
����������
�������

Citation: Santos, M.I.S.; Marques, C.;

Mota, J.; Pedroso, L.; Lima, A.

Applications of Essential Oils as

Antibacterial Agents in Minimally

Processed Fruits and Vegetables—A

Review. Microorganisms 2022, 10, 760.

https://doi.org/10.3390/microorganisms

10040760

Academic Editors: Francesca Bugli

and Maura Di Vito

Received: 3 February 2022

Accepted: 29 March 2022

Published: 31 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

microorganisms

Review

Applications of Essential Oils as Antibacterial Agents in
Minimally Processed Fruits and Vegetables—A Review
Maria Isabel S. Santos 1,2,*, Cátia Marques 1,3, Joana Mota 1,2, Laurentina Pedroso 1,2 and Ana Lima 1,2,*

1 Faculty of Veterinary Medicine, Lusófona University, 1749-024 Lisbon, Portugal;
catia.marques@ulusofona.pt (C.M.); p6494@ulusofona.pt (J.M.); laurentina.pedroso@ulusofona.pt (L.P.)

2 Linking Landscape, Environment, Agriculture and Food (LEAF), Instituto Superior de Agronomia,
University of Lisbon, 1349-017 Lisbon, Portugal

3 Centre for Interdisciplinary Research in Animal Health (CIISA), Faculty of Veterinary Medicine,
University of Lisbon, 1300-477 Lisbon, Portugal

* Correspondence: maria.isabel.santos@ulusofona.pt (M.I.S.S.); ana.isabel.lima@ulusofona.pt (A.L.)

Abstract: Microbial foodborne diseases are a major health concern. In this regard, one of the major
risk factors is related to consumer preferences for “ready-to-eat” or minimally processed (MP) fruits
and vegetables. Essential oil (EO) is a viable alternative used to reduce pathogenic bacteria and
increase the shelf-life of MP foods, due to the health risks associated with food chlorine. Indeed,
there has been increased interest in using EO in fresh produce. However, more information about
EO applications in MP foods is necessary. For instance, although in vitro tests have defined EO
as a valuable antimicrobial agent, its practical use in MP foods can be hampered by unrealistic
concentrations, as most studies focus on growth reductions instead of bactericidal activity, which, in
the case of MP foods, is of utmost importance. The present review focuses on the effects of EO in MP
food pathogens, including the more realistic applications. Overall, due to this type of information,
EO could be better regarded as an “added value” to the food industry.

Keywords: essential oils; minimally processed foods; foodborne pathogens; antibacterial mechanisms;
minimal inhibitory concentrations; minimal bactericidal concentrations

1. Introduction
1.1. Minimally Processed Fruits and Vegetables

The fast pace of modern life has led to a shortage of time, particularly regarding
meal preparations; there is an increase in consumer preferences for food that is healthy,
fast, and easy to prepare [1–4]. The food industry—in effort to meet consumer demands—
is continuously developing a wide range of ready-to-eat, fresh-cut, refrigerated foods
with prolonged shelf-lives [1]. Preservation techniques, such as refrigeration, moderate
heating, specific packaging, and antimicrobial disinfectants are usually applied to maintain
a product’s freshness. Ready-to-eat fresh foods, with minimal alterations and without
strong preservatives are referred to as minimally processed (MP) foods [1,2,4]. These new
MP foods are marketed and packaged in a ready-to-eat state for ease and convenience,
and they comprise a wide range of products, such as fresh cut vegetables, meat, and
fish [4,5]. MP foods have emerged in response to a new market tendency, i.e., a concomitant
increasing demand for efficient preservation techniques that lack the need for chemical
preservatives [3]. MP vegetables/fruits are a particular branch in the MP food industry; this
branch has gained much interest from consumers since MP vegetables/fruits are considered
healthier than processed food products. Minimally processed fruits and vegetables (MPFVs)
include any fresh vegetable or fruit that has been minimally altered (usually cut, peeled,
shredded, and washed) and packaged, in a ready-to-use state, whilst remaining fresh [4,6–8]
(Figure 1).
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Figure 1. Examples of minimally processed (ready-to-eat) fruits and vegetables.

These types of products simplify everyday life, allowing for the preparation of healthy,
enjoyable, and diversified meals, in a time-saving fashion, with reduced food waste. In
the United States (US), MPFV sales grow by approximately USD 15 billion per year and
represent 15% of sales in all plant products [9,10]. The best-selling product is a ready-to-eat
salad, in which sales increased from USD 2.7 to 3.2 billion between 2001 and 2003. In
Europe, consumption varies widely among countries, with the United Kingdom (UK) being
the largest consumer, having exceeded 120,000 tons of sales in 2004 [9,10].

Nonetheless, MP foods are not sterile. As vegetables are raw and of agricultural origin,
MPFVs contain microorganisms (often pathogenic) [11–15]. It is therefore not surprising
that some of the most nutritionally recommended foods are also those with the greatest food
preservation and safety challenges. Indeed, fruits and vegetables are often incriminated in
foodborne diseases worldwide. In recent decades, foodborne outbreaks associated with
raw fruit and vegetable consumption have increased. This has led to researchers and
health authorities (in food safety areas) analyzing the microbial contamination of fresh
produce [16–20]. There is growing concern about the potential risks of microbiological
proliferation, owing to the high-levels of manipulation that these types of products are
subject to and the increase in MPFV consumption worldwide. Vegetables may become
contaminated in the pre-harvest stage (e.g., as a plant in the field or during harvesting) and
in the post-harvest phase (e.g., during transportation, processing, and packaging) [14,21–23].
Thus, the microbial quality and safety of MPFVs is a serious concern.

Over the years, extensive studies have been carried out on the antimicrobial activities
of essential oil (EO) and its application in food systems. The use of EOs—specifically in
MPFVs—has been garnering more attention of late, but there are a lack of consolidated
appraisals on this issue. Most studies focus on in vitro testing; few show applications
in realistic scenarios. Therefore, the present review focuses on the effect of EO in MP
food pathogens, focusing on their more realistic applications, particularly on promising
innovative solutions for their safe usage. Overall, due to this type of information, EO could
become an “added value” to the food industry.

1.2. Major Pathogens Related to Foodborne Diseases in MP Foods

In the last three decades, the epidemiology of foodborne infectious diseases has
undergone a radical change; vegetal products have “arisen” as new vehicles of microorgan-
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isms [12]. There have been numerous outbreaks, as shown in the scientific literature, de-
scribing situations that have resulted in the death of hundreds of people [20–24]. Salmonella
spp., Escherichia coli O157:H7, and Listeria monocytogenes are the pathogenic microorganisms
that cause the most concerns in outbreaks of this nature [14,18,25]. Several of these out-
breaks have led to widespread public health concerns. For example, between May and July
2011, a major outbreak occurred as result of the high number of cases and the difficulties in
detecting the source of the infection. The outbreak occurred in Germany; out of a total of
3816 cases, 845 patients developed hemolytic uremic syndrome (HUS) and 54 died. Most
of the patients (88%) who developed HUS were adults, contrary to what usually occurs in
VTEC strain infections. Likewise, the female gender (aged between 30 and 34 years) was
the most affected (68% of cases with HUS and 58% of gastroenteritis). The epidemic strain
of this outbreak was an E. coli O104:H4 enteroaggregative that acquired the Shiga toxin 2
(Stx2a) converting bacteriophage. This outbreak disseminated worldwide, with reports in
15 European countries and in the USA. In France, eight cases occurred in people who had
been present at a community event, and the isolated strain had a genetic profile compatible
with the epidemic strain from Germany. Given that it was a common event, it was possible
to identify the suspected food as fenugreek sprouts imported from Egypt in 2009 [26–29].
According to data from the USA, fruits and vegetables account for an estimated 46% of
foodborne illnesses, most of which are caused by norovirus, Salmonella spp., and E. coli
O157:H7, with leafy vegetables being the most frequent vehicle. Vegetables are responsible
for 2.2 million foodborne illness cases per year (22%), corresponding to the food product
responsible for the largest number of patients. It is estimated that 24,000 people (41%)
are hospitalized annually due to the consumption of products of plant origin, of which,
38% are attributed to fruits and vegetables and 16% to leafy vegetables, just behind dairy
products, which occupy first place (in terms of hospitalizations). Regarding the number
of deaths—fruit and vegetable consumption is related to 333 foodborne illnesses per year
(23%), far below the 43% from animal product consumption (terrestrial). In summary,
leafy vegetables account for the largest number of patients with foodborne diseases (22%),
being the second cause of hospitalization (14%) and the fifth most frequent cause of death
(6%) [19].

1.3. Current Decontamination Methodologies for MP Foods and Related Problems
Current Decontamination Methodologies for MP Foods and Related Problems

Washing and disinfecting plant products are only moderately effective, as they are by
no means efficient when pathogenic microorganisms are internally located. Microorganisms
can penetrate plant tissues, both in the pre-harvest phase by internalization, or in the post-
harvest phase by infiltration, which makes its elimination much more complex. Once
bound, microorganisms can be incorporated into biofilms, which increases their ability to
survive in plant tissues [30]. In short, pathogenic microorganism internalization can occur
at any stage of the plant life cycle (seed, germination, mature plant, flower, fruit), moving
on to the next phase [31,32]. Thus, even when disinfected, these microorganisms can be
out of reach in irregular surfaces or in biofilms. Similarly, injuries caused by harvesting
and transport can provide protective places where microorganisms can survive and grow,
unharmed [6].

Currently, the most commonly used disinfection methods are chlorine-based [32,33],
with chlorinated water being the usual selection used to disinfect MPFV due to its low cost
and simplicity of use [32,33]. The effectiveness of decontamination, per se, is measured
by the reduction of microorganisms obtained and, more importantly, by the ability to
maintain this reduction over the product’s shelf-life. However, active chlorine is not very
effective since its disinfecting power is short-lived and the surviving bacterial populations
can actually multiply faster than the corresponding populations in non-disinfected prod-
ucts [33,34]. Furthermore, chlorine can be harmful due to the formation of toxic derivatives,
such as trihalomethane and chloramine. Hence, there are health concerns associated with
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its use, which has led to restrictions on its use in several European countries, namely the
Netherlands, Sweden, Germany, Swiss, Denmark, and Belgium [22,24,33,35–38].

Other methodologies can include the use of chlorine dioxide [4,39], organic acids [4,11,40–43],
hydrogen peroxide [4,44–46], electrolyzed water [4,47], ozonated water [4,48–52], or calcium-
based solutions [4,53]. It was found that, generally, these methods are easy to apply and
have strong bactericidal effects. However, most present disadvantages in their use. For
example, the use of chlorine dioxide has been shown to be effective in reducing bacte-
rial populations, but it ultimately affects some organoleptic characteristics. The drastic
reduction of the native microbial population is another factor to consider, i.e., decreasing
competition for space and nutrients may lead to a subsequent increase in the development
of pathogenic microorganisms [24,35]. Other physical treatments that have been developed
in recent years include ionizing radiation [4,9,18], ultraviolet [4,54], and infrared or modi-
fied atmosphere [4,35]. These methods may be bacteriostatic or bactericidal, and they have
shown high efficiency in the inhibition of microbial contaminations [35]; however, they
present technological problems that limit their usefulness. For example, the irradiation
process cannot be used in isolation as a step in continuous washing [55].

1.4. Natural Alternatives for Decontamination of MP Fruits and Vegetables

Consumers consider the use of natural antibacterial compounds as a promising al-
ternative to chemical disinfectants, not only in the context of food safety, but also as an
alternative to chemical antibacterial agents (overall) [18,56–60]. Several studies have been
carried out in this area. Most of these have the goal of eliminating both the pathogens and
the microorganisms responsible for vegetable spoilage [55,61]. The main sources of these
natural antibacterial compounds are plants (e.g., essential oils), microorganisms (e.g., lactic
acid bacteria through the production of lactic acid and antimicrobial polypeptides), and
animals (e.g., lysozyme) [60,62]. Since these natural products and their components are
accepted as safe to consume (generally recognized as safe—GRAS), concerns surrounding
their safety of use in MP foods are minimal. In recent decades, studies have focused on
several natural compounds that have potential in food disinfection. Some examples are
acetic acid, ascorbic acid, lactic acid, essential oils, and cheese whey, among others [60,62].
Albeit, few disinfectants proposed in scientific studies have actually reached the market.
Indeed, the need for more practical and realistic studies and approaches is adamant to
surpass this challenge.

2. Essential Oils as Alternative Food Disinfectants

Since ancient times, the antimicrobial properties of plants and spices have been
exploited as food preservatives [63–67]; scientific interest in this area has recently re-
emerged [68]. In recent decades, essential oils (EOs) from aromatic and medicinal plants
have been used as novel alternatives to common food antibacterial agents, as they are
natural products, inherently well tolerated, and present fewer side effects when compared
to other food preservatives or disinfectants.

EOs the result of plant secondary metabolites; they are known to present intense
odors, being extremely volatile and hydrophobic [69]. They are produced by specialized
excretory structures and can be found in several parts of these plants, namely leaves, fruits,
flowers, buds, seeds, branches, and roots, and their compositions may vary according to
the location [70].

In nature, these metabolites have two distinct functions: (1) they protect plants against
pests or infections through their insecticidal, antibacterial, and antifungal actions; (2) they
attract certain insects, so that they remove pollen from the plant, facilitating pollination [71].
The amount and composition may vary, both genetically and physiologically, as well as
due to external factors, such as growing conditions, harvesting, post-harvest conditions,
and environmental factors, among others [69,72].
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2.1. Composition of Essential Oils

EOs are volatile, natural, complex compounds formed by aromatic plants as secondary
metabolites; they are characterized as having strong odors [71]. In nature, EOs play an
important role in the protection of plants through their antibacterial, antiviral, antifungal,
and insecticides actions, as well as against herbivores by reducing their appetite for such
plants. EOs may attract some insects, to favor the dispersion of pollen and seeds, or repel
others that are undesirable [71]. EO chemical compositions can widely differ, according
to several factors, such as the soil composition, the organ of the plant from which it is
extracted, the time of the year it is harvested, the plant and organ age [71,73], and the
extraction method used [63]. The different EO compositions result in different responses in
their antimicrobial activities, even when they are tested under the same conditions. Thus,
obtaining/extracting in a standardized manner is important in order to obtain a constant
composition of EO [63,71].

EOs are complex natural mixtures that could contain approximately 20–60 components
at quite different concentrations. They are characterized by two or three major components
at fairly high concentrations (20–70%) in combination with other components that are
only present in trace amounts [63,71,74]. Generally, it is the component in the greatest
concentration (major constituent) that confers the biological activity to the EO; however,
this activity is often the result from the synergy between several components [63,74,75]. In
a study carried out in the control of Botrytis cinerea using several EOs, the authors verified
that, in most cases, those with the highest concentrations of the major constituents had
higher fungicidal activities [76].

Table 1 shows the major components of some of the most known EOs used in foods.
These active compounds have different chemical groups, composed of alcohols, esters,
aldehydes, ketones, phenols, and phenolic ethers, with terpene compounds being the most
abundant [77]. The components include two groups of distinct biosynthetic origins [63,71].
The main group is composed of terpenes and terpenoids and the other of aromatic and
aliphatic constituents, all characterized by low molecular weight [71]. Terpenes form struc-
turally and functionally different classes. They are made from combinations of several
5-carbon-base (C5) units called isoprene [74] and they have been extensively reviewed [74].
The main terpenes in EO are monoterpenes (C10) and sesquiterpenes (C15), but monoter-
penes are the most representative molecules, constituting 90% of essential oils and allowing
for a large variety of structures [71], although they usually do not represent a group of
constituents with high inherent antimicrobial activity [74]. Hemiterpenes (C5), diterpenes
(C20), triterpenes (C30), and tetraterpenes (C40) also exist [74]. Examples of plants con-
taining these compounds are angelica, bergamot, caraway, celery, citronella, coriander,
eucalyptus, geranium, juniper, lavender, lemon, lemongrass, mandarin, mint, orange,
peppermint, petitgrain, pine, rosemary, sage, and thyme [71].

Terpenoids are terpenes that undergo biochemical modifications via enzymes that
add oxygen molecules and move (or remove) methyl groups [71,74,77]. Terpenoids can
be subdivided into alcohols, esters, aldehydes, ketones, ethers, phenols, and epoxides.
Examples of terpenoids in EOs with food applications are: thymol, carvacrol, linalool,
citronellal, piperitone, menthol, and eugenol (Table 1). The antimicrobial activities of most
terpenoids are linked to their functional groups; the hydroxyl group of phenolic terpenoids
is recognized as the most important for antimicrobial activity [74].

Besides terpenes and terpenoids, aromatic compounds occur less frequently, but are
also noteworthy. They are derived from phenylpropane and include cinnamaldehyde,
chavicol, eugenol, myristicin, and safrole, among others [74,77]. The main plant families
for these compounds are Apiaceae, Lamiaceae, Myrtaceae, and Rutaceae, which include plant
species, such as anise, cinnamon, clove, fennel, nutmeg, parsley, sassafras, star anise,
and tarragon, among others [74]. Sulfur-based components from plants, such as garlic
and mustard oils (e.g., glucosinolates or isothiocyanate derivatives) are also secondary
metabolites often found in diverse source plants for EO [74].
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Secondary Effects Induced by EO Components

Because of the great number of constituents, essential oils can induce secondary effects
to consumers, depending on their concentrations. The use of EO in foods—besides odor
and taste—can induce some secondary effects in consumers, although there are restrictions
on the doses used for food applications and, most of all, for food safety issues (please see
Section 3). The biological effects of EOs have been extensively reviewed elsewhere [71],
mostly focusing on cytotoxicity, nuclear mutagenicity, and carcinogenicity. Cytotoxicity
occurs mostly due to membrane damage [78–84], cytoplasm coagulation [85], and overall
damage to lipids and proteins [85–89]. Essential oil cytotoxicity in mammalian cells is
caused by the induction of apoptosis and necrosis [71]. For example, eugenol, isoeugenol,
methyl eugenol, and safrole induce cytotoxicity and genotoxicity in rat and mouse hepa-
tocytes [90], and estragole also induces cytotoxicity in hamster fibroblastic V79 cells [91].
Many studies using EO or their main components have also shown that, grosso modo,
most of them do not induce nuclear mutations [71]; however, there are a few exceptions,
particularly in the case of some EO constituents that can act as secondary carcinogens after
metabolic activation [92]. Specific EO constituents that have been shown to induce carcino-
genic metabolites in rodents include safrole (from Sassafras albidum EO) [90,93,94], methyl
eugenol (from Laurus nobilis and Melaleuca Leucadendron EO) [90], d-Limonene (from Citrus
EO), and estragole (from Ocimum basilicum and Artemisia dracunculus EO) [93,95]. Moreover,
the EO from Salvia sclarea and Melaleuca quinquenervia can induce estrogen secretion, which
in turn can trigger estrogen-dependent cancers. Moreover, the EO components containing
photosensitizing molecules can also cause skin erythema or cancer [96,97].
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Table 1. Major components of some essential oils with food application.

Common Name Scientific Name Major Constituent 2nd Constituent 3rd Constituent 4th Constituent 5th Constituent References

Amaryllidaceae
Garlic Allium sativum Diallyl disulfide Allyl methyl trisulfide Diallyl trisulfide Diallyl sulfide Allyl methyl disulfide [98]
Onion Allium cepa Dipropyl disulfide Dipropyl trisulfide Propenyl propyl disulfide Methyl propyl trisulfide Allyl propyl trisulfide [99]

Asteraceae
Chamomile Matricaria chamomilla Bisabolol oxide Camphene Sabinene Limonene Cineole [100]

Cupressaceae
Juniper Juniperus communis Pinene Myrcene Sabinene Limonene Caryophyllene [101]

Lauraceae
Cinnamon Cinnamomum zeilanicum Eugenol α-Himachalene Bicyclogermacrene Linalool Nerolidol [76]
Lamiaceae

Basil Ocimum basilicum Linalool Geraniol Eugenol Eucalyptol Humulene [102]
English Lavender Lavandula angustifolia Linalool Linalyl acetate Geraniol Caryophyllene Lavandulyl acetate

Lavender Lavandula hybrida Octyl Acetate Linalool Isobornyl acetate Camphor α-Himachalene [76]

Lemon Balm Melissa officinalis Neral Nerol Geranial Geraniol Caryophyllene [103]
Marjoram Origanum majorana Terpineol Sabinene Cymene Terpinene Limonene [104]
Oregano Origanum vulgare Thymol Terpinene Cymene Carvacrol Myrcene [104]

Peppermint Mentha piperita Menthol Menthone Menthyl acetate α-Himachalene Eucalyptol [76]
Rosemary Rosmarinus officinalis Eucalyptol Camphor Pinene Camphene α-Terpineol [76]

Sage Salvia officinalis Camphor Thujone Cineole Camphene Borneol [105]
Thyme Thymus vulgaris α-Terpinene Cymene Thymol Linalool Carvacrol [106]

Myrtaceae
Eucalyptus Corymbia citriodora Citronelal 7-Octen-1-ol Isopulegol Fenchyl acetate Eucalyptol [76]

Tea Tree Melaleuca alternifolia Terpinenol γ-Terpinene Eucalyptol α-Terpinene Cymene [76]
Clove Tree Syzygium aromaticum Eugenol α-Humulene δ-Cadinene Caryophyllene oxide Eugenyl acetate [76]
Piperaceae

Black Pepper Piper nigrum α-Pinene β-Phellandrene Terpinene Cubebene Farnesene [76]
Poaceae

Lemon grass Cymbopogon citratus Geranial Neral Myrcene Geraniol Verbenol [76]
Citronella Cymbopogon nardus Citronelal Geraniol Octenol Elemol Citronellyl isobutyrate [76]

Palmarosa Cymbopogon martini Geraniol Geranyl Acetate Linalool β-Ocimene α-Himachalene [76]
Rutaceae
Bergamot Citrus bergamia Linalool Limonene Linalyl acetate Terpinene Pinene [107]

Citron Citrus medica var.
sarcodactylis Limonene γ-Terpinene Terpineol Bisabolene Cymene [108]

Grapefruit Citrus paradisi Limonene Myrcene Pinene Sabinene Carvone [109]
Lemon Citrus lemon Limonene Pinene Linalool Terpineol Linalyl acetate [110]
Orange Citrus sinensis var. dulcis Limonene Myrcene Pinene Caproaldehyde Sabinene [76]

Tangerine Citrus nobilis var. tangerine Limonene Linalool Pinene Myrcene Terpineol [111]
Zingiberaceae

Cardamom Elettaria cardamomum Terpinyl acetate Cineole Sabinene Terpineol Limonene [112]
Ginger Zingiber officinale Zingiberene Citronellyl Phellandrene Camphene A-Pinene [113]
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2.2. Antibacterial Activities of EOs in Food Safety

Although the antimicrobial activities of EOs are well recognized and substantiated by
many studies, their underlying antimicrobial mechanisms are still poorly understood [74].
It has been well recognized that Gram-positive bacteria is the most susceptible to EO, as
opposed to Gram-negative bacteria [63,65,74,114–118], possibly due to their different cell
wall constituents, which might hinder diffusion [63]. According to some authors [74],
the antibacterial mechanisms of EO hold several targets, making it rather difficult to
predict the susceptibility of a microorganism to a particular EO. Nonetheless, overall
antimicrobial activity is mostly attributed to the EO’s hydrophobic nature, which allows
it to effectively move across the lipid layer of the cell membranes, eventually leading to
alterations in permeability and eventually disruption, culminating in the release of ions
and intracellular components [119], resulting in cellular death. The overall antibacterial
mechanisms encompassed by EO have been extensively reviewed elsewhere [120]. Overall,
the main EO constituents (Figure 2, Table 1) are those playing the key roles in antibacterial
activities, namely terpenes and other compounds, including ketones (e.g., β-myrcene,
α-thujone, or geranyl acetate) and phenols (e.g., cinnamaldehyde, carvacrol, eugenol, or
thymol) [121]. Carvacrol, eugenol, and thymol have been recognized as some of the major
antibacterial compounds in EO [121], although many others are being reported on.

Figure 2. Factors affecting the practicality of essential oil antibacterial activity of minimally processed
foods in the food industry.

The detection of antibacterial activity in EO is of extreme importance in the food
industry, to tackle the growing concerns about pathogenic and/or resistant bacteria dis-
semination worldwide, including via food chain transfers. Concerning the concentration
range—there are several terms used in the literature to define the antimicrobial activities of
EO, which are summarized in Table 2. The different definitions differ among the studies,
often making it difficult to compare the results reported in various works. In the context of
food safety, however, it is important to evaluate the minimum bactericidal concentration
(MBC) as well as the (usually much lower) minimum inhibitory concentration (MIC) values,
since the elimination of the inoculum is desirable and not only a reduction of its growth.
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Table 2. Terms used to define the antimicrobial activities of essential oils.

Terms Definitions References

Minimal inhibitory concentration

Lowest concentration resulting in maintenance or reduction of inoculum viability of the
tested organism. [122]

Lowest concentration inducing a significant decrease in inoculum viability (>90%). [123]
Lowest concentration inducing a complete inhibition of the tested organism, up to 48 h

of incubation. [124]

Lowest concentration inducing visible growth reduction of the tested organism. [77]
Lowest concentration reducing visible growth of the tested organism [125]

Lowest concentration inhibiting visible growth of the tested organism over 18 to 24 h. [126]

Minimal bactericidal
concentration

Lowest concentration at which no growth is observed after subculture. [127]
Concentration inducing death of 99.9% or more of the initial inoculum. [123]

Lowest concentration that results in the death of 99.9% of the tested organism. [125]
Minimum concentration that induces a bactericidal effect, determined by re-culturing broth

dilutions that inhibit bacterial growth (i.e., those at or above the MIC). [126]

Bacteriostatic concentration Lowest concentration stopping bacterial growth in broth, but cultured when broth is plated
onto agar. [128]

Bactericidal concentration Lowest concentration stopping bacterial growth in broth; not cultured when broth is plated
onto agar. [128]

3. Challenges of the Application of EOs in MP Foods: Are They as Good as They Are
Claimed to Be?

The applications of EOs in foods—due to their importance as possible alternatives
as food preservatives—have been extensively reviewed [63,68,70,119,121,129–131]. In MP
foods, in particular, the latter are much more important in food safety and industrial-scale
sanitizers, where the complete elimination of foodborne pathogens from processed fruits
and vegetables is required. However, despite the high number of published data about
EO antibacterial activity in products such as meat, fruits, and vegetables, most studies
report on MICs while only a few determine the EO MBCs [132]. A previous study by San-
tos et al. [132] tested and compared the MIC and MBCs of several EOs (Origanum vulgare,
Salvia lavandulifolia, Salvia officinalis, Salvia sclarea, and Rosmarinus officinalis) as disinfec-
tants in fresh lettuce and compared both MICs and MBCs in all tested EOs. The authors
concluded that realistic antibacterial activity required the use of much higher EO concen-
trations than what was found in MICs, precluding its practical use. Furthermore, when
testing realistic MBC concentrations, the EOs studied were also found to be active against
just a small number of bacterial species (as opposed to what the in vitro MICs suggested),
which further limited its usefulness as broad-range disinfectants. Furthermore, it should be
noted that, above certain concentrations, EOs may no longer be viable for food use because
(1) they become too odoriferous and unpalatable to taste [117] and (2) the great majority
present toxicities to consumers [63,118].

Several studies have substantiated this notion. Frangos et al. [117] reported that the
although the use of salt and 0.2% (v/w) oregano oil in cooked trout produced a distinct
odor it was, nonetheless, well received in sensorial analysis, unlike t higher concentrations
of 0.4% oregano oil (v/w) combined with salt. Mejlholm and Dalgaard [133] also concluded
that for several EO, the concentrations required for extending shelf-life conveyed overly
strong flavors, which limited their use.

It becomes therefore important to compare the MIC and MBC values in studies using
EOs as food antibacterial agents. Table 3 presents the results of several studies in which EO
MBC and MIC values were determined.
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Table 3. Minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC)
values of essential oils against foodborne pathogens found in the literature.

Essential Oil Microbial Strains Tested MIC MBC References

Baccharis dracunculifolia

Enterobacter cloacae (clinical isolate)
Escherichia coli ATCC 35218 6.3 mg/mL 8.4 mg/mL

[134]Listeria monocytogenes NCTC 7973
Salmonella Typhimurium ATCC 13311 12.7 mg/mL 16.9 mg/mL

Micrococcus flavus ATCC 10240 3.15 mg/mL 4.2 mg/mL
Pseudomonas aeruginosa ATCC 27853 1.05 mg/mL 2.1 mg/mL

Cinnamomum cassia

Listeria monocytogenes NCTC 11994 0.5 µL/mL 0.5 µL/mL
[116]Listeria monocytogenes S0580

Escherichia coli O157:H7 S0575 0.3 µL/mL 0.3 µL/mL

Salmonella Typhimurium ATCC 14028
Salmonella Typhimurium S0584 0.25 µL/mL 1 µL/mL

Klebsiella pneumoniae ATCC 10031 2.5 mg/mL 2.5 mg/mL
[135]Pseudomonas aeruginosa ATCC 27853 5 mg/mL 5 mg/mL

Cinnamomum verum

Listeria monocytogenes NCTC 11994
Salmonella Typhimurium ATCC 14028
Escherichia coli O157:H7 ATCC 35150

0.5 µL/mL 0.5 µL/mL

[116]Escherichia coli O157:H7 S0575
Listeria monocytogenes S0580 0.5 µL/mL 1 µL/mL

Eugenia caryophyllus

Listeria monocytogenes NCTC 11994
Listeria monocytogenes S0580 1 µL/mL >1.5 µL/mL

Salmonella Typhimurium ATCC 14028
Salmonella Typhimurium S0584 1 µL/mL 1.5 µL/mL

Escherichia coli O157:H7 S0575
Escherichia coli O157:H7 ATCC 35150 1 µL/mL 1 µL/mL

Lavandula angustifolia

Enterococcus faecalis
ATCC 29212

Staphylococcus aureus
ATCC 25923

32 µL/mL 64 µL/mL
[136]

Escherichia coli
ATCC 25922 128 µL/mL 512 µL/mL

Matricaria chamomilla

Staphylococcus aureus ATCC 29213
Staphylococcus aureus ATCC 43300

Staphylococcus epidermidis ATCC 12228
Enterococcus faecalis ATCC 51299

>4 µL/mL >4 µL/mL [137]

Melaleuca alternifolia

Lactobacillus spp. 1 µL/mL 2 µL/mL [138]
Enterococcus faecalis

ATCC 29212 64 µL/mL 64 µL/mL
[136]Escherichia coli

ATCC 25922 2 µL/mL 2 µL/mL

Staphylococcus aureus
ATCC 25923 1 µL/mL 2 µL/mL

Mentha suaveolens Salmonella CECT 915 0.5 µL/mL 1 µL/mL [139]
Mentha × piperita Clostridium perfringens 10 mg/mL 10 mg/mL

[140]

Ocimum basilicum
5 mg/mL 5 mg/mL

Staphylococcus aureus ATCC 29213
Staphylococcus epidermidis ATCC 12228 0.25 µL/mL 0.25 µL/mL

[137]
Enterococcus faecalis ATCC 51299 4 µL/mL 4 µL/mL

Pimpinella anisum Clostridium perfringens 10 mg/mL 20 mg/mL [140]

Origanum sp.

Escherichia coli
Salmonella Indiana

Listeria innocua
Staphylococcus aureus

0.9 mg/mL 1.1 mg/mL [141]

Origanum elongatum Escherichia coli 0157:H7 0.5 µL/mL 0.5 µL/mL [139]
Origanum majorana Clostridium perfringens 5 mg/mL 5 mg/mL [140]
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Table 3. Cont.

Essential Oil Microbial Strains Tested MIC MBC References

Origanum vulgare

Salmonella Enteritidis
ATCC 13076

Escherichia coli
ATCC 25922

320 µg/mL 320 µg/mL

[142]Salmonella Typhimurium
ATCC 14028 160 µg/mL 320 µg/mL

Staphylococcus aureus
ATCC 25923 640 µg/mL >2560 µg/mL

Methicillin resistant Staphylococcus aureus
ATCC 43300 320 µg/mL 1280 µg/mL

Bacillus cereus ATCC 11778 160 µg/mL 1280 µg/mL
Origanum vulgare

ecotype S
Proteus mirabilis ATCC 25933
Proteus vulgaris ATCC 13315 100 µg/mL 100 µg/mL

Origanum vulgare
ecotype SG Streptococcus faecalis ATTC 29212 100 µg/mL 100 µg/mL

Rosmarinus officinalis

Salmonella spp. (strains: 6554, 6877, 6907, 7643, 9487,
9340, 9681, 9812) # 12.5 mg/mL 25 mg/mL [143]

Clostridium perfringens 10 mg/mL 10 mg/mL [140]
Escherichia coli 4.4 mg/mL 4.4 mg/mL

[139]Salmonella Indiana 8.8 mg/mL NA
Listeria innocua 8.8 mg/mL NA

Satureja montana Salmonella spp. (strains: 6554, 6877, 6907, 7215, 7466,
9487, 9681) # 0.4 mg/mL 39 mg/mL [143]

Thymus vulgaris
Salmonella Typhimurium LT2 DT104

Salmonella spp. (strains: 6877, 6907, 7466, 7643, 9487,
9681, 9983)

1.6 mg/mL 1.6 mg/mL [143]

Thymus vulgaris
thymoliferum

Listeria monocytogenes S0580
Escherichia coli O157:H7 ATCC 35150 0.25 µL/mL 0.25 µL/mL

[116]
Salmonella Typhimurium (ATCC 14028; S0584)

Escherichia coli O157:H7 S0575 0.25 µL/mL 0.5 µL/mL

Thymus daenensis Escherichia coli 4 mg/mL 4 mg/mL [144]

NA: no antimicrobial activity; # Salmonella strains isolated from food.

As observed, most studies report very high MBC values (over 10 µg/mL and often
much more) when compared to MIC levels. Hence, although the antimicrobial activities of
EOs can be well established, their practical applications in food products, particularly in
MP foods, can be limited because their realistic applications would most likely produce
strong and unpleasant odors, as well as undesirable changes in taste [68,74,145]. There is
also further risk of toxicity for human consumption as well in such high concentrations.
For example, sage EO, which is interdicted at high levels because of its high toxicity [118].
Additionally, it has been reported that, whilst many EOs may show good antimicrobial
performances in vitro, they require greater concentrations to obtain similar results in food
products [63].

Several other factors (apart from the limitations related to high concentrations) also
challenge the use of EOs as disinfectants in MP foods. The factors affecting the practicality
of EO antibacterial activity in the food industry of MPFV are depicted in Figure 2. Both
physical and environmental factors can significantly interfere with the EO antibacterial
activity, such as the low temperatures applied to MPFV [145]. Furthermore, the variations
in EO compositions due to environmental factors [71] and the extraction methods used [63],
which often lead to a lack of reproducibility [73,120].

Considering that (1) the EO constituents can often interact with food matrix compo-
nents, such as fat [146–148], starch [149], or proteins [74,86,150]; (2) their bioactivity depends
on factors such as pH [135], temperature [132,135], and the level of microbial contamina-
tion [151]; and (3) EOs–when extrapolating in vitro tests to realistic conditions—usually
present lower performances [72,152], one might ask: although EOs are unequivocally good



Microorganisms 2022, 10, 760 12 of 24

antibacterial agents, are they suitable for the MP food industry? Most works suggest that
perhaps not, at least, not in the more classical context. However, several authors have
suggested other approaches, such as mixing EOs with other food ingredients or other
antimicrobial agents, (e.g., antibacterial peptides, such as nisin), which could facilitate the
use of lower EO concentrations [153–155]. Nonetheless, it is important to note that many
of these constraints are only observed in MPFV foods. In fact, EOs that are GRAS have
been well applied to other food products, such as dairy products, sauces, desserts, and
beverages [64,156], where hiding the EO odor and taste is not much of a challenge [115].
Crude EOs that are GRAS by the FDA include (amongst others) nutmeg, basil, oregano,
thyme, mustard, clove, and cinnamon, amongst others [74]. Moreover, a range of EO
components are used for flavoring agents in the food industry, such as thymol, eugenol,
vanillin, and limonene, among others [115]. Carvacrol (having lower MIC and less toxicity)
is also commonly used as a preservative and flavoring agent in food products, such as
drinks and sweets [120].

4. Realistic Applications of EOs in MP Foods

The application of EOs in real food systems as antibacterial agents, despite its many
constraints, has emerged at the lab-scale. In the last twenty years, several alternative and
rather innovative EO applications have been proposed that provided effective solutions
to the challenges described in this review. Most of these innovative applications allow
for the use of smaller amounts of EO or avoid its contact with food products, per se.
Some examples include the use of EO in packaging, coating, nanoencapsulation, and
even synergistic pairing with other EO or antibacterial agents. Figure 3 summarizes the
innovative applications of EO currently in use in MPFVs.

Figure 3. Innovative applications of EOs in MP foods.

The first emerging application involves the use of EO in food packaging. Currently,
a range of complementary techniques are used in MPFV packaging, such as modified
atmosphere packaging (MAP) and controlled atmosphere (CA). The addition of EO in the
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food packaging film rather than its addition to the food product per se is considered one
of the most efficient strategies used against many pathogens in MPFVs [73,120]. EO can
also be encapsulated and co-polymerized into edible or biodegradable films or coatings
around food products, providing its slow release to the food or to the gaseous environment
of the package [68,74,157–161]. In some cases, the edible film or coating combines the
EO with other antimicrobial agents as well [157,161,162]. Another way to optimize the
use of EO is to encapsulate it into nanoemulsions. This will not only increase the volatile
component’s stability, but it will also reduce interactions with the food matrix [162]. For
example, Munekata et al. [146] described the use of EO against E. coli in fresh vegetables,
often comprising washing/rinsing solutions with nanoemulsions.

Another alternative involves the combination of different EOs to obtain a synergistic
effect [163]. Indeed, the combination of EOs, such as oregano, cinnamon, garlic, coriander,
rosemary, sage, clove, and others, has been studied and well-reviewed [86]. Indeed,
both synergistic and antagonistic effects have been reported on; this has become quite an
expanding area of research with promising results [63,77,82,163–169]. Nonetheless, little is
known about the mechanisms that rule these synergetic and antagonistic behaviors among
EO components and their safety levels for consumers [164].

Overall the literature shows that these innovative EO applications are steadily re-
vealing themselves as promising natural and effective methods used to avoid pathogenic
foodborne contamination and growth in MPFVs. Although studies on antibacterial activi-
ties are scarcer than antifungal activities, there has been an undeniable increase in their use
and testing. Table 4 presents the realistic and effective applications of EOs as anti-bacterial
agents in MPFVs.
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Table 4. Overview of studies testing realistic applications of essential oils or their components as antibacterial agents in minimally processed fruits and vegetables.

Food Group Food Essential Oil
(or Component) Targeted Bacteria Type of Application References

Fruits

Table grapes Eugenol and thymol Natural microbiota MAP [170]

Table grapes Eugenol, thymol, and carvacrol Natural microbiota MAP [171]

Sweet cherries Eugenol, thymol, menthol, eucalyptol Natural microbiota MAP [172]

Blueberries Thymol Escherichia coli O157:H7, Salmonella Typhimurium,
Listeria monocytogenes Washing solution [173]

Plums Lemongrass Escherichia coli, Salmonella Typhimurium Coating [174]

Avocado Thyme Natural microbiota MAP [175]

Pomegranate arils Satureja hortensis Natural microbiota Dipping solution with encapsulation of EO in
chitosan nanoparticles [176]

Fresh cut honeydew melon Carvacrol, cinnamic acid Natural microbiota Dipping solution [177]

Fresh cut kiwi Carvacrol, cinnamic acid Natural microbiota Dipping solution [177]

Fresh sliced apples Hexanal, hexyl acetate, E(2)hexenal Salmonella enteritidis, Escherichia coli,
Listeria monocytogenes Dipping solution [178]

Fresh sliced apples Oregano, lemongrass,
Natural microflora

and inoculated
Listeria innocua

Edible coating [179]

Fresh cut apples Citron EO, hexanal, E(2)hexenal, Citral, carvacrol Natural microbiota Listeria monocytogenes,
Escherichia coli, Salmonella enteritidis Dipping solution [180,181]

Apple pieces Lemongrass Escherichia coli, endogenous microflora Coating [182]

Fresh cut apples Vanillin Escherichia coli O157:H7, Listeria spp. Dipping solution [179]

Fresh cut apples Eugenol and citral Listeria monocytogenes and
Salmonella Typhimurium Edible coating [183]

Cut persimmon Thyme and lemon EO Natural microbiota Washing solution [184]

Apple juice
Carvacrol, oregano oil, geraniol, eugenol, cinnamon

leaf oil, citral, clove bud oil, lemongrass oil,
cinnamon bark oil and lemon oil

Escherichia coli O157:H7 Suspensions of oils in apple juices [185]

Apple juice
Melissa oil, carvacrol, oregano oil, terpineol,

geraniol, lemon oil, citral, lemongrass oil, cinnamon
leaf oil, and linalool

Salmonella enterica Suspensions of oils in apple juices [185]

Fruit salads Citral
Citron EO

Salmonella Enteritidis, Escherichia coli,
Listeria monocytogenes EO added in the syrup [186]
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Table 4. Cont.

Food Group Food Essential Oil
(or Component) Targeted Bacteria Type of Application References

Vegetables

Romaine lettuce Thyme Escherichia coli O157:H7 EO added to washing water [49]

Romaine lettuce Thymol Escherichia coli O157:H7, Salmonella Typhimurium, Listeria monocytogenes Washing solution [172]

Iceberg lettuce Basil methyl chavicol Natural microbiota Washing solution [63]

Iceberg lettuce Oregano and rosemary Listeria monocytogenes, Yersinia enterocolitica, and Aeromonas hydrophila Dipping solution [187]

Lamb’s lettuce Oregano and thyme EO Natural microbiota Listeria monocytogenes, Escherichia coli Dipping solution [188]

Lamb’s lettuce Oregano and thyme EO Listeria monocytogenes,
Salmonella enteritidis, Escherichia coli, Staphylococcus aureus Washing solution [189]

Lettuce Oregano EO Salmonella Typhimurium Washing solution [190]

Fresh lettuce Oregano oil Escherichia coli , Listeria monocytogenes, Salmonella Typhimurium Washing in nanoemulsions [191]

Fresh-cut lettuce Origanum majorana EO Natural microbiota Dipping solutions in combination with
ascorbic acid and chitosan [192]

Rucola leaves Lemon oil Natural microbiota Coating [193]

Green beans Tea tree and peppermint EO Natural microbiota Dipping solution [194]

Green beans Carvacrol Escherichia coli , Salmonella Typhimurium MAP [195]

Green beans Mandarin oil Listeria innocua Combined coating and γ-irradiation treatment [196]

Carrots Thyme Escherichia coli O157:H7 EO added to washing water [49]

Fresh Baby carrot Pullulan–caraway Salmonella Enteritidis, Staphylococcus aureus Coating with pullulan films containing EO [197]

Zucchini Carvacrol Escherichia coli Washing with nanoemulsions [198]

Spinach leaves Carvacrol/Eugenol Escherichia coli , Salmonella enterica Washing with nanoemulsions [199]

Cucumber slices Carvacrol Escherichia coli Coating and combined with pulsed light [200]

Fresh shredded cabbage Mint or thyme Listeria monocytogenes MAP with EO imbibed in chitosan film [201]

Broccoli florets Mandarin Listeria monocytogenes Coating [202]

Four season salad Oregano EO and citral Natural microbiota MAP [203]

Eggplant salad Oregano oil Escherichia coli O157:H7 EO mixed added directly to the food product [204]

Fresh leafy vegetables with red
beet

Spanish origanum, Spanish marjoram,
and coriander Listeria monocytogenes Dipping solution [205]

Fresh-cut vegetables Thyme, oregano, and rosemary Listeria monocytogenes MAP + shredded fresh herbs (thyme, oregano
and rosemary) [206]

Fresh-cut mixed celery, leek and
butternut squash Tea tree Escherichia coli O157:H7

Combination of bioactive agents (tea tree EO,
propolis extract, and gallic acid) and

storage temperature
[207]

Lettuce, carrot and red cabbage Oregano and citral Escherichia coli , Salmonella enterica, Listeria monocytogenes and
natural microflora MAP [208]

Broccoli and radish sprouts Carvacrol Salmonella Enteritidis and Escherichia coli O157:H7 Nanoemulsified carvacrol washing solution [209]
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Despite the promising results regarding the alternative applications of EO in MPVFs,
most studies fail to evaluate its impact in food quality, concerning sensorial and organoleptic
qualities. Notably, the studies that do evaluate these features seem to show that the use
of EO through these innovative applications does not interfere with food quality, and in
some cases, can even improve the visual aspects and taste of the produce by reducing
spoilage [170–174,179,182,184,188,189,192,194,197,201,204,205,207–209].

5. Conclusions

There are microbiological quality challenges associated with the preservation of
MPFVs, which may lead to outbreaks of foodborne diseases. At present, the most widely
used disinfection methods are both toxic and ineffective [34]. In this context, the use of EO
has several economic, environmental, and health benefits. Thus, the use of these products
in techniques involving quality preservation and food safety could signify great potential
in disinfecting MPFVs. However, it is not enough to identify a good antibacterial agent,
as it must also be applicable (in the food industry context). This requires a number of
conditions—that are often not studied on—as a follow-up to the various published scientific
studies. A good food disinfectant for MPFV should:

(1) Be effective at the indicated doses;
(2) Not be toxic, corrosive, or irritating;
(3) Be easy to prepare and apply, at a large scale;
(4) Be cost-effective;
(5) Not negatively affect the product’s organoleptic characteristics.

Few EOs, contrary to common opinion, show realistic potential as perfect disinfectants.
Nevertheless, a growing body of evidence is showing that there are alternative methods to
incorporate EO in MPFV food preservatives while minimizing its negative effects. Future
research should therefore focus on technologically innovative applications of EO in MPFVs,
using realistic EO concentrations, with knowledge-based information, aimed at practical
applications in real-life scenarios. Whilst the antibacterial mechanisms of EOs render them
as good alternatives to antimicrobials, even in the case of antibiotic resistance, there is still
a considerable amount of work to conduct in order for their full potential to be utilized as
food preservatives in MPFVs. Important aspects to consider, which are often neglected,
include the use of realistic approaches, standardization of assays (e.g., in temperature, pH,
and EO composition), and evaluations of the impacts of these compounds on the healthy
and desirable microbiota of food products, per se.
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8. Mieszczakowska-Frąc, M.; Celejewska, K.; Płocharski, W. Impact of Innovative Technologies on the Content of Vitamin C and Its
Bioavailability from Processed Fruit and Vegetable Products. Antioxidants 2021, 10, 54. [CrossRef] [PubMed]

9. Minter, A.M.; Foley, D.M. Electron Beam and Gamma Irradiation Effectively reduce Listeria monocytogenes populations on chopped
romaine lettuce. J. Food Prot. 2006, 69, 570–574. [CrossRef]

10. Rojas-Graü, M.A.; Garner, E.; Martin-Belloso, O. The Fresh-Cut Fruit and Vegetables Industry Current Situations and Market
Trends. In Advances in Fresh-Cut Fruits and Vegetables Processing, 1st ed.; Martin-Belloso, O., Soliva-Fortuny, R., Eds.; CRC Press:
Boca Raton, FL, USA, 2010; pp. 1–12.

11. Martinez-Sanchez, A.; Allende, A.; Bennett, R.N.; Ferreres, F.; Gil, M.I. Microbial, Nutritional and Sensory Quality of Rocket
Leaves as Affected by Different Sanitizers. Postharvest Biol. Technol. 2006, 42, 86–97. [CrossRef]

12. Holden, N.; Pritchard, L.; Toth, I. Colonization outwith the colon: Plants as an alternative environmental reservoir for human
pathogenic enterobacteria. FEMS Microbiol. Rev. 2009, 33, 689–703. [CrossRef]

13. Karagözlü, N.; Ergönül, B.; Özcan, C. Determination of antimicrobial effect of mint and basil essential oils on survival of E. coli
O157:H7 and S. typhimurium in fresh-cut lettuce and purslane. Food Control 2011, 22, 1851–1855. [CrossRef]

14. Carstens, C.K.; Salazar, J.K.; Darkoh, C. Multistate Outbreaks of Foodborne Illness in the United States Associated With Fresh
Produce From 2010 to 2017. Front. Microbiol. 2019, 10, 2667. [CrossRef]

15. Hadjilouka, A.; Tsaltas, D. Cyclospora Cayetanensis—Major Outbreaks from Ready to Eat Fresh Fruits and Vegetables. Foods 2020,
9, 1703. [CrossRef]

16. Brandl, M.T. Fitness of human enteric pathogens on plants and implications for food safety. Annu. Rev. Phytopathol. 2006, 44,
367–392. [CrossRef]

17. Fonseca, J.M.; Ravishankar, S. Safer salads: Contaminated fruits and vegetables are more common than ever. why? and what can
consumers do to protect themselves? Am. Sci. 2007, 95, 494–501. [CrossRef]

18. Sagong, H.; Lee, S.; Chang, P.; Heu, S.; Ryu, S.; Choi, Y.; Kang, D.-H. Combined effect of ultrasound and organic acids to reduce
Escherichia coli O157:H7, Salmonella Typhimurium, and Listeria monocytogenes on organic fresh lettuce. Int. J. Food Microbiol. 2011,
145, 287–292. [CrossRef]

19. Painter, J.A.; Hoekstra, R.M.; Ayers, T.; Tauxe, R.V.; Braden, C.R.; Angulo, F.J.; Griffin, P.M. Attribution of foodborne illnesses,
hospitalizations, and deaths to food commodities by using outbreak data, United States, 1998–2008. Emerg. Infect. Dis. 2013, 19,
407–415. [CrossRef]

20. Macieira, A.; Joana Barbosa, J.; Teixeira, P. Food Safety in Local Farming of Fruits and Vegetables. Int. J. Environ. Res. Public Health
2021, 18, 9733. [CrossRef]

21. Heard, G.M. Microbiology of Fresh-Cut Produce. In Fresh-Cut Fruits and Vegetables: Science, Technology, and Market, 1st ed.;
Lamikanra, O., Ed.; CRC Press: Boca Raton, FL, USA, 2002; pp. 187–248.

22. Francis, G.A.; Gallone, A.; Nychas, G.J.; Sofos, J.N.; Colelli, G.; Amodio, M.L.; Spano, G. Factors affecting quality and safety of
fresh-cut produce. Crit. Rev. Food Sci. Nutr. 2012, 52, 595–610. [CrossRef]

23. Jung, Y.; Jang, H.; Matthews, K.R. Effect of the food production chain from farm practices to vegetable processing on outbreak
incidence. Microb. Biotechnol. 2014, 7, 517–527. [CrossRef]

24. Siroli, L.; Patrignani, F.; Diana, I.; Serrazanetti, D.I.; Gardini, F.; Lanciotti, R. Innovative strategies based on the use of bio-control
agents to improve the safety, shelf-life and quality of minimally processed fruits and vegetables. Trends Food Sci. Tech. 2015, 46,
302–310. [CrossRef]

25. Ramos, B.; Miller, F.A.; Brandão, T.R.S.; Teixeira, P.; Silva, C.L.M. Fresh fruits and vegetables—An overview on applied
methodologies to improve its quality and safety. Innov. Food Sci. Emerg. Technol. 2013, 20, 1–15. [CrossRef]

26. Frank, C.; Werber, D.; Cramer, J.P.; Askar, M.; Faber, M.; der Heiden, M.; Bernard, H.; Fruth, A.; Prager, R.; Spode, A.; et al.
Epidemic profile of shiga-toxin–producing Escherichia coli O104:H4 outbreak in Germany. N. Engl. J. Med. 2011, 365, 1771–1780.
[CrossRef]

27. World Health Organization. Outbreaks of E. coli O104:H4 Infection: Update 30. 2011. Available online: http://www.euro.
who.int/en/health-topics/emergencies/international-health-regulations/news/news/2011/07/outbreaks-of-e.-coli-o104h4
-infection-update-30 (accessed on 5 January 2022).

28. King, L.A.; Nogareda, F.; Weill, F.X.; Mariani-Kurkdjian, P.; Loukiadis, E.; Gault, G.; Jourdan-DaSilva, N.; Bingen, E.; Macé, M.;
Thevenot, D.; et al. Outbreak of Shiga toxin-producing Escherichia coli O104:H4 associated with organic fenugreek sprouts, France,
June 2011. Clin. Infect. Dis. 2012, 54, 1588–1594. [CrossRef]

http://doi.org/10.1080/10408398.2018.1553025
http://www.ncbi.nlm.nih.gov/pubmed/30614263
http://doi.org/10.1080/10408390701638878
http://www.ncbi.nlm.nih.gov/pubmed/18568855
http://doi.org/10.3390/antiox10010054
http://www.ncbi.nlm.nih.gov/pubmed/33466266
http://doi.org/10.4315/0362-028X-69.3.570
http://doi.org/10.1016/j.postharvbio.2006.05.010
http://doi.org/10.1111/j.1574-6976.2008.00153.x
http://doi.org/10.1016/j.foodcont.2011.04.025
http://doi.org/10.3389/fmicb.2019.02667
http://doi.org/10.3390/foods9111703
http://doi.org/10.1146/annurev.phyto.44.070505.143359
http://doi.org/10.1511/2007.68.494
http://doi.org/10.1016/j.ijfoodmicro.2011.01.010
http://doi.org/10.3201/eid1903.111866
http://doi.org/10.3390/ijerph18189733
http://doi.org/10.1080/10408398.2010.503685
http://doi.org/10.1111/1751-7915.12178
http://doi.org/10.1016/j.tifs.2015.04.014
http://doi.org/10.1016/j.ifset.2013.07.002
http://doi.org/10.1056/NEJMoa1106483
http://www.euro.who.int/en/health-topics/emergencies/international-health-regulations/news/news/2011/07/outbreaks-of-e.-coli-o104h4-infection-update-30
http://www.euro.who.int/en/health-topics/emergencies/international-health-regulations/news/news/2011/07/outbreaks-of-e.-coli-o104h4-infection-update-30
http://www.euro.who.int/en/health-topics/emergencies/international-health-regulations/news/news/2011/07/outbreaks-of-e.-coli-o104h4-infection-update-30
http://doi.org/10.1093/cid/cis255


Microorganisms 2022, 10, 760 18 of 24

29. Gossner, C.M.; de Jong, B.; Hoebe, C.J.; Coulombier, D. Event-based surveillance of food- and waterborne diseases in Europe:
Urgent inquiries (outbreak alerts) during 2008 to 2013. Eurosurveillance 2015, 20, 2116. [CrossRef]

30. Erickson, M.C. Internalization of fresh produce by foodborne pathogens. Annu. Rev. Food Sci. Technol. 2012, 3, 283–310. [CrossRef]
31. Banach, J.L.; Van Der Fels-Klerx, H.J. Microbiological Reduction Strategies of Irrigation Water for Fresh Produce. J. Food Prot.

2020, 83, 1072–1087. [CrossRef]
32. Gil, M.I.; Selma, M.V.; López-Gálvez, F.; Allende, A. Fresh-cut product sanitation and wash water disinfection: Problems and

solutions. Int. J. Food Microbiol. 2009, 134, 37–45. [CrossRef]
33. Raffo, A.; Paoletti, F. Fresh-Cut Vegetables Processing: Environmental Sustainability and Food Safety Issues in a Comprehensive

Perspective. Front. Sustain. Food Syst. 2022, 5, 681459. [CrossRef]
34. Nguyen-the, C.; Carlin, F. Fresh and Processed Vegetables. In The Microbiological Safety and Quality of Food; Lund, B.M., Baird-

Parker, T.C., Gould, G.W., Eds.; Aspen Publication: Gathersburg, MD, USA, 2000; Volume 1, pp. 622–684.
35. Rico, D.; Martín-Diana, A.; Barat, J.; Barry-Ryan, C. Extending and measuring the quality of fresh-cut fruit and vegetables: A

review. Trends Food Sci. Technol. 2007, 18, 373–386. [CrossRef]
36. Meireles, A.; Giaouris, E.; Simões, M. Alternative disinfection methods to chlorine for use in the fresh-cut industry. Food Res. Int.

2016, 82, 71–85. [CrossRef]
37. Santos, M.I.S.; Fradinho, P.; Martins, S.; Lima, A.I.G.; Ferreira, R.M.S.B.; Pedroso, L.; Ferreira, M.A.S.S.; Sousa, I. A Novel Way for

Whey: Cheese Whey Fermentation Produces an Effective and Environmentally-Safe Alternative to Chlorine. Appl. Sci. 2019, 9, 2800.
[CrossRef]

38. Cardador, M.J.; Gallego, M. Effect of the chlorinated washing of minimally processed vegetables on the generation of haloacetic
acids. J. Agric. Food Chem. 2012, 60, 7326–7332. [CrossRef]

39. Wu, V.C.H.; Kim, B. Effect of a simple chlorine dioxide method for controlling five foodborne pathogens, yeasts and molds on
blueberries. Food Microbiol. 2007, 24, 794–800. [CrossRef]

40. Beuchat, L.R.; Adler, B.B.; Lang, M.M. Efficacy of chlorine and a peroxyacetic acid sanitizer in killing Listeria monocytogenes on
iceberg and romaine lettuce using simulated commercial processing conditions. J. Food Prot. 2004, 67, 1238–1242. [CrossRef]

41. Bari, M.L.; Ukuku, D.O.; Kawasaki, R.; Inatsu, Y.; Isshiki, K.; Kawamoto, S. Combined efficacy of nisin and pediocin with sodium
lactate, citric acid, phytic acid, and potassium sorbate and EDTA in reducing the Listeria monocytogenes population of inoculated
fresh-cut produce. J. Food Prot. 2005, 68, 1381–1387. [CrossRef]

42. Ölmez, H.; Kretzschmar, U. Potential alternative disinfection methods for organic fresh-cut industry for minimizing water
consumption and environmental impact. LWT-Food Sci. Technol. 2009, 42, 686–693. [CrossRef]

43. Zhang, G.; Ma, L.; Phelan, V.H.; Doyle, M.P. Efficacy of antimicrobial agents in lettuce leaf processing water for control of
Escherichia coli O157:H7. J. Food Prot. 2009, 72, 1392–1397. [CrossRef]

44. Lin, C.M.; Moon, S.S.; Doyle, M.P.; McWatters, K.H. Inactivation of E. coli O157:H7, Salmonella enterica serotype Enteritidis, and
Listeria monocytogenes on lettuce by hydrogen peroxide and lactic acid and by hydrogen peroxide with mild heat. J. Food Prot.
2002, 65, 1215–1220. [CrossRef]

45. Samadi, N.; Abadian, N.; Bakhtiari, D.; Fazeli, M.R.; Jamalifar, H. Efficacy of detergents and fresh produce disinfectants against
microorganisms associated with mixed raw vegetables. J. Food Prot. 2009, 72, 1486–1490. [CrossRef]

46. Gopal, A.; Coventry, J.; Wan, J.; Roginski, H.; Ajlouni, S. Alternative disinfection techniques to extend the shelf-life of minimally
processed iceberg lettuce. Food Microbiol. 2010, 27, 210–219. [CrossRef]

47. Gómez-López, V.M.; Ragaert, P.; Ryckeboer, J.; Jeyachchandran, V.; Debevere, J.; Devlieghere, F. Shelf-life of minimally processed
cabbage treated with neutral electrolysed oxidising water and stored under equilibrium modified atmosphere. Int. J. Food
Microbiol. 2007, 117, 91–98. [CrossRef] [PubMed]

48. Beuchat, L.R. Surface Decontamination of Fruits and Vegetables Eaten Raw. In Food Safety Issues, WHO/FSF/FOS/98.2; Food Safety
Unit, World Health Organization: Geneva, Switzerland, 1998. Available online: http://apps.who.int/iris/bitstream/10665/6443
5/1/WHO_FSF_FOS_98.2.pdf?ua=1 (accessed on 15 December 2021).

49. Singh, N.; Singh, R.K.; Bhunia, A.K. Stroshine RL. Effect of inoculation and washing methods on the efficacy of different sanitizers
against Escherichia coli O157:H7 on lettuce. Food Microbiol. 2002, 19, 183–193. [CrossRef]

50. Rodgers, S.T.; Cash, J.N.; Siddiq, M.; Ryser, E.T. A comparation of different chemical sanitizers for inactivating Escherichia coli
O157:H7 and Listeria monocytogenes in solution and on apples, lettuce, strawberries, and cantaloupe. J. Food Prot. 2004, 67, 721–731.
[CrossRef]

51. Ölmez, H.; Akbas, M.Y. Optimization of ozone treatment of fresh-cut green leaf lettuce. J. Food Eng. 2009, 90, 487–494. [CrossRef]
52. Ölmez, H. Effect of different sanitizing methods and incubation time and temperature on inactivation of Escherichia coli on lettuce.

J. Food Saf. 2010, 30, 288–299. [CrossRef]
53. Rico, D.; Martín-Diana, A.B.; Heneham, G.T.M.; Frias, J.M.; Barry-Ryan, C. Effect of ozone and calcium lactate treatments on

browning and textured properties of fresh cut lettuce. J. Sci. Food Agric. 2006, 86, 2179–2188. [CrossRef]
54. Birmpa, A.; Sfika, V.; Van-tarakis, A. Ultraviolet light and Ultrasound as non-thermal treatments for the inactivation of microor-

ganisms in fresh ready-to-eat foods. Int. J. Food Microbiol. 2013, 167, 96–102. [CrossRef]
55. Goodburn, C.; Wallace, C. The microbiological efficacy of decontamination methodologies for fresh produce: A review. Food

Control 2013, 32, 418–427. [CrossRef]

http://doi.org/10.2807/1560-7917.ES2015.20.25.21166
http://doi.org/10.1146/annurev-food-022811-101211
http://doi.org/10.4315/JFP-19-466
http://doi.org/10.1016/j.ijfoodmicro.2009.05.021
http://doi.org/10.3389/fsufs.2021.681459
http://doi.org/10.1016/j.tifs.2007.03.011
http://doi.org/10.1016/j.foodres.2016.01.021
http://doi.org/10.3390/app9142800
http://doi.org/10.1021/jf302591u
http://doi.org/10.1016/j.fm.2007.03.010
http://doi.org/10.4315/0362-028X-67.6.1238
http://doi.org/10.4315/0362-028X-68.7.1381
http://doi.org/10.1016/j.lwt.2008.08.001
http://doi.org/10.4315/0362-028X-72.7.1392
http://doi.org/10.4315/0362-028X-65.8.1215
http://doi.org/10.4315/0362-028X-72.7.1486
http://doi.org/10.1016/j.fm.2009.10.006
http://doi.org/10.1016/j.ijfoodmicro.2007.02.016
http://www.ncbi.nlm.nih.gov/pubmed/17459505
http://apps.who.int/iris/bitstream/10665/64435/1/WHO_FSF_FOS_98.2.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/64435/1/WHO_FSF_FOS_98.2.pdf?ua=1
http://doi.org/10.1006/fmic.2001.0471
http://doi.org/10.4315/0362-028X-67.4.721
http://doi.org/10.1016/j.jfoodeng.2008.07.026
http://doi.org/10.1111/j.1745-4565.2009.00206.x
http://doi.org/10.1002/jsfa.2594
http://doi.org/10.1016/j.ijfoodmicro.2013.06.005
http://doi.org/10.1016/j.foodcont.2012.12.012


Microorganisms 2022, 10, 760 19 of 24

56. Gachkar, L.; Yadegari, D.; Rezaei, M.B.; Taghizadeh, M.; Astaneh, S.A.; Rasooli, I. Chemical and biological characteristics of
Cuminum cyminum and Rosmarinus officinalis essential oils. Food Chem. 2007, 102, 898–904. [CrossRef]

57. Souza, L.I.; Stamford, T.L.M.; Lima, E.O.; Trajano, V.N. Effectiveness of Origanum vulgare L. essential oil to inhibit the growth of
food spoiling yeasts. Food Control 2007, 18, 409–413. [CrossRef]

58. Barbosa, L.N.; Rall, V.L.M.; Fernandes, A.A.H.F.; Ushimaru, P.I.; Probst, I.S.; Junior, F.A. Essential oils against foodborne pathogens
and spoilage bacteria in minced meat. Foodborne Pathog. Dis. 2009, 6, 725–728. [CrossRef]

59. Hayek, S.A.; Gyawali, R.; Ibrahim, S.A. Antimicrobial Natural Products. In Microbial Pathogens and Strategies for Combating Them:
Science, Technology, and Education; Mendéz-Villas, A., Ed.; Formatex: Badajoz, Spain, 2013; pp. 910–921.

60. Gyawalia, R.; Ibrahimb, S.A. Natural products as antimicrobial agents. Food Control 2014, 46, 412–429. [CrossRef]
61. Martin-Diana, A.; Rico, D.; Frias, J.; Mulcahy, J. Whey permeate as a bio-preservative for shelf-life maintenance. Innov. Food Sci.

Emerg. Technol. 2006, 7, 112–123. [CrossRef]
62. Rizello, C.G.; Losito, I.; Gobbetti, M.; Carbonara, T.; Bari, M.D.; Zambonin, P.G. Antibacterial activities of peptides from the

wares-soluble extracts of Italian cheese varieties. J. Dairy Sci. 2005, 88, 2348–2360. [CrossRef]
63. Burt, S. Essential oils: Their antibacterial properties and potential applications in foods—A review. Int. J. Food Microbiol. 2004, 94,

223–253. [CrossRef]
64. Oussalah, M.; Caillet, S.; Saucier, L.; Lacroix, M. Antimicrobial effects of selected plant essential oils on the growth of a Pseudomonas

putida strain isolated from meat. Meat Sci. 2006, 73, 236–244. [CrossRef]
65. De Martino, L.; De Feo, V.; Formisano, C.; Mignola, E.; Senatore, F. Chemical composition and antimicrobial activity of the

essential oils from three chemotypes of Origanum vulgare L. ssp. hirtum Ietswaart growing wild in Campania (Southern Italy).
Molecules 2009, 14, 2735–2746. [CrossRef]

66. Rožman, T.; Jeršek, B. Antimicrobial activity of rosemary extracts (Rosmarinus officinalis L.) against different species of Listeria.
Acta Agric. Slov. 2009, 93, 51–58. [CrossRef]

67. Tian, J.; Ban, X.; Zeng, H.; Huang, B.; He, J.; Wang, Y. In vitro and In Vivo activity of essential oil from dill (Anethum graveolens L.)
against fungal spoilage of cherry tomatoes. Food Control 2011, 22, 1992–1999. [CrossRef]

68. Patrignani, F.; Siroli, L.; Serrazanetti, D.I.; Gardini, F.; Lanciotti, R. Innovative strategies based on the use of essential oils and their
components to improve safety, shelf-life and quality of minimally processed fruits and vegetables. Trends Food Sci. Technol. 2015,
46, 311–319. [CrossRef]

69. Lubbe, A.; Verpoorte, R. Cultivation of medicinal and aromatic plants for specialty industrial materials. Ind. Crops Prod. 2011, 34,
785–801. [CrossRef]

70. Christaki, E.; Bonos, E.; Giannenas, I.; Florou-Paneri, P. Aromatic plants as a source of bioactive compounds. Agriculture 2012, 2,
228–243. [CrossRef]

71. Bakkali, F.; Averbeck, S.; Averbeck, D.; Idaomar, M. Biological effects of essential oils—A review. Food Chem. Toxicol. 2008, 46,
446–475. [CrossRef]

72. Costa, A.G.; Deschamps, C.; Côcco, L.C.; Scheer, A.P. Desenvolvimento vegetativo, rendimento e composição do óleo essencial do
patchouli submetido a diferentes doses de nitrogênio no plantio e manutenção. Biosci. J. 2014, 30, 387–392.

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

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

75. Amiri, A.; Mottaghipisheh, J.; Jamshidi-Kia, F.; Saeidi, K.; Vitalini, S.; Iriti, M. Antimicorbial Potency of Major Functional Foods’
Essential Oils in Liquid and Vapor Phases: A Short Review. Appl. Sci. 2020, 10, 8103. [CrossRef]

76. Lorenzetti, E.R.; Monteiro, F.P.; Souza, P.E.; Souza, R.J.; Scalice, H.K.; Diogo, R.; Pires, M.S.O. Bioatividade de óleos essenciais no
controle de Botrytis cinerea isolado de morangueiro. Ver. Bras. De Plantas Med. 2011, 13, 619–627. [CrossRef]

77. Delaquis, P.J.; Stanich, K.; Girard, B.; Mazza, G. Antimicrobial activity of individual and mixed fractions of dill, cilantro, coriander
and eucalyptus essential oils. Int. J. Food Microbiol. 2002, 74, 101–109. [CrossRef]

78. Knobloch, K.; Pauli, A.; Iberl, B.; Weigand, H.; Weis, N. Antibacterial and antifungal properties of essential oil components.
J. Essen. Oil Res. 1989, 1, 119–128. [CrossRef]

79. Sikkema, J.; De Bont, J.A.M.; Poolman, B. Interactions of cyclic hydrocarbons with biological membranes. J. Biol. Chem. 1994, 269,
8022–8028. [CrossRef] [PubMed]

80. Helander, I.M.; Alakomi, H.L.; Latva-Kala, K.; Mattila-Sandholm, T.; Pol, I.; Smid, E.J.; Gorris, L.G.M.; Von Wright, A. Character-
ization of the action of selected essential oil components on Gram-negative bacteria. J. Agric. Food Chem. 1998, 46, 3590–3595.
[CrossRef]

81. Ultee, A.; Kets, E.P.; Alberda, M.; Hoekstra, F.A.; Smid, E.J. Adaptation of the food-borne pathogen Bacillus cereus to carvacrol.
Arch. Microbiol. 2000, 174, 233–238. [CrossRef] [PubMed]

82. Ultee, A.; Bennik, M.H.; Moezelaar, R. The phenolic hydroxyl group of carvacrol is essential for action against the food-borne
pathogen Bacillus cereus. Appl. Environ. Microbiol. 2002, 68, 1561–1568. [CrossRef]

http://doi.org/10.1016/j.foodchem.2006.06.035
http://doi.org/10.1016/j.foodcont.2005.11.008
http://doi.org/10.1089/fpd.2009.0282
http://doi.org/10.1016/j.foodcont.2014.05.047
http://doi.org/10.1016/j.ifset.2005.08.002
http://doi.org/10.3168/jds.S0022-0302(05)72913-1
http://doi.org/10.1016/j.ijfoodmicro.2004.03.022
http://doi.org/10.1016/j.meatsci.2005.11.019
http://doi.org/10.3390/molecules14082735
http://doi.org/10.2478/v10014-009-0007-z
http://doi.org/10.1016/j.foodcont.2011.05.018
http://doi.org/10.1016/j.tifs.2015.03.009
http://doi.org/10.1016/j.indcrop.2011.01.019
http://doi.org/10.3390/agriculture2030228
http://doi.org/10.1016/j.fct.2007.09.106
http://doi.org/10.1046/j.1472-765X.2003.01259.x
http://doi.org/10.3389/fmicb.2012.00012
http://doi.org/10.3390/app10228103
http://doi.org/10.1590/S1516-05722011000500019
http://doi.org/10.1016/S0168-1605(01)00734-6
http://doi.org/10.1080/10412905.1989.9697767
http://doi.org/10.1016/S0021-9258(17)37154-5
http://www.ncbi.nlm.nih.gov/pubmed/8132524
http://doi.org/10.1021/jf980154m
http://doi.org/10.1007/s002030000199
http://www.ncbi.nlm.nih.gov/pubmed/11081791
http://doi.org/10.1128/AEM.68.4.1561-1568.2002


Microorganisms 2022, 10, 760 20 of 24

83. Di Pasqua, R.; Hoskins, N.; Betts, G.; Mauriello, G. Changes in membrane fatty acids composition of microbial cells induced by
addiction of thymol, carvacrol, limonene, cinnamaldehyde, and eugenol in the growing media. J. Agric. Food Chem. 2006, 54,
2745–2749. [CrossRef]

84. Turina, A.V.; Nolan, M.V.; Zygadlo, J.A.; Perillo, M.A. Natural terpenes: Self-assembly and membrane partitioning. Biophys. Chem.
2006, 122, 101–113. [CrossRef]

85. Gustafson, J.E.; Liew, Y.C.; Chew, S.; Markham, J.L.; Bell, H.C.; Wyllie, S.G.; Warmington, J.R. Effects of tea tree oil on Escherichia
coli. Lett. Appl. Microbiol. 1998, 26, 194–198. [CrossRef]

86. Juven, B.J.; Kanner, J.; Schved, F.; Weisslowicz, H. Factors that interact with the antibacterial action of thyme essential oil and its
active constituents. J. Appl. Bacteriol. 1994, 76, 626–631. [CrossRef]

87. Cox, S.D.; Mann, C.M.; Markham, J.L.; Bell, H.C.; Gustafson, J.E.; Warmington, J.R.; Wyllie, S.G. The mode of antimicrobial action
of essential oil of Melaleuca alternifolia (tea tree oil). J. Appl. Microbiol. 2000, 88, 170–175. [CrossRef]

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

89. Oussalah, M.; Caillet, S.; Lacroix, M. Mechanism of action of Spanish oregano, Chinese cinnamon, and savory essential oils against
cell membranes and walls of Escherichia coli O157:H7 and Listeria monocytogenes. J. Food Prot. 2006, 69, 1046–1055. [CrossRef]

90. Burkey, J.L.; Sauer, J.M.; McQueen, C.A.; Sipes, I.G. Cytotoxicity and genotoxicity of methyleugenol and related congeners—A
mechanism of activation for methyleugenol. Mutat. Res. 2000, 453, 25–33. [CrossRef]

91. Muller, L.; Kasper, P.; Muller-Tegethoff, K.; Petr, T. The genotoxic potential in vitro and in vivo of the allyl benzene etheric oils
estragole, basil oil and trans-anethole. Mutat. Res. 1994, 325, 129–136. [CrossRef]

92. Guba, R. Toxicity myths—Essential oils and their carcinogenic potential. Int. J. Aromather. 2001, 11, 76–83. [CrossRef]
93. Miller, E.C.; Swanson, A.B.; Phillips, D.H.; Fletcher, T.L.; Liem, A.; Miller, J.A. Structure–activity studies of the carcinogenicities in

the mouse and rat of some naturally occurring and synthetic alkenylbenzene derivatives related to safrole and estragole. Cancer
Res. 1983, 43, 1124–1134.

94. Liu, C.J.; Chen, C.L.; Chang, K.W.; Chu, C.H.; Liu, T.Y. Safrole in betel quid may be a risk factor for hepatocellular carcinoma:
Case report. Can. Med. Ass. J. 2000, 162, 359–360.

95. Anthony, A.; Caldwell, G.; Hutt, A.G.; Smith, R.L. Metabolism of estragole in rat and mouse and influence of dose size on
excretion of the proximate carcinogen 10-hydroxyestragole. Food Chem. Toxicol. 1987, 25, 799–806. [CrossRef]

96. Averbeck, D.; Averbeck, S.; Dubertret, L.; Young, A.R.; Morlière, P. Genotoxicity of bergapten and bergamot oil in Saccharomyces
cerevisiae. J. Photochem. Photobiol. 1990, 7, 209–229. [CrossRef]

97. Averbeck, D.; Averbeck, S. DNA photodamage, repair, gene induction and genotoxicity following exposures to 254 nm UV and
8-methoxypsoralen plus UVA in a eukaryotic cell system. Photochem. Photobiol. 1998, 68, 289–295. [CrossRef]

98. 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]

99. Mnayer, D.; Fabiano-Tixier, A.S.; Petitcolas, E.; Hamieh, T.; Nehme, N.; Ferrant, C.; Fernandez, X.; Chemat, F. Chemical composition,
antibacterial and antioxidant activities of six essentials oils from the Alliaceae family. Molecules 2014, 19, 20034–20053. [CrossRef]
[PubMed]

100. Mohsen, K. Chemical Composition and Antimicrobial Activity of Essential Oil of Matricaria Recutita. Int. J. Food Prop. 2015, 18,
1784–1792. [CrossRef]

101. Höferl, M.; Stoilova, I.; Schmidt, E.; Wanner, J.; Jirovetz, L.; Trifonova, D.; Krastev, L.; Krastanov, A. Chemical Composition and
Antioxidant Properties of Juniper Berry (Juniperus communis L.) Essential Oil. Action of the Essential Oil on the Antioxidant
Protection of Saccharomyces cerevisiae Model Organism. Antioxidants 2014, 3, 81–98. [CrossRef] [PubMed]

102. Joshi, R.K. Chemical composition and antimicrobial activity of the essential oil of Ocimum basilicum L. (sweet basil) from Western
Ghats of North West Karnataka. India. Anc. Sci. Life 2014, 33, 151–156. [CrossRef]

103. Smigielski, K.; Raj, A.; Krosowiak, K.; Gruska, R. Chemical composition of the essential oil of Lavandula angustifolia cultivated in
Poland. J. Essent. Oil-Bear. Plants 2009, 12, 338–347. [CrossRef]

104. Fokou, J.B.H.; Dongmo, P.M.J.; Boyom, F.F. Essential Oil’s Chemical Composition and Pharmacological Properties. In Essential
Oils—Oils of Nature; El-Shemy, H.A., Ed.; IntechOpen: London, UK, 2020.

105. Raina, A.P.; Negi, K.S. Essential oil composition of Origanum majorana and Origanum vulgare ssp. hirtum growing in India. Chem.
Nat. Compd. 2012, 47, 1015–1017. [CrossRef]

106. El Euch, S.K.; Hassine, D.B.; Cazaux, S.; Bouzouita, N.; Bouajila, J. Salvia officinalis essential oil: Chemical analysis and evaluation
of anti-enzymatic and antioxidant bioactivities. S. Afr. J. Bot. 2019, 120, 253–260. [CrossRef]
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