
per time point). The ascorbic acid was extracted using 10 mL of extraction solvent (methanol:water
5:95 v/v) and 10 g of fruit flesh from 10 fruit per treatment by homogenization with a T-25 Ultra-Turrax
for 3 min. Then, pH was adjusted to 2.2–2.4, and the extract was adsorbed onto a C18 Sep-Pak cartridge
(Waters Associates, Milford, MA, USA). The resultant solution was added to 1,2-phenylenediamine
dihydrochloride (Fluka Chemika, Neu-Ulm, Switzerland) and left to stand for 37 min before HPLC
analysis. The AA and dehydroascorbic acid contents were expressed as mg/kg fresh weight. Three
replicate analyses were performed on the flesh. The chromatographic system (Agilent Technologies,
Inc., Santa Clara, CA, USA) was equipped a Kinetex-C18 column (4.6 × 150 mm, 5 μm, Phenomenex,
Torrance, CA, USA), a pump and a diode array detector. The system was controlled through HPLC
online software (Agilent Technologies, Inc.) at 40 ◦C. The mobile phase (isocratic) comprised 50 mM
monobasic potassium phosphate and 5 mM cetrimide (Sigma-Aldrich Corporation, Saint Louis, MO,
USA) in methanol:water (5:95 v/v). The flow rate was 0.9 mL/min. The detector was set at 261 nm
for AA and 348 for dehydroascorbic acid (DHAA). External calibration curves for AA and DHAA,
respectively, were used for quantification. The total run time was 15 min. The detection limit is 0.5 mg/kg
of fresh weight.
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Analysis of variance (ANOVA) was performed on the data using Statistica v. 6.0 (Statsoft Inc.,
Tulsa, OK, USA). Least significant differences (LSD) at a significance level of 0.05 were used to compare
treatment means with Tukey’s test. Mean values for each time point were considered significantly
different at p ≤ 0.05.

3. Results and Discussion

The vapor phase activity makes EOs potential biofumigants of fruit in storage chambers.
Slow release diffusors, based on EO gel emulsions, were used to release EO vapor phase during
the storage of peaches and nectarines. Pathogens were not inoculated, so only natural pathogen
inoculum could develop both on nectarines and peaches.

EO fumigation was effective in controlling postharvest rots of peaches and nectarines, but the
efficacy was different in the two experimental conditions. During cold storage, no rots developed
either on nectarines ‘Sweet Red’ or on ‘Vista Rich’ peaches. Rot incidence on nectarines ‘Sweet Red’
and peaches ‘Vista Rich’ greatly differed during shelf life (5 days at 20 ◦C). After shelf life, on nectarines
the rot incidence in untreated fruit was 23.3%, while most peaches (99.3%) were rotten in untreated
control (Figure 1).

Figure 1. Rot incidence in nectarines ‘Sweet Red’ (a) and peaches ‘Vista Rich’ (b) treated with essential
oil biofumigation and pathogen incidence (%) at the end of shelf life (5 days at 20 ◦C after 28 days of
cold storage). Values of the same storage trial, followed by the same letter, are not statistically different
by Tukey’s Test (p < 0.05).

Disease incidence was influenced by the weather conditions during fruit growing. A high incidence
of brown rot on peaches, which were harvested one month before nectarines, was favored by fresh and
humid weather conditions, while nectarines were harvested in August, after a period characterized by
high temperatures and scarce precipitations, which limited the development of brown rot [32].

Untreated control showed the highest percentage of rotten fruit in both trials. The pathogens
isolated from rotten fruit were identified using morphological and molecular tools. On nectarines,
the postharvest pathogens isolated from untreated fruit were Monilinia fructicola, Botrytis cinerea,
and Alternaria spp. (Table 1), with an incidence of 10.7%, 8.0% and 4.6%, respectively.

Table 1. GenBank accession numbers of ITS sequences of some pathogenic isolates from nectarines
‘Sweet Red’.

Isolated Strains GenBank Accession Number

CaF1—Botrytis cinerea KX304007
S1cF3—Botrytis cinerea KX304008

CcF5—Monilinia fructicola KX304009
S1aF1—Monilinia fructicola KX304010

Cb22—Alternaria sp. KX304011
Cc12—Alternaria sp. KX304012
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The efficacy of the EO treatments was influenced by the disease incidence: under low disease
pressure, three out of four treatments significantly reduced the fruit rot incidence, while under high
disease pressure, only vapors of thyme at 10% significantly reduced the rots compared to the control.

On nectarines, savory EO at 10% was the most effective treatment, with only 4.0% of the fruit
damaged by postharvest pathogens. All the treatments were effective in controlling postharvest
diseases, except for savory EO at 1%, which was not statistically different from the control at the end
of the shelf life (Figure 1a). Thyme EO was very effective in controlling M. fructicola. The increase in
EO concentration resulted in a decrease of brown rot. B. cinerea was isolated with an incidence of 4.0%
and 6.8% for 1% and 10% thyme EO treatment, respectively.

On nectarines, M. fructicola was the major pathogen in untreated fruit (47.2% of rotten fruit), while
the relative incidence decreased to 45.0% and 26.8% in fruit treated with thyme EO at 1% and 10%,
respectively. B. cinerea affected 34.3%, 55.0% and 73.2% of rotten fruit in the control, in thyme at 1%
and at 10%, respectively. After the first report of M. fructicola in Italy in 2009 [33], the pathogen has
mainly substituted the endemic species M. laxa in Italian orchards.

Moreover, Alternaria spp. was not isolated in fruit fumigated with thyme EO. Savory EO vapors
were less effective in controlling this pathogen because only 10% concentration inhibited Alternaria spp.
growth, while 3.4% of fruit fumigated with 1% savory EO showed Alternaria rot. Reduced activity
against Alternaria spp. was reported for savory essential oil, moreover the essential oil at 400 ppm
favored Alternaria rot [34]. Alternaria spp. is a secondary pathogen of nectarines and the presence on
the samples is mainly due to long storage.

On peaches, under high disease pressure, untreated fruit were completely damaged by brown rot.
On fruit fumigated with EOs, M. fructicola, B. cinerea and Penicillium spp. were isolated (Figure 1b).
The efficacy of thyme EO against M. fructicola depended on its concentration. M. fructicola affected
only 30% and 25% of the rotten fruit fumigated with 1% and 10% thyme EO, respectively.

B. cinerea, the causal agent of gray mold, is uncommon on peaches, but its presence can be higher
when the incidence of brown rot is low [35]. The application of thyme or savory EO, both on nectarines
and on peaches favored a reduction of brown rot incidence, but a concomitant increase of gray mold.

In accordance with the literature, M. fructicola was very sensitive to thyme essential oil [36].
The fungicidal properties of thyme EO are mainly due to thymol, recognized as the most active
phenolic compound against postharvest molds [37].

The chemical composition of the EO used in the trial was determined by direct injection.
Principal volatile compounds present in pure thyme essential oil were thymol (26.0%), followed
by p-cymene, α-terpineol and linalool (Table 2).

As diffusors, based on EO gel emulsions, were used to release EO vapor phase during the
fruit storage, we wanted to determine the concentration of EO compounds in the atmosphere of the
chambers during fruit cold storage. The analyses performed in chambers with thyme EO diffusors at
1% and 10% showed a very high amount of p-cymene, the main volatile organic compound at 1, 14
and 28 days. Thymol, instead, was on average 2.0% during the three samplings in thyme EO at 10%,
while in thyme EO at 1% thymol was 0.40%, 3.66% and 3.67% at day 1, 14 and 28, respectively. Thymol
in storage chambers was released slowly and at lower concentration, compared to the pure essential
oil composition. This experiment demonstrated that thymol was slowly released by diffusors during
the 28 days of fruit storage in cold chambers, and persisted by increasing in absolute concentration
during storage.

Regarding savory essential oil, direct injection showed that the principal volatile compound was
linalool (22.2%), followed by carvacrol (13.3%), thymol (10.7%) and eucalyptol (Table 3).
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In storage room atmosphere, where savory diffusors at 10% were used, linalool and eucalyptol
were the main components at the three sampling times. On the contrary, thymol and carvacrol
in chambers showed a significant decrease compared to the pure EO, in fact they were present at
0.14% to 0.63% for carvacrol and at 0.17% to 0.60% for thymol at the beginning and at the end of the
trial, respectively.

These results showed that antifungal components of thyme and savory essential oils increased
during storage, but they were a low fraction of the volatile organic compounds in the storage chambers,
compared to their concentration in pure EO. For this reason, diffusors could be considered effective in
a slow release of vapor EOs.

The antifungal activity of thyme and savory EO in vapor phase was demonstrated by performing
an in vitro test in agar plate, where M. fructicola and B. cinerea could germinate in an atmosphere with
the same concentration present in the cabinet (Figure 2).

Figure 2. M. fructicola (gray columns) and B. cinerea conidial germination percentage (black columns)
after biofumigation without direct contact with essential oil in vitro. Conidial germination was assessed
after 20 h for B. cinerea and 36 h for M. fructicola at 20 ◦C. Values of the same pathogen, followed by the
same letter, are not statistically different by Tukey’s Test (p < 0.05).

The antifungal effects depended on the type and concentration of EO, and on the pathogen
species [17]. M. fructicola was almost completely inhibited by savory vapors at 10%. Thyme essential
oil vapors led to 40% decrease of conidial germination rate. As expected, vapor treatments were
more effective in vitro, when EO concentration increased. All the EO treatments caused a significant
decrease of germ tube length with respect to the untreated control (Table 4).

Table 4. Essential oil vapors effect on germ tube length in vitro measured after 36 h at 20 ◦C for
M. fructicola and 20 h at 20 ◦C for B. cinerea.

M. fructicola Germ Tube (μm) B. cinerea Germ Tube (μm)

Untreated control 10.5 b 212.7 c

Thyme 1% 8.0 a 208.5 bc

Thyme 10% 6.5 a 190.9 ab

Savory 1% 8.6 a 165.6 ab

Savory 10% 5.8 a 109.9 a

Values of the same column, followed by the same letter within each column, are not statistically different by Tukey’s
Test (p < 0.05).
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Previous results showed that thymol vapors inhibited M. fructicola mycelial growth and were
fatal for conidia viability; the fumigated spores resulted shrunken and with collapsed protoplasts [38].
Thymol is able to crystallize on the outer surface of cell walls and exposed fungal structures were
characterized by disrupted cell membranes and disorganized cytoplasmic organelles, reducing to 50%
conidial viability at 2 μg/mL and to 17–23% when thymol was applied at 8 μg/mL [39].

B. cinerea is much less sensitive to essential oil antimicrobial activity [40]. In our experiments,
the fungus confirmed to be less sensitive to EO vapors, compared to M. fructicola and maximum
reduction of conidial germination was 40.1% for savory vapors at 10%. Germ tube length of B. cinerea
growth was inhibited only by 10% thyme treatment, while the other treatments were not statistically
different from the untreated control.

In vitro tests confirmed the results obtained in fruit: the antimicrobial activity of vapor EOs does
not need a direct contact. Moreover, the higher efficacy against M. fructicola, compared to B. cinerea
in vitro explained the higher reduction of brown rot on fruit, accompanied by a higher incidence of
gray mold. This effect was particularly evident on peaches. Untreated fruit were affected exclusively
by M. fructicola, while other pathogens could develop on fumigated fruits by colonizing the niche left
empty by the inhibition of M. fructicola. Thanks to the lower sensitivity of B. cinerea to EO vapors,
the pathogen could start to develop on fumigated fruit causing gray rots.

Besides the efficacy against the postharvest rots, weight loss, color, total soluble solids, titratable
acidity, ascorbic acid and carotenoids contents were analyzed during fruit storage.

The use of thyme EO reduced weight loss particularly on peaches (Table 5).

Table 5. Weight loss (% w/w) of nectarines ‘Sweet Red’ and peaches ‘Vista Rich’.

Fruit Treatments

Weight Loss (% w/w)

Days of Storage

7 14 21 28 5 Shelf Life

Nectarines Untreated control 0.55 ab 0.82 a 1.06 a 1.29 a 10.7 a

Nectarines Thyme 1% 0.80 a 1.00 a 1.20 a 1.35 a 9.01 b

Nectarines Thyme 10% 0.69 ab 0.85 a 1.04 a 1.20 a 9.22 ab

Nectarines Savory 1% 0.55 ab 0.79 a 1.00 a 1.15 a 9.46 ab

Nectarines Savory 10% 0.49 b 0.72 b 0.94 a 1.16 a 9.49 ab

Peaches Untreated control 1.55 a 1.91 a 2.16 a 2.51 a -
Peaches Thyme 1% 1.31 a 1.42 c 1.72 c 1.81 c -
Peaches Thyme 10% 0.99 b 1.26 d 1.49 d 1.61 c -
Peaches Savory 1% 1.39 a 1.73 b 1.97 b 2.10 b -
Peaches Savory 10% 1.54 a 1.77 ab 1.97 b 2.10 b -

Mean values followed by the same letter within each column are not significantly different by Tukey’s Test at p ≤ 0.05.

Untreated control showed the highest weight loss at the end of the storage in both trials.
The efficacy of EO fumigation could be related to the formation of a coating on the fruit surface
that modifies gas permeation, reducing respiration rate and water loss. Our results were in agreement
with previous experiments on cherries [41], grapes [42], and peaches [43] treated with eugenol, thymol,
menthol and cinnamon vapors. The EO vapors were shown to reduce the dehydration process or
weight loss in fruit [44]. Other studies showed that the application of essential oils together with
edible coatings could reduce the water loss [45]. There are few references reporting the effect of EO
treatments on fruit color. Here, ground and overcolor lightness and hue angle were monitored during
storage. The lightness values of the nectarines decreased both in ground and overcolor during cold
storage (Table 6).

The differences among the treatments were observed at the end of the shelf life, when treated
samples showed higher values than the untreated control. Regarding peaches, no differences among
the treatments were detected (Table 7).
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The hue angle is a measure of ripening. In general, the hue angle values of the ground color
decrease during postharvest storage, as fruit become yellow. In nectarines, the hue angle remained
stable during storage, but some differences among treatments were observed and nectarines treated
with EOs were yellower than the control fruit. In peaches, the ground color became yellower during
storage as expected, but no differences among treatments were observed. In conclusion, the use of EOs
had no negative effect on fruit color. The color variations were connected with the natural ripening
process and were slowed down by cold storage.

EO vapors influenced also carotenoid content preserving the amount of these antioxidant
compounds in fumigated fruit. Generally, carotenoids decrease during storage. They are photo-
and heat-sensitive and tend to oxidize if they are not protected from light and atmosphere [46].
In nectarines, only untreated control and fruit treated with savory EO at 1% showed a significant
decrease in total carotenoid content during storage, while carotenoid amounts remained stable in the
other fumigated fruit (Figure 3).

Figure 3. Total content of carotenoids in nectarines ‘Sweet Red’ (a) and peaches ‘Vista Rich’ (b) after
0, 14 and 28 days of cold storage. Mean values at the same time followed by the same letter are not
significantly different by Tukey’s Test at p ≤ 0.05.

At the end of the trials, fruit treated with thyme at 1% and 10% had the highest amount of
carotenoids (1189 μg/kg and 1162 μg/kg, respectively).

Both on nectarines and peaches, untreated fruit showed the lowest AA content at the end of cold
storage resulting statistically different from treated fruit (Figure 4).
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Figure 4. Total content of vitamin C (ascorbic acid and dehydroascorbic acid) in nectarines ‘Sweet Red’
(a) and peaches ‘Vista Rich’ (b) after 0, 14 and 28 days of cold storage. Mean values at the same time
followed by the same letter are not significantly different by Tukey’s Test at p ≤ 0.05.

The use of EOs preserved ascorbic acid contents, without showing statistical differences between
the treatments. In peaches, fruit fumigated with savory and thyme essential oils at 1% maintained the
grater ascorbic acid content at the end of the trial.

The ascorbic acid content decreased significantly during cold storage, as expected, and the EO
influenced the process. The decrease in ascorbic acid could be explained by the chemical properties and
metabolic functions of AA in the plant cell [47]. AA and dehydroascorbic acid (DHAA) are important
antioxidants and are used against the reactive oxygen species, produced naturally by the metabolism
of vegetal cells, and accumulated during storage [48].

The use of EOs led to a delay in the loss of total carotenoids content and AA in the pulp.
Some EOs (thymol, menthol and eugenol) have shown antioxidant activity and free radical scavenging
capability [49]. These effects could explain the EO efficacy in reducing the loss of nutrients.
Valero et al. (2006) [50] suggested that the addition of thymol slowed the AA loss in grape.
Nevertheless, different effects of EOs on total carotenoids content between nectarines and peaches
were evident. The EOs were more effective on the metabolism of nectarines, while in peaches the
action of the EOs was less evident.

4. Conclusions

Savory and thyme essential oil vapors demonstrated a high antifungal activity against M. fructicola
even at low concentrations. B. cinerea was less sensitive to EO vapors and could develop when
M. fructicola was inhibited. EO concentrations require a careful optimization depending on fruit
cultivars. Although in in vitro tests the efficacy is directly correlated with EO concentrations,

76



Foods 2018, 7, 7

when applied on fruit EO vapors could have phytotoxic effects, which reduce treatment efficacy.
EO vapors did not influence the overall quality of the fruit, but showed a positive effect in maintaining
nutritional values avoiding ascorbic acid and carotenoids oxidation, preserving the quality of the final
product. The application of thyme and savory essential oils represents a promising tool for reducing
postharvest losses and preserving quality in peaches and nectarines.
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Abstract: The efficacy of thyme and savory essential oils were investigated against Botrytis cinerea
on apple fruit. Apples treated with thyme and savory essential oils showed significantly lower
gray mold severity and incidence. Thyme essential oil at 1% concentration showed the highest
efficacy, with lower disease incidence and smaller lesion diameter. The expression of specific
pathogenesis-related (PR) genes PR-8 and PR-5 was characterized in apple tissues in response
to thyme oil application and B. cinerea inoculation. After 6 h of pathogen inoculation, thyme essential
oil induced a 2.5-fold increase of PR-8 gene expression compared to inoculated fruits. After 24 h
of inoculation, PR-8 was highly induced (7-fold) in both thyme oil-treated and untreated apples
inoculated with B. cinerea. After 48 h of inoculation, PR-8 expression in thyme-treated and inoculated
apples was 4- and 6-fold higher than in inoculated and water-treated apples. Neither thyme oil
application nor B. cinerea inoculation markedly affected PR-5 expression. These results suggest that
thyme oil induces resistance against B. cinerea through the priming of defense responses in apple
fruit, and the PR-8 gene of apple may play a key role in the mechanism by which thyme essential oil
effectively inhibits gray mold in apple fruit.

Keywords: apple; Botrytis cinerea; essential oils; induced resistance; priming; PR genes

1. Introduction

Apple is one of the most important fruits in international trade; however, it can suffer from severe
postharvest losses during long distance transport and storage. Botrytis cinerea, which causes gray
mold, is one of the main pathogens causing postharvest losses of apples, especially for its conidial
germination and mycelium growth at storage temperatures as low as 0 ◦C [1].

Gray mold control strategies mainly rely on chemical treatments; however, the use of synthetic
fungicides is limited by the emergence of resistant strains. Following intensive use, resistance to
thiabendazole has been reported in Botrytis populations [2]. In addition, public concern over human
health and the environmental impact of pesticides have generated interest in developing effective and
non-toxic approaches to control postharvest diseases of fruit [3,4].

Plant essential oils are gaining interest due to their apparently safe nature and their potential
effectiveness as biopesticides for crop protection. On pome and stone fruit, as on table grapes,
many plant essential oils have been effective against brown rot and gray mold rot [5,6]. Thyme and
savory oils contain thymol, carvacrol, and p-cymene as volatile compounds, which have shown high
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antifungal activity [7–9]. The mechanism of activity of these promising fungicidal natural compounds
has not been completely elucidated. However, their effectiveness was related to their components with
phenolic structures, like carvacrol, eugenol, and thymol, which are highly active against pathogens,
and their efficacy is often due to the synergy of different chemical components [9].

Other studies described their role in the induction of host resistance against pathogens. Induced
resistance is a promising strategy to enhance a host’s defense capacity after treatment with biotic-
or abiotic-inducing agents, which provides long-term systemic resistance to a broad spectrum of
pathogens and pests [10,11]. Upon treatment with microorganisms or other resistance inducers,
many hosts develop an enhanced capacity to activate defense responses, a phenomenon called
priming [12]. Thymol could enhance antioxidant levels, enzymatic and non-enzymatic systems,
which induce an increase of the fruit resistance to pathogens and a decrease of their physiological
degradation [13]. Resistance inducers typically stimulate the expression of a family of genes in the
host, defined as pathogenesis-related (PR) genes, which are involved in the defense response to
pathogens [14]. In apple, PR-5 and PR-8 were identified and shown to be induced in response to
different resistance inducers [15]. PR-5 is a thaumatin-like protein [16], while PR-8 codes for a class III
chitinase [15]. However, no information is available regarding the involvement of PR genes induction
in the biocontrol activity of plant essential oils against postharvest pathogens.

The objectives of this work were to evaluate the efficacy of important plant essential oils against
B. cinerea in stored apple fruit, and then to investigate whether the efficacy of the oil application is
associated with the priming of defense responses in apples.

2. Materials and Methods

2.1. Food Material and Microorganism

Apples (Malus x domestica Borkhausen ‘Red Fuji’) were harvested from a commercial orchard in
Piedmont, Italy. Fruits were surface-sterilized and punctured with a sterile plastic tip. A strain of
Botrytis cinerea Persoon was isolated from rotten apples and tested for its virulence by inoculation
in artificially wounded apples. The strain was maintained on PDA (Potato Dextrose Agar, Merck,
Darmstadt, Germany) slants at 4 ◦C and the spores were harvested after the pathogen was incubated
on PDA in Petri dishes at 25 ◦C for 7 days. The strain was used throughout the experiments at a
concentration of 105 conidia/mL determined by a Bürker chamber (Knittel).

2.2. Essential Oils

Essential oils from savory (Satureja montana L.) and thyme (Thymus vulgaris L.) were purchased as
commercial preparations with 99% purity from Soave (Turin, Italy). The compositional analyses were
performed using a gas chromatograph Shimadzu (Kyoto, Japan) GC-2010 Plus equipped with a mass
spectrometer GCMS-QP (Shimadzu, Kyoto, Japan) and a split-splitless injector (Shimadzu, Kyoto,
Japan) [17]. A 10% stock emulsion (10% essential oil, 88% sterilized water, and 2% Tween 20, Merck,
Darmstadt, Germany) was prepared from each essential oil. Emulsions of 1%, 0.5%, and 0.1% (vol/vol)
were prepared for each essential oil application by diluting the stock emulsion with distilled water.
All the resultant emulsions were shaken for 30 s before application to ensure a homogeneous essential
oil mixture.

2.3. Disease Control Efficacy

The control activity of plant essential oils against B. cinerea strain was assessed as follows: 30 μL
of each treatment was pipetted into apple wounds. Water served as a control. Twelve hours later,
30 μL of pathogen conidial suspension was inoculated into each wound. Also, a standard chemical
(thiabendazole, Tecto 20S, Cerexagri Italia srl, San Carlo di Cesena (FC), Italy; 19.7% active ingredient,
a. i.) was employed at 0.3 mg a. i. mL−1. Fruits were incubated at 23 ◦C. Rot incidence and diameter
were measured 6 days after inoculation. Each treatment contained three replicates with 10 fruits per
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replicate and the experiment was performed three times. Wounded apples were treated with thyme
(1%) in each wound. Twelve hours later, wounds were inoculated with B. cinerea. Apples treated with
thyme or inoculated with B. cinerea were included to compare PR gene expression. Sterile distilled
water served as a control. Apple tissue samples (exocarp and mesocarp) were obtained from 20 fruits
stored at 23 ◦C at 6, 24, and 48 h post inoculation (hpi).

2.4. RNA Extraction and RT-qPCR

Total RNA was extracted from apple samples using an RNeasy® Extraction Kit (Qiagen, Hilden,
Germany), then treated with TURBO DNase (Thermo Fisher, Waltham, MA, USA). Absence of genomic
DNA contamination was confirmed by PCR amplification of the elongation factor 1 α (EF1α) gene
using a One Step RT-PCR Kit (Qiagen). First-strand cDNA was synthesized using an iScript cDNA
Synthesis Kit (Bio-Rad, Hercules, CA, USA).

Reverse transcriptase (RT)-qPCR was performed in triplicate on cDNA obtained from each
biological replicate using 2× Power SYBR Green Supermix (Bio-Rad). Amplification and detection
were carried out in an iCycler (Bio-Rad), set up with initial denaturation at 95 ◦C for 10 min followed
by 40 cycles comprising a denaturation step at 95 ◦C for 15 s and an annealing step at 52 ◦C for
PR-8 and at 60 ◦C for PR-5 for 1 min. Primers PR8-F (5′-GCCACTGCAACCCCGCTAGT-3′), PR8-R
(5′-GCGGGCGCGAATCTGACTGA-3′), PR5-F (5′-CAAGCAGCTTCCCTCCTCGGC-3’), and PR5-R
(5′-GCCCCAGAAGCGACCAGACC-3’) were used to optimally amplify PR-8 and PR-5 gene sequences.
Transcript levels of the elongation factor 1 (EF1α) served as an internal standard, and the primers used were
EF1α-F (5′-GACATTGCCCTGTGGAAGTT-3′) and EF1α-R (5′-GGTCTGACCATCCTTGGAAA-3′) [18].
The expression ratio was calculated as 2−ΔΔCT, where ΔΔCT represents ΔCTsample—ΔCTcontrol [19],
and values were normalized to those of control water at each time point.

2.5. Statistical Analysis

Statistical analysis was performed with SPSS version 20.0 (SPSS Inc., Chicago, IL, USA). Data obtained
in all experiments were analyzed using analysis of variance (ANOVA). Means of treatment results were
separated at the 5% significance level by using Duncan’s multiple range tests. Values are presented as the
mean ± SD (standard deviation of the mean). Results are the mean of three independent experiments.

3. Results and Discussion

3.1. Efficacy of Essential Oils in the Control of Botrytis cinerea on Apples

Disease incidence and the diameter of lesions of B. cinerea rots were measured in ‘Red Fuji’ apples
treated with two plant essential oils (Figure 1). Six days after pathogen inoculation, gray mold rot
diameter and disease incidence on apples treated with essential oils of T. vulgaris and S. montana were
significantly diminished as compared to the control. The highest disease reduction was obtained when
essential oils were applied at the highest concentration (1%), especially thyme, which showed a disease
incidence and rot diameter of about 85% and 21 mm, respectively, compared to 100% and 38 mm of
the inoculated control.

Thyme essential oil, and its major components thymol and carvacrol, showed antifungal activity
against plant pathogenic fungi [20]. Moreover, the inhibitory effect of thyme essential oil against
B. cinerea on different apple cultivars was reported by Lopez-Reyes et al. [21], who confirmed that its
efficacy is cultivar- and storage time-dependent. The phytotoxicity of the essential oils tested on apples
was very low, as determined in previous experiments [21]. A certain level of toxicity to human and
animal cell lines in vitro has been reported for some essential oils when used at high concentrations,
but it was not reported at the concentrations tested in these experiments [22].

In the present study, the efficacy of thyme essential oil could also be related to the induction of
host resistance, since the oil was applied 12 h before B. cinerea apple inoculation. However, additional
molecular studies were accomplished to prove this hypothesis.
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Figure 1. Antifungal activity of essential oils of Satureja montana and Thymus vulgaris applications at
different concentrations (1%, 0.5%, and 0.1%) expressed as disease incidence (A) and lesion diameter
(B) caused by B. cinerea on apples. Vertical lines represent the standard error for the average of three
biological replicates. Applications followed by different letters are statistically different following
Duncan’s multiple range test (p < 0.05).

3.2. Effect of Thyme Oil Application and B. cinerea Inoculation on Defence Genes Expression in Apple Fruit

In order to analyze the molecular mechanisms involved in thyme-induced resistance in apple,
the expression of the two defense-related genes, PR-8 and PR-5, was analyzed in treated apples at
different time points (Figures 2 and 3).

Figure 2. Expression of pathogenesis-related gene PR-8 in apple fruit in response to wounding,
thyme essential oil, and B. cinerea at different time points (6 h, 24 h, and 48 h). Vertical lines represent
the standard error for the average of three biological replicates. Different letters above the columns
indicated a significant difference determined by Duncan’s multiple comparison test (p < 0.05).
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Figure 3. Expression of pathogenesis-related gene PR-5 in apple fruit in response to wounding,
thyme essential oil, and B. cinerea at different time points (6 h, 24 h, and 48 h). Vertical lines represent
the standard error for the average of three biological replicates. Different letters above the columns
indicated a significant difference determined by Duncan’s multiple comparison test (p < 0.05).

After 6 h of pathogen inoculation, thyme essential oil induced a 2.5-fold increase of PR-8 gene
expression compared to the negative control (wounded fruits treated with water), while no significant
upregulation of PR-8 expression was observed in inoculated fruits.

After 24 h of inoculation, PR-8 expression in thyme-treated apples was similar to the negative
control, whereas PR-8 was highly induced (7-fold) in both thyme-treated and untreated apples
inoculated with B. cinerea. The early induction of PR-8 expression was no longer significant in thyme
oil-treated fruit at 36 h after the essential oil treatment.

At this time point, PR-8 was induced similarly in inoculated untreated fruit and in inoculated
treated fruit. This could be related to the early response of apple, which tries to counteract the
penetration of B. cinerea mycelium. In a recently performed experiment on the germination of B. cinerea
conidia on apple at 20 ◦C [23], the time points for germination were set at pregermination (1 h),
postgermination (2.5 h), appressoria formation (4 h), and early mycelium (15 h). Therefore, we could
presume that at 6 h, the pathogen has not yet penetrated the fruit, and thus PR-8 is not induced in
inoculated fruit, while at 24 h the pathogen has already penetrated and the first mycelium is growing.
The higher induction of PR-8 in inoculated fruit at 24 h compared to 6 h could be explained by the
fungal development in the host fruit, since B. cinerea conidia formed appressorium-like terminal
thickenings within 4 h of incubation, indicating the initiation of penetration [23]. The fruit induced
PR-8 as an early response against the pathogen. Previous studies also showed that certain postharvest
infections can induce host resistance [24].

Therefore, after penetration into the host tissue during the first 24 h after inoculation, B. cinerea
could produce elicitors either directly or indirectly that are able to trigger a defense response strong
enough to significantly increase the resistance of the fruit to a subsequent pathogen attack [23].

After 48 h of inoculation, PR-8 expression in apples treated with thyme oil and inoculated with
the pathogen was 4- and 6-fold greater than that in inoculated and water-treated apples. This is the
most significant effect, as 48 h after pathogen infection inoculated fruit no longer show an increase
of PR-8 expression, while the response in fruits treated with oil and inoculated with B. cinerea is
significantly higher.

Thyme essential oil influenced PR-5 expression during the trial, as shown in Figure 3. In particular,
PR-5 expression was significantly increased after 6 h in apples treated with thyme essential oil with
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respect to the other treatments. After 24 h, PR-5 expression was similar in all fruits, while at 48 h the
expression level was significantly higher in apples inoculated with B. cinerea and treated with thyme
essential oil.

The treatment of plants and fruits with different inducers, such as cell walls, plant extracts,
essential oils, compounds of biological origin, and synthetic chemical compounds, was shown to
trigger resistance to pathogen attack locally and systemically [25]. There are two types of host induced
resistance: induced systemic resistance (ISR) and systemic acquired resistance (SAR). SAR requires the
signal molecule salicylic acid (SA) and is associated with the accumulation of pathogenesis-related
(PR) proteins, which are thought to contribute to resistance [26]. Thyme essential oil demonstrated the
ability to trigger defense response in avocado fruit. Thyme oil was applied through fumigation and
induced the expression of β-1,3-glucanase and chitinase genes. The mRNA levels of the two enzymes
were shown to be higher in fumigated fruit especially in the ripened stage. Fumigation with thyme
oil caused the initiation of the induced defense response at the enzymatic and transcript level that
made avocados less susceptible to anthracnose development, resulting in a treatment as effective as
prochloraz treatment [27]. β-1,3-glucanases are PR-2 proteins able to damage the cell wall of many
pathogenic fungi, while chitinase acts on C-bonds in chitin, an important and common component of
the fungal cell wall [28]. Similar results were obtained in peaches, though the host response varied
depending on the cultivar [29]. On avocado fruit, thyme essential oil also increased ammonia-lyase
and peroxidase levels as well as antioxidant enzymes [30,31].

In our study, thyme essential oil significantly induced apple resistance against B. cinerea since it
favored the accumulation of the pathogenesis-related protein PR-8, which codes for a class III chitinase.

After 6 h of pathogen inoculation, thyme caused a low direct induction of resistance (PR-8
expression level was 2.5-fold higher than that in water-treated fruits) since this signal activated
the plant to a state of alertness. After pathogen infection, fruits strongly and efficiently responded,
showing a long-lasting period of protection (PR-8 expression level was 6-fold greater than that in
water-treated fruits after 24 and 48 h of pathogen inoculation). This effect is also known as the ‘priming
effect’, which is beneficial since it is considered as a host solution to the trade-off dilemma between
disease protection and costs involved in direct defense activation, and therefore the costs become
affordable only when the host is exposed to pathogen attack [32]. Similarly, Candida oleophila was
reported to elicit a long-lasting activation of PR-8 at 24 and 48 h, but a high level of PR-8 protein was
present even at 8 h. PR-8 expression was higher than that in fruit inoculated with B. cinerea, and it
increased during the trial. The rapid host response to C. oleophila could be due to the general activation
of apple fruit defense when exposed to microbes [17]. The difference in PR-8 expression level and
speed of defense activation when the fruit was exposed to thyme essential oil could be attributed to
the nature of the elicitors, which could induce biotic or abiotic stress.

In contrast, a less clear response was achieved for PR-5 expression. As for PR-8 expression,
the PR-5 level was also increased with respect to the untreated, inoculated or inoculated and treated
fruit after 6 h. After 48 h, the only increase in PR-5 expression was obtained in inoculated fruit treated
with thyme essential oil. Conversely, the presence of the pathogen did not induce any increase in PR-5
levels. Nevertheless, the magnitude of variation was very slight and it would be difficult to attribute
any role of this gene to the induction of resistance under the studied conditions. Similar results were
reported in literature on apples inoculated with B. cinerea or treated with C. oleophila. After 8 and 24 h,
PR-5 gene expression was stable and similar to that observed in the untreated control. Only after
48 h were PR-5 levels higher in B. cinerea-inoculated apples in comparison to other treatments.
However, since the expression level was even lower than that at time 0, in that case it was also
difficult to attribute any biological significance to the observed pattern of expression [17].

4. Conclusions

Thyme essential oil at 1% could be used as an efficient postharvest treatment against B. cinerea in
stored apple. Based on gene expression results, it is postulated that one mechanism by which thyme
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effectively controls gray mold disease in apple fruit is through the induction of the PR-8 gene in apple
fruit, besides its known antifungal activity. Deeper studies are required to understand the role of the
PR-8 protein as a pathogen defense mechanism, its expression in various apple cultivars against a
wide range of pathogens, and how specific pathogens may interfere with PR-8 expression.
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Abstract: In the present study, the essential oils (EOs) of some officinal plants from Abruzzo territory
(Italy) were evaluated for their antimicrobial and antioxidant activities and their volatile fraction
chemical characterization. The EOs were extracted from Rosmarinus officinalis, Origanum vulgare, Salvia
officinalis, Mentha piperita, Allium sativum, Foeniculum vulgare, Satureja montana, Thymus vulgaris and
Coriandrum sativum seeds. The antimicrobial activity was screened against thirteen Gram-positive and
Gram-negative strains to determine the Minimal Inhibitory Concentration (MIC). The total phenolic
content (TPC) and the antioxidant capacity (AOC) were assessed by means of Folin-Ciocâlteu method,
and Trolox Equivalent Antioxidant Capacity with 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic
acid (TEAC/ABTS), Ferric Reducing Antioxidant Power (FRAP) and 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assays respectively. Among the nine EOs tested, T. vulgaris, S. montana, O. vulgare and
C. sativum EOs showed MIC values ranging from 0.625 to 5 μL/mL. The AOC and TPC results
for these species were also interesting. The major components for these EOs were thymol for
T. vulgaris (44%) and O. vulgare (40%), linalool (77%) for C. sativum, and carvacrol for S. montana (54%).
The results allowed the study to establish that these EOs are good candidates for potential application
as biopreservatives in foods and/or food manufacture environments.

Keywords: essential oils; antimicrobial; antioxidant; GC-MS

1. Introduction

Food spoilage can be defined as the alteration of a product due to microbial, chemical, or physical
mechanisms that lead a food to become undesirable or unacceptable for human consumption [1].
In food products manufacture, many effective preservation strategies are applied against food spoilage,
involving mainly the employment of synthetic preservatives. However, the increasing negative
consumer perception of synthetic additives and the worldwide growing problem of allergies, is
causing the food industry to search for more effective preservation strategies [2].

An alternative strategy to synthetic chemical preservatives is represented by the employment of
essential oils (EOs). Commonly employed in foods as aromatizing and flavoring agents [2], these plant
volatile fractions can be exploited by the food industry for their antimicrobial [3,4] and antioxidant [5]
properties. EOs, in fact, possess the ability to permeabilize the membrane of microorganisms, with
consequent loss of vital intracellular constituents and interruption of the cellular metabolism and

Foods 2018, 7, 19 88 www.mdpi.com/journal/foods



Foods 2018, 7, 19

enzyme kinetics [6]. In addition, terpenes and terpenoids, alkaloids and phenolic compounds present
in these volatile fractions are recognized antioxidant substances [7–9].

According to European Pharmacopeia, the EOs can be obtained by steam distillation or by
hydrodistillation [10] and their yield and composition are influenced by the presence of several factors,
such as location, climate, plant species, methodology and experimental procedures [11,12].

In the Italian territory, Abruzzo is one of the central area regions characterized by a multitude of
environments and microclimates and with the richest flora of Italy and the Mediterranean basin [13].
In the Abruzzo territory, different plant species are cultivated and exploited for their therapeutic
and alimentary properties [14]; among them, Rosmarinus officinalis, Origanum vulgare, Salvia officinalis,
Mentha piperita, Allium sativum, Foeniculum vulgare, Satureja montana, Thymus vulgaris, and Coriandrum
sativum, are the aromatic plants commonly employed in the Mediterranean diet [15–17].

In scientific literature, different data that showed the antimicrobial and antioxidant potentials of
the EOs recovered from these vegetal species are reported [18–21]. However, limited data are available
for the EOs obtained from these Abruzzo plant species. In this perspective, the aims of the study
were the extraction and the Gas Chromatography-Mass Spectrometry (GC-MS) characterization of the
EOs from Abruzzo officinal plants and assessment of their antimicrobial properties against several
food-borne strains, as well as their antioxidant capacities and total phenolic contents.

2. Materials and Methods

2.1. Plant Material

The matrices were obtained from Abruzzo territory farmers. The cultures were obtained with
organic agriculture and after the harvesting, the matrices were dried on fields and stored at room
temperature in dry and dark conditions for few days. The matrices were then transferred in the
laboratory for extractions and analyses. Regarding A. sativum, after the harvesting, the bulbs were
transferred in the laboratory, cleaned and the resultant cloves were vacuum-packed and refrigerated
until extraction and analyses.

2.2. Essential Oils Extraction

Essential oils were extracted from the matrices by means of an E0105 12 lt PLUS Essential Oils
Extractor (Albrigi Luigi Srl, Verona, Italy). For all plant materials, after two hours of distillation, no
significant volume increase was observed in the collector tube, thus all matrices were subjected
to 2 h steam distillation, except for garlic cloves which were subjected to 2 h hydrodistillation.
After extraction, the EOs were transferred to an amber glass vial with anhydrous sodium sulfate
(Sigma Aldrich, Saint Louis, MO, USA), conditioned with argon and sealed. Each matrix extraction
was conducted in triplicate. The collected EOs were stored under refrigeration at 4 ◦C.

2.3. Chemical Compositions of EOs

The GC-MS analyses of the EOs were carried out by a Clarus 580 GC (PerkinElmer, Waltham, MA, USA)
coupled to a Clarus GC/MS SQ (PerkinElmer), in full scan mode (50 to 600 amu). The identifications of the
volatile compounds were obtained matching the mass spectra with the NIST Mass Spectral Library 2.0 (NIST,
Gaithersburg, MD, USA) and confirmed by calculating the retention index, as proposed by Lee et al. [22],
referred to a series of n-hydrocarbons (C8–C40 n-alkanes, Sigma Aldrich), compared with those present in
the NIST Chemistry WebBook (http://webbook.nist.gov/chemistry/). The semi-quantitative results were
calculated by means of the Turbomass 6.1.0.1963 software (PerkinElmer).

The GC apparatus was equipped with a fused silica Rxi-5ms column (30 m × 250 μm × 0.25 μm
Restek, Milan, Italy). For all the EOs, excepting A. sativum, the oven temperature program started from
45 ◦C (holding 10 min) and ramped at a rate of 2.5 ◦C/min to 180 ◦C (holding 5 min); for A. sativum
EOs, the oven temperature program started from 50 ◦C (holding 1 min), ramped at a rate of 5 ◦C/min
to 145 ◦C (holding 15 min), ramped at a rate of 7 ◦C/min to 175 ◦C and then ramped at a rate of
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4 ◦C/min to 250 ◦C (holding 15 min); the carrier gas was helium at flow 1 mL/min; the injector
temperature and the transfer line temperature were set at 250 ◦C. A 1% v/v solution of the EOs sample
in hexane was prepared and 1 μL was injected in a splitless mode.

2.4. Antioxidant Capacity and Total Phenolic Content

To assess the antioxidant capacity and total phenolic content, 0.2–2 mg/mL methanolic solutions
of each EO were subjected to the different spectrophotometric assays carried out by a Lambda Bio
20 ultraviolet-visible (UV/vis) spectrophotometer (PerkinElmer). The different assays conditions were
presented below.

2.4.1. Trolox Equivalent Antioxidant Capacity with 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic
acid (TEAC/ABTS) Assay

The TEAC/ABTS assay was determined as described by Masaldan et al. [23]. The TEAC/ABTS
results of the samples were estimated in terms of mmol Trolox equivalent (TE)/g EO as the mean of
three replicates.

2.4.2. Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP was determined by using the potassium ferricyanide-ferric chloride method described
by Oyaizu [24]. The FRAP of the samples was estimated in terms of mg Trolox equivalent (TE)/g EO
as the mean of three replicates.

2.4.3. 2,2-diphenyl-1-picrylhydrazyl (DPPH) Assay

The radical-scavenging activity of the EOs methanolic solutions was measured according to the
method described by Brand-Williams et al. [25]. The DPPH results were expressed in terms of μg
Trolox equivalent (TE)/g EO as the mean of three replicates.

2.4.4. Total Phenolic Content (TPC)

TPC was determined by the Folin-Ciocâlteu method described by Lateef Gharib & Teixeira da Silva [26].
The TPC results were expressed in terms of mg Gallic acid equivalents (GAE)/g EO as the mean of
three replicates.

2.5. Antimicrobial Activity

2.5.1. Microbial Strains and Growth Conditions

Thirteen strains, listed in Table 1, and belonging to the Faculty of Bioscience and Technology for
Food, Agriculture and Environment collection, were employed in the assessment of antimicrobial
activity. The strains were stored at −80 ◦C in cryovials, containing anti-freezing agent (glycerol 20%
v/v Sigma) and periodically confirmed by means of plate counts. Before each trial, bacterial strains
were cultured overnight in Tryptone Soy agar medium (TSA, Oxoid Thermofisher, Rodano, Italy); after
24–48 h, the cells were inoculated into Tryptone Soy broth (TSB, Oxoid Thermofisher) and incubated to
obtain a working fresh culture (early stationary phase). Fresh cultures were collected by centrifugation
at 1300 rpm (Eppendorf-Centrifuge 5415D, Hamburg, Germany) for 5 min and washed for three times
with phosphate buffer saline (50 mM pH 7.0). Inocula were standardized at about 5 × 105 CFU/mL, by
means of Lambda Bio 20 spectrophotometer (PerkinElmer). Strains origin and incubation conditions
were also presented in Table 1.
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Table 1. Strains employed for the trial and culture and standardization conditions.

Strains Origin Incubation Temperature (◦C) Incubation Time (h)

Pseudomonas fluorescens P34 Dairy products 28 24
Brochothrix thermosphacta B2 Poultry meat 30 48
Brochothrix thermosphacta B1 Poultry meat 30 48

Salmonella Enteritidis S2 Meat 37 24
Salmonella Typhimurium S4 Meat 37 24

Enterococcus faecium P14 Fish 30 48
Enterococcus faecium ATCC 19434 Type strain 30 48

Listeria monocytogenes LM 4 Meat products 37 48
Listeria monocytogenes ATCC 19144 Type strain 37 48
Listeria monocytogenes ATCC 7644 Type strain 37 48
Staphylococcus aureus STA 32 Dairy products 37 48
Staphylococcus aureus STA 47 Dairy products 37 48
Staphylococcus aureus STA 39 Dairy products 37 48

2.5.2. Determination of Minimal Inhibitory Concentration

The EOs were investigated for their Minimal Inhibitory Concentration (MIC) values according
to the microdilution method, as described by Clinical and Laboratory Standards Institute (CLSI)
guidelines [27]. The EOs were dissolved in PBS (Phosphate Buffer Saline) 50 mM pH 7.0 and Tween
80 (1%) to reach the initial concentration of 4.0%; working emulsions were obtained by vortexing
for 5 min. The emulsions were sterilized through 0.22 μm politetrafluoroetilene (PTFE) Minisart
syringe filter (Sartorius, Göttingen, Germany). The inocula were prepared as described in Section 2.5.1.
A positive (100 μL of TSB medium and 100 μL inoculum) and a negative control (200 μL of sterile TSB
medium) were considered for each strain. The lowest EOs concentrations that prevented growth after
48 h of incubation, was interpreted as the MIC. The Minimum Bactericidal Concentration (MBC) was
determined by inoculating the content of wells were no growth was observed, on TSA plates and by
incubating the plates at the temperatures reported in Table 1. The MBC was recorded as the lowest
concentration not allowing bacterial growth on plates [28].

2.6. Statistical Analysis

Experimental results were expressed as means ± standard deviations. Data obtained were
subjected to ANOVA (analysis of variance), and a Tukey’s HSD post-hoc test was applied at p < 0.05,
using Microsoft Xlstat 2016 statistical software (Addinsoft, Paris, France). Correlations between TPC
and AOC (antioxidant capacity) results and antimicrobial activities, were calculated using Microsoft
Xlstat 2016 statistical software (Addinsoft) by means of Pearson Correlation.

3. Results & Discussion

3.1. Essential Oil Extractions

The extraction yields were calculated considering the mass (g) of the obtained EOs and the mass (g)
of dried material processed. The yield results were expressed as the mean of the three replicates of the
extraction ± standard deviation.

R. officinalis, O. vulgare, S. officinalis, M. piperita, A. sativum, F. vulgare, C. sativum, S. montana,
T. vulgaris yields % were: 0.487 ± 0.011, 2.900 ± 0.012, 0.249 ± 0.001, 1.034 ± 0.057, 0.371 ± 0.011,
0.340 ± 0.016, 0.265 ± 0.010, 0.491 ± 0.027, 1.506 ± 0.096, respectively. The obtained yields were similar
to ranges usually reported in the literature for the same species [26,29–33].

3.2. Chemical Characterization

The chemical compositions of the different EOs were reported in Table 2.
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Regarding R. officinalis EO, the components identified were in accordance with those reported
by other authors [34–36] for this officinal plant. The major components (p < 0.05) of the mixture were
camphor (22%), α-pinene (17%), 1,8-cineole (16%) and borneol (12%). These approximately equal
ratios have been already recognized to be characteristic of some R. officinalis species from Italy and
nearby countries [15,37]; however, 1,8-cineole chemotype is generally reported for rosemary plants
cultivated in different other locations of Italy [35,37,38].

For O. vulgare EO, the major constituent (p < 0.05) was thymol (40%), followed by carvacrol
(16%), γ-terpinene (9%) and p-cymene (8%). The obtained data were similar with those reported by
De Martino et al. [39] for thymol/carvacrol chemotypes cultivated in a southern region of Italy, by
Vazirian et al. [40] and Daferera et al. [41] for Iranian and Greek oregano EOs, respectively. The main
compound of O. vulgare EO is usually carvacrol or thymol, while other authors stated that camphor
was the main constituent [15,42,43].

S. officinalis EO showed α-tujone (41%) as main constituent (p < 0.05), followed by camphor (12%)
and equal ratios (p > 0.05) of 1,8-cineole/isocaryophyllene/humulene/ledene (total abundance of 42%).
The chemical composition was in accordance with those reported in literature by different authors for
some European and Iranian sages [44,45], anyhow in these works lower concentrations of α-tujone
were recorded.

For A. sativum EO a total of six compounds were identified. The principal component (p < 0.05)
was diallyl disulfide (65%), followed by diallyl trisulfide (20%), in accordance with the results reported
by Dziri et al. [46]. These compounds represent two of the main compounds produced during the
thermal or long-term decomposition of allicin, the unstable garlic main constituent released from the
alliin upon an injury and by means of the activity of the enzyme alliinase [47].

T. vulgaris EO presented thymol (44%) as major compound (p < 0.05), thus in our case the
thyme chemotype was thymol. In scientific literature there are contrasting data about the area
cultivation-related chemotype, being T. vulgaris characterized by an evident chemotype variation
that lead to different monoterpene co-occurrence and composition [48].

Regarding F. vulgare EO, the major component (p < 0.05) was estragole (45%), followed by similar
values (p > 0.05) of fenchone (10%) and α-phellandrene (10%). For M. piperita, menthol (53%) was the
EO main compound (p < 0.05), followed by menthofuran (8%) and menthone (7%). (S)-(+)-Linalool
was the principal constituent (p < 0.05) of C. sativum EO obtained from plant seeds, for which a 77%
of the total volatile mixture was accountable. In S. montana EO, carvacrol was the compound with
the highest (p < 0.05) relative abundance (54%). For these last four EOs, the obtained data were in
accordance with those reported in the literature from other authors [49–54].

The GC-MS chemical characterization of the analyzed samples allowed to identify the main
components of the extracted EOs (total identified compounds > 90%); in addition, the data comparison
with scientific literature underlined the influence of the environmental conditions of plant cultures on
the composition of their volatile fraction.

3.3. Total Phenolic Content and Antioxidant Activity

Total phenolic content (TPC) results were showed in Table 3. The highest TPC (p < 0.05) was
recorded for T. vulgaris EO (6.42 mg GAE/g EO), followed by O. vulgare (4.69 mg GAE/g EO) and
S. montana (4.40 mg GAE/g EO). The other EOs showed lower values (p < 0.05) with a TPC range of
0.05–0.28 mg GAE/g EO and no significant differences among them (p > 0.05).

94



Foods 2018, 7, 19

Table 3. Total phenolic content (TPC) and antioxidant activity results Ferric Reducing Antioxidant
Power (FRAP), 2,2-diphenyl-1-picrylhydrazyl (DPPH) and Trolox Equivalent Antioxidant Capacity
with 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid (TEAC/ABTS) of EOs and Pearson
correlation coefficients between the different antioxidant activity assays and total phenolic content.

Assay TPC FRAP DPPH ABTS

Rosmarinus officinalis 0.111 ± 0.002 c 188.270 ± 0.437 a 10.288 ± 0.258 c,d 0.084 ± 0.001 e

Origanum vulgare 4.688 ± 0.304 b 168.220 ± 1.837 b 23.963 ± 2.435 b 1.765 ± 0.005 b

Salvia officinalis 0.178 ± 0.008 c 12.304 ± 0.022 f 8.709 ± 0.885 c,d 0.098 ± 0.005 e

Mentha piperita 0.338 ± 0.018 c 0.543 ± 0.044 h 11.289 ± 0.514 c 0.154 ± 0.006 d

Allium sativum 0.050 ± 0.001 c 3.924 ± 0.142 g 7.868 ± 0.158 d 0.037 ± 0.003 g

Foeniculum vulgare 0.283 ± 0.013 c 15.202 ± 0.175 e 11.466 ± 0.636 c 0.043 ± 0.003 g

Coriandrum sativum 0.046 ± 0.004 c 4.122 ± 0.241 g 10.656 ± 1.043 c,d 0.067 ± 0.004 f

Satureja montana 4.398 ± 0.252 b 159.280 ± 1.575 c 27.015 ± 0.959 a 1.997 ± 0.003 a

Thymus vulgaris 6.419 ± 0.219 a 126.869 ± 0.175 d 21.751 ± 0.862 b 1.131 ± 0.012 c

Pearson Correlation Coefficients
Assay FRAP ABTS DPPH
TPC 0.642 0.691 0.905

Regarding TPC and AOC (antioxidant activity): results were expressed as mg Gallic acid equivalents (GAE)/g EO
for TPC assay; mg Trolox equivalent (TE)/g EO for FRAP assay; μg Trolox equivalent (TE)/g EO for DPPH assay;
mmol Trolox equivalent/g EO for ABTS assay. The showed values were the mean of three replicates. For the same
assay (same column), results followed by the same case-letter are not significantly different according to Tukey’
HSD post hoc test (p > 0.05). For Pearson Correlation Coefficients: the positive/negative strength of correlation was
considered: low for ±0.1 < r < ±0.3, moderate for ±0.3 < r < ±0.7, and strong for r > ±0.7; for values of r < ±0.1 the
variables were considered not correlated.

Antioxidant activity (FRAP, DPPH, TEAC/ABTS) results were also reported in Table 3.
The different assays established that O. vulgare, S. montana and T. vulgaris were the EOs with the
best antioxidant capacity according to free radical scavenging methods (DPPH and TEAC/ABTS).
The FRAP assay underlined also the antioxidant potential of R. officinalis EO.

Even if the vegetal matrix had different origins, the methodology of the investigation and
expression of results made difficult a direct comparison between TPC and AOC data and the
literature. The presented ranges were similar to those presented by several authors for different
essential oils [15,20,26,43,55].

A Pearson correlation test between the AOC and TPC data was carried out and the coefficients
results obtained were presented in Table 3. As reported, among the different assays, a moderate
(TPC with FRAP and ABTS) and strong (TPC with DPPH) positive correlation were revealed.
Thus, the detected antioxidant activity could be attributed to total phenols content assessed in the EOs.
These positive correlations between AOC and TPC have been already reported for plant species of the
Mediterranean area [56].

3.4. Antimicrobial Activity

The antibacterial activity of the tested EOs against selected Gram-positive and Gram-negative
bacteria was reported in Table 4. The strains were selected among spoiling (P. fluorescens,
B. thermosphacta and E. faecium) and pathogenic (Salmonella enterica serotype Enteritidis and Salmonella
enterica serotype Typhimurium, L. monocytogenes and S. aureus) bacteria commonly isolated from food
products of different origins, to have an overview of the potentiality of the selected essential oils.

Generally, the results observed as MIC were also confirmed as MBC. In some cases, the MIC
concentration had to be doubled to obtain a bactericidal activity (i.e., MBC of T. vulgaris and C. sativum
EOs was respectively 5 and 10 μL/mL for both B. thermosphacta B1 and B2).

For F. vulgare EO, the results established that the obtained EO was unable to inhibit the tested
microbial strains at concentrations lower or equal than 20 μL/mL. The results were in accordance with
those reported by Çetin et al. [57], who assessed that for fennel EOs obtained from the aerial parts,
as in our case, the different MIC values ranged from 31.25 to 500 μg/mL. Lower MIC values could
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be obtained from EOs extracted from seeds [42,58] and fruits [59] of the plant; in these cases, the EOs
main compound is trans-anethol, present only in minor quantities in our EO.

Regarding R. officinalis, S. officinalis, M. piperita and A. sativum, the EO tested showed a limited
spectrum of activity; good results (5 μL/mL) were obtained against different strains, however
higher MIC values obtained for the other strains belonging to the same species seemed to underline
a strain-dependent activity. Thus, for these EOs, a variable antimicrobial activity against the
Gram-negative and Gram-positive bacteria tested, was generally recognized at concentrations higher
than 10 μL/mL. Nevertheless, significant results were observed for A. sativum EO against the two
Listeria monocytogenes type strains. Good results were also obtained for R. officinalis EO; in fact, it
usually shows a good antioxidant activity [60] and a lower antimicrobial activity with respect to other
EOs such as oregano, thyme or tea tree [43], while in our case it showed good inhibitory activity,
particularly on L. monocytogenes ATCC7644 and S. aureus STA47. This activity is probably due to the
presence of camphor and 1,8-cineol among the principal constituents, as reported in Table 2.

For O. vulgare, the MIC values showed a wide spectrum of activity, ranging from 1.25 to 10 μL/mL
for both Gram-positive and Gram-negative bacteria. In this case, the antimicrobial activity could be
related to the important presence of thymol and carvacrol in the volatile fraction, as described in
Section 3.1 (Table 2); the high contents of thymol, in fact, results in good antimicrobial activities [39,61].

The most effective EOs were those obtained from S. montana, T. vulgaris and C. sativum. For these
EOs the MIC values ranged from 0.625 to 5 μL/mL. For these EOs thymol, (S)-(+)-linalool, and
carvacrol have been already confirmed to be responsible for their antimicrobial activity, with ranges
similar to those obtained in the present study [43,62–64]. In particular, while the antimicrobial activity
of O. vulgare and T. vulgaris EOs against L. monocytogenes is well known [65,66], very interesting
results were observed for C sativum against Listeria, but also the other tested pathogens, such as
S. aureus (especially strain STA32) and Salmonella strains. These results are particularly significant, as
Gram-negative bacteria are usually less sensitive to EOs than Gram-positive, because of the presence
of the lipopolysaccharide layer, that provides a higher resistance to hydrophobic compounds such as
essential oils [67]. On the contrary, the Gram-positive B. thermosphacta strains B1 and B2 were among
the most resistant strains, nevertheless, they were inhibited by low concentrations of T. vulgaris and
S. montana EOs.
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4. Conclusions

The results obtained from this study established that the essential oils obtained from Abruzzo
region officinal plants, mainly from T. vulgaris, S. montana and C. sativum, showed interesting
biological potentiality. The antimicrobial and antioxidant properties assessed are excellent bases
for further in vitro assays that could be used to define these essential oils as potential candidates
for natural biopreservatives in combination with or in substitution to synthetic chemical ones.
Moreover, additional studies should be undertaken in order to understand their potentiality in model
systems and in real food samples. Study should particularly aim to establish the most effective EO
concentration depending on the food matrix, its organoleptic properties, and the microorganisms
it should inhibit. Anyhow, these results represent a valid basis for future evaluations and enriched
current understanding about the specificity of Abruzzo region plant species and their essential oils.
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