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CHAPTER 13

Chemistry of Essential Oils and Factors 
Influencing Their Constituents
Mohammad Moghaddam, Leila Mehdizadeh
Ferdowsi University of Mashhad, Mashhad, Iran

1 Introduction

Plants are capable of synthesizing two kinds of oils: fixed oils and essential oils 
(volatile oils). Fixed oils consist of esters of glycerol and fatty acids (triglycerides 
or triacylglycerols), while essential oils (EOs) are complex mixtures of volatile and 
semivolatile organic compounds originating from a single botanical source that determines 
the specific aroma of plants and the flavor and fragrance of the plants (Sirousmehr 
et al., 2014; Tisserand and Young, 2013).

EOs of plant origin are an important product of agriculture-based industries. Plant 
EOs have various applications, mainly in the health, agriculture, cosmetics, and food 
industries. In particular, the EOs of aromatic plants and spices have been used in 
food preservation and as flavoring agents in food products, drinks, perfumeries, and 
cosmetics. Extensive phytochemical analysis has lead to the characterization and 
identification of major components of EOs, which are of wide interest, especially to 
the cosmetics and pharmaceutical industries. At present, there is a growing interest in 
EOs and their components, particularly for their broad-spectrum antimicrobial activity, 
which can provide, for instance, alternative functional ingredients to extend the shelf 
life of food products and ensure microbial safety for consumers (Sánchez-González 
et al., 2011).

EOs may constitute 20–100 different plant secondary metabolites belonging to a variety of 
chemical classes (Carson and Hammer, 2011). Around 3000 EOs have been produced from 
at least 2000 plant species, out of which 300 are important from a commercial point of view 
(Djilani and Dicko, 2012). They are usually stored in the oil ducts, resin ducts, glands, or 
trichomes (glandular hairs) of plants (Berger, 2007).
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2 Organoleptic and Physical Characteristics of Essential Oils

EOs are usually lucid and mobile liquids, but a few are solid, such as orris, or semisolid, such as 
guaiac wood, at room temperature. The majority of EOs are colorless or pale yellow, although 
a few are deeply colored, such as blue chamomile, and European valerian, which is green 
(Tisserand and Young, 2013). The typical odor of EOs depends on the organs, species, and 
origins of plants. They are volatile oils with a high refractive index and optimal rotation, as the 
result of many asymmetrical compounds. The relative density of EOs is commonly lower than 
that of water, but several exceptions exist. EOs are usually recognized as hydrophobic, but they 
are largely soluble in fats, alcohols, and most organic solvents. Moreover, they have sensitivity 
to being oxidized to form resinous products through polymerization (Li et al., 2014).

3 Taxonomy of Essential Oil–Producing Plants

EO-bearing plants belong to various genera distributed in around 60 families. The major plant 
families are well known for their ability to produce EOs of medicinal and industrial value, 
and include Alliaceae, Apiaceae, Asteraceae (Compositae), Lamiaceae (Labiatae), Myrtaceae, 
Poaceae, Cupressaceae, Lauraceae, Pinaceae, Zingiberaceae, and Rutaceae (Hammer 
and Carson, 2011; Tisserand and Young, 2013; Vigan, 2010). All of the EO-producing 
plant families are rich in terpenoids. At the same time, plant families, such as Apiaceae 
(Umbelliferae), Lamiaceae, Myrtaceae, Piperaceae, and Rutaceae, more frequently contain 
phenylpropanoids (Chami et al., 2004).

EOs can be obtained from many different parts of plants, including flowers (rose), leaves 
(peppermint), fruits (lemon), seeds (fennel), grasses (lemongrass), roots (vetiver), rhizomes 
(ginger), wood (cedar), bark (cinnamon), gum (frankincense), tree blossoms (ylang–ylang), 
bulbs (garlic), and dried flower buds (clove) (Tisserand and Young, 2013).

4 Essential Oil Extraction Methods

EOs are complex mixtures of low–molecular weight (usually less than 500 Da) compounds. 
Analytical procedures for EOs from medicinal plants include two steps: distillation or 
extraction, which takes at least several hours, and analysis, which is completed after 15 min. 
There are several extraction methods for EO extraction, comprising steam distillation, 
hydrodistillation, organic solvent extraction, expression, enfleurage, microwave-assisted 
distillation, microwave hydrodiffusion and gravity, high-pressure solvent extraction, 
supercritical carbon dioxide extraction, ultrasonic extraction, solvent-free microwave 
extraction, and the phytonic process (Farhat et al., 2010; Okoh et al., 2010).

On a commercial scale, steam distillation is a preferred method for the extraction of 
EOs (Masango, 2005). Distillation is often performed by prolonged heating and stirring 
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in water or a solvent using the Clevenger, Dean–Stark, or Likens–Nikerson apparatus. 
Distillation consumes more than 70% of the total energy and time for the process, with a 
high consumption of solvent (Chemat et al., 2009; Ferhat et al., 2008). Steam distillation 
has several disadvantages. High temperatures and water can cause chemical modifications 
of EOs. Highly volatile components and some water-soluble components are lost through 
steam distillation. On the other hand, when using solvent extraction it is almost impossible to 
obtain a solvent-free product (Guan et al., 2007; Khajeh et al., 2010). Under steam distillation 
conditions and even conventional solvent extraction, monoterpenes are famously susceptible 
to chemical changes and losses of more volatile constituents during the removal of the solvent 
(Lo Presti et al., 2005).

Therefore, other techniques should be developed, with the aim of reducing the sample 
preparation step and the disadvantages of steam distillation. Moreover, the properties of 
the EOs extracted through different methods have been found to vary depending on the 
method used.

Due to the residues existing in the extracts obtained by conventional solvents, which 
can pollute foods and fragrances, using a combination technology of an organic solvent 
with a low boiling point and steam distillation could replace this method (Faborode and 
Favier, 1996). Organic solvents with low boiling ranges could overcome many of the 
problems that conventional solvents cause in the process of oleoresin extraction, including 
the difficult separation of the product from the extraction solvent and the high remnants of 
solvent (Debet and Gidley, 2006). The application of organic solvents with low boiling points 
in the extraction of oil and EOs has been reported on previously (Carrín and Crapiste, 2008).

Headspace solid-phase microextraction (HS-SPME) is a simpler and more rapid procedure 
for extraction of the volatile fraction of aromatic plants (Belliardo et al., 2006) in comparison 
with hydrodistillation, which is time consuming and needs a large amount of sample. HS-
SPME analysis allows for a qualitative estimate of volatile compounds using a small quantity 
of material (Paolini et al., 2008). HS-SPME has also been used for the characterization of 
the chemical variability of aromatic plants and for the study of volatile fractions emitted 
by species without EOs. During hydrodistillation, the most volatile compounds and water-
soluble compounds are lost in the gaseous phase and in the hydrolate phase, respectively; 
whereas, with HS extraction, it is the fiber affinity of each compound that monitors the 
sampling of the volatiles (Benyelles et al., 2014).

Recently, supercritical fluid extraction with CO2 has become a valid alternative to 
conventional solvent extraction methods. This method has been slow to find commercial 
applications due to the sophisticated and expensive high-pressure equipment and technology 
required (Jarvis and Morgan, 1997). Carbon dioxide is generally the most desirable 
solvent for supercritical fluid extraction, mainly because the dissolving power of the 
extracting medium can be adjusted by regulating the pressure and temperature conditions 
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(Carvalho et al., 2005; Okoh et al., 2010). The suitable critical temperature of carbon 
dioxide makes it attractive for the extraction of heat-sensitive components. In addition, it 
has a low surface tension and viscosity and high diffusivity, which makes it interesting as 
a supercritical solvent. It is a nonflammable, inexpensive, odorless, and colorless, clean 
solvent that leaves no solvent residue in the product. Furthermore, its nontoxicity means that 
it is generally accepted as a harmless ingredient by the pharmaceutical and food industries 
(Varona et al., 2008).

Another method for extracting natural products that is developing today is the use of 
microwave energy (Chemat et al., 2003; Lucchesi et al., 2004). Much attention has been 
devoted to the applications of microwave dielectric heating for the extraction of EOs, such 
as compressed air microwave distillation, vacuum microwave hydrodistillation, microwave 
hydrodistillation, solvent-free microwave extraction, microwave-accelerated steam 
distillation, microwave steam distillation, and microwave hydrodiffusion and gravity (Farhat 
et al., 2010; Sahraoui et al., 2008; Vian et al., 2008).

Solvent-free microwave extraction is based on the combination of low microwave heating 
and distillation that is performed at atmospheric pressure. The advantages of this method 
over hydrodistillation includes rapidity in attaining the extraction temperature of 100°C for 
the first EO droplet, the high yield of EO, the lower energy requirements, and the high purity 
of the oil extracted (Lucchesi et al., 2004). On the other hand, the extraction of EOs under 
microwave irradiation without the addition of any organic solvent or water is one of the 
upcoming extraction techniques that can offer high reproducibility in shorter times, simplified 
manipulation, reduced solvent consumption, and lower energy input.

Microwave hydrodiffusion and gravity is an efficient, economical, and environment-
friendly approach (Bousbia et al., 2009a,b; Vian et al., 2008). This method was conceived 
for the extraction of volatile compounds from fresh plant materials with a minimum 60% of 
initial moisture (Bousbia et al., 2009b). It works without using any solvent or water; when 
microwave energy is applied, the natural water within the plant tissue heats up, distorting the 
plant cells and causing them to rupture and drop through gravity.

Furthermore, microwave steam diffusion is one type of green microwave design (Farhat 
et al., 2009). It was also designed and constructed as a cleaner and ecofriendly process for the 
extraction of EOs from dry plant materials.

The most remarkable benefits of microwave hydrodiffusion and gravity and microwave 
steam diffusion processes are their rapidity and energy saving. However, both systems need 
the presence of water to release the EOs from the plant materials. Extracting EOs from dried 
plant materials without the addition of any solvent or water, on the other hand, is notable. 
This new and original technique has been applied to the extraction of EOs from dried 
caraway seeds without any added solvent or water (Farhat et al., 2010).
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5 Chemistry of Essential Oils

There are two main groups of metabolites that can be found in nature: primary and secondary 
metabolites. Primary metabolites are universal compounds, present in all living organisms, 
and include proteins, carbohydrates, lipids, and nucleic acids. Secondary metabolites are 
found only in some species and are classified as terpenoids, shikimates, polyketides, and 
alkaloids. EOs are composed of different chemical compounds. The constituents of plant 
EOs fall mainly into two distinct chemical classes: terpenes and phenylpropanoids. Although 
terpenes and their oxygenated derivatives (terpenoids) are more frequent and abundant in 
EOs, certain species contain high quantities of shikimates; namely, phenylpropanoids, and 
when these compounds are present, they provide a specific odor and flavor to the plant 
(Başer and Buchbauer, 2015; Tisserand and Young, 2013; Zuzarte and Salgueiro, 2015).

5.1 Terpenes

Terpenes and terpenoids result from the condensation of isoprene (2-methyl-1,3-butadiene), 
a pentacarbonate unit with two unsaturated bonds, and therefore are many times called 
isoprenoides (Fig. 13.1). They have many isomeric cyclic or linear structures, and various 
degrees of unsaturations, substitutions, and oxygenated derivatives, generally called 
terpenoids (Berger, 2007; Zuzarte et al., 2012). Isoprene units are joined in one direction. 
The branched end of the chain is referred to as the head of the molecule and the other end 
as the tail. Therefore, the arrangement of the structure is called head-to-tail joining. This 
pattern of coupling can be explained by the biosynthesis of terpenoids (Mann et al., 1994). 
Furthermore, terpenes are the largest and most diverse class of volatile organic compounds 
(VOCs). Terpenes are classified into different structural and functional classes. Terpenes 
are classified according to the number of isoprene units in their structure, for example, 
hemiterpenes (one unit), monoterpenes (two units), sesquiterpenes (three units), diterpenes 
(four units), and so on. Most EOs are highly complex mixtures of monoterpenes (C10H16) 
and sesquiterpenes (C15H24), and include biogenetically related phenols (phenylpropanes 
and cinnamates), along with carbohydrates, alcohols, ethers, aldehydes, and ketones that 
are responsible for their characteristics. Furthermore, sometimes trace amounts of heavier 
terpenes, such as diterpenes, may also be present in EOs with four isoprene units, but these 

Figure 13.1: Isoprene Unit.
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usually do not contribute to the odor of EOs, as with the diterpenes found in ginger oil. (Başer 
and Buchbauer, 2010; Bowles, 2003; Hunter, 2009).

5.2 Phenylpropanoids

Phenylpropanoids contain one or more C6–C3 units, with C6 being a benzene ring 
(Fig. 13.2). They usually have a methyl ether functional group attached to the ring, and a 
propenyl tail (three-carbon chain with one C � C bonded to the ring by one end). Many 
of the phenylpropanoids found in EOs are phenols or phenol ethers, and in some cases the 
side chain is shortened (C1). Their main representatives in EOs include the oxygenated 
hydrocarbons anethole, eugenol, and safrole, which all possess a carbon–carbon double bond 
in the side chain (and are hence phenylpropanoid alkenes, or phenylpropanoids). α-Asarone, 
β-asarone, estragole, methyleugenol, and safrole are all phenylpropanoids that are rodent 
carcinogens (Tisserand and Young, 2013; Zuzarte et al., 2012).

6 Biosynthesis Pathways

There are three biosynthetic pathways for deriving the main components of EOs: the 
mevalonate pathway leading to sesquiterpenes, the methylerythritol pathway leading to 
mono- and diterpenes, and the shikimic acid pathway leading to phenylpropenes (Başer and 
Buchbauer, 2010).

Plant terpenoids are biosynthesized from isopentenyl pyrophosphate (IPP), or isopentenyl 
diphosphate (IPD) (Fig. 13.3) and its isomer, dimethylallyl diphosphate (DMAD). These so-
called “active isoprene units” are both derived from the mevalonic acid and methylerythritol 
phosphate biosynthetic pathways. IPD then reacts with DMAD to create geranyl diphosphate. 
This C10 compound is the precursor of monoterpenoids, so named because they contain one 
pair of five-carbon units (Tisserand and Young, 2013).

Figure 13.2: Benzene Ring.

Figure 13.3: Isopentenyl Pyrophosphate.
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6.1 Mevalonate Pathway

Terpenoid molecules are created by the mevalonic acid pathway. The steps of this pathway 
include (1) the creation of mevalonic acid with six carbon atoms; (2) the rearrangement 
of mevalonic acid by a series of enzymatic transformations to form isopentenyl 
pyrophosphate, which consists of a branched five-carbon molecule (an isoprene unit); 
and (3) the joining of isoprene to two phosphate groups (Fig. 13.4). Isoprene (Fig. 13.1) 
is the main constituent of EOs that starts the manufacture of terpenoid compounds 
(Bowles, 2003; Tisserand and Young, 2013).

6.2 Methylerythritol Pathway

In the nonmevalonate pathway, 2-C-methyl-d-erythritol 4-phosphate (MEP) and 1-deoxy-
d-xylulose 5-phosphate (DOXP) are involved, resulting from the condensation of 
glyceraldehyde phosphate and pyruvate (Berger, 2007; Tisserand and Young, 2013).

6.3 Shikimic Acid Pathway

Shikimic acid is a key synthetic intermediate for plants because it is the key precursor of both 
flavonoids and lignin (Mann et al., 1994). Moreover, aromatization of shikimic acid yields 
the benzoic acid derivatives present in several EOs (Başer and Buchbauer, 2015). Flavonoids 
act as antioxidant and coloring agents, as well as protective agents against ultraviolet light; 
also lignin is a key compound in the structural substances of plants (Fig. 13.4) (Başer and 
Buchbauer, 2010; Tisserand and Young, 2013).

7 Analytical Techniques for Determining  
Essential Oil Composition

Gas chromatography (GC), high-performance liquid chromatography (HPLC), mass 
spectrometry (MS), and nuclear magnetic resonance (NMR) spectroscopy are the different 
methods usually used for determining the composition of EOs.

Chromatographic techniques are used to separate EOs into their individual components so 
that they can be identified by special techniques (Fig. 13.5). GC is ideally suited to volatile 
compounds and has revolutionized the detection of minor chemical constituents, especially 
when used in conjunction with MS and NMR spectroscopy. MS looks at the fragmentation 
patterns of compounds under ionizing conditions, and this information is used to deduce 
their structures. NMR elucidates the structures of molecules by examining the environment 
of specific atoms, such as hydrogen, by looking at their characteristic nuclear spins 
(Tisserand and Young, 2013).
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8 Structure of Organic Compounds

EOs are extremely complex mixtures of low–molecular weight compounds and are made 
up of organic compounds that consist of a relatively inert framework of atoms, mainly 
carbon, hydrogen (hydrocarbon), and oxygen, and occasionally nitrogen and sulfur. EOs 
constituents can be considered to consist of a relatively inert framework of atoms, mainly 
carbon and hydrogen, to which one or more functional groups are attached (Tisserand and 
Young, 2013).

Understanding the chemistry of EO composition is very useful for knowing their toxicity. 
We should be familiar with the chemical constituents of EOs to investigate their hazardous 
effects.

9 Classification of Essential Oil Composition

The constituents of plant EOs fall mainly into two distinct chemical classes: terpenes and 
phenylpropanoids. Terpene compounds can be divided into two main categories: terpenes 
with a hydrocarbon structure, mainly the mono-, sesqui-, and diterpenes and their oxygenated 
derivatives, for instance, alcohols, oxides, aldehydes, ketones, phenols, acids, esters, and 
lactones. Some familiar molecules in EOs are classified in Table 13.1 on the basis of their 
chemical functional groups (Fernandez et al., 2013).

Figure 13.5: Gas Chromatographic of Ocimum ciliatum Oil.
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9.1 Hydrocarbons

Hydrocarbons are the first main category of compounds and are composed entirely of 
carbon and hydrogen atoms, which vary greatly in size and complexity. They are very 
soluble in lipids (lipophilic), but are very poorly soluble in water. Simple hydrocarbons, 
such as alkanes, alkenes, and benzenoids, are called nonterpenoid hydrocarbons due to the 

Table 13.1: Composition of compounds found in essential oils (EOs).

Essential Oil Compounds

Hydrocarbon 
moieties

Terpenoids Monoterpene (−)-Camphene, γ-3-carene, p-cymene (+)-limonene, 
β-myrcene, β-ocimene α-phellandrene, α-pinene, 
(+)-sabinene, α-thujene, α-terpinene, terpinolene

Sesquiterpene (−)-Aromadendrene, (−)-β-isabolene, α-cadinene, 
β-caryophyllene, β-cedrene, α-copaene, β-elemene, 
α-farnesene, (+)-germacrene-D, β-himachalene, 
α-humulene, γ-muurolene, α-zingiberene

Aliphatic Open-chain
Alkanes and alkenes

Alicyclic Cyclic alkanes and 
alkenes

Endocyclic alkenes (cadinene, chamazulene, pinene)

Aromatic Benzene ring
Phenylpropanoid (E)-Anethole, parsley apiol, α-asarone, 

cinnamaldehyde, chavicol, cinnamic acid cinnamic 
alcohol, elemicin, estragole, eugenol, methyleugenol, 
myristicin, safrole

Aromatic Benzene ring
Functional 
groups

Alkenes α-Cedrene, α-pinene, eugenol, β-pinene, safrole, 
β-myrcene, β-ocimene

Alcohols Cinnamyl alcohol, geraniol, nerol
Phenols Carvacrol, eugenol, thymol
Aldehydes Cinnamaldehyde, citral, geranial, cuminaldehyde
Ketones (+)-Camphor, menthone, piperitone
Carboxylic 
acids

Benzoic acid, cinnamic acid, valerenic acid

Carboxylic 
esters

Benzyl acetate, eugenyl acetate, methyl salicylate, 
linalyl acetate

Lactones Coumarin, alantolactone, nepetalactone
Ethers and 
oxides

Ethers (anethole, estragole, myristicin), oxides (β-
caryophyllene oxide; 1,8-cineole; geranyl oxide)

Peroxides Ascaridole
Furans Menthofuran, agarofuran

Other 
compounds

Sulfur 
compounds

Allyl propyl disulfide, methyl disulfide, dimethyl 
disulfide

Nitrogen 
compounds

Methyl anthranilate, skatole, indole, pyridine, 
pyrazine

Inorganic 
compounds

Hydrocyanic acid
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fact that their biosynthesis is not due to mevalonate or nonmevalonate (MEP) pathways 
(Tisserand and Young, 2013).

Those with open chains of carbon atoms are classified as aliphatic, and include alkanes, 
alkenes, and alkynes. The word “aliphatic” describes molecules made up of carbon chains 
that are in a straight line and do not have a closed or aromatic ring. Examples of aliphatic 
molecules are the acrid-smelling C8, the C9 and C10 aldehydes found in small amounts in 
citrus oils, and the leafy-green smelling C6 compounds found in some floral oils, such as 
jasmine and rose. A molecule of the aldehyde octanal (C8H16O) is found in sweet orange 
oil. Aliphatic molecules are usually found only in trace amounts in EOs, but if they have 
oxygenated functional groups attached, their odors are usually noticeable despite this 
(Fig. 13.6) (Bowles, 2003; McGuinness, 2003).

In alkanes, all the atoms are joined together by single bonds; a simple example of an alkane 
is methane (CH4). Alkenes have one or more carbon–carbon double bonds in their structure, 
while alkynes have one or more carbon–carbon triple bonds. Alkynes are not, however, 
normally found in EOs. Many EO constituents contain one or more rings, and are referred to 
as mono-, bi-, tri-, tetracyclic, and so on.

Another class of hydrocarbons is known as the aromatic class. These compounds usually 
contain a benzene ring (C6H6) and include phenyl, benzyl, phenylethyl, and phenylpropyl 
compounds, as well as polycyclic structures, such as naphthalene and benzo[α]pyrene. 
The name “aromatic” derives from the first benzene derivatives isolated from plants, which 
were found to be pleasant smelling. Subsequently, however, less pleasant derivatives were 
discovered (Tisserand and Young, 2013).

9.1.1 Monoterpenes

Monoterpenes are the simplest molecule, with two isoprene units joined together. They have 
monoterpenoid carbon chain of 10 carbons and may contain a hydroxyl group anywhere 
along the chain. At this point these molecules are called monoterpenes (from the Latin mono, 
or one). Limonene is a common monoterpene in EOs (Fig. 13.7).

9.1.2 Sesquiterpenes

Terpenoid molecules with 3 isoprene units, that is, 15 carbon atoms, are known as 
sesquiterpenes (from the Latin sesqui, or one and a half). Zingiberene is an open chain 
sesquiterpene (Fig. 13.8).

Figure 13.6: Aliphatic Aldehyde Octanal.
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Both monoterpenes and sesquiterpenes can be modified by the addition of functional 
groups. When a terpene has a functional group added to it, it is known as a terpenoid, 
and can be either a monoterpenoid or a sesquiterpenoid. The “oid” ending means “like” 
or “derived from,” hence “terpenoid” can refer to all molecules with a terpene-like 
structure. Some authors refer to all terpenoid molecules by the general term (Bowles, 2003; 
McGuinness, 2003).

9.2 Functional Groups

A functional group means “an atom or a group of atoms that largely determine the 
characteristic chemical properties of the molecule containing it.” In EOs, most of the 
functional groups contain heteroatoms (atoms other than carbon), particularly oxygen. 
There are six classes (functional groups) of organic compounds that are important to aroma 
therapists (Clarke, 2009). Functional groups replace hydrogen atoms in a hydrocarbon. This 
does not mean that the hydrocarbon part of a molecule has no part to play in a compound’s 
physical or chemical properties. On the contrary, it has an important influence on a 
compound’s solubility and volatility, which are key factors in promoting access to odor and 
taste receptors. It might be better to consider that functional groups play a specific role in 
intermolecular interactions, while the structural framework will play a relatively nonspecific 
role (Tisserand and Young, 2013).

Based on the classification of EO compounds, the second major category of components 
are oxygenated compounds, which contain hydrogen, carbon, and oxygen, and are 
classified under various chemical types. In alphabetical order, they are: acids, alcohols, 
aldehydes, esters, ethers, ketones, lactones, oxides, peroxydes, and phenols. There is a 
slight difference between the molecular weights of terpenes and those of their oxygenated 
products (Blande et al., 2014; McGuinness, 2003; Niinemets et al., 2013; Tisserand and 
Young, 2013).

Figure 13.7: Limonene. Figure 13.8: Zingiberene.
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We shall next review the main functional groups found in EO constituents.

9.2.1 Hydrocarbon groups
9.2.1.1 Alkenes

In hydrocarbons, a carbon–carbon double bond has special chemical properties because 
of its electron density and can be considered in a way similar to heteroatom-containing 
functional groups. Alkenes are common constituents of EOs that are known as 
monoterpene hydrocarbons. Myrcene is one example of this group (Fig. 13.9). (Tisserand 
and Young, 2013).

9.2.2 Hydroxyl groups
9.2.2.1 Alcohols

Alcohols contain the hydroxyl functional group and are perhaps the most varied group 
of terpene derivatives found in EOs. The names of all alcohols end in “ol.” They have a 
hydroxyl group joined to one carbon atom (Tisserand and Young, 2013). Monoterpene 
alcohols are not large in number, but occur in a large number of EOs. There are many 
sesquiterpene alcohols, but most of them are found in few EOs. Alcohols are relatively 
nontoxic, nonmutagenic, and possess low irritancy and allergenicity. Monoterpenic 
alcohols (monoterpenols) are good antiseptics, with antifungal properties. Menthol 
is one example of an alcohol, and is one of the monoterpenic alcohols (Fig. 13.10) 
(McGuinness, 2003).

9.2.2.2 Phenols

Like alcohols, phenols also have a hydroxyl (�OH) group, and their names usually end in 
“ol” (Tisserand and Young, 2013). However, in phenols the �OH is attached to a benzene 
ring and usually an isopropyl tail (three-carbon chain bonded to the ring at the middle carbon 
atom), which makes the �OH group very weakly acidic and fairly reactive. The common 
phenols in EOs are thymol and carvacrol in thyme (Thymus vulgaris) and oregano (Origanum 
vulgare), and eugenol in clove (Syzygium aromaticum) (Fig. 13.11).

Figure 13.9: Myrcene. Figure 13.10: Menthol.
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9.2.3 Carbonyl-containing groups
9.2.3.1 Aldehydes

These compounds contain the �CHO functional group, which is one of several examples 
of a carbonyl (C�O)-containing group. Aldehydes have an oxygen atom double-bonded 
to a carbon atom at the end of a carbon chain. The fourth bond is usually a hydrogen atom 
(Bowles, 2003). Aldehydes, which may be considered as partially oxidized primary alcohols, 
are widely distributed as natural EO constituents. Aldehydes have a slightly fruity odor when 
smelled on their own. The names of aldehydes end in “al” or “aldehyde.” Geranial and cumin 
aldehyde are examples of important aldehydes (Fig. 13.12) (Tisserand and Young, 2013).

9.2.3.2 Ester ketones

Ketones are structurally similar to aldehydes and also possess a carbonyl group. Ketones can 
be produced by the oxidation of secondary alcohols. A ketone is extracted from an alcohol 
by oxygenation and has an oxygen atom double-bonded to a carbon atom, which is also 
bonded to two other carbon atoms (Bowles, 2003). They are relatively stable compounds 
and are not easily oxidized further. The names of ketones generally end in “one,” with one 
exception: camphor. Carvone is one of the most well-known ketones (Fig. 13.13) (Tisserand 
and Young, 2013).

Figure 13.12: Cumin Aldehyde and Geranial.

Figure 13.11: Eugenol, Thymol, and Carvacrol.
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9.2.3.3 Carboxylic acids

Another category of carbonyl-containing functional groups is the carboxylic acid group 
�COOH. This organic compound is a rare component of EOs. Carboxylic acids are 
formed from the oxidation of aldehydes, and are rarely found in EOs because of their 
low volatility. They are weak acids and often have a pungent odor. Carboxylic acids are 
named after their hydrocarbon moiety, and have the suffix “ic,” followed by the word 
“acid” (McGuinness, 2003; Tisserand and Young, 2013). Acids have a low volatility rate. 
Carboxylic acids are very reactive. They readily form esters with alcohols (or lactones, when 
the alcohol group is within the same molecule) and amides with amines. Cinnamic acid is one 
member of this group (Fig. 13.14).

9.2.3.4 Carboxylic esters

These compounds often have an intensely sweet and fruity odor and can be produced from 
the corresponding terpene alcohol and a carboxylic acid. The highest levels are reached 
on maturity of the fruit/plant or on full bloom of the flower. In bergamot, as the fruit 
ripens, linalool is converted to linalyl acetate. In peppermint, (−)-menthol is converted to 
(−)-menthyl acetate (Fig. 13.15) (Tisserand and Young, 2013).

The names of esters generally contain the root suffixes “yl” and “ate.” The “yl” derives 
from the parent alcohol and the “ate” from the parent carboxylic acid; for example, linalyl 

Figure 13.13: Carvone. Figure 13.14: (E)-Cinnamic Acid.

Figure 13.15: Menthyl Acetate and Linalyl Acetate.
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acetate derives from linalool and acetic acid (Tisserand and Young, 2013). Some esters have 
antifungal properties (McGuinness, 2003).

9.2.3.5 Lactones

Lactones are cyclic esters that derive from lactic acid. They always have an oxygen atom 
double bonded to a carbon atom. The carbon atom is attached to anther oxygen atom that 
is part of a closed ring. Lactones are cyclic esters. Many simple examples, as well as 
more complex molecules, which have low volatility, occur in EOs. Some occur in EOs 
as γ-lactones (five-membered cyclic rings), such as γ-decalactone, which has a peach-
like flavor; others as δ-lactones (six-membered cyclic rings), such as δ-decalactone, 
with a creamy–coconut odor. Lactones in the form of benzofuran derivatives, such 
as butylphtalide and sedanolide, are also found in some plants, such as celery (Apium 
graveolens) (Marongiu et al., 2013) and Angelica sp. (Hunter, 2009). Sesquiterpene 
lactones are notorious for their tendency to be skin sensitizers (Warshaw and Zug, 1996). 
Alantolactone, massoia lactone, and dehydrocostus lactone are all potentially allergenic. 
The names of lactones are rather variable; although the suffixes “olide” and “lactone” are 
fairly common, usually the names in this group end in “lactone” or “ine” (Tisserand and 
Young, 2013).

Other lactones, such as coumarin, with spicy green notes; scopoletin; and bergaptene, 
are present in several oils, while nepetalactones are characteristic of Nepeta oils 
(Berger, 2007). Coumarin (Fig. 13.16) is a benzenoid lactone that is found in several 
EOs, as well as in the form of derivatives and is responsible for the smell of newly mown 
hay. Citropten, the 5,7-dimethoxy derivative of coumarin, is phototoxic (Tisserand and 
Young, 2013).

9.2.4 Oxygen-bridged groups
9.2.4.1 Ethers

Ethers are compounds in which an oxygen atom in the molecule is bonded to two carbon 
atoms (Tisserand and Young, 2013). Ethers occur when a methyl or ethyl group is attached 
to a benzene ring via an oxygen molecule. Ethers also exist in cyclic forms, where an oxygen 
atom forms part of a ring. These ethers are also known as oxides. The most important oxide 
found in EOs is cineole, which exists in two forms. The more abundant form is 1,8-cineole 

Figure 13.16: Coumarin.
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(Fig. 13.17). The other form, 1,4-cineole, occurs much more rarely in EOs. Another type of 
cyclic ether is epoxide. In this case, the oxygen atom forms part of a three-membered ring 
with two carbon atoms. These are frequently formed during oxidative metabolism of alkenes 
and are very reactive because the ring is highly strained. They may also form as degradation 
products; for example, limonene 1,2-epoxide. Methyleugenol is another example of an ether 
(Fig. 13.17) (Tisserand and Young, 2013).

9.2.4.2 Peroxides

In peroxides, two atoms of oxygen form a link between two carbon atoms. Peroxides are 
unusual, highly reactive chemicals that decompose easily at high temperatures (sometimes 
explosively) and on prolonged exposure to air or water. A typical example is the toxic 
ascaridole (Fig. 13.18), which is found in wormseed oil. Few other peroxides exist in EOs 
(Tisserand and Young, 2013).

9.2.4.3 Furans

In furans, an oxygen atom is incorporated as part of a five-membered ring. It is considered an 
aromatic ring because it has chemical properties in common with benzene. Furan may also be 
regarded as a cyclic ether. Few EOs contain furans, but menthofuran (Fig. 13.19) occurs in 
most mint oils (Tisserand and Young, 2013).

Figure 13.17: 1,8-Cineole and Methyleugenol.

Figure 13.18: Ascaridole. Figure 13.19: (6R)-(+)-Menthofuran.
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9.2.4.4 Furanocoumarins

Furan also forms part of the structure of furanocoumarins, of which there are several 
examples. These compounds are typically phototoxic and include bergapten (Fig. 13.20), 
which is found in many citrus fruit oils, and methoxsalen, which is found in rue oil. Here, the 
furanocoumarin moiety might contribute either as a functional group or, because of its size 
and rigidity, merely as a structural framework. In other words, it might participate in strong 
or weak intermolecular interactions (Tisserand and Young, 2013).

9.3 Other Compounds or Heterocyclic Molecules

These molecules contain atoms other than carbon in closed rings. They are found in only 
a few oils and include molecules, such as the nitrogen-containing indole and methyl 
anthranilate, and the oxygen-containing lactones, coumarins, and furanoid compounds. 
Heterocyclic compounds are made up of carbon atoms arranged in a ring, with either a 
nitrogen or oxygen atom included as part of the ring. These molecules are uncommon 
in EOs, occurring mainly in heady floral oils, such as jasmine, neroli, and narcissus. 
Alkaloids are heterocyclic compounds that feature a nitrogen atom as part of the closed 
ring. However, alkaloid molecules are seldom found in steam-distilled EOs, as they are 
soluble in water.

9.3.1 Sulfur compounds

These rather reactive and pungent molecules are found in only a few EOs. They have 
relatively simple structures and do not contain terpene or phenylpropanoid hydrocarbon 
moieties. The chemical names for sulfur-containing molecules usually include the letter 
sequences “sulf” or “thio” and include sulfides, disulfides, trisulfides, sulfoxides, and 
isothiocyanates. One of the well-known compounds in this group is allyl isothiocyanate 
(Fig. 13.21) (Tisserand and Young, 2013). Moreover, (E)-propenyl sec-butyl disulfide and 
(Z)-propenyl sec-butyl disulfide are the main components that are found in Ferula asafoetida 
oil (Moghaddam and Farhadi, 2015).

These compounds appear to be important in plant defense and in nitrogen detoxication of 
plants. Although most sulfur compounds have very unpleasant pungent odors, organosulfur 

Figure 13.20: Bergapten. Figure 13.21: Allyl Isothiocyanate.
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compounds present in EOs can be very pleasant aromatically. It is also known that sulfur 
compounds are relevant in the flavoring of vegetables, fruits, and in processed foods and 
beverages (Zuzarte and Salgueiro, 2015).

9.3.2 Nitrogen-containing compounds

Nitrogen-containing compounds are found in only a few EOs. These compounds have a very 
interesting aroma, with a fecal smell at high concentrations, but a floral scent in dilution. 
They are used as a fixative in floral fragrances and a flavor agent in ice cream and cigarettes. 
Indole is an alkaloid (alkali-like compound), a white crystalline powder that turns red upon 
exposure to air. It occurs in neroli, jasmine, and some other floral absolutes, as well as in 
some citrus fruit oils (Fig. 13.22). It contains a benzene ring fused to a heterocyclic pyrrole 
ring. It has an odor similar to skatole and is used in a wide range of fragrances (Hunter, 2009; 
Tisserand and Young, 2013). Examples include methyl anthranilate, skatole, indole, 
pyridine, and pyrazine. Methyl anthranilate is present in several Citrus oils (orange, lemon, 
and bergamot). Skatole is a compound in the form of large crystals or powder. It occurs in 
orange (Citrus aurantium) blossoms and jasmine (Jasminum sp.). Moreover, pyridines and 
pyrazines occur in black pepper (Piper nigrum), sweet orange (Citrus × sinensis), and vetiver 
(Chrysopogon zizanioides) oils (Berger, 2007).

9.3.3 Inorganic compounds

Hydrocyanic acid (hydrogen cyanide) is a highly toxic, inorganic acid that is found in bitter 
almond oil. It forms during distillation, but it is removed before the oil is used (Tisserand and 
Young, 2013).

10 Essential Oil Properties and Pharmacologic Effects

Natural products and their derivatives are important sources of novel therapeutic molecules 
(Clardy and Walsh, 2004). A large numbers of EOs have potential to be used in the medicinal 
industry. In particular, EOs obtained from the Apiaceae, Lamiaceae, Myrtaceae, Poaceae, 
and Rutaceae families are important from the point of view of medicinal applications. Anise 
seed oil, caraway, cumin, oregano, clove, tea tree, coriander, sage, summer savory, sweet 
basil, fennel, thyme, lemon balm, peppermint, and German chamomile are some examples 

Figure 13.22: Indole.
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of important EOs (Bedi and Vyas, 2008; Hussain et al., 2008; Raut and Karuppayil, 2014). 
Apart from these, a few more families, such as Cupressaceae, Hypericaceae (Clusiaceae), 
Fabaceae (also known as Leguminosae), Liliaceae, Pinaceae, Piperaceae, Rosaceae, 
Santalaceae, and Zygophyllaceae, are of considerable potential (Raut and Karuppayil, 2014).

EOs have been prescribed since ancient times for a variety of health problems by practitioners 
of traditional systems of medicine all over the world. They are used in the pharmaceutical 
industry as alternative medicines and natural therapies. The composition of EOs in these 
plants and their biological activities, which have been used in traditional medicine, should 
be investigated scientifically to improve the quality of healthcare (Boukhatem et al., 2013; 
Rehman et al., 2016).

There have been numerous studies that claim that the biological properties of EOs and 
their aromatic components have pharmacologic effects, including antimicrobial, antiviral, 
antibacterial, antifungal, insecticidal, antioxidant, anticancer, antimutagenic, antidiabetic, 
antiinflammatory, antihypertensive, vagolytic, immunomodulatory, and antiprotozoal 
effects (Bakkali et al., 2008; Boukhatem et al., 2013; Carović-Stanko et al., 2010; Ogendo 
et al., 2008; Runyoro et al., 2010).

There is a need to explore EOs from the members of these families for various purposes, 
particularly for their medicinal properties (Carson and Hammer, 2011). The EOs from 
members of the Apiaceae family are well known for their antibacterial, antifungal, 
anticancer, and antiviral activities. Furthermore, many genera that are well known for their 
chemotherapeutic, antiviral, antimicrobial, antimutagenic, antioxidant, and antiinflammatory 
properties belong to the Lamiaceae family. These are also useful against intestinal disorders 
and bronchitis (Burt, 2004; Hamid et al., 2011; Hussain et al., 2008).

11 Essential Oil Components and Their Biological Activities

The EO content and composition of various plant species have been investigated previously 
(Moghaddam and Mehdizadeh, 2015; Moghaddam et al., 2007a,b, 2013, 2014, 2015a,b,c,d; 
Pirmoradi et al., 2013; Safari Dolatabad et al., 2014; Shahhoseini et al., 2013). As 
mentioned in previous sections, EOs contain monoterpenoids and sesquiterpenoids 
(Rehman et al., 2016).

Essential oil constituents display different properties. In biological systems, studying the 
mechanisms by which EOs demonstrate their activities (including antimicrobial) are complex 
and dependent on the overall composition of the EO (Souza et al., 2007; Yanishlieva 
et al., 2006). The significance of EOs as a part of the aforementioned biological activities has 
also been reported (Li et al., 2013; Yu et al., 2007).

Most of the time, the bioactivity of a particular EO is determined by either one or two of 
its main components (Bakkali et al., 2008). For example, eugenol, which is obtained from 



Chemistry of Essential Oils and Factors Influencing Their Constituents 399

Cinnamomum verum oil, shows antimicrobial and anticancer potential (Bedi and Vyas, 2008). 
Sometimes overall activity cannot be attributed to any of the major constituents, and the 
presence of a combination of molecules modifies the activity to exert a significant effect 
(Isman et al., 2008). It is worth remembering that sometimes the minor components of EOs 
can be important in aromatherapy. For example, the strong, sweet, floral smell of rose (Rosa 
damascena) is created by the high content of citronellol and geraniol, modified by nerol 
and farnesol (Berger, 2007). Here, the inhibitory activity of the EOs is a consequence of the 
synergistic effects of several chemical constituents, while no individual compound shows the 
activity (Isman et al., 2008).

A wide variety of EOs are known to possess antimicrobial properties, and in many cases 
this activity is due to the presence of active constituents, mainly to isoprenes, such as 
monoterpenes, sesquiterpenes, and related alcohols, along with other hydrocarbons and 
phenols. In particular, terpene hydrocarbons and oxygenated terpenes exhibit pronounced 
antimicrobial activity (Petretto et al., 2013). Medicinally active components of EOs, such 
as citral, geraniol, and geranyl acetate, have shown antimicrobial and anticancer properties 
(Bedi and Vyas, 2008).

On the other hand, the lipophilic character of the hydrocarbon skeleton of EOs and the 
hydrophilic character of their functional groups are important in the antimicrobial action 
of the components of EOs. Therefore, a ranking of activity has been proposed, which is as 
follows: phenols > aldehydes > ketones > alcohols > esters > hydrocarbons (Kalemba 
and Kunicka, 2003). For example, some EOs containing phenolic structures are highly 
active against a broad spectrum of microorganisms (Güllüce et al., 2003; Kalemba and 
Kunicka, 2003).

12 Factors Influencing Essential Oil Compositions

VOCs can be emitted immediately after their synthesis or they first can be stored in 
specialized storage structures and then slowly emitted from these structures (Harrison 
et al., 2013; Niinemets et al., 2010b). This distinction is especially relevant for aromatic 
plants with a strong constitutive VOC storage and emission capacity. In such species, 
stress can elicit storage independent–induced emissions and modify the storage emissions 
by altering the rate of synthesis of stored volatiles and/or by altering the permeability of 
the cell walls of storage structures (Copolovici et al., 2012; Grote et al., 2013; Niinemets 
et al., 2010a).

The composition pattern of the EO, concentration of individual components, and yield of the 
EO depend on many intrinsic and extrinsic factors.

Internal conditions in the plant include genetics (species, ecotype, and chemotype), plant 
population, plant origin, type of plant part, stage of development or seasonal sampling 
period, physiological and biochemical pathway, and physiology of the whole plant; the 
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development state of synthesizing tissue and metabolic processes are particularly significant. 
External factors include environmental factors (climate and habitat conditions, sowing date, 
and fertilizer variations), cultivation conditions (agrotechniques) (temperature, humidity, 
radiation, wind, soil properties, geographical location, and harvest time and methods), and 
postharvest techniques (drying methods and extraction, distillation time, quantification 
methods, and conditions of analysis) (Derwich et al., 2011; Djouahri et al., 2015; 
Formisano et al., 2015; Gazim et al., 2010; Gurusaravanan et al., 2010; Hassanpouraghdam 
et al., 2011; Rehman et al., 2016; Sefidkon and Abdoli, 2005; Singh and Guleria, 2013; 
Sirousmehr et al., 2014; Verma et al., 2013, 2014; Vidic et al., 2010). It is well accepted that 
ontogenic, genetic, morphogenetic, and environmental factors strongly affect biosynthesis, 
accumulation, and distribution of secondary metabolites (Verma and Shukla, 2015). The 
effects of different factors on EO content and composition are discussed next.

12.1 Genetic Factors

The effects of different parameters on EO content and composition in several plant species 
have been studied before. The results of several studies have shown that genetic and 
ecological factors and their interactions can affect some characteristics of herbs (Pirbalouti 
et al., 2013a,b, 2014, 2015). The relationships they found between genetic profile and 
chemical composition represent an important step in future breeding programs and in the 
cultivation of plant species (Liber et al., 2011).

12.1.1 Chemotype

Although chemical composition is primarily under genetic control, chemical profile remains 
essentially constant after several years in different environments. In this case, it is considered 
to be a “chemotype” (Sadeghi et al., 2015).

A chemotype is a chemically distinct entity in a plant with differences in the composition of 
the secondary metabolites. Minor genetic and epigenetic changes with little or no effect on 
morphology or anatomy may produce large changes in the chemical phenotype. Chemotypes 
are often defined by the most abundant chemical produced by that individual, and this 
concept has been useful in work done by chemical ecologists and natural product chemists 
(Keefover-Ring et al., 2009).

A good example of a plant with many polymorphic chemotypes is T. vulgaris. While largely 
indistinguishable in appearance, specimens of T. vulgaris may be assigned to one of seven 
different chemotypes depending on whether the dominant component of the EO is thymol, 
carvacrol, linalool, geraniol, sabinene hydrate (thuyanol), α-terpineol, or eucalyptol. Such 
chemotypes may be indicated as T. vulgaris ct. thymol (red thyme), T. vulgaris ct. geraniol 
(sweet thyme), and so on (Keefover-Ring et al., 2009). As chemotypes are defined only by 
the most abundant secondary metabolite, they may have little practical meaning in a group 
of organisms sharing the same trait. Individuals of one chemotype may have vastly different 
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chemical profiles, varying in the abundance of the next most abundant chemical. This 
means two individuals of the same chemotype could have different impacts on herbivores, 
pollinators, and resistance to pests (Keefover-Ring et al., 2009).

Previously the impact of environmental conditions on EO yields of 15 genotypes of five 
Ocimum species in two locations in India was studied. According to the results, Ocimum 
basilicum genotypes are promising for specific aroma-rich oil production across the locations 
studied (Patel et al., 2016). On the other hand, the presence of different chemotypes offers the 
opportunity for the cultivation of basil crops to meet the market requirements for individual 
natural aroma chemicals, such as linalool, methylchavicol, methylcinnamate, eugenol, 
methyleugenol, camphor, and the like, to exploit them in the development of worthy herbal 
products. Furthermore, yield of Ocimum EOs under various ecological conditions were 
different due to conditions, such as altitude (Patel et al., 2016).

12.2 Environmental Conditions

Variations in EO composition due to environmental conditions are described as “ecotypes” 
(Laribi et al., 2013; Nurzyńska-Wierdak et al., 2012). In addition to plant ecotype/
chemotype, EO content and composition in medicinal and aromatic plants were influenced 
by environmental conditions (climatic conditions, such as temperature, day length, light, and 
water status), cultivation conditions (plant density, sowing date, soil properties, soil type, 
and soil fertility), growing techniques, and by cultural practices (irrigation dose, fertilization, 
and mineral nutrition) (Dudai, 2005; Özgüven et al., 2008; Pirbalouti et al., 2013b; Rioba 
et al., 2015).

Moreover, differences in EOs from different samples of experimental sites confirm the 
influence of environmental conditions, such as altitude and solar exposure, on secondary 
metabolites production (Ćavar Zeljković et al., 2015; Melito et al., 2016).

Therefore, EO content and composition in aromatic plants are influenced by genetic and 
environmental conditions. This effect was reported in the EO content of Salvia officinalis 
(Grausgruber-Gröger et al., 2012).

12.3 Geographical Origin

A considerable variability in the composition of Dacus carota seed oil was found to depend 
on geographical origin (Maxia et al., 2009). For instance, radiation exposition, as well as 
the bioclimatic and pedological conditions, can induce a qualitative and quantitative EO 
profile variation among sites (Rapposelli et al., 2015). Moreover, a close correlation between 
chemical groups and mountain/seaside habitat was also found, which suggests that EO profile 
composition could be dependent on altitude and exposition (Ćavar Zeljković et al., 2015; 
Melito et al., 2016).
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12.4 Seasonal Effects

Variations in the chemical composition of EOs from various plant species that were obtained 
at different seasons of the year have also been reported (Demuner et al., 2011; Dhouioui 
et al., 2016; Gazim et al., 2010; Hussain et al., 2008). The observed chemical variation 
might be environmentally determined through a seasonal influence (Gazim et al., 2010). For 
example, the contents of oxygenated monoterpenes and oxygenated sesquiterpenes in the 
EOs of O. basilicum were highest during winter (80.9%) and lowest during summer (74.3%) 
(Gazim et al., 2010; Hussain et al., 2008). Moreover, according to the results of another 
study, temperature influenced the oil yield of O. basilicum, with the highest yields in the 
winter (0.8%), and reducing to 0.5% in the summer (Hussain et al., 2008).

12.5 Phenological Stages

The findings of previous studies determined possible differences and similarities in oil 
yield and chemical composition of various plant EOs at different phenological stages in 
O. ciliatum (Moghaddam et al., 2015c), Tagetes minuta (Moghaddam et al., 2007a), and 
Cuminum cyminum (Moghaddam et al., 2015b). Results indicate that the oil yield and 
chemical compositions of EOs depend on different stages of growth. Previous investigations 
revealed that considerable differences in the content and chemical composition of EOs at 
different stages of growth and development are concomitant with modifications in secondary 
metabolism, along with the growth and development of the plant (Ghani et al., 2009; Msaada 
et al., 2007). In addition, the effect of different phenological stages on oil and its constituents 
may be due to its effect on enzyme activity and metabolism of EO production (Sellami 
et al., 2009).

The influence of harvesting time on the content and composition of EOs in Thymus capitatus 
(Casiglia et al., 2015) and T. minuta (Moghaddam et al., 2007a) have been studied as well.

12.6 Plant Organs

The studies on chemical composition of EOs obtained from different plant parts were 
in accordance with recent results about transcriptome factors and corresponding genes 
responsible for the appearance of variety of secondary metabolites, especially terpenoids 
(Galata et al., 2014). These results highlighted the high tissue-specific expression of unigenes 
in different plant organs and determined distinct terpenoid pathways (Niu et al., 2015).

According to a previous study, the EO of basil consists of a wide and varying array of 
chemical constituents, depending on variations in chemotypes, leaf and flower colors, 
aroma, and origin of the plants (Carović-Stanko et al., 2010; Pirbalouti et al., 2013c). Also, 
constituents of EOs were influenced by treatments with organic manure (Moghaddam 
et al., 2015a).
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12.7 Drying Methods

The drying method has significant effects on the quality of the final dried samples of 
medicinal plants. Many studies have been done on the effects of different drying methods on 
the content and chemical composition of plants containing EOs. Quantitative and qualitative 
changes in EO compounds have been reported before. A comparison of EO compositions 
in previous studies reveals that drying conditions and methods affected the content and 
constituents of several aromatic plant EOs (Antal et al., 2011; Buchaillot et al., 2009; 
Huang et al., 2012; Sellami et al., 2011) The major compounds in lemon verbena (Lippia 
citriodora) oil gradually increased with increasing temperature and air-flow rate (Shahhoseini 
et al., 2013).

The oil content decreased constantly as the drying process progressed; in particular, most of 
the oil loss was observed at the beginning of the drying process for all of the temperatures 
studied (Argyropoulos and Müller, 2014).

12.8 Distillation Times

The various chemical components were obtained from oils using hydrodistillation and 
solvent-free microwave extraction methods (Ajayi et al., 2016). Generally, the predominant 
constituent of plant EOs are isoprenoids, which are extracted from different plant parts by 
distillation or other advanced methods (Berka-Zougali et al., 2012). Different distillation 
times can be used to maximize the recovery of certain constituents in plants (Zheljazkov 
et al., 2012, 2013a).

The effect of distillation time was found to alter both EO content and composition of several 
aromatic plants (Cannon et al., 2013; Kumar et al., 2016; Zheljazkov et al., 2013a,b, 2014)

12.9 Agricultural Practices
12.9.1 Fertilization and mineral nutrition

Soil mineral fertilization has been reported as one of the agricultural practices that can most 
strongly influence EO biosynthesis, content yield, and constituents (Alizadeh et al., 2010; 
Karamanos and Sotiropoulou, 2013).

Macronutrients are considered to be the main soil factors influencing production of volatile 
components (Dudai, 2005), and variations in micronutrient content affect oil composition 
(Amzallag et al., 2005; Bernstein et al., 2009). Some inconsistencies among various studies 
could be due to the use of different plant species, fertilizer sources, and application methods 
of fertilizers. For example, foliar fertilizer has raised the amount of oil due to a more rapid 
absorption of nutrients directly to the location of demand in the leaves (Mondal and Al 
Mamun, 2011).
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The effect of biological fertilizers on EO production from Lippia sp. and L. citriodora have 
been studied previously, and it has been verified that EO production remained quite stable 
(Mohammadi et al., 2013).

However, while some studies demonstrated the effect of nutrition on the EO content and 
composition of some aromatic and medicinal plants (Hendawy and Khalid, 2011; Nurzynska-
Wierdak, 2012; Sharma and Kumar, 2012; Zheljazkov et al., 2012), others reported the lack 
of significant effects from cultivation on the chemical profiles of medicinal plants, including 
Ocimum gratissimum (Biasi et al., 2009), Thymus transcaspicus (Tabrizi et al., 2011), 
Thymus maroccanus (El Bouzidi et al., 2013), and Thymus leptobotrys (Jamali et al., 2014).

It is well known that nitrogen, phosphorous, and potassium affect EO synthesis in medicinal 
plants. These components influence the levels of enzymes that are very important for the 
biosynthesis of terpenoides (Sell, 2003). Nitrogen and phosphorous are two of the major 
nutrients in fertilizers and key factors controlling production of primary and secondary 
metabolites (Omer et al., 2014; Sharafzadeh et al., 2011).

Nitrogen is considered a plant essential mineral, contributing to the synthesis of many organic 
compounds, such as amino acids, proteins, enzymes, and nucleic acids. A high concentration 
of nitrogen increases the number and size of leaf cells, with an overall increase in leaf 
production, as well as biomass yield that can be attributed to the well-known functions of 
nitrogen in plant life. Indeed, amino acids and enzymes play key roles in the biosynthesis of 
numerous compounds that are EO constituents (Koeduka et al., 2006).

Effects of nitrogen application rates on concentrations of EO components vary among 
particular plants and components. No significant effects of nitrogen application on several 
herbs, medicinal plants, and aromatic plants have been reported (Arabaci and Bayram, 2004; 
Barreyro and Ringuelet, 2005). However, other studies using different crops or cultivation 
conditions have demonstrated the effect of nitrogen fertilization on yield and content of EOs 
in medicinal plants (Ashraf et al., 2006; Kumar et al., 2009; Sekeroglu and Ozguven, 2006). 
For instance, nitrogen fertilization increased the EO yield and content in mint species 
(Abbaszadeh et al., 2009; Castro et al., 2010) and in cumin (C. cyminum) (Azizi and 
Kahrizi, 2008). However, in some O. vulgare varieties nitrogen application reduced their EO 
production (Azizi et al., 2009).

Phosphorus plays an important role in various metabolic processes, being a constituent of 
the nucleic acid, phospholipids, and coenzymes activating the amino acid production used in 
protein, DNA, RNA, and ATP synthesis (Rouached et al., 2010). A phosphorous deficiency 
is related to the reduction of chloroplast carbon fixation and has consequences on a plant’s 
photosynthetic potential (Nell et al., 2009; Ramezani et al., 2009).

Contradictory results have also been reported for the effect of phosphorous nutrition on EO 
content. Phosphorous application decreased EO yield in chamomile (Matricaria chamomilla 
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L.) (Emongor et al., 1990), but increased EO yield in feverfew (Tanacetum parthenium L.) 
(Saharkhiz and Omidbaigi, 2008) and sage (S. officinalis L.) (Nell et al., 2009), and also 
increased the EO content of basil (Ramezani et al., 2009), fennel (Foeniculum vulgare) 
(Kapoor et al., 2004), and cumin (Tuncturk and Tuncturk, 2006). Furthermore, a lack of effect 
of phosphorous application on EO production, percentage, and composition was reported for 
other plants, including S. officinalis (Nell et al., 2009) and sage (Rioba et al., 2015).

Potassium, like other fertilizers, has different effects on the EO content and composition of 
different medicinal plants. According to the results of previous studies, potassium application 
enhanced the yield of EOs in various aromatic crops (Davies et al., 2009; Said-Al Ahl 
et al., 2009; Zaghloul et al., 2009).

Increasing potassium levels decreased the EO content and yield of caraway fruits (Carum 
carvi L.) (El-Din et al., 2010). On the other hand, the findings of some other studies showed 
that the application of potassium fertilizer did not influence the EO content of patchouli 
(Singh and Rao, 2009), palmarosa (Singh, 2008), rosemary (Singh et al., 2007), and 
lemongrass (Singh and Rao, 2005; Teles et al., 2014).

In addition, the interaction of minerals is often stronger than their individual actions. The 
production of EO in aromatic plants may be affected positively or negatively by the type 
and amount of fertilizer used (Fonseca et al., 2006; Ramezani et al., 2009). For example, 
the interaction of phosphorous with nitrogen was not significant on sage oil content 
(Verma et al., 2010).

Several studies have investigated the beneficial effects of calcium fertilization on herb’s EO 
yield and composition (Dordas, 2009; Mumiv et al., 2011). The yield and constituents of 
EOs were affected by foliar calcium application. Calcium foliar spraying had no significant 
influence on the EO content of oregano (Dordas, 2009) and French tarragon (Artemisia 
dracunculus) (Heidari et al., 2014). On the other hand, the application of 0.5–2 t ha−1 of 
CaCO3 to Chrysanthemum boreale (Lee and Yang, 2005), Chrysanthemum coronarium 
(Supanjani et al., 2005), and Satureja hortensis (Mumiv et al., 2011) caused higher EO 
content and yield, but a further increase in concentration decreased this parameter.

Organic fertilizers based on seaweed extract have beneficial effects on many crop plants. 
In addition, organic seaweed fertilizer contains many different polysaccharides, proteins, 
polyunsaturated fatty acids, pigments, polyphenols, minerals, and plant growth hormones that 
are not found in inorganic fertilizer (Chojnacka et al., 2012). Seaweed treatments caused a 
significant increase in oil amount and leaf area, as compared with both inorganic treatments 
and the control, regardless of the application method (Tawfeeq et al., 2016).

In addition to EO content, the concentration of different volatile compounds is generally 
low and can be affected by a number of agronomic (variety, climatological conditions, 
and ripening stage) (Melgarejo et al., 2012, 2014) and technological (harvest, postharvest 
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treatments, storage, and processing conditions) factors (Gironés-Vilaplana et al., 2015). 
Chemical compositions of the plants have been compared and qualitative differences found 
among different fertilizer treatments and application methods. For example, the effect of 
phosphorus and zinc fertilizers on the EO yield and components of German chamomile has 
been studied (Jeshni et al., 2017).

According to the results of previous studies, potassium application had no significant effect 
on the EO components of Artemisia annua L., Cymbopogon martini, and Rosmarinus 
officinalis (Davies et al., 2009; Singh, 2008). Moreover, the increased content of some of the 
major components of EOs in response to chemical fertilizer application has been reported 
in many aromatic and medicinal plants, such as S. hortensis (Alizadeh et al., 2010), C. 
coronarium (Alvarez-Castellanos and Pascual-Villalobos, 2003), and R. officinalis (Singh and 
Guleria, 2013).

Fertilizer treatment increases the content of carvacrol in T. maroccanus and T. leptobotrys 
oils compared to unfertilized plants. This could be explained by the supply of macronutrients, 
which has been reported to play an important role in the biosynthesis of some terpenoids 
(Sell, 2003).

Mineral fertilization decreases carvacrol and thymol amounts in plants in comparison 
to control plants and those treated with organic fertilizers (Mastelic et al., 2008). The 
cultivation of Lippia origanoides plants with mineral and organic fertilizers appears to 
have no effect on EO production, while slight variations are observed in EO composition 
(Teles et al., 2014).

The effect of nitrogen, phosphorous, potassium, and calcium fertilizer application on the 
chemical composition of EOs has been reported previously; it varies among plant species, 
EO components, and environmental conditions (Nell et al., 2009; Ramezani et al., 2009). 
For example, in O. basilicum foliar spraying of nitrogen increased the concentration of 
linalool and epi-cadinol, and decreased 1,8-cineol, geraniol, and euginol (Nurzyńska-Wierdak 
et al., 2012); in clary sage, the application of nitrogen induced the highest concentrations of 
linalool, transgeraniol, and linalyl acetate (Sharma and Kumar, 2012); while in oregano, the 
application of nitrogen increased carvacrol concentration and decreased the concentrations of 
α-pinene, camphene, p-cymene, thymol, and caryophyllene in leaves, and increased linalool 
in inflorescences (Callan et al., 2007). The effects of nitrogen on EO composition might result 
from its involvement in the synthesis of primary, as well as secondary metabolites (Koeduka 
et al., 2006).

Different levels of nitrogen application affect the accumulation of the monoterpene β-
pinene in the EO of S. officinalis; the percentage of β-pinene in the oil increased with 
increasing nitrogen levels (Rioba et al., 2015). Furthermore, phosphorous levels did not 
affect EO composition in Desmostachya bipinnata (Khazaie et al., 2008). Also, eugenol, 
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linalool, 1,8-cineol, acetate-d-amyl, and germacrene-D concentrations were not affected by 
phosphorous application in sweet basil (El-Gendy et al., 2001), while in Chamomilla recutita 
α-bisabolol content increased by elevated phosphorous application (Rioba et al., 2015).

Potassium fertilization significantly influenced the main compounds in the EOs of caraway. 
Also, no considerable difference was observed in the relative percentage of carvone. Linalool 
and limonene content also fluctuated with the application of potassium (El-Din et al., 2010).

Other researchers have shown the effect of CaCO3 on the EO constituents of S. hortensis 
(Bettaieb et al., 2009), C. boreale (Lee and Yang, 2005), and C. coronarium (Supanjani 
et al., 2005).

In another study, rosemary plants that were grown on calcareous soils showed a high level of 
major monterpenes (e.g., myrcene and camphor) (Petropoulos et al., 2008).

Fertilizer type and method of application result in significant differences in EO yield and 
composition in rosemary (R. officinalis). The quality and quantity of rosemary EOs varied 
with the different fertilizers (organic and inorganic equivalents). Seaweed, an organic 
fertilizer, showed clearly defined results in all aspects of growth and yield when applied to 
the plant, unlike the inorganic fertilizer. The spraying and watering methods of application 
have shown some differences in the yield of oil, especially when inorganic fertilizer was 
used, but this difference was very small compared to using seaweed. Thus, sprayed seaweed 
fertilizer showed a significantly higher percentage of β-pinene, α-phellandrene, α-terpinene 
(monoterpenes), and 3-methylenecycloheptene than other treatments. Italicene, α-bisabolol 
(sesquiterpenes), α-thujene, and E-isocitral (monoterpenes) occurred in significantly higher 
percentages in plants watered with the seaweed extract. Each was significantly different 
compared to the plants treated with inorganic fertilizer and to controls. The seaweed 
treatments caused a significant increase in oil amount as compared to both inorganic 
treatments and the controls, regardless of the application method used (Tawfeeq et al., 2016).

12.9.2 Plant density

According to the results of previous studies about the effect of plant density on EO content 
and composition, it has been observed that higher the plant density, higher is the content 
of dill EO. Plant density did not improve the total content of volatile compounds of 
parsley EO (Callan et al., 2007; El-Zaeddi et al., 2016). In addition, the oil production of 
thyme and parsley plants was lower at the highest planting density (El-Zaeddi et al., 2016; 
Khazaie et al., 2008), while hyssop plants showed no response to planting density (Khazaie 
et al., 2008). Moreover, the lowest planting distance resulted in more EO yield compared 
to a higher planting distance in sweet basil (El-Gendy et al., 2001; Khazaie et al., 2008). 
The effect of sowing date on parsley EO composition has also been studied (Petropoulos 
et al., 2004).
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12.9.3 Irrigation frequency

Irrigation frequencies affected EO composition of various herbs, medicinal plants, 
and aromatic plants (Bettaieb et al., 2009; Corell et al., 2007; Petropoulos et al., 2008; 
Vahidipour et al., 2013). One study on the effect of irrigation frequency on EO content and 
composition of sage (S. officinalis) showed that a reduction in irrigation frequency caused 
a lower accumulation of all of the main EO components; β-pinene, in particular, which 
significantly decreased with reduced irrigation frequency (Rioba et al., 2015). On the other 
hand, a decrease in irrigation dose resulted in increased concentrations of most volatile 
compounds, leading to the highest total concentration. These conflicting results may point 
at interactive effects between water status of the plants and other environmental/agronomic 
conditions known to affect EO biosynthesis, such as nitrogen and phosphorous nutrition. 
In addition to the individual effects of nitrogen fertilization, phosphorous fertilization, and 
irrigation frequency, interactive effects among these parameters have been demonstrated to 
affect oil production in various aromatic plants. Interactive effects between irrigation and 
fertilization regimes on plant function and EO production have been well documented in 
various aromatic plants (Dudai, 2005; El-Hendawy et al., 2008), and some indications are 
also suggestive of such effects on the production and composition of EOs in aromatic plants 
(El-Hendawy et al., 2008; Vahidipour et al., 2013). The effects of irrigation and fertilization 
on plant metabolism, and subsequently on the production of the secondary metabolites, are 
dependent on environmental conditions, such as mineral availability in the soil, soil type, 
climatic conditions, as well as on plant type. Therefore, it is not surprising that fertilization 
and irrigation regimes have a range of effects on EO production under various experimental 
conditions (Rioba et al., 2015). The effect of irrigation frequency and planting density on the 
oil production of thyme has also been reported (Khazaie et al., 2008).

12.10 Environmental Stresses

The content of EO is often enhanced as a defense response due to several environmental 
stresses, as well as the result of changes in the balance between carbon use in growth and 
secondary metabolite production (Blanch et al., 2007). However, severe environmental 
stresses, such as high and low temperatures (Copolovici et al., 2012), drought (Copolovici 
et al., 2014; Timmusk et al., 2014), alkalinity, salinity, UV stress, and pathogen infection 
can overly reduce plant growth and photosynthesis rates (Akula and Ravishankar, 2011), and 
ultimately also the rate of production of secondary chemicals (Blanch et al., 2007). Variations 
in soil sodicity, salinity, and texture also affect oil composition (Amzallag et al., 2005; 
Bernstein et al., 2009).

The water status of the plant has a profound effect on plant function and metabolic processes 
(Letchamo and Gosselin, 1995). Response of EO yield and composition to water stress varies 
with the severity and duration of the stress, and in numerous aromatic plants production 
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of metabolites and EO yield was demonstrated to decline under water-stress conditions 
(Letchamo and Gosselin, 1995; Rao et al., 1996).

A water deficit reduces the total EO production in S. officinalis (Corell et al., 2007), parsley 
(Petropoulos et al., 2008), and Mexican oregano (Dunford and Vazquez, 2005). However, 
drought stress had no significant effect on the EO content of German chamomile (Baghalian 
et al., 2011), while both moderate and severe water deficits improved EO yield in sage 
(Baghalian et al., 2011). An increase in monoterpene concentration under drought conditions 
has also been reported (Nowak et al., 2012).

Water stress increases the yield of EO from the leaves of plain-leafed and curly-leafed 
parsley (El-Zaeddi et al., 2016; Petropoulos et al., 2004). Similar results have been reported 
by other authors, stating that water stress led to increased content of EOs in different 
plants, such as savory, lavender, and absinthium (Baher et al., 2002; Karamzadeh, 2003; 
Khazaie et al., 2008). On the other hand, an increase in α-and β-thujone levels with 
increased drought stress levels, and stress effects on 1,8-cineol and camphor have also 
been reported (Manukyan, 2011). Also, water stress decreases p-cymene content in T. 
vulgaris (Azizi and Kahrizi, 2008). In chamomile, however, drought stress decreases 
epigenin content, but does not affect EO composition (Baghalian et al., 2011). In S. 
officinalis, decreased EO production due to water stress was accompanied by a reduction 
in phosphorous and a stimulation of nitrogen accumulation, which may indirectly point to 
the effect of interactions as well (El-Zaeddi et al., 2016). The effect of drought stress and 
phosphorus and zinc fertilizers on EO yield and the components of German chamomile has 
also been studied (Jeshni et al., 2017).
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Carović-Stanko, K., Orlić, S., Politeo, O., Strikić, F., Kolak, I., Milos, M., Satovic, Z., 2010. Composition and 

antibacterial activities of essential oils of seven Ocimum taxa. Food Chem. 119 (1), 196–201. 
Carrín, M., Crapiste, G., 2008. Mathematical modeling of vegetable oil–solvent extraction in a multistage 

horizontal extractor. J. Food Eng. 85 (3), 418–425. 
Carson, C.F., Hammer, K.A., 2011. Chemistry and bioactivity of essential oils. Lipids Essent. Oils Antimicrob. 

Agent., 203–238. 
Carvalho, R.N., Moura, L.S., Rosa, P.T., Meireles, M.A.A., 2005. Supercritical fluid extraction from rosemary 

(Rosmarinus officinalis): kinetic data, extract’s global yield, composition, and antioxidant activity. J. 
Supercrit. Fluid. 35 (3), 197–204. 

Casiglia, S., Bruno, M., Scandolera, E., Senatore, F., Senatore, F., 2015. Influence of harvesting time on 
composition of the essential oil of Thymus capitatus (L.) Hoffmanns. & Link. growing wild in northern Sicily 
and its activity on microorganisms affecting historical art crafts. Arab. J. Chem. 

Castro, L., Deschamps, C., Biasi, L., Scheer, A., Bona, C., Gilkes, R., 2010. Development and essential oil yield 
and composition of mint chemotypes under nitrogen fertilization and radiation levels. In: Proceedings of 
the Nineteenth World Congress of Soil Science: Soil Solutions for a Changing World. Symposium 3.3.2 
Molecular Biology and Optimizing Crop Nutrition, 1–6 August 2010, Brisbane, Australia.
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