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Preface
This book provides an overview as well as in-depth knowledge on essential oils. It
consists of 13 chapters.
Many of the chapters attempt to review the recent research on essential oils, such as
resources, chemical contents, etc. Other chapters aim to present a number of focal
issues related to applications of essential oils in medical fields as natural treatments
and traditional medicines.
Historically, essential oils have been used by consumers for several reasons, such as
their aromas, medical applications, etc. Many international pharmaceutical companies produce essential oil derivatives for medical applications.
Therefore, this book contains information on the benefits and properties of essential oils as well as major compounds with their chemical structures.
It seems that essential oils will continue to contribute positively to pharmaceutical
markets globally because of their multifunctional effects.
This book will be useful for researchers and other academics who wish to enhance
their scientific backgrounds and abilities for teaching.

Hany A. El-Shemy
Professor,
Cairo University,
Giza, Egypt

Section 1

Medical Applications of
Essential Oils
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Chapter 1

Applications of Medicinal Herbs
and Essential Oils in Food Safety
Razzagh Mahmoudi, Ata Kaboudari and Babak Pakbin

Abstract
In the last few years, more and more studies on the biological properties of
essential oils (EOs) especially antimicrobial and antioxidant properties in vitro
and food model have been published in all parts of the world. But so far no comprehensive reports of these studies have been reported in food model from Iran.
The focus of this overview lies in the using of EOs from some indigenous medicinal
plants of Iran (including Mentha longifolia, Cuminum cyminum, Teucrium polium,
Pimpinella anisum and Allium ascalonicum) in probiotic dairy products (especially
cheese, yoghurt and Aryan) in recent years. Recently, consumers have developed an
ever-increasing interest in natural products as alternatives for artificial additives or
pharmacologically relevant agents. Among them, EOs have gained great popularity
in the food, cosmetic as well as pharmaceutical industries. Despite the reportedly
strong antimicrobial activity of EOs against food-borne pathogens and spoilage
microorganisms, their practical application as preservatives is currently limited
owing to the undesirable flavour changes they cause in food products. Nonetheless,
more studies are necessary to the applicability of various EOs on other food models
in Iran and other countries.
Keywords: EOs, functional dairy foods, natural preservative, sensory quality

1. Introduction
Today, due to the adverse effects of chemical preservatives, regarding the carcinogenic potential and toxicity to humans, as well as the high levels of antimicrobial
agents present in plants, there is a growing interest in the use of natural preservatives derived from natural sources [1]. Food storage methods which maintain the
quality and extend the shelf life of food because of improved production, supply
and trading are important. Humans are familiar in keeping foods by different
methods such as the use of heating, cooling, salting, etc. a long time ago, but for
inhibition of pathogen growth and also prevention of food spoilage, a new method
is more in need; therefore one of these methods is the use of essential oils and
natural materials as antimicrobial additives in food [2].
Essential oils are composed of lipophilic and highly volatile secondary plant
metabolites [3]. As defined by the International Organisation for Standardisation
(ISO), the term “EOs” is reserved for a product obtained from vegetable raw material, either by distillation with water or steam, or from the epicarp of citrus fruits by
a mechanical process, or by dry distillation, that is, by physical means only. EOs have
been proposed as natural preservatives and are used as alternatives for the control
of pathogenic microorganisms. Herbal EOs are aromatic oil liquids, extracted from
3
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various parts of plants, and are used as flavouring agents in foods; thus the importance of the use of medicinal plants in food products can be multiple times [4].

2. How plants work
Preservatives are used to limit the growth and microbial activity in pharmaceutical products, food and cosmetics, and by interfering with cell membranes,
enzymes and genetic structure of microorganisms have a preventive effect. To apply
the essential oils as chemical preservatives in food, investigating their antibacterial activities alone and in combination with other factors affecting the growth of
microorganisms in food and nutrition is essential in laboratory models [2]. The
use of natural antimicrobial compounds such as essential oils, herbal extracts and
spices for the protection of food against microbial spoilage has led to the identification of some of their unique features such as taste effects and antioxidant activity
[5]. EOs have been used in human health as functional food, food additives, medicine, nutritional supplements and cosmetic manufacturing [4, 6, 7].
Essential oils and plant extracts with various biological compounds have very
high potential for using as new drug combinations, healthcare and human and
animal diseases as well due to the presence of anti-microbial compounds especially
against Gram-Positive and Gram-Negative pathogens, Anticancer, Antioxidant and
Free Radical Removal Factors as one of the most important natural sources for the
using of them in medicines and foods [1]. Essential oils and extracts from medicinal herbs with antimicrobial, anticancer and antioxidant compounds (due to the
presence of free radicals eliminating agents) have importance as new and natural
drug combinations, both in the field of health and disease management and in the
protection of raw and processed foods [8].

3. Importance of food-borne pathogens
Food-borne diseases recognised as one of the major public health problems
worldwide, especially in developing countries, and, on the other hand, increasing
incidence of food-borne disease along with its social and economic consequences have
led to conducting extensive research in order to produce safer food and develop new
antimicrobial agents; among them, the extensive use of probiotics and bacteriocins as
biological additives is of considerable importance. With increase of urban population,
tourism, immigration, a variety of food with different components, improve technology in the food industry, changes in food consumption culture and approach to food
consumption, food preparation, and finally international trade in food, overburdened
the more food illness in the present age, so that about 30 per cent of people in developed countries at least once a year to develop food-borne diseases [4]. Despite the
reportedly strong antimicrobial activity of EOs against food-borne pathogens and
spoilage microorganisms, their practical application as preservatives is currently limited owing to the undesirable flavour changes they cause in food products [6, 9–11].

4. Some of the most important plants that can be used in foods
4.1 Mentha longifolia L.
Mentha longifolia L. from Lamiaceae essentially grows in wet river banks of
temperate areas of Central and South Europe, Australia, South-West Asia and Iran.
4
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The EOs of this plant varying in quantity according to variety and characteristic of
the growing site are composed of cationic compounds especially pulegone, 15–40%
total alcohols, 7–12% limonene and Dilantin. This plant bears medicinal characteristics and has proven to be of benefit for digestive system disorders, vomiting and
loss of appetite, ulcerative colitis and liver malfunctions. Other reported inhibitory
effects have been reported towards microorganisms causing food-borne diseases,
for example, S. aureus, E. coli, Bacillus subsp., Salmonella subsp. and Aspergillus
subsp. [8, 12].
4.2 Cuminum cyminum L.
C. cyminum with the vernacular name of “Zireh e Sabs” (in Iran) is a plant
belonging to the Apiaceae family applied in Iranian folk medicine since more than
200 years ago. Major constituents in C. cyminum essential oil (EO) are cumin
aldehyde, cuminic alcohol, gamma-terpinene and ß-pinene [11, 13]. This plant has
inhibitory effects on E.coli, L. monocytopenia and S. aureus [14].
4.3 Teucrium polium L.
This plant is belonging to the mint family, plateau, a height of 10 to 30 cm,
with a white cottony appearance, usually in poor areas (nutrients and organic
matter), rocky areas and sand dunes in Europe, the Mediterranean region, north
of Africa and south west of Asia, including Iran, especially Khorasan province
[2]. The studies have shown that this herb has antioxidant effects and antipyretic,
antimicrobial and antispasmodic effects [15]. It has been reported that the ethanol extract of this herb has also an antibacterial activity against Gram-positive
and Gram-negative microorganisms of the show itself [16]. Bacillus cereus in the
food samples is one of the ingredients that is inhibited by the essential oil of this
plant [2].
4.4 Pimpinella anisum
Pimpinella anisum L. is a plant with white leaves and small green yellowish seeds
and is from the Umbelliferae family. This plant grows in countries such as Iraq,
Turkey, Iran, India, Egypt and many tropical areas of the world [14, 17]. EOs of
some species of this plant are used in treating diseases such as epilepsy [18].
4.5 Echinophora orientalis
Echinophora is a plant of the family Apiaceae that includes 10 species that
have been distributed from the Mediterranean area to Iran. E. orientalis is a
common species in Iran [19]. Two species of 10, including E. sibthorpiana and
E. orientalis, are also growing in Anatolia, Turkmenistan, Armenia, Russia,
Syria, the Balkans, Cyprus and Afghanistan [20, 21]. Echinophora EO contains
alkaloid compounds and flavonoids [19]. γ-Decalactone, β-cis-ocimene and
linalool L are the most important compounds in the EO of this plant [19].
This plant and its oil have antiseptic, antibacterial, antioxidant and antifungal effects and can inhibit human platelet aggregation and are also used in
folk medicine to heal wounds and have carminative and digestive properties
[22–25]. In the result of a study, different concentrations of E. orientalis EO
significantly affected the growing of S. aureus bacterial in food model [19]. In
another study, E. tenuifolia EO showed strong antimicrobial activity against B.
cereus and Staphylococcus spp [26].
5
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4.6 Aloe vera gel (Aloe barbadensis Miller)
Aloe vera (Aloe barbadensis Miller) is a plant, which belongs to the family of
Liliaceae. Aloe vera grows in arid climates and is widely distributed in India, Africa
and other arid areas [27]. The 0.7% of gel of leaves is made up of solids mainly
carbohydrates [28]. Activity against a variety of infectious agents has been attributed
to Aloe vera such as antiviral, antibacterial and antifungal effects [29–31]. Some
specific plant’s compounds have been proposed to have direct antimicrobial activity,
for example, anthraquinones, dihydroxyanthraquinones and saponins [32–35]. The
antibactericidal activity of Aloe vera gel may be attributed to active compounds such
as alkaloids, tannins, flavonoids as well as saponins which have a direct antimicrobial
activity [33, 36]. In the results of a study, the antimicrobial potency of Aloe vera gel
aqueous extract against E. coli has been shown in yoghurt [37]. In the study of Agarry
et al. [38], they reported that leaf extracts had antibacterial activity against bacterial species such as S. aureus, Klebsiella pneumoniae and E. coli. In another study, the
ethanol extract of Aloe vera gel inhibited the growth of E. coli and S. aureus [39].
4.7 Ferula sharifi
The genus Ferula belongs to the family Apiaceae that comprises about 170 species
in the world. These genera are produced from central Asia to northern Africa [40].
These plants are well documented as a good source of biologically active compounds
such as sesquiterpenoids and sulphur-containing compounds [41]. Species of this
genus have been used in traditional medicine for the treatment of various organ
disorders, for example, F. assa-foetida used as anticonvulsant, carminative, antispasmodic, diuretic, aphrodisiac, antihelmintic, tonic, laxative and alterative or F.
persica used as laxative, carminative, antihysteric and for treatment of lumbago,
diabetes and rheumatism [22, 40, 42–45].

5. The sensitivity of some important food-borne pathogens to plant
extracts and EOs
5.1 Listeria monocytogenes
Food-borne diseases are one of the major public health problems worldwide,
and recent reports indicate that Listeria monocytogenes is a major concern. Listeria
monocytogenes can cause food intoxication, meningitis and encephalitis [6]. Control
of these bacteria and its diseases are very important. So, various studies have been
carried out on the effects of different essential oils and extracts on growth and
control of these bacteria.
In the study of Ehsani et al. [46], the results have shown that treatments of 0.1%
Allium ascalonicum and Pimpinella anisum essential oils at the end of cheese ripening period showed the highest decrease in the mean bacterial colony counts. The
results of Mahmoudi et al. study have shown that Cuminum cyminum L. essential oil
on Listeria monocytogenes has effects at different concentrations [8]. These results,
as well as the results from other studies, have shown that essential oils and plant
extracts could help the control of the bacteria in the food industry.
5.2 Salmonella typhimurium
Salmonella typhimurium is a pathogenic food-borne bacterium. Salmonella is
widespread worldwide and found sporadically in water, soil, animal food, meat,
6
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faeces and vegetables and can infect many mammals and birds [47]. Considering
that this bacterium can cause disease through food, including dairy products in
humans, its control through essential oils and plant extracts is very much considered. Salmonella infection may occur in one of three clinical forms of self-sustaining
gastroenteritis, then septicaemia with local lesions or an enteric fever or typhoid
fever [48].
For example, Teucrium polium EO has the best Salmonella growth inhibition at
60 ppm and 80 ppm concentrations. In this research, no Salmonella was isolated
during the 28 days of preservation of probiotic yoghurt [49].
5.3 Staphylococcus aureus
Staphylococcus aureus is one of the most important pathogenic food-borne
bacteria. These bacteria can cause diarrhoea and vomiting intoxication [5]. Due to
the importance of these bacteria and its toxicity, as well as due to the health hazards
of chemical preservatives, researchers have used various essential oils and herbs to
control these bacteria in their experiments [6].
In the result of one study, essential oil of Mentha longifolia L. with a concentration of 150 ppm has an inhibitory effect against Staphylococcus aureus [6]. In a study,
21 essential oils were used for antibacterial effects. As a result, the essential oils of
Corydothymus capitatus, Cinnamomum cassia, Origanum heracleoticum, Satureja montana and Cinnamomum verum were effective against Staphylococcus aureus [50, 51].
Today, the importance of biofilm formation in the food industry is also high, so
studies have also been carried out and are expanding. In these studies, vegetable
oils are used to prevent and eliminate biofilms. For example, the compounds in
essential oils such as SAB, C3 and C4 are highly effective against biofilms created by
Staphylococcus aureus [52].

6. Herbal medicines appear relatively safe
Traditional medicine has brought the foundation of health care around the
world from the earliest days of human beings. Medicinal plants have been known
for many years as a rich source of well-known therapeutic agents for the treatment
and prevention of various diseases, the most important of which is the social,
cultural, spiritual and medicinal fields. Over the past centuries, severe changes in
human lifestyle and dietary habits have led to the emergence of various chronic
pathologies. Recently, “herbal renaissance” is a visible phenomenon worldwide,
and two-thirds of the plant species in the world may have medicinal value. The
World Health Organisation believes that 80% of the population in Africa and Asia
uses traditional medicine as the first source for their health-care needs. Also, in the
United States, more than 40% of the population has recently been identified with
complementary and alternative supplements, including herbal supplements [53].

7. Conclusion
Herbal drugs appear to be relatively safe, but human research or prospective
data on adverse effects and plant and drug interactions are limited. They generally have fewer drugs than their pure relatives because they contain a mixture of
chemicals that are in low amounts. According to studies, the importance of edible
oral pathogens is not covered for everyone. According to studies, the importance of
food-borne pathogen bacteria is not covered for everyone. On the other hand, due to
7
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the harmful effects of chemical preservatives and also the increase of drug resistance, the use of plants and their essential oils is very important. Essences and their
effective compounds can be used to prevent poisoning and disease and to prevent
the transmission of bacteria from food and food industry like dairy.
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Abstract
Essential oil, sent by nature, is a complex mixture of volatile secondary
metabolites. Its composition varies along with many parameters that can lead to
misunderstanding of its wonderful pharmacological property. In fact, from postharvest treatment to the compound’s identification through extraction approaches,
the original chemotype of essential oils can be misdescribed. The pharmacological
potentials of these oils are well known in the traditional system since time immemorial. Nowadays, some chemotypes of these oils had shown the effect against WHO’s
top 10 killer diseases. But the misuses of these essential oils are in part due to the lack
of robust and easy analysis strategy that can allow the quality of the essential oils.
Keywords: essential oils, chemotype, Kovats indexes, FTIR, 10 leading death diseases

1. Introduction
Essential oils are a complex mixture of plant volatile compounds. Those
compounds are essentially composed of terpenoids and phenolic compounds.
The biosynthesis of these flavoring volatile compounds is done in dedicated cell
types present in almost all parts of the plant, from the leaves or flower to the roots
depending on the plant’s genus. These cells are glandular trichome, adduct cavities
and osmophores were the compounds are biosynthesized and accumulated [1].
According to the scent of these compounds, the plant that can produce those compounds that when extracted are called essential oils are then called aromatic plants.
Aromatic plants are not specific to a given taxonomic group, but they are present
widely across the plant kingdom. It must be mentioned that the composition of the
essential oils is different from plant taxonomic group to another [2–5]. It should be
noted as well that, in the plant, compounds that will later form the essential oils are
considered as secondary metabolites with a volatile characteristic. The variation in
chemical composition of the essential oil can change from plant to plant even in the
same species. These changes in the chemical profile are associated with many factors such as abiotic and biotic factors, postharvest treatment, extraction methods,
and conservation conditions.
Abiotic factors group all the nonliving factors that affect the plant’s secondary
metabolite production. This includes the soil hydrology, pH and salinity, and the climate
in general but more interestingly the microclimate in which plant is growing [6–10].
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Biotic factors group the living organisms that can affect the plant’s metabolite
productions. These factors include, in one part, soil organism and microorganism.
In fact, secondary metabolites present in essential oils are produced to help the
plant to fight against plant invaders, interact with the symbiotic organism, and
attract insects for pollination, among others. In another part, biotic factors are
inherent in the plant itself.
Postharvest treatment include all the procedure that occurs between the
plant collection and essential oil extraction. There are numerous reports that
highlight the fact that drying plant material before extraction increases drastically the yield of extraction [5, 11, 12]. The counterpart of this method is the fact
that after plant collection, there is a biochemical reaction that occurs between
secondary metabolites. The output of this biochemical interactions is the changes
in the chemistry of the obtained essential oil in comparison with that originally
present in plant. At that point, the balance is between biological activity and the
yield [5, 11, 12].
The extraction method can also lead to significant modification of the chemical
profile of the essential oil. There are a huge number of approaches that can help to
obtain an extract from the aromatic plant, including distillation methods, expression, solvent extraction, enfleurage, and microwave-assisted extraction. Apart
from hydrodistillation, microwave assisted, and expression (specifically the citrus
pericarp expression), all the other methods lead to a product that is not recognized
as essential oil sensu stricto. In fact, with all the other methods, the extract obtained
usually contains nonvolatile compounds that are extractable by the process and
must be further removed. Also, the hydrodistillation method can lead to the chemical transformation of the compounds such as ester and other compounds that are
highly hydrolyzable due to the long stay of the essential oil in water in the extraction
system [13–17].
Regarding the conservation method that group all the process between the
extraction and chemical analysis, the nature of the oil can lead to some modifications. In fact, most of the compounds that are present in essential oils are
unsaturated (contain double bound) and most of them are sensitive to light (photosensitive) and to oxygen (oxidable).
Essential oils are used for their wonderful biological properties. The biological
properties include the effect on humans, animals, plants, insects, and microorganisms. In humans, every single part of the human life can be affected by essential
oils. In fact, essential oil is employed in nutrition as a food preservative or flavoring,
in cosmetics as an odorant part, and in pharmacology as an active ingredient. The
essential oil’s pharmacological properties comprise their effect on transmissible and
non-transmissible diseases.
This chapter aims at going through the mechanism of essential secondary metabolite biosynthesis, essential oil extraction, essential oil chemical profile, and its pharmacological potential against the top list of human killer diseases as presented by WHO.

2. Chemical composition
2.1 Biosynthesis
Terpenoid and phenylpropanoid derivatives are the main components found in
essential oils. In most plants, their essential oils contain terpenoids at around 80%.
But the presence of phenylpropanoid derivatives affords the essential oils significant flavor, odor, and piquant. These two groups of compounds are derived from
two different pathways from different primary metabolites [18].
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2.1.1 Biosynthesis of terpenoids
The name terpene was first attributed to the compounds with molecular formula
C10H16 by Kekule, a German chemist, due to its abundance in turpentine oil. The
derivatives C10H16O and C10H18O were named generically camphor and related to
terpenes. Wallach, Kekule’s assistant, characterized pinenes, limonene, dipentene,
phellandrene, fenchone, terpinolene, and sylvestrene, which at that period were
recognized as artifacts for turpentine oil [19]. But nowadays, they are considered as
compounds of some essential oils.
Terpenoids are a heterogeneous group of terpenes (compounds with double
bonds) and their oxygenated derivative. Sensu stricto, an essential oil terpene, is a
group of compounds derived from isoprene. Isoprene in its part is an organic scaffold with 5 carbon units with 1 double bond. Terpenoids are also called isoprenoids.
To start at the beginning, there are two pathways that lead to the synthesis of
isoprene. These two pathways occur in the different parts of the upstate specialized cell. In the cytosol, the so-called mevalonic acid pathway is used, while in
the plastid, the Rohmer or 1-deoxy-d-xylulose-5-phosphate is used. As this part
is the most important part to understand the differences between essential oils’
chemistry and thereby their pharmacological properties, let us walk you through
some chemistry (Figure 1).
According to plant species and foremost to the plant enzymatic ability, there
is interconversion between certain compounds. The most observed case is that of
conversion of thymol into carvacrol or vice versa. This depends on what plants need
and environmental conditions [22, 23]. This leads in some case to a huge difference
between chemotype of the same plants collected in different areas or different
period of time during the same day or during different maturity stages. This has
been reported for Allium sativum [24–26] and for Lavandula angustifolia [14, 27–30]
and Melissa officinalis [4, 12, 13, 16, 31–36].
2.1.2 Biosynthesis of phenylpropanoids
The synthesis of this class of compounds in aromatic plant leads to a wide
variety of compounds, but in this chapter, we will focus on the pathway that leads to
volatile compounds.

Figure 1.
Biosynthesis of terpenoids summarized from [20, 21].
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In comparison to isoprenoids, volatile phenylpropanoid compound synthesis
occurs less often. But this is not the case for almost all plants; in fact for clove oil,
eugenol is the major compounds [37].
The enzymatic arsenal involved in the synthesis of volatile compounds in the
plant is not well known. Therefore, there are many approaches to explain the
synthesis of those groups of compounds. But from a metabolite point of view,
the starting point of these volatile phenols is the phenyl-alanine that is transformed into cinnamic acid by the phenylalanine amino lyase. The cinnamic
acid in turn is transformed into para-COUMARIC acid. This latter compound
depending on the enzymatic ability of the plants can undergo two different ways
of synthesis (Figure 2).
2.2 Essential oil extraction
Essential oil extraction is one of the critical points that can affect the chemical profile of the essential oil. Sensu stricto, essential oils are a volatile odorant
complex mixture obtained by distillation. Many techniques have been developed to
obtain essential oil such as microwave-assisted extraction, expression, enfleurage,
and solvent extraction. Most of these extraction methods lead most of the time to
artefactual products as well as transformed products. To better understand, the next
paragraphs will present the most used methods and their principal limit in the way
of modification of the original chemical profile of the essential oil.
2.2.1 Distillation methods
Distillation methods are a group of methods using steam as compound
vector or transporter. In fact, in distillation method, the plant material may be
immersed or not in water, and after heating to water boiling point, the impression created in the reactor by steam as well as the high temperature will create
the vaporization of these volatile compounds from their stockade cell to the
environment of the reactor. The gas is pouched throughout a cooler. The condensation of the water and volatilized compounds from their vapor to water phase
form a mixture that can be separated according to their density. There are two
varieties of distillation methods: the hydrodistillation and the so-called steam
distillation methods [38–40].

Figure 2.
Biosynthesis of phenylpropanoids summarized from [20].
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Hydrodistillation is an essential oil extraction method in which the material is
immersed in water, but in the steam distillation, the plant material is not in direct contact with water but will go through, for example, steam flow before entering the cooler.
The principal limits of this method regarding the impact on the chemical profile
of the essential oil are as follow:
• The thermosensitive compounds will undergo a transformation or simply
degradation. In fact, the high temperature can catalyze some chemical reactions that the normal cell will not, and this will lead to the chemical entities
that were not present in the plants.
• Lasting contact with water increases hydrolysis. Esterified compounds are
highly sensitive to water as they will be broken down into compounds that do
not exist in the essential oil storage cells.
• When the glass Clevenger is used, the essential oil is exposed to light and can,
therefore, undergo photo-oxidation and the chemical profile will reveal a high
number of oxygenated derivatives that do not really exist in the plant.
Many reports have highlighted these observations and one of them is that of Kamii
et al. [14]. In fact when analyzing the chemical profile of Lavandula angustifolia extract
using two different technics including hydrodistillation, they obtained 25.3% of linalyl
acetate, 16.4% of terpene-4-on, 13% of linalool, and 13.6% of ocimene for hydrodistillation and 30.6% of linalyl acetate, 14.1% of terpene-4-on, 8.4% of lavandulyl acetate,
7.3% of β-caryophyllene, and 7.2% of β-farnesene for supercritical fluid extraction as
well as lavandulol and phytol that were solely present in that later method. Many other
reports are available in the literature for many other plants [1, 15–17].
2.2.2 Microwave-assisted essential oil extraction
Microwave-assisted essential oil extraction is a variant of the distillation method
where the heating source has been changed from the normal electric heating cap
by the microwave. The plus here is the hypothetic increasing in extraction yield:
hypothetic because the increase in yield is not as spectacular as tough [41–43]. It
is true that it is better to crush the plant material, but in comparison to the classic
distillation method, the essential oil yield is systematically the same. The principle
of this method is based on the change of the polarity of water by the waves and of
course the heating that will play the same role as in classic distillation method. This
method has in addition the limit of the normal distillation method, the fact that the
microwave can lead to chemical stereo switching from one isomer to another.
2.2.3 Expression
This method is specific for citrus pericarp. In fact, to avoid the thermal destruction, cold pressing of the citrus fruit rinds as the essential oil is store at that part of
the plant has led to a good quality oil. The limit of this technique is the fact that it is
not applicable to other parts of the plant [38–40].
2.2.4 Enfleurage
Enfleurage is an old technique of essential aroma extraction. It is based on
the solubilization of the essential oil’s component on a greasy wax. When using
cold extraction, it can take more than a month, but this can be reduced to a few
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hours by heating. The aromatized wax is then called concrete. This later undergoes solubilization in a polar solvent and then partitioned with absolute ethanol.
The product obtained after this process is at most a part of the essential oil as
present in plant, and it contains many other terpenes that can be solubilized
in fats used; that is, while at the end, the product is not called essential oil but
absolute.
2.2.5 Solvent extraction
This is the oldest method for obtaining crude extract from plants. The principle is based on the solubilization of the compounds in the cells by the solvent.
This method also has two variants as it can be run in room temperature or in high
temperature. But no matter whether the extraction was performed in room temperature or not, the solvent will be separated by Rotavapor regarding the volatility of the solvent. This method does not really lead to obtaining the essential oil
as all the nonvolatile compounds are also extracted by this approach. Therefore,
the chemical profile will not be that of the volatile fraction of the plants but for
the compound that is soluble in the solvent used in the process [13–17].
2.2.6 Supercritical fluid extraction
This method is the most modern and sophisticated. It uses gases at their supercritical stage. The gas at supercritical stage is liquid due to the high pressure applied
to it. Many solvents can be used as the method brings the solvent at its temperature
and pressure above its thermodynamic critical point, but the most used is CO2 for
the reason that it needs less pressure to be liquified, it is less reactive than other, it
is noninflammable, it is nontoxic and available at low cost with high purity, and
most importantly it can be removed from the plant material using just the press
release. This method is based on the fact that gas at the supercritical state can enter
throughout the plant material like a gas and dissolve component like a liquid. After
the extraction procedure, the essential oils compounds are mixed with the supercritical fluid (in liquid form). The separation is performed by reducing temperature
and increasing the pressure up to room conditions [13–17]. The principal limit of
this method is the complexity of the system.
2.3 Method for chemical analysis
There is a myriad of technics and methods for essential oil chemical profiling.
All the methods used in organic chemistry can be used here. Due to their volatility nature, the compounds that constitute essential oil are preferably analyzed by
gas chromatography (GC). Gas chromatography alone does not provide enough
data for good chemical proofing. Therefore, many other analytical tools have
been used such as mass spectrometry (MS), infrared spectroscopy (IR), and
nuclear magnetic resonance (NMR). As well, many technics have been used to
make the GC a better tool for chemical profiling, and these include chiral selective GC and multidimensional GC. Advances in liquid chromatography have
highlighted the usefulness of high-pressure liquid chromatography (HPLC) as
a tool for essential oil analysis. Many variants are available to date as multidimensional HPLC, HPLC-MS, and HPLC-GC. The following section will walk
you through gas chromatography and gas chromatography coupled with mass
spectrometry for their popularity and the Fourier transform infrared spectroscopy for its simplicity and for being environment-friendly and long-term
cost-effectiveness.
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2.3.1 Gas chromatography and variant in essential oil analysis
Gas chromatography is an old essential oil chemical profiling method. As all the
chromatographic methods, it is based on the single compound separation from a
complex matrix between two phases regarding their affinity between the phases,
their shape, and mass. The mobile phase is the one which moves by capillarity or
pressure transporting compounds faster or slower toward the fixed phase. In GC, the
mobile phase is a gas and the fixed phase is a solid at room temperature, but at a high
temperature, this phase will be slightly melted but will remain fixed on the column.
For analysis, the essential oil is mixed with a solvent (mostly hexane or pentane)
and introduced into the injector room set at 200°C with the help of a syringe. The
mixture is carried by the mobile phase into the column. Here the temperature
drops down to about 50°C. All the compounds settle down at different distance
in the column. This column itself is placed in an oven set with gradient increasing
temperature (1–5°C/min). Each compound has it vaporization point and therefore
when the oven temperature will reach this point, it will be volatilized thereby take
off from the stationary (fixed) phase and carry and spit off out of the column.
Usually, the column is connected to a detector, which in the case of essential oil
analysis is the flame ionization detector (FID). In this case, when the compound
comes out of the column, it is burned and the increasing temperature in the flame,
proportional to the compound scaffold, is detected and transformed into a peak.
The compound identification is done by using the retention time and/or the Kovats
index. The following formula as presented in Adams is used to calculate the Kovats
index.

( logRTPz − logRTPz+1 )

logRTx − logRTPz
KI(x) = 100 Pz + 100 _______________

(1)

KI(x) is the Kovats indices of compounds x, P(z) is the paraffin with z carbon
atoms, P(z + 1) is the paraffin with z + 1 carbon atom, and RT is the retention time.
The linearization of this formula presented in Adams is as follows:
x
z
AI(x) = 100 Pz + 100(___________
)

RT − RTP
RTPz − RTPz+1

(2)

AI(x) is the arithmetic index of compounds x, P(z) is the paraffin with z carbon
atom, P(z + 1) is the paraffin with the z + 1 carbon atom, and RT is the retention time.
After calculation of index, the value is compared with that of the online libraries
or the Adams library [45].
When the GC is connected to MS, the compound is accelerated and ionized into
the different compartment of its scaffold and detected as bands.
Table 1 summarizes few retention or Kovats indexes reported in the literature for
randomly selected plant and randomly selected papers. The diversity of chemotype
obtained per essential oil is interesting. But the question about the accuracy of this
profiling method has come up. Moreover, the Internet-based data bank proposes a
huge range of retention indexes for the same compounds. For illustration mater, let
us take the eucalyptol also called cineol-1,8. In the NIST database in the slightly polar
column, here dimethyl-silicone with 5% phenyl group (DIMS 5P), this compound
have a retention indexes ranging from 1021 to 1044 [44]. This range represents 23
units in the retention indexes. Taking into consideration the Kovats or Van Den Dool
and Kartz formula, this range (8 min 57 s to 9 min 44 s) represents a gap of 47 s. For
the same column, in terms of polarity, in Adams Database, during this period, 24
single compounds can be identified [45]. More complexly, there are overlappings in
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Retention indexes
Allium sativum
Compounds

AP

SAPC

PC

[26]

[25]

[24]

[85]

[86]

Diallyl sulfide

835–872

831–872

1118–1177

855

784

—

846

854

Allyl methyl
disulfide

891–915

887–928

1241–1322

916

918

—

908

915

Diallyl disulfide

1054–1078

1048–1095

1436–1526

1080

1111

1085

1079

1084

Allyl methyl
trisulfide

1100–1132

1123–1165

1587–1605

1138

1116

1145

1126

1131

Diallyl trisulfide

1266–1292

1277–1320

1775–1822

1301

1207

1311

1301

1305

Lavandula angustifolia
AP

SAPC

PC

[5]

[28]

[29]

[30]

[14]

Ocimene

Compounds

1027–1050

1028–1047

1211–1251

1030

—

1043

—

1043

Linalool

1074–1098

1088–1109

1507–1564

1092

—

1107

1100

1101

Terpineol

1148–1180

1178–1203

1655–1687

1167

1179

—

—

1181

Linalyl acetate

1234–1254

1238–1268

1532–1570

1246

—

1256

—

1258

Borneol

1134–1172

1152–1177

1653–1717

1155

1167

1170

1144

1169

Melissa officinalis
Compounds

AP

SAPC

PC

[4]

[13]

[16]

[12]

[33]

Neral

1211–1240

1231–1269

1641–1706

—

—

1246

1245

1240

Nerol

1206–1239

1216–1250

1752–1832

—

—

1228

—

—

Geranial

1236–1260

1252–1291

1680–1750

—

—

1278

1271

1270

Geraniol

1231–1256

1238–1269

1795–1865

1185

1252

1258

—

—

Caryophyllene

1400–1442

1405–1440

1569–1632

—

1417

1405

1421

1418

Germacrene D

1458–1491

1446–1493

1676–1726

—

1484

1480

1489

1480

Cadinene

1506–1542

1503–1541

1734–1803

—

1523

1538

1514

—

AP

SAPC

PC

[87]

[88]

[89]

[90]

[17]

Eucalyptol

1013–1039

1021–1044

1186–1231

1031

1031

1027

1029

1026

Ocimene

1027–1050

1028–1047

1211–1251

1038

1045

—

1048

1034

Linalool

1074–1098

1088–1109

1507–1564

1111

1120

1085

1116

1095

Ocimum basilicum
Compounds

Eugenol

1323–1372

1345–1375

2100–2198

—

—

1377

1376

1330

Humulene

1439–1459

1436–1456

1637–1689

1447

1455

1430

1459

1445

Cadinene

1506–1542

1503–1541

1734–1803

1519

—

1497

—

1505

Peper nigrum
Compounds

AP

SAPC

PC

[3]

[89]

[91]

[92]

[15]

924–951

921–944

1008–1039

938

930

931

931

939

b-Phellandrene

1005–1036

995–1013

1148–1186

1040

978

1024

1021

1003

g-Terpinene

1035–1062

1049–1069

1222–1266

—

1049

1051

1050

1060

a-Cubebene

1345–1359

1438–1480

1438–1480

1357

—

1377

1352

1351

Farnesene

1484–1509

1488–1493

1627–1668

1455

1518

1453

1445

1443

14,000–1442

1405–1440

1569–1632

1437

1395

1419

1419

1419

a-Pinene

b-Caryophyllene
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Retention indexes
Rosmarinus officinalis
Compounds

AP

SAPC

PC

[6]

[7]

[8]

[10]

[93]

a-Pinene

924–951

921–944

1008–1039

931

936

1075

961

939

Myrcene

975–991

980–995

1140–1175

980

991

1174

991

991

Camphene

936–965

936–959

1043–1086

944

952

1102

943

954

Eucalyptol

1013–1039

1021–1044

1186–1231

1021

1031

1221

1032

1031

Camphor

1106–1153

1127–1155

1481–1537

1122

1148

1547

1088

1144

Verbenone

1167–1198

1190–1224

1696–1735

1183

1209

—

1119

1207

Bornyl acetate

1259–1209

1264–1297

1549–1597

1272

1292

1612

1277

—

AP

SAPC

PC

[89]

[36]

[9]

[94]

[95]

Myrcene

975–991

980–995

1140–1175

981

988

—

980

992

Saliva officinale
Compounds

a-Thujone

1076–1104

1099–1117

1385–1441

1104

1101

1105

—

1102

Camphor

1106–1153

1127–1155

1481–1537

1122

1141

1143

1108

1142

Eucalyptol

1013–1039

1021–1044

1186–1231

1027

1026

1034

1191

1032

b-Caryophyllene

1400–1442

1405–1440

1569–1632

1395

1417

1418

—

1418

Humulene

1439–1459

1436–1456

1637–1689

1430

1452

—

1430

1454

Viridiflorol

1561–1598

1569–1604

2041–2110

—

—

—

1587

—

AP

SAPC

PC

[96]

[97]

[98]

[99]

[89]

Syzygium aromaticum
Compounds

1323–1372

1345–1375

2100–2198

1392

1353

1370

1354

2098

b-Caryophyllene

Eugenol

14,000–1442

1405–1440

1569–1632

1458

1428

1426

1421

—

Eugenyl acetate

1472–1493

1514–1531

2252–2277

1552

1538

—

1522

2107

Humulene

1439–1459

1436–1456

1637–1689

1579

—

1460

1455

—

Compounds

AP

SAPC

PC

[22]

[100]

[23]

[98]

[101]

a-Terpinene

1001–1024

1007–1026

1154–1195

—

1010

1016

1019

1019

p-Cymene

1004–1029

1011–1033

1246–1291

1029

1014

1024

1026

1033

Thymus vulgaris

Limonene

1012–1038

1019–1039

1178–1219

—

1022

1028

1031

—

Terpineol

1148–1180

1178–1230

1655–1687

—

1162

1194

1190

1177

g-Terpinene

1035–1062

1049–1069

1222–1266

1064

1049

1057

1062

1060

Linalool

1074–1098

1088–1109

1507–1564

—

1084

1099

1100

1107

Thymol

1260–1289

1272–1304

2100–2205

—

—

1288

1296

1315

Carvacrol

1272–1300

1291–1344

2140–2246

1308

1286

1296

1305

—

14,000–1442

1405–1440

1569–1632

—

—

1419

1419

1423

b-Caryophyllene
Zingiber officinale
Compounds
a-Pinene
Camphene
Linalool

21

APC

SPC

PC

[102]

[103]

[104]

[105]

[106]

1001–1024

1007–1026

1154–1195

939

—

926

943

935

936–965

936–959

1043–1086

953

—

944

954

950

1074–1098

1088–1109

1507–1564

—

1112

—

—

1103
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Retention indexes
Eucalyptol

1323–1372

1345–1375

2100–2198

1033

1060

1015

1027

1032

Neral

1211–1240

1231–1269

1641–1706

—

1265

1249

1227

1247

Geranial

1236–1260

1252–1291

1680–1750

—

1292

—

1252

1379

Germacrene D

1458–1491

1446–1493

1676–1726

1481

1532

—

1469

—

b-Farnesene

14,000–1442

1405–1440

1569–1632

—

1518

—

—

1458

Zingiberene

1463–1494

1485–1509

1696–1743

1495

1521

1492

1487

1508

APC, apolar column; SPC, slightly polar column; PC, polar column.

Table 1.
Retention indexes of important compounds from 10 randomly selected essential oils.

the range proposed by the NIST as reported by Babushok [44] as it can be observed
in Table 1; for the same DIMS5P column, α pinene (921–944) is overlapping with
camphene (936–959) and eucalyptol (1021–1044) is overlapping with ocimene
(1028–1047) and camphor (1127–1155). These observations are the real pitfalls of
these identification approaches and can lead to misuses of the valuable data from
those data banks. In fact, these overlappings lead to compound identification oriented to the chemotype available in the literature rather than the real chemotype that
is analyzed. And the previous paragraph had highlighted that the chemical profile
thereby the pharmacological profile can change because of a myriad of factors. All
these lead to questioning the robustness of this actual gold essential oil chemical
profiling strategy not in the view of the provided database or analytic tools but in the
view of data interpretation by the users.
2.3.2 Infrared spectroscopy and chemometric analysis
The idea besides the spectroscopy analysis is the fact that, in the electromagnetic
radiation, there is a range of a tiny part of visible light that exists as a wave. This
light moves in a straight line if the part of this light is not reflected, refracted, or
absorbed by the matter. In biology and chemistry, this technique is used to produce
an infrared spectrum in the case of infrared spectroscopy by passing an infrared
radiation through a given sample knowing that the atom constituting the sample
will lead to absorption of a part of the light energy. When a part of the molecule
present in the sample absorbs this energy, it will become unstable and will react
by twisting, stretching, bending, rocking, wagging, or scissoring depending on
the bond linking these atoms with the rest of the molecule. The energy absorbed,
the different reactions of the atom lead to the appearance of a specific peak on the
spectrum [46–49].
The spectrum can be at least qualitatively interpreted without prior or additional
chemometric algorithm as it provides a high level of specific information on the
molecular aspect of the essential oil [50]. In fact, the spectrum regions are known
and correspond to established characteristic group absorbances [47] and therefore
the assignment can lead to specific chemical identification (Figure 3). But this is
when the sample is a single compound. When the mixture is analyzed, the peak
cannot be simply attributed to the compounds as it is most of the time the result of
the overlapping small vibration of different closely related groups from a different
molecule in the mixture.
For the quality purpose, the fingerprint region is most important. In fact,
the fingerprint region is a unique vibrational signature that a given essential oil
can have. It is as specific as the fingerprint is specific to a human. But to be more
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Figure 3.
Infrared spectrum of Ocimum basilicum essential oil obtained from Fourier transform infrared spectroscopy.

Figure 4.
Spectral processing of fingerprint (a), C-H (b) and O-H (c) regions of Ocimum basilicum essential oil’s FTIR
spectrum [51].

efficient in the analysis of the area, chemometric tool should be used such as derivation. This approach is a simple application of the derivate formula to the equation of
the fingerprint region or a given region. This technique provides with key benefits.
In fact, it enhances the resolution for the first derivative and the second derivative
gives negative peaks of each band in the examined region [47] an example from
Figure 3 is given in Figure 4A. It is also possible to apply other data processing such
as baseline correction, smoothing, or curve fitting [47].
Using this approach, an increasing number of authors have succeeded in discriminating the essential oil of various plants based on their chemotype [46, 51–56].
Those authors have suggested that for a known essential oil, the fingerprint of the
oil should be used as a tool for rapid essential oil quality control.

3. Pharmacological property of essential oils
This part of the chapter is huge and covers various aspects of human and animal
care. It will be easier to find a disease that no essential oil as a whole or its component can exert any effect. Essential oils are used to manage even diseases that are not
scientifically measurable these days. These include protecting against misfortune
and bad spirit and protecting the soul after death. This aspect of the therapeutic
use of the essential oil will not be described here. The following paragraphs will be
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devoted to the review of essential oil use against top 10 human killers. Regarding
the classification of 10 global causes of death around the world as published by
WHO [57], ischemic heart disease, stroke, chronic obstructive pulmonary disease,
lung cancer, diabetes, lower respiratory infection, diarrheal disease, tuberculosis,
HIV/AIDS, and road injuries were respectively the most important human killers
in 2016. Unfortunately, this chapter could not review the potential of essential oils
against road accident.
3.1 Essential oil against ischemic heart disease and stroke
During the last 18 years, ischemic heart disease had won the gold medal in
killing a human. In the second position with silver medal comes the stroke. In
2016, these affections were incriminated in 15.2 million human death [57]. This is
clear, known, and localizable but a silent terrorist against which all efforts should
be focused on. These two affections share the same origin but different target. In
fact, they are both cardiovascular diseases. Cardiovascular disease is known as a
disease that affects the heart and blood vessels of the circulatory system [58]. In this
case, ischemic heart disease and stroke are specific to blood vessels. Ischemic heart
disease is a class of cardiovascular disease that appears on the vessels that supply the
heart cells with blood in terms of nourishing rather than pumping for other organs
[58]. Stroke on its part can be defined as neurological shortfall caused by crucial
injury of the central nervous system. The reason behind is the cerebral infarction
or intracerebral hemorrhage. Ischemic stroke accounts for 80% [59] of all types of
stroke this chapter will focus on these later on.
Death happens when cells of these two vital organs are not supplied with
nutrients and oxygen and are not free from their metabolic wastes. The main
cause is the obstruction of the vessels by a clot (thrombus) from venal or upper
artery atherosclerosis in coronary (in the heart) or arterioles (in the brain) and/
or atherosclerosis on these two vessels [58, 59]. It is therefore clear that targeting
specific clot dissolution or arteriosclerosis can help to manage ischemic heart and
stroke disease.
In that regards, a massive number of essential oils have been studied for their
effect on cardiovascular diseases. These reports were previously reviewed by
Grenier et al. [60] for the vasodilatation effect. The major compounds from these
essential oils were eucalyptol (Croton nepetaefolius); piperitenone oxide (Mentha ×
Villosa); terpineol (Alpinia zerumbet); eugenol and methyl eugenol (Ocimum gratissimum and Aniba canelilla); anethole and estragole (Croton zehntneri); α pinene,
caryophyllene, and eucalyptol (Hyptis fruticose); geraniol, citronellol, and citronellal (Cymbopogon winterianus); and many other essential oils containing linalool,
bisabolol, and β pinene [60]. For the anti-arteriosclerotic effect, these same authors
reviewed 17 essential oils that have been reported for their anti-arteriosclerotic
effect both in vitro and in vivo. These plants include Allium sativum, Ocimum
sanctum, Melissa officinalis, and Lavandula angustifolia.
3.2 Chronic obstructive pulmonary disease and lower respiratory infection
other than tuberculosis
Chronic obstructive pulmonary disease and lower respiratory infection other
than tuberculosis are respectively the third and the fourth leading causes of death
worldwide. These diseases caused cumulatively 6 million deaths in 2016. The lower
respiratory infection disease owns the gold medal in communicable disease. It is
important to notice that, in the developing world, the lower respiratory infectious
disease is the first leading cause of death [57].
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The chronic obstructive pulmonary disease (COPD) can be defined as a progressive respiratory condition clinically characterized by dyspnea, cough, and sputum
production. This is the manifestation of alveolar enlargement and destruction as
well as inflammation of lung parenchyma airways [61]. In fine, this disease can be
categorized as the inflammation of the lung. Essential oils or their components have
been reported to have a positive effect on lung inflammation. In fact, eucalyptol, a
main component of eucalyptus essential oil, has shown evidence on the resolution of
pulmonary inflammation in humans [62, 63] and in rats [64]; myrtle, eucalyptus, and
citrus essential oils have significantly reduced the inflammatory response ex vivo [65].
Lower respiratory infection disease is mainly caused by microorganisms including bacteria (other than Mycobacterium), fungi and viruses. A myriad of reports
has proved the potential of essential oils as a possible source or as a drug against
pathogens causing respiratory infection. Essential oils from Pimpinella anisum,
Foeniculum vulgare, Eucalyptus globulus, Mentha piperita, Melaleuca alternifolia, and
Thymus vulgaris were reviewed by Horvath and Acs from European Pharmacopeia
[66] and had an effect in vitro, in vivo, and on a human. Syzygium aromaticum,
Cinnamomum zeylanicum Nees., Batch, Eucalyptus globulus, Thymus vulgaris L.,
Pinus sylvestris, and Mentha piperita have been reported for their inhibitory effect on
bacteria that cause lower and upper respiratory infections [67].
3.3 Lung cancer
Lung cancer is the fifth leading cause of death worldwide, and in 2016, WHO
estimated that 1.7 million persons were dying from lung cancer. It is established
that there is an urgent need for anticancer drugs due to the high selectivity that
anticancer drug should possess. There are an important number of publications
in the literature on the anticancer effect of the essential oils. More specifically,
a certain number of essential oils have been claimed to possess anticancer effect
against lung cell line; all these experiments are as per now in vitro or in an animal
model [68–70].
3.4 Diabetes
Diabetes is the sixth leading cause of death worldwide. In 2016, this affection
caused 1.6 million deaths with an increase of 0.6 million compared to 2000. As the
number of affected persons is increasing, this means that the management method
is not that efficient, and alternatives are needed. Essential oils have been analyzed
for their antidiabetic effect. Lavandula angustifolia, Melissa officinalis, Ocimum
basilicum, Peper nigrum, Rosmarinus officinalis, Saliva officinale, and Thymus vulgaris
were analyzed of their stimulation of glucose consumption. And Melissa officinalis
essential oils present better effect compared to insulin [71]; moreover, in vivo studies have also been reported [72–76].
3.5 Diarrheal disease
Diarrhea is a disease caused by infection of the gastrointestinal tract by bacteria,
fungi, virus, and ameba. The manifestation includes the urination of more than
3 liquid stools per day. The epidemiology of diarrheal disease has decreased from
200 with 2.4 million death cases to 1.4 million cases in 2016 [57]. This reduction is
mostly made by hygiene management. Essential oils have been analyzed for their
beneficial effect in the therapeutic management of diarrheal infection [77–80].
Some components as linalool, eucalyptol, terpineol, geraniol, thymol, carvacrol,
spathulenol, caryophyllene, elemene, viridiflorol, bisabolol, eugenol, t-anetol,
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cinnamaldehyde, and allyl isothiocyanate were used to optimize the effect of the
available drugs against some of the pathogens with successful results [78].
3.6 Tuberculosis
Tuberculosis is the infection of the lung by Mycobacterium tuberculosis, and it
caused 1.3 million deaths in 2016. Many drugs are available, and control by quarantining the affected person had caused a reduction in this affection during the last
19 years [57]. Essential oils can also play an important role in the management of
this affection. In fact, Salvia aratocensis, Lippia Americana, Turnera diffusa [81],
Cuminum cyminum, Eugenia caryophyllata, Cinnamomum verum, Laurus nobilis,
Pimpinella anisum [82], and Hyptis suaveolens [83], among others have been analyses
successfully for their effect against Mycobacterium tuberculosis.
3.7 HIV/AIDS
HIV/AIDS is the acquired immunodeficiency syndrome, caused by human immunodeficiency virus. The disease is the ninth more important terrorist worldwide,
killing in 2016 1 million persons [57]. The mortality due to this virus has decreased
along the years due to the generations of antiretrovirals as well as the protective
measures adopted by the populations. There are only a few publications available on
the effect of the essential oils on this virus. The reason can be the fact that this virus
is very dangerous, and the testing equipment must be sophisticated to allow this test.
However, Ridolfia segetum and Oenanthe crocata have been analyzed successfully for
their effect on RNA-dependent DNA polymerase and ribonuclease H [84].

4. Conclusion
Essential oils are the oil of nature, sent by nature, the spirit of nature, and the
soul of the forest. Their scent depends on their composition that in turn depends
on the enzymatic package of the plant species. This enzymatic package can be
influenced by external factors that can be biotic, depending on a living organism,
or abiotic depending on molecules or climate and geography. The pharmacological
potential of this spirit of the forest is a fact. But the scientific proof of that fact is
subject to misunderstanding or misinterpretation. That may be why it is difficult to
have essential oil recommended as an official drug for a disease. In fact, there are
many variations that could affect the chemical composition not in the plant but during essential oil processes from plant collection time to the analytic method and the
data interpretation. As well, Aromatic plants containing these scent of the nature
are mostly present in tropical part of the word, and most of those tropical countries
are developing countries and as such they do not have robust technology equipment
to test and prove the whole efficiency of that essential oils, spirit of nature. To solve
these small but crucial issues, scientists should come along with a robust analytical
tool (FTIR, for example) and standard postharvest and extraction protocols for
standardization of all essential oils not only in few local pharmacopeias but on a
world level.
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Biological Importance of Essential
Oils
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Abstract
Essential oils are the volatile compounds having the oily fragrance. Essential oils
are obtained from the different plant parts, and they are extracted from the different
techniques and the most preferable method of extraction is the hydrodistillation which
is cheap and easy to use. Plant parts including the flowers, leaves, stem, bark and roots
are used for the isolation of essential oils. Essential oils are used in almost every field of
life and because of these characteristics, the market of essential oils is growing rapidly.
Essential oils are used in the aromatherapy and act as antioxidant, antimicrobial,
antifungal, pain relievers, anxiety, depression. In the field of cosmetics and industries,
the essential oils are used rapidly and mostly used in the perfume industries which are
growing increasingly. Essential oils are used in the food preservations and many food
items. Essential oils are used as the folk herbal medicines and their fragrance is used for
the improvement of the mood and as the depression release.
Keywords: acts as the antioxidant, antimicrobial, antifungal, pain reliever,
anxiety and depression

1. Introduction
Essential oils have been used in the folk medicines throughout the history.
Essential oils are called the ethereal or volatile oils, which are fragrant oily liquid that
are extracted from the various parts of the plants and mostly used as the food flavors.
An essential oil is “essential” in sense that it contains the essence of the different fragrance, and the properties of the plants from which they are derived. These volatile
oils showed the different kinds of biological activities including the antibacterial,
antioxidant, antiviral, insecticidal, etc. [1]. These oils are also used for cancer treatment, while some other has been used for the food preservations, aromatherapy,
and in the perfumery industries [2]. The antimicrobial and antioxidant screening of
essential oil acts as the root of numerous applications including the processed and
fresh food preservations, natural therapies, pharmaceuticals, and alternative medicines [3]. Essential oils are used in aromatherapy as an alternative source of wound
healing because of the aromatic compounds that are present in the essential oils. It is
also used as a relaxation process, but this evidence is not under consideration [4].
Numerous efforts are made to explore the essential oils usage as the treatment of
various infectious diseases that supernumerary to the pharmaceutical’s remedies.
Medicinal and aromatic plants are extensively used as natural organic compounds
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and as medicines [5]. Previously, essential oils have been used for the treatment
of various sorts of infectious diseases in the whole world. Now, in this era, the
importance of essential oils is increasing day by day, because they are mostly used
in the beverage and food industries, cosmetics and fragrance industries for making
valuable perfumes, and with lot of biological activities [6].
Various essential oils have been used for the insecticidal activities against the
different pests, but in detail, studies showed that they do not show the repellence, avicidal, phytochemistry, antifungal, and oviposition. The essential oils
do not show the abovementioned characteristics, but there is still urgent need
to work on this side of research and study the in vivo and in vitro studies to
control the pests, and most of the oils have shown good antioxidant activities [7].
Essential oils that showed good antioxidant activates and acts as the defensive
role for the unsaturation of lipids in the tissue of the animal and they also act as
hepatoprotective negotiators in mammals. The antioxidant substances are most
important for human being because of the oxygen which is a toxic element and
has the ability to change the metabolic activities into the most reactive form of
oxygen just like the super oxide, hydrogen peroxide, hydroxyl free radicals, and
the singlet oxygen which are collectively called as active oxygen [8]. Essential
oils are best known for their action as the antispasmodic, antiviral negotiators,
antimicrobial, and carminative, and the essential oil composition is variable;
they also show different sorts of activities and mostly depend upon the chemo
types [9].

2. Sources and isolation of essential oils
Essential oils were extracted from different aromatic plants. These plants
are distributed in the tropical countries and Mediterranean. These plants got
importance because local people use them for the treatment of diseases. The
essential oil is produced in every part of the plant including the leaves, seeds,
buds, stem, flowers, leaves etc as shown in Figure 1. Essential oil is accumulated
from the epidermic cell, cavities, secretary cells, and channels [10]. The odor
that is produced in plants is because of essential oils. The essential oils were
extracted from the dried, fresh, or partially dehydrated materials of plant. The
extraction rate depends upon the diffusion via plant tissues that directly involve
the surface from which the essential oil was removed by different processes. The
extraction of essential oil depends upon the stability of the essential oil. The
two most important method that are used for the extraction of essential oil was
used are steam distillation method and the hydro distillation process as shown in
Figure 2. These are the most suitable and effective techniques for the extraction
processes [11]. Some other methods were also used for extraction but they are
not too much suitable for this process these are the microwave or liquid carbon
dioxide, high- or low-pressure distillation with the help hot water or steam water
(Figures 1 and 2) [12].
The essential oil extracted from the steam distillation method is mostly used in
pharmacological activities and food items, while the essential oil that are used in the
fragrance industry or perfume industry are extracted from the lipophilic solvents
and sometime with the supercritical carbon dioxide going more attractive [13]. The
quality of the essential oil depended on the basis of the age of plants, parts that are
used for extraction, vegetative cycle stage, effect of climate, etc. The chromatographic and the spectroscopic techniques fully changed the chemical analysis of
the essential oils. The chemical composition of the essential oils was studied with
the help of IR-spectroscopy, UV-Vis spectroscopy, gas chromatography, NMR
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Figure 1.
Plants and their parts used for the isolation of essential oils.

Figure 2.
Hydrodistillation apparatus used for the extraction of essential oils.

spectroscopy [14]. The enhanced demand for the essential oil in various fields of
life provoked us to access the reliable methods for the essential oil analysis, and the
techniques used are the GC-MS and GC analyses [15]. The characterization of the
essential oil was carried out by using the gas chromatography. The compounds that
are present in the essential oil was confirmed by using the GC and GC-MS analysis
[16]. The storage and handling of the essential oil also affect its yield and quality, ad
essential oil was deposited in the oil glands that are present in the organization of
the plant material [16].
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3. Essential oil industry
The worldwide essential oil market demand was 226.8 kilotons in year 2018. It is
expected to expand at a CAGR of 8.6% from the 2019 to 2025. Usage of essential oils
in industries are increases day by including the beverage, food, personal care, aromatherapy, and cosmetics. Various sorts of the health-related benefits are offered
by essential oils and they are reported as the anticipated fuel and their demand is
increasing in the medical and pharmaceuticals applications. Most of the conventional drugs have no side effects. The growing inclination of the consumers toward
the organic and natural products is leading to increase the use of essential oils in the
beverage, food, and cosmetics industries. Worldwide essential oil market will cross
USD 13 billion in the year of 2024 the latest report of the Global Market Insights,
Inc. The increase in the World population are suffering from the different kinds of
health-related issues and essential oils are used in aromatherapy products and due
to this reason, the Worldwide market of essential oils are increasing day by day [17].
The period when essential oils were utilized first on a commercial scale is
hard to recognize. The nineteenth century is for the most part viewed as the
beginning of the cutting-edge period of commercial utilization of essential oils.
Notwithstanding, the extensive scale use of essential oils goes back to antiquated
Egypt. In 1480 BC, Queen Hatshepsut of Egypt sent a campaign to the nation of
Punt (presently Somalia) to gather fragrant plants, tars, and oils, as elements for
medicaments, scents, and flavors and for the preservation of bodies. Valuable
scents have been found in numerous Egyptian archeological unearthing, as an
image of riches and social position. The huge global exchange of fundamental
oil-based items is the standard for modern use; “Ruler of Hungary Water” was the
primary alcoholic scent ever. This aroma, in view of rosemary basic oil distillate,
was made in the mid-fourteenth century for the Polish-conceived Queen Elisabeth
of Hungary. Following an uncommon introduction to King Charles V, The Wise of
France in 1350, it ended up prevalent in all medieval European courts. The start
of the eighteenth century saw the presentation of “Eau de Cologne,” in light of
bergamot and different citrus oils, which remains broadly used right up ‘til the
present time. This crisp citrus aroma was the making of Jean Maria Farina, a relative
of Italian perfumers who came to France with Catherine de Medici and settled in
Grasse in the sixteenth century. As indicated by the city of Cologne files, Jean Maria
Farina and Karl Hieronymus Farina, in 1749, built up a processing plant (Fabriek) of
this water, which sounds exceptionally “mechanical.” The “Kolnisch Wasser” turned
into the main unisex aroma as opposed to one basically for men, known and utilized
all over Europe, and it has been rehashed in this manner in incalculable countertypes as a scent for men. The essential oil market was extended day by day because
of increase in demand for the essential oil products including the soap, cosmetics,
and food industries. The international companies are the major contributors of the
development of the essential oil industries in the mid-nineteenth century [18].
Changing the standards of the living led to the occurrence of different sorts of
mental issues including the depression, anxiety, insomnia, and stress that led to grow
the market of essential oils because they are used for the treatment of such kinds of
diseases. There are more than 300 industries in the Pakistan which industrialized
various human resources. These industries used unprocessed material especially
essential oils that are imported from the western countries. Pakistan imports more
than Rs. 1526.8 million to buy essential oils and perfumes and isolates [19]. Pakistan is
an agricultural country that is rich in aromatic sorts of plants, which are used as natural medicines and are used in local areas to cure common diseases. The environment
of Pakistan is much more suitable for the growth of essential oils crops. And from
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these plants the essential oils obtained, and they are used in essential oil industries,
but this industry is not much more attractive in Pakistan.

4. Modern trends of essential oils
The essential oil has been large number of usages in worldwide products including the ice creams perfumes, backed food stuff, beverage, and cosmetics as shown
in Figure 3. Newly, at least 300 kinds of essential oils out of 3000 are commercially
important in various kinds of industries including the perfume and sanitary industries,
cosmetics, food, beverage, agronomics, and pharmaceuticals [20]. Some of the bioactive components that are present in essential oils are the limonene, geranyl acetate, carvone, etc., and these are the important components of the hygienic products and tooth
pastes. Essential oils are used for the preservation of the food additives; for the treatment of common diseases and folk medicines; and used by aromatherapist. Essential
oils are used as the natural antioxidant. The usage of natural antioxidant is prominent
in the defensive medicines and food items, and because of this reason, essential oils are
getting popular day by day. Recently, the growth explores the applications of the volatile
essential oils for remedial usage and in the treatment of some infectious diseases [21].
Essential oils are widely used in perfumes, personal hygiene products, and
in aromatherapy including the inhalation, massage, masking agent to avoid the
unpleasant odor in the textile industries, paint and plastic industries, and pharmaceuticals formulations. Essential oils are also used as the natural antifungal and
antibacterial agents in the food safety items; essential oil also used in the various
kinds of cereals, antimicrobial packing of the food items, edible thin film, nanoemulsion, preservation of the fruits and vegetables, soft drinks, as the flavoring
agents in the carbonated drinks, as the major ingredients in soda/citrus concentrates, seafood preservations, fish, etc. (Figure 3) [22].

Figure 3.
Modern trends of essential oils.

5. Growing trends of essential oils adaptation
The essential oils are the products that are obtained from the plant extracts
and have been used for large-scale industrial and homemade products. The major
usages of essential oils are pest control products, cleaning actions, and counter
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medications among the other products and personal care products. Essential oils
have various advantages in wound healing, rejuvenation, and relaxation. Alongside
their applications in the betterment of the health issues, the most common health
issues such as migraines and nausea are cured from the essential oils. It is also used
in the food industries because of their preservative potential in contrast to the
foodborne pathogens, antibacterial, antimicrobial, and antifungal characteristics.
The use of aromatherapy as the harmonizing care is speedup due to their unique
characteristics which include the coping with some of side effects of cancer and to
promote the wound healing [23].

6. Uses of essential oils in perfumery
The essential oils that are used in the perfume industries are classified according
to their diffusion rate in air and volatility:
Base note: these are the least volatile essential oils and last for a longtime
period. These remain for longtime duration including several hours. Some essential oils that are used as the base notes are the Myrrh, vanilla, sandalwood, and
frankincense.
Middle note: these sorts of essential oils are tending to be spicy or floral and give
body to blends; their time duration is less and remain up-to 1 hour. These include
Ylang-ylang, jasmine, geranium, clove, and lavender.
Top note: these are the most volatile and the first perceptible odors from the perfume. Their time duration is too much less and remains maximum for 30 minutes.
These include berry, bergamot, cinnamon, juniper, and gardenia.
Perfumes are formulated mostly using alcohol, though these may contain the cloudy
solutions. Eau de types of perfumes are mostly formulated using the essential oils
generally amber color because of their natural oils color but normally they are clear.
6.1 Percentage of essential oils in different perfumes products
• Eau de perfume usually contains 8–15% amount of essential oils or sometimes
their fragrance, and 80–90% alcohol.
• Splash cologens usually contain 1–3% fragrance or essential oil, and 80% alcohol.
• Eau de cologne usually contains 3–5% of fragrance or essential oil, and up to
70% alcohol.
• Eau de toilette usually contains the essential oil between 4 and 8% or its fragrance, and 80–90% alcohol [24].
6.2 Increasing the sales of essential oils to the home appliances
All over the world, people are shifting toward the herbal products for the treatment of skin diseases compared to medicines and synthetic drugs. The essential oil
is pure and does not have any side effects. The demand for essential oil is increasing
because of their usage in daily life and it is mostly used for the relaxation purpose
and people prefer it because of its no side effects. Aura Cacia that is manufacturer of
Iowa-based care products said that the essential oil sale was increased 90% between
the 2009 and 2012, and the sale of household items that contains the essential oil
was increased from 6 to 12%.
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Essential oils play a key role in treating the dermatological issues including the
rashes, acne, hives, eczema, and psoriasis which made the essential oil suitable for the
skin treatment care products that enhance the growth of skin industry. The market of
essential oils is growing because it has no side effects, and other synthetic chemicals
have side effects, so they are less preferred. Essential oils market of home care products
and cleaning products will be increased to 550 million USD by 2024. The growth in
essential oil market along with the companies that are introducing the products with
supplementary benefits such as better cleaning, easy fragrance, and germ fighting.
The essential oils market of France will be increased up to 8.5% by 2024. Major
cosmetics industries used essential oils in cosmetics and imported these oil products
worldwide. Companies used the marketing strategies to spread the awareness to the
people regarding the usage and benefits of essential oils, and the aromatherapy markets
gets more enhanced customers to buy these products. The essential oil market of India
will be exceeding up to 790 million USD by 2024. Since being a large country, India used
the large-scale agricultural techniques to grow crops of essential oil plants including
lemon, mint, and spices, and its aromatherapy market are growing day by day.
Lavender oil market will be reached up to 20 kilotons by 2024. It is used in
fighting the serious health conditions, including the chronic anxiety, relieves
pain, cancer, stress with reverse sign of the ageing, headache, cosmetics applications, pharmaceuticals applications, aromatherapy etc. as shown in (Figure 4).
The major companies that share large market size of essential oil-based products
are Firmenich, Frutarom, Flaex, Rock Mountain Moksha Lifestyle, and Florihana
Falcon Young living (Figure 4) [25].
6.3 Some major essential oils and their applications
6.3.1 Bergamot
The essential oil of bergamot obtained from the peel of the fruits of the Citrus bergamia is known as the bitter orange tree. The extract of the bergamot is used in flavoring

Figure 4.
Applications of essential oils in daily life.
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in Earl Grey tea and essential oil of this is used also for the same purpose. It is applicable
for the treatment of skin diseases, and it improves the mood, relieves pain, reduces
fever, treats the digestive system problems, and breaks up chest congestion [26].
6.3.2 Clove
It is extracted from the aromatic flower buds of Syzygium aromaticum tree that is
native to Maluku, Indonesia. The essential oil of Clove provides the strong fragrance, used in cooking spice foods; medically, it is used as pain relief, used for the
treatment of dental disorders, for nausea treatment, to reduce inflammation, for the
treatment of the digestive ailment, and to clear up acne [26].
6.3.3 Eucalyptus
It is extracted from the different species of genus Eucalyptus. Every type of species
contains different and unique usage in every field. The most familiar essential oil
obtained from the Eucalyptus globulus has a mint-like fragrance. It is used for decongestant chest rub, as pain relievers, as an antimicrobial agent, immunostimulant, and
for the treatment of the flu and cold cough. It is used in aromatherapy and it provides
mental clarity; it also boosts up energy and used as a natural insect repellent [26].
6.3.4 Frankincense
The earliest known and the most useful essential oil is Frankincense and it
is obtained from the resin of the four species of the generous Bowwellia and the
most known from this genus is the Bowsellia carterii hard tree which grow in the
arid land of Arabian Peninsula and north eastern. The old African people used
the essential oil of Frankincense in the religious and spiritual ceremonies. The
Frankincense essential oil is unique from all other obtained essential oils because of
the perfect combination of wood, balsam, earth, and citrus. It is used as the mood
enhancer, antimicrobial, stress reducer, for faster wound healing, aid in digestion,
anti-inflammatory, fades scars, reduces swelling of insect bites, for the treatment of
skin diseases, and eases itching [26].
6.3.5 Lavender
The most effective essential oil obtained from the Lavandula angustifolia is the most
popular garden herb English lavender. Its odor is same as the flowers from which they are
obtained having the sweet smell, floral, and green, and the health benefits are greater
as compared to their fragrance. The best purpose of essential oil of lavender is their
sleep-inducing properties and calmness. It showed good antioxidant, anti-inflammatory,
antibacterial, and antifungal properties, and it is also used for the treatment of various
sorts of skin diseases including eczema or ringworm and acne. Lavender essential oil
is used to enhance the digestive system, to reduce the swelling of sore muscles, and to
relieve pain. Due to its attractive smell, it attracts butterflies, bees, and some pollinators,
and it also acts as a natural repellent for many flying six-legged pests [26].
6.3.6 Lemon
Essential oils obtained from the lemon are mostly used. The essential oil obtained
from the Citrus limon is used worldwide. The essential oil of lemon is used as antimicrobial agents, in household items including soaps, polishes, furniture, fresheners, and
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in most of the cleaning products. Some other uses of these essential oils are that they
are the pain relievers, show antifungal activity, help for the loss of weight, and alleviate the severe nausea; the essential oil of lemon is used in aromatherapy to reduce the
anxiety and stress and simultaneously enhances the concentration and mood. It is also
used for cleaning the hair and enhancing the natural growth of hairs [26].
6.3.7 Oregano
The essential oil of Oregano was obtained from the kitchen spice Origanum vulgare. It is the perfect combination of the earth, spice, and warmth. When the bottle
of essential oil is opened, their fragrance has an effect on the senses. The usage of
the essential oil of Oregano is increasing day by day and it is mostly used for the
skin care treatment like eczema, rosacea, and psoriasis. It is used to alleviate the
menstrual problems or painful menstrual cramp, used to cure stomach problems,
and helps to control the flu and cold infections [26].
6.3.8 Peppermint
The essential oil of peppermint is used worldwide and it is obtained from the
Mentha piperita. This mint hybrid is the most favorite between the essential oil and
gardeners. It is the most famous type of essential oil because of its unique applications, and it is mostly used in preventing flu and cold, alleviating headache, relieving pain in muscles and joints, clearing the skin conditions, relieving nausea, and
improving the digestive system processes [26].
6.3.9 Rosemary
The essential oil of rosemary is obtained from the evergreen shrub of Rosmarinus
officinalis and is famous albeit common kitchen herb has the extraordinary healing
potential in its natural oil. Just like the rosemary, the essential oil of this herb has
the crisp woody, herbal, and somewhat balsamic odor just like the camphor. Due to
its unique fragrance of rosemary oil, it is used for cleaning the inside and outside of
the body. It is further used for the treatment of various diseases, especially skin care,
dandruff treatment, to improve the scalp health, to boost up the immune system, flu
infections, and ward off cold. Although this oil is used to alleviate the pain, swelling
in joints and muscles, for treatment of the digestive tissues, soothe tension headaches, to promote the mental clarity, to enhance the memory, and improve mood, it
is also the best natural insecticide and the bug repellent [26].
6.3.10 Tea tree
The essential oil of the tea tree is obtained from the leaves and stem of Melaleuca
alternifolia and shrub of Camellia sinensis. The oil is toxic if ingested directly and it is
used mostly for the external purposes and has the herbal, fresh, and slightly camphorates aroma. Melaleuca claims that essential oil of tea tree act as an antimicrobial
agent, treating antifungal infections, and cleansing wounds. It is used in cosmetics
products including the shampoo to clear some scalp conditions and dandruff and
used for the treatment of insect bite to reduce itching and inflammation [26].
6.3.11 Some plant species essential oils and their usage
Some plant species essential oils and their usage are shown in Table 1.
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S. no.

Plant species

Essential oil

Uses

1

Pimenta racemosa

Bay oil

Aches, muscle circulation, improve dandruff [27]

2

Callitris
intratropica

Blue cypress
oil

Asthma [27]

3

Daucus carota

Carrot seed oil

Detoxification, eczema [27]

4

Apium graveolens

Celery seed oil

Treat of gout, antifungal diuretic, blood pressure,
antiseptic reduces sedative, urinary antirheumatic
[27]

5

Stellaria species

Chickweed
infusion

Wound healing, antirheumatic, astringent [27]

6

Cinnamon species

Cinnamon oil

Antifungal, uterine stimulant, antibacterial [27]

7

Artemisia pallens

Davana oil

Coughs, including menstruation, anxiety, healing of
wounds, antiseptic [27]

8

Canarium
luzonicum

Elemi oil

Coughs, healing wounds, stress [27]

9

Eucalyptus
citriodora

Eucalyptus
citriodora oil

Fever and flu, to improve blood circulation and
sinusitis, arthritis, bronchitis, catarrh, cold stores,
colds and coughs [27]

10

Eucalyptus globulus

Eucalyptus oil

Antiseptic, antispasmodic, treatment of scarlet fever,
influenza, measles and typhoid, infusion reduces
blood sugar levels [27]

11

Alpinia galanga

Galanga oil

Aphrodisiac, easing heart pain and angina, dizziness
and fatigue.
Stomach, spleen, relief of pain, treatment of flu and
colds, travel sickness [27]

12

Pelargonium
graveolens

Geranium oil

Acne, cellulites, lice treatment, menopause [27]

13

Zingiber officinalis

Ginger oil

Promotes sweating, expectorant, prevents
vomiting, antiseptic, anti-spasmodic, carminative,
antibacterial, circulatory stimulant, nausea, relaxes
peripheral blood vessels, promotes sweating [27]

14

Hyssopus officinalis

Hyssop oil

Nervous exhaustion, anxiety, used topically as an
anti-inflammatory, bruises and anti-viral, increases
alertness, uplifting and relaxing nerves [27]

15

Ammi visnaga

Khella oil

Antiasthmatic, diuretic, antispasmodic, relaxant [27]

16

Citrus Limon

Lemon oil

Blemishes, varicose veins, warts, chilibains, colds,
corns, flu, skin, athletes foot [27]

17

Backhousia
citriodora

Lemon myrtle
oil

Insect repellent, stress, athletes foot, colds, flu, skin
blemishes [27]

18

Citrus reticulata

Mandarin oil

Blemishes, stress and wrinkles, acne, insomnia, scars,
skin [27]

19

Mentha species

Mint oil

Analgesic, calming, cooling for migraines, antibacterial, clear nasal congestion, prevents vomiting,
relaxes peripheral blood vessels, promotes bile flow
[27]

20

Myrtus communis

Myrtle oil

Sore throat, asthma, coughs [27]

21

Piper nigrum and
other species

Pepper oil

Aches and pains, coughs, chills, cramps, digestion,
antiseptic, anti-bacterial, topical use increases blood
flow around area [27]

22

Zingiber
cassumunar

Plai oil

Uterine relaxant, inflammatory [27]
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Plant species

Essential oil

Uses

23

Rosa species

Rose oil

Astringent, sedative, digestive stimulant, increase
bile production, expectorant, anti-bacterial,
antiseptic, kidney tonic, blood tonic, antidepressant, anti-spasmodic, aphrodisiac [27]

24

Mentha spicata

Spearmint oil

Flu and fever, nausea, vertigo, asthma, exhaustion
[27]

25

Citrus sinensis

Sweet orange
oil

Constipation, cough relief, flu, gum treatment, calms
nerves, digestive stimulant, aids energy

26

Tagetes glandulifera
and patula

Tagetes oil

Warts and corns [27]

27

Vetiveria zizanoides

Vetivert oil

Insomnia, muscle aches, sores and stress, acne, cuts,
anti-depressant, exhaustion [27]

28

Viola odorata

Violet leaf
absolute

Poor blood circulation, sore throat, bronchitis, head
ache, insomnia, rheumatism [27]

29

Melaleuca
alternifolia

Tea tree oil

Fungal, antiseptic, anti-viral, candida, cold sores,
corns, cuts, flu, anti-bacterial [27]

30

Cananga odorata

Ylang oil

Hypertension, palpitations, stress, anxiety, antidepression, frigidity, hypertension [27]

31

Zanthoxylum
alatum

Leaf, stem,
root oil

Antioxidant, antifungal, antibacterial [28]

32

Skimmea laureola

Leaf oil

Antioxidant, antifungal, antibacterial and perfumery
[29]

33

Angelica glauca

Root oil

Antioxidant, antifungal, antibacterial, and
phytotoxicity [30]

34

Thymus serpyllum

Whole plant
oil

Antioxidant, antifungal, antibacterial, and
phytotoxicity [31]

35

Plectranthus rugosus

Leaf oil

Antifungal, antioxidant, antibacterial [32]

Table 1.
Some plant species essential oils and their uses.

7. Conclusion
Essential oils are the natural volatile compounds having loveable odor. The
essential oils are isolated mostly from the hydrodistillation method which is more
suitable for this process and easy to carry. Whole parts of the plants are used for the
extraction of plants. Steam distillation method is expensive than the hydrodistillation, so it is less preferred. Essential oils have good medicinal applications and used
in the treatment of different diseases including the infectious diseases, depression,
anxiety, act as the antifungal, antimicrobial, anticancer, and wound healing; they
are also used in cosmetics and perfume industries. In the field of heath, essential
oils are used more frequently and are mostly applied to the external body parts
to relieve the pain. In the field of fragrance, essential oils are used in the perfume
industry and due to attractive odor, the essential oils are used mostly in this industry. It is used worldwide and due to their better usage, the world essential oil market
is growing rapidly and getting more importance day by day.
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Chapter 4

Essential Oils: Partnering with
Antibiotics
Mariam Aljaafari, Maryam Sultan Alhosani,
Aisha Abushelaibi, Kok-Song Lai and Swee-Hua Erin Lim

Abstract
Essential oils (EO) are volatile, non-lipid-based oils produced as a plant defense
mechanism. Studies from our group have validated the potential usefulness of EOs
to synergistically and additively work with antibiotics. In this book chapter, we aim
to outline some background on the EOs and their uses and applications, to discuss
the different mechanisms of action in partnering with antibiotics, and, finally, to
explore their potential use against multidrug-resistant bacteria. Applications of EO
in therapy will enable the revival of previously sidelined antibiotics and enhance
the development of new drug regimens to better mitigate what may be the biggest
health challenge by year 2050.
Keywords: lavender oil, cinnamon bark oil, peppermint oil, multidrug-resistant bacteria,
synergistic interaction, antimicrobial

1. Introduction
Essential oil (EO) is a concentrated mixture of organic compounds. EOs are
produced by plants as a form of defense in addition to being an attractant to insects
for dispersion of pollens and seeds [1, 2]. These oils are formed by the glandular trichomes and specialized secretory structure like secretory hairs, ducts, cavities, and
glands; they then diffuse to the surface organs of plant such as leaves and flowers
[3, 4]. The process of EOs formation involves three pathways which are the methylD-erythritol-4-phosphate (MEP), mevalonate, and malonic acid pathways [5].
The MEP and mevalonate pathways contribute in the biosynthesis of isoprenoids,
whereas the malonic acid pathway will form the phenolic compounds [6, 7].
EOs have been used for many years for different purposes, such as to preserve
raw and processed food because it can inhibit the growth of microorganisms like
bacteria, viruses, and fungi [1, 8, 9]. Besides food, EO was also utilized in the area
of perfumery for many years especially for ancient civilizations of India, Greece,
Egypt, and Rome [10, 11].
In addition, EOs also serve as an alternative medicine that is important for local
populations to treat severe burns to accelerate healing [11] and also for diseases such as
leishmaniasis, schistosomiasis, and malaria [12, 13]. To date, approximately 10% of all
EOs have been analyzed and commercially used as an insect repellent, attributed by its
low toxicity to mammalian cells and the environment [10, 14]. However, certain EOs may
cause toxicity or allergies which results in health and safety problems. Hence, national
and international organizations have set standards to control the use of EOs [15].
51

Essential Oils - Oils of Nature

Part

Name of essential oil

References

Flowers

Lavender, jasmine

[18]

Leaves

Mint, lemongrass

[19, 20]

Wood

Sandal, cedarwood

[21, 22]

Roots

Sassafras, valerian

[23, 24]

Seeds

Fennel, nutmeg

[25, 26]

Rhizomes

Ginger, orris

[27, 28]

Fruits

Orange, juniper

[18, 29]

Table 1.
EOs extracted from plant parts.

EOs can be found in various plants species, in particular those that belong
to the Coniferae, Myrtaceae, Rutaceae, Labiatae, Umbelliferae, Alliaceae, and
Zingiberaceae families [16, 17]. EOs are derived from different plant parts, such
as flowers, leaves, wood, roots, seeds, rhizomes, and fruits [18]. See Table 1 for
examples of EOs found in each of the plant parts.

2. Classification of essential oils
In general, EOs can be classified based on their chemical composition, aroma
created by the oil, evaporation speed, taxonomy or the families they belong to,
their therapeutic uses, consistency, their origin, and the alphabetical order [16, 30].
Classification based on consistency, for example, can be divided into essences, balms,
and resins [16, 31]. See Table 2 for definition and examples of each.
Furthermore, there are three classifications of EOs based on their origin which
are natural, artificial, and synthetic [16]. The natural EOs are taken from the plant
without physical or chemical modifications, while the artificial oils are obtained by
Based on
Definition
consistency

Examples

Essences

Volatile liquid at room temperature [16]

Lavender, jasmine, geranium, rose [32, 33]

Balsams

Thick very volatile natural extract from tree Copaiba balsam, Peruvian balsam, Canada balsam,
or bush [16]
Tolu balsam, Cabreuva balsam, Bangui balsam [16, 34]

Resins

Solid or semisolid products that comprise of
derivates and abietic acid [16]

Patchouli, sandalwood, frankincense [33]

Table 2.
Classification of EOs based on consistencies.

Types of
essential oil

Disadvantages

Natural

Expensive, need a lot of natural sources to create, Great smell, helpful for physical and
can cause burns if not diluted [15, 35, 36]
mental health [36]

Synthetic

No therapeutic properties, damaging the skin and Cheap, commonly used as fragrance and
respiratory system [36]
taste enhancers, long lasting [15, 36]

Table 3.
Classification of EOs based on their origin.
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enriching the essence with extra components (can be one or more). The synthetic
EOs, however, are obtained by combining many chemical substances together [16].
See Table 3 for comparison between natural and synthetic EOs.

3. Essential oil extraction
Five thousand years ago, the ancient civilizations have already incorporated the
use of machines for EO extraction [11]. However, there has been an expansion of
the different extraction methods today. One of the important methods is the hydrodistillation which is divided into water distillation, water-steam distillation, and steam
distillation [37, 38]. Hydro-distillation method involves hydro-diffusion, hydrolysis,
and decomposition by heat [18]. In addition, steam distillation is performed by using
the Clevenger system to extract oil from both fresh and dried plants, and it takes about
3 h [1, 11]. Another method is the expression method which utilizes the machines to
compress the EO out of the plant [9, 11]. Additionally, solvent extraction and ultrasonic extraction methods are also routinely used [17].
Throughout the distillation process, water is separated by gravity, and at the
end it leaves the volatile liquid behind; this liquid is the EO [16, 39]. EOs that are
extracted by the use of chemical solvents cannot be called true EOs according to the
National Cancer Institute, because they can cause changes in the clarity, scent, and
fragrance of the oil [40]. The four criteria that affect the amount of essential oils
produced are (1) time of distillation, (2) temperature, (3) pressure, and (4) plant
quality.
3.1 Hydro-distillation
Hydro-distillation is the most commonly used method of extraction of EOs in
which the plant is boiled in water [41, 42]. This method takes 1 h of distillation
for fresh samples and 1 h and 15 min for dried samples. In the hydro-distillation
method, a round-bottomed flask is used to place the plant material in with distilled
water; if the plant material is dry, 1000 ml of distilled water should be used for 75 g
of plant material, and if it is fresh material, 400 ml of distilled water should be used
with 200 g of plant material; if the sample of plant is smaller, however, they can
adjust the amount of water using this ratio: 13.3 ml of distilled water for each gram
of dry plant. For water distillation, the modified Clevenger trap should be used to
extract EO, and at the end the volume of the oil should be determined, and the EO
should be analyzed immediately [43–45]. An advanced distillation method which
is the microwave-assisted hydro-distillation can be used to shorten extraction time
[46, 47].
3.2 Steam distillation
Steam distillation is the traditional method of extraction of EOs from plants
[37]. The fundamental principle of steam distillation is that the mixture is allowed
to be distilled at a temperature that is lower than the boiling point of the component; EO substances have a high boiling point that can reach 200°C; however, these
substances will be volatile when steam or boiling water is present which is in 100°C;
then the hot gas mixture will be condensed to form oil if it passes through a cooling
system [48]. In steam distillation, the steam is first passed into a flask that contains
the plant material; after that the condensate at the bottom of the flask should be collected which will be the water and oil; then the extract is condensated three times
with ethyl ether to ensure that the essential oil is fully extracted; then the moisture
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should be removed by adding sodium sulfate to the ethyl ether, followed by rotary
evaporation to remove ethyl ether; and finally the volume of the EO is determined
[43]. The advantages of this method of extraction are that it is rapid and can be
controlled by the operator and it gives an acceptable quality than EOs extracted
with other methods [48].
3.3 Solvent extraction
Solvent extraction method or liquid-liquid method is done by separating
compounds based on their part solubility [49]. The basic principle of the solvent
extraction method is that between two immiscible solvents, the solute distributes
itself in a fixed ratio, whereby one is usually water and the other is an organic
solvent [50]. In this method, the plant material will be grinded in a mortar that contains anhydrous hexane Na2SO4, followed by four rounds of extraction with hexane
to obtain the yellow extract, then this is followed by adding a sufficient amount
of Norite A charcoal for all extracts to remove the yellow color after low-speed
centrifugation, and eventually the solution will be concentrated under air stream
at room temperature [37, 43, 49]. A newer method of solvent extraction, called the
microwave-assisted simultaneous distillation-solvent extraction (MW-SDE), is
faster and simpler and uses fewer solvents to determine volatile compounds than
conventional methods [51].

4. Composition of essential oils
4.1 Physical properties of EOs
EOs are volatile and become liquid at room temperature; they might be colorless or
slightly yellow in color when extracted. Moreover EOs are lower in density than water,
except for sassafras and clove essences [16]. EOs can be either liposoluble or soluble in
alcohol and organic solvents, but they are only slightly soluble in water [4, 16, 32].
4.2. Chemical properties of EOs
Plants metabolites are divided into primary and secondary metabolites. The
primary metabolites include proteins, DNA, and compounds that are important
for cellular function. Secondary metabolites are produced by plants as a response
of stress to deter herbivores or animals that would feed on them [52, 53]. Of the
secondary metabolites, plant terpenes are the most numerous and diverse natural
products of plant secondary metabolites which can be found in EOs [53]. They are
found in monoterpene and diterpene oils and may be aliphatic, cyclic, or aromatic
depending on the functional group [16]. According to the functional group, they
can be alcohols, esters, ethers, hydrocarbon, and aldehydes [16].
The composition varies due to the place of origin, harvesting moment, extraction method, planting time, mineral fertilization, and climate [5, 16, 54]. For
example, in warm places there will be more EOs than the cold or hot areas [16]. The
concentration of EOs is extremely high due to the extraction methods used [23]. The
simplest unit of EOs is the isoprene units that are composed of five carbons which
can be assembled to form terpenes [16, 52]. EOs are composed of hydrocarbon
molecules. Terpenes, for example, are hydrocarbon molecules that comprise of 10,
15, 20, and 30 carbon atoms and are made out of five-carbon isoprene units [55, 56].
EOs’ main components are divided into terpenoid and non-terpenoid groups
present in different concentrations [4]. The non-terpenoid group contains
54

Essential Oils: Partnering with Antibiotics
DOI: http://dx.doi.org/10.5772/intechopen.86575

short-chain aliphatic, aromatic, nitrogenated, and sulfated substances [16, 57].
The terpenoid group contains a different composition of hydrocarbon terpenes,
terpenoids, and sesquiterpenes which is responsible for the special aroma [5, 58]. In
general, the non-terpenoid group is less important than the terpenoid in terms of
applications [53].

5. Use of essential oils against multidrug-resistant bacteria
Antibiotics are effective drugs that play an important role in treating infections and decreasing morbidity and mortality rates [59, 60]. In general, antibiotics
kill multidrug-resistant (MDR) bacteria through various mechanisms. Examples
include the β-lactam antibiotics that inhibit the bacterial cell wall synthesis, fluoroquinolones that inhibit DNA synthesis, tetracycline which is an inhibitor of protein
synthesis, sulfonamides as a metabolic pathway or folic acid synthesis inhibitor,
and polymyxin B which interferes with cell membrane integrity [60–63]. Antibiotic
resistance develops naturally but is accelerated when the antibiotics are misused in
both human and animals; the bacteria will evolve and develop resistance toward
antibiotics, preventing the antibiotic from killing the bacteria [59, 64]. The bacteria
subsequently become resistant by many mechanisms depending on the selective
pressure incurred by the antibiotic used; for example, if the penicillin is used,
the bacteria will become resistant to it by producing enzymes that will act against
the antibiotic which is in this situation penicillinase enzyme [39]. For instance, a
study conducted in 173 hospitals in Europe showed that high antibiotic consumption hospitals have a higher number of methicillin-resistant Staphylococcus aureus
(MRSA) [65].
Antibiotic resistance in microorganisms is increasing at a worrisome rate [66].
Hence, over the years, researchers are exploring possible alternative sources that
will be helpful to mitigate MDR bacteria. Of all the potential sources, EO was
identified as one of the good alternative sources, because of their effectiveness in
folk medicine [67]. Bacteria can be divided into two main types: the gram-positive
and the gram-negative. The gram-positive have a thicker peptidoglycan layer than
the gram-negative bacteria [68]. Besides that, the gram-negative bacteria also have
an outer membrane that is absent in the gram-positive bacteria (Figure 1).
Generally, the gram-positive bacteria are less resistant to EOs than gram-negative
bacteria [69, 70]. In gram-positive bacteria, hydrophobic molecules are able to
penetrate the cell and act on the cell wall and cytoplasm. This is exemplified by the
phenolic compounds in EOs against gram-positive bacteria [66]. In the gram-negative
bacteria, a thin layer of peptidoglycans is present with an outer membrane that contains LPS. LPS consists of lipid A, core LPS, and O-side chain, which makes the gramnegative bacteria more resistant to EOs than gram-positive bacteria [66, 71]. Small
hydrophilic solutes will make use of the porin proteins in the gram-negative bacteria
to pass through the outer membrane; it is this porin selectivity that also makes the
gram-negative bacteria less susceptible to hydrophobic antibiotics [66, 72, 73].
EOs via their different components have different targets against microorganisms such as the membrane and the cytoplasm [8]. Scientists have also found
that the solubility of EO in water allowed them to decipher how EOs penetrated
the cell wall of microbes; in other words EOs, being soluble in the cell membrane
phospholipid bilayer, diffuse through the membrane [74]. A study done using
the EO of Melaleuca alternifolia (tea tree) against MDR gram-negative bacteria
(e.g., Escherichia coli and carbapenem-resistant K. pneumoniae) and methicillinresistant S. aureus (MRSA) showed that there is a bactericidal effect of tea tree
EO on these microorganisms [75]. This indicated that the EO can be used to kill
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Figure 1.
Schematic of different gram-positive (at the top) and gram-negative (at the bottom) cell walls.

resistant bacteria [74]. Moreover, EO phenolic compounds’ effect is concentrationdependent, whereby at low concentrations the phenolic compound will work with
enzymes to produce energy, while at high concentration it will denature proteins
[66, 76].
5.1 Determination of MIC of EOs for bacteria
Minimal inhibitory concentration (MIC) is the lowest concentration of a
specific drug to inhibit the growth of microorganisms such as bacteria [1, 77]. After
knowing that a particular EO has bactericidal, viricidal, and antiparasitic effects,
the lowest concentration of EO to inhibit microbial growth should be measured
[57, 78]. There are many assays to evaluate and screen for antimicrobial activity
such as the disk diffusion test, microdilution (resazurin) or broth method, and agar
dilution method [79, 80]. The agar disk diffusion test is commonly used to determine the antibacterial activity of the EO, but this method works only for EO with
known components. This is because, for the EOs with unknown components, the
antimicrobial effect may give rise to false or negative result caused by the unknown
components [81]. Previously, in a study performed using the disk diffusion test to
examine the antimicrobial activity of Eucalyptus globulus leaves, EO showed that
there was a bacterial inhibitory effect on E. coli and S. aureus [82].
The commonly used alternative method to determine antimicrobial activity is
the dilution method through a serial dilution of the EO in several tubes, and then
determining the MIC after adding the test microorganism, turbidity is measured as
a signal for growth [81]. In this method, the EO is first diluted; then it will be added
to the medium that contains the broth culture, followed by incubation for 18 h in
37°C [69]. After the incubation period, the tube with the lowest concentration that
showed no sign of growth is the MIC of the EO [69, 83]. However, this method
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requires a large quantity of the plant extract [81]. A study using the redox dye
resazurin for the new modified microdilution method has been carried out to determine the MIC for tea tree EO (Melaleuca alternifolia) against the gram-positive and
gram-negative bacteria. The results showed that the resazurin method is accurate
to determine the MIC and is higher in sensitivity than the results obtained from the
agar dilution assay [80].

6. Mechanisms of actions with antibiotic
EOs’ mechanism of action is poorly understood, but in general it depends on
their chemical composition [8, 66, 84]. As antimicrobial resistance to antibiotics
is increasing, scientists are currently exploring the ability of the plant extract to
modify bacterial resistance against drugs [39]. The three main types of interactions
that occur between the combination of antibiotic and EO are synergism, additivity,
and antagonism [85]. Synergistic interaction is when the effect of the combined
chemicals is greater than the effect of a chemical alone; additive interaction is when
the sum of two chemicals is equal to the sum of chemical effect alone, while antagonism is when the whole effect of the two chemicals is less than the sum of effect of
a single chemical alone [86]. In a study performed using the tea tree EO against the
MDR bacteria, when a combination of tea tree EO with antibiotic (e.g., oxacillin)
was tested on the bacteria, in particular the MRSA, a high synergistic index in the
sub-inhibitory concentration was recorded [75]. This indicates that the EO can be
used to overcome bacterial resistance to antibiotic. The synergism level increases
when the combined effect is higher than the individual effect in the combination
therapy [39].
Combination therapy is a new method that combines antibiotics and EO to kill
resistant bacteria, via enhancement of the antimicrobial activity [39, 87]. Moreover,
EOs have more components possessing different mechanisms of actions for many
targets than antibiotics that have only one target. Combination therapy would be
useful and able to provide a new treatment option for resistance bacteria [39].

7. Application of essential oils in therapy
Daily, the human body comes into contact with EOs through various sources
such as herbs, spices, orange, spearmint, lemongrass, etc., but only limited information about the amount of EO uptake is known [4, 88]. Effects of EO begin to
appear after it penetrates the human body in several ways such as by ingestion,
by absorbing the EO or diffusion, and by inhalation [4, 89]. EOs can be taken by
inhalation through the lungs and distributed into the blood because of their volatility [90–92]. Moreover, consumption of EO by ingestion should be taken with care
because EOs may cause probable toxicity [4]. EOs are used in folk medicine to treat
many health problems and can also be used as food preservatives by giving antimicrobial, antioxidant, and anti-inflammation properties [93, 94].
Many studies investigated the efficiency of EOs in combination with antibiotics to combat bacterial resistance; EOs with its compounds and secondary metabolites have shown promising synergistic interaction as an indication that they
would be helpful to treat and decrease bacterial resistance to antibiotics [39, 95].
The advantages that make the EOs preferable are that they will decrease adverse
reactions, besides being comparatively more cost-effective, with more public
acceptance due to traditional usage, and being renewable with better biodegradability properties [39, 96].
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8. Synergistic activity of essential oil
The synergistic effects between the EOs and antibiotics against the MDR bacteria
have been investigated [97]. The synergistic effect can be defined as the ability of EO
components to act together with the antibiotic component to increase the activity of
the EO against MDR bacteria [98]. This is important because it will help to reduce the
use of antibiotics and decrease the rates of antibiotic resistance [97]. Some studies
have been done to assess the combinatory activities of lavender, cinnamon bark, peppermint, and other EOs against bacteria, and the results show there is a synergistic
effect [97]. Some of these EOs will be discussed in the following sections.
8.1 Lavender essential oil
The lavender EO is used in traditional medicine as well as in cosmetic products;
this oil is believed to have sedative, anti-inflammatory, and antimicrobial effects
[99]. Lavender EO shows a synergistic effect when combined with piperacillin antibiotic against beta-lactamase-producing Escherichia coli under study with fractional
inhibitory concentration (FIC) index between 0.26 and 0.5 [97]. This finding shows
that it’s possible to use the lavender EO as an agent in modifying the antibiotic resistance [97]. Another study which aimed to compare the antimicrobial efficacy of
four types of lavender oil on MSSA and MSRA shows that by direct contact the oil
inhibits the growth of these microbes [100]. Fusidic acid is one of the compounds
within this oil which gives it the antimicrobial activity, the mechanism of which is
to cause bacterial cell damage by reducing synthesis of proteins [101].
8.2 Cinnamon bark essential oil
The cinnamon bark EO can be obtained from different parts of the tropical
evergreen tree, which is important for human health and agriculture uses [102].
Previously, a study reported that a combination of cinnamon bark EO with piperacillin resulted in a synergistic relationship with FIC ≤ 0.5, and this result indicates
the possibility of using cinnamon bark EO as a resistance-modifying agent against
MDR bacteria [97, 103]. Cinnamon bark oil contains cinnamaldehyde which is one
of the compounds that inhibit the activity of amino acid decarboxylase; this compound with others within the oil gives this oil the ability to inhibit some pathogenic
bacteria [104].
8.3 Peppermint essential oil
Peppermint EO is significant in inhibiting the microbial growth and increasing
the shelf-life of food by preventing food spoilage [105]. Combination of piperacillin
and peppermint EOs with FIC in the range 0.26–0.5 was found showing a synergistic effect that is absent in 31 other combination pairs that were studied, indicating a
promising alternative to reduce the use of antibiotic and achieve the reverse betalactam antibiotic resistance [91]. The antibacterial activity for this oil is associated
with menthol and ethyl acetate in high concentrations [106].

9. Future perspectives
Research about the reversal antibiotic resistance is important to preserve the
healthy microbial ecosystem in the human host. It is imperative to understand
the cause of antimicrobial resistance and to find solutions to alleviate the present
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situation. As discussed above, combination therapy between EOs and antibiotic
provides a promising alternative to mitigate MDR bacteria, possibly by disrupting
the bacterial cell wall. Although EOs have been proven to be useful for mitigating
MDR bacteria spread, there is still much to be done in terms of the combination
stability, selectivity, definite mechanism of action, chemical nature, availability of
these products in human body, optimal dose, and adverse reactions as a treatment.
These gaps need to be taken into consideration before applying EOs for clinical
usage. In addition, there is also a need for animal study and human trials in the
future, if one intends to employ EOs as a therapeutic option in medical settings.
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Chapter 5

Essential Oils in the Development
of New Medicinal Products
Jason Jerry Atoche Medrano

Abstract
The essential oils present a complex composition of different chemical compounds, where they present synergic or complementary action among each other,
modifying their activity. Among its main components we can find the terpenoids
and phenylpropanoids, which are responsible for giving the medicinal properties.
Essential oils generally have a pleasant and intense odor, mostly in liquid form,
found in different plant organs and are soluble in polar solvents. Essential oils are
volatile, and are widely used in the perfume industry, cosmetics, food and beverage
aroma, as well as use in aromatherapy to treat some diseases. The traditional knowledge of some plant species with phytotherapeutic properties is currently a source
for research in the search for new biologically active compounds and as effective
therapeutics that contemplate current health care.
Keywords: kinds, chemical compounds, productions, medicinal properties,
health care

1. Introduction
The essential oils (EOs) have a wide variety in nature with which they turn out
to be an important base in the agricultural activity. They can be used as alternative
medicine [1], in food products [2], perfume fixatives [3], pharmaceuticals and
cosmetics [4], among others. Many types of essential oil oils are obtained from
different plant species which means an important production from a commercial
point of view, in this way we can conclude that the production and consumption of
essential oils are increasing all over the world [5].
The EOs are susceptible to a series of factors that determine the quantity and
quality of the same, as well as: the genetic variation, the type or the variety of
plants, the geographic location of the plants, the surroundings, the weather, the
seasonal variations, stress during growth, the process of obtaining used; affecting
its chemical properties, such as composition and phytotherapeutic properties [6, 7].
Essential oils are mixtures of several compounds with low molecular weight;
the obtaining can be done through different techniques: steam distillation, hydro
distillation or extraction with solvents [8]. Considering the performance for each
species should be considered the most convenient technique to be used. Considering
commercial scale production, steam distillation is a technique widely used to obtain
essential oils [9]. The main components found in the EOs are: monoterpenes,
sesquiterpenes and oxygenated derivatives of these. In this way the terpenoids and
phenylpropanoids are the components that make up the EOs [10]. Generally, the
particular bioactivities of the OEs are due to one or two of the main components, in
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this way the characteristics of the EOs is the result of a synergic effect between the
main components [11].
We can find from natural products, as well as from their derivatives, new
therapeutic sources for various treatments of diseases [12, 13]. Humanity has used
natural products since antiquity for the treatment of various diseases, so it is not
surprising that this knowledge is sought from a new scientific perspective. Within
the natural products we can find the EOs, which have diverse applications mainly in
health, agriculture, cosmetics and food.
Currently there is a worldwide effort to study and understand the phytotherapeutic, antimicrobial, antimutagenic, anticancer, antioxidant properties, among
others, of the EOs [14].

2. Properties and characterization
The characterization of an essential oil starts with the designation of the vegetable source, i.e., plant, from which it was isolated and the part of the used plant
(flowers, leaves, fruits, rhizomes, roots, etc.). It is important to supply, together
with the vulgar (vernacular) name of the plant, for example, rosemary, its botanical
name (taxonomic identification), which consists of the names of the genus and the
species, in this case, Rosmarinus (genus) officinalis (species) of the Labiatae family
and, if the subspecies exists or the variety of the plant, it is important to add it.
It is also necessary to specify, if there is, the chemist of the plant, which receives
often its name for the compound majority or distinctive, present in the essential oil.
Botanical identification, through the scientific name of the plant, it allows to avoid
confusion.
For example, under the vulgar name of “chamomile” they can figure different species, with oils essential composition and properties well different, i.e.,
German chamomile is Matricaria recutita (Matricaria chamomilla) and the Roman
chamomile is Anthemis nobilis; both belong to the family Asteraceae (Compositae)
and both are commonly called “chamomile.” Along with identification botany, the
provenance of the plant, that is, where it was cultivated (country, region) and what
was the extraction method of its essential oil (steam drag or hydrodilatation).
Many factors affect the composition and yield of essential oil in the plant.
Among the main ones are: geoclimatic localization, type of soil, stage of development of the plant (e.g., before, during or after flowering) and even the time of
day when it is harvested, among others. Geoclimatic factors and soil type can give
rise to different chemotypes of the plant, from which essential oils with chemical
composition, sensory properties and different biological activity are distilled. For
example, in thyme, Thymus vulgaris (Fam. Labiatae), at least four chemists are
distinguished, according to their major compounds in the essential oil: (I) thymol
and p-cymene; (II) carvacrol, timol and borneol; (III) linalool, terpinen-4-ol and
linalyl acetate and (IV) geraniol and geranyl acetate. Each oil isolated from these
chemotypes, smells different and has different biological properties.
While thymus chemotypes I and II have a strong antibacterial activity, they are
irritant, chemotypes III and IV are not and have a moderate antibacterial activity. Thyme chemotype III oil has a sedative effect due to the presence of linalool,
monoterpene alcohol, and its acetate [15].
Another example, is the essential oils of geranium plants (Pelargonium graveolens), cultivated in the Reunion Islands (Indian Ocean, northern Madagascar) and
in China. In the international market the first essential oil is known as “Bourbon”
and the second is called “Chinese geranium oil”; its chemical compositions vary
widely [15], which can be seen in Table 1.
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Compounds

Geranium (China), %

Geranium (reunion), %

Citronellol

40

22

Citronellyl formate

11

8

Geraniol

6

17

Geranyl formate

2

7.5

Linalool

4

13

Table 1.
Comparison of essential oils, according to their major compounds isolated from geraniums cultivated in China
and Reunion Islands.

Another important parameter is the time of harvest of the plant; from this
depend both the yield and the composition of the extracted oil [16]. For example,
sage essential oil (Salvia officinalis, Fam. Labiatae) contains a neurotoxic monoterpene ketone, α-thujone [15], in different amounts, depending on the time when the
plant is harvested. The content of the ketone varies as follows: it is high, when the
plant is harvested after flowering, and it is low before its flowering. This is precisely
the time when the collection of Salvia officinalis is done.
The jasmine flowers collected in the morning hours contain in their oil a preferred combination of linalool, benzyl alcohol, cis-jasmone and indole, but when
the flowers are collected in the afternoon hours, their oils have high levels of benzyl
benzoate, eugenol and methyl salicylate; the last two introduce some unpleasant
and undesirable scent notes, which can generate a rejection in the perfume industry
or in aromatherapy. For ylang-ylang (Cananga odorata, Fam. Anonácea), the state
of its flowers, i.e., fresh vs. wilted, or ripe, yellow vs. green and underdeveloped,
notably affects the composition of the oil obtained: the Extra quality of the oil is
reached, among other factors, when the yellow flowers are exclusively distilled,
completely developed, freshly collected during the first hours of the morning [17].

3. Essential oils used against bacteria and microbes
It is a fact that many of the bacterial infections have increased even after the
discovery of many antibiotics, among other factors due to the appearance of strains
resistant to antibiotics and the increase of the population with less immunity. This
being one of the main causes of deaths due to infectious diseases caused by bacteria
[18]. Additionally, the effects of toxicity due to side effects restrict the prolonged
use of high concentrations of available antibacterial drugs. In this way it is evident
the need to explore new molecules and alternative treatments against pathogenic
bacteria, obtained from these natural products [19].
Many plant species contain molecules with antimicrobial properties. It has been
shown that especially plant OEs exhibit broad-spectrum inhibitory activities against
various bacterial pathogens [20]. In the case of the family of grasses, Poaceae,
which includes the producer of lemongrass oil (of Cymbopogon citratus), citronella
oil (of C. nardus) and palmarosa oils (C. martinii). The medicinally active components of these EOs are citral, geraniol and geranyl acetate. They have demonstrated
antimicrobial and anticancer properties.
In the case of citrus oils that constitute limonene and linalool are derived
from the fruit peel of the plants belonging to the Rutaceae family, it has been
shown that these components exhibit antimicrobial potential. In the case of the
plants Pelargonium graveolens and Santalum spp. of the family Geraniaceae and
Santalaceae, respectively, it has been determined that they possess two important
oils, namely, geranium oil and sandalwood, with similar properties [21].
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4. Antifungal activities of essential oils
Considering the case of fungi (eukaryotes), they have similarities with their
guests both at a cellular and molecular level. Therefore, fungi are a difficult target to
attack [22]. Currently there is evidence of the emergence of drug-resistant strains,
infections associated with biofilms and the side effects of prescription drugs present
difficulties for the prevention and treatment of fungal infections.
Therefore, invasive fungal infections are associated with very high morbidity
and mortality rates [23]. Studies have been reported where various fungal pathogens of plants and humans, including yeasts, have been found to be susceptible
to EOs [24]. There is evidence that pathogenic yeasts sensitive to drugs, as well as
resistant ones, including the main pathogen of humans, C. albicans, were inhibited
using terpenoid-rich EOs [25].
The efficiency using EOs and their components against the biofilms of
C. albicans resistant to drugs is important. These activities can be mediated through
the inhibition of the ergosterol membrane and the signaling pathways involved in
the morphogenesis of the hyphae [26].

5. Cancer preventive properties using essential oils
The treatment in malignant cells represents a challenge for current medicine;
In this sense, many plants with phytotherapeutic properties (such as taxol) have
shown their efficiency as an alternative method in combating and proliferating
malignant cells that can lead to cancer such as: colon cancer, gastric cancer, human
liver tumor, lung tumors, breast cancer and leukemia, which have reported a
decrease after treatment with OEs [27].
For example, there is evidence that Cymbopogon martini geraniol (i.e., palmarosa
oil) manages to interfere with membrane functions, ionic homeostasis, and cell signaling events in cancer cell lines, which inhibits synthesis of DNA and a subsequent
reduction in the size of the colon tumor [28].
In the case of terpenoids and constituent polyphenols, obtained from plant
EOs, they can prevent the proliferation of tumor cells by necrosis or induction of
apoptosis [29].
Citral present in lemongrass oil is found useful against the early phase hepatocarcinogenesis [30]. Another example, well known for its anticancer properties
is the use of EO from Allium sativum (garlic). The preventive activity of chemotherapy is limited to the ability of garlic to suppress detoxifying enzymes of drugs
[31]. Additionally the use of EO of lemon balm (M. officinalis) inhibits the growth
of a series of human cancer cell lines [32].
In this way, it is well established that OEs exhibit a capacity to act as antioxidants and interfere with the mitochondrial functions of cells, decreasing metabolic
events (for example, increased cellular metabolism, mitochondrial overproduction
and permanent oxidative stress) characteristic of the development of malignant
tumors [33].

6. Antiviral efficacy of essential oils
In addition to the aforementioned antimicrobial activities, there are plants
that have significant antiviral properties, for example: Origanum vulgare anti-viral
inactivation of enteric virus [34]; Eucalyptus globulus (Eucalyptus oil) activity
against respiratory viruses [35]; Salvia fruticosa, antiviral activities [36], among
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other. It is believed that the inhibition of viral replication is attributed to the
presence of the monoterpene, sesquiterpene and phenylpropanoid components of
the EOs [37].
EOs of eucalyptus and thyme possess inhibitory activity against the herpes virus
[38]. Evidence has been found that OEs of Melaleuca alternifolia showed significant
efficacy in the treatment of herpes virus [39]. The way in which the adsorption or
entry of virus into host cells is prevented is associated with the ability to interfere
with the viral envelope structures. For example, oregano oil causes dissolution of
the HSV envelope to attenuate its infectious capacity [40]. There is evidence that
the components of EOs specifically inhibit the early expression of the gene in CMV
(cytomegalovirus) and thus prevent viral activation [41].

7. Essential oils as antioxidants
A cause of damage suffered by macromolecules is due to the oxidative stress
that is associated with the generation of free radicals and reactive oxygen species
(ROS) [42]. Published works show that oxidative damage is related to several health
problems such as aging, arteriosclerosis, cancer, Alzheimer’s disease, Parkinson’s
disease, diabetes and asthma [43].
Cellular balance of free radicals is maintained by different antioxidants.
Flavonoids, terpenoids and phenolic constituents of EOs exhibit significant antioxidant effects [44]. There is evidence that species, such as: Origanum majorana,
Tagetes filifolia, Bacopa monnieri and C. longa oils have pronounced antioxidant
capacities [45]. In general, efficiency among the essential oils with good radical and
antioxidant removal properties are made to order. We can mention species such as:
cloves > cinnamon > nutmeg > basil > oregano > thyme [46].

8. Obtaining essential oils
Essential oils can be obtained from plant material by three main methods [47]
view Figure 1.

Figure 1.
Obtaining essential oils by entrainment with steam (external source of steam, e.g., boiler); distillation with
water vapor (wet steam obtained by heating the water to its vigorous boiling); and hydrodistillation (heating of
the water with the submerged plant material, generally very delicate, for example, flowers).
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8.1 Drag with steam
This process is carried out with an overheated dry steam, usually generated by
a boiler or boiler, which penetrates the plant material under pressure higher than
atmospheric, the vapor stream breaks the oil cells or channels in the plant and
entrains the volatile mixture, which condenses after passing through a refrigerant.
Generally the oils are lighter than the water and very little soluble in it; therefore,
can be separated by decantation. The exception is nail oil, which is heavier than
water and is collected underneath it. The steam entrainment method is used to
extract rhizome oils, roots, seeds (vetiver, valerian, ginger, anise, cardamom, etc.)
and dried or fermented leaves of some plants (e.g., patchouli).
8.2 Distillation with water vapor
In this system of extraction uses a humid steam, coming from the water in
boiling, that transpasses the vegetal material suspended above and supported on a
mesh. Most herbaceous plants are distilled by this method.
8.3 Hydrodistillation
Hydrodistillation is a process when the plant material is submerged directly into
the water, which is heated to boil. This method is used for the distillation of the
plant material delicate, for example, flowers (e.g., ylang-ylang, roses).

9. Classification of essential oils
We can classify essential oils based on the following criteria: consistency, origin,
and chemical nature of the major components.
9.1 Consistency
For its consistency the essences are divided into: fluid essences, balms and
oleoresins.
a. The fluid essences, they are very volatile liquids at room temperature (essences
of rosemary, mint, sage, lemon, basil).
b. The balms, they are thicker, less volatile, contain mainly sesquiterpenoids and
are prone to polymerize (balms of Copaiba, balsam of Peru, balsam of Tolu,
storax, etc.).
c. The oleoresins, they have the aroma of the plants in a concentrated form, they
are typically very viscous liquids or semi-solid substances (rubber, guttapercha, chewing gum, oleoresins) of paprica, of black pepper, of clavero, etc.)
9.2 Origin
Regarding the origin, essential oils are classified as: natural, artificial and
synthetic.
The natural EOs are obtained directly from the plant and are not subsequently
subjected to any physicochemical or chemical modification, they are expensive and
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varied in composition. The artificial essences are obtained by enrichment of natural
essences with one of its components; they are also prepared by mixtures of several
natural essences extracted from different plants as a mixture of essences of rose,
geranium and jasmine.
The essence of anise enriched with anethole is an artificial essence. The synthetic essences are mixtures of various products obtained by chemical processes.
They are more economical and therefore are widely used in the preparation of substances flavors and flavorings, such as essences of vanilla, lemon, and strawberry.
9.3 Chemical composition
Essential oils differ in composition and properties of fatty acids or fixed oils,
which are composed of glycerides; and of mineral oils that are composed of
hydrocarbons.
Because essential oils are a part of the metabolism of plants, their chemical
composition varies permanently, modifying the proportions of their constituents
or transforming one another, according to the part of the plant the moment of its
development or the time of day when collect the plant.
The proportion of the components of the mixture varies from one oil to another,
that is, each essential oil has its own characteristic mixture of compounds with
defined qualitative and quantitative variations. Some may be so simple as cinnamon
oil formed in 85% of cinnamaldehyde only, or as complex as jasmine, or chamomile
oil with about 130 compounds. A discrimination is made between the compounds
contained in an essence, and then we speak of major compounds when the compounds are present in the essence in a proportion >1 or 0.5%.
An essence is in permanent change, not only while it is part of the metabolism
of the plant, also after it is extracted; this speaks of a reduced stability and a process
of continuous transformation, which generates three stages in the life of an essence:
that of maturation or aging, that of stability or useful life and that of decomposition or rancidity, each essence has different times for each stage, including depending on the case, the intermediate stage, where it is considered that the changes do
not significantly change the quality of the same, may have a positive or negative
trend.
It must be taken into account that given its complex composition, essences
have a high probability of undergoing physicochemical modifications by reactions
between its own constituents or between these and the medium that includes factors such as: light, temperature, presence of enzymes, the components of the part of
the plant where the essence is stored, etc.

10. Conclusions
At present, there is a growing demand to explore the vast variety of plant species
with biological activities, and their EOs with therapeutic potentials that can help in
the alternative treatment of different diseases. But there is also a need to increase
awareness of the risks and benefits associated with the medicinal uses of EOs,
which is still a matter of research.
Use of plant molecules to treat, for example, infectious diseases is a complementary alternative. The use of EOs in the treatment of malignancy, artemisinin
(isolated from Artemisia annua) and the anticancer drug, taxol (from Taxus brevifolia) are successful examples of the use of these popular medicines, obtained from
these plant species at a cost much smaller than conventional medications.
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Essential Oil and Glandular Hairs:
Diversity and Roles
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Abstract
The accumulation of essential oils in plants is generally limited to specialized secretory structures, namely, glandular trichomes (hairs) which are multicellular epidermal
glands, found in some families such as Lamiaceae, Asteraceae, and Solanaceae, and
which secrete terpenes in an extracellular cavity at the apex of the trichome. Storage of
terpenoids in these structures can also be used to limit the risk of toxicity to the plant
itself. The morphology of these structures varies according to the conditions of irrigation and also according to the toxicity of intracuticular contents and can be changed
with the phenology of the plant. The secretory glands of aromatic plants come in
different shapes and sizes, in order to ensure a specific function. This function consists
mainly in the protection of different plant organs and the attraction of pollinators.
Some scientist classified these glands into peltate hairs and capitate hairs, based on
morphological criteria; however, others classified them into short-term glands and
long-term glands, based on the mode of secretion. Short-term glands are glands that
secrete rapidly to protect young organs. The long-term glands are glands in which the
secretory substance accumulates gradually in the subcuticular space and play a role in
the protection of mature organs such as the flower, as well as in pollination. According
to this definition, he inferred that the capitate hairs are the short-term glands, while
the peltate hairs are long-term glands. The difference between these two types of
glands consists several aspects like structure, mode of secretion, and timing of secretion. In this object, this chapter includes some microscopic observation to glandular
hairs and their combination with mode of secretion, nature of contents, and phenology of plant to give a good comprehension and classification.
Keywords: capitate, peltate, essential oils, glandular hairs, long term, short term

1. Introduction
Essential oil presents a complicated and heterogenic composition, with some
molecules which can cause an injury to the plant itself, as there is evidence that
many terpenoids are potentially toxic to plant tissues, when monoterpenes are
released to proximate cells [1]. Injury has also been found when some sesquiterpenes are artificially deposited on leaves during tests of their ability to deter
herbivores [2]. Therefore, the sequestration of terpenoid in specific compartments
by sensitive metabolic processes may be essential to avoid adverse effects. The
morphology of these structures varies according to the conditions of irrigation and
also according to the toxicity of intracuticular contents [3].
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Figure 1.
Glandular hairs structure (Iriti et al. [12]).

These risks implicate the presence of specialized structures for the storage and
the secretion of these compounds, those structures changed with the content and
function. Largely named glandular trichomes which are multicellular epidermal
hairs, found in some families such as Lamiaceae, Asteraceae, and Solanaceae, which
secrete terpenes in an extracellular cavity located at the apex of the trichome [4, 5].
Previous studies have been able to observe these structures as well as its different constituents (Figure 1). The glandular trichome is composed of several cells
performing different functions: the terpenes synthesized by the secretory cells pass
into a subcuticular space located at the apex of the trichome for accumulation, and
the basal cells ensure the attachment of the structure to the epidermis. These glands
vary morphologically, biochemically, and secretionally.
The secretory glands of aromatic plants come in different shapes and sizes, in
order to ensure a specific function. This function consists mainly in the protection
of the different organs of the plant and the attraction of pollinators. These glands
are subdivided into peltate and capitate hairs. Werker et al. [4] classified glands into
short-term glands and long-term glands; short-term glands are glands that secrete
rapidly to protect young organs. The long-term glands are glands in which the secretory substance accumulates gradually in the subcuticular space and play a role in the
protection of mature organs such as the flower, as well as in pollination. According
to this definition, he inferred that the capitate hairs are short-term glands, while the
peltate hairs are long-term glands. The difference between these two types of glands
consists of several aspects like structure, mode of secretion, and timing of secretion.
Capitate usually consists of a single or bicellular head and rarely more than two
cells in some species with lipophilic content. This content is ready to be released just
after its production via a porous cuticle [3].

2. The glands’ location depends on the function
The glands of secretions are localized in all the plant organs, leaves, and stems and
even at the root. The location of these structures depends on the organ in which they are
located and the function and nature of the substances stored and secreted by these glands.
Due to the enormous diversity of these structures, morphology, origin, size,
location, microstructure of the head, secretory capacity, secretion mode, function,
etc., their classification is made difficult. The use of one of these criteria renders
the classification incomplete which requires a method based on different types of
criteria to classify these glands.
The major classification divides the glands into two groups: glandular hair and
nonglandular hair. The main characteristic of distinction between these two types is
the morphology as well as the nature of the substances to be secreted.
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3. Non-glandular trichome
Nonglandular trichomes differ in morphology, anatomy, and microstructure.
Essentially, they are classified according to their morphology. They can be unicellular or multicellular and branched or unbranched. The unbranched multicellular
trichomes can be uniseriate, biseriate, or multiseriate. They can be distinctly
articulated between cells or transverse walls which make the distinction of these
structures impossible on the surface. They may differ in length, size, and shape
of cells and may be symmetrical or asymmetrical. This type of gland provides a
protective function as a mechanical barrier and does not ensure secretion of any
substance.

4. Glandular trichome
The term “glandular hair” refers to a wide variety of glands. They differ according to the chemical composition of the substances they secrete, accumulate, or
absorb; according to their mode of production, structure, and location; and according to their functions. All of these differences serve a certain level, which overlaps
the classification.
In many of the Lamiaceae, two main types of glandular trichomes are encountered, the capitate and the peltate. They differ according to the shape of their
secretory head and according to the morphology as well as the nature of the
substances to be secreted. The head of the capitate glands consists of 1–4 more
or less rounded secretory cells, generally oriented horizontally; a stem, one to
several long cells; and a basal cell. The head cell can sometimes be very large, as in
some species of Salvia [5]. The peltate hairs’ head consists of 4–18 more flattened
cells on a horizontal plane, a stem cell, and a basal cell. Thus, intermediate shapes
can be encountered.

5. Variability and classification
There is great variability in the secreted materials of glandular trichomes:
polysaccharides, sugars, salts, lipids, essential oils, resins, proteins, etc. Uphof [6]
proposed to classify glandular trichomes according to the nature of their secretory
products. Fahn [7] classified secretory substances in plants in general into two
groups:
1. Unmodified or slightly modified substances, such as salts secreted by certain
glands, as well as nectar.
2. Substances synthesized by secretory cells. This can be hydrophilic (as in
trichomes which secrete mucilage and glandular trichomes of digestive carnivorous plants) or lipophilic (such as in the glandular trichomes of Lamiaceae,
Asteraceae, Geraniaceae, Solanaceae, and Cannabaceae).
The difficulty with this type of classification is that some glands secrete more
than one type of substance. For example, the glands of Inula viscosa secrete lipophilic substances, polysaccharides, and proteins at different stages of life and by different organelles [8]. In some carnivorous plants, the same glandular hairs produce
both seductive (nectar) and digestive substances (enzymes).
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In Lamiaceae, in addition to lipophilic substances, relatively large amounts of
polysaccharides, which vary in amount between species, are secreted by certain
capitate glands [8]. Many of these secreted materials are phytotoxic.

6. Glandular hair functions
The function of glandular trichomes varies according to their location, the
substances it secretes, and the moment of secretion. Structurally, similar trichomes
can produce different materials, but even when similar materials are produced,
when the trichomes are located differently, they may have different functions. For
example, the functions of seed mucilage trichomes differ considerably from those
of leaves.
Different types of glandular trichomes may differ according to the stage of
development of the organ. In Lamiaceae, from a functional viewpoint and according to their mode of secretion, the secretion materials of certain types of capitate
glands are released outside just after production, when the leaves are still young
and developing, often with a porous cuticle or mechanical breakage. The lipophilic
fraction acts as a repellent on young leaves even before being touched. In the peltate
glands, the secretory material is gradually secreted from the glandular cells in a
space formed by elevation of the cuticle. The cuticle can break through a predator,
releasing secreted material, which can then act as repellents. The glandular hairs
can also be classified in “short term” corresponding with the first group of capitate
glands and “long term” corresponding with the peltate glands [3].
a. Protection: the plant needs protection against various external factors such
as herbivores and pathogens, extreme temperatures, excessive loss of water,
allelopathy against competing plants, etc. When nonglandular hairs are densely
distributed (sometimes forming a carpet thicker than the leaf itself, found
in many plants growing in arid conditions), they can serve as a mechanical
barrier against most of the factors externally. A correlation between trichome
density and pest resistance has been demonstrated by Levin [9]. The glands,
which secrete lipophilic substances, can be used in chemical protection against
various types of herbivores and pathogens by repulsing or poisoning them.
Secreted mucilage can trap insects by sticking.
b. Absorption of water: ensure a permanent function of water absorption and
soil minerals. They are usually short-lived, unicellular, unbranched, and well
elongated or with one or more swellings.
The epiphytic plants, which have no contact with the soil, as well as the plants
that grow in xeric conditions, sometimes have other types of glands for the
collection of fog water such as pineapple (Ananas comosus) [10].
c. Salt secretion: consist of cells that actively secrete a solution of different
minerals.
d.Seductive trichomes: secretory glands of certain nectars, such as the unicellular glands of Lonicera and Tropaeolum and the multicellular glands of
Abutilon. The most striking examples are carnivorous plants that have special
requirements to catch their prey; they need to seduce and trap the various preys
(sensory-triggering, digestion, and absorption devices). These functions are
mainly fulfilled by trichomes [11].
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6.1 Histological variations of the glandular hairs of three aromatic and medicinal
plants: Ocimum gratissimum, Salvia officinalis, and Pelargonium sp.
6.1.1 Histological study of glandular structures of Salvia officinalis
The microscopic observations made on the Salvia plants (Figure 2) show the
existence of two types of structures (secretion glands and protective hairs) which
play various roles during the growth of the plants.

Figure 2.
Scanning electron microscope observations of the central region of Salvia officinalis leaf (a), showing the
presence of two types of glands: peltate glands (b, c) and capitate glands (d) with GP (peltate glands) and P
(protective hairs).
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Glandular hairs consist of a base cell, a short unicellular stem, and a secretion
head generally composed of 12 cells (sometimes 16) arranged in the form of a
shield of 4 central cells surrounded by 8 peripheral cells (Figure 2a, b). Moreover,
Figure 2c shows a sessile gland with multiple cells of the head. These structures are
called peltate glands.
The second category of glands or capitate glands have a variable morphology
since one distinguishes two types of glands: glands consisting of a short stem with
one or two cells (Figures 3a and 4a–c) and a head that can be unicellular or bicellular. In this type of gland, the cuticle is thin, with the presence or absence of a small
subcuticular space. The second type consists of glands observed in old leaves at the
end of flowering (Figure 5) and has a thin cuticle with the presence of a large subcuticular space directly to the epidermis. This structure is characterized by the presence
of an accumulation pocket which is used to store the secretory material suggesting
the presence of secretory cells below this pocket and whose synthesis products would
arrive at the accumulation pocket through a structure (channel or pore) located
under this pocket. The absence of this structure in young leaves and their appearance
in old leaves suggests that these structures have a specific function related to the age
of the leaf and are therefore specialized in the accumulation of a different substance.
Capitate glands are usually characterized by a single-cell head (Figure 4a, b).
However, the light microscopic observations of the Salvia officinalis leaves show the
presence of capitate glands that can present a two-celled head (Figure 4c).
According to the classification proposed by Werker et al. [4], the capitate glands
are short-term glands specialized in the synthesis of non-terpenic substances
frequently found in young leaves to provide a protective function against predators.

Figure 3.
Light microscopic observations of the different glands in Salvia officinalis. (a) Capitate gland, (b) detached
peltate gland, (c) peltate gland in secretion phase, and (d) post-secretion peltate gland.
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Figure 4.
Observations in light and scanning electron microscopy of capitate glands in Salvia officinalis. (a & b) Glands
with single-cell head; (c) Gland with two-cell head.

The peltate glands are called long-term glands that are present in the leaves throughout the growth phases and whose number increases at flowering and are specialized
in the synthesis of terpene substances.
Observations by the LM as well as SEM of the peltate glands (Figure 3c, d) do
not reveal the presence of pores through which the secretory material can exude,
which makes the material not released until the break of the cuticle, whether due to
mechanical events or at the end of gland life.
6.1.2 Histological study of Pelargonium sp. glandular hairs
As in the case of sage, light microscopy observations made on Pelargonium sp.
leaves show that this plant is characterized by the presence of two types of secretory
glands, the peltate glands or long-term glands and the capitate glands or short-term
glands, as well as protective hairs or non-secretory glands (Figure 6).
Capitate glands (short-term glands) are divided into two categories according
to their forms: capitate glands with a stem consisting of four cells (Figure 7b) and
capitate glands with one head and unicellular stem (Figure 7c). At the level of
these glands, the synthesized secretion material is ready to be released just after its
production via a porous cuticle (Figure 7b).
Moreover, we could only meet one type of peltate glands (long term), with a
multicellular stem and a large head in which one finds the cells of synthesis as well
as a storage pocket of essential oils. The appearance of these glands varies with their
stage of maturity. Figure 8a shows a gland that has an empty aspect of any content
and confirms the juvenile condition of the gland. These glands are gradually filled
by the EO as they mature (Figure 8b, c), and their cuticle eventually breaks to
release their contents at the end of their maturation (Figure 8c).
These peltate glands have a thick and rigid cuticle, but along the maturity stages
of these glands, the thickness of this cuticle decreases to facilitate bursting and
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Figure 5.
Observations with light microscopy and scanning electron microscopy of capitate glands in Salvia officinalis.
(a) Distribution of the pocket; (b&d) empty pocket; (c&e) pocket fill with secretory material.

release of contents toward the end of the maturity of the gland or by contact with
some insects (Figure 8).
6.1.3 Histological study of Ocimum gratissimum glandular hairs
Environmental scanning electron microscopy observations of basil leaves show
the presence of two types of glands (Figure 9), peltate gland and capitate gland.
The peltate glands have a round shape and a fairly large diameter that can exceed 70
microns. The capitate glands are small not exceeding 40 microns and come in two
forms, glands capitate with one head (CH) and two bilobed heads (C2H).
The observations made by the light microscopy of the capitate glands confirm
those made by scanning electron microscopy, with the presence of capitate glands
with a single head (Figure 10a) and capitate glands with two heads (Figure 11b).
On the other hand, the glands with a single head can be unicellular (Figure 10a) or
bicellular (Figure 10b).
In basil plants, the peltate glands show a variability in the number of secretory
cells. There are large glands with four cells (Figure 12a). In addition, we have been
able to highlight the presence of glands that have eight secretory cells (Figure 12b, c).
A thick cuticle covers both types of glands. With the filling of the essential oil structure, this cuticle becomes thinner to facilitate the release of the contents.
Figure 13 shows peltate glands of basil after bursting and release of their terpenic contents; according to this figure, we notice the existence of four secretory cells
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Figure 6.
Scanning electron microscopic observations of the ventro-central part of a Pelargonium sp. leaf, showing the
presence of two types of secretion glands, peltate. (a): observation of non glandular hairs and glandular hairs
(c) and capitate (with red arrow).

Figure 7.
Observations made by light microscopy on Pelargonium sp. leaf showing the two types of capitate glands.
(a) Global vision; (b) capitate glands with a stem consisting of four cells; (c) capitate glands with one head
and unicellular stem.
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Figure 8.
Observations in light microscopy of peltate glands, secreting essential oils at different stages of maturity in
Pelargonium sp. (a) Beginning of maturation, (b, c) filling with the EO, and (d) bursting of the gland.
C, cuticle; EO, essential oil (Gx 400).

Figure 9.
Observation by scanning electron microscopy of basil leaf showing the presence of pelt glands (P) and capitate
glands (CH: capitate gland with one head and capitates gland with head bilobed C2H).
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Figure 10.
Light microscopy observations of a capitate gland with a single head and a single cell (a) and with two cells
(b). C, cuticle; E, epidermis; CG, glandular cell (GX400).

Figure 11.
Observations made by light microscopy and scanning electron microscopy of a double-headed gland in basil plants.

Figure 12.
Light microscopic observations of a cross section (central part of a basil leaf O. gratissimum) showing two
types of peltate glands: glands with four secretory cells (a) and glands with eight secretory cells (b, c).
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Figure 13.
Observation by scanning electron microscopy of a pelted basil gland after natural bursting (a) and mechanics (b).

(Figure 13a) with an internal diameter (without the cuticle which encompasses the
gland) that touches 62 μm. Furthermore, Figure 13b shows an immature gland, but
burst under pressure (exerted by SEM), and shows a thick cuticle which confirms
the state of non-maturity that has already been reported.

7. Discussion
The microscopic observations made in this work show the presence of two major
groups of secretory glands in the three plants (sage, pelargonium, and basil). The
first group is peltate glands or long-term glands, and the second group is capitate
glands or short-term glands. Within the same group, we can see a morphological
variation from one plant to another, depending on the content, the role, and the
phenological stage of the plant, which makes the classification difficult. But to
ensure a credible classification, various authors are mainly based on the morphological criterion, the content, as well as the mode of secretion [4–8, 12].
In this context, scientists have given a definition to these two names; they have
described a short-term gland as any gland whose secretion is rapid to protect young
organs and a long-term gland as any gland in which the secretory substance accumulates gradually in the subcuticular space and serves for the protection of mature
organs in the flower, as well as for pollination. The difference between the two types
consists of several aspects, namely, the structure, the mode of secretion, and the
moment of secretion.
The microscopic observations made on our plants go in the direction of this
classification and show the two groups of glands, peltate and capitate. Moreover,
two major types of peltate glands could be determined in this study, peltate glands
with stem consisting of a single-cell and peltate glands glued directly to the epidermis. In the latter group, there is a major difference in the number of cells of each
gland, since there are 4 and 8 cells in O. gratissimum and up to 12 in Salvia. These
results are confirmed by the work of Tissier [13], Werker [8], and Gang et al. [14].
According to these authors, the peltate glands can have a large number of cells that
can reach 16 cells.
These peltate glands are generally characterized by a large subcuticular space
and a rigid cuticle which thins during the maturation of the gland which facilitates
bursting at maturity or after mechanical contact with predators.
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The captioned glands are subdivided into several categories according to their
forms:
• Capitate glands possessing a basal cell and a united or multicellular stem (1–3
cells) and a head
• Capitate glands with a stem cell and a united or bicellular head
• Capitate glands with a basal cell and a head with one or two cells
• Capitate glands in the form of a pocket glued directly to the epidermis
These capitate glands are characterized by a thin cuticle with the synthesized
secretory material which is ready to be released just after its production via a porous
cuticle and usually consist of a united or bicellular head with lipophilic content.
Similar observations have been found in Salvia [15], since according to these
authors the capitate glands are morphologically very variable and four types can be
distinguished. Type I has a single or double bicellular stem and a united or bicellular
head. The cuticle is thin and there is no subcuticular space. The secretory material
is released slowly through the cuticle and can be released suddenly if the cuticle is
broken. Type II is very small, possessing a unicellular stem and a small subcuticular
space. The secretory material is probably secreted by a pore. Type III is a large gland
with a long stem made up of several cells (about three or more), a neck cell, and a
unicellular head, which probably releases the secretory material often collected as
a drop on the head. Type IV is a large gland with a long thin stem, made up by four
cells.
According to these authors, each type of gland is responsible for the synthesis
of a distinct substance. Venkatachalam et al. [16] found a correlation between the
increased number of peltate glands and increased camphor and thujane synthesis.
These observations are in agreement with those of Pedro et al. [17] who deduced
the presence of three types of glands, a peltate type and two capitate types.
According to these authors, the glands with a unicellular stem represent a distinct
capitate gland with a specific content different from that of the peltate structure.
According to the same work, these three types of glands ensure the synthesis of
three types of different substances, terpenoids, phenols, and flavonoids.
In other works by Ko et al. [18], Pelargonium’s peltate and capitate glands all
have a single basal cell. These two types of glands differ in the number of stem cells
and in the diameter of the head depending on the stage of maturity [3]. According
to these authors, the glands defined in our study as glands capitate to a head and
a unicellular stem represent only one stage of the formation of the peltate glands.
However, observations made in Salvia leaves show structures identical to this structure, possessing a small unicellular head and a single-celled stem. This structure has
been classified as a capitate gland.
These kinds of peltate and capitate glands are found in several species (Mentha
piperita, Origanum dictamnus, Monarda fistulosa, Pogostemon cablin, etc.) and have
been described in ancient works [16]. In mint, the peltate glands have eight head
cells, and the capitate glands have a single-stem cell and a head cell. In Origanum
dictamnus, the head of the peltate glands has 12 cells, whereas in Pogostemon cablin,
it has only 4 cells.
According to Werker [8], young basil leaves (O. basilicum) that are highly
vulnerable to predators are heavily covered by capitate glands that are characterized
by rapid secretion to repel herbivores. When the plants become older, the rate of the
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peltate glands increases; these terpenoid-rich glands will be used for defense against
pathogens in case of injury and pollinator attraction.

8. Conclusion
The microscopic observations made on the three plants (basil, pelargonium,
and sage) show the presence of two major types of secretory glands. The first type
is peltate glands or long-term glands, and the second types are capitate glands or
short-term glands. Within the same type of gland, we can see a morphological
variation from one plant to another, depending on the content, the role, and the
phenological stage of the plant.
In basil, we have demonstrated for the first time the existence of eight secretory
cell glands in the peltate glands.
In Salvia, we noted the presence of two types of glands, capitate and peltate,
the latter being constituted by 12–16 cells arranged in the form of a shield. On late
flowering, we noted the presence of pocket secretions in older leaves. In this plant,
we have mainly highlighted the presence of sessile glands, and this observation has
never been confirmed in the literature.
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Chapter 7

Effect of Essential Oils on
Storability and Preservation of
Some Vegetable Crops
Aml Abo El-Fetouh El-Awady

Abstract
Essential oils, as natural sprout inhibitor and safe fungicides, are a promising
tool and good alternative compounds otherwise synthetic due to their high efficacy,
biodegradability, eco-safety and volatile nature. They are consisting of a number of
various components, i.e., terpenes, phenols, alcohols, esters, aldehydes and ketones
in different composition or combinations. These effective compounds supply excess
to prevent sprouting in potatoes and Jerusalem artichoke (JA) and less chance to
development of resistance in fungi in JA, strawberry and broccoli with low concentrations. On contrary, high concentration of these oils induce the germination of
seeds like broccoli and carob. This chapter explains the practical application of using
essential oils as natural antisprouting, inducing quality, preserving fungal diseases,
eco-friendly compounds, alternating synthetic chemicals, giving high benefits and
easy to apply. The foliar application with essential oils increases the productivity,
quality and marketable yield and storability and reduces weight losses and decay.
Moreover, the essential oils increase broccoli seed germination, antioxidant content
and other phytochemical parameters. The chapter provides a novel anti-sprouting
agent for inhibiting growth of processing potato tubers and identification of terpenoids that use to inhibit tuber sprouting as well as application of Chloropropham
(CIPC) isopropyl-N-(3-chlorophenyl) carbamate as a conventional chemical inhibitor.
Keywords: essential oils, constituents, anti-sprouting agent, antifungal,
sprout growth, postharvest, vegetables, structure, extraction, application

1. Introduction
Recently, the natural alternatives such as plant essential oils provide a promising
control of plant diseases and anti-sprout agent because they virtually constitute a
rich source of bioactive chemicals such as phenols, flavonoids, quinones, tannins,
alkaloids, saponins, sterols terpenes, aromatic and aldehydes [1]. Moreover, these
natural alternatives can also maintain the biochemical constituents of tubers during
storage, they are biodegradable to nontoxic products, and are potentially suitable
for use in integrated pest management programs.
Jerusalem artichoke JA or sun choke (Helianthus tuberosus L.) is a perennial plant
which has a high economic value. JA used traditionally for human food and livestock feed due to its high nutritive value. JA tubers used for production of biofuels
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(ethanol) and some functional food like inulin, fructooligosaccharides and fructose.
Moreover, some bioactive metabolites from its leaves and stems have been used in
some pharmaceutical industries [1]. Storage JA tuber, controlled rots can be done by
various techniques including; cold temperature, removal of diseases in tubers and
minimizing mechanical injuries or application of synthetic fungicides. Another
simple applied method in developing countries is keeping the tubers in the soil.
Unfortunately, many fungi diseases can grow at cold storage temperatures and lead
to damage, especially in extending long storage [2], However, storage of the
harvested tubers usually results in high losses in quality, caused mainly by desiccation, rotting, sprouting, freezing and inulin degradation. A common solution is the
use of synthetic chemical fungicides, however, their use is accompanied by threatening human health and the environment by supporting the emergence of resistant
pathogens and by contamination of food with the pesticide deposits [3]. Essential
oils, as green fungicides, are emerging as a better alternative of synthetic fungicides
due to their high efficacy, biodegradability, eco-safety and volatile nature.
Respiration of potato tubers during storage and breakdown of dormancy during
storage result in sprouting and loss of nutritive value of tubers [4]. Sprouting
reduces the weight, the nutritional and processing quality of tubers and the number
of marketable potatoes, being responsible for important economic losses during
potatoes storage [5]. These physiological changes affect the internal composition of
the tuber and destruction of edible material and changes in nutritional quality [6].
Various methods are available to control sprouting during storage. The primary
method to control sprouting in storage is with postharvest application of isopropyl
N-(3-chlorophenyl) carbamate (chlorpropham; CIPC). CIPC inhibits sprout development by interfering with cell division [7]. Therefore, a pressing need exists to
find other, more environmentally acceptable sprout inhibitors for tubers. Nowadays
it’s very important to use natural products compounds such as essential oils.
Broccoli sprouts are considered as a functional food. Essential nutrient content
provides diverse secondary metabolites and phytochemicals [8]. The phenolic compounds, especially flavonoids and anthocyanin, show a great ability capture free
radical that leading to oxidative stress, to these compounds are attributed a beneficial effect in the prevention of cardiovascular diseases, circulatory problems, neurological disorders and cancer [9]. Broccoli has been identified as a vegetable with
potential anti-cancer activity due to high levels of glucosinolates. The use of essential oil treatments rich in antioxidant to stimulate broccoli seed germination should
be considered. Application of thyme and basil oil at 4% reduced the pathogenic
fungi from seed to seedling and had a positive effect on the seed germination of
infected seeds [10]. Aromatic plants especially essential oils are well known for their
antioxidant and antimicrobial properties that prevent food degradation and alteration [11], as they are rich in phenolic substances, usually referred to as polyphenols, which are ubiquitous components of plants and herbs.

2. Application of essential oils
2.1 Alternative preservation method against sclerotium tuber rot of Jerusalem
artichoke using natural essential oils
2.1.1 Methodology
Two experiments were conducted in Mansoura laboratory for vegetable crop
handling and postharvest according to the storage method. In the first experiment,
the tubers were kept in perforated polyethylene bags (0.075 mm thickness), and
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stored at 4°C and 90–95% relative humidity RH. In the second experiment, the
tubers were stored in carton boxes (3 m3) at 25  2°C with moistened peat moss
layers at the rate of peat moss: JA tubers (1.5: 1, kg/kg). The treatments applied for
each experiment can be summarized as follows: Control (C), infected with fungal
pathogen S. rolfsii (P), treated with caraway essential oil (O) and treated with
caraway oil and infected with pathogen S. rolfsii (O + P). About 30 kg of tubers was
used for each treatment.
2.1.2 Important results
2.1.2.1 Antifungal activity of the essential oils
Assessment of antifungal activity in vitro of caraway and spearmint essential oils
was evaluated against S. rolfsii (Figure 1). Caraway essential oil completely
inhibited the growth of the fungal pathogen even at the lowest concentration (2%).
On the other hand, spearmint essential oil showed slight reduction in the fungal
pathogen growth. The antifungal activity of caraway essential oil may be attributed
to some antifungal phytochemicals that constitute a large fraction of the oil like
carvone, limonene, carveol, pinene and thujone [12].
2.1.2.2 Evaluation of the caraway essential oil and peat moss application under storage
conditions
2.1.2.2.1 Severity of disease
Data presented in Table 1 show the rot fugal disease severity of JA tubers
exposed to caraway oil and infected with fungal pathogen S. rolfsii under the two
storage methods. The disease severity increased with the increasing the storage
period over to the storage methods. JA tubers infected with S. rolfsii and exposed to
emulsion of caraway essential oil (O + P) in peat moss layer at 25°C significantly
reduced the disease severity compared to the cold storage method after 4 months
storage. Infected-control JA tubers (P) and storage in peat moss layer at 25°C
significantly reduced the disease severity for 2 months of storage compared with
cold storage method, after which, the tubers were fully decadent. On the other
hand, control-uninfected JA tubers (C) and storage in peat moss layer at 25°C
significantly reduced the disease severity (caused by reasons other than S. rolfsii)
compared with the storage under cold storage method. Caraway essential oil had the
antimicrobial effects due to its content of basic constituents of monoterpenes,
carvone and limonene. The basic constituents had a permeability effect on fungal

Figure 1.
Inhibition in mycelial dry weight of S. rolfsii as a function of the tested oils. Columns superscripted with the
same letter are not significantly different at P ≤ 0.05 (Duncan test).
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Storage method*

1

2

Treatment**

Storage period (day)
30

60

90

120

C

28.5b,***

73.3a

100.0a

NA

P

100.0

a

NA

NA

NA

O

e

0.0

e

d

0.0d

O+P

8.9d

24.4d

37.5b

53.6b

c

b

66.5a

c

0.0

33.6

0.0

C

20.1

40.0

P

20.0c

47.2b

100.0a

NA

O

0.0e

0.0e

0.0d

0.0d

O+P

0.0e

0.0e

8.9c

13.3c

*

1 = storage JA tubers in polyethylene bags at 4°C and 2 = storage JA tubers in peat moss layer at 25°C.
C = untreated control, P = infected tubers with pathogen, O = treated JA tubers with caraway essential oil and O + P = infected
tubers with pathogen and treated with caraway essential oil. NA = not applicable due to full decay.
***
Means in each column followed by the same letter(s) were not significant at P= 0.05; where, (a) refer to the highest mean
values, and (e) refer to the lowest mean values according to Duncan multiple range test.
●
Tubers rot in the untreated control (C) treatment was due to many reasons rather than the fungal pathogens.
**

Table 1.
Mean rot severity (%) of JA tubers treated with caraway essential oil and infected with S. rolfsii using two
storage methods.

cell membrane, inactivation of some organic compounds and enzymes and/or the
inhibition of conidial germination, eventually, the death of fungal pathogen [13].
Moreover, the use of essential oils in storage of JA may have many benefits, including, they are natural-ecofriendly products, biodegradable and multifunctional
purposes.
Moreover, the activity of essential oils against may tend to reduce pathogenic
fungi resistance reinforcement against chemical fungicide because they contain two
or more stereo-isomers that may be located on multi-sites on the pathogen’s plasma
membrane. One of the valuable applications for peat moss is the traditional use in
food preservation [14]. The antifungal effect of the use of peat mosses has been
reported by many investigators against Aspergillus niger, A. flavus, Candida albicans,
Cryptococcus albidus and Trichophyton rubrum [15]. The antifungal effect of peat
moss may be related to some of its contains of extranutritional constituents or
bioactive components like a pectin-like polymer and sphagnan, that inhibit fungal
mycelium growth via electrostatic immobilization of extracellular enzymes and/or
nitrogen deprivation, phenolics that inhibit the activity of extracellular enzymes of
microbes or other constituents like sterols and polyacetylenes [16].
2.1.2.2.2 Sprouting, weight loss and dry matter percentages of JA tubers
Table 2 show the mean data of weight loss and dry matter percentages of JA
tubers exposed to emulsion of caraway essential oil and infected with fungal pathogenic S. rolfsii under using the two different storage methods. Results indicated
that, the treatment of healthy JA tubers with emulsion of caraway essential oil
completely inhibited the tubers sprouting and weight loss, but recorded the highest
dry mater weight percentage along the storage period compared with the untreateduninfected control treatment over the use of the two different methods. Even after
120 days of storage period, the treatment of the use of JA tubers with caraway oil
and infected with pathogenic fungi significantly decreased sprouting and weight
loss percentages and increased dry matter content for JA tubers that stored in peat
moss layers at 25°C than those stored in polyethylene bags at 4°C when compared
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Criterion

Sprouting

Storage
method*

Treatment**

1

C

Weight loss

1

2

Dry matter
weight

1

2

*

30

60

90

120

40.0  10.0

70.0  4.0

90.0  4.0

NA

***

NA

NA

NA

O

0.0

0.0

0.0

0.0

O+P

3.8  0.1

3.9  0.1

4.0  0.4

4.3  0.2

P

2

Storage period (day)

C

NA

50.0  10.0 80.0  14.0 95.0  6.0 98.0  2.0

P

3.6  0.4

4.8  0.4

NA

NA

O

0.0

0.0

0.0

0.0

O+P

0.0

0.0

0.0

0.0

C

20.5  2.9

35.7  5.3

59.9  8.0

NA

P

NA

NA

NA

NA

O

0.0

0.0

0.0

0.0

O+P

2.9  0.2

3.0  0.2

3.8  0.6

4.6  0.5

C

7.1  0.2

21.7  3.3

50.9  5.8

70.9  8.2

P

30.7  4.0

39.5  9.9

NA

NA

O

0.0

0.0

0.0

0.0

O+P

0.0

1.0  0.1

1.0  0.2

1.7  0.4

C

17.2  0.5

18.0  0.7

19.2  1.5

NA

P

NA

NA

NA

NA

O

22.5  0.4

22.9  0.6

23.6  0.3 24.9  0.6

O+P

22.0  0.2

22.3  0.4

23.3  0.9

23.5  0.8

C

22.6  0.4

23.0  0.3

21.0  0.5

21.5  1.1

P

18.6  0.6

17.0  0.5

NA

NA

O

23.6  0.5

24.6  0.8

24.9  0.5

25.8  0.5

O+P

23.5  0.4

23.7  0.6

24.2  0.4

25.5  0.3

1 = storage JA tubers in polyethylene bags at 4°C and 2 = storage JA tubers in peat moss layer at 25°C.
C = untreated control, P = infected tubers with pathogen, O = treated JA tubers with caraway essential oil and
O + P = infected tubers with pathogen and treated with caraway essential oil.
***
NA = not applicable due to full decay.
**

Table 2.
Mean sprouting, weight loss and dry matter weight (%  2SD) of JA tubers treated with caraway essential oil
and infected with S. rolfsii using two storage methods.

with the control (infected-untreated) tubers. On the other hand, storage of the
untreated-uninfected JA tubers in peat moss layers at 25°C increased the sprouting,
and dry matter content and decreased the weight of the tubers compared to the
storage of tubers in polyethylene bags at 4°C. The bioactive components like limonene and carvone, in caraway essential oil are known to inhabit sprouting percentage of JA tubers by the suppressing of mitochondrial respiration and reducing
carbohydrate deterioration sugar content. Carvone had a specific tool for inhibition
of sprout growth of potato tubers, such as the repression of key enzyme in the
mevalonate acid pathway, which is the main precursor of gibberellin biosynthesis
[17]. On the other hand, peat moss has a relatively high water retention capacity;
their cells can hold 16–25 times their dry weight of water [14]. This in turns
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encourages such amendment for its use in the preservation of JA tubers by increasing a relative humidity around the tubers and preventing heat transfer within the
peat moss layer leading to the decrease of the water loss from fresh tubers depends
on the difference between the water vapor pressure within the tubers and the water
vapor pressure of the surrounding air, with moisture passing from the higher pressure to the lower even at 25°C. Cabezas et al. [18] reported that dry matter content
in JA tubers decreased significantly depends on many factors, such as storage
conditions, storage periods and keeping tubers for 30 days at 18°C, this leads to
loosing water above 20%.

Criterion

Carbohydrates

Storage method*

1

Treatment**
30

60

90

120

42.5  1.4

41.7  1.5

38.4  4.3

NA

NA

NA

NA

44.6  1.3

44.2  1.3

43.3  1.3

43.0  1.0

O+P

42.7  1.7

42.0  0.7

41.6  1.1

41.3  0.3

C

42.0  0.3

40.2  1.4

37.7  1.0

36.0  0.5

P

36.7  1.4

36.0  0.3

NA

NA

O

46.0  0.3

46.9  0.5

47.0  0.8

47.7  0.9

O+P

42.0  0.8

41.9  0.7

41.5  1.2

41.0  1.4

C

14.2  0.6

13.6  0.7

12.8  1.2

NA

P

NA

NA

NA

NA

O

15.6  0.8

15.0  0.3

16.7  0.6

15.0  0.2

O+P

14.9  0.6

14.0  0.1

14.0  0.0

13.9  0.4

C

14.3  0.5

14.0  0.4

13.8  0.6

13.0  0.2

P

13.0  0.4

12.0  0.3

NA

NA

O

18.9  0.5

18.0  0.4

17.9  0.2

17.6  0.6

O+P

17.9  0.5

17.6  0.8

17.0  0.2

17.0  0.0

C

12.2  0.4

12.0  0.2

11.9  0.4

NA

C
P
O

2

Inulin

1

2

Protein

1

2

*

Storage period (day)

***

NA

P

NA

NA

NA

NA

O

12.8  0.3

12.7  0.3

12.7  0.4

12.6  0.4

O+P

12.6  0.5

12.6  0.2

12.4  0.1

12.0  0.1

C

12.5  0.3

12.3  0.4

12.0  0.4

11.9  0.2

P

9.9  0.2

9.0  0.4

NA

NA

O

13.0  0.3

13.0  0.6

12.7  0.5

12.7  0.2

O+P

12.6  0.5

12.4  0.5

12.3  0.4

12.0  0.4

1 = storage JA tubers in polyethylene bags at 4°C and 2 = storage JA tubers in peat moss layer at 25°C.
C = untreated control, P = infected tubers with pathogen, O = treated JA tubers with caraway essential oil and
O + P = infected tubers with pathogen and treated with caraway essential oil.
***
NA = not applicable due to full decay.
**

Table 3.
Mean contents of carbohydrates, inulin (mg/g  2SD) and protein (%  2SD) of JA tubers treated with
caraway essential oil and infected with S. rolfsii using two storage methods.
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2.1.2.2.3 Biochemical constituents of JA tubers
Table 3 show the data of carbohydrates content, inulin and protein in JA tubers
exposed to emulsion of caraway essential oil and then infected with fungal pathogenic S. rolfsii over the use of two storage methods. The application of caraway
essential oil and uninfected JA tubers had significant effects on total carbohydrates,
inulin and protein contents compared with the untreated-uninfected control in both
storage methods. Along 4 months of storage, the treatment of infected JA tubers
with pathogen and treated with caraway essential oil effectively decreased the
carbohydrate, inulin and protein contents compared with the infected-untreated
control JA tubers in both methods of storage. A fresh JA tuber contains 80% water,
15% carbohydrates, mainly in the form of inulin and about 2% protein in dry matter
[19]. There are many changes in fresh JA tubers with long term storage, i.e.,
physical, biochemical, microbiological and enzymatic and which may lead to tuber
decay. To inhibit these biochemical activities, natural or artificial drying products
are widely used [20]. Davies [21] reported that the basic constituents of caraway oil
(monoterpenes) tend to delay and the deterioration of carbohydrates and protein
contents associated with the enzymatic system as well as respiration and energy
metabolism enzyme keeping the internal biochemical enzymatic activities in minimum level.
2.1.2.2.4 Peroxidase, polyphenoloxidase enzymes and phenol content in JA tubers
The mean activities data of peroxidase, polyphenoloxidase and phenol contents
of JA fresh tubers treated with caraway essential oils and infected with pathogenic
fungi over the use of two different two storage methods are presented on Table 4.
Results revealed that infection with S. rolfsii had significant effects on total phenol
and the activity of peroxidase and polyhenoloxidase enzymes in JA tubers than
those of the uninfected JA tubers control in the two different storage methods. On
the contrary, the application of caraway essential oil to infected/uninfected JA
tubers increased peroxidase and polyphenoloxidase and phenol content compared
with the untreated-uninfected JA tubers in both methods. These results are in a line
with those obtained by [22] who reported an increasing in peroxidase and
polyhenoloxidase enzymes in potato fresh tubers when treated with caraway essential oil. Although regulatory mechanisms of plant enzyme complexes and the most
enzymatic reactions are reduced at low temperature degree, JA tubers metabolism
could continue at a slow rate even at minimum temperature (2°C) during cold
storage. The enzymatic activation due to the exogenous application of caraway
essential oil treatment could be directly related to its content of bioconstituents
like carvone.
2.2 Inhibition of sprout growth and increase storability of processing potato by
antisprouting agent
2.2.1 Methodology
2.2.1.1 Tuber material
Fresh local potato cv. Fridor and uniformly size of 60–80 mm in diameter
(weighing 180–250 g) were selected without any sprouting in eyes and no antisprouting treatment was used. Each treatment was treated with natural and safe
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Criterion

Peroxidase

Storage
method*

Treatment**

1

C
P
O

2

Polyphenoloxidase

1

1

2

*

60

90

120

0.40  0.02

0.30  0.0

0.28  0.05

NA

NA

NA

NA

NA

***

0.40  0.03 0.38  0.01 0.38  0.01 0.37  0.02
2.67  0.16

2.69  0.26

C

0.23  0.01

0.22  0.02 0.21  0.01 0.20  0.06

P

1.90  0.02

1.92  0.03

2.73  0.04 2.74  0.03

O

0.33  0.02 0.34  0.02 0.34  0.02 0.34  0.03

NA

O+P

1.77  0.03

1.86  0.04

C

0.39  0.01

0.36  0.01 0.35  0.02

P

NA

O+P

Total phenol

30

O+P

O

2

Storage period (day)

NA

1.87  0.02
NA

NA

1.87  0.26
NA
NA

0.47  0.03 0.47  0.02 0.45  0.03 0.42  0.06
1.46  0.02

1.57  0.05

1.47  0.02

1.57  0.03

C

0.40  0.04 0.40  0.03 0.37  0.03 0.35  0.03

P

1.49  0.03

O

0.46  0.02 0.43  0.01 0.41  0.06 0.40  0.01

1.50  0.04

NA

O+P

1.46  0.02

1.57  0.02

C

0.29  0.02

0.28  0.01 0.27  0.01

P

NA

O

0.32  0.03

0.32  0.03 0.32  0.02 0.31  0.02

O+P

0.52  0.02

0.52  0.02 0.51  0.02 0.52  0.01

C

0.35  0.02

0.35  0.02 0.35  0.02 0.34  0.03

NA

1.57  0.03

NA

NA

NA

1.67  0.02
NA
NA

P

0.57  0.04

0.57  0.04

O

0.26  0.01

0.26  0.01 0.26  0.02 0.26  0.02

NA

O+P

0.55  0.02

0.55  0.02

0.55  0.01 0.56  0.01

1 = storage JA tubers in polyethylene bags at 4°C and 2 = storage JA tubers in peat moss layer at 25°C.
C = untreated control, P = infected tubers with pathogen, O = treated JA tubers with caraway essential oil and
O + P = infected tubers with pathogen and treated with caraway essential oil.
***
NA = not applicable due to full decay.
**

Table 4.
Mean activities of peroxidase, polyphenoloxidase enzymes and phenol content (%  2SD) of JA tubers treated
with caraway essential oil and infected with S. rolfsii using two storage methods.

antisprouting agent and stored at ambient temperature (average: 35/15°C day/night
and 70% RH) in Laboratory for 4 months.
2.2.1.2 Treatments
The experiment included seven treatments, which were as follows: Cymbopogon
martini (rich in geraniol and geranyl acetate), C. flexuosus (rich in citral), C.
winterianus (rich in rich in citronellal and citronellol), Ocimum sanctum (rich in rich
in ketone and camphor), Carum carvi (rich in rich in carvone), Artemisia annua
(rich in ketone camphor) and Lavendula officinalis (rich in linalool). The isolated
terpenoids were purified by HPLC. Essential oils were purified by column chromatography and substantially pure compounds were used. Tubers dipped in emulsions
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of 8 mm concentration of each compound in distilled water and Tween 20 (6%) for
30 min after 1 month of harvest or at such time that the tubers begin to sprout.
2.2.2 Results and discussion
2.2.2.1 Sprouting, weight loss and dry matter content
All control tubers had significant values of sprouting and weight loss percentages at the end of storage period (Table 5). Geraniol and citral completely inhibited
sprouting by 100%, decreased weight loss and increase tuber dry matter content in
both seasons. Application of geranyl acetate inhibited sprouting by 95%. On the
other hand, linalool and L-carvone had no significant effect on tuber sprouting. It
has been reported that L-carvone and D-carvone displayed little or no inhibition of
sprouting in potatoes [17]. Geraniol and citral have a high content in monoterpenes
such as benzaldehyde, eugenol and thymol [23]. CIPC inhibited sprouting over
98.5%.
Under this study condition, the beneficial effect of the applied anti-sprouting
agent (geraniol and citral) on controlling tubers sprouting and increasing dry matter content could be associated with their similar advantages effect in preservation
of their tubers starch, carbohydrates, sugars and amino acid content (Table 6).
Suppression of sprouting and weight loss logically associated with maintenance of
dry matter. Furthermore, monoterpenes acts as antioxidant and had a protective
role against oxidative stress under normal conditions of storage.
2.2.2.2 Reducing sugars, amino acids and peroxidase POD activity
All storage treatments gave significant lower values on reducing sugars and
amino acids content during two seasons of study as compared to the control
(Table 6). In the ambient temperature, the lowest significant values of reducing
Treatments

Sprouting (%)
2012

1. Control
2. CIPC

100.0

Weight loss (%)

2013
a

96.00

2012
a

25.12

a

Dry matter (%)

2013
26.18

a

2.49e

1.20c

4.33e

2.80ef

d

c

f

d

4.65

23.60a–d

2013
22.80e
23.66d

ef

22.50

24.55ab

4.68

4. Geraniol

0.00f

0.00c

2.19h

1.45g

24.56a

25.30a

5. Camphor

6.92c

5.98c

2.88g

2.95ef

23.33b–e

24.38bc

f

c

i

g

ab

24.95ab

0.00

1.51

100.00a

72.00b

9.50b

8.00b

22.66de

23.60d

8. L-Carvone

70.58b

62.00b

9.50b

6.25c

22.80c–e

23.70cd

9. D-Carvone

b

b

c

e

c–e

24.89 ab

ad

23.60

24.68ab

23.80a–c

24.55ab

7. Linalool

0.00

3.41

21.65

f

3. Geranyl acetate

6. Citral

4.33

2012

72.00

e

10. D-Citronellol

2.89

11. L-Citronellol

0.00f

76.98

c

8.03

d

2.00

6.75

0.00c

2.25gh

1.26

3.45
5.73

c

2.10fg

24.00

22.90

Means followed by the same letter(s) within each column do not significantly differ using Duncan’s multiple range test at the
level of 5%; where, (a) refer to the highest mean values, and (h) refer to the lowest mean values according to Duncan Multiple
Range Test.

Table 5.
Sprouting behavior characters and dry matter of potato tubers as affected by anti-sprouting agent during 2012
and 2013 seasons (after 4 months of storage period).
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Treatments

Reducing sugars (%)

Total free amino acids (%) Peroxidase activity POD (%)

2012

2013

2012

2013

2012

2013

1. Control

4.29a

4.52a

0.352a

0.348a

56.77g

55.51g

2. CIPC

2.05c

3.18d

0.307ab

0.301ab

95.81b

94.63b

3. Geranyl acetate

1.39cd

3.93b

0.084bc

0.047c

79.75e

79.33e

4. Geraniol

1.24d

1.51f

0.030c

0.028c

97.33a

96.29a

b

c

e

80.26e

5. Camphor

3.41

6. Citral

1.25d
ab

a–c

3.48

0.152

1.52f

0.045c

0.045c

97.68a

96.46a

b

bc

bc

e

79.06c

4.07

8. L-Carvone

3.81ab

1.83e

0.084bc

0.151a–c

81.67e

80.50e

9. D-Carvone

1.45 cd

1.68ef

0.146a–c

0.157a–c

77.55f

76.77f

f

a–c

a–c

10. D-Citronellol

1.76

1.54

11. L-Citronellol

1.29d

1.58f

0.106

0.108

80.68

7. Linalool

cd

4.13

0.153

a–c

0.186

0.187

0.147a–c

0.059c

80.67

d

83.62d

87.67c

86.65c

84.50

Means followed by the same letter(s) within each column do not significantly differ using Duncan’s multiple range test at the level
of 5%; where, (a) refer to the highest mean values, and (g) refer to the lowest mean values according to Duncan Multiple Range
Test.

Table 6.
Reducing sugars, amino acids and peroxidase enzyme of potato tubers as affected by anti-sprouting agent
during 2012 and 2013 seasons (after 4 months of storage period).

sugars and amino acids content were found in tubers exposed to emulsion of
geraniol and citral, without significant difference between the two treatments.
The monoterpenes rich in compounds had a potential role in preservation and
maintenance of the stored tubers reserves, keeping the enzymatic activities in a
minimal level and in more stable case thereby prolonged their dormancy period.
Also, application of these treatments were highly effective in tuber protection
against the degradable effects of oxidative stressful during high temperature storage
conditions and accordance to the findings of [20] who indicated that monoterpenes
and antioxidants tended to slow down the activity of carbohydrates, breakdown of
protein and enzymatic activity as well as reduce respiration rate and metabolism
enzyme. The role of POD in sprouting of potatoes was widely reported, particularly
its degrading activity of IAA, and cytokinin which is considered an effective promote oxidative stress is of great importance and depending on the activation degree
of peroxidase as affected by storage treatments.
2.2.2.3 Processing quality of potato fries and chips
All storage treatments and CIPC treatment at ambient temperature had significant differences on quality characters of potato chips and French fries, i.e., color,
crispiness and taste in comparison with the control treatment (Table 7).
The same treatments prevented and blocked the accumulation of total sugars,
and kept the reducing sugars and amino acids in optimize levels in the stored tubers
at ambient temperature. This is true in the end of storage (4 months). Thus, we
noticed the worst processing quality (dark potato chips and crispness with bad
taste) of storage treatments due to the appearance of Millard reaction during frying
process and the accumulation of reducing sugars and amino acids [23]. The same
processing quality parameters were correlated with dry matter content (Table 8)
and with amino acids content (Table 9) in both seasons. These results are in
harmony with those previously obtained by [24]. Meanwhile, we also noticed that
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109

c

e

4.67ab

a

3.33de

4.67ab

a

2. CIPC

3. Geranyl acetate

5.00a

4.67 ab

4.67ab

a

4.67ab

4.67ab

4.67ab

5.00a

4.67ab

4.67ab

a

5.00

4.00b–d

4.33a–c

5. Camphor

6. Citral

7. Linalool

8. L-Carvone

9. D-Carvone

10. D-Citronellol

11. L-Citronellol

4.67ab

4.67ab

5.00

a

4.67ab

4.64ab

5.00a

5.00a

5.00

a

5.00a

4.33a–c

3.00

d

2012

Taste

Chips

4.67a

4.67a

4.67

a

4.67a

4.67a

4.67a

4.67a

4.67

a

4.67a

4.33ab

3.33

bc

2013

4.67ab

4.67ab

5.00

a

5.00a

5.00a

5.00a

5.00a

5.00

a

5.00a

4.33a–c

4.33

a–c

2012

4.67a

4.67a

5.00

a

5.00a

5.00a

5.00a

5.00a

5.00

a

5.00a

4.67ab

4.33

a–c

2013

Crispness

4.00b–d

4.00b–d

5.00

a

4.67ab

4.67ab

5.00a

4.67ab

4.67

ab

4.67ab

3.67 cde

3.33

de

2012

Color

French fries

4.33a–c

4.00a–c

5.00

a

4.67ab

4.67ab

5.00a

4.67ab

4.67

ab

4.67ab

3.33 cd

3.00

d

2013

3.67b–d

4.33a–c

4.67

ab

5.00a

4.67ab

4.67ab

4.67 ab

5.00

a

5.00a

4.00a–c

3.33

cd

2012

Taste

4.33a–c

4.33a–c

5.00

a

5.00a

4.67ab

5.00a

4.67ab

4.67

ab

4.67ab

4.33a–c

4.00

b–d

2013

4.67ab

4.67ab

5.00

a

5.00a

5.00a

5.00a

5.00a

5.00

a

5.00a

4.67ab

4.67

ab

2012

4.67ab

5.00a

5.00a

5.00a

5.00a

5.00a

5.00a

4.33 a–c

4.33 abc

4.67 ab

4.67 ab

2013

Crispness

Table 7.
Quality processing of potato tubers as affected by anti-sprouting agent during 2012 and 2013 seasons (after 4 months of storage period).

Means followed by the same letter(s) within each column do not significantly differ using Duncan’s multiple range test at the level of 5%; where, (a) refer to the highest mean values, and (d) refer to the lowest
mean values according to Duncan Multiple Range Test.

5.00

4.67ab

5.00

4. Geraniol

5.00

3.33c

3.00

3.33

2013

2012

Color

1. Control

Treatments
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Treatment

Seed
germination
index [%]
2012
e

Seed
germination [%]

2013
12.96

d

1 Water (control)

13.36

2

14.61de 13.02d

Hot water

a

a

3

Fennel oil

22.01

23.01

4

Caraway oil

21.94a

22.88a

5

Basil oil

20.22ab 21.82ab

6

Thyme oil

7

Sage oil

2012
c

16.91

17.76

c

Seedling
vigor index
[cm]

2013

2012

2013

2012

2013

a

c

b

c

c

86.67

86.0

93.78b

90.44bc

97.33

ab

a

4.67

4.00

4.71c

a

ab

36.40

2013
34.20d

7.47ab

56.90b

49.17c

7.79a

8.25a

54.97bc

67.75a

7.67a

6.63b

7.07b

64.87a

68.17a

8.20a

8.30a

8.20a

8.30a

66.54a

67.75a

ab

a

a

ab

cd

49.17c

99.00a

8.00ab 8.33a

94.67b

92.33b

7.00b

100.0a
a

100.0

e

4.33c 40.88de 37.21d

4.80b

97.33ab

100.00

2012

3.44

ab

7.33

a

Yield [g]
container/
242 cm2

4.03

5.00c

97.33

18.81bc 20.14b 100.00a
cd

Seedling
length [cm]

7.83

7.67

7.83

7.13

7.83

7.83

47.83

Means followed by the same letter(s) within each column do not significantly differ using Duncan’s multiple range test at
the level of 5%; where, (a) refer to the highest mean values, and (e) refer to the lowest mean values according to Duncan
Multiple Range Test.

Table 8.
Vegetative characters of treated broccoli seeds with different essential oils before cold storage.

the best processing quality of basic constituents of essential oils produced chips, the
optimization of reducing sugars and amino acids of their tubers thereby, the prevention of Millard reaction occurrence during frying processes and thus it turn
reflects on best color, crispiness and taste.
2.3 Increasing antioxidant content of broccoli sprouts using essential oils
during cold storage
2.3.1 Methodology
2.3.1.1 Plant material and germination condition
(Brassica oleracea L. var. italica and the variety name is F1 Hybrid Sakura) from
Tokita Seeds CO., LTD (Saitama, Japan). The seeds (1000 seeds, nearly 5 g) for
each treatment were soaked in a sodium hypochlorite solution at 0.5% v/v for
15 min then were dipped in 50 ml of deionized water for 5½ h with shaking every
30 min and washed with deionized and sterilized water. On 15th of September,
broadcast the seeds were done over absorbent medical cotton in sprouting plastic
containers (220  110 mm). The emulsions of various natural essential oil at the
concentration of 0.05% were emulsified in tween 80 (1.5 ml/l) in the cotton media
and the containers were getting closed immediately. The containers were
maintained at 25  2°C with and 16 h light/8 h darkness, 80–90% relative humidity
and 7.4 lmol/m2/s light intensity to give the best germination conditions. All sprouts
in containers were cut above their root mats after 3 days from sowing. The sprouts
were weighed for 20 g for each placed container and stored at 4°C in the dark to
simulate a domestic refrigerator for 15 days. The sprouts of best treatment with
control were stored only.
2.3.1.2 Application and extraction of essential oils
The essential oils of fennel seeds (Foeniculum vulgare), caraway seeds (Carum
carvi), thyme herbs (Thymus vulgaris), basil herbs (Ocimum basilicum) and sage
leaves (Salvia officinalis) (200 g from each one) were used for oil extraction by
110

111

88.56c

88.90c

88.13cd
b

88.71c

88.46c

87.90c

b

83.33

1 Water (control)

Hot water

Fennel oil

Caraway oil

Basil oil

Thyme oil

Sage oil

2

3

4

5

6

7

84.74de

87.9c

104.33bc

115.66a

113.00

a

104.66b

107.66b

100.95c

91.99

d

2012

104.59c

116.24a

113.00

b

104.73c

107.72c

101.03d

95.18

e

2013

Total flavonoids
(mg/100 g F.W.)

10.38b

12.09a

11.71

a

9.84bc

8.86c

8.62c

7.13

d

2012

10.38b

12.14a

12.05

a

9.84bc

8.87bc

8.77c

7.70

d

2013

Anthocyanin
(mg/100 g F.W.)

82.33cd

102.33a

94.67

b

77.33d

87.66c

86.81c

70.58

e

2012

86.69c

103.33a

94.67

b

85.80c

88.00c

86.81c

81.23

d

2013

Ascorbic acid
(mg/100 g F.W.)

22.79c

21.86e

21.94

de

21.96de

21.98d

23.54b

23.66

a

2012

22.79bc

20.03d

21.94c

21.96c

21.98c

23.66a

24.66a

2013

DPPH
(Mmol TE/g F.W.)

Table 9.
Phytochemical screening by GLC for 3-days-old broccoli sprouts produced from treated seeds with essential oils before cold storage.

Means followed by the same letter(s) within each column do not significantly differ using Duncan’s multiple range test at the level of 5%; where, (a) refer to the highest mean values, and (e) refer to the lowest
mean values according to Duncan Multiple Range Test.

131.60a

122.29

131.66a

122.06

e

84.11

2013

d

Total phenolic acid
(mg/100 g F.W.)

2012

Treatment
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hydro-distillation for 2–3 h. After extraction, essential oils were analyzed by Gas
Liquid Chromatography (GLC) to separate and identify their basic constituents.
2.3.2 Results and discussion
2.3.2.1 Vegetative characters of broccoli sprout
All essential oil treatments rich in antioxidant stimulate the germination of
broccoli seeds. All essential oils treatments significantly increased germination,
germination index, seedling length, seedling vigor index and container yield compared with the control (tap water) during the two seasons (Table 8). The essential
oils of fennel, caraway and thyme increased the seed germination index by 171.43,
170.29 and 148.02%, respectively, compared to the control 100%. The increases of
seed germination % over the control reached to 12.73, 13.74 and 15.82% for the
effective treatments, respectively. The essential oils of thyme, caraway and fennel
had significant increases in seedling vigor and yield container over the control to
50.25, 73.82 and 90.22%, respectively.
The allelochemical effects of essential oils for induce stimulatory or inhibitory of
seed germination and other physiological process varied depending on the dose,
tested species, concentration and basic components. Under our study, the lower
doses of essential oils had a stimulatory effect [25]. The obtained results reveal that
the applications of essential oils at a low level improve seed germination of broccoli.
However, application of thyme oil reaches 100% of sprouts after seed germination
(Table 8). Impact of essential oils on seed germination of other plant species was
reported as 24 out of 47 tested terpenoids enhanced the seed germination of Lactuca
sativa [26]. Also, the positive impact of thyme essential oil on broccoli seeds could
be because of its active ingredients.
2.3.2.2 Phytochemical characters
All treatments significantly surpassed over the control in Broccoli sprout bioconstituents, i.e., total phenolic acid, total flavonoids, anthocyanin and ascorbic
acid, while the control treatment gave the highest DPPH radical scavenging capacity (Table 9). Application of thyme oil treatment produced significant increases of
total phenol, total flavonoids, anthocyanin and ascorbic acid content. Moreover,
thyme and basil essential oils decreased significantly the DPPH free radical scavenging capacity. Accordingly, it has been chosen to study the storage behavior
characters, in addition to control treatment. The majority of the antioxidant activity
attributes to phenolic compounds, flavonoids and ascorbic acidin essential oils [27].
Moreover, the effect of antioxidant on DPPH free radicle was due to the presence of
hydroxyl groups in their chemical structure. In this respect, [28] found that the
oregano essential oil inhibited hydro-peroxide formation and that the CHO fraction
showed the highest antioxidants activity.
The thyme oil showed significant lowest radical scavenging capacity compared
to the control and other treatments (Table 9). All other antioxidants/essential oils
showed high and almost the same antioxidant capacity effect. It was known that the
free radical scavenging DPPH intensity of some compounds can be influenced by
their different kinetic behavior [29]. For slow reacting compounds the influence
was attributed to the complex reacting mechanism. In our study, probably, the
constituents from thyme essential oil involved one or more secondary reactions,
which result the slower reduction of DPPH solutions [29].
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2.3.2.3 Antioxidant activity during cold storage
2.3.2.3.1 Total phenolic compounds and DPPH radical scavenging capacity
Figure 2 illustrate that there was a gradual increase in the total phenolic acid
content, and reaching a maximum value at day 5 and 10 (132.67 and 135.04 mg
GAE/100 g F.W.) compared to the initial time. This concentration decreased in to
129.03 mg at day 15 due to thyme oil application (Figure 2). Keeping in view that
the control treatment decreased to 73.84 GAE/100 g FW at day 5. On the 15th day,
the old-sprout from storage, the control was reduced by 28.57% compared to thyme
oil (1.98%). The control treatment of antioxidant capacity increased significantly
until day 10 (29.43 mg/100 g F.W.), and finally decrease (28.46% mg 100/g F.W.)
at day 15 increased from initial period (20.28%). While, application of thyme oil the
change was not clear at the end of storage (1.98%) (Figure 3). During cold storage
(Figure 3), the control was reduced DPPH by 28.57% compared to thyme oil at
15 day old-sprout (1.98%). Nath et al. [30] observed a constant decrease in the
antioxidant capacity for 144 h of storage of broccoli inflorescences. This behavior in
DPPH may be due to the steady changes in plant metabolism during storage period
as a result of oxidative stress, which may include structural and chemical changes in
synthesis or antioxidant content [31].

Figure 2.
Total phenolic content as affected by thyme oil compared to control treatment at different storage period.

Figure 3.
DPPH radical scavenging capacity as affected by thyme oil compared to control treatment at different storage
period.
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2.3.2.3.2 Total flavonoids
Total flavonoids (Figure 4) were found in a higher concentration in 3-day-old
sprouts of thyme treatment, with values of 115.95 mg/100 g F.W., after 5 and

Figure 4.
Total flavonoids content as affected by thyme oil compared to control treatment at different storage period.

Figure 5.
Total glucosinolates content as affected by thyme oil compared to control treatment at 0 time and 15 DAS.

Figure 6.
Total and individual aliphatic, aromatic/indole glucosinolates levels in broccoli in 3-days-old sprout and
mature at harvest.
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10 days of storage slight decrease to 0.021 and 0.086%, respectively, when compared with the initial value, and finally reduced by 1.39%. The high loss of flavonoids reached to 10.59 and 47.89%, after 5 and 10 days, respectively, and at 15 days
the loss increased to 58.33% for control treatment (average two seasons).
2.3.2.3.3 Glucosinolates content
Storage time had significant differences in glucosinolates content of the samples
analyzed. Figure 5 illustrate that the thyme oil increased significantly glucosinolates
content in 3-day-old sprouts, compared to control treatments. Moreover, thyme oil
had a high value of total glucosinolates (27.02 μg/g F.W.) and slightly decreased up
to 26.43 μg/g F.W. on day 15. At the end of storage, the decreasing changes percent
was about 2.18%. In the control treatment, the highest decrease in total
glucosinolates content was observed, where reached about 49.12% at the end of
storage.
2.3.2.3.4 Glucosinolates content of mature head versus sprout broccoli
In sprout, the total glucosinolates level (27.02 μg/g F.W.) is higher than in florets
or heads (7.37) (Figure 6). Glucoraphanin is the powerful of antioxidant and the
most abundant aliphatic glucosinolates present in sprout. The glucoraphanin
reached the highest 16.24 followed by glucoerucin 5.9 and glucoiberm 1.2 μg/g F.W.
On the other hand, the florets/heads contain the highest level of aromatic/
indolylglucosinolates, neoglucobrassicin (2.11) followed by glucobrassicin (1.67).
Our results are in agreement with those obtained by [32].
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Chapter 8

Study of Essential Oils Obtained
from Tropical Plants Grown in
Colombia
Elena Stashenko and Jairo René Martínez

Abstract
Researchers from several Colombian universities have joined efforts for over
15 years to characterize the composition and biological properties of more than a
thousand samples of essential oils (EOs) obtained from aromatic plants collected
during at least 30 botanical outings in different regions of Colombia. This chapter
presents a brief description of essential oil extraction and chemical characterization
techniques, followed by a representative list of references to publications on EO
composition obtained from tropical aromatic plants that grow in Colombia.
Opportunities for the development of interesting products for the pharmaceutical,
cosmetics, hygiene, and food industries are illustrated with a few selected works on
the evaluation of cytotoxicity, antioxidant, antiviral, antigenotoxic activities, and
repellence of these essential oils.
Keywords: Lippia, CENIVAM , antioxidant, antigenotoxic, antiviral, repellence

1. Introduction
Colombia, located at South America’s northwest, has coasts on the Caribbean
and the Pacific Ocean, extensive prairies and mountains with many forests, wild
pastures and cultivated land, rivers, and lakes. The country is rich in many natural
resources and water. Contrasting landscapes and varied climatic conditions have
made it after Brazil, the second most biodiverse country. This biodiversity includes
medicinal and aromatic plants; most native aromatic plants remain unexamined.
The aromatic herbs and spices commonly used in everyday life were brought to
Colombia by the Spanish conquerors five centuries ago (basil, chamomile, mint,
parsley, oregano, rosemary, sage, thyme, etc.); some (citronella, lemongrass, clove,
ginger, cinnamon) were introduced later, in the last two centuries.
The extension of land cultivated with medicinal and aromatic plants more than
doubled between 2007 (1253 ha) and 2015 (2709 ha) [1]. These plantations are
located mainly in the Andean region, some in the Eastern Plains of Colombia. The
crop of medicinal and aromatic plants amounted to 16,188 tons in 2015. This vegetal
material was used for many applications different from essential oil (EO) extraction, in over 100 companies and 2500 commercial establishments [1]. Aromatic
plants are used in Colombia’s food industry for beverages, and a portion of the crop
is exported in fresh (8288 tons in 2017) [2]. Colombia has currently no commercial
enterprise dedicated to the cultivation of aromatic plants destined to produce
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essential oils for export or the national market. Brazil, India, China, Indonesia, and
the United States are Colombia’s main essential oil suppliers. In 2017, the total cost
of the country’s essential oil imports was 14.289 million dollars, while the country
exported just 298 thousand dollars [2]. Since there is no essential oil production,
the EO exported amounts corresponded to commercialization of previously
imported oils.
The publication of Colombian scientific articles on EO research started in 1974
and grew slowly during the following 30 years (less than three articles per year).
The transition point was marked by the creation in 2005 of a network of research
groups that joined their expertise around the development of the EOs agroindustry.
The Research Center of Excellence for the Agroindustrialization of Aromatic and
Tropical Medicinal Species (CENIVAM), under technical and administrative coordination at the Industrial University of Santander (Bucaramanga), has been a leader
in aromatic plants and EO studies in Colombia for more than a decade. Over 250
scientific articles comprise the results of its investigations, which have been focused
on the multidisciplinary and systematic search of promising native plants and on
introduced species such as ylang-ylang, palmarosa, turmeric, patchouli, mints,
basils, citrus, geraniums, and others. Researchers from more than 10 universities
have carried out their work in areas of botany and taxonomy, plant physiology, and
ecology; on the study of secondary plant metabolites, crop and post-harvest
improvement, EO distillation and its optimization, and design of rural stills; on the
study of volatile fractions from plants and flowers, obtainment of extracts with
solvents and supercritical fluids (SFE-CO2), and catalytic transformation of EOs or
their main components; and on the study of their diverse biological properties
(antioxidant, antimicrobial, insecticidal, antiviral, and others).

2. Essential oil isolation
The primary metabolites (proteins, lipids, sugars, etc.) in plants are vital for the
plant to grow, multiply, and live, while secondary metabolites are required by the
plant to survive. For sure and with all the experimental details studied, the role
played by secondary metabolites in plants is not completely known, because they
fulfill several functions and operate through different mechanisms. Among many
secondary metabolites isolated from plants, there are some very special, widely used
in various branches of industry, medicine, and in many products of everyday life.
This class of substances is called EOs, volatile oils, ethereal oils, or essences.
Numerous substances are part of these oils; they are a complex mixture of volatile
compounds with very diverse chemical nature. What most characterizes and highlights them is their smell, generally pleasant and intense, that evokes the fragrance
of the plant or of the fruit or wood, from which these oils come. The essence can be
remembered as the smell, for example, of a freshly cut grass or vanilla, sweet and
cloying, among other aromatic tones that an EO has, formed by a complex range of
volatile substances with different fragrant notes and different sensory thresholds
for their perception.
Isolated from flowers (rose, orange blossom, lily, ylang-ylang), seeds (coriander,
celery, carrot, anise, cardamom), leaves and stems (basil, thyme, mint, lavender,
oregano), bark (cinnamon), wood (pine, sandalwood), roots (valerian, vetiver),
and rhizomes (ginger, turmeric). EOs can be considered as the soul of the plants,
their spirit, which characterizes, highlights, evokes, and makes them memorable in
time; oils, generally, produce a pleasant sensation, especially when diluted. The EOs
in the plants can be found in the different oil cells (ginger, turmeric, vanilla), in the
secretory channels (pine, artemisia, anise, angelica), in the glands (citrus,
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eucalyptus), or in the trichomes (many plants of Labiatae, Asteraceae, Solanaceae,
Geraniaceae families). The plant material (aromatic plant), when subjected to water
vapor, releases a liquid odoriferous mixture (EO) of various volatile substances; this
mixture can have from 50 to more than 300 chemical substances and is composed of
terpene hydrocarbons, their oxygenated derivatives, alcohols, aldehydes, and
ketones, as well as ethers, esters, phenolic compounds, phenylpropanoids, and
other derivatives [3].
EOs can be obtained from plant material by three main methods (Figure 1).
(1) Steam distillation. This process is carried out with a superheated dry steam,
usually generated by a boiler or steam generator, which penetrates the plant
material at higher than atmospheric pressure; the steam current breaks the cells or
oil channels in the plant and drags the volatile mixture, which condenses after
passing through a cooling system (heat exchanger). Generally, the oils are lighter
than water and with very little soluble in it; therefore, they can be separated by
decantation. The exception is the clove oil, which is heavier than water and is
collected under it. The steam distillation method is used to extract oils from
rhizomes, roots, seeds (vetiver, valerian, ginger, anise, cardamom, etc.), and dried
or fermented leaves of some plants (e.g., patchouli). (2) Distillation with watersteam. In this extraction system, wet steam is used, coming from the boiling water,
which passes through the plant material suspended above and supported on a mesh.
Most herbaceous plants are distilled by this method. (3) Hydro-distillation is a
process in which the plant material is directly immersed in water, heated to a boil.
This method is used for the distillation of more delicate plant material, for example,
flowers (e.g., ylang-ylang, roses). The citrus peel (orange, tangerine, lime) EOs
are also obtained by cold-pressing or by scraping their surfaces. The mixtures
obtained by the methods mentioned above are called “essential oils”; other products, isolated by maceration in different solvents or with supercritical fluid (CO2),
are generally called “extracts” and not “oils”; among them are concrete—obtained

Figure 1.
Main methods of essential oil isolation.
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by extraction with hydrocarbons from aromatic plants or, more frequently, flowers
—and absolutes, which are separated from concrete or pomade (obtained by
enfleurage) by alcohol.
The EO industrial production involves field distillation, in order to avoid the
high transportation costs of large vegetal material loads from which only about 1%
is going to be obtained as EO. Steam generation is one of the main components of
the operation costs. Current trends point toward the use of lignocellulosic waste as
biofuel for the furnace. Still capacity is determined by the crop size. The goal is to
maintain the still operating for at least 300 days of the year and to schedule the
harvests to avoid long storage (more than a week) of the cut vegetal material
waiting for its distillation. This is mainly to prevent mold formation. Patchouli and
vetiver are two exceptions to this rule, because a curing period of several days or
months (vetiver) recommended to enhance oil yield and organoleptic quality.
The reality is that a large part of Colombian small growers have low purchasing
power, low economic performance and productivity, and not very sophisticated
technology level in rural operations and processes. Traditional agricultural production faces a complex problem that includes low prices, low profitability, and the
increasingly acute lack of rural labor, because young people migrate to the cities.
The EO industry is a very important rural development alternative in which the
harvested vegetal material is no longer the final product, but the start of an addedvalue product chain. Several pilot projects, financed by the Ministry of Agriculture
and Rural Development and Colciencias (Colombia’s Science Funding Agency),
have been carried out in the past 15 years by CENIVAM with the participation of
small rural farmers associations. The common goal of these projects has been the
development of the EO value chain. The economic, agronomic, and quality viability
of EOs obtained in several productive units have been studied. Each unit has
characteristics, as follows: 5–8 ha crop extension, 20–22 families of small growers

Figure 2.
Rural production and distillation of essential oils in Colombia (Barbosa, Santander).
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involved in each project, 3 or 4 plant species cultivated per unit (palmarosa, citronella, Lippia origanoides, L. alba, rosemary, or thyme), plant nurseries, and the
facilities for EO extraction in the field. Several rural stills (1 m3 retort capacity) have
been designed and built by CENIVAM. A mobile autonomous version that uses a
radiator as condenser received a patent [4]. The farmers are trained on good agricultural practices, post-harvest treatment, and steam distillation. All activities are
accompanied by permanent technical assistance (Figure 2). These small rural projects constitute an opportunity for a commercializing enterprise that consolidates
the various producers around quality control guidelines and provides the technical
support to connect them with buyers abroad. The university provides the technical
support for chemical characterization with modern instrumentation, production of
technical data sheets, and quality assurance.

3. Essential oil characterization
3.1 Gas chromatographic analysis
The analytical technique routinely used for the instrumental chemical analysis of
EOs is gas chromatography (GC), because the constituents of oils are volatile
(monoterpenoids, esters, etc.) or semi-volatile substances (sesquiterpenoids, phenolic derivatives, etc.), whose molecular masses and boiling points do not exceed
300 a.m.u. and 300 °C, respectively. A chromatographic system comprises four
fundamental blocks: (1) sample introduction system (injector), (2) separation system (column), (3) detection system for analytes eluted from the column (detector),
and (4) data analysis and operation control system.
The GC can have conventional, e.g., flame ionization detector (FID), or thermal
conductivity detector (TCD), and spectral detectors can have an external device
attached, for example, a headspace sampler, a pyrolyzer, a purge and trap (P&T)
system or a thermal desorption setup, among others. Each block of the chromatographic system has its own function and its “responsibility” for the quality of the
analysis and the results obtained; for example, the function of the injection system
is to transfer the sample to the column quantitatively, without discrimination by
molecular weight or by the volatility of the components and without their chemical
alteration (decomposition, isomerization, or polymerization) (Figure 3). The
“responsibility” of the chromatographic column in the EO analysis is high: the clear,
complete (ideally) separation of all the components of the mixture must be accomplished. The separation is based on achieving different distribution constants of the
components between the two phases, stationary and mobile. This is obtained by
establishing the optimal operational conditions (temperature, type of mobile phase,
its velocity, stationary phase polarity, carrier gas pressure, temperature program,
etc.) (Figure 4) and by correctly choosing the chromatographic column, i.e., its
dimensions (length, internal diameter), chemical composition of stationary phase,
its polarity and thickness, and among other factors. For the EO analysis, long
columns (50 and 60 m) are used, since the oils are complex multicomponent
mixtures and, above all, they have structurally very similar compounds (isomers),
which require that the column has a very high resolution, which, among other
factors, is achieved by increasing its length. The EOs contain compounds of very
different polarities, both nonpolar (terpene hydrocarbons) and polar (alcohols,
aldehydes). This implies that for their analysis, columns with different stationary
phase polarities will be required.
The detection system differentiates the analyte molecules from those of the
mobile phase (carrier gas), to which the detector is transparent. The response of the
123

Essential Oils - Oils of Nature

Figure 3.
Ylang-ylang essential oil obtained by hydro-distillation from flowers. GC-MS analysis. DB-WAX column
(60 m). Injection modes: A. Split 1, 100; B. Splitless. Injection volume—1 μL (250°C). Many “new”
compounds appear in the chromatogram obtained in splitless mode.

detector is based on the measurement of one of the physical properties of the
system, e.g., ion current, thermal conductivity, photon emission, etc. The analog
signal becomes digital, graphic, i.e., a chromatographic peak, which is characterized
by its area (A), which is proportional to the analyte quantity or concentration (C).
This permits to establish an interdependent relationship, A = f (C), and to carry out
a quantitative analysis, to determine not only how many components there are in a
mixture but in what proportion (quantity) they are present. Through a combination
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Figure 4.
Ylang-ylang essential oil obtained from flowers by hydro-distillation and analyzed by GC-MS on a polar
column (DB-WAX, 60 m), using different temperature programs: A. 12 °C/min and B. 8 °C/min
(chromatogram fragment). With higher temperature rate, poorer separation of germacrene D and benzyl
acetate is observed.

of specialized software (data system), its accessories, interfaces, and analog-digital
converters, the work of the chromatographic system and all its operational parts
(hardware) is harmonized. For the EO analysis, which are very complex mixtures,
two GC detectors are mainly used, namely, the flame ionization detector and the
mass selective detector (MSD) or the mass spectrometry (MS) detector. The GCFID is used to quantify the oil components.
3.2 Tentative and confirmatory identification of essential oil components
The preliminary or presumptive (tentative) identification of the EO components
may be obtained once the retention indices are determined. The analysis in modern
equipment uses a program for the column temperature; in these cases, linear retention indexes are calculated, which are part of many databases and bibliographic
references [5, 6]. The confirmatory identification of a compound in a complex
mixture analyzed by GC needs to obtain its “fingerprint,” which is the mass spectrum (MS) represented by a unique combination of charged fragments (ions) generated during the breakup of the previously ionized molecule. The complementarity
of the chromatographic analysis (screening) with confirmatory spectral data (mass
spectra) is achieved using the combination of two techniques, GC and MS. The GCMS coupling complements the quantitative analysis carried out by GC-FID and
provides important additional information, i.e., the mass spectra of all components,
through which their identity can be established.
EOs contain both nonpolar (monoterpene and sesquiterpene hydrocarbons) and
polar compounds (their oxygenated derivatives, aliphatic alcohols, ketones, oxides,
phenolic compounds and their derivatives, phenylpropanoids, and rarely acids,
among others). Their analysis is performed by GC-FID (quantitative analysis) and
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by GC-MS (qualitative analysis), in two columns, with polar and nonpolar stationary phases. In columns with the nonpolar stationary phase, poly(dimethylsiloxane),
PDMS, or 5% phenyl-PDMS, the elution of components happens depending on their
boiling temperatures (or volatilities), that is, the retention times, tR, increase with
the decrease of the volatility and with the increase of the molecular masses and
boiling points of the components (Figure 5). The compounds reach the end of the
column in the increasing order of their boiling points. In the polar column, poly
(ethylene glycol), the elution order of the components is more difficult to predict,
because it is related to the intermolecular forces between the analyte and the
stationary phase and depends both on the dipole moment of the molecule (the
polarity) and on the possibility of hydrogen bond formation between the substance
and the stationary phase.
The elution order of some compounds in columns with different stationary
phases may be reversed. This often helps, together with the mass spectra and the
fragmentation pattern study, to differentiate, for example, terpene alcohols from
their acetates, since the latter sometimes do not exhibit molecular ions, M+• in their
mass spectra. When the chromatographic parameters (tR, tRR, or retention indices)
and spectroscopic parameters, i.e., mass spectra (characteristic fragmentation
pattern; see Figure 6) of the analyte and reference substance (certified standard)
coincide, a complete or confirmatory compound identification is achieved.
However, when retention indexes and mass spectra are used, extracted from the
specialized literature [6, 7] or from the databases (e.g., spectral libraries, NIST,
WILEY, Adams [7], others), and compared with the spectroscopic and chromatographic parameters of the EO component, their coincidence leads only to a recognition of the chemical structure, but not to its unambiguous, absolute identification,
which requires the use of a standard compound, a pure substance with certified
chemical structure. Frequently, it is necessary to isolate the compound from the
mixture and purify it for further characterization through the UV, IR, MS, X-ray
diffraction, NMR, elemental analysis, or high-resolution mass spectrometry
(HRMS). Each one of the mentioned spectroscopic techniques contributes with
some structural information, but the combined results allow to assemble the puzzle
and elucidate the chemical structure unequivocally.
The biggest challenge in EO analysis is the complete separation of its components (Figure 7) because their frequent coelution occurs due to their very close or
equal distribution constants. Some conventional strategies, e.g., change of the
column (polarity), temperature program, use of selective detectors, etc., can
often fail or be insufficient to determine all the compounds present in the oil.
Multidimensional chromatography makes it possible to separate the peaks of
partially or totally co-eluted substances. For this, it uses a second column, usually
orthogonal, through the “heart-cutting” operation by means of pneumatic
switching valves—today with the micro-fluidic technology, between the two columns and diverting part of the eluent from the first to the second column. This
method has played an important role in the development of separation techniques
for complex mixtures, including EOs [8, 9]. Multidimensional chromatography
requires at least two detectors and can have configurations of up to three columns
in the same oven or in separate chromatographic ovens. Along with this, today one
of the most modern, complete solutions for the separation of multicomponent
mixtures—although not very affordable for most laboratories because of its high
price—is comprehensive or total gas chromatography (Comprehensive GC  GC),
whose applications and developments have grown day after day for more than two
decades [10, 11].
In comprehensive gas chromatography (GC x GC), two columns are used, linked
together by means of a modulator. In contrast to conventional multidimensional gas
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Figure 5.
GC-MS chromatogram of ylang-ylang essential oil isolated from flowers by hydro-distillation and analyzed by
GC-MS on a polar column (DB-WAX, 60 m). A. Co-injection of the essential oil and n-paraffin mixture to
calculate retention indices (RI). B. RIs of germacrene D, benzyl acetate, and (E,E)-α-farnesene measured in
nonpolar [poly(dimethylsiloxane)] and polar [poly(ethylenglycol), PEG] columns.

chromatography, the GC x GC requires a single detector with high processing
frequency; both columns can be in the same oven or in two separate ovens. There
are different types of modulators, e.g., rotary thermal modulator (“sweeper”),
cryogenic “jet” system, modulators of valves, or longitudinal cryogenic modulator,
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among others, which also vary in the cryogenic agent employed; more modern
modulators are not cryogenic in nature. The eluent of the first column, by means of
the modulator, is “split” into very small “slices,” which, one after the other, enter
the second column from the first column. The first column (1D) is a conventional
column, with length of 25 or 30 m, and the second column (2D) is of rapid chromatography, that is, short and with a very thin internal diameter (0.1 mm or less).
The stationary phases in both columns are “orthogonal,” i.e., if the first is nonpolar,
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Figure 6.
Fragmentation pattern in mass spectra (electron impact, 70 eV) of some essential oil components. A. Ethyl
benzoate mass spectrum. B. Methyl m-methyl benzoate mass spectrum. C. α-Rupture and typical benzoyl ion
(m/z 105, 119) formation. D. McLafferty transposition of ethyl benzoate molecular ion M+• and formation of
[M–CH2=CH2]+• (m/z 122) fragment. E. p-Methylphenyl acetate mass spectrum. F. Elimination of
CH2=C=O neutral fragment and formation of [M—42]+•, diagnostic ion for acetates. G. Benzyl acetate mass
spectrum. H. Methyl 2-phenylacetate mass spectrum and the formation of tropylium ion (m/z 91) generated
through benzylic excision.
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Figure 7.
Ylang-ylang essential oil chromatogram (GC-MS) fragment. A. Chromatographic peak at tR = 30.76 min is
highlighted. B. Mass spectrum corresponded to this peak, identified by the software as ethyl benzoate
(Figure 6A); nevertheless, the peak is “contaminated” with other compounds; the presence of typical
sesquiterpene hydrocarbon ions (m/z 204, 189, 161,) is observed.

the second column is polar, and vice versa. The modulation time, required for the
transfer of a very small portion of eluent from the first column to the second, must
be very short and similar but never longer than the elution time of the “slowest”
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component in the second column. The second column, therefore, must be short and
very thin and separate the components in just a few seconds. Since the second
column is connected to the detector (MSD, FID, or ECD), it must have a very-highreading and signal-processing frequency. In most cases, a time-of-flight (TOF)
mass detector is used, which is the best option—though expensive—to make a
quantitative analysis and identification of compounds in such complex mixtures, as
are EOs (Figure 8).
Further technical details for EO chemical characterization and that of their
components can be found elsewhere [12, 13]. In summary, EO characterization
necessary for its quality control and the determination of authenticity, as part of a
technical data sheet necessary for its commercialization, can be divided into four
main stages or areas: (1) organoleptic properties, (2) physicochemical determinations, (3) qualitative and quantitative analysis of the components present in the oil
(chemical composition), and, finally, (4) some other determinations, e.g., pesticide
residues, traces of heavy metals, etc.
3.3 Chemical compositions of essential oils obtained from tropical plants grown
in Colombia
CENIVAM has studied Colombian plants widely used in popular medicine or in
culinary, for example, anise [14], oregano [15], rue [16, 17], and other species
introduced from Asia, such as lemongrass, citronella, ginger, citrics [18–20],
vetiver, and ylang-ylang [21–23], as well as several native species, among others,
Copaifera officinalis [24], Spilanthes americana [25], Lepechinia schiedeana [26],
Lippia alba [27], Xylopia americana [28], Hyptis umbrosa [29], Callistemon speciosus
(sims) DC. [30], Swinglea glutinosa [31], Satureja viminea [32], and Lippia
origanoides [33], with emphasis on the comparative study of extraction methods
[34–40]. Table 1 summarizes the composition of several Lippia EOs, according to
compound families. The knowledge of the chemical composition has been the
basis for the interpretation of the results of bioactivity assays such as genotoxicity

Figure 8.
Fragment of GCxGC-HRMS-TOF chromatogram of ylang-ylang essential oil contaminated with plasticizer
(phthalate) traces. m/z 149 is a base peak in alkyl phthalates’ mass spectra.
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[41–43], antiviral [44] and antifungal [45–52] activities, insect repellence [53–59],
antioxidant capacity [60–65], cytotoxic [30, 66–68], antituberculosis [69], and antiprotozoarial activities [70, 71]. A few examples are highlighted in the following
section.

4. Some biological activities of essential oils obtained in Colombia
EOs have been used in phytotherapy and folk medicine for their good odor and
antibacterial, antifungal or insecticidal activities. Phenols, alcohols and aldehydes
are EO components capable of crossing the cell wall, and in doing so, they alter its
permeability and may cause leakage of macromolecules, loss of ions, structure
disruption, and, eventually, cell death. This cytotoxicity enables EO applications
against human pathogens or parasites and for the preservation of vegetal and
marine products. Due to their large number of constituents, EOs affect several
targets simultaneously, and this may be the reason for the lack of microorganism
resistance development or adaptation. Besides cytotoxicity, the antioxidant properties of EOs are generally invoked as an indication of their potential benefits for
human health. This is related to the notion that many diseases are due to high
oxidative stress generated by diet, environmental contaminants, or work habits.
However, the prooxidant properties of some EO components can play a protective
role by promoting the removal of damaged cells. The mitochondria produce reactive oxygen species which can oxidize phenolic compounds (EO components) and
give rise to reactive phenoxyl radicals which accelerate the general cell damage [72].
Genus Lippia (Verbenaceae family) has been the focus of attention of Colombian researchers (Figure 9). L. alba and L. origanoides EOs have appeared as the
prominent representatives of this genus, after the evaluation of various Lippia
genus EOs for antioxidant [33], antiviral [44], antimicrobial [69], antiprotozoal
[71], and antigenotoxic [41, 42] activities.
Lippia origanoides Kunth (mountain oregano) is a good example of the aromatic
plant biodiversity found in CENIVAM studies. It is an aromatic shrub found in the
wild in northern South America and Central America. At least four different
chemotypes have been distinguished according to differences in EO composition
[34, 73]. Further research showed notorious differences in the compositions of the
various chemotype extracts. Several uses of L. origanoides infusions in popular
medicine have been related to antimicrobial and analgesic activities due to
phenylpropanoids and flavonoids found among its secondary metabolites. The
detection of thymol and carvacrol as main EO constituents and pinocembrin,
naringenin, quercetin, and luteolin in mg/g amounts in extracts of various L.
origanoides chemotypes supports the recognition of this species as a promising
source of bioactive substances. L. origanoides is the second most studied species of
the Lippia genus, preceded by L. alba. The useful bioactive properties found for
L. origanoides oil have aroused interest in commercial applications such as food
additive, preservative, or pest control agent, among others. L. origanoides oil is an
important ingredient of various current chicken food commercial products. The
most widely known sources of thymol and carvacrol are thyme (Thymus vulgaris)
and oregano (Origanum vulgare), both of Eurasian origin. Thymol and carvacrol
contents in thyme EO are in the range 37–55% and 0.5–5.5%, respectively (ISO
19817:2017). Oregano EO contains around 22% thymol and 18% carvacrol. Thymol
and carvacrol are major components in three L. origanoides chemotypes. Several
projects conducted in CENIVAM have related the variations in EO composition
with the steam distillation conditions, with the phenological stage, the agricultural
conditions, and the post-harvest treatment.
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Figure 9.
Some tropical aromatic plants of Lippia genus (Verbenaceae family): L. origanoides, L. americana,
L. micromera, and L. dulcis.

More than 30 botanical outings were organized by CENIVAM to various
Colombian regions in the Andes, the Eastern Plains, the Caribbean, and the Pacific
coasts. Over 1100 accessions of medicinal and aromatic plants were collected and
taxonomically identified, under the due permit of access to the genetic resource.
Hydro-distillation and steam distillation of these samples produced close to 1000
different EOs that were subjected to chemical characterization using GC techniques
provided with FID and MS systems. Tests for antioxidant, antimicrobial, antiviral,
antiparasitic, immunomodulatory, photoprotective, and antigenotoxic activities of
the EOs revealed that more than 45% of these oils were highly active in one or two
assays. The following sections highlight just a few of the interesting findings
obtained in the search for natural ingredients with biological properties that may
enable the development of products for the pharmaceutical, cosmetics, hygiene, or
food industries.
4.1 Cytotoxicity
Following the recognition of cytotoxicity and antioxidant capacity as main
determinants of EO potential pharmaceutical applications, Olivero and co-workers
[64] used the brine shrimp assay and the measurement of thiobarbituric acid
induced in rat liver microsomes by a Fenton reagent to evaluate 13 EOs from
Colombian plants for cytotoxicity and antioxidant capacity, respectively. Mean
effective concentrations (EC50) below 100 μg/mL were registered for the Ocotea sp.,
Tagetes lucida, and L. alba (citral chemotype) EOs. Moderate values (130–174 μg/
mL) were obtained for the Elettaria cardamomum and L. alba (carvone chemotype,
Tolima) EOs. No antioxidant activity (EC50 > 1 mg/mL) was found for the
Minthostachys mollis, L. alba (carvone chemotype, Cundinamarca), and Piper sancti134
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felisis EOs. LC50 cytotoxicity values between 4.36–64.3 and 1.2–20.8 μg/mL, for 24
and 48 h exposure, respectively, were obtained. Most tested EOs can be considered
cytotoxic (LC50 < 10 μg/mL), but bioactivity was highly dependent on EO
chemotype, extraction mode, and plant growing location.
L. alba EOs of different origins in Colombia showed cytotoxicity in the Artemia
franciscana assay at concentrations in the range from 7 to 21 μg/mL. The differences
were attributed to compositional variations caused by the geographical habitat and
environmental factors (temperature, light intensity) [74].
A study of cytotoxic activity of EOs from the Verbenaceae and Asteraceae
families included 36 species of various origins. These oils were tested on Jurkat,
HeLa, HepG2, and Vero cell lines [75]. None of the tested EOs was cytotoxic, except
that from Ambrosia arborescens, which showed IC50 of 16  3.4 μg/mL and was not
active against the tested tumor cell lines. All the Verbenaceae family EOs examined
produced dose-dependent inhibition on the growth of HeLa cells with determination coefficient R2 > 0.7. Four L. alba citral chemotype EOs and one oil of the
L. alba, carvone chemotype, were active against HeLa cells. This activity was
attributed to the presence of a target on HeLa that is not present on HepG2
and Jurkat cells.
4.2 Antioxidant activity
A study of 12 EOs of 7 Lippia species growing in Colombia employed GC-FID and
GC-MS methods for their chemical characterization and the ORAC and ABTS assays
for their antioxidant activity evaluation [76]. The ORAC and ABTS methods explore
radical scavenging mechanisms in which the fundamental step is either the proton
transfer (ORAC) or the electron transfer (ABTS) [77]. The EOs with high
phenylpropanoid content showed higher antioxidant capacity in both assays. The
ORAC antioxidant activity of these oils was five or more times superior to those of
butyl hydroxytoluene (BHT) and α-tocopherol, which are antioxidants used commonly in commercial products. This superiority was maintained, although at a
smaller proportion, in the ABTS test. The ORAC and ABTS values measured individually for carvacrol and thymol were close to the values obtained for the EOs that
contain them as main components. For the remaining oils, not rich in
phenylpropanoids, there was no clear relationship between the oil’s antioxidant
activity and that of its main constituents (Table 2). The L. americana EO and the
phellandrene-rich L. origanoides chemotype EO have mono- and sesquiterpene
hydrocarbons as main components. They showed poor antioxidant activity under the
ABTS assay conditions but did have higher antioxidant activity than BHT in the
ORAC assay. This is consistent with the evaluation of individual unsaturated
nonaromatic hydrocarbon terpenes (trans-ß-caryophyllene, α-phellandrene, ɣterpinene), which were capable of scavenging radicals by proton transfer (ORAC
conditions) but were completely inactive under the ABTS assay conditions (electron
transfer). All the 12 EOs examined, those of L. alba (carvone), L. alba (citral), L. alba
(carvone+citral), L. alba (myrcenone), L. origanoides (carvacrol), L. origanoides
(thymol), L. origanoides (phellandrene), L. citriodora, L. micromera, L. americana,
L. graveolens, and L. dulcis exhibited higher antioxidant capacity than BHT and
α-tocopherol in the ORAC assay, and this makes them very good candidates to
become ingredients of final products in substitution of synthetic antioxidants.
4.3 Antiviral activity
EOs from plants of the Labiatae and Verbenaceae families are considered very
useful in folk medicine, as antibacterials, antivirals, antifungals, antioxidants, and
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Essential oil
(chemotype)
or standard
compound

Essay ( s, n = 3)
Main compounds

Yield,
%
w/w

ORAC (μmol
Trolox®/g
compound)

ABTS (μmol
Trolox®/g
compound)

L. graveolens

6-Methyl-5-hepten-2-one (4.9%),
α-terpinene (3.0%), thymol (64 6%),
carvacrol (12 2%), trans-βcaryophyllene (2.9%)

1.2

3990  58

5410  48

L. citriodora

Limonene (10.7%), 1,8-cineole
(5.0%), neral (15.6%), geranial
(18.9%), spathulenol (4.7%)

0.1

3630  40

41  2

L. origanoides
(carvacrol)

p-Cymene (12%), carvacrol (46.2%),
γ-terpinene (9.6%)

4.4

3400  120

5200  109

L. origanoides
(thymol)

γ-Terpinene (5.0%), thymol (54.5%),
thymyl acetate (4.8%)

3.1

2840  72

5090  42

L. origanoides
(phellandrene)

p-Cymene (11.2%), limonene (7.2%),
trans-β-caryophyllene (11.3%), αphellandrene (9.9%)

1.5

1820  82

310  2

L. micromera

p-Cymene (13.1%), thymol (29.1%),
thymyl methyl ether (14.9%)

1.0

2050  78

2750  80

L. alba (citral)

Geranial (27%), neral (21%), geraniol
(6.0%)

0.9

2000  77

24.8  0.4

L. alba (carvona)

Limonene (30.2%), carvone (50.3%)

0.8

1340  54

126.4  0.7

L. americana

Sabinene (7.4%), trans-βcaryophyllene (12.2%), germacrene D
(16.3%)

0.5

1200  27

239  4

3410  50

4609  6

Thymol

3000  103

5700  125

Trans-βcaryophyllene

2800  109

N.D.

1766  8

N.D.

1040  18

136  3

α-Tocopherol

550  13

2429  7

Carvacrol

γ-Terpinene
α-Phellandrene

BHT

457  9

4760  23

1,8-Cineole

299  5

N.D.

p-Cymene

219  2

N.D.

Table 2.
Main constituents and antioxidant capacity of Lippia essential oils.

insecticides. The antiviral activity of 40 EOs of the Labiatae and Verbenaceae
families and some monoterpenes were evaluated on human herpes virus types 1 and
2 using the end point titration technique [78]. Samples that showed reduction factor
of viral titer in comparison to control without treatment (Rf) at least against one
viral type, at concentrations lower than or equal to 100 μg/mL, were considered
active. Hyptis mutabilis oil showed a high activity against both viruses (HHV-1 and
HHV-2), with Rf values of 103 and 102, respectively, at a concentration of 50 μg/mL.
Lepechinia vulcanicola and Mintostachys mollis EOs showed the same reduction factor of viral titer against both viral types at a concentration of 100 μg/mL. Lepechinia
salviifolia was moderately active against both viruses at the same concentration
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(100 μg/mL). Ocimum campechianum EO showed relevant (1  103) and mild
(1  101) activity against HHV-1 and HHV-2 at concentrations of 100 and
50 μg/mL, respectively. Lepechinia salviifolia and Rosmarinus officinalis oils showed
moderate anti-herpetic activity against HHV-1 and HHV-2, respectively.
The in vitro inhibitory effect of L. alba, L. origanoides, Origanum vulgare, and
Artemisia vulgaris EOs on yellow fever virus was investigated by exposing African
green monkey kidney (Vero) cells to EO prior to virus exposure [79]. None of the
EOs studied was cytotoxic on these cells. The minimum concentration of the EO
that inhibited virus titer by more than 50% (MIC) was determined by virus yield
reduction assay. Preincubation of virus with selected EO for 24 h at 4°C before
adsorption on Vero cell inhibited the subsequent extracellular virus titer. Vero cells
were exposed to EO 24 h at 37 °C before the adsorption of untreated virus. The
presence of EO in the culture medium enhanced the antiviral effect: L. origanoides
oil at 11.1 μg/mL produced a 100% reduction of virus yield, and the same result was
observed with L. alba, O. vulgare, and A. vulgaris oils at 100 μg/mL.
4.4 Antigenotoxicity
Since plants are exposed daily to the sun radiation, they have evolved mechanisms that protect them from the effects of overexposure, such as damages to the
DNA. When DNA suffers a damage, the cell responds with a set of actions that was
discovered in 1975 by Miroslav Radman [80], who assigned the name of SOS
response. The Pasteur Institute developed a colorimetric assay to detect carcinogens, based on this response in which the exposition to UV causes the DNA damage
whose extent is associated with the intensity of light absorbance by a chromophore
[81]. This SOS chromotest is highly sensitive to UV. A modified version has been
used by Fuentes and collaborators [82] to identify plants of Colombian flora that
may be a source of genoprotective compounds. Their application of the SOS
chromotest in a survey of 50 extracts obtained with supercritical CO2 from aromatic
plants grown in Colombia permitted to identify those that significantly reduced
UV-induced genotoxicity depending on their concentration, as follows: Baccharis
nitida, Solanum crotonifolium, Hyptis suaveolens, Persea caerulea, and L. origanoides.
Volatile secondary metabolites have been the subject of antigenotoxicity tests.
L. alba, L. micromera and L. origanoides EOs were found antigenotoxic, and the
evaluation of their main constituents showed that carvacrol, thymol, citral,
p-cymene, and geraniol inhibited the UV-induced genotoxicity in the
SOS chromotest [83].
4.5 Repellence
Synthetic insecticides are the most frequent pest control method in crop
production and storage. However, their application has negative effects on environmental resources, elimination of beneficial insects, and toxicity for susceptible
species and humans, who represent the last link in the food chain. EOs have
attracted attention in recent years as potential pest control agents due to their
insecticidal, repellent, and/or antifeedant properties. Stored products of insect pest
control are important in managing post-harvest grains, food products and
processed goods. Tribolium castaneum (Herbst) is one of the most common insect
pests worldwide of flourmills, grocery shops and warehouses. Jaramillo et al. [84]
examined the repellent effect of Colombian Croton malambo (Karst) EO against
T. castaneum using the area preference method. A filter paper was divided in halves.
On one half, equal volumes of different concentrations of EO dissolved in acetone
(0.00002, 0.0002, 0.002, 0.02, and 0.2 μL/cm2) and the other with acetone only as
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control. These halves were joined, and a fixed number of insects were released on
the center. Observations on the number of insects present on both the treated and
untreated halves were recorded after 2 and after 4 h. The highest repellent activity
was observed at an EO concentration of 0.2 μL/cm2. Repellence values of 86%  5
(2 h) and 92%  3 (4 h) were observed, which were higher than those obtained for a
commercial repellent at the same concentration and exposure times (78%  5 and
76%  9, respectively).
Weevils that consume flour (Tribolium castaneum), peanuts and wheat bread
(Ulomoides dermestoides) merit attention alongside other insects of major concern in
crop production and storage of cereals and other products. Alcala and co-workers
[85] used the area preference method to show that EOs of Elettaria cardamomum,
Salvia officinalis and L. origanoides (carvacrol chemotype) had repellent action
against both pest insects, while the repellency in the controls was null. This repellency increased when the EO concentrations were higher. None of the EOs
presented attractant action for either of the exposure times. A 100% repellency was
obtained at the highest concentration tested (1.6% v/v), except for S. officinalis
against U. dermestoides at 2 h of treatment that had a 97% of repellency. Mean
repellent concentration (RC50) values showed that E. cardamomum, S. officinalis,
and L. origanoides had better repellent properties against U. dermestoides than a
commercial preparation that contained 15% of ethyl butylacetylaminopropionate.
The carvacrol-rich chemotype of L. origanoides was the most potent, with RC50
values of 0.220 and 0.207% (v/v), for T. castaneum and U. dermestoides,
respectively.
Several tropical diseases for which there is no vaccine yet (yellow fever, Zika
fever, chikungunya, dengue) are transmitted by Aedes aegypti. The strategies to
prevent these illnesses involve the use of insecticide or repellent agents. Since
several pesticides have deleterious environmental effects and affect humans, there
is a strong interest in finding EOs and plant extracts that can be effective in
controlling Aedes aegypti. The guideline that good larvicide candidates are substances with LC50 < 100 mg/L [86] shows the importance of the finding that the
EOs from L. origanoides (LC50 = 54 mg/L) and Swinglea glutinosa (LC50 = 66 mg/L)
had an improved performance when used as a mixture (LC50 = 38 mg/L). Other EO
binary mixtures showed similarly interesting activity (Turnera diffusa and
S. glutinosa, LC50 = 64 mg/L; L. alba and S. glutinosa, LC50 = 49 mg/L) [87].

5. Conclusions
Colombia’s geographic and botanical conditions favor the development of its
EOs agroindustry to convert this country into an important provider to the evergrowing EO world market. The initial offer will consist of EOs from aromatic plants
of European and Asian origins, which are well-known and commonly traded in the
international market. However, the results from the very small survey of Colombia’s
biodiversity indicate that there are many promising alternatives for future market
expansion. The evaluation of biological activities of EOs obtained from plants
growing in Colombia points toward many opportunities to develop a wide range of
products that employ them as active ingredients.
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Abstract
There are many food-borne pathogens in the wild and they are considered
the cause of serious public health problems in both developed and developing
countries. The use of natural products, such as antimicrobial compounds, has been
increasing, in an attempt to control bacteria present in foods, mainly pathogens
resistant to conventional antibiotics. This chapter is intended to provide the antimicrobial and antioxidant activity of essential oils of Cinnamomum zeylanicum
(cinnamon), Origanum vulgare (oregano), Zingiber officinale (ginger), Rosmarinus
officinalis (rosemary), Citrus latifolia (tahiti lemon) and Curcuma longa (saffron)
as well as to determinate its chemical composition. The oils had been extracted by
hydrodistillation with a Clevenger type apparatus and the antimicrobial activity
was performed against standard strains Escherichia coli, Pseudomonas aeruginosa
and Staphylococcus aureus. The antioxidant activity was carried out using the ABTS
[2,2-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)] method. The essential
oils presented a mixture of mono- and sesquiterpenes. The best minimum inhibitory concentration was determined to C. zeylanicum against S. aureus. O. vulgare
antioxidant activity presented inhibition of 90.74% and EC50 of 14 μg mL−1. These
results demonstrate that the essential oils analyzed presented efficient antibacterial
activity and antioxidant action being able to satisfy the demand of use as control of
microorganisms in the food.
Keywords: essential oils, biological properties, antimicrobial activity,
antioxidant activity, chemical composition

1. Introduction
Brazil has an extensive diversity of species in its flora, and great tradition in
the use of medicinal plants linked to the popular medicine [1]. Medicinal plants
are characterized by common sense within communities as an alternative for
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nutritional and therapeutic purposes in the prevention and cure of diseases since
ancient times. Their therapeutic use has aroused scientific interest, awakening new
ways to control several diseases [2].
These species are commonly employed in the commercial sector, such as the
food industry. Condiments or spices are used in the preparation of food in order to
improve sensory characteristics and as a preservative agent due to its antioxidant
and antimicrobial attributes [3]. These types of preservatives are more accepted by
the population, mainly due to the search of the industries for healthier products [4].
The antimicrobial and antioxidant activities of various spices, such as
Rosmarinus officinalis (rosemary) [5, 6], Cinnamomum verum (cinnamon)
[7]Curcuma longa (saffron) [8], Ocimum basilicum (basil) [9, 10], Zingiber officinale
(ginger) [11] and Origanum vulgare (oregano) [12, 13] that are widely used in the
food industry have such proven biological properties.
The chemical constituents responsible for the antibacterial power of these
condiments are named as phenolic compounds, such as carvacrol, linalool, thymol,
menthol, limonene and eugenol [14], also including terpene derivatives, such as
mono- and sesquiterpenes and phenylpropanoids [15].
These spices are mainly used through the essential oils obtained from these
plants. Many of these oils are composed of substances such as those mentioned
above and these are related to the permeability of the bacterial cell membrane and
through this can act in the control of microbiological growth [16].
A very important factor is the yield of these oils, which are based on the method
and extraction time [17] and thus add a higher commercial value associated with
cost-benefit. Usually, they are synthesized by extraction techniques, such as distillation [18, 19] that separate it from the water by differences in density and polarity.
Essential oils are composed of a complex mixture of volatile chemicals present
in various parts of medicinal plants. They provide the essence of the plant, being
responsible for the flavor and aroma of spices [20]. They act in protection against
pathogens, in the attraction of pollinators and can be found in leaves, flowers, fruits
and even in roots of aromatic plants [21]. These compounds have specific odoriferous and lipophilic characteristics [22] and have received much attention in the last
decades due to the antimicrobial activity that they present [23].
These natural products have proven antioxidant and antimicrobial potential and
several studies describe the application of these products to prolong the shelf life of
food products without risks to the consumer or interference in the natural characteristics of the food [19, 24].
The search for decrease in the use of antioxidants and synthetic antimicrobial
agents intensifies studies to demonstrate the promising potential of these compounds [19, 25, 26]. These searches are based on the great risk of contamination
through food, and the great resistance of bacteria to antibiotics, appearing the
interest of adding natural antimicrobial agents in food as a way to mitigate cases of
foodborne diseases [27].
Foodborne diseases can be identified when one or more individuals exhibit similar
symptoms after ingestion of food contaminated with pathogenic microorganisms,
their toxins, toxic chemicals or objects which constitute a common source. In the
case of highly virulent pathogens, such as Clostridium (C.) botulinum and Escherichia
(E.) coli O157: H7, only one case can be considered an outbreak [28]. Bacteria like
Staphylococcus aureus, Salmonella, Campylobacter and Escherichia coli are important
food pathogens, and are among the biggest cause of outbreaks in the word [29].
A polymerase chain reaction (PCR) analysis with samples of beef, sheep and
processed chicken showed the presence of Clostridium perfringens, Enterococcus
faecalis and S. aureus in 79, 86 and 94%, respectively. In meat samples, E. coli and
enteric Salmonella were also found in respective concentrations of 90 and 91% [30].
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Food-borne illness is a real problem in the present scenario as the consumerism of packaged food. Pathogens entering the packaged foods may survive longer.
Therefore, antimicrobial agents either alone or in combination are added to the food
or packaging materials to eliminate these agents [31].
Treatment in these cases leads to the indiscriminate use of antibiotics. These
have provided a growing multidrug resistance of microorganisms, generating public
health problems due to the residues in foods [2]. The antibiotics act as an important
selective pressure for the emergence and persistence of resistant strains [32].
Exploiting the antimicrobial property, essential oils are considered as a “natural”
remedy to this problem. Alternatives to the use of synthetic antimicrobial agents have
been proposed in recent years, and some approaches include herbal products [28].
This promising determination of the action of these essential oils on microorganisms
using Gram-positive and Gram-negative bacteria should be performed due to its
low cost of acquisition, use and therapeutic action, such as the viability of medicinal
potential and its use in the food industry, cosmetics and pharmaceuticals, whereas
bacterial resistance is one of the most significant challenges to human health [33].
Thus, the objective of this chapter was to provide the antimicrobial and antioxidant activity of Cinnamomum zeylanicum (cinnamon), O. vulgare (oregano), Z.
officinale (ginger), R. officinalis (rosemary), C. longa L. (saffron) and C. latifolia
(tahiti lemon) essential oils as well as to determine its chemical composition.

2. Essential oils chemical profile
C. zeylanicum leaves, C. latifolia barks, O. vulgare and R. officinalis aerial parts
and Z. officinale and C. longa L. rhizome were collected in the city of São Luis
Maranhão, Brazil (latitude: −2.53073, longitude: −44.3068 2° 31′ 51″ South, 44°
18′ 24″ West). The taxonomic identification was performed by Ana Zelia Silva in
the Seabra Attic Herbarium of the Department of Botany of the Federal University
of Maranhão. All five plants were dried for 48 h and sprayed in an electric knife
mill at the Food and Water Quality Control Laboratory of the Federal University of
Maranhão.
The essential oil was extracted by hydrodistillation using Clevenger system. A
quantity of 300 g of dry plant material diluted in water at a ratio of 1:10 was boiled
at 100°C for 3 h. The oil was dried with anhydrous sodium sulfate and kept in an
amber bottle under refrigeration. For in vitro biological assay, the essential oils
and reference drugs were dissolved in dimethylsulfoxide (DMSO) at 100 times the
highest concentration of use, and subsequently diluted in an appropriate medium to
a final concentration of DMSO less than 1%.
Chemical characterization of the essential oils was performed by gas chromatography coupled to mass spectrometry (GC-MS). The essential oils under study were
dissolved in 1 mg/mL ethyl acetate and analyzed on Shimadzu QP 5000 gas chromatograph with ZB-5 ms capillary column (5% phenyl arylene 95% dimethylpolysiloxane) coupled at 70 eV (40–500 Da) electronic impact detector HP 5MS with a
transfer temperature of 280°C. The chromatographic conditions were injection of
0.3 μL of ethyl acetate; helium carrier gas (99.99%); injector temperature: 280°C;
split mode (1:10); then an initial temperature of 40°C and a final temperature of
300°C; initial time of 5 min and final time of 7.58min. The results obtained for C.
zeylanicum leaves are shown in Table 1.
A total of 15 compounds were identified and their main constituents such as cinnamic aldehyde (46.30%), α-copaene (16.35%) and trans-β-caryophyllene (8.26%)
were identified and quantified. Various researchers have identified and quantified
different chemical compounds of C. zeylanicum essential oil. A study identified nine
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Peak

C. zeylanicum E.O.
Compounds

(%)

1

α-Pinene

1.47

2

Benzaldehyde

4.16

3

3-Phenylpropionaldehyde

2.95

4

Borneol

1.06

5

α-Terpineol

0.87

6

Cinnamic aldehyde

46.30

7

3-Phenyl-1-propanol

1.46

8

α-Copaene

16.35

9

trans-β-Caryophyllene

8.26

10

(e)-Cinnamyl acetate

7.54

11

α-Humulene

2.16

12

delta-Cadienene

1.42

13

(−)-Spathulenol

2.09

14

Caryophyllene oxide

2.80

15

Benzyl benzoate

1.12

Table 1.
C. zeylanicum (cinnamon) essential oil chemical composition.

compounds [34] with (E)-cinnamaldehyde as its major component [35, 36]. The
essential oils of this plant generally have cinnamaldehyde [37], which corroborates
the results obtained in this study. We already presented similar results to chemical
composition of C. zeylanicum essential oil [38].
The chemical profile obtained for the aerial parts such as R. officinalis and
O. vulgare is shown in Table 2. Its total composition presented 17 components with
the major constituents being camphor (37.00%), 1,8-cineol (11.32%) and α-terpineol
(7.12%). In O. vulgare essential oil, 20 compounds were found, represented by the main
constituents cis-ρ-menth-2-en-1-ol (33.88%), linalyl acetate (13.90%) and p-cymene
(8.29%). Probst also identified camphor as the major component of R. officinalis
essential oil [39], being possible to observe similarity with the essential oil composition of this study, while other study obtained 1,8-cineol in a higher percentage, but
camphor was present in the second place among the major components [40].
With respect to O. vulgare essential oil, while there is a description of similar
chemical composition to our study [38, 41], another study found three different
chemotypes in 25 samples of this essential oil: linalool/linalyl acetate chemotypes
with predominant linalyl acetate; the second major chemotypes rich in carvacrol
and c-terpinene; and a third rich chemotype in thymol [42].
The chemical composition of the essential oils of C. longa (saffron) and
Z. officinale rhizomes is shown in Table 3. For essential oils obtained from C. longa
rhizomes, 17 compounds were identified and the major chemical composition is
represented by turmerone (55.43%), β-turmerone (12.02%) and γ-curcumene
(6.96%). Similar results were described to C. longa essential oil [38, 43–45], with the
main compounds turmerone and β-turmerone presenting the highest percentages.
In the essential oil of Z. officinale, 18 components were identified, constituting α-zingiberene (27.14%), geranial (14.06%) and nerolidol (13.51%) in greater
percentage. Diemer studing essential oil of Z. officinale quantified the chemical
profile in 12 constituents and concluded that α-zingiberene was the predominant
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Peak

R. officinalis (rosemary) E.O.

O. vulgare (oregano) E.O.

Compounds

(%)

Compounds

(%)

1

β-Pineno

2.29

α-Pinene

0.80

2

β-Mirceno

4.36

Bicyclo[3.1.0]hexane

1.73

3

ρ-Cimeno

1.41

(+)-4-Carene

3.08

4

Limoneno

2.02

p-Cymene

8.29

5

1,8-Cineol

11.32

Cyclohexene

1.23

6

γ-Terpineno

1.61

β-Phellandrene

2.73

7

Linalol

2.99

p-Menth-2-en-1-ol

4.62

8

Cânfora

37.00

1,4-Cyclohexadiene

1.21

9

Pinocarvona

217

cis-Sabinene hydrate

1.29

10

Borneol

3.24

Terpinolene

3.11

11

Terpinen-4-ol

4.79

1,6-Octadien-3-ol

5.69

12

α-Terpineol

7.12

trans-Sabinene hydrate

1.59

13

Verbenona

5.85

cis-p-Menth-2-en-1-ol

33.88

14

Acetato de bornila

4.28

3-Cyclohexen-1-ol

5.26

15

β-Cariofileno

6.43

(+)-α-Terpineol

2.61

16

α-Humuleno

1.47

Carvacrol methyl ether

0.94

17

α-Bisabolol

1.65

Linalyl acetate

13.90

18

—

Thymol

2.41

19

—

trans-β-Caryophyllene

2.46

20

—

1H-Cycloprop(E)azulen-7-ol

3.16

Table 2.
Chemical composition of the essential oils of Rosmarinus officinalis (rosemary) and Origanum vulgare
(oregano).

Peak
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C. longa (saffron) E.O.

Z. officinale (ginger) E.O.

Compounds

(%)

Compounds

(%)

1

α-Pinene

1.15

α-Pineno

1.46

2

Myrcene

0.37

Canfeno

5.02

3

Vinyl propionate

0.20

β-Mirceno

1.29

4

ρ-Cymene

1.01

Sabineno

5.23

5

Bisabolone

0.55

1,8-Cineol

4.35

6

β-Turmerone

12.02

Linalol

0.50

7

1,8-Cineole

1.01

4,4-Dimetil-2-pentinal

0.80

8

Camphor

1.24

terc-Dodeciltiol

0.71

9

α-Terpineol

4.13

Neral

9.64

10

Terpinolene

0.43

Nerol

1.07

11

α-Zingiberene

0.29

Geranial

14.06

12

β-Sesquiphellandrene

2.67

2-Undecanona

0.63

13

β-Caryophyllene

1.00

Farnesol

1.27

14

γ-Curcumene

6.96

1,1-Diciclopropiletileno

0.55
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Peak

C. longa (saffron) E.O.

Z. officinale (ginger) E.O.

Compounds

(%)

Compounds

(%)

15

ar-Curcumene

1.58

ar-Curcumeno

3.33

16

Turmerone

55.43

α-Zingibereno

27.14

17

β-Sesquiphellandrene

1.10

Nerolidol

13.51

18

—

-

β-Sesquifelandreno

9.45

Table 3.
Chemical composition of Curcuma longa (saffron) and Zingiber officinale (ginger) essential oils.

Peak

Citrus latifolia (tahiti lemon) E.O.

1

Compounds

(%)

ρ-Cymene

10.86

2

D-Limonene

8.85

3

Cyclooctanone

1.54

4

ρ-Mentha-E-2,8(9)-dien-1-ol

2.47

5

trans-Pinocarveol

3.23

6

14.70 Pinocarvone

2.02

7

ρ-Cymen-8-ol

3.02

8

Bicyclo(3.1.1)hept-2-ene-2-carboxaldehyde,6,6-dimethyl-

5.34

9

Myrtenol

6.31

10

trans-Carveol

1.58

11

cis-Carveol

11.59

12

Carvone

1.68

13

19.02 Carvone oxide

3.69

14

Limonene dioxide

25.92

15

1,2-Cyclohexanediol 1-methyl-4-(1-methyleth)

8.10

16

7-Oxabicyclo[4.1.0]heptane,1-methyl-4-1-(1-methylethyl)

1.24

17

2,7-Octadiene-1,6-diol,2,6-dimethyl

2.56

Table 4.
Chemical composition of lemon tahiti essential oil.

component [46]. Same results were observed by us in the present study. However,
there are also descriptions of geranial as its major constituent in this oil [47].
The chemical composition obtained from C. latifolia leaves is presented in Table 4.
The essential oil obtained presented from 17 components with the main constituents
being limonene dioxide (25.92%), cis-carveol (11.59%) and ρ-cymene (10.86%).
Similarly, it was found in the researches carried out in C. latifolia tanaka, identifying 17
compounds and limonene as the major compound with 46.3% [48] and 58.43% [49].

3. Antimicrobial activity
Escherichia coli (ATCC 25922), Staphylococcus aureus (ATCC 12600) and
Pseudomonas aeruginosa (ATCC 27853) strains were cultured in brain heart infusion
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broth for 24 h at 37°C and then diluted to 108 UFC/mL following the MacFarland
scale, recommended by the Clinical and Laboratory Standards Institute [50].
The inoculum (100 μL) of each bacterium was seeded in Mueller-Hinton agar,
with filter paper impregnated with 50 μL of essential oil placed on the surface.
The plates were incubated at 35°C and after 24 h, the inhibition halo was measured
with a millimeter ruler [51]. The minimum inhibitory concentration (MIC) was
determined using the broth dilution methodology [52] and performed in triplicates with the same bacterium used in solid media diffusion techniques. Initially,
an aliquot of the essential oil prepared in DMSO was transferred to a test tube
containing BHI broth. Serial dilutions were then performed resulting in concentrations of 5–2000 μg/mL. Microbial suspensions containing 1.5 × 108 CFU/mL of the
bacteria were added at each concentration and incubated at 35°C for 24 h. Tubes
without bacteria were reserved for control of broth sterility and bacterial growth.
After the incubation period, the minimum essential oil inhibitory concentration
was defined as the lowest concentration which visibly inhibited bacterial growth
observed by the absence of visible turbidity. To confirm growth inhibition, the
BHI broth was subjected to the inoculum microbial seeding test on the surface of
the plate-count agar.
The disc diffusion method evaluated the antibacterial activity of C. zeylanicum,
O. vulgare, Z. officinale, R. officinalis, C. longa and C. latifolia essential oils to form
inhibition halos against the growth of Gram-positive (S. aureus) and Gram-negative
(E. coli and P. aeruginosa) bacteria strains. The diameters of the inhibition halos
developed by the essential oils are shown in Table 5. The halos ranged from 7.67 to
15.33 mm. The largest inhibition halo against Gram-negative E. coli bacteria was
quantified at 21 mm by C. latifolia essential oil. The best bactericidal activity for S.
aureus was quantified at 15.66 mm by C. longa, while the Gram-positive P. aeruginosa
was strongly inhibited by C. longa essential oil of, quantifying a halo of 12 mm.
The minimum inhibitory concentration (MIC) in μg mL−1, the lowest visible
concentration that prevents visible microbial growth in the culture medium by the
action of the natural product, is being reported in Table 5.
The bactericidal activity of C. zeylanicum essential oil was demonstrated by
larger halos against the Gram-positive bacteria. Similar results were found in C.
zeylanicum essential oil [34, 38, 53] and the authors reported cinnamaldehyde
as responsible for the antimicrobial action. However, lower results were also
described when evaluating the antimicrobial activity of this oil against Salmonella
typhimurium and E. coli, being its better inhibition against S. aureus [54].
The MIC’s of C. zeylanicum essential oil were quantified using S. aureus strain
and obtained a similar inhibitory concentration to that in this research, however E.
coli and Salmonella typhi concentrations were far superior to that described in our
study [55]. In another research conducted by Trajano et al. [4], concentrations are
relatively lower than those observed in this study.
To the antimicrobial potential of R. officinalis essential oil, Cordeiro [56] also
obtained inhibition halos for S. aureus, as well as Ribeiro [57] for E. coli, both using
this same essential oil as antimicrobial. The antimicrobial activity of this oil for the
strains tested in broth dilution showed MIC’s similar to the experiment performed
by Silva et al. [58]. However, values for such concentrations have also been reported
in smaller units by Thanh et al. [59].
On the other hand, O. vulgare essential oil has demonstrated efficiencies for both
Gram-positive and Gram-negative strains which can be observed by Stefanakis et al.
[60] and Sankar et al. [61] who reported antimicrobial activity of this essential oil
similar to this research against the same bacteria tested.
Soković et al. [62] obtained MIC’s for O. vulgare essential oil smaller than those
described in the results of this study for S. aureus, E. coli, Salmonella enteritidis
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E. coli (ATCC 25922)

S. aureus (ATCC 12600)

P. aeruginosa (ATCC
27853)

IH
(mm)

MIC
(μg mL−1)

IH
(mm)

MIC
(μg mL−1)

IH
(mm)

MIC
(μg mL−1)

C
zeylanicum

12.67
(±1.00)

216.67
(±14.43)

15.33
(±0.58)

83.33
(±28.87)

9.33
(±0.58)

383.33
(±0.01)

O. vulgare

15.33
(±0.58)

133.33
(±28.87)

14.67
(±0.58)

216.67
(±28.87)

10.33
(±0.58)

550.00
(±28.87)

C. longa

14.33
(±0.58)

266.67
(±28.87)

15.66
(±0.58)

166.67
(±14.43)

12.00
(±0.58)

483.33
(±57.74)

Z. officinale

10.70
(±0.58)

1000.00

9.70
(±0.58)

200.00

8.67
(±0.58)

1500.0

R. officinalis

9.70
(±0.58)

1700.00

10.70
(±0.58)

1500.00

7.67
(±0.58)

1700.0

21

250

10

500

11

1000

C. latifolia

Table 5.
Diameters of inhibition halos (IH) and minimum inhibitory concentrations (MIC) for the essential oils
activity against bacterial strains.

and Salmonella typhimurium. Sarikurkcu et al. [38, 63], also performed an assay to
determine the MIC against S. aureus and E. coli, obtaining results similar to those
observed.
For C. longa essential oil, the largest halos were quantified for Gram-positive
bacteria, similar to results found by Gupta et al. [64], Teles et al. [38] and
Mishra et al. [65] who reported the formation of halos against the same bacteria
in this study submitted to antimicrobial activity assays. Singh et al. [66] also
observed satisfactory MIC values for the control of the microorganisms tested in
this study.
In relation to the bactericidal effect of the Z. officinale essential oil, the values
obtained in our disc diffusion test are superior to those obtained in the study by
Singh et al. [67], where the authors did not obtain inhibition halos for E. coli and
S. aureus, and the same were reported by Grégio et al. [68]. However, MIC values
were similar to those found by Sasidharan and Menon [69].

4. Antioxidant activity
The antioxidant activity by the ABTS method [2,2-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)] was adapted according to the methodology suggested by
[70]. The ABTS˙+ radical was prepared by the reaction of 5.0 mL of a 3840 μg mL−1
of ABTS solution with 88 μL of the 37,840 μg mL−1 potassium persulfate solution.
The mixture was left in the dark for 16 h. After formation of the radical, the mixture was diluted in ethanol (approximately 1:30 v/v) and absorbance was obtained
at 734 nm. From the extracts and essential oils concentrations (5–150 μg mL−1),
the reaction mixture was prepared with the ABTS radical cation. In a dark environment, a 30 μL aliquot of each extract and essential oil concentration was transferred
into 23 test tubes containing 3.0 mL of the ABTS radical cation and homogenized
on a tube shaker. After 6 min, absorbance of the reaction mixture was obtained in
a spectrophotometer at 734 nm. The analyzes were performed in triplicate and the
capture of the free radical was expressed as percent inhibition (% I) of the ABTS
radical cation.
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The ABTS method allowed the calculation of the 50% effective concentration
of the essential oils, which express the minimum concentration required to reduce
the initial concentration of ABTS by 50%, and these are expressed in Table 6. The
lowest concentration and consequently the best antioxidant activity was observed
to oregano, with an EC50 quantified in 14 μg mL−1 and consequently also the highest
percentage of ABTS inhibition.
The antioxidant effect of C. zeylanicum essential oil differs from that observed
by [71] using the ABTS technique, where these authors verified a lower EC50. This
difference is explained by the authors due to variation in the chemical composition
of the essential oils studied, which depends on factors such as the geographic location and the time of collection of the plant.
The result for R. officinalis essential oil exhibited by [57] shows a fairly high
effective concentration comparing that obtained in this article. Also [72], when
evaluating the antioxidant activity of this essential oil from five different crop
fields, found a lower EC50 than this study. According to [73], the main responsible
for the free radical stabilization capacity of this species is 1,8-cineol. In this way,
it is possible to relate the lower antioxidant potential of the rosemary essential oil
obtained in this research with the low content of 1,8-cineol.
On the other hand [72], while evaluating the antioxidant capacity of rosemary
essential oil using DPPH, it had a relatively higher concentration than this study
Salmonella thyphimurium. Also highlighting the difference of methods used, since
its concentration, it presented higher concentrations at levels of approximately 700
more units.
Regarding the antioxidant potential of oregano essential oil, the author [74]
obtained a higher value of efficient concentration than presented in our study,
which highlights the data obtained satisfactory in this research. However [75], while
still evaluating the antioxidant activity of O. vulgare essential oil, using the ABTS
radical discoloration technique, a lower EC50 is observed than that observed in this
study. According to these authors, the antioxidant potential of this oil is related
to the presence of phenolic compounds, but it can also be attributed to a possible
synergy between the various constituents.
When checking the antioxidant activity of C. longa [76], it is found that concentrations are much higher than those quantified for the essential oil using the
DPPH assay, whereas, when using the ABTS assay, we exposed satisfactorily lower
concentrations.
When studying the anti-inflammatory and anti-inflammatory activity of ginger
essential oil [77], a much higher EC50 value is obtained which was presented in
this study. These results are lower than that obtained in this study, and the authors
attribute to this fact that the low concentration of phenolic compounds is mainly
responsible for the antioxidant activity.
Effective concentration 50%
EC50 (μg mL−1)

C. zeylanicum

215.93

11.11

O. vulgare

14.00

90.74

Z. officinale

308.16

25.9

R. officinalis

153.7

25.7

C. longa

173.43

14.8

250

24.89

C. latifolia

Table 6.
ABTS free radical sequestering activity by essential oils.
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A relatively lower EC50 value was found for Z. officinale essential oil by the
β-carotene/linoleic acid system [78]. The author attributes the antioxidant activity
of the oil to the geranium and neral aldehydes, which were found in their essential
oil at concentrations much higher than in this work.

5. Conclusions
These studies have shown that the essential oils of C. zeylanicum (cinnamon),
O. vulgare (oregano), Z. officinale (ginger), R. officinalis (rosemary), C. longa L.
(saffron) and C. latifolia (Tahiti lemon), in the chemical composition, presented
a mixture of mono- and sesquiterpenes, with the major constituents being cinnamic aldehyde (46.30%), cis-p-menth-2-en-1-ol (33.8%), α-zingiberene (27.14%),
camphor (37%), turmerone (55.43%) and limonene dioxide (25.92%), respectively.
Results of disc diffusion showed the essential oil of C. longa as the oil with the
highest bactericidal action independent of the bacteria strain; however, the lowest
bactericidal concentration observed was the lowest concentration of C. zeylanicum
essential oil (83.33 μg mL-1) in S. aureus strains. The antioxidant activity of O.
vulgare presented the percentage of inhibition of the 90.74% radical by 50 μg mL−1
having the EC50 of 14 μg mL−1. These results indicate that bioactive molecules present in the essential oils of the species tested presented antimicrobial activity and
antioxidant action. These characteristics contribute to the control of microorganisms and help increase the shelf life of foods.
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Chapter 10

Essential Oils and Microbial
Communication
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Raffaele Coppola, Fernando Jesus Ayala-Zavala,
Adriano Gomez da Cruz and Vincenzo De Feo

Abstract
The World Health Organization highlighted the increase in the resistance to
conventional antibiotics for most pathogens and observed also a decrease of the
threshold for all mechanisms of cell-cell microbial communication, leading to the
formation of biofilms and to the increase of microbial pathogenicity. Scientific
community is therefore oriented to the identification and study of alternative
substances to antibiotics. In such context, substances of vegetal source, such as
essential oils (EOs), always used in traditional medicine, stimulated—particularly
in recent decades—the scientific world to discover and identify substances,
intended as a mixture or single components capable to fight pathogenic microorganisms. From this point of view, the study of plants is very interesting and offers
many interesting ideas and results. This brief chapter describes the basis of the
microbial communication, until the formation of biofilm, and some mechanisms
through which essential oils, or some of their main components, may decrease or
inactivate the complex mechanisms that lead to pathogenicity, both of prokaryotes
and eukaryotes.
Keywords: bacterial resistance, quorum sensing, biofilm, essential oils

1. Bacterial resistance
In recent years, the World Health Organization repeatedly highlighted with
alarm the problem of an increase in the resistance of most pathogens to conventional antibiotics. Several causes determined such alarming picture, not least the
lack of availability on the market of “new” molecules (given the low economic
appealing that such a study raises on the pharmaceutical industries). Wrong
behaviors on the part of man are also included among the recurring causes, such
as an unjustified abuse of antibiotics [1], as well as possible incorrect medical
prescriptions of the drug or the duration of antibiotic treatment. An extensive
and indiscriminate use of antibiotics also in agriculture and livestock breeding
can cause an indirect contribution to antibiotic resistance also in humans indeed.
The often inconsiderate use of broad-spectrum antibiotics could indiscriminately
reduce also the number of the so-called “commensal” microorganisms, favoring
the onset of diseases more serious than those for which the use of the drug was
initially required, varying and consequently altering the relationship between
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microorganism and host. Microorganisms that generally do not cause diseases
in their natural habitats, due to this new environmental situation, can become
highly pathogenic. Normal constituents of the intestinal flora, such as Escherichia
coli, may therefore become harmful in other districts, such as the urinary bladder,
spinal cord, lungs, etc. Other microorganisms can become highly pathogenic under
certain conditions: for instance, Streptococcus viridans physiologically present in the
oropharyngeal tract, in some circumstances can invade different organs through
the bloodstream, causing serious diseases (e.g., bacterial endocarditis). Today, there
is much talk about the so-called “multidrug-resistant” (MDR), “extensively drugresistant” (XDR), and “pan-drug-resistant” (PDR) strains. Such microorganisms
can be figuratively enclosed in a cluster comprising pathogens of infections that
are today intractable [2]. Unfortunately, it is also difficult to fight those pathogens
belonging to the so-called “ESKAPE” group, an acronym comprising the microbial species Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp. It is widely
believed by the scientific community that the study of alternative strategies to the
use of conventional antibiotics could represent an important way to be taken into
consideration, to combat this dangerous situation. The use of bacteriophages in
phage therapies, known for their high specificity, the development of new vaccines
against P. aeruginosa [3] and A. baumannii [4], and the use of strategies to inhibit
the bacterial virulence factors can be considered some of the solutions. Recently,
research also focused on the exploitation and identification of new microorganisms,
isolated, for example, from the ground, enabling to block the microbial growth of
one or more species belonging to the ESKAPE group [5].

2. Mechanisms of cell-cell communication
Multicellular organisms are composed by a rigidly regulated society of individual cells, organized into tissues and organs, which all together collaborate for the
functioning of the individual and whose final “purpose,” from the biological point
of view, is to reproduce (or to allow to the reproduction of a similar genome). The
coordinated work of the different cell types that leads to the formation of an adult
individual, as well as the cell growth, differentiation, and organogenesis giving rise
from a single fertilized cell, requires sophisticated signaling mechanisms. Thus,
in the course of evolution, molecular messengers were generated, synthesized,
and released in some part of the organism and then specifically recognized by the
respective receptors expressed in the target cells. Complex molecular machines were
simultaneously selected to transduce the activated receptor signal. While generally
the term “extracellular messengers” involves those intercellular communication
mechanisms taking place within a multicellular organism, it should be emphasized
that even unicellular microorganisms are capable of “social” behaviors that require
a coordinated response. This sophisticated cell-to-cell process of communication
between microorganisms, the so-called quorum sensing (QS), consists in the synthesis by bacteria, both Gram-positive and Gram-negative, of specific molecules,
which are called “autoinducers” or “bacterial pheromones.” After production of
such molecules, bacteria release them into the extracellular medium to be detected
by specific receptors/transducers. Quorum sensing is an extremely important
communication system for microorganisms. Through this system, bacteria are in
fact capable to measure their concentration and to modulate gene expression in
response to population density, which lead to the secretion of virulence factors,
biofilm formation, competence, and bioluminescence [6, 7]. When bacteria that
generate signals are in close proximity to each other, the concentration of their
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QS signal amplifies. This event leads to a boost of the binding of the QS signal to
specific receptor proteins, to a consequent activation of the specific receptor, and
to the enhanced gene transcription with appropriate promoter sequences. QSs give
to bacteria a great evolutionary advantage, allowing them to adapt to the change of
the environment. Some authors propose these as neo-Darwinian mechanisms of
evolution, which had an important function in the arrival of the first multicellular
organisms [8]. The result of this “bacterial communication” can be represented by
an increase in virulence (e.g., Staphylococcus aureus), by the formation of a biofilm
(e.g., Pseudomonas aeruginosa), by sporulation, etc. To date, more than 100 different
autoinducers are known for bacteria, archaea, and fungi.
Bacteria exhibit two main QS mechanisms, based on distinct signaling pathways, which present a certain analogy with the mechanisms found also in multicellular organisms. The first, generally used by Gram-negative bacteria, is based on the
synthesis of a family of small molecules, the so-called AHL (acylated homoserine
lactones). These molecules have a similar central structure and differ only in the
length of a side chain, which specificity is determined by the length of the acyl
chain and the substitution (▬H,▬OH or 〓O) on carbon. Generally, every type of
bacterium can produce at least one AHL type; however, it can happen that bacteria
produce more than one of them. Due to their chemical characteristics, AHL are
capable to cross the bacterial membrane and spread outside; in addition, from the
extracellular medium, they can freely enter within the cell and bind to specific
receptors, called LuxR because the QS phenomenon was described for the first
time in a microorganism, Aliivibrio fischeri, which is able to emit light in vitro only
when its concentration exceeds a certain threshold [9]. In this microorganism, the
AHL autoinducer is at low concentration and does not induce bioluminescence;
when the bacterium is in the luminous organ of the giant squid, its cell density is
high, so the transcriptional activator reaches the DNA, binds to the recognition
sequence (LuxBox), and activates the transcription of genes for the enzyme luciferase, which produces bioluminescence. The advantage of this mechanism is to save
energy, to ensure that bacteria become luminescent only when they are present
in large numbers, and to prevent them from wasting energy when the population
is toosmall to emit a visible signal. The complex AHL-LuxR in turn binds to the
bacterial DNA, thus regulating the transcription of specific genes. In a situation
where the concentration of bacteria is low, the level of synthesized AHL is below
the threshold required for the LuxR bond. However, as the concentration of bacteria increases, the amount of AHL also increases, and the AHL-LuxR complex is
formed accordingly. A gene encoding for the enzyme catalysing the AHL synthesis
is present within the genes induced by the AHL-LuxR complex. This gives rise to
a positive feedback leading to a rapid and synchronous answer from the whole
microbial population. Signal transduction through the AHL-LuxR system, based on
an extracellular messenger able to cross the membrane and on a receptor that is also
a transcription factor, can be thought to obey the same logic of signaling through
steroid hormones. On the other hand, Gram-positive bacteria use autoinducer molecules formed by peptides with a variable length ranging between 5 and 17 amino
acids. Such molecules are produced by the processing of precursors and are often
subjected to posttranslational modifications. These peptides require special transporters to be secreted in the extracellular environment that, in turn, is detected by
a sensor histidine kinase [10] and transduces the signal through phosphorylation of
intracellular targets. This mechanism of action is therefore similar to that used by
growth factors in multicellular organisms. Not always, the nature of quorum sensing molecules (QSMs) is peptidic: for instance, some Gram-positive bacteria, such
as Streptomyces, produce ɣ-butyrolactones as QSMs [11]. Finally, different researches
report the autoinducer 2 (AI-2), with a rather unusual cyclic boronic ester, as a QS
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system common to both Gram-positive and Gram-negative bacteria, although its
role as a true QSM has been doubted for some microorganisms [12–15]. This system
might give rise to a family of molecules that are supposed to operate as a common
language for most bacteria.
The production of the AHL involved in the QS mechanism was recently discovered also in several Gram-negative bacteria, such as Roseobacter sp. TB60 and
Psychrobacter sp. TB67 associated with the Antarctic sponge, Anoxycalyx joubini [16],
indicating this a certain “universality” of the system. Dong and Zhang [17] and
McDougald and co-workers [18] demonstrated the existence of other two novel signaling pathways: hydroxyl-palmitic acid methyl ester and methyl-dodecanoic acid.
2.1 QS in eukaryotes
Some eukaryotic microorganisms monitor their population density through
QS mechanisms [19, 20] too. This is not so surprising, taking into account that
many bacteria and eukaryotic microorganisms inhabit in common ecological
niches and often play similar challenges. In fungi, QS mechanisms are in charge
to check and regulate processes such as sporulation and production of some molecules, such as secondary metabolites, as well as to those events giving rise to the
morphological transition and enzyme secretion by the cells. Considering this and
starting from the assumption that even this type of organisms is extremely varied,
we can undoubtedly affirm that fungi exhibit different cell-cell communication
mechanisms, using a wide variety of signal molecules [19]. Furthermore, fungi
can communicate with bacteria and even with their plant or mammalian hosts.
In yeasts and dimorphic fungi, aromatic alcohols originating from amino acids
mediate the QS type of regulation [21]. Therefore, yeasts, through the production
of tryptophol and phenylethyl alcohol, can manage the formation of pseudohyphae
and biofilm [22] and probably trigger the virulence process toward some plants
such as Vitis vinifera [23]. QSMs stimulate the exit from lag phase inducing germtube formation and hyphal development [24]. Candida albicans remains the most
studied species from this point of view. It produces some QSMs, such as tyrosol,
described also in other fungal species, such as Saccharomyces cerevisiae [25]. QSMs
of C. albicans influence the formation and structure of biofilms [26, 27] as well
as the dispersal of cells from a biofilm; hence, it, as well as other molecules, plays
important roles in pathogenesis. E-farnesol, the other most known QSM produced
by C. albicans [28], is an exogenous molecule that, on the contrary, inhibits biofilm formation when provided early during adherence; furthermore, it acts as an
inhibitor of hyphal formation indeed [29]. Therefore, this organism can modulate
its morphology (vegetative/hyphal) and, consequently, all events related, including
the pathogenicity, through the modulating production mainly of these two QSMs.
Dodecanol and γ-butyrolactone are other molecules identified as mediators of QS
processes present in other eukaryotic organisms, such as the filamentous fungi,
Aspergillus and Penicillium spp. Some species of Penicillium, such as P. sclerotinum,
produce sclerotiorin, a secondary metabolite with antibiotic properties, and
γ-butyrolactone-containing molecules such as multicolic acid, which act as QSMs
[30]. Taking into account that Gram-negative bacteria produced lactones (AHLs)
as QSMs and that filamentous fungi produce butyrolactone I [31], γ-heptalactone
[32], and γ-butyrolactones [33], the discovery that γ-butyrolactones are produced
also by the filamentous bacterium Streptomyces [11] suggests a convergent evolution
or a horizontal gene transfer occurring during the evolution [30]. At the same time,
different fungi, such as basidiomycete Cryptococcus neoformans, produce as QSMs
some peptides, similar to how Gram-positive bacteria do. This means that fungi use
a language “analogous” in some way to that exhibited by other phyla [10, 30].
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In some species of Aspergillus, such as A. flavus, oxylipins were identified as
QSMs: these molecules modulate both the morphological differentiation and the
production of either asexual spores or sclerotia. Furthermore, oxylipins regulate
a QS-dependent pathway controlling development and mycotoxin production
[34]. Fungi produce also other QSMs: terpenes, such as farnesol, are produced, for
instance, by the dimorphic fungi C. albicans [28] and Ophiostoma piceae [35]; cyclic
sesquiterpenes act as QSMs for the dimorphic fungus Ophiostoma floccosum [36]; QS
alcohols, including tryptophol and phenylethyl alcohol, are produced by S. cerevisiae [21]. It is important to underline that the higher organisms evolved mechanisms
with which they are capable to interfere with the quorum sensing process of the
bacteria. These mechanisms could play an important role both for peaceful cohabitation of human and microorganisms, such as the case of the intestinal flora, and in
processes of resistance to pathogens.
2.2 Biofilm
The term “biofilm” is referred to a structure, enough complex, formed by
microbial cells, associated with each other that attach to a surface, which are in a
certain sense kept isolated from the external environment (although they exert
an important influence on this) through the formation of a sort of “dome” of
polysaccharide nature [37]. Biofilm has generally a three-dimensional structure: it
contains more or less channels and pores, used as a sort of intercellular communication channel and for the maintenance of the entire bacterial community [38, 39].
Biofilm is thus one of the subsequent mechanisms giving rise from the communication among bacteria, which precisely through the formation of biofilm and other
microbial behaviors and social exchange (not only bioluminescence, conjugation,
and virulence but also motility, sporulation, competence, etc.) form the social
microbial system of interaction, the QS (Figure 1) [40, 41], that prokaryotes and
some eukaryotes developed many millions of years before the actual human social
media, which is certainly more organized and complex. The system is so organized
and evolved that allows microorganisms to easily adapt to adverse environmental
conditions and to use them even to switch to counterattack, with an action of
growth, proliferation, and change in their metabolic pathways and morphology.
Biofilms allow the survival of bacterial cells in a hostile environment; the extremely

Figure 1.
Mechanism of biofilm formation.
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complex structure and the metabolic and physiological heterogeneity that characterize them suggest an analogy between these communities and the tissues of
higher organisms. Bacterial biofilms, not easily eradicated with the conventional
antibiotic therapies, affect a large number of chronic bacterial infections. Biofilms
represent a cohesive matrix of microorganisms and other cellular constituents that
can be present in any natural environment; they are also characterized two pints
by the ability to adhere to surfaces; by a structural heterogeneity; by a genetic
diversity of the components; by complex interactions of communities, even mixed;
and by an extracellular matrix of polymeric substances. At the end of the 1990s,
it was ascertained that the so called planktonic growthis an artifact and that the
type of growth prevalent in natural environments is sessile (fixed to a substrate).
When nutrient intake is limited, biofilms tend to adhere to solid supports and
remain stable at the solid/liquid interface, where nutrients are concentrated. Once
adhered, the biofilms secrete exopolysaccharides that surround them, guaranteeing their cohesion to the support and between them. This creates biofilms, which
in most cases are polymicrobial. Bacteria grow slowly inside the biofilm, forming
microcolonies. The biofilms are mature when the growth reaches the point where
most external cells come off, returning to the planktonic life and then starting the
formation of new biofilms. The whole process takes from a few days to a few weeks.
In mature biofilms, bacteria are present in different states, depending on the location: the innermost ones are metabolically less active, and the more external have
metabolic characteristics similar to those of planktonic growth bacteria. At first,
sessile growth attracted attention due to some negative effects of biofilm formation
(corrosion of cables and submerged structures but also the dental plaque of many
animals) and of the resistance of the bacteria included in the biofilm to the antimicrobials. Studies carried out with the confocal microscope have shown that the
biofilm is highly organized within it, with channels through which the surrounding
fluid circulates in the matrix carrying the nutrients and removing the toxic products. Maintaining a structure of this type requires complex mechanisms of cell-cell
regulation and communication to prevent undifferentiated growth obstructing the
canaliculi. The phenomenon of sessile growth has determined, in the last decade,
the onset of new pathologies, linked to the colonization of prosthetic implants by
bacterial biofilms [42]. Biofilms are present in the most diverse environments, e.g.,
in thermal springs or on the bottom of lakes and rivers, and can be used not only for
the purification of water in an industrial environment but also for the removal of
oil or other pollutants from contaminated marine areas. Moreover, it is now established that most bacterial species, when conditions allow it, modify their behavior
to find true “microbial cities” in the form of biofilms. These include “fortification
walls,” consisting of a three-dimensional array of polymeric sugars, and “shipping
channels” for the transport of nutrients and catabolites. Two main types of adhesion are involved in the formation of biofilm: adhesion of the bacterium to a solid
substrate (supra inert) also by attacking host proteins and intercellular adaption,
which determines the formation of multiple layers of the biofilm. In the biomedical field, biofilms are involved in a wide range of pathologies, involving cochlear,
articular, orthopedic, etc. The sessile structures of which biofilms are endowed, the
multi-species communities of which they are constituted, and the influence that the
dynamics of fluid flows in which they are immersed exert on them are the factors
that have contributed to considering biofilms as the core reefs of the microbial
world. Obviously, the multicellularity of a biofilm translates into a better defense
of microorganisms, contributing substantially to their survival. Nutrient depletion
creates some areas of activity alteration; the outer cell layers of the biofilm contribute to the formation of a sort of barrier, capable to absorb external damage. The
innermost microorganisms have the task, to some extent, to elaborate a response to
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intrinsic stress. The biofilm bacteria are 10–10,000 times more resistant to antibiotic treatment than the planktonic phenotype. For this reason, biofilm infections
show recurrent symptoms after cycles of antibiotic therapy. This persistence in the
heart of the biofilm is linked to the presence of the so-called “sleeper” microorganisms, with low activity and which determine the phenomenon of persistence.
Biofilm adapts to environmental fluctuations, such as temperatures, pH variations, osmolarity, and nutrient availability through multiple gene expression; its
resistance is not genotypic. Microbial cells contained within the biofilm are much
more difficult to reach; moreover, they have the advantage, compared to the host
organism, of being able to communicate outside the biofilm, through the previously indicated system of channels and pores. At the same time, it becomes more
difficult for synthetic drugs to “break” the biofilm organization, just for how it
is structured and how it is composed. After a certain threshold, bacteria change
their life perspective, in the sense that they no longer act as a single cell, but as a
component of a microbial team. Such community grows through the recruitment of
other cells, which arrive there. In this manner, microbial colony can spread upward
of the surface. At the beginning, this gives rise to the formation of small colonies
and unripe biofilm. At the end of the process, the biofilm is ripe (Figure 1). The
production of compounds such as exopolysaccharides determines the embedding of
bacteria in a complex matter constituted also by nucleic acids, lipids, and proteins
[43]. A so organized matrix supplies bacteria for several advantages: for instance, it
can manage the flow of nutrients and protect bacteria against the action of antimicrobial substances and the host immune system, which encounter great difficulty in
scratching the structure and organization of the biofilm matrix [44]. So, manipulation and inhibition of the QS system might open new scenarios and improve
therapies for chronic bacterial diseases [45, 46], including even cancer [47, 48].

3. Essential oils
Several possible strategies could treat infections associated with biofilms:
substances capable of destroying the biofilm matrix (e.g., dispersion B), substances
capable of destroying resistant cells, quorum-quenching enzymes that interfere
with the quorum sensing phenomenon, substances that cause self-destruction of
the biofilm, and then, in particular, strategies to strengthen the action of antimicrobials. The treatment of biofilms with antibiotics often causes only partial killing,
allowing the surviving bacteria, present in the depth of the biofilm, to act as a true
nucleus of propulsion for the spread of the infection after the interruption of the
antibiotic therapy. Antibiotics can be inactivated by the production of specific
enzymes within the biofilm. In some extreme cases, even the sessile population
must not be surgically removed from the body. Another aspect to take into consideration is the age of biofilm: the younger is the biofilm, the easier is its eradication.
The need to identify substances/active ingredients able to replace synthetic drugs
in the fight against pathogens, in particular against those more resistant to conventional treatments, also directed research toward (or better to say, to the rediscovery of)
the “natural world,” source of bioactive compounds used by traditional medicine since
ancient times. Moreover, these substances have always exhibited a great spectrum
of action that can be considered of great benefit, also due to the chemical structural
differences of the active compounds. In such context, substances of vegetal origin,
such as essential oils, have always been successfully used in traditional medicine and
stimulated, practically always but particularly in recent decades, the scientific world
to discover and identify substances, intended as a mixture or as single components
that are able to fight pathogenic microorganisms. From this point of view, the study of
171

Essential Oils - Oils of Nature

plants is very interesting and offers many interesting ideas and results: the same kind
of plant can provide a pool of substances with a wide and very diverse spectrum of
action [49]. Within the same genus, in fact, there are species with a different chemical
composition, which therefore can provide bioactive substances (hydroalcoholic fraction or essential oils) different for the qualitative and quantitative profile. Moreover,
the same plant species can diversify and present a different chemical composition
depending also on the environmental and climatic conditions in which it grows, the
stage of maturity, and method of extraction. Essential oils are substances that appear
liquid, aromatic, and limpid and are obtained from different portions of plants
through different extraction procedures, such as crushing, distillation, fermentation,
the so-called enfleurage, or the use of organic solvents. The International Organization
for Standardization (ISO) (ISO/D1S9235.2) defines an essential oil as a product made
by distillation with either water or steam or by mechanical processing or by dry
distillation of natural materials. About 300 essential oils, within the more than 3000
known types, are available on the market. The antimicrobial and antifungal properties
of essential oils have been known since ancient times; however, the first “scientific”
demonstrations of this activity date back only to the 1950s, when both Guenther [50]
and Boyle [51] described in detail the activity of natural preservatives exhibited by
different essential oils derived from plants and spices. The increase in interest from
the economic world has meant that, by increasing the research on these substances,
other properties were discovered [52], among which, for example, those antivirals [53,
54]. Chemical characterization of essential oils, conducted through chromatographic
approaches (GC and GC/MS), has allowed obtaining detailed information on their
composition. Essential oils are generally formed by volatile substances, also called
volatile organic compounds (VOCs), molecules characterized by a high lipophilicity
and a high vapor pressure. Within each essential oil, one can identify one or more
quantitatively more abundant molecules and a series (more or less numerous) of other
molecules, sometimes present only in traces. Moreover, within the essential oils, other
types of molecules can be identified, such as phenolic compounds [55], alkaloids,
saponins, and sesquiterpenes, which contribute to the antimicrobial activity of the
oil. Further than other properties, EOs protect the plant against some pathogenic
microorganisms. Through their smell, they are capable of exercising repulsive action
against insect or, concurrently, to attract others to favor the dispersion of pollens and
seeds. The same smell can also negatively affect the appetite drive of some herbivores.
Some essential oils are reported to be very effective allelopathic agents. Thus, EOs can
play a role in mediating the interactions of plants with the environment in a way that,
although improperly, we could almost define as similar (however in a certain way
opposite) to that exhibited by QSMs that allow these last to communicate in microorganisms with each other and with the environment. Essential oils can be classified
according to the chemical constituent contained in greater concentration. Following
such criterion, we have, among others:
• EOs with a predominance of mono or sesquiterpene hydrocarbons (e.g.,
Citrus, Juniperus L)
• EOs with a prevalence of aldehydes (e.g., cinnamic aldehyde in
Cinnamomum verum, benzoic aldehyde in Prunus dulcis var. dulcis and in
var. amara)
• EOs containing predominantly alcohols (geraniol in Geranium, santalol in
Santalum album, linalool in Coriandrum sativum)
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• EOs with high content of ketones (carvone in Carum carvi, thujone in
Artemisia, Thuja, and in Salvia officinalis)
• EOs with a predominant amount of phenols (eugenol in Dianthus caryophyllus, carvacrol in Satureja and in other Labiatae)
• EOs that have a prevalent content of sulfured compounds (bisulfide, allyl
disulfide in Allium)
• EOs with a prevalent content in esters and alcohols (linalool and linalyl
acetate in Lavandula angustifolia)
• EOs having predominantly peroxides (ascaridol in Chenopodium)
The composition and the relative differences among the EOs lead to different
biological activities that EOs can exhibit [54]. This also means that some species of
plants, which exhibit different chemotypes, are characterized by a different composition and rate among the EO components too, to lead a change in EO biological
properties. Thus, the final effect of an EO against a specific pathogen can give rise
from a synergistic mechanism of its components or from just a unique compound
that, although present in less percentage, can enhance the antimicrobial activity of
the entire EO. In general, plant EOs and their components have a broad spectrum
of inhibitory activities both against Gram-positive and Gram-negative pathogens
[56, 57]. Citronellol can exert a broad inhibitory activity against the formation of
biofilm. In fact, it acts against the planktonic forms of different Gram-positive
(Listeria monocytogenes, Staphylococcus aureus, Staphylococcus epidermidis) and Gramnegative species (E.coli, Pseudomonas aeruginosa), inhibiting their capability to form
biofilm when used at percentage ranging between 3.5% and 7% wt [58, 59]. However,
the antibacterial effectiveness can vary depending not only on the EO but also on
the bacteria. Therefore, some EOs, such as those of sandalwood (Santalum album),
manuka (Leptospermum scoparium), and vetiver (Chrysopogon zizanioides), can act
against some Gram-positive bacteria, but result ineffective against Gram-negative
[60, 61]. Concurrently, sa microorganism can be more or less to the activity of different EOs. Thus, Cymbopogon citratus (lemon grass), Syzygium aromaticum (clove),
and Laurus nobilis (bay laurel) EOs as well as Thymus vulgaris (thyme), Rosmarinus
officinalis (rosemary), and Mentha piperita (peppermint) ones are capable to act
against St. aureus at concentrations of ≤0.05%. On the other hand, Ocimum basilicum
(basil) and Eucalyptus globulus (eucalyptus) EOs exhibit the same level of activity
against this microorganism only if used at 1% concentration [60–62]. Different types
of cardamom EOs affect differently the growth, the Qs, and the capability to form
biofilm of several bacteria [63]. Thyme, Origanum vulgare (oregano), Melaleuca
alternifolia (tea tree), Cinnamomum verum (cinnamon), lemon grass, bay laurel,
Backhousia citriodora (lemon myrtle), clove, and Aniba rosaeodora (rosewood) EOs
result the most active antimicrobials, at concentration and MICs also less than 1%
[60, 64]. Most of these EOs, in particular bay laurel, clove, lemon grass, oregano,
and thyme oils, inhibit growth of E.coli at concentrations of 0.02, 0.04, 0.06, 0.05,
and 0.05%, respectively. In few cases, a major constituent molecule could exhibit
a more effective activity compared to the EO. For example, carvacrol and eugenol,
present in clove EO or terpinen-4-ol, which is the main component of tea tree EO,
can show greater efficacy than the relative oil. This highlights also that, in the study
of a biological activity of an EO, it is important to provide also the chemical composition, so to best argue about [65, 66].
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4. Mechanisms of essential oils on microorganisms
As above indicated, the mechanisms which allow EOs to damage bacteria are
largely dependent on their composition. Usually, antimicrobial activity can originate
from a flow of reactions implicating the total bacterial cell; this is essentially due
to the fact that, since the EOs are composed of many groups of chemical compounds, these last act in different ways [30]. Generally, Gram-positive bacteria and
Gram-negative bacteria are differently susceptible to the action of EOs, due to the
structural differences of their cell wall of these two groups of bacteria. The higher
susceptibility of Gram-positive bacteria is caused mainly by the presence of peptidoglycan within their cell wall, which allows more easily the hydrophobic molecules
to have access within the cell, acting therein with cytoplasm [30]. The cell wall of
Gram-negative bacteria shows an outer membrane, composed of a double layer of
phospholipids linked to the peptidoglycan layer by lipopolysaccharides. This allows
these bacteria to exhibit greater resistance to the penetration of essential oils and/or
their components; in fact, some hydrophobic molecules can be capable to enter into
the cell, only through the access given by the porins, proteins that form water-filled
channels distributed all over the cell wall. The different compositions of cell wall
let it that Gram-negative bacteria are even more resistant to hydrophobic antibiotics [30, 67]. The mechanism through which the EOs or their components act on
microbial cell is well known: it includes one or more simultaneous actions, ranging
from cell wall degradation, to the damage caused to the cytoplasmic membrane
and membrane proteins, as well as to a reduction of the proton-motive force until
to damage to the ATP synthesis mechanism. Lipophilic character of EO compounds
allows them to penetrate the cell membrane and remain between the phospholipids
and/or affect the synthesis of membrane lipids, with a consequent change of membrane structure and with an alteration of its permeability. In addition, EOs can affect
directly also the morphology of bacterial cell, altering it even irreversibly, to cause
the complete destruction of the entire microbial cell scaffolding [30, 68] (Figure 2).

Figure 2.
Effect of essential oils on microbial cells (modified from [65]).

5. The action of the essential oils on quorum sensing system and biofilm
formation
EOs can act also on QS systems that coordinate the whole system of pathogenicity of bacteria [30, 69] (Figure 2). This property is of noticeable interest, due to the
continuous research for new therapeutic and antibacterial agents, which could
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concurrently act in no toxic manner and without encouraging the development and
emergence of resistant bacterial strains [45]. EOs can work on one or more events
regulating the entire quorum sensing activity of microorganisms. Summarily,
bacterial QS may be inhibited through different mechanisms. Their action against
Gram-negative bacteria can be mainly expressed in three basic steps: a first step can
block the “upstream” mechanism through the synthesis of AHL; a second mechanism may act further downstream, blocking the AHL transport and/or secretion. If
bacteria still manage to produce AHLs and these molecules are still transported and
secreted outside, other EO or their components could in any case be able to “capture” these molecules, effectively preventing cell-cell communication between
bacteria. Other EOs can therefore act by exhibiting an antagonistic action with
respect to AHLs or operating an inhibitory effect downstream of AHL receptor
binding [49]. The versatility of action of EOs depends essentially on their chemical
composition and the presence of functional groups. EOs containing largely terpenes
(p-cymene, limonene, terpinene, sabinene, and pinenes) as well as some oxygenated components (for instance, camphor and camphone, borneol and bornyl
acetate, 1,8 cineole, α-pinene, and verbenonone) generally do not exhibit a so
strong antibacterial activity, which is just more manifest against Gram-positive
bacteria. Further than the composition, the antimicrobial activity of EOs is also due
to their concentration. In fact, depending on such element, EOs or their components can operate in a different manner on one or more factors that affect the
mechanisms of cell-cell communication among bacteria. Thus, some EOs, also at
low concentration, are capable to impede the chemical activity of those enzymes
involved in the production of energy for the survival and growth of bacteria or, at
higher concentration, even to disaggregate and denature microbial proteins
[30, 70]. Subinhibitory concentrations of clove EO, tested on P. aeruginosa and
Aeromonas hydrophila, were capable to significantly reduce the las- and rhlregulated virulence factors such as LasB, total protease, chitinase and pyocyanin
production, swimming motility, and exopolysaccharide production. The biofilmforming capability of these two strains was also reduced in a concentrationdependent manner at all tested sub-MIC values [71]. Peppermint EO at
sub-minimum inhibitory concentrations (sub-MICs) strongly can interfere with the
production of AHL-regulated virulence factors and biofilm formation in P. aeruginosa and A. hydrophila. Such effect is mainly due to the presence of menthol, which
interferes with QS systems of various Gram-negative pathogens, acting essentially
on the las and pqs QS systems [72]. Different bacterial strains are used to test the
potential inhibitory effect of essential oils on QS. Apart from the well-known
models (Vibrio harveyi, P. aeruginosa, S. aureus, E. coli) more recently Chromobacter
violaceum, in particular the mutant strain CV026, has been also used with this
scope. This strain can provide, through the production or not of its purple pigment
violacein, directly linked to QS, useful information about the capability of a
substance to act or do not act as quorum-quenching agent, respectively. Through
the use of such approach, Szabo and co-workers [73] studying several EOs ascertained that, among some EOs, rose, geranium, lavender, and rosemary EOs were the
most potent QS inhibitors. Eucalyptus and citrus oils were moderately active, while
the chamomile, orange, and juniper EOs which did not show any were ineffective.
In several cases, the synergistic effect of more components can enhance the capability of an EO to inhibit the mechanism of communication among bacteria. Khan and
co-workers evaluated the capability of different EOs and of their main components
to act as quorum-quenching agents. Their study evidenced that clove essential oil
showed promising anti-QS activity, followed in activity by cinnamon, lavender, and
peppermint oils, and that eugenol, the major constituent of clove oil, could not
exhibit anti-QS activity [74]. In other cases, the effectiveness of EOs is related both
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to their composition and to the bacterium of reference; thus, an EO can act as
mixture, better than a singular component on a specific bacterium; therefore, one
or more components can act better than parent EOs against another bacterium. The
effect of clary sage, juniper, lemon, and marjoram EOs and their major components
on the formation of bacterial and yeast biofilms and on the inhibition of AHLmediated QS, evaluated using Bacillus cereus, Pichia anomala, Pseudomonas putida,
and a mix of bacteria containing also E. coli, demonstrated that marjoram EO
inhibited all these tester strains. However, all components exhibited more strength
in limiting the biofilm capacity of B. cereus than the parent EOs. Lemon EO was
capable to inhibit E. coli and mixed-culture biofilms; on the other hand, cinnamon
was effective against the mixed forms [75]. Conversely, the entire EO of tangerine
(Citrus reticulata) is capable to inhibit the P. aeruginosa biofilm formation more than
its main component limonene, by an inhibition of the QS autoinducer production
and elastase activity [76]. This also highlights how, within a same genus, not all the
species show the same biological activity. Thus, the EO of C. reticulata (tangerine)
can be more active in inhibiting the QS system; on the other hand, the EO recovered
from orange (Citrus sinensis) can be completely ineffective [73]. Some terpenoids,
for example, thymol, carvacrol, linalool, menthol, geraniol, linalyl acetate, citronellal, and piperitone, have antibacterial activity mediated by their functional group.
Carvacrol is one of the most active components present in different EOs, in particular from Labiatae. Its spectrum of activity is much wide. At sublethal concentrations
(<0.5 mM), it is capable to inhibit the formation of biofilms of C. violaceum,
Salmonella enterica subsp. typhimurium, and S. aureus, while it does not exhibit
effects on the formation of P. aeruginosa biofilms. In all cases, this concentration
seems to not have effects on total bacterial numbers, indicating that carvacrol
bactericidal effect could not be also linked to its inhibitory effect on biofilm formation. Sub-MIC concentrations of carvacrol could reduce the expression of cviI
(a gene coding for the N-acyl-l-homoserine lactone synthase) and decrease the
production of violacein and the activity of chitinase (both regulated by quorum
sensing) at concentrations coinciding with carvacrol’s inhibiting effect on biofilm
formation. These results indicate that carvacrol activity in inhibition of biofilm
formation might be also related to the disruption of quorum sensing [77]. Thymol,
one of the main constituents of Thymus vulgaris EO, can affect (at the same manner
of the parent EO) not only the AHL production (acting thus in the blockage of the
communication system among bacteria), but it also can suppress flagella gene
transcription (reducing the mRNA level of flagella gene), the bacterial motility, and
finally the formation of biofilm [78]. Cinnamaldehyde, another widely diffused
component, present, for example, in cinnamon EO, can show different mechanisms
of action. The use of 60 μΜ cinnamaldehyde can decrease down to 55% the bioluminescence of V. harveyi BB886, which is induced by 3-hydroxy-C4-HSL, and from
60 to 100% that of V. harvevi BB170 (mediated by AI-2). This indicates, once again,
that the activity of EOs, like all other phytochemicals, can be dependent even on the
strain used within the same species [30, 65, 79, 80], further than on the QS molecule involved. Another study showed that cinnamaldehyde particularly directs its
action toward the short-chain AHL synthase (RhlI) and inhibits AHL production by
RhlI [81]. Also cinnamaldehyde analogs and derivatives are capable to inhibit
AI-2-based QS system of V. harveyi in a dose-dependent manner [82] and are
effective against AI-2-regulated QS of Vibrio spp. too [83]. Three other cinnamaldehyde analogs, trans-2-nonenal, trans-3-decen-2-one, and trans-3-nonen-2-one, can
interfere with AI-2 QS in different manner. In Vibrio spp., trans-2-nonenal and
trans-3-decen-2-one inhibit the AI-2-based QS system by reducing the DNAbinding ability of LuxR, causing a decrease in the production of QS-regulated
virulence functions such as biofilm formation, matrix production, and protease
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production [83]. Therefore, some compounds, such as p-anisaldehyde can act as
AHL mimics, inhibiting the production of violacein by C. violaceum [84]. Eugenol
inhibits QS in pathogenic bacteria; this was shown, for example, by Zhou and
co-workers [85], evaluating the reduction of violacein production in C. violaceum
after contact with eugenol. This molecule is also capable to affect lasB and pqsA in
E. coli. This suggests an inhibitory action of eugenol on Las and pseudomonas
quinolone signal (PQS)-controlled transcription. The action of eugenol on pathogenic bacteria at subinhibitory concentrations also considerably translates into a
reduction in the QS-regulated production of some molecules/enzymes (elastase,
protease, chitinase, pyocyanin, and exopolysaccharides) with a concurrently
decreased formation of biofilm EPS in P. aeruginosa PAO1 [86]. In the Gram-positive
pathogen, S. aureus, eugenol exhibited also antivirulence property acting on
bacterial capability to produce exotoxin, through the repression of the agrA transcription [86]. Some EOs can effectively act both in preventing the biofilm formation and in disrupting the preformed biofilm. The EOs obtained from Pogostemon
heyneanus and Cinnamomum tamala are capable to reduce the extracellular polymeric substance (EPS) and the synthesis of the two factors of the biofilm assemblage built by methicillin-resistant S. aureus (MRSA) strains. These EOs are also
effective in reducing some virulence factors, such as staphyloxanthin and hemolysin. In silico docking studies demonstrated that (E)-nerolidol showed better
binding affinity toward the enzyme dehydroxysqualene synthase of MRSA which is
responsible for the synthesis of staphyloxanthin [87]. Different ratios between two
components present in an EO can provide a different effectiveness of the EO as a QS
inhibitor. Two among five EOs of Lippia alba, in particular one containing a greater
prevalence of geranial/neral (the two isomers of the octa-2,6-dienal citral) and the
other with an higher limonene/carvone content, were the most effective QS inhibitors and also had small effects on cell growth [88]. The activity of EOs on the
cell-cell mechanism of communication could depend also on the chemical organization of one or some of their main components. The (+)-enantiomers of carvone,
limonene, and borneol are potentially capable to increase the production of violacein and pyocyanin in C. violaceum and P. aeruginosa, respectively, while their
levorotary analogs inhibit such production [84]. Among phenols present in the EOs,
eugenol at subinhibitory concentrations is capable of inhibiting the production of
virulence factors, involving production of violacein and pyocyanin, synthesis and
expression of elastase, and finally the organization of the biofilm. In fact, using two
E. coli biosensors, MG4/pKDT17 and pEAL08-2, Zhou and co-workers demonstrated that also this compound could act of one or more QS systems, in particular
on las and pqs QS systems [85]. The process applied for the extraction of the EO
may affect its biological activity indeed. The inhibitory effect of Citrus medica L.
var. sarcodactylis EO obtained by hydrodistillation extraction (HE), microwaveassisted hydrodistillation extraction (MHE), and ultra-microwave-assisted hydro
distillation extraction (UMHE) on biofilm formation by S. aureus and S.
typhimurium was significantly higher than that of the essential oil obtained by
standard extraction. This could also be related to the different chemical compositions of the different EOs, which elements can differ in terms of quality and rate
[89]. Therefore, the diurnal variation can affect the chemistry of the essential oils,
affecting their biological properties, including the capability to inhibit the biofilm
[90]. New EOs are exhibiting interesting action against the formation of biofilm by
microorganisms. Cannabis sativa EO is receiving particular attention because,
further than other well-known properties, it showed a certain capability to attenuate the virulence of Listeria monocytogenes [91], with downregulation of flagella
motility genes and of the regulatory gene prfA and a decreasing ability to form
biofilm and to invade Caco-2 cells.
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6. Action of EOs on biofilm of eukaryotes
More recently, the role of EOs and their components was studied for their potential capability to block the formation of biofilms in eukaryotes [64]. Terpenes are
capable to inhibit the formation of biofilm through different mechanisms of action.
Thymol, for instance, can affect the envelope of the planktonic form of C. albicans:
it reaches to alter its membrane permeability [92] by infiltrating between the fatty
acyl chains of the membrane lipid bilayers, with subsequent disruption of the lipid
organization and damage to membrane fluidity. These events led to important
alterations of yeast cell and can also reduce its adherence capability, which represents a major step in biofilm formation. Eugenol acts as a potent agent in blocking
the biofilms associated with polystyrene too. Also in the case of C. albicans, the
action of terpenes on the biofilm formation depends on the concentration of the
compound used. Thus, a decrease of approximatively 50% of the metabolic pathway linked to biofilm is observed with 0.016% of carvacrol, geraniol, or thymol;
however, a higher concentration is requested when we want to use citral, and even
a percentage > or equal to 0.25% is necessary to decrease at 50% the biofilm of
C. albicans if we want use 1,8-cineole, eugenol, farnesol, linalool, menthol, and
α-terpinene [93]. Also using the same terpenes at the same concentration, the capability to inhibit the biofilm formation is related to the strain within the same species
of the yeast [94], to the different species belonging to the same genus [95] or even
to the genera considered [96]. It should not be overlooked the fact that much often,
due to the different mechanisms of communication between bacteria, between
fungi and among different bacteria and fungi, the own nature led to the formation
of complex biofilm containing mixed population. Even, we can find such very
frequent situation. In this case, it could be also more difficult to eradicate a biofilm,
being the strength of more than a unique type of microorganisms against whom
to combat. For instance, C. albicans may be associated with mixed infections of
Streptococcus mutans to form plaque biofilms [97]. The chemical interaction between
these two pathogens results in mixed biofilm development, mainly at oral level;
therefore, there are no effective treatments in preventing or inhibiting the formation of mixed biofilms or in preventing inter-microbial communication. Eugenol,
at sub-MICs, inhibits single and mixed biofilms of C. albicans and S. mutans. Also in
this case, such capability cannot be expanded to every strain of C. albicans neither
to all strains of S. mutans. In fact, Jafri and co-workers [98] ascertained that eugenol
is effective against the biofilm formed by two of more than ten strains of C. albicans
(in particular, the strain CAJ-01) and S. mutans (strain MTCC497), studied singularly on in mixed form, with a concurrent reduction of cell viability and a disruption of cell membrane.

7. New opportunities from the use of essential oils
In view of the importance of quorum sensing on the physiology regulation
of microorganisms, research is also addressing toward the identification of new
prospects for the use of essential oils in the blocking of cellular communication
mechanisms. In recent years, the opportunity to associate essential oils or their
main components with synthetic substances (drugs, enzymes, etc.) has been
evaluated, to identify the associations that improve their performance in this sector.
In particular, emerging resistance to last-resort antibiotics, such as carbapenems
and polymixin B, led to theory of the so-called post-antibiotic era [99–101], and
now research is moving to identify new compounds with stronger activity also
against the most resistant pathogens. Different research groups are thus carrying a
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screening of “no-drug compounds,” including the EOs, in association with nonsteroidal anti-inflammatory drugs (the so-called NSAIDs) for inhibition of quorum
sensing and biofilm formation in pathogens. Some NSAIDs, such as Z-phytol and
lonazolac, can block the QS system of Salmonella enteritidis, acting as antagonists
with respect to the AHLs [102]. The association of EOs with azolic drugs gives
interesting challenges in the treatment of fungal infections determined by fungi
particularly difficult to be eradicated [103]. Thymol in combination with the azolic
drug, fluconazole, is capable to act against several species of Candida isolated
from clinical specimens [104]. Chitosan nanoparticles containing miconazole and
farnesol can inhibit Candida proliferation. The presence of farnesol is also capable
of decreasing the pathogenicity of infection, demonstrated through the absence
of inflammation [105]. The combination between the EO of Cinnamomum tamala,
or its main component cinnamaldehyde, and linalool, with a commercial DNase I
and marine bacterial DNase, might offer an alternative strategy to fight the biofilm
formation and quorum sensing-mediated virulence factors in the aquaculture
pathogen Vibrio parahaemolyticus, acting as effective food-preserving agent too
[106]. The synergistic association between some EOs and DNase can decrease the
biofilm-forming ability of S. aureus [87]. The association between EOs and/or their
main components with conventional antibiotics can allow to eradicate also some
particularly resistant biofilm, decreasing concurrently their resistance threshold.
This allows also to minimize the antibiotic concentration, decreasing also its potential accompanying toxic side effects [107]. Synergistic interactions between EOs and
their components with antibiotics are recognized, including several instances of
antibiotic re-sensitization in resistant isolates, in support of this strategy to control
antibiotic resistance, although synergistic effects are not well explored outside a
preliminary identification of antibacterial interactions and mechanism of action is
seldom defined, despite many hypotheses and recommendations for future studies
[108]. The possibility of using essential oils has also been evaluated in the prevention of biofilm development by microorganisms (Klebsiella, S. aureus, Staphylococcus
haemolyticus, E. coli, Enterococcus cloacae, Enterococcus faecalis), and the EO of
Matricaria chamomilla (Asteraceae) could be considered as a good candidate,
encouraging research related to the application of essential oils to fight diabetic
complications [109]. The nanomaterials including EOs, at subinhibitory concentration, can inhibit QS and prevent biofilm formation and virulence development in
pathogens [110]. The capability of blocking the quorum sensing mechanisms and
biofilm formation by EOs can be combined with conventional drugs for a better
treatment efficacy, as well as to design new more effective drugs, capable of acting
also against those particularly resistant bacteria and fungi. The possibility to use
nanotechnology, through the production of nano-vesicles containing EO, can result
useful in a variety of applications including medical and pharmaceutical recipients
and in home products for treating or preventing microbial colonization, as well as
avoiding biofilm development [111, 112], also in food technology [113, 114].
Nano-coating with different inorganic and organic materials also supported by
EOs proves to be particularly useful in the treatment of chronic wounds, such as
venous or arterial ulcers, diabetic foot ulcers, pressure sores, and non-healing
surgical wounds, all scenarios associated with chronic mono- or polymicrobial
biofilm infections, formed by different bacteria, such as S. aureus and P. aeruginosa,
followed by various species of Enterobacteriaceae such as E. coli, Klebsiella spp.,
Proteus spp., Enterobacter spp., Morganella morganii, Citrobacter freundii, Serratia
marcescens, Providencia spp., Enterococcus spp., Streptococcus spp., and rarely
Corynebacterium spp. or Acinetobacter baumannii [115]. In agro-food industry, the
increasing demand for eco-friendly material stimulated the study of the elaboration
of complex bio-nanocomposite films containing also EOs, such as that of rosemary,
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which can act as effective eco-friendly nanocomposite films in packaging industries
[116]. Algae are beginning the new frontier for the supplement of new bioactive
compounds with antimicrobial activity and represent a unique opportunity for the
science. Some investigations are exploring the therapeutic potential of algal extracts
and their chemical groups, including terpenes, capable to have antimicrobial
activity and to block the mechanism of communication between microorganisms.
The alga Pithophora oedogonium targets Staphylococcus and Salmonella. The algae
Rivularia bullata, Nostoc spongiaeforme, Codium fragile, Colpomenia peregrina,
Cystoseira barbata, and Zanardinia typus have already demonstrated activity against
many Gram-negative and Gram-positive bacteria [117, 118]. Finally, innovative
techniques, such as the optical technique of bio-speckle [119] and the biofilm
electrostatic test (BET) [120], will support the research in the near future to have
a very fast scenario of EO biological activity. Speckle decorrelation can lead us to
visualize the effect of essential oil on the decrease of the usual self-propelling movement of microorganisms taking place when they interact with coherent light. BET
is as a simple, rapid, and highly reproducible tool for evaluating in vitro the ability
of bacteria to form biofilms through electrostatic interaction with a pyro-electrified
carrier and for ascertaining the impeding effect of an EO on the microbial capability to form biofilm in just 3 h.

8. Conclusion
Essential oils can represent a precious mine to fight pathogenic microorganisms,
in particular to counteract the communication mechanisms that allow them to
trigger those processes leading to their greater virulence and danger, in the hospital,
environmental, and food sectors. However, in vivo studies remain crucial to evaluating the potential of this strategy as a mean to treat antibiotic-resistant infections,
and profounder understanding of the mechanism of action is required. Finally, in
the case of the association EOs-antibiotics, the preliminary evaluation of the in vitro
toxicity of EO-antibiotic combinations is needed prior to in vivo studies indeed.
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Chapter 11

Application of Essential Oils for
Shelf-Life Extension of Seafood
Products
Marzieh Moosavi-Nasab, Armin Mirzapour-Kouhdasht
and Najme Oliyaei

Abstract
This chapter will discuss the antimicrobial and antioxidant activities of various essential oils on possible shelf-life extension of different seafood products.
Furthermore, the effect of antimicrobial coatings incorporated with various essential oils on the shelf-life of seafood products will be investigated. Microbiological
and physico-chemical properties such as total count, psychrophilic and lactic acid
bacterial count, peroxide test, thiobarbituric acid (TBA) test, total volatile basic
nitrogen (TVB-N) test, and pH, also sensory evaluations of seafood products will
be included. During this chapter the effect of chemical composition of some essential oils on the antimicrobial and antioxidant activities will be discussed briefly.
Keywords: essential oils, shelf-life, algae, seafood, antimicrobial, antioxidant

1. Introduction
The safety and quality of food is one of the most important factors which concerns the related industries as consumers prefer fresh and minimally/not processed
products. Using various technical preservation methods have been reported in
order to improve the shelf-life extension of seafood. Generally, these techniques
are including simple methods like salting and freezing as well as more complicated
methods such as chemical preservation and modified atmosphere packaging.
Application of chemical and synthetic preservatives in seafood is globally common
and convenient. During the last decades, antimicrobial and antioxidant additives,
principally synthetic origin, are added to refrigerated seafood products for shelf-life
extension. Nonetheless, consumers are interested in the use of natural origin material as alternative preservatives in food, since the safety risks of synthetic preservatives, excess antioxidants added to food might produce toxicities or mutagenicities,
has been proved [1, 2].
Essential oils (EOs) are aromatic oily liquids including terpenoids, sesquiterpenes and possibly diterpenes with different groups of aliphatic hydrocarbons,
acids, alcohols, aldehydes, acyclic esters or lactones which obtain from plants [3, 4]
and algae extract [5, 6]. EOs are also known for their antioxidant, antimicrobial and
pharmaceutical properties, thus, they can use as natural additives or preservatives
in foods [7–9]. Moreover, EOs extracted from various plants have shown to possess
several biological activities and potential health benefits including antidiabetic,
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anti-inflammatory, anti-viral activities and antiprotozoal agent [10]. Among
various techniques for extending the shelf-life of refrigerated seafood products, the
application of biopolymer-based edible coatings and films are regularly the method
of choice. Edible coatings from polysaccharides, proteins, and lipids can extend
the shelf life of foods by functioning as a solute, gas, and vapor barriers [11]. Thus,
essential oil incorporation into edible coatings or packaging can prevent the food
spoilage and extend the food shelf life in particular fish products [12].
Therefore, great attention has been arisen to identified and used EOs in the
food industry. This chapter provides an overview of antioxidant and antimicrobial
activities of EOs derived from different sources and their potential organoleptic
beneficial and applications in shelf life extension of raw fishes.

2. Chemical composition of EOs
2.1 EOs from algae
Algae extracts are proven to be rich sources of metabolites with a wide range of
biological activities such as anti-microbial, anti-oxidant, and pharmaceutical activities [13], thus, several extraction methods have been performed to preparation of
algal extract [14] and evaluated their nutritional and pharmacological applications,
however, a few number of studies focused on the characterization and composition
of EOs from algal extracts. Hence, some scientific efforts have been dedicated to
study essential oil composition of algae extracts. The GC-MS analysis of chemical
composition shows the presence of different groups of essential oil in micro and
macroalgae.
Asparagopsis taxiformis is species of red algae (Rhodophyta) which its EOs consist of bromine and iodine-containing haloforms with the smaller amount of other
halogenated methanes and several halogenated ethanes, ethanols, formaldehydes,
acetaldehydes, acetones, 2-propanols, 2-acetoxypropanes, propenes, epoxypropanes, acroleins, butenones, halogenated acetic and acrylic acids [15]. Two other
red seaweeds (Rhodophyta) Laurencia obtusa and Laurencia obtusa var. pyramidata
are also rich in EOs and 28 components in the oil of L. obtusa and 27 components in
the oil of L. obtusa var. pyramidata were identified and 2,6-dimethyl-4-oxa-endotricyclodecane was the highest account in both red algae [16].
In addition, the brown macroalgae (Phaeophyta) such as Colpomenia sinuosa,
Dictyota dichotoma, Dictyota dichotoma var. implexa, Petalonia fascia and Scytosiphon
lomentaria are rich in the EOs. The GC/MS analysis discovered the components
including hydrocarbons, terpenes, acids, phenols, sulfur-containing compound,
aldehydes, naphthalene skeleton and alcohols in C. sinuosa, D. dichotoma, D.
dichotoma var. implexa, P. fascia and S. lomentaria. Among these brown seaweeds,
S. lomentaria is rich in crown ether (18-crown-6-ether). Moreover, the presence
of dihexylsulfide in essential oil profile of C. sinuosa revealed the potential of C.
sinuosa for supplying the rare sulfur-containing compound in seaweeds [17]. Ref.
[17] discovered the eight (58.41%) for D. dichotoma var. implexa, 12 (83.53%) for
D. dichotoma, 4 (91.71%) for P. fascia, 6 (87.89%) for S. lomentaria and 14 (74.17%)
compounds for C. sinuosa in total composition of their essential oil.
Recently, there is interest in the microalgae as well as macroalgae for development of EOs. For this respect, the 50 total compositions of the EOs from Dunaliella
salina extract were identified and octadecanoic acid, methyl ester (27.43%), hexadecanoic acid, methyl ester (Cas) methyl palmitate (24.82%), 9,12,15-octadecatrienoic acid, ethyl ester, (Z,Z,Z) (7.39%), octadecanoic acid (5.03%), pentadecanoic
acid (3.60%) were detected as major compounds [18].
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Furthermore, the other various microalgae such as Stichococcus bacillaris,
Phaeodactylum tricornutum, Microcystis aeruginosa and Nannochloropsis oculata
extracts exhibited the antileukemic effects which was related to their EOs.
According to [6] findings, the essential oil profile of S. bacillaris consist of
5,6-dihydroergosterol, ergost-7-en-3-ol, (3beta)-(CAS)5,6,22,23-tetrahydroergosterol,
N-methoxy-N-methylacetamide, 9-octadecenamide, (Z)- and pentan-1,3dioldiisobutyrate, 2,2,4-trimethyl-compounds. While, P. tricornutum essential
oil include pentan-1,3-dioldiisobutyrate, 2,2,4-trimethyl-compound. Tricosane
(CAS) n-Tricosane was detected only in P. tricornutum extract. Further, cyclopropanecaronic acid,-2-phenyl, ethyl ester (E-), molybdenum, bis[(1,2,3,4,5-eta)-1,3bis(1,1-dimethylethyl)-2,4-cyclopentadien-1-yl]di-mu-carbonyldicarbonyldi-,
(mo-mo), 9-octadecenoic acid (Z)-, methyl ester and 9-octadecenoic acid, methyl
ester (CAS) methyl octadec-9-enoate were detected only in M. aeruginosa extract.
Acetic acid 3-isopropyl-8,10,14-trimethyl-16-phenyl-1,2,3,5,6,7,8,9,10,11,12,14- and
2,6-dihydroxybenzoic acid 3TMS were detected only in N. oculata extract.
2.2 EOs from other plants
So many researches inquired into the chemical composition of the EOs obtained
from various sources including Thymus ulgaris, Nigella sativa, Achillea millefolium,
Curcuma zedoaria, Rosmarinus officinalis etc. A summary of these investigations
is reported in Table 1. In an outstanding study, the essential oil composition of
thyme (Thymus ulgaris L.) was investigated by capillary GC/MS evaluation method.
The effect of vegetative cycle on the variation of EOs chemical composition was
looked over, as well. Generally, the oil was had high amounts of monoterpene

EOs sources

Major components

References

A. taxiformis

Bromine and iodine-containing haloforms

[15]

L. obtusa and L. obtusa
var. pyramidata

2,6-Dimethyl-4-oxa-endo-tricyclo decane

[16]

S. lomentaria

Crown ether (18-crown-6-ether)

[17]

C. sinuosa

Dihexylsulfide

[17]

D. salina

Octadecanoic acid, methyl ester, hexadecanoic acid, methyl ester
(Cas) methyl palmitate, 9,12,15-octadecatrienoic acid, ethyl ester

[18]

N. oculata

Acetic acid 3-isopropyl-8,10,14-trimethyl-16phenyl-1,2,3,5,6,7,8,9,10,11,12,14- and 2,6-dihydroxybenzoic acid
3TMS

[6]

Thyme (Thymus
ulgaris L.)

Carvacrol, thymol, p-cymene, and γ-terpinene

[19]

Flowering Thyme
(Thymis vulgaris L.)

Camphor, camphene, α-pinene, 1, 8-cineole, borneol, and
β-pinene

[20]

Nigella sativa

Thymoquinone, p-cymene, carvacrol, 4-terpineol, t-anethole,
and sesquiterpene longifolene

[21]

Turmeric (Curcuma
longa L.)

ar-turmerone, turmerone, and curlone

[22]

Rosemary
(Rosmarinus
officinalis L.)

1,8-cineole, α-pinene, camphor, and camphene

[24]

Table 1.
Some investigations performed to investigate the chemical composition of EOs.
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phenols (carvacrol and thymol) and their related monoterpene hydrocarbon
precursors (p-cymene and γ-terpinene), that demonstrated integrated effects of
the different collection periods and seasons on the chemical composition of EOs.
The EOs obtained from old plant included much lower quantities of monoterpene
hydrocarbones (mostly γ-terpinene) and the highest quantities of the oxygenated
monoterpenes (linalool and borneol), monoterpene phenols (mostly thymol)
and their derivatives (mostly carvacrol methyl ether), sesquiterpenes (mostly
β-caryophyllene) and their oxygenated derivatives (e.g., caryophyllene oxide). A
characteristic presence of camphor and thymodihydroquinone was also discovered
in the old plant EOs [19].
The EOs obtained by hydrodistillation from flowering Thyme (Thymis vulgaris
L.) was investigated by GC/FID and GC/MS. The yield of extraction in this study
was reported as 1%, in which 43 chemical compounds (97.85% of total constituents)
were identified. The EOs extracted from flowering Thyme were mainly consisted
of camphor (38.54%), camphene (17.19%), α-pinene (9.35%), 1, 8-cineole (5.44%),
borneol (4.91%) and β-pinene (3.90%) [20].
In an another research, seven EOs of N. sativa, which were all extracted by
soxhlet extraction and steam distillation, were analyzed by GC/MS. A total of 32
compounds were identified. The major fraction of every EOs was a mixture of
monoterpenes. The major components were thymoquinone (30–48%), p-cymene
(7–15%), carvacrol (6–12%), 4-terpineol (2–7%), t-anethole (1–4%) and the
sesquiterpene longifolene (1–8%). Very small quantities of the esters of special un/
saturated fatty acids were also detected [21].
Curcumin, the yellowish pigment of turmeric, is generated from turmeric
oleoresin. In a study performed in order to investigate the antibacterial activity of
turmeric oil extracted by hexane and fractionated by silica gel column chromatography, GC/MS analysis identified 13 major components in turmeric oil, fraction I, and
fraction II. ar-turmerone (62.0%), trans-â-farnesene (6.6%), turmerone (5.1%), and
curlone (3.9%) were found to be the major compounds in turmeric oil whereas fraction II contained ar-turmerone (77.9%), curlone (5.3%), and turmerone (5.2%) [22].
Rosemary (Rosmarinus officinalis L.), a member of mint family, is an ordinary
aromatic shrub grown in various places around the world [23]. Some researchers has
assessed the chemical composition of rosemary EOs to understand the reason of biological activities such as antimicrobial activity. In an experimentation 22 components
were identified from this plant by GC/MS. The major constituents were 1,8-cineole
(26.54%), α-pinene (20.14%), Camphor (12.88%), and camphene (11.38%) [24].

3. Antioxidant activity of EOs
There are many EOs which have antioxidant activity, and their application as
natural antioxidants has been increasingly interested due to harmful effects to
human health that some synthetic antioxidants (e.g., BHA and BHT) are faced. The
antioxidant activity of EOs is due to their potential ability to cease or suspend the
oxidation reaction of organic materials in the presence of oxygen which is a result of
some special components including phenols. There are EOs which lack of phenolic
compounds also show antioxidant activity. Some constituents including terpenoids
and other volatile constituents (such as sulfur-containing components) have special
radical chemistry which capable them to express antioxidant activity [25, 26].
As it was discussed earlier (Section 2.2), the major constituents of many EOs
can be categorized in two specific structural families: terpenoids (monoterpene,
sesquiterpene, and diterpene) and phenylpropanoids, which both comprise phenolic compounds. Some phenolic compounds are demonstrated in Figure 1.
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Figure 1.
Some phenolic compounds present in EOs.

Figure 2.
Mechanism of antioxidant activity of phenolic compounds. The reaction between phenolic compounds and
peroxyl radicals (a), quenching the second peroxyl group by phenoxyl radical (b).

Generally, phenolic compounds can potentially react with peroxyl radicals and
transfer the H atom (Figure 2a). Due to the stability of phenoxyl radical, it will
not continue the radical chain reactions. Instead it will quench the second peroxyl
radical quickly (Figure 2b).
In contrast with phenolic compounds present in EOs, unsaturated non-phenolic
terpenoids such as α-pinene (Figure 3) can autoxidize similarly to unsaturated
lipids [27].
Many researchers have investigated the antioxidant activity of EOs. A potential
antioxidant essential oil was extracted from Achillea millefolium subsp. millefolium
Afan, which significantly reduced DPPH radical (IC50 = 1.56 μg/ml) and showed
lipid peroxidation (IC50 = 13.5 g/ml). The authors demonstrated that the polar
phase of the extract exhibited antioxidant activity [28]. The essential oil extracted
from dried rhizome Curcuma zedoaria (Berg.) Rosc. (Zingiberaceae) showed a
moderate to good antioxidant activity at 20 mg/ml. This activity was measured by
three different methods, reducing power (good activity), DPPH radical scavenging (excellent activity), and ferrous ion chelating (low activity) [29]. In another
research, the antioxidant activity of Rosmarinus officinalis essential oil were determined against gastric injury caused by ethanol. Results showed that the R. officinalis
essential oil (50 mg/kg) ingestion can make gastro-protective influences by reducing the ethanol induced ulcers. The resultant data suggested possible antioxidant
mechanism induced by R. officinalis essential oil. The major components of chemical composition of this essential oil were cineole (28.5%), camphor (27.7%), and
α-pinene (21.3%).
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Figure 3.
The effect of pectin-CEO coating on the bream fillets at day 1 and day 15 of the storage (adopted from Nisar
et al. [42]).

The lipid oxidation is one of the most important limiting factors for the shelflife seafood products. For this purpose the antioxidant activity of the EOs of five
Mediterranean spices (Origanum vulgare, Thymus vulgaris, Rosmarinus officinalis,
Salvia officinalis, and Syzygium aromaticum) was analyzed. The S. aromaticum
essential oil, which comprised the highest level of total phenols (898.89 mg/l GAE),
demonstrated the highest antioxidant activity (98.74% for DPPH radical inhibition
and 1.47 TEAC for FRAP value). The EOs extracted from T. vulgaris and R. officinalis
showed the highest TBARS inhibition (89.84%) and iron (II) chelating (76.06%)
activities, respectively [30].

4. Antimicrobial activity of EOs
The antimicrobial effect of essential oils is attributed to actions including
alteration of the permeability, and disruption of lipophilic cell membrane. The
antimicrobial potential of essential oils can be completely associated with their
constituents. Phenolic compounds with their hydrophobicity inherent, breakdown
the lipid of cell membrane and mitochondria and enhance the permeability [31,
32]. The inherent of cellular energy generation system (ATP) and damage of proton
motive force is a result of changing cell and cytoplasmic membrane permeability
[33]. In addition, leakage of internal contents of the cell during the disruption of
the membrane is another mechanism which causes cell death [32]. It is generally
believed that Gram-negative bacteria are more resistance to essential oils because
of their outer hydrophilic cell wall which exhibits inhibitory activity against the
penetration of phenolic components [34].
Algae extracts and their components have displayed antimicrobial activity
against organisms found in foods. Algae extracts and their components have
displayed antimicrobial activity against organisms found in foods. The antibacterial activities of essential oils from two red seaweed Laurencia obtuse and L. obtusa
var. Pyramidata showed that the essential oils from Laurencia obtuse exhibited the
strong antimicrobial effect against Gram-positive (Bacillus subtilis, Staphylococcus
aureus, methicillin-oxacillin resistant Staphylococcus aureus, Enterococcus faecalis
and Staphylococcus epidermidis), Gram-negative bacteria (Enterobacter cloaceae) and
yeast (Candida albicans) [16].
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Terpenoids, thymol, carvacrol, β-cubebene, β-eudesmol, β-ionone, dactylol
and pachydictol A are the usual volatile compounds in seaweeds and it is known
that there is correlation between β-ionone and antibacterial and antifungal activity
of seaweeds [17]. However, two known sesquiterpenes (1R*,2S*,3R*,5S*,8S*,9R*)2,3,5,9-tetramethyltricyclo(6.3.0.01,5)undecan-2-ol and (1S*,2S*,3S*,5S*,8S*,9S*)2,3,5,9-tetramethyltricyclo-(6.3.0.01,5)undecan-2-ol were isolated from the red
macroalgae Laurencia dendroidea had no antibacterial effect on eight bacteria
strains (Staphylococcus aureus, Bacillus subtilis, Enterococcus faecalis, Streptococcus
pneumonia, Klebsiella pneumoniae, Salmonella typhi, Escherichia coli and
Pseudomonas aeruginosa) and the yeast Candida albicans [5].

5. Shelf-life extension of seafood products
The short shelf-life of fresh seafood is a practical issue in the industries and
distribution chain systems. Short shelf-life caused by chemical and microbial
spoilage reactions can be stopped by traditional preservation methods but there is
increasing interest in natural preservation methods. EOs are natural antioxidants
and antimicrobials by which the shelf-life of seafood can be extended alone or in
combination with other techniques. However, the reduction of antimicrobial effect
of EOs in a food system due to some components of food and also the reverse action
of EOs as antioxidant agents in some cases, has slowed down the use of them in
practical systems.
Combination of EOs exhibit the synergistic antimicrobial activity. Thus, using
of EOs into packaging can be the safe approach for food preservation technology
[35]. The antimicrobial activity of gelatin-chitosan films incorporated with organo
essential oil exhibited the great inhibitory effect through reducing the E. coli,
S. aureus, B. subtilis and B. entritidis growth. Its inhibition zone was larger for Grampositive bacteria compared with Gram-negative bacteria. Furthermore, the lower
total aerobic plate count and total volatile basic nitrogen values that can extend the
shelf life of grass carp muscle was recorded in fish muscle packed with film containing the 4% organo essential oil. It seems the high percentage of carvacrol, eugenol,
and thymol as phenolic components are responsible for this antimicrobial activity
by damaging the cell membrane or interfere the enzyme functionality located
on the cell wall. Moreover, the TVB-N value of sample packaged with gelatinchitosan-EOs film was lower compared with control and the shelf life of grass carp
muscle packaged with the film containing EOs was extended to 12 days [36]. The
same observation was gained from the gelatin-chitosan film incorporated with
other EOs including clove, fennel, cypress, lavender, thyme, herb-of-cross, pine
and rosemary for cod fillet preservation. Among all EOs, the high antimicrobial
effect was obtained from clove against a wide range of food pathogen and spoilage
bacteria such as Salmonella, Lactobacillus, Listeria, Citrobacter, Escherichia, Yersinia,
Brochothrix, Staphylococcus, Bacillus, Listeria, Clostridium, Aeromonas, Shewanella,
Vibrio and Photobacterium. In addition, the film containing the clove essential oil
used for preservation of cod fillets, lowered the microorganisms in particular,
Entrobacteria. Further, by delaying the formation of TVB-N, can extend the shelf
life of chilled stored fish [37].
Immersion of salmon in marinade solution containing 1 w/w% essential oil
from organo, cinnamon and thyme revealed that the antimicrobial effect, however,
organo and cinnamon essential oil caused to enhance the shelf life of salmon and
scampi. In addition, reduction of yeast and mold was observed by cinnamon (1%)
addition in marinade for 6 days. Moreover, salmon treated with marinade containing 1% essential oil, shoed appropriate sensorial properties and high hedonic score
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rather than 5% essential oil [38]. Combination of EOs with different types of packaging is another approach for enhancement of shelf life. For instance, the combination of cinnamon essential oil (1 w/w%) and MAP/vacuum packaging extend the
shelf life of salmon. However, the MAP+ cinnamon had a better effect on salmon
shelf life and the microbial shelf life reach nine or more days. While it was 6 days
for vacuum packaged salmon treated with cinnamon. Moreover, cinnamon had no
additional antimicrobial effect on LAB, when salmon stored vacuum or MAP [12].
Furthermore, the vacuum packaged common carp (Cyprinus carpio) stored 4°C
had high quality with the combination of cinnamon essential oil. In addition, cinnamon essential oil inhibited the Aeromonas and Lactococcus on day 10. Pseudomonas
and H2S-producing bacteria count was lower in treated fillets and did not exceed the
microbial level of 7 log CFU/g at the end of the fillet’s shelf life. Moreover, was effective in inhibition the increase of TVB-N and the accumulation of biogenic amines.
TVB-N value fluctuated in 6.21 and 9.90 mg/100 g before 12 days treated sample
contained and the highest value (15.15 mg/100 g) occurred at day 14. Moreover, crap
fillets treated with cinnamon essential oil exhibited the acceptance longer sensorial
shelf life (14 days) [39]. The Flounder fillet covered with clove essential oil agar films
(0.5 g clove essential oil/g agar) had high low microbial count because of the great
antimicrobial activity of clove essential oil against pathogens such as Staphylococcus
aureus, Yersinia enterocolitica, Aeromonas hydrophila, Debaryomyces hansenii and
Listeria innocua. The chemical indicators such as TVB-N was 25.83 mg TVB-N/100 g
after 15 days of storage. The low total volatile bases and pH values and inhibitory
effect on H2S producing microorganisms suggested clove essential oil could be suitable biopreservative for the flour fillet shelf life extension [40].
In another study, the active films accommodated by poly lactic acid enriched
with ZnO nanoparticles (1.5%w/w) and Zataria multiflora Boiss (0.5, 1, 1.5%w/w)
and the effect of this film on shelf-life extension of refrigerated Otolithes ruber fillet
during 16 days was investigated. One aspect of shelf-life extension effect is the antibacterial activity of the films which in this case was conducted against Escherichia
coli, Salmonella enterica, Pseudomonas aeruginosa, Bacillus cereus and Staphylococcus
aureus by disc diffusion procedure. PLA/ZnO/ZEO and PLA/ZnO/MEO [Zataria
multiflora Boiss. essential oil (ZEO) and Menta piperita L. essential oil] films
demonstrated magnified antibacterial (691 and 513.33 mm2, respectively, against S.
aureus). The authors expressed that according to the microbial count, the active film
remarkably enhanced the shelf-life extension from 8 to 16 days. Chemical factors
such as TBARS and TVB-N were also determined. The fillet wrapped with PLA/
ZnO containing 1.5% ZEO, showed the lowest TBARS (0.8 mg MA/kg muscle) and
TVB-N (21.23 mg/100 g muscle). GC/MS analysis of EOs showed that the carvacrol
and menthone were the major components of ZEO and MEO, respectively [41].
A new edible coating of pectin containing clove essential oil (CEO), was
assessed to extension of bream (Megalobrama ambycephala) fillets shelf-life during
15 days. Physicochemical (pH, PV, TBA and TVB-N), microbiological (Total viable
count, Psychrophilic bacteria, Lactic acid bacteria, Enterobacteriaceae, Pseudomonas
spp., H2S producing bacteria) and organoleptic characteristics were analyzed to
determine the influences of the pectin-CEO coating. Physicochemical analysis
revealed that lipid oxidation decreased. Some other factors such as weight loss,
water holding capacity, color, and texture of the fillets were improved as a result of
coating with pectin-CEO (Figure 3). During 15 days, lactic acid bacteria were not
affected by coating. However, the effects of coating on bacterial growth, especially
on Gram-negative bacteria, was observed [42].
The effect of chitosan, thyme essential oil and their combination, on the shelflife of vacuum packaged smoked eel fillets at 4°C, was investigated and according
to sensory odor analysis the shelf-life of chitosan/thyme and chitosan-thyme
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combination treated samples extended 1 and >2 weeks, respectively, compared with
than control sample (35 days for control). The control sample showed a significantly
higher thiobarbituric acid value compared chitosan-thyme combination treated
sample. Control, thyme, chitosan, and chitosan-thyme combination treated samples showed TVB-N values below the maximum permissible level (35 mg N/100 g)
in fish and fishery products which was 31.5, 18.1, 14.9, and 13.1 mg N/100 g in 35
and 42, 49 days of storage, respectively [43]. The maximum permissible level of
TVB-N in fish and fishery products is 35 mg N/100 g [44].

6. Conclusions
During the past decades, EOs have achieved great attention due to their food
preservation effects, particularly for the antimicrobial and antioxidant effects.
The EOs of different sources from land and the seas, have variety of phenolic
and non-phenolic components which the most actives are low molecular weight terpenoids, terpenes, and aliphatic chemicals (obtained data from analysis by GC-MS
and GC/FID in literature). These EOs have shown significant antioxidant, antimicrobial activities which can extent the shelf-life of seafood products. However, it is
still mandatory to inquire into cytotoxicity and toxicity of these EOs.
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Seed Propagation and
Constituents of the Essential Oil of
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Abstract
Stevia serrata Cav. (Eupatorieae, Asteraceae) grows in Central America and
Mexico usually over 1500 m. In this study, essential oils of aerial parts from three
populations of western Guatemala were obtained yielding 0.17–0.27% of oil by
hydrodistillation. Chamazulene (42–62%) was the most abundant compound in
the oil analyzed GC/MS, also presenting germacrene D (4.4–15.3%), caryophyllene oxide (3.2–11.8%), (E)-nerolidol (3.9–7.1%), spathulenol (2.3–7.9%), and
(E)-caryophyllene (2.5–6.6%). Besides, a propagation trial was carried out on seeds
of plants collected in Santa Lucía Utatlán, as the first step for the domestication of
the plant, obtaining approximately 75% survival in the transplanting of the germinated seedlings. After the flowering of the individuals, a greenish essential oil was
obtained from the roots yielding 0.2% of oil. This oil did not present chamazulene,
but α-longipinene (23.5%), germacrene D (22.2%), santolina triene (12.6%), and
(E)-caryophyllene (8.1%) as major components. As conclusion, it was confirmed
that the aerial parts of the essential oil of S. serrata from western Guatemala presents a high content of chamazulene and that there is feasibility for the domestication of the plant through the germination of seeds.
Keywords: α-longipinene, chamazulene, Guatemala, sesquiterpenes, Stevia serrata

1. Introduction
The high biodiversity of Guatemala, caused by the great variety of microclimates and the convergence of the flora of North and South America, presents
plants that have developed a large number of secondary metabolites to fulfill
functions of defense and interaction with the environment. Many of these
metabolites have biological and pharmacological activities that are used by
communities, through the use of plants for the treatment of different diseases
[1]. In this way, many investigations have been carried out aimed at determining
the composition and biological activity of the metabolites of different medicinal
plants used in Guatemala [2–5].
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One of the biodiverse plants of Guatemala, which also grows in neighboring
countries and for which no medicinal uses have been reported in Guatemala, is
Stevia serrata Cav. [6] whose essential oil presents chamazulene in high proportions.
Chamazulene is a substance of intense blue color of high economic value, which has
been shown to have a high anti-inflammatory activity [7].
The genus Stevia belongs to the Asteraceae family within the Eupatorieae
tribe [8]. It is a New World genus distributed from the south of the United States
to Argentina and the highlands of Brazil, passing through Mexico, the Central
American countries, and the South American Andes [9, 10]. The records indicate
that the genus is not represented in the Antilles or the Amazon. The members of
the Stevia genus are found mainly at altitudes between 500 and 3500 m. Although
they usually grow in semidry mountainous terrain, their habitats range from
meadows, leafy forests, forested mountain slopes, coniferous forests, to subalpine
vegetation [8].
The genus Stevia consists of between 220 and 230 accepted species. Of these,
only about 34 (15%) have some type of ethnobotanical record that relate uses with
common names of the species. Of these 34 species, only the South American species
Stevia rebaudiana (Bertoni) Bertoni presents records of outstanding use because
its sweet leaves are used for imparting sweetness to beverages and foods [8, 12].
Due to this, S. rebaudiana is of great economic importance internationally, given its
intensive commercialization due to its use as a natural low calorie sweetener [8].
The sesquiterpenoids are by far the majority and characteristic constituents of the
aerial parts and roots of the Stevia genus. The overwhelming majority of these compounds belong to the guaiane, longipinane, and germacrene groups [8]. Derivatives
of longipinene have been isolated and elucidated mainly in roots of S. eupatoria,
S. porphyria, and S. pilosa in Mexico, in S. triflora from Venezuela, and in S. lucida of
Colombia [13–18]. Diterpene glycosides have been isolated from commercial extracts
of S. rebaudiana leaves in Malaysia [19, 20]. The composition of the essential oil of
plants of the genus Stevia has been determined in leaves of S. urticifolia in Brazil being
the main components found the oxygenated sesquiterpene α-cadinol (8.6%) and the
sesquiterpene hydrocarbon germacrene D (10.4%) [21].
On the other hand, the composition of the essential oil of S. rebaudiana leaves
analyzed in Nigeria showed carvacrol (67.89%), caryophyllene oxide (23.50%),
spathulenol (15.41%), cardinol (5.59%), α-pinene (3.75%), ibuprofen (1.79%),
isopinocarveol (1.26%), and α-caryophyllene (1.15%) as the main components
found [22].
Other types of compounds isolated in plants of this genus include four flavonoids isolated from the aerial parts of S. urticifolia in Brazil [23], two triterpenes
isolated from the roots of S. viscida and S. eupatoria from Mexico [24], the breviarolide and guaianolide isolated from the aerial parts of S. breviaristata from Argentina
[25], and the stephalic acid isolated from the whole plant of S. polycephala from
Mexico [26]. Nineteen hydroxycinnamic acid derivatives were successfully characterized in S. rebaudiana leaves: three monocaffeoylquinic acids (Mr354), seven
dicaffeoylquinic acids (Mr516), one p-coumaroylquinic acid (Mr338), one feruloylquinic acid (Mr368), two caffeoyl-feruloylquinic acids (Mr530), three caffeoylshikimic acids (Mr336), and two tricaffeoylquinic acids (Mr678) [12].
Likewise, two new stevia amino acid sweeteners have been synthesized from
natural stevioside: stevia glycine ethyl ester and stevia L-alanine methyl ester. The
sweetness intensity rate of the new sweeteners was higher than sucrose, and they
also had a clean sweetness without the unpleasant bitter aftertaste of stevioside
[27]. Stevia products have been elaborated as an infusion with suitable organoleptic
characteristics using a formulation of 80–85% of leaves + dried flowers of anise
(Tagetes filifolia Lag.) and 15–20% of dried stevia leaves (S. rebaudiana) [28].
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As for the S. serrata plant, it is distributed from southern Arizona, New
Mexico and Texas to northern Oaxaca, and from Chiapas to Honduras,
Colombia, Venezuela, and Ecuador. In Guatemala it is found in the departments
of Chimaltenango, Guatemala, Huehuetenango, Quetzaltenango, El Quiché,
Sacatepéquez, and Sololá [6, 11].
The species grows along pastures and roadsides in various habitats from YuccaOpuntia scrub, sand pine woods, steep rock outcrops in Quercus-Acacia grasslands,
and pastured slopes, usually between 900 and 2800 m. The plants prefer sunny,
stony, well-drained places but also grow in moist pastures and other flat areas
[6, 11]. They grow as erect perennial herbs to 0.6–1 m, the stems single to many,
puberulent to densely pilose. Leaves alternate, scattered and often crowded, sessile
to subsessile, serrate toward the apex, 2.5–6.5 cm long, 0.2–1.5 cm wide, apex
rounded to acute. Capitula 5–9 mm, phyllaries 3.5–6 mm long, 0.7–1 mm wide,
puberulent with numerous glandular dots. Corollas white, 3–5 mm long, often
gland-dotted, lobes 1–1.5 mm long, puberulent. Achenes are usually heteromorphic,
2.2–4.2 mm long, hispid. Pappus of the four adelphocarps with 3–5 awns equaling
the corolla and alternating with 3–5 scales, 0.2–0.7 mm long [6, 11].
As for the chemistry of S. serrata, five new derivatives of longipinene have
been isolated and elucidated from the roots of the plant in Mexico, these being
7β,9α-diangeloyloxy-8α-hydroxylongipinan-1-one; 8β,9α-diangeloyloxy-9αhydroxylongipinan-1-one; 7β,9α-diangeloyloxy-8α-acetyloxylongipinan-1-one;
7β,9α-diangeloyloxy-8α-acetyloxylongipin-2-en-1-one; and 7β-angeloyloxy-8αisobutyryloxylongipin-2-en-1-one [29]. Likewise, in Mexico, two new prochamazulene sesquiterpene lactones from the dried leaves of S. serrata from Mexico were
isolated and identified: steviserrolide A and steviserrolide B [30]. The presence
of the R enantiomer of chamazulene carboxylic acid (Figure 1) of S. serrata from
Central America was determined [31].
Regarding studies of the essential oil of the plant, the distillation of 178 g of
flowers of S. serrata from Mexico provided 700 mg of the blue essential oil, which
yielded 320 mg of chamazulene [32]. The compounds found in highest concentration in the essential oil of S. serrata from Guatemala were the sesquiterpenes
chamazulene (60.1%), (E)-nerolidol (7.3%), caryophyllene oxide (6.3%), and
germacrene D (5.4%) [33], which are shown in Figure 2. Chamazulene is produced
from prochamazulenic sesquiterpenlactones. Among these precursors, matricine
(Figure 2) and the carboxylic acid of chamazulene, among others, have been
identified, which are present in the plant and are transformed into chamazulene
by the action of the temperature during the steam extraction process [31]. Other
compounds isolated from the plant include the methyl-ripariochromene A from the
dried leaves of S. serrata cultivated in Japan [34].
The plant, known in Mexico as “tlachichinole,” was used in decoction of the
aerial parts for the washing of infected pimples [8], while the “donkey chili” or
“sheep tail” is used as medicine to treat intestinal discomforts in Honduras [35]; the

Figure 1.
Chamazulene carboxylic acid.
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Figure 2.
From left to right, structures of chamazulene, caryophyllene oxide, germacrene D, and matricine.

decoction of the “October flower” is used by the midwives to accelerate the contractions of the parturients during childbirth [36]. Oral administration of S. serrata
essential oil from Guatemala produced a marked antinociceptive activity in mice in
the formalin test [33].
The purpose of the study was to determine the composition of the essential oil
of aerial parts of S. serrata from different localities of the Guatemalan highlands, to
evaluate the variability of the content of chamazulene. The capability of propagation
of plants of S. serrata was also determined by a seed propagation trial. Finally, the
composition of the essential oil of the roots of the propagated plants was determined
to compare it with the composition of the oil extracted from aerial parts of the plant.

2. Methodology
2.1 Collection and preparation of plant material
Aerial parts of S. serrata were collected from populations in different localities
(Table 1) during 2018. The plant material was dried in a solar dryer at a temperature
between 30 and 35°C and immediately extracted. Figure 3 shows pictures of the
population in Santa Cruz del Quiché, Quiché, and details of floral button of the plant.
2.2 Seed germination
Seeds of S. serrata were collected in the surroundings of Santa Lucia Utatlán,
Sololá (N 14° 46 40.4″ W 091° 14 41.5″/2430 m), in December 2015. Seeds were stored
in trays inside a solar dryer at a temperature between 30 and 35°C for 2 months.
After drying, seeds were manually removed from the flower receptacles and
subsequently placed for germination in peat moss previously moistened into plastic
strainers (Figure 4).
2.3 Transplantation of seedlings and root obtention
The seedlings obtained were transplanted to 4-gallon flowerpots containing
potting soil. The plants were placed in direct sunlight and watered daily. After
the seed production by the individuals grown in pots, their roots were removed,
washed, and dried in a solar dryer. Then, the roots were pulverized in a forage mill
for the extraction of the essential oil.
2.4 Extraction of essential oil
The oil from 50.0 g of aerial parts of S. serrata was extracted by hydrodistillation
using a Clevenger-type apparatus for 2 h. It was then weighed with an analytical
scale. The extraction of the essential oil of 100 g of powdered roots was carried out
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Table 1.
Localities and dates of collection of individuals of S. serrata.

Figure 3.
Population of S. serrata in Santa Cruz del Quiché, Quiché, on the left and details of S. serrata in floral button
stage on the right.

Figure 4.
Germinated seeds of S. serrata on the left, seedlings in peat moss in the middle, and transplanted plants on the
right.

in the same Clevenger-type apparatus for 2 h. The essential oils of the aerial parts
and of the roots were collected in pentane which was later removed in a rotatory
evaporator at 40°C. All the extractions were made in triplicate, and the reported
yield corresponds to the average of the three extractions.
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2.5 Gas chromatography coupled to mass spectrometry analyses (GC/MS)
GC/MS analyses were performed using a chromatograph Shimadzu 2010
Plus system coupled with a Shimadzu QP-2010 Plus selective detector (MSD)
and equipped with a DB5-MS capillary fused silica column (60 m, 0.25 mm I.D.,
0.25 μm film thickness). The oven temperature program initiated at 60°C, then was
raised by 3°C/min to 246°C, and then was held for 20 min. Other operating conditions were as follows: carrier gas, He (99.999%), with a flow rate of 1.03 mL/min;
injector temperature, 220°C; split ratio of 1:50; and injection volume of 1 μL. Mass
spectra were taken at 70 eV. The m/z values were recorded in the range of m/z
40–700 Da.

3. Results
Tables 2 and 3 present the results of yields and chemical composition of the
essential oils of the three sampled populations of S. serrata and roots of plants
obtained by seed propagation, respectively. Chamazulene was the major component
of the essential oils of the aerial parts meanwhile α-longipinene was the compound
found in major proportion in the essential oil of the roots.

4. Discussion
4.1 Essential oil of aerial parts of S. serrata
Table 2 shows the yield and composition results of the intense blue essential oil obtained from the aerial parts of individuals of S. serrata collected in
three different populations distinct of the population sampled in a previous
study of the chemical composition of oil of S. serrata from Guatemala [33].
The three populations are located in the highlands of western Guatemala.
Extraction yields were between 0.2 and 0.3% (w/w) (Table 3), corresponding
the highest yield to the SS4 oil from Santa Cruz del Quiché. A probable explanation for the difference in yields among the sampled populations is that the
production of essential oil depends on the phenological stage, so that there is
a greater production of oil in the flowering stage and lower production in the
fruiting stage.
Another probable explanation could be edaphic factors affecting the production
of secondary metabolites in general, but only after new investigations could the
relationship between these factors and the production of essential oil and other
metabolites be determined.
Regarding the chemical composition analyzed by GC/MS, 22 compounds were
identified in the SS3 (94.7% of the total area) and SS4 (97.6% of the total area) oils
and 18 compounds in the SS5 oil (98.4% of the total area). A chromatogram of the
essential oil of SS4 is shown in Figure 5. The most abundant compound was the
chamazulene in area percentages between 42 and 62%, with the highest percentage corresponding to the SS5 essential oil. The mass spectrum of chamazulene
from the essential oil of sample SS4 is shown in Figure 6. The other compounds
found in high percentage in the oil were germacrene D (4.4–15.3%), caryophyllene
oxide (3.2–11.8%), (E)-nerolidol (3.9–7.1%), spathulenol (2.3–7.9%) and (E)caryophyllene (2.5–6.6%). The α-longipinene, frequently found in Stevia genus
plants [8] that had not been reported in the essential oil of S. serrata, was found in
the SS4 oil in 0.4%.
208

Seed Propagation and Constituents of the Essential Oil of Stevia serrata Cav. from Guatemala
DOI: http://dx.doi.org/10.5772/intechopen.88221

Table 2.
Composition of the essential oil of the aerial parts of S. serrata from three localities.

The results confirm that essential oil of S. serrata with high content of chamazulene can be obtained from the different populations of the Guatemalan highlands.
The authors consider that although the extraction yield in all the samples has
been lower than 0.3%, the plant presents economic potential for its domestication
for oil production in view of its high content of chamazulene and the presence
in it of other components for which pharmacological activity has been reported.
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Table 3.
Composition of the essential oil of roots of propagated S. serrata.

When comparing this source of essential oil with chamazulene content in the oil
of Matricaria recutita L. (Asteraceae), which is obtained only from the flowers of
this species [31], S. serrata is shown as a promising species because all aerial parts
(leaves, stems, and flowers) produce essential oil with high chamazulene content.
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Figure 5.
Chromatogram of the essential oil of S. serrata from SS4 sample obtained by GC/MS.

Figure 6.
Spectrum of chamazulene corresponding to the essential oil of sample SS4.

It is worth noting that the composition of the three oils is in congruence with
the composition obtained by Simas et al. [33] of S. serrata from a population in the
department of Sololá, presenting the same major compounds with some percentage
variations and the majority of compounds such as sesquiterpenoids.
4.2 Essential oil of roots of propagated plants of S. serrata
A seed propagation trial was carried out with seeds of plants of S. serrata
collected from a population of Santa Lucía Utatlán, Sololá, from where the composition of essential oil with a high content of chamazulene had been previously
reported [33]. The purpose of the trial was to evaluate the capability of propagation
of the plants, generate new seeds, and extract and analyze the essential oil from the
root. The interest in analyzing the root oil was due to the fact that in interviews with
residents of the region, the authors had received information that previously the
root of the plant had been used in traditional medicine for the treatment of stomach pain [33]. The seeds were germinated in peat moss, and then seedlings were
transplanted to pots where they developed well with approximately 75% survival
reaching 1 m height after 6 months. It is important to note that the cultivation
experiment was carried out in Guatemala City, at an altitude of 1495 m, this being a
lower altitude than in the region where the plant grows naturally.
After obtaining the seeds during a plant vegetative stage, the roots were collected
from which an essential oil with a light green color was obtained with a yield of 0.2%
(w/w), and 25 compounds representing 95.8% of the total chromatographic area were
identified (Table 3). The chromatogram of the essential oil of the roots is shown in
Figure 7. Due to the green coloration of the oil, it was supposed that the chamazulene
was absent in the oil, which was confirmed after the analysis by GC/MS. The major
components of the root oil corresponded to α-longipinene (23.5%), germacrene D
(22.2%), santolina triene (12.6%), and (E)-caryophyllene (8.1%). The mass spectrum
of α-longipinene is shown in Figure 8.
The common components between the root and the aerial parts oils were
germacrene D and (E)-caryophyllene. The α-longipinene (Figure 9) was only
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found in one of the oils of the aerial parts in low percentage (0.4%), while the
santolina triene (Figure 9) was not found in any of the oils of the aerial parts.
As in the oil of aerial parts, sesquiterpenoids predominated in the root oil. Since
the plant has been used in the past for the treatment of stomach pain, the authors
consider it of value to carry out pharmacological activity tests with this oil in the
near future.

5. Conclusions
It was found in this study that the essential oil of aerial parts of wild S. serrata
from different populations of the highlands of Guatemala showed high concentrations of chamazulene. In addition, the essential oil of roots of the plant was analyzed for the first time, which presented a composition very different from that of
the aerial parts, as it did not present chamazulene and presented α-longipinene as
the major component. It was also verified that the seeds of S. serrata present a high
viability and that the seedlings obtained from seeds also have a high percentage of
survival. Therefore, S. serrata can be considered as a plant with high potential for
domestication and cultivation for the production of essential oil with high content
of chamazulene.

Figure 7.
Chromatogram of the essential oil of roots of S. serrata.

Figure 8.
Mass spectrum of α-longipinene corresponding to the essential oil of roots of S. serrata.

Figure 9.
Structures of α-longipinene and santolina triene, major components of the essential oil of roots of S. serrata.
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Chapter 13

Durable Woods and Antifungal
Activity of Their Essential Oils:
Case of Tetraclinis articulata
(Vahl) Masters and Cedrus
atlantica Manetti
Abdelwahed Fidah, Mohamed Rahouti, Bousselham Kabouchi
and Abderrahim Famiri

Abstract
Cedrus atlantica Manetti and Tetraclinis articulata (Vahl) Masters are a resinous species originated from North Africa and well known for their durable and
noble timbers. This work was conducted to assess the relationship between natural
durability of their woods, assessed in previous works by European standards NF
EN 350 and CEN/TS 15083-1, and the bioactivity of essential oils extracted from
these woods by hydrodistillation and analyzed by GC-FID and GC-MS. Bioassay of
sawdust essential oils, conducted by direct contact technique on agar medium on
four wood-decaying fungi strains, revealed strong antifungal inhibition especially
by T. articulata root burl oil due to its richness in phenols. Natural durability classes
of T. articulata and C. atlantica woods were then positively correlated with antifungal activity levels of their oils.
Keywords: Cedrus atlantica, Tetraclinis articulata, wood durability, essential oils,
wood-decaying fungi

1. Introduction
Tetraclinis articulata (Vahl) Masters (Cupressaceae) and Cedrus atlantica
Manetti (Pinaceae) are threatened species [1] endemic to the western
Mediterranean areas [2]. Moroccan T. articulata and C. atlantica populations
occupy an area of about 500,000 and 130,000 ha, respectively, and satisfy many
socioeconomic needs of the human riparian populations for various products. But
in the last decades, forests of T. articulata were exposed to a significant degradation
due to a strong demand by the craft sector for timbers [2, 3]. Even if C. atlantica
forest provides approximately annually 90,000 m3 of softwood logs intended for
sawing and veneer, they also suffer the same fate [4]. Both species are famous
for their durable and noble timbers. T. articulata root burl provides good quality
woody material (hard, homogeneous, and fine grained) with remarkable flecks
and an aesthetic aspect very appreciated in cabinetry and marquetry uses [3].
217

Essential Oils - Oils of Nature

Laboratory tests showed that T. articulata trunk wood and its root burl are durable
against wood-decaying fungi [5, 6] as well as C. atlantica heartwood [6–8].
A lot of waste as slabs and sawdust results from wood processing of those species
timbers. However, only sawdust accounts for about 8% of C. atlantica sawn timber
that contains appreciable amounts of extractives [9–12]. Many recent works highlighted that essential oils (EOs) extracted from T. articulata and C. atlantica woods
possess numerous biocidal activities [12–15]. Nevertheless, only few attempts to
investigate the capability of EOs to protect woods against fungi decay have been
previously undertaken [16–18]. The relationship between natural durability of
T. articulata and C. atlantica woods and the bioactivity of their EOs was not yet
established. Therefore, the present study is devoted to investigate this relationship.

2. Material and methods
2.1 Material used for EOs extraction and chemical analysis
Trunk wood and root burl samples of T. articulata were collected from sweepings of craft processing workshops in Khemisset Region (central plate of Morocco),
while samples of C. atlantica sawdust were collected from wood sawmill in the
region of Azrou (Middle Atlas Mountains of Morocco). Sawdust was then sieved
into particles of 1 mm size and triplicate samples of 250 g were subjected to hydrodistillation for 4 hours to obtain pure essential oils (EOs).
The chemical analysis and component identification of EOs were performed by
gas chromatography (GC-FID) and by gas chromatography coupled with a mass
spectroscopy (GC-MS). The identification of EO components was achieved by
comparison of their retention indices (RI) relative to (C8-C22) n-alkanes with those
of known compounds, and by comparison of similar mass spectra using Wiley/NBS
mass spectral library of the GC-MS data system and other published mass spectra
[19]. The percentage compositions of samples were calculated according to the area
of the chromatographic peaks using the total ion current.
2.2 Material used for bioassay
Bioactivity of EOs extracted from T. articulata and C. atlantica woods was
assessed in bioassay against the following wood-decaying basidiomycetes fungi:
Gloeophyllum trabeum (BAM Ebw.109 strain), Oligoporus placenta (FPRL. 280
strain), Coniophora puteana (BAM Ebw. 15 strain), and Trametes versicolor (CTB
863 A strain). Fungi strains originated from the mycological collection of the
Laboratory of Botany, Mycology and Environment, Faculty of Sciences in Rabat,
Morocco.
2.3 Experimental
Bioassays of EOs were performed by direct contact of fungi strains on agar
medium according to the method reported by Remmal et al. [20]. Oils were first
diluted in a sterile solution of tap water-agar at 0.2% in order to obtain a homogeneous mixture, then distributed in test tubes containing 13.5 ml of sterilized
malt-agar medium (20 g/l malt extract and 15 g/l agar), and kept at 45°C in a
water bath. To obtain the final oil concentrations in the culture medium ranging
from 1/250 to 1/5000 v/v, aseptic volumes of 1.5 ml of different dilutions were
then added to those tubes before pouring EO-medium mixtures into Petri dishes.
Additional control dishes containing only 13.5 ml of culture medium and agar
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solution at 0.2% (SA) alone were also prepared. Inoculation of Petri dishes was
made by two 0.5 cm2 fragments of 10 days old fungal culture in malt-agar. For each
treatment, three repetitions were prepared and incubated in the dark for 7 days at
22°C. At the end of each bioassay, minimal inhibitory concentration (MIC) [21]
was determined for each fungus.
2.4 Results and discussion
According to the bioassay conducted on oils extracted from T. articulata and
C. atlantica woods, a significant inhibitory effect on the four tested wood-decaying
fungi was observed (Table 1) with different levels of inhibition. T. articulata root
burl wood EOs showed, however, a strong inhibitory action against those fungi
strains with oil dilutions over 1/4000 v/v. G. trabeum fungus was the most sensitive
to the inhibitory effect of this essential oil since it was inhibited by concentrations
between 1/5000 for T. articulata root burl oil and 1/1000 v/v for Atlas cedar oil.
O. placenta was the most resistant strain since its growth inhibition was not reached
until 1/400 concentrations for C. atlantica oil and 1/800 for T. articulata trunk
wood oil (Table 1).
Previous studies by our team [5, 8] showed that T. articulata and C. atlantica
woods were classified as very durable to durable (DC 1 and 2) and means of mass
loss of test specimens was below 5.20% compared to those of Scot pine wood
(control) (40.70%). According to their durability indexes (X) determined by NF
EN 350-1 and CEN/TS 15083-1 standards [22, 23] and the biological risks defined
by EN 335-2 standard [24], natural durability levels of those woods against wooddecaying fungi allow them to access high-risk classes of biological attacks 4 and
5 for an end-use without preservative treatment regarding decay fungi [25, 26].
Compared to similar studies on Moroccan coniferous woods (Figure 1), the natural
durability of native Atlas cedar wood is similar to that of C. atlantica heartwood
(DC 1 and 2) originated from a south Italian plantation [7], whereas Pinus halepensis and P. pinaster woods were considered as less durable (DC 4) [6, 27]. Generally,
pine woods contain less active extractives than those of Cupressaceae. Adamopoulos
et al. [28] reported that the weakness of natural durability of both heartwood and
sapwood of Pinus leucodermis is related to low presence of bioactive extractives that
can inhibit the brown-rot fungus, Coniophora puteana.
In addition, other works by our team [8, 29] revealed that EOs of C. atlantica
wood is dominated by ketones (52.05%) and alcohols (26.58%), while those of
thuya are dominated by alcohols (about 55–78%) and sesquiterpenes (13–22%)
(Table 2). Major components of C. atlantica oil are, respectively, E-γ-atlantone,
E-α-atlantone, 5-isocedranol, 9-iso-thujopsanone, cedranone, Z-α-atlantone,
cedroxyde, and 14-hydroxy-δ-cadinene [8] (Table 3).

Specific MIC

Global MIC

Essential oils fungal
strains

Thuya trunk
wood

Thuya root
burl

Atlas cedar
wood

T. versicolor

1/1000

1/4000

1/800

C. puteana

1/1000

1/4000

1/400

G. trabeum

1/1200

1/5000

1/1000

O. placenta

1/800

1/5000

1/400

1/800

1/4000

1/400

Table 1.
Minimal inhibitory concentrations (MIC) (v/v) determined for essential oils of thuya and Atlas cedar woods
by bioassay conducted on malt-agar medium on wood-decaying fungi.
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Figure 1.
Natural durability of studied woods against wood-decaying fungi.

Chemical group

Thuya trunk wood

Thuya root burl

Atlas cedar wood

54.80

78.50

26.60

—

—

5.70

Ketones

1.40

0.30

52.00

Oxydes

0.90

0.60

3.40

Terpenes

31.20

14.10

8.00

Others

1.75

1.15

—

Global

90.04

94.65

95.69

Alcohols
Esters

Table 2.
Chemical groups (in%) identified, by GC-MS, in essential oils of Tetraclinis articulata and Cedrus atlantica
woods.

EOs of T. articulata woods are rich in thymol, 3-tert-butyl-4-methoxyphenol,
cedrol, and α-cedrene (Table 3). The oil of T. articulata trunk wood contains
phenols such as α- and β-acorenol, cedrol, and totarol, along with terpenes as
α-cedrene that can protect this wood from fungi decay. The strong inhibitory
effect of T. articulata root burl oil is probably due to its oxygenated fraction rich
in phenols as thymol, 3-tert-butyl-4-methoxyphenol, and cedrol. A previous
work already highlighted this significant antibacterial activity at low concentrations [30]. Abundance of tropolones and phenols in Cupressaceae woods may
explain their high natural durability grades against wood-decaying fungi as
reported by Haluk and Roussel [16] and by more recent works [13, 30, 31]. Early
investigations found that thujaplicines (tropolones) of Thuja plicata possesses
strong inhibitory effect against the wood blue stain fungi and many wooddecaying fungi [32].
Natural durability of C. atlantica wood can be correlated to bioactivity of its
oils essentially rich in sesquiterpene ketones as atlantones [9, 14]. In the literature,
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Chemical group

Component

KI

TTW

TRB

ACW

Alcohols

Thymol

1290

8.20

39.80

—

3-Tert-butyl-4-methoxyphenol

1491

16.50

24.70

—

Turmerol

1578

—

—

3.45

Cedrol

1596

14.80

6.35

1.90

α-Acorenol

1633

4.20

1.10

—

β-Acorenol

1637

4.15

1.30

—

Himachalol

1647

—

0.30

2.45

5-Isocedranol

1669

—

—

11.70

β-Santalol

1741

—

—

2.00

E-Z-Farnesol

1742

—

—

1.10

Totarol

2314

2.60

1.50

—

Hexyl isobutyrate

1150

—

—

1.38

Benzyl benzoate

1762

—

—

1.16

Z-β-Santalol acetate

1823

—

—

1.15

Z-Ternine

1838

—

—

1.25

Camphor

1143

0.11

—

1.28

Cedranone

1620

—

—

4.13

9-Iso-thujopsanone

1637

—

—

4.45

Deodarone (Dihydro-2,2,6trimethyl-6-(4-methyl-3cyclohexen-1-yl)-2H-pyran-3(4H)one)

1694

—

—

1.07

E γ-Atlantone

1701

—

—

19.73

Z α-Atlantone

1713

—

—

4.02

E α-Atlantone

1773

0.74

—

16.86

italicene oxide

1538

0.91

0.59

—

Cedroxide

1704

—

—

2.38

α-Cedrene

1409

17.59

7.77

—

β-Cedrene

1434

4.00

1.80

—

α-Himachalene

1447

—

1.07

—

Thujupsadiene

1462

—

1.10

—

α-Acoradiene

1464

2.33

—

—

β-Acoradiene

1465

2.26

—

—

β-Himachalene

1499

—

1.25

0.79

α-Dehydro-ar-himachalene

1511

—

—

1.13

γ-Cadinene

1513

1.18

0.31

γ-Dehydro-ar-himachalene

1529

—

—

1.57

14 Hydroxy-murolene

1775

—

—

1.00

14 Hydroxy δ-cadinene

1799

1.21

0.24

1.94

Esters

Ketones

Oxides

Terpenes

KI, Kovàts Index; TTW, Thuya Trunk Wood; TRB, Thuya Root Burl; ACW, Atlas Cedar Wood.

Table 3.
The main components (in%) identified, by GC-MS, in essential oils of Tetraclinis articulata and Cedrus
atlantica woods.
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African padauk (Pterocarpus soyauxii) medium-heavy heartwood manifests a
remarkable decay resistance attributed to its specific extractive compounds [33].
Moreover, extractive compounds obtained from black locust heartwood were able
to increase the native durability of European beech against wood-decaying fungi
from class 5 (not durable) to class 3 (moderately durable) [34].
The strong antifungal activity of T. articulata root burl wood EOs is probably
related to their alcohol fraction, rich in thymol and 3-tert-butyl-4-methoxyphenol, which confer them this significant bioactivity. The combined action of two
phenolic compounds, such as thymol and carvacrol, was previously reported
[17, 35]. Action of phenolic compounds on fungi is primarily based on the
inhibition of fungal enzymes containing SH group in their active site
[36, 37]. The antifungal activity of the EOs of C. atlantica wood can be correlated to its sesquiterpene ketones, which are mainly atlantones (about 40.61%).
Bioassays conducted with pure α-atlantones extracted from Decalepis hamiltonii
revealed great inhibitory activity against pests and molds [38]. In our study,
alcohols present in C. atlantica oil in significant amount (more than 26%), such
as isocedranol, tumerol, himachalol, and cedrol, may also be involved in the
inhibitory effect of this oil. Other compounds such as cadinenes (monoterpene
hydrocarbon) could also have a great antimicrobial property [39]. However,
synergistic action of two or more components of essential oils extracted from
thuya and Atlas cedar woods can also be involved in the observed bioactivity
reported in our study.
Antifungal activity of several thyme species oils was recently tested successfully against wood-decaying fungi especially those of Thymus bleicherianus [17].
Furthermore, EOs of T. articulata root burl showed an antibacterial activity two to
six times greater compared to that of reference antibiotic and were more effective
on Staphylococcus aureus (Gram+) and Escherichia coli (Gram−) with significant
bacteriostatic and bactericidal effects [40]. Regarding inhibition mechanisms of
active compounds of EOs, it was reported that volatile alcohols can act on both lytic
and synthetic enzyme pathways and growth inhibition consequently occurred after
breaking off natural extension hyphae of fungi [41, 42].
Active compounds contained in oils of T. articulata and C. atlantica woods,
which were successfully tested against wood-decaying fungi, may protect and
ensure good natural durability levels for these woods ranging from very durable
(DC1) to durable (DC2) classes.
Findings of this study could allow us to consider recovering wastes from
T. articulata and C. atlantica wood processing for the extraction of bioactive oils
and use them as biocide especially in preservative treatment of less-durable woods
such as those of pines. Also, these results are in favor of more protection for these
threatened species and for the rehabilitation in their natural environment. Natural
compounds of T. articulata and C. atlantica oils can then replace the use of current
petrochemical compounds that are becoming more and more criticized for their
harmful effect on human health and the environment.

3. Conclusion
The present study has clarified the relationship between the natural durability
of T. articulata and C. atlantica woods and the antifungal activity of their EOs.
According to the bioassay conducted on those oils, a significant inhibitory activity
was obtained on the four wood-rotting fungi tested, mainly for oils extracted from
T. articulata root burl. Stronger inhibitory effect was then reached by dilutions
over 1/5000 v/v for this oil rich in phenols. The durability classes of T. articulata
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and C. atlantica woods positively correlated with bioactivity of their oils against
the three wood-decaying fungi specified by the CEN/TS 15083-1 standard. Active
EOs extracted from wastes of these woods can be valorized as wood-preservative
treatment.
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