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Preface

The overwhelming success of the first edition of the Handbook of Essential Oils: Science,
Technology, and Applications prompted us to edit an updated version. All of our contributors of the
first edition were animated by us either to cooperate again or to tell us if their articles of the first
edition should be kept as they are. Moreover, we asked experts to write contributions on new topics
not covered in the first edition. This was the case in two instances: Prof. Eva Németh-Zamboriné’s
Chapter 4 report on “Natural Variability of Essential Oils Components,” which is based on her
excellent plenary lecture at the 44th International Symposium on Essential Oils in Budapest in
September 2013, and the important Chapter 18, “Adulteration of Essential Oil,” by the perfum-
ers Erich Schmidt and Jiirgen Wanner. In the first treatise, the author discusses the reasons why
variability of components often occurs in essential oils. The influence of molecular genetics in
understanding the background of biodiversity in volatiles formation is elaborated with examples.
Thinking on adulteration, the first idea is always a more or less criminal act, such as a fraud or a
betrayal to the debit of customers; however, also to a certain extent, these natural products can lose
their excellent quality by natural processes, such as storage under inferior conditions or improper
access to air thus furnishing oxygenated artifacts. Now, these essential oils are adulterated. Other
examples of such processes are described very impressively in this new chapter.

Chapters 3 through 6, 13 through 16, and 19 through 21 remained as they are written in the
first edition. Now, they are listed as Chapters 3 (formerly 3), 5 through 7 (formerly 4 through 6),
15 (formerly 13) and 16 (formerly 19), 19 (14), 20 (15), and 23 (20). Especially as to the contribu-
tion of Prof. Maria Lis-Balchin (formerly Chapter 13, now Chapter 15), we thought that she has
already reported all important facts on aromatherapy that was necessary to tell. Also, the interesting
Chapter 25 on “Aroma-Vital Cuisine” by Maria M. Kettenring and Lara M. Vucemilovic, a well
done example for the application of essential oils, really, has been kept as it is in the first edition,
because an update of the recipes and thus creating a collection of old and new recipes for cooks does
not meet the sense of this book. The chapter on “Biological Activities of Essential Oils” (formerly 9)
has been updated and divided into two contributions, now Chapters 10 and 11. Chapter 24 “Storage,
Labeling, and Transport of Essential Oils” and Chapter 26 “Recent EU Legislation on Flavors and
Fragrances and Its Impact on Essential Oils” have been fully revised and updated.

We hope that also this second edition with the alluring mixture of former, updated, and even new
contributions will satisfy the curiosity and needs of all of our readers who share with us the vivid
interest in this fascinating natural topic, the essential oils.

© 2016 by Taylor & Francis Group, LLC



© 2016 by Taylor & Francis Group, LLC



Editors

K. Hiisnii Can Baser was born on July 15, 1949, in Cankuri,
Turkey. He graduated from Eskisehir L.T..A. School of Pharmacy
with diploma number 1 in 1972 and became a research assistant in
the pharmacognosy department of the same school. He did his
PhD in pharmacognosy between 1974 and 1978 at Chelsea College
of the University of London, London, United Kingdom.

Upon returning home, he worked as a lecturer in pharmacog-
nosy at the school he had earlier graduated from and served as
director of Eskisehir I.T.I.LA. School of Chemical Engineering
between 1978 and 1980. He was promoted to associate professor-
ship in pharmacognosy in 1981.

He served as dean of the faculty of pharmacy at Anadolu University (1993-2001), vice dean of
the faculty of pharmacy (1982-1993), head of the department of professional pharmaceutical sci-
ences (1982—-1993), head of the pharmacognosy section (1982—present), member of the university
board and senate (1982-2001; 2007), and director of the Medicinal and Aromatic Plant and Drug
Research Centre (TBAM) (1980-2002) in Anadolu University. He retired from Anadolu University
in 2011. Since then, he has been working as a visiting professor in King Saud University, Riyadh,
Saudi Arabia.

During 1984—1994, he was appointed as the national project coordinator of Phase I and Phase 11
of the UNDP/UNIDO projects of the government of Turkey titled “Production of Pharmaceutical
Materials from Medicinal and Aromatic Plants,” through which TBAM had been strengthened.

He was promoted to full professorship in pharmacognosy in 1987. His major areas of research
include essential oils, alkaloids, and biological, chemical, pharmacological, technological, and bio-
logical activity research into natural products. He is the 1995 recipient of the Distinguished Service
Medal of International Federation of Essential Oils and Aroma Trades (IFEAT) based in London,
United Kingdom, and the 2005 recipient of “Science Award” (health sciences) of the Scientific and
Technological Research Council of Turkey (TUBITAK) among others. He has published more than
700 papers in international refereed journals (more than 540 in SCI journals), 144 papers in Turkish
journals, and 141 papers in conference proceedings. He communicated 940 papers in 262 symposia.
He is the author of 52 books or book chapters.

Visit http://www.khcbaser.com for more information.

Gerhard Buchbauer was born in 1943 in Vienna, Austria.
He studied pharmacy at the University of Vienna, from where he
received his master’s degree (Mag. pharm.) in May 1966. In
September 1966, he assumed the duties of university assistant at
the Institute of Pharmaceutical Chemistry and received his
doctorate (PhD) in pharmacy and philosophy in October 1971 with
a thesis on synthetic fragrance compounds. Further scientific edu-
cation was practiced postdoc in the team of Professor C.H. Eugster
at the Institute of Organic Chemistry, University of Zurich
(1977-1978), followed by the habilitation (postdoctoral lecture
qualification) in pharmaceutical chemistry with the inaugural dis-
sertation entitled “Synthesis of Analogies of Drugs and Fragrance Compounds with Contributions
to Structure-Activity-Relationships” (1979) and appointment as permanent staff of the University
of Vienna and head of the first department of the Institute of Pharmaceutical Chemistry.

Xxi

© 2016 by Taylor & Francis Group, LLC


http://www.khcbaser.com
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19393-1&iName=master.img-000.jpg&w=120&h=120
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19393-1&iName=master.img-001.jpg&w=119&h=119

Xii Editors

In November 1991, he was appointed as a full professor of pharmaceutical chemistry, University of
Vienna; in 2002, he was elected as head of this institute. He retired in October 2008. He is married
since 1973 and had a son in 1974.

Among others, he is still a member of the permanent scientific committee of International
Symposium on Essential Oils (ISEO); a member of the scientific committee of Forum Cosmeticum
(1990, 1996, 2002, and 2008); a member of numerous editorial boards (e.g., Journal of Essential
Oil Research, the International Journal of Essential Oil Therapeutics, Scientia Pharmaceutica);
assistant editor of Flavour and Fragrance Journal; regional editor of Eurocosmetics; a member
of many scientific societies (e.g., Society of Austrian Chemists, head of its working group “Food
Chemistry, Cosmetics, and Tensides” (2000-2004), Austrian Pharmaceutical Society, and Austrian
Phytochemical Society, vice head of the Austrian Society of Scientific Aromatherapy, and so on);
technical advisor of IFEAT (1992-2008); and organizer of the 27th ISEO (September 2006, in
Vienna) together with Professor Dr. Ch. Franz.

Based on the sound interdisciplinary education of pharmacists, it was possible to establish an
almost completely neglected area of fragrance and flavor chemistry as a new research discipline
within the pharmaceutical sciences. Our research team is the only one that conducts fragrance
research in its entirety and covers synthesis, computer-aided fragrance design, analysis, and phar-
maceutical/medicinal aspects. Because of our efforts, it is possible to show and to prove that these
small molecules possess more properties than merely emitting a good odor. Now, this research team
has gained a worldwide scientific reputation documented by more than 400 scientific publications,
about 100 invited lectures, and about 200 contributions to symposia, meetings, and congresses, as
short lectures and poster presentations.

© 2016 by Taylor & Francis Group, LLC



Contributors

Yoshinori Asakawa
Faculty of Pharmacy
Tokushima Bunri University
Tokushima, Japan

Barbara d’Acampora Zellner
SCIFAR Department
University of Messina
Messina, Italy

and

L’Oreal Brasil
Rio de Janeiro, Brazil

K. Hiisnii Can Baser
Department of Pharmacognosy
Faculty of Pharmacy

Anadolu University

Eskisehir, Turkey

Ramona Bohusch

Department of Pharmaceutical Chemistry
Division of Clinical Pharmacy & Diagnostics
Center of Pharmacy

University of Vienna

Vienna, Austria

Hugo Bovill

Treatt PLC

Bury St. Edmunds
Suffolk, United Kingdom

W. S. Brud

Academy of Cosmetology and Health Care
and

Pollena-Aroma Ltd

‘Warsaw, Poland

Gerhard Buchbauer

Department of Pharmaceutical Chemistry
Division of Clinical Pharmacy & Diagnostics
Center of Pharmacy

University of Vienna

Vienna, Austria

© 2016 by Taylor & Francis Group, LLC

Jan C.R. Demyttenaere
EFFA (European Flavour Association)
Brussels, Belgium

Giovanni Dugo
SCIFAR Department
University of Messina
Messina, Italy

Paola Dugo

SCIFAR Department
University of Messina
Messina, Italy

and

Rome Biomedical Campus University
Rome, Italy

Elaine Elisabetsky

Laboratério de Etnofamacologia

ICBS

Universidade Federal do Rio Grande do
Sul, Porto Alegre, Brazil

Marina Erkic

Department of Pharmaceutical Chemistry
Division of Clinical Pharmacy & Diagnostics
Center of Pharmacy

University of Vienna

Vienna, Austria

Micheli Figueiré

Laboratério de Etnofamacologia

ICBS

Universidade Federal do Rio Grande do
Sul, Porto Alegre, Brazil

Chlodwig Franz (professor emeritus)

Department of Farm Animals and Veterinary
Public Health

University of Veterinary Medicine Vienna

Vienna, Austria

Robert Harris
Quintessential Aromatics
West Sussex, United Kingdom

xiii



Xiv

Susanne Hemetsberger

Department of Pharmaceutical Chemistry
Division of Clinical Pharmacy & Diagnostics
Center of Pharmacy

University of Vienna

Vienna, Austria

Eva Heuberger

Division of Clinical Psychology and
Psychotherapy

Department of Psychology

Saarland University

Saarbriicken, Germany

Martina Hoferl

Department of Pharmaceutical Chemistry
Division of Clinical Pharmacy & Diagnostics
Center of Pharmacy

University of Vienna

Vienna, Austria

Walter Jiger

Department of Pharmaceutical Chemistry
Division of Clinical Pharmacy & Diagnostics
Center of Pharmacy

University of Vienna

Vienna, Austria

Jens Jankowski
Paul Kaders GmbH
Hamburg, Germany

Jan Karlsen

Department of Pharmaceutics
University of Oslo

Oslo, Norway

Maria M. Kettenring
Villaroma
Neu-Isenburg, Germany

Karl-Heinz Kubeczka
Margetshocheim, Germany

Maria Lis-Balchin (retired)

South Bank University London
London, United Kingdom

© 2016 by Taylor & Francis Group, LLC

Contributors

Luigi Mondello
SCIFAR Department
University of Messina
Messina, Italy

and

Rome Biomedical Campus University
Rome, Italy

Viviane de Moura Linck

Laboratério de Etnofamacologia

ICBS

Universidade Federal do Rio Grande do
Sul, Porto Alegre, Brazil

Eva Németh-Zamboriné

Department of Medicinal and Aromatic Plants
Corvinus University of Budapest

Budapest, Hungary

Yoshiaki Noma (retired)
Faculty of Human Life Sciences
Tokushima Bunri University
Tokushima, Japan

Johannes Novak

Department of Farm Animals and Veterinary
Public Health

University of Veterinary Medicine Vienna

Vienna, Austria

Alexander Pauli (deceased)

Jens-Achim Protzen
Paul Kaders GmbH
Hamburg, Germany

Klaus-Dieter Protzen
Paul Kaders GmbH
Hamburg, Germany

Domingos Savio Nunes
Departamento de Quimica
Universidade Estadual de Ponta Grossa
Ponta Grossa, Brazil

Heinz Schilcher (deceased)
Immenstadt, Allgau, Germany



Contributors

Erich Schmidt
Consultant, Essential oils
Nordlingen, Germany

Charles Sell (retired)
Aldington, Kent, England

Adriana Lourenco da Silva
Laboratério de Etnofamacologia

ICBS

Universidade Federal do Rio Grande do
Sul, Porto Alegre, Brazil

© 2016 by Taylor & Francis Group, LLC

Sean V. Taylor

Flavor & Extract Manufacturers Association

and

The International Organization of the Flavor
Industry

Washington, DC

Lara-M. Vucemilovic-Geeganage
Villaroma
Neu-Isenburg, Germany

Jiirgen Wanner
Kurt Kitzing GmbH
Wallerstein, Germany

XV



’I Introduction

K. Hiisnti Can Bager and Gerhard Buchbauer
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INTRODUCTION TO FIRST EDITION

Essential oils (EOs) are very interesting natural plant products. Among other qualities, they pos-
sess various biological properties. The term “biological” comprises all activities that these mixtures
of volatile compounds (mainly mono- and sesquiterpenoids, benzenoids, phenylpropanoids, etc.)
exert on humans, animals, and other plants. This book intends to make the reader acquainted with
all aspects of EOs and their constituent aromachemicals ranging from chemistry, pharmacology,
biological activity, production, trade uses, and regulatory aspects. After an overview of research
and development activities on EOs with a historical perspective (Chapter 2), Chapter 3 “Sources
of Essential Oils” gives an expert insight into vast sources of EOs. The chapter also touches upon
agronomic aspects of EO-bearing plants. Traditional and modern production techniques of EOs
are illustrated and discussed in Chapter 4. It is followed by two important chapters “Chemistry
of Essential Oils” (Chapter 5) and “Analysis of Essential Oils” (Chapter 6) illustrating chemical
diversity of EOs, and analytical techniques employed for the analyses of these highly complex
mixtures of volatiles.

They are followed by chapters on the biological properties of EOs, starting with “The Toxicology
and Safety of Essential Oils: A Constituent-Based Approach” (Chapter 7). On account of the com-
plexity of these natural products, the toxicological or biochemical testing of an EO will always
be the sum of its constituents, which either act in a synergistic or in an antagonistic way with one
another. Therefore, the chemical characterization of an EO is very important for the understanding
of its biological properties. The constituents of these natural mixtures, upon being absorbed into the
blood stream of humans or animals, get metabolized and eliminated. This metabolic biotransforma-
tion leads, mostly in two steps, to products with high water solubility, which enables the organism
to get rid of these “xenobiotics” by renal elimination. This mechanism is thoroughly explained in
Chapter 8, “Metabolism of Terpenoids in Animal Models and Humans.” In Chapter 9, “Biological
Activities of Essential Oils,” “uncommon” biological activities of EOs, such as anticancer proper-
ties, antinociceptive effects, antiviral activities, antiphlogistic properties, penetration enhancement
activities, and antioxidative effects, are reviewed. The psychoactive, particularly stimulating and
sedative, effects of fragrances as well as behavioral activities, elucidated, for example, by neu-
rophysiological methods, are the topics of Chapter 10 (“Effects of Essential Oils in the Central
Nervous System”), Section 10.2. Here, the emphasis is put on the central nervous system and on psy-
chopharmacology whereas Chapter 10, Section 10.1 mainly deals with reactions of the autonomic
nervous system upon contact with EOs and/or their main constituents. The phytotherapeutic uses
of EOs is another overview about scientific papers in peer-reviewed journals over the last 30 years,
so to say the medical use of these natural plant products excluding aromatherapeutical treatments
and single case studies (Chapter 11, “Phytotherapeutic Uses of Essential Oils”). Another contribu-
tion only deals with antimicrobial activities of those EOs that are monographed in the European
Pharmacopoeia. In Chapter 12, “In Vitro Antimicrobial Activities of Essential Oils Monographed
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2 Handbook of Essential Oils: Science, Technology, and Applications

in the European Pharmacopoeia 6th Edition,” more than 81 tables show the importance of these
valuable properties of EOs. Aromatherapy with EOs covers the other side of the “classical” medical
uses. “Aromatherapy with Essential Oils” (Chapter 13) is written by Maria Lis-Balchin, a known
expert in this field and far from esoteric quackery. It completes the series of contributions dealing
with the biological properties of EO regarded from various sides and standpoints.

Chapters 14 and 15 by the world-renowned experts Y. Asakawa and Y. Noma are concise treatises
on the biotransformations of EO constituents. Enzymes in microorganisms and tissues metabolize
EO constituents in similar ways by adding mainly oxygen function to molecules to render them
water soluble, which facilitates their metabolism. This is also seen as a means of detoxification for
these organisms. Many interesting and valuable novel chemicals are biosynthesized by this way.
These products are also considered natural since the substrates are natural.

Encapsulation is a technique widely utilized in pharmaceutical, chemical, food, and feed
industries to render EOs more manageable in formulations. Classical and modern encapsulation
techniques are explained in detail in Chapter 17, “Encapsulation and Other Programmed Release
Techniques for EOs and Volatile Terpenes.”

EOs and aromachemicals are low-volume high-value products used in perfumery, cosmetics,
feed, food, beverages, and pharmaceutical industries. Industrial uses of EOs are covered in an infor-
mative chapter from a historical perspective.

“Aroma-Vital Cuisine” (Chapter 18) looks at the possibility of utilizing EOs in the kitchen, where
the pleasure of eating, the sensuality, and the enjoyment of lunching and dining of mostly processed
food are stressed. Here, the holistic point of view rather than too scientific a way of understanding
EOs is the topic, simply to show that these volatile natural plant products can add to the feel-good
factor for users.

EOs are not only appealing to humans but also to animals. Applications of EOs as feed additives
and for treating diseases in pets and farm animals are illustrated in Chapter 19, “Essential Oils Used
in Veterinary Medicine,” that comprises a rare collection of information on this subject.

The EO industry is highly complex and fragmented and the trade of EOs is rather conserva-
tive and highly specialized. EOs are produced and utilized worldwide in both industrialized and
developing countries. The trade situation in the world is summarized in “Trade of Essential Oils”
(Chapter 20), authored by a world-renowned expert Hugo Bovill.

Storage and transport of EOs are crucial issues since they are highly sensitive to heat, moisture,
and oxygen. Therefore, special precautions and strict regulations apply for their handling in storage
and transport. “Storage and Transport of Essential Oils” (Chapter 21) will give the reader necessary
guidelines to tackle this problem.

Finally, the regulatory affairs of EOs are dealt with in Chapter 22 to give a better insight to those
interested in legislative aspects. “Recent EU Legislation on Flavors and Fragrances and Its Impact
on Essential Oils” comprises the most up-to-date regulations and legislative procedures applied on
EOs in the European Union.

This book is hoped to satisfy the needs of EO producers, traders, and users as well as researchers,
academicians, and legislators who will find the most current information given by selected experts
under one cover.

INTRODUCTION TO SECOND EDITION

As mentioned in the Preface, the first new chapter (Chapter 4) deals with “Natural Variability of
Essential Oil Components.” It is based on Prof. Dr. Eva Nemeth-Zamborini’s excellent plenary lec-
ture at the 44th International Symposium on Essential Oils in Budapest in September 2013. In this
treatise Prof. Nemeth-Zamborini discusses the reasons why variability of components often occurs
in EOs. The influence of molecular genetics in understanding the background of biodiversity in
formation of volatiles is elaborated with examples. The second new chapter (Chapter 18) by, the per-
fumers Erich Schmidt and Jiirgen Wanner, is devoted to the subject “Adulteration of Essential Oils,”
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Introduction 3

which was not covered in the first edition. On the issue of adulteration, the first idea is always more
or less a criminal act, such as fraud or betrayal to the debit of the customers; however, to a certain
extent, these natural products can lose their excellent quality by natural processes, such as storage
under inferior conditions or improper access to air, thus furnishing oxygenated artefacts. Now,
these EOs are adulterated. Other examples of such processes are described very impressively in
this chapter.

Chapters 2, 5, 12, 15, 19 through 21, 23, and 25 remained as written in the first edition. The
former Chapter 9 has been updated and divided into two chapters, now listed as Chapters 10 and
11. The third new chapter (Chapter 17) is “Use of Essential Oils in Agriculture,” which covers the
impact of these natural volatile products on the performance of the farmer, especially pointing to
benefits he earns using one or more examples of “green chemistry.” All other chapters from the first
edition have been updated, namely Chapters 8 through 12, 13, 22, and especially 24 and 26, which
deal with “Storage, Labeling, and Transport of Essential Oils” and the important news on “Recent
EU Legislation on Flavors and Fragrances and Its Impact on Essential Oils,” respectively.
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2.1 ANCIENT HISTORICAL BACKGROUND

Plants containing essential oils have been used since furthest antiquities as spices and remedies for
the treatment of diseases and in religious ceremonies because of their healing properties and their
pleasant odors. In spite of the obscured beginning of the use of aromatic plants in prehistoric times
to prevent, palliate, or heal sicknesses, pollen analyses of Stone Age settlements indicate the use of
aromatic plants that may be dated to 10,000 BC.
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One of the most important medical documents of ancient Egypt is the so-called Papyrus Ebers
of about 1550 BC, a 20 m long papyrus, which was purchased in 1872 by the German Egyptologist
G. Ebers, for whom it is named, containing some 700 formulas and remedies, including aromatic
plants and plant products like anise, fennel, coriander, thyme, frankincense, and myrrh. Much later,
the ancient Greek physician Hippocrates (460-377 BC), who is referred to as the father of medicine,
mentioned in his treatise Corpus Hippocratium approximately 200 medicinal plants inclusive of
aromatic plants and described their efficacies.

One of the most important herbal books in history is the five-volume book De Materia Medica,
written by the Greek physician and botanist Pedanius Dioscorides (ca. 40-90), who practiced in
ancient Rome. In the course of his numerous travels all over the Roman and Greek world seeking
for medicinal plants, he described more than 500 medicinal plants and respective remedies. His
treatise, which may be considered a precursor of modern pharmacopoeias, was later translated into
a variety of languages. Dioscorides, as well as his contemporary Pliny the Elder (23-79), a Roman
natural historian, mention besides other facts turpentine oil and give some limited information on
the methods in its preparation.

Many new medicines and ointments were brought from the east during the Crusades from the
eleventh to the thirteenth centuries, and many herbals, whose contents included recipes for the use
and manufacture of essential oil, were written during the fourteenth to the sixteenth centuries.

Theophrastus von Hohenheim, known under the name Paracelsus (1493-1541), a physician and
alchemist of the fifteenth century, defined the role of alchemy by developing medicines and extracts
from healing plants. He believed distillation released the most desirable part of the plant, the Quinta
essentia or quintessence by a means of separating the “essential” part from the “nonessential” con-
taining its subtle and essential constituents. The currently used term “essential oil” still refers to the
theory of Quinta essentia of Paracelsus.

The roots of distillation methods are attributed to Arabian Alchemists centuries with Avicenna
(980-1037) describing the process of steam distillation, who is credited with inventing a coiled
cooling pipe to prepare essential oils and aromatic waters. The first description of distilling essen-
tial oils is generally attributed to the Spanish physician Arnaldus de Villa Nova (1235-1311) in
the thirteenth century. However, in 1975, a perfectly preserved terracotta apparatus was found in the
Indus Valley, which is dated to about 3000 BC and which is now displayed in a museum in Taxila,
Pakistan. It looks like a primitive still and was presumable used to prepare aromatic waters. Further
findings indicate that distillation has also been practiced in ancient Turkey, Persia, and India as far
back as 3000 BC.

At the beginning of the sixteenth century appeared a comprehensive treatise on distillation by
Hieronymus Brunschwig (ca. 1450-1512), a physician of Strasbourg. He described the process of
distillation and the different types of stills in his book Liber de arte Distillandi de compositis
(Strasbourg 1500 and 1507) with numerous block prints. Although obviously endeavoring to cover
the entire field of distillation techniques, he mentions in his book only the four essential oils from
rosemary, spike lavender, juniper wood, and the turpentine oil. Just before, until the Middle Ages,
the art of distillation was used mainly for the preparation of aromatic waters, and the essential oil
appearing on the surface of the distilled water was regarded as an undesirable by-product.

In 1551 appeared at Frankfurt on the Main the Kréuterbuch, written by Adam Lonicer (1528-1586),
which can be regarded as a significant turning point in the understanding of the nature and the
importance of essential oils. He stresses that the art of distillation is a quite recent invention and not
an ancient invention and has not been used earlier.

In the Dispensatorium Pharmacopolarum of Valerius Cordus, published in Nuremberg in 1546,
only three essential were listed; however, the second official edition of the Dispensatorium Valerii
Cordi issued in 1592, 61 distilled oils were listed illustrating the rapid development and acceptance
of essential oils. In that time, the so-called Florentine flask has already been used for separating the
essential oil from the water phase.
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The German J.R. Glauber (1604-1670), who can be regarded as one of the first great industrial
chemists, was born in the little town Karlstadt close to Wuerzburg. His improvements in chemistry, for
example, the production of sodium sulfate, as a safe laxative brought him the honor of being named
Glauber’s salt. In addition, he improved numerous different other chemical processes and especially
new distillation devices also for the preparation of essential oils from aromatic plants. However, it lasted
until the nineteenth century to get any real understanding of the composition of true essential oils.

2.2 FIRST SYSTEMATIC INVESTIGATIONS

The first systematic investigations of constituents from essential oils may be attributed to the French
chemist M.J. Dumas (1800-1884) who analyzed some hydrocarbons and oxygen as well as sulfur-
and nitrogen-containing constituents. He published his results in 1833. The French researcher
M. Berthelot (1859) characterized several natural substances and their rearrangement products by
optical rotation. However, the most important investigations have been performed by O. Wallach,
an assistant of Kekule. He realized that several terpenes described under different names according
to their botanical sources were often, in fact, chemically identical. He, therefore, tried to isolate the
individual oil constituents and to study their basic properties. He employed together with his highly
qualified coworkers Hesse, Gildemeister, Betram, Walbaum, Wienhaus, and others fractional dis-
tillation to separate essential oils and performed reactions with inorganic reagents to characterize
the obtained individual fractions. The reagents he used were hydrochloric acid, oxides of nitrogen,
bromine, and nitrosyl chloride—which was used for the first time by W.A. Tilden (1875)—by which
frequently crystalline products have been obtained.

At that time, hydrocarbons occurring in essential oils with the molecular formula C, H,, were
known, which had been named by Kekule terpenes because of their occurrence in turpentine oil.
Constituents with the molecular formulas C,jH,,0 and C,,H,;;O were also known at that time under
the generic name camphor and were obviously related to terpenes. The prototype of this group
was camphor itself, which was known since antiquity. In 1891, Wallach characterized the terpenes
pinene, camphene, limonene, dipentene, phellandrene, terpinolene, fenchene, and sylvestrene,
which has later been recognized to be an artifact.

During 1884-1914, Wallach wrote about 180 articles that are summarized in his book Terpene
und Campher (Wallach, 1914) compiling all the knowledge on terpenes at that time, and already
in 1887, he suggested that the terpenes must be constructed from isoprene units. In 1910, he was
honored with the Nobel Prize for Chemistry “in recognition of his outstanding research in organic
chemistry and especially in the field of alicyclic compounds” (Laylin, 1993).

In addition to Wallach, the German chemist A. von Baeyer, who also had been trained in Kekule’s
laboratory, was one of the first chemists to become convinced of the achievements of structural chem-
istry and who developed and applied it to all of his work covering a broad scope of organic chemistry.
Since 1893, he devoted considerable work to the structures and properties of cyclic terpenes (von
Baeyer, 1901). Besides his contributions to several dyes, the investigations of polyacetylenes, and so on,
his contributions to theoretical chemistry including the strain theory of triple bonds and small carbon
cycles have to be mentioned. In 1905, he was awarded the Nobel Prize for Chemistry “in recognition of
his contributions to the development of Organic Chemistry and Industrial Chemistry, by his work on
organic dyes and hydroaromatic compounds” (Laylin, 1993). The frequently occurring acyclic mono-
terpenes geraniol, linalool, citral, and so on have been investigated by FW. Semmler and the Russian
chemist G. Wagner (1899), who recognized the importance of rearrangements for the elucidation of
chemical constitution, especially the carbon-to-carbon migration of alkyl, aryl, or hydride ions, a type
of reaction that was later generalized by H. Meerwein (1914) as Wagner—Meerwein rearrangement.

More recent investigations of J. Read, W. Hiickel, H. Schmidt, W. Treibs, and V. Prelog were
mainly devoted to disentangle the stereochemical structures of menthols, carvomenthols, borneols,
fenchols, and pinocampheols, as well as the related ketones (see Gildemeister and Hoffmann, 1956).
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A significant improvement in structure elucidation was the application of dehydrogenation of
sesqui- and diterpenes with sulfur and later with selenium to give aromatic compounds as a major
method, and the application of the isoprene rule to terpene chemistry, which have been very effi-
ciently used by L. Ruzicka (1953) in Zurich, Switzerland. In 1939, he was honored in recognition of
his outstanding investigations with the Nobel Prize in chemistry for his work on “polymethylenes
and higher terpenes.”

The structure of the frequently occurring bicyclic sesquiterpene B-caryophyllene was for many
years a matter of doubt. After numerous investigations, W. Treibs (1952) has been able to isolate
the crystalline caryophyllene epoxide from the autoxidation products of clove oil, and F. Sorm et al.
(1950) suggested caryophyllene to have a four- and nine-membered ring on bases of infrared (IR)
investigations. This suggestion was later confirmed by the English chemist D.H.R. Barton (Barton
and Lindsay, 1951), who was awarded the Nobel Prize in Chemistry in 19609.

The application of ultraviolet (UV) spectroscopy in the elucidation of the structure of terpenes
and other natural products was extensively used by R.B. Woodward in the early forties of the last
century. On the basis of his large collection of empirical data, he developed a series of rules (later
called the Woodward rules), which could be applied to finding out the structures of new natural
substances by correlations between the position of UV maximum absorption and the substitution
pattern of a diene or an o,f-unsaturated ketone (Woodward, 1941). He was awarded the Nobel Prize
in Chemistry in 1965. However, it was not until the introduction of chromatographic separation
methods and nuclear magnetic resonance (NMR) spectroscopy into organic chemistry that a lot of
further structures of terpenes were elucidated. The almost exponential growth in our knowledge in
that field and other essential oil constituents is essentially due to the considerable advances in ana-
lytical methods in the course of the last half century.

2.3 RESEARCH DURING THE LAST HALF CENTURY

2.3.1  EsseNTiAL O1L PREPARATION TECHNIQUES

2.3.1.1 Industrial Processes

The vast majority of essential oils are produced from plant material in which they occur by different
kinds of distillation or by cold pressing in the case of the peel oils from citrus fruits.

In water or hydrodistillation, the chopped plant material is submerged and in direct contact with
boiling water. In steam distillation, the steam is produced in a boiler separate of the still and blown
through a pipe into the bottom of the still, where the plant material rests on a perforated tray or in
a basket for quick removal after exhaustive extraction. In addition to the aforementioned distilla-
tion at atmospheric pressure, high-pressure steam distillation is most often applied in European and
American field stills, and the applied increased temperature significantly reduces the time of distilla-
tion. The high-pressure steam-type distillation is often applied for peppermint, spearmint, lavandin,
and the like. The condensed distillate, consisting of a mixture of water and oil, is usually separated in
a so-called Florentine flask, a glass jar, or more recently in a receptacle made of stainless steel with
one outlet near the base and another near the top. There, the distillate separates into two layers from
which the oil and the water can be separately withdrawn. Generally, the process of steam distillation
is the most widely accepted method for the production of essential oils on a large scale.

Expression or cold pressing is a process in which the oil glands within the peels of citrus fruits are
mechanically crushed to release their content. There are several different processes used for the isola-
tion of citrus oils; however, there are four major currently used processes. Those are pellatrice and
sfumatrice—most often used in Italy—and the Brown peel shaver as well as the FMC extractor, which
are used predominantly in North and South America. For more details, see, for example, Lawrence
1995. All these processes lead to products that are not entirely volatile because they may contain cou-
marins, plant pigments, and so on; however, they are nevertheless acknowledged as essential oils by
the International Organization for Standardization, the different pharmacopoeias, and so on.
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In contrast, extracts obtained by solvent extraction with different organic solvents, with liquid
carbon dioxide or by supercritical fluid extraction (SFE) may not be considered as true essential oils;
however, they possess most often aroma profiles that are almost identical to the raw material from
which they have been extracted. They are therefore often used in the flavor and fragrance industry
and in addition in food industry, if the chosen solvents are acceptable for food and do not leave any
harmful residue in food products.

2.3.1.2 Laboratory-Scale Techniques

The following techniques are used mainly for trapping small amounts of volatiles from aromatic
plants in research laboratories and partly for determination of the essential oil content in plant mate-
rial. The most often used device is the circulatory distillation apparatus, basing on the publication of
Clevenger in 1928 and which has later found various modifications. One of those modified apparatus
described by Cocking and Middleton (1935) has been introduced in the European pharmacopoeia
and several other pharmacopoeias. This device consists of a heated round-bottom flask into which
the chopped plant material and water are placed and which is connected to a vertical condenser and
a graduated tube, for the volumetric determination of the oil. At the bottom of the tube, a three-way
valve permits to direct the water back to the flask, since it is a continuous closed-circuit distillation
device, and at the end of the distillation process to separate the essential oil from the water phase
for further investigations. The length of distillation depends on the plant material to be investigated;
however, it is usually fixed to 3—4 h. For the volumetric determination of the essential oil content in
plants according to most of the pharmacopoeias, a certain amount of xylene—usually 0.5 mL—has
to be placed over the water before running distillation to separate even small droplets of essential oil
during distillation from the water. The volume of essential oil can be determined in the graduated
tube after subtracting the volume of the applied xylene.

Improved constructions with regard to the cooling system of the aforementioned distillation
apparatus have been published by Stahl (1953) and Sprecher (1963) and, in publications of Kaiser
and Lang (1951) and Mechler and Kovar (1977), various apparatus used for the determination of
essential oils in plant material are discussed and depicted.

A further improvement was the development of a simultaneous distillation—solvent extraction
device by Likens and Nickerson in 1964 (see Nickerson and Likens, 1966). The device permits
continuous concentration of volatiles during hydrodistillation in one step using a closed-circuit
distillation system. The water distillate is continuously extracted with a small amount of an
organic- and water-immiscible solvent. Although there are two versions described, one for high-
density and one for low-density solvents, the high-density solvent version using dichloromethane
is mostly applied in essential oil research. It has found numerous applications, and several modi-
fied versions including different microdistillation devices have been described (e.g., Bicchi et al.,
1987; Chaintreau, 2001).

A sample preparation technique basing on Soxhlet extraction in a pressurized container using
liquid carbon dioxide as extractant has been published by Jennings (1979). This device produces
solvent-free extracts especially suitable for high-resolution gas chromatography (GC). As a less time-
consuming alternative, the application of microwave-assisted extraction has been proposed by sev-
eral researchers, for example, by Craveiro et al. (1989), using a round-bottom flask containing the
fresh plant material. This flask was placed into a microwave oven and passed by a flow of air. The
oven was heated for 5 min and the obtained mixture of water and oil collected in a small and cooled
flask. After extraction with dichloromethane, the solution was submitted to GC—mass spectrometry
(GC-MS) analysis. The obtained analytical results have been compared with the results obtained by
conventional distillation and exhibited no qualitative differences; however, the percentages of the
individual components varied significantly. A different approach yielding solvent-free extracts from
aromatic herbs by means of microwave heating has been presented by Lucchesi et al. (2004). The
potential of the applied technique has been compared with conventional hydrodistillation showing
substantially higher amounts of oxygenated compounds at the expense of monoterpene hydrocarbons.
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2.3.1.3 Microsampling Techniques
2.3.1.3.1  Microdistillation

Preparation of very small amounts of essential oils may be necessary if only very small amounts of
plant material are available and can be fundamental in chemotaxonomic investigations and control
analysis but also for medicinal and spice plant breeding. In the past, numerous attempts have been
made to minimize conventional distillation devices. As an example, the modified Marcusson device
may be quoted (Bicchi et al., 1983) by which 0.2-3 g plant material suspended in 50 mL water
can be distilled and collected in 100 pL analytical grade pentane or hexane. The analytical results
proved to be identical with those obtained by conventional distillation.

Microversions of the distillation—extraction apparatus, described by Likens and Nickerson,
have also been developed as well for high-density (Godefroot et al., 1981) and low-density solvents
(Godefroot et al., 1982). The main advantage of these techniques is that no further enrichment by
evaporation is required for subsequent gas chromatographic investigation.

A different approach has been presented by GieBelmann and Kubeczka (1993) and Kubeczka
and GieBlelmann (1995). By means of a new developed micro-hydrodistillation device, the volatile
constituents of very small amounts of plant material have been separated. The microscale hydrodis-
tillation of the sample is performed using a 20 mL crimp-cap glass vial with a Teflon®-lined rub-
ber septum containing 10 mL water and 200-250 mg of the material to be investigated. This vial,
which is placed in a heating block, is connected with a cooled receiver vial by a 0.32 mm ID fused
silica capillary. By temperature-programmed heating of the sample vial, the water and the volatile
constituents are vaporized and passed through the capillary into the cooled receiver vial. There, the
volatiles as well as water are condensed and the essential oil collected in pentane for further analy-
sis. The received analytical results have been compared to results from identical samples obtained
by conventional hydrodistillation showing a good correlation of the qualitative and quantitative
composition. Further applications with the commercially available Eppendorf MicroDistiller® have
been published in several papers, for example, by Briechle et al. (1997) and Baser et al. (2001).

A simple device for rapid extraction of volatiles from natural plant drugs and the direct transfer
of these substances to the starting point of a thin-layer chromatographic plate has been described
by Stahl (1969a) and in his subsequent publications. A small amount of the sample (ca. 100 mg) is
introduced into a glass cartridge with a conical tip together with 100 mg silica gel, containing 20%
of water, and heated rapidly in a heating block for a short time at a preset temperature. The tip of
the glass tube projects ca. 1| mm from the furnace and points to the starting point of the thin-layer
plate, which is positioned 1 mm in front of the tip. Before introducing the glass tube, it is sealed with
a silicone rubber membrane. This simple technique has proven useful for many years in numerous
investigations, especially in quality control, identification of plant drugs, and rapid screening of
chemical races. In addition to the aforementioned micro-hydrodistillation with the so-called TAS
procedure (T, thermomicro and transfer; A, application; S, substance), several further applications,
for example, in structure elucidation of isolated natural compounds such as zinc dust distillation,
sulfur and selenium dehydrogenation, and catalytic dehydrogenation with palladium, have been
described in the microgram range (Stahl, 1976).

2.3.1.3.2  Direct Sampling from Secretory Structures

The investigation of the essential oils by direct sampling from secretory glands is of fundamen-
tal importance in studying the true essential oil composition of aromatic plants, since the usual
applied techniques such as hydrodistillation and extraction are known to produce in some cases
several artifacts. Therefore, only direct sampling from secretory cavities and glandular trichomes
and properly performed successive analysis may furnish reliable results. One of the first inves-
tigations with a kind of direct sampling has been performed by Hefendehl (1966), who isolated
the glandular hairs from the surfaces of Mentha piperita and Mentha aquatica leaves by means
of a thin film of polyvinyl alcohol, which was removed after drying and extracted with diethyl
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ether. The composition of this product was in good agreement with the essential oils obtained by
hydrodistillation. In contrast to these results, Malingré et al. (1969) observed some qualitative dif-
ferences in the course of their study on M. aquatica leaves after isolation of the essential oil from
individual glandular hairs by means of a micromanipulator and a stereomicroscope. In the same
year, Amelunxen et al. (1969) published results on M. piperita, who separately isolated glandular
hairs and glandular trichomes with glass capillaries. They found identical qualitative composi-
tion of the oil in both types of hairs, but differing concentrations of the individual components.
Further studies have been performed by Henderson et al. (1970) on Pogostemon cablin leaves and
by Fischer et al. (1987) on Majorana hortensis leaves. In the latter study, significant differences
regarding the oil composition of the hydrodistilled oil and the oil extracted by means of glass
capillaries from the trichomes were observed. Their final conclusion was that the analysis of the
respective essential oil is mainly an analysis of artifacts, formed during distillation, and the gas
chromatographic analysis. Even if the investigations are performed very carefully and the succes-
sive GC has been performed by coldon-column injection to avoid thermal stress in the injection
port, significant differences of the GC pattern of directly sampled oils versus the microdistilled
samples have been observed in several cases (Bicchi et al., 1985).

2.3.1.3.3 HS Techniques

Headspace (HS) analysis has become one of the very frequently used sampling techniques in the
investigation of aromatic plants, fragrances, and spices. It is a means of separating the volatiles from
a liquid or solid prior to gas chromatographic analysis and is preferably used for samples that cannot
be directly injected into a gas chromatograph. The applied techniques are usually classified accord-
ing to the different sampling principles in static HS analysis and dynamic HS analysis.

2.3.1.3.3.1 Static HS Methods In static HS analysis, the liquid or solid sample is placed into
a vial, which is heated to a predetermined temperature after sealing. After the sample has reached
equilibrium with its vapor (in equilibrium, the distribution of the analytes between the two phases
depends on their partition coefficients at the preselected temperature, the time, and the pressure),
an aliquot of the vapor phase can be withdrawn with a gas-tight syringe and subjected to gas chro-
matographic analysis. A simple method for the HS investigation of herbs and spices was described
by Chialva et al. (1982), using a blender equipped with a special gas-tight valve. After grinding the
herb and until thermodynamic equilibrium is reached, the HS sample can be withdrawn through
the valve and injected into a gas chromatograph. Eight of the obtained capillary gas chromatograms
are depicted in the paper of Chialva and compared with those of the respective essential oils exhib-
iting significant higher amounts of the more volatile oil constituents. However, one of the major
problems with static HS analyses is the need for sample enrichment with regard to trace compo-
nents. Therefore, a concentration step such as cryogenic trapping, liquid absorption, or adsorption
on a suitable solid has to be inserted for volatiles occurring only in small amounts. A versatile and
often-used technique in the last decade is solid-phase microextraction (SPME) for sampling vola-
tiles, which will be discussed in more detail in a separate paragraph. Since different other trapping
procedures are a fundamental prerequisite for dynamic HS methods, they will be considered in the
succeeding text. A comprehensive treatment of the theoretical basis of static HS analysis including
numerous applications has been published by Kolb and Ettre (1997, 2006).

2.3.1.3.3.2  Dynamic HS Methods The sensitivity of HS analysis can be improved considerably
by stripping the volatiles from the material to be investigated with a stream of purified air or inert
gas and trapping the released compounds. However, care has to be taken if grinded plant material
has to be investigated, since disruption of tissues may initiate enzymatic reactions that may lead
to formation of volatile artifacts. After stripping the plant material with gas in a closed vessel, the
released volatile compounds are passed through a trap to collect and enrich the sample. This must
be done because sample injection of fairly large sample volumes results in band broadening causing
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peak distortion and poor resolution. The following three techniques are advisable for collecting
the highly diluted volatile sample according to Schaefer (1981) and Schreier (1984) with numerous
references.

Cryogenic trapping can be achieved by passing the gas containing the stripped volatiles through
a cooled vessel or a capillary in which the volatile compounds are condensed (Kolb and Liebhardt,
1986). The most convenient way for trapping the volatiles is to utilize part of the capillary column as
a cryogenic trap. A simple device for cryofocusing of HS volatiles by using the first part of capillary
column as a cryogenic trap has been shown in the aforementioned reference inclusive of a discus-
sion of the theoretical background of cryogenic trapping. A similar on-column cold trapping device,
suitable for extended period vapor sampling, has been published by Jennings (1981).

A different approach can be used if large volumes of stripped volatiles have to be trapped
using collection in organic liquid phases. In this case, the volatiles distribute between the gas
and the liquid, and efficient collection will be achieved, if the distribution factor K is favorable
for solving the stripped compounds in the liquid. A serious drawback, however, is the necessity
to concentrate the obtained solution prior to GC with the risk to lose highly volatile compounds.
This can be overcome if a short-packed GC column is used containing a solid support coated
with a suitable liquid. Novak et al. (1965) have used Celite coated with 30% silicone elastomer
E-301 and the absorbed compounds were introduced into a gas chromatograph after thermal
desorption. Coating with 15% silicone rubber SE 30 has been successfully used by Kubeczka
(1967) with a similar device and the application of a wall-coated tubing with methyl silicone
oil SF 96 has been described by Teranishi et al. (1972). A different technique has been used by
Bergstrom (1973) and Bergstrom et al. (1980). They trapped the scent of flowers on Chromosorb®
W coated with 10% silicon high-vacuum grease and filled a small portion of the sorbent con-
taining the volatiles into a precolumn, which was placed in the splitless injection port of a gas
chromatograph. There, the volatiles were desorbed under heating and flushed onto the GC col-
umn. In 1987, Bichi et al. applied up to 50 cm pieces of thick-film fused silica capillaries coated
with a 15 um dimethyl silicone film for trapping the volatiles in the atmosphere surrounding
living plants. The plants under investigation were placed in a glass bell into which the trapping
capillary was introduced through a rubber septum, while the other end of the capillary has been
connected to pocket sampler. In order to trap even volatile monoterpene hydrocarbons, a capil-
lary length of at least 50 cm and sample volume of maximum 100 mL have to be applied to avoid
loss of components through breakthrough. The trapped compounds have been subsequently
online thermally desorbed, cold trapped, and analyzed. Finally, a type of enfleurage especially
designed for field experiments has been described by Joulain (1987) to trap the scents of freshly
picked flowers. Around 100 g flowers were spread on the grid of a specially designed stainless
steel device and passed by a stream of ambient air, supplied by an unheated portable air drier.
The stripped volatiles are trapped on a layer of purified fat placed above the grid. After 2 h, the
fat was collected and the volatiles recovered in the laboratory by means of vacuum distillation
at low temperature.

With a third often applied procedure, the stripped volatiles from the HS of plant material and
especially from flowers are passed through a tube filled with a solid adsorbent on which the volatile
compounds are adsorbed. Common adsorbents most often used in investigations of plant volatiles
are above all charcoal and different types of synthetic porous polymers. Activated charcoal is an
adsorbent with a high adsorption capacity, thermal and chemical stability, and which is not deac-
tivated by water, an important feature, if freshly collected plant material has to be investigated.
The adsorbed volatiles can easily be recovered by elution with small amounts (10-50 pL) of car-
bon disulfide avoiding further concentration of the sample prior to GC analysis. The occasionally
observed incomplete recovery of sample components after solvent extraction and artifact formation
after thermal desorption has been largely solved by application of small amounts of special type
of activated charcoal as described by Grob and Ziircher (1976). Numerous applications have been
described using this special type of activated charcoal, for example, by Kaiser (1993) in a great
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number of field experiments on the scent of orchids. In addition to charcoal, the following synthetic
porous polymers have been applied to collect volatile compounds from the HS from flowers and
different other plant materials according to Schaefer (1981): Tenax® GC, different Porapak® types
(e.g., Porapak P, Q, R, and T), and several Chromosorb types belonging to the 100 series. More
recent developed adsorbents are the carbonaceous adsorbents such as Ambersorb®, Carboxen®, and
Carbopak®, and their adsorbent properties lie between activated charcoal and the porous polymers.
Especially the porous polymers have to be washed repeatedly, for example, with diethyl ether, and
conditioned before use in a stream of oxygen-free nitrogen at 200°C-280°C, depending on the sort
of adsorbent. The trapped components can be recovered either by thermal desorption or by sol-
vent elution, and the recoveries can be different depending on the applied adsorbent (Cole, 1980).
Another very important criterion for the selection of a suitable adsorbent for collecting HS samples
is the breakthrough volume limiting the amount of gas passing through the trap.

A comprehensive review concerning HS gas chromatographic analysis of medicinal and aro-
matic plants and flowers with 137 references, covering the period from 1982 to 1988 has been
published by Bicchi and Joulain in 1990, thoroughly describing and explaining the different meth-
odological approaches and applications. Among other things, most of the important contributions
of the Finnish research group of Hiltunen and coworkers on the HS of medicinal plants and the
optimization of the HS parameters have been cited in the mentioned review.

2.3.1.3.4 Solid-Phase Microextraction

SPME is an easy-to-handle sampling technique, initially developed for the determination of volatile
organic compounds in environmental samples (Arthur and Pawliszyn, 1990), and has gained, in
the last years, acceptance in numerous fields and has been applied to the analysis of a wide range
of analytes in various matrices. Sample preparation is based on sorption of analytes from a sample
onto a coated fused silica fiber, which is mounted in a modified GC syringe. After introducing the
coated fiber into a liquid or gaseous sample, the compounds to be analyzed are enriched accord-
ing to their distribution coefficients and can be subsequently thermally desorbed from the coating
after introducing the fiber into the hot injector of a gas chromatograph. The commercially avail-
able SPME device (Supelco Inc.) consists of a 1 cm length fused silica fiber of ca. 100 um diameter
coated on the outer surface with a stationary phase fixed to a stainless steel plunger and a holder that
looks like a modified microliter syringe (Supelco, 2007). The fiber can be drawn into the syringe
needle to prevent damage. To use the device, the needle is pierced through the septum that seals the
sample vial. Then, the plunger is depressed lowering the coated fiber into the liquid sample or the
HS above the sample. After sorption of the sample, which takes some minutes, the fiber has to be
drawn back into the needle and withdrawn from the sample vial. By the same procedure, the fiber
can be introduced into the gas chromatograph injector where the adsorbed substances are thermally
desorbed and flushed by the carrier gas into the capillary GC column.

SPME fibers can be coated with polymer liquid (e.g., polydimethylsiloxane [PDMS]) or a mixed
solid and liquid coating (e.g., Carboxen® PDMS). The selectivity and capacity of the fiber coating
can be adjusted by changing the phase type or thickness of the coating on the fiber according to
the properties of the compounds to be analyzed. Commercially available are coatings of 7, 30, and
100 um of PDMS, an 85 um polyacrylate, and several mixed coatings for different polar compo-
nents. The influence of fiber coatings on the recovery of plant volatiles was thoroughly investigated
by Bicchi et al. (2000). Details concerning the theory of SPME, technology, its application, and spe-
cific topics have been described by Pawliszyn (1997) and references cited therein. A number of dif-
ferent applications of SPME in the field of essential oil analysis have been presented by Kubeczka
(1997a). An overview on publications of the period 2000-2005 with regard to HS-SPME has been
recently published by Belliardo et al. (2006) covering the analysis of volatiles from aromatic and
medicinal plants, selection of the most effective fibers and sampling conditions, and discussing its
advantages and limitations. The most comprehensive collection of references with regard to the dif-
ferent application of SPME can be obtained from Supelco on CD.
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2.3.1.3.5 Stir Bar Sorptive Extraction and HS Sorptive Extraction

Despite the indisputable simplicity and rapidity of SPME, its applicability is limited by the small
amount of sorbent on the needle (<0.5 puL), and consequently SPME has no real opportunity to
realize quantitative extraction. Parameters governing recovery of analytes from a sample are parti-
tioning constants and the phase ratio between the sorbent and liquid or gaseous sample. Therefore,
basing on theoretical considerations, a procedure for sorptive enrichment with the sensitivity of
packed PDMS beds (Baltussen et al., 1997) has been developed for the extraction of aqueous sam-
ples using modified PDMS-coated stir bars (Baltussen et al., 1999).

The stir bars were incorporated into a narrow glass tube coated with a PDMS layer of 1 mm
(corresponding to 55 pL for a 10 mm length) applicable to small sample volumes. Such stir bars are
commercially available under the name “Twister” (Gerstel, Germany). After certain stirring time,
the stir bar has to be removed, introduced into a glass tube, and transferred to thermal desorption
instrument. After desorption and cryofocusing within a cooled programmed temperature vaporiza-
tion (PTV) injector, the volatiles were transferred onto the analytical GC column. Comparison of
SPME and the aforementioned stir bar sorptive extraction (SBSE) technique using identical phases
for both techniques exhibited striking differences in the recoveries, which has been attributed to
ca. 100 times higher phase ratio in SBSE than in SPME. A comprehensive treatment of SBSE,
discussion of the principle, the extraction procedure, and numerous applications was recently been
published by David and Sandra (2007).

A further approach for sorptive enrichment of volatiles from the HS of aqueous or solid samples
has been described by Tienpont et al. (2000), referred to as HS sorptive extraction (HSSE). This
technique implies the sorption of volatiles into PDMS that is chemically bound on the surface of a
glass rod support. The device consists of a ca. 5 cm length glass rod of 2 mm diameter and at the last
centimeter of 1 mm diameter. This last part is covered with PDMS chemically bound to the glass
surface. HS bars with 30, 50, and 100 mg PDMS are commercially available from Gerstel GmbH,
Miilheim, Germany. After thermal conditioning at 300°C for 2 h, the glass bar was introduced
into the HS of a closed 20 mL HS vial containing the sample to be investigated. After sampling
for 45 min, the bar was put into a glass tube for thermal desorption, which was performed with a
TDS-2 thermodesorption unit (Gerstel). After desorption and cryofocusing within a PTV injector,
the volatiles were transferred onto the analytical GC column. As a result, HSSE exceeded largely
the sensitivity attainable with SPME. Several examples referring to the application of HSSE in
HS analysis of aromatic and medicinal plants inclusive of details of the sampling procedure were
described by Bicchi et al. (2000a).

2.3.2 CHROMATOGRAPHIC SEPARATION TECHNIQUES

In the course of the last half century, a great number of techniques have been developed and applied
to the analysis of essential oils. A part of them has been replaced nowadays by either more effective
or easier-to-handle techniques, while other methods maintained their significance and have been
permanently improved. Before going into detail, the analytical facilities in the sixties of the last
century should be considered briefly. The methods available for the analysis of essential oils have
been at that time (Table 2.1) thin-layer chromatography (TLC), various types of liquid column chro-
matography (LC), and already gas—liquid chromatography (GC). In addition, several spectroscopic
techniques such as UV and IR spectroscopy, MS, and '"H-NMR spectroscopy have been available.
In the following years, several additional techniques were developed and applied to essential oils
analysis, including high-performance liquid chromatography (HPLC); different kinds of counter-
current chromatography (CCC); supercritical fluid chromatography (SFC), including multidimen-
sional coupling techniques, C-13 NMR, near IR (NIR), and Raman spectroscopy; and a multitude
of so-called hyphenated techniques, which means online couplings of chromatographic separation
devices to spectrometers, yielding valuable structural information of the individual separated com-
ponents that made their identification feasible.
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TABLE 2.1

Techniques Applied to the Analysis of Essential Oils

Chromatographic Techniques Including Spectroscopic and Hyphenated

Two- and Multidimensional Techniques Spectrometric Techniques Techniques

TLC uv GC-MS

GC IR GC-UV

LC MS HPLC-GC

HPLC 'H-NMR SFE-GC

CcCcC BC-NMR GC-FTIR

SFC NIR GC-AES

Raman HPLC-MS

SFC-GC
GC-FTIR-MS
GC-IRMS
HPLC-NMR

2.3.2.1 Thin-Layer Chromatography

TLC was one of the first chromatographic techniques and has been used for many years for the
analysis of essential oils. This method provided valuable information compared to simple measure-
ments of chemical and physical values and has therefore been adopted as a standard laboratory
method for characterization of essential oils in numerous pharmacopoeias. Fundamentals of TLC
have been described by Geiss (1987) and in a comprehensive handbook by Stahl (1969b), in which
numerous applications and examples on investigations of secondary plant metabolites inclusive of
essential oils are given. More recently, the third edition of the handbook of TLC from Shema and
Fried (2003) appeared. Further approaches in TLC have been the development of high-performance
TLC (Kaiser, 1976) and the application of forced flow techniques such as overpressured layer chro-
matography and rotation planar chromatography described by Tyihdk et al. (1979) and Nyiredy (2003).

In spite of its indisputable simplicity and rapidity, this technique is now largely obsolete for ana-
lyzing such complex mixtures like essential oils, due to its low resolution. However, for the rapid
investigation of the essential oil pattern of chemical races or the differentiation of individual plant
species, this method can still be successfully applied (Gaedcke and Steinhoff, 2000). In addition,
silver nitrate and silver perchlorate impregnated layers have been used for the separation of olefinic
compounds, especially sesquiterpene hydrocarbons (Prasad et al., 1947), and more recently for the
isolation of individual sesquiterpenes (Saritas, 2000).

2.3.2.2 GC

However, the separation capability of GC exceeded all the other separation techniques, even if only
packed columns have been used. The exiting evolution of this technique in the past can be impressively
demonstrated with four examples of the gas chromatographic separation of the essential oil from rue
(Kubeczka, 1981a), a medicinal and aromatic plant. This oil was separated by S. Bruno in 1961 into
eight constituents and represented one of the first gas chromatographic analyses of that essential oil.
Only a few years later in 1964, separation of the same oil has been improved using a Perkin Elmer gas
chromatograph equipped with a 2 m packed column and a thermal conductivity detector (TCD) oper-
ated under isothermal conditions yielding 20 separated constituents. A further improvement of the
separation of the rue oil was obtained after the introduction of temperature programming of the col-
umn oven, yielding approximately 80 constituents. The last significant improvements were a result of
the development of high-resolution capillary columns and the sensitive flame ionization detector (FID)
(Bicchi and Sandra, 1987). By means of a 50 m glass capillary with 0.25 mm ID, the rue oil could be
separated into approximately 150 constituents, in 1981. However, the problems associated with the
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fragility of the glass capillaries and their cumbersome installation lessened the acknowledgment of
this column types, despite their outstanding quality. This has changed since flexible fused silica capil-
laries became commercially available, which are nearly unbreakable in normal usage. In addition, by
different cross-linking technologies, the problems associated with wall coating, especially with polar
phases, have been overcome, so that all important types of stationary phases used in conventional GC
have been commercially available. The most often used stationary phases for the analysis of essen-
tial oils have been, and are still today, the polar phases Carbowax® 20M (DB-Wax, Supelcowax-10,
HP-20M, Innowax, etc.) and 14% cyanopropylphenyl-86% methyl polysiloxane (DB- 1701, SPB-1701,
HP-1701, OV-1701, etc.) and the nonpolar phases PDMS (DB-1, SPB-1, HP-1 and HP-1ms, CPSil-5 CB,
OV-1, etc.) and 5% phenyl methyl polysiloxane (DB-5, SPB-5, HP-5, CPSil-8 CB, OV-5, SE-54, etc.).
Besides different column diameters of 0.53, 0.32, 0.25, 0.10, and 0.05 mm ID, a variety of film thick-
nesses can be purchased. Increasing column diameter and film thickness of stationary phase increases
the sample capacity at the expense of separation efficiency. However, sample capacity has become
important, particularly in trace analysis and with some hyphenated techniques such as GC-Fourier
transform IR (GC-FTIR), in which a higher sample capacity is necessary when compared to GC-MS.
On the other hand, the application of a narrow bore column with 100 um ID and a film coating of
0.2 um have been shown to be highly efficient and theoretical plate numbers of approximately 250,000
were received with a 25 m capillary (Lancas et al., 1988). The most common detector in GC is the FID
because of its high sensitivity toward organic compounds. The universal applicable TCD is nowadays
used only for fixed-gas detection because of its very low sensitivity as compared to FID, and cannot
be used in capillary GC. Nitrogen-containing compounds can be selectively detected with the aid of
the selective nitrogen—phosphorus detector and chlorinated compounds by the selective and very sen-
sitive electron-capture detector, which is often used in the analysis of pesticides. Oxygen-containing
compounds have been selectively detected with special O-FID analyzer even in very complex sam-
ples, which was primarily employed to the analysis of oxygenated compounds in gasoline, utilized
as fuel-blending agents (Schneider et al., 1982). The oxygen selectivity of the FID is obtained by two
online postcolumn reactions: first, a cracking reaction forming carbon monoxide, which is reduced in
a second reactor yielding equimolar quantities of methane, which can be sensitively detected by the
FID. Since in total each oxygen atom is converted to one molecule methane, the FID response is pro-
portional to the amount of oxygen in the respective molecule. Application of the O-FID to the analysis
of essential oils has been presented by Kubeczka (1991). However, conventional GC using fused silica
capillaries with different stationary phases, including chiral phases, and the sensitive FID, is up to now
the prime technique for the analysis of essential oils.

2.3.2.2.1 Fast and Ultrafast GC

Due to the demand for faster GC separations in routine work in the field of GC of essential oils,
the development of fast and ultrafast GC seems worthy to be mentioned. The various approaches
for fast GC have been reviewed in 1999 (Cramers et al., 1999). The most effective way to speed
up GC separation without losing separation efficiency is to use shorter columns with narrow inner
diameter and thinner coatings, higher carrier gas flow rates, and accelerated temperature ramps. In
Figure 2.1, the conventional and fast GC separation of lime oil is shown, indicating virtually the
same separation efficiency in the fast GC and a reduction in time from approximately 60 to 13 min
(Mondello et al., 2000).

An ultrafast GC separation of the essential oil from lime with an outstanding reduction of time
was recently achieved (Mondello et al., 2004) using a 5 m capillary with 50 um ID and a film
thickness of 0.05 um operated with a high carrier gas velocity of 120 cm/min and an accelerated
three-stage temperature program. The analysis of the essential oil was obtained in approximately
90 s, which equates to a speed gain of approximately 33 times in comparison with the conventional
GC separation. However, such a separation cannot be performed with conventional GC instru-
ments. In addition, the mass spectrometric identification of the separated components could only
be achieved by coupling GC to a time-of-flight mass spectrometer. In Table 2.2, the separation
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FIGURE 2.1 Comparison of conventional and fast GC separation of lime oil. (From Mondello, L. et al.,
LC-GC Eur., 13, 495, 2000. With permission.)

TABLE 2.2
Conditions of Conventional, Fast, and Ultrafast GC
Conventional GC Fast GC Ultrafast GC
Column 30 m 10 m 10-15m
0.25 mm ID 0.1 mm ID 0.1 mm ID
0.25 pm film 0.1 um film 0.1 um film
Temperature program 50°C-350°C 50°C-350°C 45°C-325°C
3°C/min 14°C/min 45-200°C/min
Carrier gas H, H, H,
u=36cm/s u=>57 cm/s u =120 cm/s
Sampling frequency 10 Hz 20-50 Hz 50-250 Hz

parameters of conventional, fast, and ultrafast GC separation are given, indicating clearly the rela-
tively low requirements for fast GC, while ultrafast separations can only be realized with modern
GC instruments and need a significant higher employment.

2.3.2.2.2 Chiral GC

Besides fast and ultrafast GC separations, one of the most important developments in GC has been
the introduction of enantioselective capillary columns in the past with high separation efficiency, so
that a great number of chiral substances including many essential oil constituents could be separated
and identified. The different approaches of gas chromatographic separation of chiral compounds are
briefly summarized in Table 2.3. In the mid-1960s, Gil-Av published results with chiral diamide sta-
tionary phases for gas chromatographic separation of chiral compounds, which interacted with the
analytes by hydrogen bonding forces (Gil-Av et al., 1965). The ability to separate enantiomers using
these phases was therefore limited to substrates with hydrogen bonding donor or acceptor functions.

Diastereomeric association between chiral molecules and chiral transition metal complexes was
first described by Schurig (1977). Since hydrogen bonding interaction is not essential for chiral
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TABLE 2.3
Different Approaches of Enantioselective GC

1. Chiral diamide stationary phases (Gil-Av et al., 1965)
Hydrogen bonding interaction

2. Chiral transition metal complexation (Schurig, 1977)
Complexation gas chromatography

3. Cyclodextrin derivatives (Konig, 1988 and Schurig, 1988)
Host—guest interaction, inclusion gas chromatography

recognition in such a system, a number of compounds could be separated, but this method was lim-
ited by the nonsufficient thermal stability of the applied metal complexes.

In 1988 Konig, as well as Schurig, described the use of cyclodextrin derivatives that act enan-
tioselectively by host—guest interaction by partial intrusion of enantiomers into the cyclodextrin
cavity. They are cyclic a-(1-4)-bounded glucose oligomers with six-, seven-, or eight-glucose units,
which can be prepared by enzymatic degradation of starch with specific cyclodextrin glucosyl trans-
ferases from different bacterial strains, yielding a-, -, and y-cyclodextrins, and are commercially
available. Due to the significant lower reactivity of the 3-hydroxygroups of cyclodextrins, this posi-
tion can be selectively acylated after alkylation of the two and six positions (Figure 2.2), yielding
several nonpolar cyclodextrin derivatives, which are liquid or waxy at room temperature and which
proved very useful for gas chromatographic applications.

Konig and coworkers reported their first results in 1988 with per-O-pentylated and selectively
3-0-acylated-2,6-di-O-pentylated a-, -, and y-cyclodextrins, which are highly stable, soluble in
nonpolar solvents, and which possess a high enantioselectivity toward many chiral compounds. In
the following years, a number of further cyclodextrin derivatives have been synthesized and tested
by several groups, allowing the separation of a wide range of chiral compounds, especially due to
the improved thermal stability (Table 2.4) (Konig et al., 1988). With the application of 2,3-pentyl-
6-methyl-p- and -y-cyclodextrin as stationary phases, all monoterpene hydrocarbons commonly
occurring in essential oils could be separated (Konig et al., 1992a). The reason for application of
two different columns with complementary properties was that on one column not all enantiomers
were satisfactorily resolved. Thus, the simultaneous use of these two columns provided a maxi-
mum of information and reliability in peak assignment (Ko6nig et al., 1992b).

After successful application of enantioselective GC to the analysis of enantiomeric composition
of monoterpenoids in many essential oils (e.g., Werkhoff et al., 1993; Bicchi et al., 1995; and refer-
ences cited therein), the studies have been extended to the sesquiterpene fraction. Standard mixtures
of known enantiomeric composition were prepared by isolation of individual enantiomers from
numerous essential oils by preparative GC and by preparative enantioselective GC. A gas chro-
matographic separation of a series of isolated or prepared sesquiterpene hydrocarbon enantiomers,
showing the separation of 12 commonly occurring sesquiterpene hydrocarbons on a 2,6-methyl-3-
pentyl-p-cyclodextrin capillary column has been presented by Konig et al. (1995). Further investiga-
tions on sesquiterpenes have been published by Konig et al. (1994). However, due to the complexity
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FIGURE 2.2 a-Glucose unit of a cyclodextrin.
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TABLE 2.4

Important Cyclodextrin Derivatives

Research Group Year Cyclodextrin Derivative

Schurig and Novotny 1988 Per-O-methyl-f-CD

Konig et al. 1988a Per-O-pentyl-(a,B,y)-CD

Konig et al. 1988c 3-0-acetyl-2,6,-di-O-pentyl-(a,f,y)-CD

Konig et al. 1989 3-0-butyryl-2,6-di-O-pentyl-(a,3)-CD

Konig et al. 1990 6-0-methyl-2,3-di-O-pentyl-y-CD

Kong et al. 1990 2,6-Di-O-methyl-3-O-pentyl-(B,y)-CD

Dietrich et al. 1992a 2,3-Di-0-acetyl-6-O-tert-butyl-dimethysilyl-B-CD

Dietrich et al. 1992b 2,3-Di-0-methyl-6-O-tert-butyl-dimethylsilyl-(B,y)-CD
Bicchi et al. 1996 2,3-Di-0-ethyl-6-O-tert-butyl-dimethylsilyl-(f,y)-CD
Takahisa and Engel 2005a 2,3-Di-O-methoxymethyl-6-O-tert-butyl-dimethylsilyl-p-CD
Takahisa and Engel 2005b 2,3-Di-O-methoxymethyl-6-O-tert-butyl-dimethylsilyl-y-CD

of the sesquiterpene pattern in many essential oils, it is often impossible to perform directly an
enantioselective analysis by coinjection with standard samples on a capillary column with a chiral
stationary phase alone. Therefore, in many cases 2D GC had to be performed.

2.3.2.2.3 Two-Dimensional GC

After preseparation of the oil on a nonchiral stationary phase, the peaks of interest have to be
transferred to a second capillary column coated with a chiral phase, a technique usually referred
to as “heart cutting.” In the simplest case, two GC capillaries with different selectivities are seri-
ally connected, and the portion of unresolved components from the effluent of the first column is
directed into a second column, for example, a capillary with a chiral coating. The basic arrange-
ment used in 2D GC (GC-GC) is shown in Figure 2.3. By means of a valve, the individual fractions
of interest eluting from the first column are directed to the second, chiral column, while the rest
of the sample may be discarded. With this heart-cutting technique, many separations of chiral oil

Injector Detector Detector
Vent

[ N

Valve

Column Column

FIGURE 2.3 Basic arrangement used in 2D GC.
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constituents have been performed in the past. As an example, the investigation of the chiral sesqui-
terpene hydrocarbon germacrene D shall be mentioned (Kubeczka, 1996), which was found to be a
main constituent of the essential oil from the flowering herb from Solidago canadensis. The enan-
tioselective investigation of the germacrene-D fraction from a GC run using a nonchiral DB-Wax
capillary transferred to a 2,6-methyl-3-pentyl-p-cyclodextrin capillary exhibited the presence of
both enantiomers. This is worthy to be mentioned, since in most of other germacrene D containing
higher plants nearly exclusively the (—)-enantiomer can be found.

The previously mentioned 2D GC design, however, in which a valve is used to direct the portion
of desired effluent from the first into the second column, has obviously several shortcomings. The
sample comes into contact with the metal surface of the valve body, the pressure drop of both con-
nected columns may be significant, and the use of only one-column oven does not permit to adjust
the temperature for both columns properly. Therefore, one of the best approaches to overcome
these limitations has been realized by a commercially available two-column oven instrument using
a Deans-type pressure balancing interface between the two columns called a “live-T connection”
(Figure 2.4) providing considerable flexibility (Hener, 1990). By means of that instrument, the enan-
tiomeric composition of several essential oils has been investigated very successfully. As an exam-
ple, the investigation of the essential oil from Lavandula angustifolia shall be mentioned (Kreis and
Mosandl, 1992) showing the simultaneous stereoanalysis of a mixture of chiral compounds, which
can be found in lavender oils, using the column combination Carbowax 20M as the precolumn and
2,3-di-O-acetyl-6-O-tert-butyldimethylsilyl-p-cyclodextrin as the main column. All the unresolved
enantiomeric pairs from the precolumn could be well separated after transferring them to the chiral
main column in a single run. As a result, it was found that most of the characteristic and genuine
chiral constituents of lavender oil exhibit a high enantiomeric purity.

A different and inexpensive approach for transferring individual GC peaks onto a second col-
umn has been presented by Kubeczka (1997), using an SPME device. The highly diluted organic
vapor of a fraction eluting from a GC capillary in the carrier gas flow has been absorbed on a
coated SPME fiber and introduced onto a second capillary. As could be demonstrated, no modifi-
cation of the gas chromatograph had to be performed to realize that approach. The eluting fractions
were sampled after shutting the valves of the air, of hydrogen and the makeup gas if applied. In

Nonchiral

Injector
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FIGURE 2.4 Scheme of enantioselective multidimensional GC with “live-T” column switching. (From
Hener, U., Chirale Aromastoffe—Beitrdige zur Struktur, Wirkung und Analytik, Dissertation, Goethe-
University of Frankfurt/Main, Frankfurt, Germany, 1990. With permission.)
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FIGURE 2.5 Cross section of an FID of an HP 5890 gas chromatograph with an inserted SPME fiber. (From
Kubeczka, K.-H. Essential Oil Symposium Proceedings, 1997b, p. 145. With permission.)

order to minimize the volume of the detector to avoid dilution of the eluting fraction and to direct
the gas flow to the fiber surface, a capillary glass tubing of 1.5 mm ID was inserted into the FID
and fixed and tightened by an O-ring (Figure 2.5). At the beginning of peak elution, controlled
only by time, a 100 um PDMS fiber was introduced into the mounted glass capillary tubing and
withdrawn at the end of peak elution. Afterward, the fiber within the needle was introduced into
the injector of a second capillary column with a chiral stationary phase. Two examples concerning
the investigation of bergamot oil have been shown. At first, the analysis of an authentic sample
of bergamot oil, containing chiral linalool, and the respective chiral actetate is carried out. Both
components were cut separately and transferred to an enantioselective cyclodextrin Lipodex® E
capillary. The chromatograms clearly have shown that the authentic bergamot oil contains nearly
exclusively the (—)-enantiomers of linalool and linalyl acetate, while the respective (+)-enantiomers
could only be detected as traces. In contrast to the authentic sample, a commercial sample of ber-
gamot oil, which was analyzed under the same conditions, exhibited the presence of significant
amounts of both enantiomers of linalool and linalyl acetate indicating a falsification by admixing
the respective racemic alcohol and ester.

2.3.2.2.4 Comprehensive Multidimensional GC

One of the most powerful separation techniques that has been recently applied to the investigation
of essential oils is the so-called comprehensive multidimensional GC (GC x GC). This technique is
a true multidimensional GC (MDGC) since it combines two directly coupled columns and impor-
tantly is able to subject the entire sample to simultaneous two-column separation. Using that tech-
nique, the need to select heart cuts, as used in conventional MDGC, is no longer required. Since
components now are retained in two different columns, the net capacity is the product of the capaci-
ties of the two applied columns increasing considerably the resolution of the total system. Details
regarding that technique will be given in Chapter 7.

2.3.2.3 Liquid Column Chromatography

The different types of LC have been mostly used in preparative or semipreparative scale for pre-
separation of essential oils or for isolation of individual oil constituents for structure elucidation
with spectroscopic methods and were rarely used at that time as an analytical separation tool alone,
because GC plays a central role in the study of essential oils.
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2.3.2.3.1 Preseparation of Essential Oils

A different approach besides 2D GC, which has often been used in the past to overcome peak over-
lapping in a single GC run of an essential oil, has been preseparation of the oil with LC. The most
common method of fractionation is the separation of hydrocarbons from the oxygenated terpenoids
according to Miller and Kirchner (1952), using silica gel as an adsorbent. After elution of the
nonpolar components from the column with pentane or hexane, the more polar oxygen-containing
constituents are eluted in order of increasing polarity after applying more and more polar eluents.

A very simple and standardized fractionation in terms of speed and simplicity has been published
by Kubeczka (1973) using dry-column chromatography. The procedure, which has been proved use-
ful in numerous experiments for prefractionation of an essential oil, allows a preseparation into five
fractions of increasing polarity. The preseparation of an essential oil into oxygenated constituents,
monoterpene hydrocarbons, and sesquiterpene hydrocarbons, which is—depending on the oil com-
position—sometimes of higher practical use, can be performed successfully using reversed-phase
RP-18 HPLC (Schwanbeck et al., 1982). The HPLC was operated on a semipreparative scale by
stepwise elution with methanol-water 82.5:17.5 (solvent A) and pure methanol (solvent B). The elu-
tion order of the investigated oil was according to decreasing polarity of the components and within
the group of hydrocarbons to increasing molecular weight. Fraction 1 contained all oxygenated
mono- and sesquiterpenoids, fraction 2 the monoterpene hydrocarbons, and fraction 3—eluted with
pure methanol—the sesquiterpene hydrocarbons. A further alternative to the mentioned separation
techniques is flash chromatography, initially developed by Still et al. (1978), which has often been
used as a rapid form of preparative LC based on a gas- or air pressure—driven short-column chro-
matography. This technique, optimized for rapid separation of quantities typically in the range of
0.5-2.0 g, uses dry-packed silica gel in an appropriate column. The separation of the sample gener-
ally takes only 5-10 min and can be performed with inexpensive laboratory equipment. However,
impurities and active sites on dried silica gel were found to be responsible for isomerization of a
number of oil constituents. After deactivation of the dried silica gel by adding 5% water, isomeriza-
tion processes could be avoided (Scheffer et al., 1976). A different approach using HPLC on silica
gel and isocratic elution with a ternary solvent system for the separation of essential oils has been
published by Chamblee et al. (1985). In contrast to the aforementioned commonly used offline
pretreatment of a sample, the coupling of two or more chromatographic systems in an online mode
offers advantages of ease of automation and usually of a shorter analysis time.

2.3.2.3.2 High-Performance Liquid Column Chromatography

The good separations obtained by GC have delayed the application of HPLC to the analysis of
essential oils; however, HPLC analysis offers some advantages, if GC analysis of thermolabile com-
pounds is difficult to achieve. Restricting factors for application of HPLC for analyses of terpenoids
are the limitations inherent in the commonly available detectors and the relatively small range of
k' values of liquid chromatographic systems. Since temperature is an important factor that controls
k' values, separation of terpene hydrocarbons was performed at —15°C using a silica gel column and
n-pentane as a mobile phase. Monitoring has been achieved with UV detection at 220 nm. Under
these conditions, mixtures of commonly occurring mono- and sesquiterpene hydrocarbons could
be well separated (Schwanbeck et al., 1979; Kubeczka, 1981b). However, the silica gel had to be
deactivated by adding 4.8% water prior to separation to avoid irreversible adsorption or alteration of
the sample. The investigation of different essential oils by HPLC already has been described in the
seventies of the last century (e.g., Komae and Hayashi, 1975; Ross, 1976; Wulf et al., 1978; McKone,
1979; Scott and Kucera, 1979). In the last publication, the authors have used a rather long microbore
packed column, which had several hundred thousand theoretical plates. Besides relatively expensive
equipment, the HPLC chromatogram of an essential oil, separated on such a column, could only be
obtained at the expense of long analysis time. The mentioned separation needed about 20 h and may
be only of little value in practical applications.
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More recent papers with regard to HPLC separation of essential oils were published, for exam-
ple, by Debrunner et al. (1995), Bos et al. (1996), and Frérot and Decorzant (2004), and applications
using silver ion—-impregnated sorbents have been presented by Pettei et al. (1977), Morita et al.
(1983), Friedel and Matusch (1987), and van Beek et al. (1994). The literature on the use and theory
of silver complexation chromatography has been reviewed by van Beek et al. (1995). HPLC has
also been used to separate thermally labile terpenoids at low temperature by Beyer et al. (1986),
showing the temperature dependence of the separation efficiency. The investigation of an essential
oil fraction from Cistus ladanifer using RP-18 reversed-phase HPLC at ambient temperature and
an acetonitrile—water gradient was published by Strack et al. (1980). Comparison of the obtained
HPLC chromatogram with the respective GC run exhibits a relatively good HPLC separation in the
range of sesqui- and diterpenes, while the monoterpenes exhibited, as expected, a significant better
resolution by GC. The enantiomeric separation of sesquiterpenes by HPLC with a chiral stationary
phase has recently been shown by Nishii et al. (1997), using a Chiralcel® OD column.

2.3.2.4 Supercritical Fluid Chromatography

Supercritical fluids are highly compressed gases above their critical temperature and critical pres-
sure point, representing a hybrid state between a liquid and a gas, which have physical properties
intermediate between liquid and gas phases. The diffusion coefficient of a fluid is about two orders
of magnitude larger and the viscosity is two orders of magnitude lower than the corresponding prop-
erties of a liquid. On the other hand, a supercritical fluid has a significant higher density than a gas.
The commonly used carbon dioxide as a mobile phase, however, exhibits a low polarity (comparable
to pentane or hexane), limiting the solubility of polar compounds, a problem that has been solved
by adding small amounts of polar solvents, for example, methanol or ethanol, to increase mobile-
phase polarity, thus permitting separations of more polar compounds (Chester and Innis, 1986). A
further strength of SFC lies in the variety of detection systems that can be applied. The intermediate
features of SFC between GC and LC can be profitable when used in a variety of detection systems,
which can be classified in LC- and GC-like detectors. In the first case, measurement takes place
directly in the supercritical medium or in the liquid phase, whereas GC-like detection proceeds
after a decompression stage.

Capillary SFC using carbon dioxide as mobile phase and a FID as detector has been applied
to the analysis of several essential oils and seemed to give more reliable quantification than GC,
especially for oxygenated compounds. However, the separation efficiency of GC for monoterpene
hydrocarbons was, as expected, better than that of SFC. Manninen et al. (1990) published a com-
parison of a capillary GC versus a chromatogram obtained by capillary SFC from a linalool-methyl
chavicol basil oil chemotype exhibiting a fairly good separation by SFC.

2.3.2.5 Countercurrent Chromatography

CCC is according to Conway (1989) a form of liquid-liquid partition chromatography, in which
centrifugal or gravitational forces are employed to maintain one liquid phase in a coil or train of
chambers stationary, while a stream of a second, immiscible phase is passed through the system in
contact with the stationary liquid phase. Retention of the individual components of the sample to be
analyzed depends only on their partition coefficients and the volume ratio of the two applied liquid
phases. Since there is no porous support, adsorption and catalytic effects encountered with solid
supports are avoided.

2.3.2.5.1 Droplet Countercurrent Chromatography

One form of CCC, which has been sporadically applied to separate essential oils into fractions or in
the ideal case into individual pure components, is droplet countercurrent chromatography (DCCC).
The device, which has been developed by Tanimura et al. (1970), consists of 300—600 glass tubes,
which are connected to each other in series with Teflon tubing and filled with a stationary liquid.
Separation is achieved by passing droplets of the mobile phase through the columns, thus distributing
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mixture components at different ratios leading to their separation. With the development of a water-
free solvent system, separation of essential oils could be achieved (Becker et al., 1981, 1982). Along
with the separation of essential oils, the method allows the concentration of minor components, since
relatively large samples can be separated in one analytical run (Kubeczka, 1985).

2.3.2.5.2 Rotation Locular Countercurrent Chromatography

The rotation locular countercurrent chromatography (RLCC) apparatus (Rikakikai Co., Tokyo,
Japan) consists of 16 concentrically arranged and serially connected glass tubes. These tubes are
divided by Teflon disks with a small hole in the center, thus creating small compartments or loc-
ules. After filling the tubes with the stationary liquid, the tubes are inclined to a 30° angle from
horizontal. In the ascending mode, the lighter mobile phase is applied to the bottom of the first
tube by a constant flow pump, displacing the stationary phase as its volume attains the level of the
hole in the disk. The mobile phase passes through this hole and enters into the next compartment,
where the process continues until the mobile phase emerges from the uppermost locule. Finally, the
two phases fill approximately half of each compartment. The dissolved essential oil subsequently
introduced is subjected to a multistage partitioning process that leads to separation of the individual
components. Whereas gravity contributes to the phase separation, rotation of the column assembly
(60-80 rpm) produces circular stirring of the two liquids to promote partition. If the descending
mode is selected for separation, the heavier mobile phase is applied at the top of each column by
switching a valve. An overview on applications of RLCC in natural products isolation inclusive of
a detailed description of the device and the selection of appropriate solvent systems has been pre-
sented by Snyder et al. (1984).

Comparing RLCC to the aforementioned DCCC, one can particularly stress the superior flex-
ibility of RLCC. While DCCC requires under all circumstances a two-phase system able to form
droplets in the stationary phase, the choice of solvent systems with RLCC is nearly free. So the
limitations of DCCC, when analyzing lipophilic samples, do not apply to RLCC. The separation
of a mixture of terpenes has been presented by Kubeczka (1985). A different method, the high-
speed centrifugal CCC developed by Ito and coworkers in the mid-1960s (Ito et al., 1966), has been
applied to separate a variety of nonvolatile natural compounds; however, separation of volatiles has,
strange to say, until now not seriously been evaluated.

2.3.3  HYPHENATED TECHNIQUES

2.3.3.1 Gas Chromatography-Mass Spectrometry

The advantage of online coupling of a chromatographic device to a spectrometer is that complex
mixtures can be analyzed in detail by spectral interpretation of the separated individual compo-
nents. The coupling of a gas chromatograph with a mass spectrometer is the most often used and
a well-established technique for the analysis of essential oils, due to the development of easy-to-
handle powerful systems concerning sensitivity, data acquisition and processing, and above all their
relatively low cost. The very first application of a GC-MS coupling for the identification of essential
oil constituents using a capillary column was already published by Buttery et al. (1963). In those
times, mass spectra have been traced on UV recording paper with a five-element galvanometer, and
their evaluation was a considerable cumbersome task.

This has changed after the introduction of computerized mass digitizers yielding the mass num-
bers and the relative mass intensities. The different kinds of GC-MS couplings available at the end
of the seventies of the last century have been described in detail by ten Noever de Brauw (1979).
In addition, different types of mass spectrometers have been applied in GC-MS investigations such
as magnetic sector instruments, quadrupole mass spectrometers, ion-trap analyzers (e.g., ion-trap
detector), and time-of-flight mass spectrometers, which are the fastest MS analyzers and therefore
used for very fast GC-MS systems (e.g., in comprehensive multidimensional GC-MS). Surprisingly,
a time-of-flight mass spectrometer was used in the very first description of a GC-MS investigation
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of an essential oil mentioned before. From the listed spectrometers, the magnetic sector and quadru-
pole instruments can also be used for selective ion monitoring, to improve sensitivity for the analysis
of target compounds and for discrimination of overlapping GC peaks.

The great majority of today’s GC-MS applications utilize 1D capillary GC with quadrupole MS
detection and electron ionization. Nevertheless, there are substantial numbers of applications using
different types of mass spectrometers and ionization techniques. The proliferation of GC-MS appli-
cations is also a result of commercially available easy-to-handle dedicated mass spectral libraries
(e.g., NIST/EPA/NIH 2005; WILEY Registry 2006; MassFinder 2007; and diverse printed ver-
sions such as Jennings and Shibamoto, 1980; Joulain and Koénig, 1998; Adams, 1989, 1995, 2007
inclusive of retention indices) providing identification of the separated compounds. However, this
type of identification has the potential of producing some unreliable results, if no additional infor-
mation is used, since some compounds, for example, the sesquiterpene hydrocarbons a-cuprenene
and pB-himachalene, exhibit identical fragmentation pattern and only very small differences of their
retention index values. This example demonstrates impressively that even a good library match and
the additional use of retention data may lead in some cases to questionable results, and therefore
require additional analytical data, for example, from NMR measurements.

2.3.3.1.1 GC-Chemical lonization-MS and GC-Tandem MS

Although GC-electron impact (EI)-MS is a very useful tool for the analysis of essential oils, this
technique can sometimes be not selective enough and requires more sophisticated techniques such
as GC-chemical ionization-MS (GC-CI-MS) and GC-tandem MS (GC-MS-MS). The application
of CI-MS using different reactant gases is particularly useful, since many terpene alcohols and
esters fail to show a molecular ion. The use of OH- as a reactant ion in negative CI-MS appeared
to be an ideal solution to this problem. This technique yielded highly stable quasi-molecular ions
M-H, which are often the only ions in the obtained spectra of the aforementioned compounds. As
an example, the EI and CI spectra of isobornyl isovalerate—a constituent of valerian oil—shall
be quoted (Bos et al., 1982). The respective EI mass spectrum shows only a very small molecular
ion at 238. Therefore, the chemical ionization spectra of isobornyl acetate were performed with
isobutene as a reactant gas a [C,,H,,]* cation and in the negative CI mode with OH- as a reac-
tant gas two signals with the masses 101, the isovalerate anion, and 237 the quasi-molecular ion
[M—H]-. Considering all these obtained data, the correct structure of the oil constituent could
be deduced. The application of isobutane and ammonia as reactant gases has been presented by
Schultze et al. (1992), who investigated sesquiterpene hydrocarbons by GC-CI-MS. Fundamental
aspects of chemical ionization MS have been reviewed by Bruins (1987), discussing the different
reactant gases applied in positive and negative ion chemical ionization and their applications in
essential oil analysis.

The utilization of GC-MS-MS to the analysis of a complex mixture will be shown in Figure 2.6.
In the investigated vetiver oil (Cazaussus et al., 1988), one constituent, the norsesquiterpene ketone
khusimone, has been identified by using GC-MS-MS in the collision-activated dissociation mode.
The molecular ion at m/z 204 exhibited a lot of daughter ions, but only one of them gave a daugh-
ter ion at m/z 108, a fragment rarely occurring in sesquiterpene derivatives so that the presence of
khusimone could be undoubtedly identified.

2.3.3.2 High-Resolution GC-FTIR Spectroscopy

A further hyphenated technique, providing valuable analytical information, is the online coupling
of a gas chromatograph with a FTIR spectrometer. The capability of IR spectroscopy to provide
discrimination between isomers makes the coupling of a gas chromatograph to an FTIR spec-
trometer suited as a complementary method to GC/MS for the analysis of complex mixtures like
essential oils. The GC/FTIR device consists basically of a capillary gas chromatograph and an
FTIR spectrometer including a dedicated computer and ancillary equipment. As each GC peak
elutes from the GC column, it enters a heated IR measuring cell, the so-called light pipe, usually
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FIGURE 2.6 GC-EIMS-MS of khusimone of vetiver oil. (From Cazaussus, A. et al., Chromatographia, 25,
865, 1988. With permission.)

a gold-plated glass tube with IR transparent windows. There, the spectrum is measured as an
interferogram from which the familiar absorbance spectrum can be calculated by computerized
Fourier transformation. After passing the light pipe, the effluent is directed back into the FID of
the gas chromatograph. More detailed information on the experimental setup was given by Herres
et al. (1986) and Herres (1987).

In the latter publication, for example, the vapor-phase IR spectra of all the four isomers of
pulegol and dihydrocarveol are shown, which have been extracted from a GC/FTIR run. These
examples convincingly demonstrate the capability of distinguishing geometrical isomers with the
aid of vapor-phase IR spectra, which cannot be achieved by their mass spectra. A broad application
of GC-FTIR in the analysis of essential oils, however, is limited by the lack of sufficient vapor-
phase spectra of uncommon compounds, which are needed for reference use, since the spectra
of isolated molecules in the vapor phase can be significantly different from the corresponding
condensed-phase spectra.

A different approach has been published by Reedy et al. in 1985, using a cryogenically freez-
ing of the GC effluent admixed with an inert gas (usually argon) onto a rotating disk maintained
at liquid He temperature to form a solid matrix trace. After the separation, reflection absorption
spectra can be obtained from the deposited solid trace. A further technique published by Bourne
etal. (1990) is the subambient trapping, whereby the GC effluent is cryogenically frozen onto a mov-
ing IR transparent window of zinc selenide (ZnSe). An advantage of the latter technique is that the
unlike larger libraries of conventional IR spectra can be searched in contrast to the limited number
of vapor-phase spectra and those obtained by matrix isolation. A further advantage of both cryo-
genic techniques is the significant higher sensitivity, which exceeds the detection limits of a light
pipe instrument by approximately two orders of magnitude.

Comparing GC/FTIR and GC/MS, advantages and limitations of each technique become visible.
The strength of IR lies—as discussed before—in distinguishing isomers, whereas identification of
homologues can only be performed successfully by MS. The logical and most sophisticated way
to overcome these limitations has been the development of a combined GC/FTIR/MS instrument,
whereby simultaneously IR and mass spectra can be obtained.

© 2016 by Taylor & Francis Group, LLC



History and Sources of Essential Oil Research 27

2.3.3.3 GC-UV Spectroscopy

The instrumental coupling of gas chromatograph with a rapid scanning UV spectrometer has been
presented by Kubeczka et al. (1989). In this study, a UV-VIS diode-array spectrometer (Zeiss,
Oberkochen, FRG) with an array of 512 diodes was used, which provided continuous monitoring
in the range of 200—620 nm. By interfacing the spectrometer via fiber optics to a heated flow cell,
which was connected by short heated capillaries to the GC column effluent, interferences of chro-
matographic resolution could be minimized. With the aid of this device, several terpene hydrocar-
bons have been investigated. In addition to displaying individual UV spectra, the available software
rendered the analyst to define and to display individual window traces, 3D plots, and contour plots,
which are valuable tools for discovering and deconvoluting gas chromatographic unresolved peaks.

2.3.3.4 Gas Chromatography-Atomic Emission Spectroscopy

A device for the coupling of capillary GC with atomic emission spectroscopy (GC-AES) has been
presented by Wylie and Quimby (1989). By means of this coupling, 23 elements of a compound
including all elements of organic substances separated by GC could be selectively detected provid-
ing the analyst not only with valuable information on the elemental composition of the individual
components of a mixture but also with the percentages of the elemental composition. The device
incorporates a microwave-induced helium plasma at the outlet of the column coupled to an optical
emission spectrometer. From the 15 most commonly occurring elements in organic compounds,
up to 8 could be detected and measured simultaneously, for example, C, O, N, and S, which are
of importance with respect to the analysis of essential oils. The examples given in the literature
(e.g., Wylie and Quimby, 1989; Bicchi et al., 1992; David and Sandra, 1992; Jirovetz et al., 1992;
Schultze, 1993) indicate that the GC-AES coupling can provide the analyst with additional valu-
able information, which are to some extent complementary to the date obtained by GC-MS and
GC-FTIR, making the respective library searches more reliable and more certain.

However, the combined techniques GC-UV and GC-AES have not gained much importance in
the field of essential oil research, since UV spectra offer only low information and the coupling of a
GC-AES, yielding the exact elemental composition of a component, can to some extent be obtained
by precise mass measurement. Nevertheless, the online coupling GC-AES is still today efficiently
used in environmental investigations.

2.3.3.5 Gas Chromatography-Isotope Ratio Mass Spectrometry

In addition to enantioselective capillary GC, the online coupling of GC with isotope-ratio MS
(GC-IRMS) is an important technique in authentication of food flavors and essential oil constitu-
ents. The online combustion of effluents from capillary gas chromatographic separations to deter-
mine the isotopic compositions of individual components from complex mixtures was demonstrated
by Matthews and Hayes (1978). On the basis of this work, the online interfacing of capillary GC
with IRMS was later improved. With the commercially available GC-combustion IRMS device,
measurements of the ratios of the stable isotopes '3C/'2C have been accessible and respective inves-
tigations have been reported in several papers (e.g., Bernreuther et al., 1990; Carle et al., 1990;
Braunsdorf et al., 1992, 1993; Frank et al., 1995; Mosandl and Juchelka, 1997). A further improve-
ment was the development of the GC-pyrolysis-IRMS (GC-P-IRMS) making measurements of
180/160 ratios and later 2H/'H ratios feasible (Juchelka et al., 1998; Ruff et al., 2000; Hor et al.,
2001; Mosandl, 2004). Thus, the GC-P-IRMS device (Figure 2.7) appears today as one of the most
sophisticated instruments for the appraisal of the genuineness of natural mixtures.

2.3.3.6 High-Performance Liquid Chromatography-Gas Chromatography

The online coupling of an HPLC device to a capillary gas chromatograph offers a number of advan-
tages, above all higher column chromatographic efficiency, simple and rapid method development,
simple cleanup of samples from complex matrices, and effective enrichment of the components
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FIGURE 2.7 Scheme of an MDGC-C/P-IRMS device. (From Sewenig, S. et al., J. Agric. Food Chem., 53,
838, 2005. With permission.)

of interest; additionally, the entire analytical procedure can easily be automated, thus increasing
accuracy and reproducibility. The commercially available HPLC-GC coupling consists of an HPLC
device that is connected with a capillary gas chromatograph via an interface allowing the transfer
of HPLC fractions. Two different types of interfaces have been often used. The on-column interface
is a modification of the on-column injector for GC; it is particularly suited for the transfer of fairly
small fraction containing volatile constituents (Dugo et al., 1994; Mondello et al., 1994a,b, 1995).
The second interface uses a sample loop and allows to transfer large sample volumes (up to 1 mL)
containing components with limited volatilities. Figure 2.8 gives a schematic view of such an LC-GC
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LVI |—| DE

HPLC
column

HPLC RG C1 C2

FIGURE 2.8 Basic arrangement of an HPLC-GC device with a sample loop interface. RG, retention gap;
Cl1, retaining column; C2, analytical column; LVI, large volume injector; and SVE, solvent vapor exit.
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instrument. In the shown position of the six-port valve, the desired fraction of the HPLC effluent is
stored in the sample loop, while the carrier gas is passed through the GC columns. After switching
the valve, the content of the sample loop is driven by the carrier gas into the large volume injector
and vaporized and enters the precolumns, where the sample components are retained and most of the
solvent vapor can be removed through the solvent vapor exit. After closing this valve and increasing
the GC-oven temperature, the sample components are volatilized and separated in the main column
reaching the detector. The main drawback of this technique, however, may be the loss of highly vola-
tile compounds that are vented together with the solvent. As an example of an HPLC-GC investiga-
tion, the preseparation of lemon oil with gradient elution into four fractions is quoted (Munari et al.,
1990). The respective gas chromatograms of the individual fractions exhibit good separation into
hydrocarbons, esters, carbonyls, and alcohols, facilitating gas chromatographic separation and iden-
tification. Due to automation of all analytical steps involved, the manual operations are significantly
reduced, and very good reproducibility was obtained. In three excellent review articles, the different
kinds of HPLC-GC couplings are discussed in detail, describing their advantages and limitations
with numerous references cited therein (Mondello et al., 1996, 1999; Dugo et al., 2003).

2.3.3.7 HPLC-MS, HPLC-NMR Spectroscopy

The online couplings of HPLC with MS and NMR spectroscopy are further important techniques
combining high-performance separation with structurally informative spectroscopic techniques,
but they are mainly applied to nonvolatile mixtures and shall not be discussed in more detail here,
although they are very useful for investigating plant extracts.

Some details concerning the different ionization techniques used in HPLC-MS have been pre-
sented among other things by Dugo et al. (2005).

2.3.3.8 Supercritical Fluid Extraction-Gas Chromatography

Although SFE is not a chromatographic technique, separation of mixtures can be obtained during
the extraction process by varying the physical properties such as temperature and pressure to obtain
fractions of different composition. Detailed reviews on the physical background of SFE and its
application to natural products analysis inclusive of numerous applications have been published by
Modey et al. (1995) and more recently by Pourmortazavi and Hajimirsadeghi (2007). The different
types of couplings (offline and online) have been presented by several authors. Houben et al. (1990)
described an online coupling of SFE with capillary GC using a programmed temperature vapor-
izer as an interface. Similar approaches have been used by Blanch et al. (1994) in their investiga-
tions of rosemary leaves and by Ibanez et al. (1997) studying Spanish raspberries. In both the last
two papers, an offline procedure was applied. A different device has been used by Hartonen et al.
(1992) in a study of the essential oil of Thymus vulgaris using a cooled stainless steel capillary for
trapping the volatiles connected via a six-port valve to the extraction vessel and the GC column.
After sampling of the volatiles within the trap, they have been quickly vaporized and flushed into
the GC column by switching the valve. The recoveries of thyme components by SFE-GC were
compared with those obtained from hydrodistilled thyme oil by GC exhibiting a good agreement.
The SFE-GC analyses of several flavor and fragrance compounds of natural products by transfer-
ring the extracted compounds from a small SFE cell directly into a GC capillary has already been
presented by Hawthorne et al. (1988). By inserting the extraction cell outlet restrictor (a 20 um ID
capillary) into the GC column through a standard on-column injection port, the volatiles were trans-
ferred and focused within the column at 40°C, followed by rapid heating to 70°C (30°C/min) and
successive usual temperature programming. The suitability of that approach has been demonstrated
with a variety of samples including rosemary, thyme, cinnamon, spruce needles, orange peel, and
cedar wood. In a review article from Greibrokk, published in 1995, numerous applications of SFE
connected online with GC and other techniques, the different instruments, and interfaces have been
discussed, including the main parameters responsible for the quality of the obtained analytical
results. In addition, the instrumental setups for SFE-LC and SFE-SFC couplings are given.
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2.3.3.9 Supercritical Fluid Chromatography-Gas Chromatography

Online coupling of SFC with GC has sporadically been used for the investigation of volatiles
from aromatic herbs and spices. The requirements for instrumentation regarding the pumps,
the restrictors, and the detectors are similar to those of SFE-GC. Additional parts of the device
are the separation column and the injector, to introduce the sample into the mobile phase and
successively into the column. The most common injector type in SFC is the high-pressure valve
injector, similar to those used in HPLC. With this valve, the sample is loaded at ambient pres-
sure into a sample loop of defined size and can be swept into the column after switching the
valve to the injection position. The separation columns used in SFC may be either packed or
open tubular columns with their respective advantages and disadvantages. The latter men-
tioned open tubular columns for SFC can be compared with the respective GC columns; how-
ever, they must have smaller internal diameter. With regard to the detectors used in SFC, the FID
is the most common applied detector, presuming that no organic modifiers have been admixed
to the mobile phase. In that case, for example, a UV detector with a high-pressure flow cell has
to be taken into consideration.

In a paper presented by Yamauchi and Saito (1990), cold-pressed lemon-peel oil has been sep-
arated by semipreparative SFC into three fractions (hydrocarbons, aldehydes and alcohols), and
esters together with other oil constituents. The obtained fractions were afterward analyzed by capil-
lary GC. SFC has also often been combined with SFE prior to chromatographic separation in plant
volatile oil analysis, since in both techniques the same solvents are used, facilitating an online
coupling. SFE and online-coupled SFC have been applied to the analysis of turmeric, the rhizomes
of Curcuma longa L., using modified carbon dioxide as the extractant, yielding fractionation of
turmerones curcuminoids in a single run (Sanagi et al., 1993). A multidimensional SFC-GC system
was developed by Yarita et al. (1994) to separate online the constituents of citrus essential oils by
stepwise pressure programming. The eluting fractions were introduced into a split/splitless injec-
tor of a gas chromatograph and analyzed after cryofocusing prior to GC separation. An SFC-GC
investigation of cloudberry seed oil extracted with supercritical carbon dioxide was described by
Manninen and Kallio (1997), in which SFC was mainly used for the separation of the volatile con-
stituents from the low-boiling compounds, such as triacylglycerols. The volatiles were collected in
a trap column and refocused before being separated by GC. Finally, an online technique shall be
mentioned by which the compounds eluting from the SFC column can be completely transferred to
GC, but also for selective or multistep heart-cutting of various sample peaks as they elute from the
SFC column (Levy et al., 2005).

2.3.3.10 Couplings of SFC-MS and SFC-FTIR Spectroscopy

Both coupling techniques such as SFC-MS and SFC-FTIR have nearly exclusively been used for
the investigation of low-volatile more polar compounds. Arpino published in 1990 a comprehensive
article on the different coupling techniques in SFC-MS, which have been presented up to 1990
including 247 references. A short overview of applications using SFC combined with benchtop mass
spectrometers was published by Ramsey and Raynor (1996). However, the only paper concerning
the application of SFC-MS in essential oil research was published by Blum et al. (1997). With the
aid of a newly developed interface and an injection technique using a retention gap, investigations
of thyme extracts have been successfully performed.

The application of SFC-FTIR spectroscopy for the analysis of volatile compounds has also
rarely been reported. One publication found in the literature refers to the characterization of vari-
etal differences in essential oil components of hops (Auerbach et al., 2000). In that paper, the IR
spectra of the main constituents were taken as films deposited on AgCl disks and compared with
spectra obtained after chromatographic separation in a flow cell with IR transparent windows,
exhibiting a good correlation.
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2.3.4 IDENTIFICATION OF MULTICOMPONENT SAMPLES WITHOUT PREVIOUS SEPARATION

In addition to chromatographic separation techniques including hyphenated techniques, several
spectroscopic techniques have been applied to investigate the composition of essential oils without
previous separation.

2.3.4.1 UV Spectroscopy

UV spectroscopy has only little significance for the direct analysis of essential oils due to the inabil-
ity to provide uniform information on individual oil components. However, for testing the presence
of furanocoumarins in various citrus oils, which can cause photodermatosis when applied exter-
nally, UV spectroscopy is the method of choice. The presence of those components can be easily
determined due to their characteristic UV absorption. In the European pharmacopoeia, for example,
quality assessment of lemon oil, which has to be produced by cold pressing, is therefore performed
by UV spectroscopy in order to exclude cheaper distilled oils.

2.3.4.2 IR Spectroscopy

Several attempts have also been made to obtain information about the composition of essential oils
using IR spectroscopy. One of the first comprehensive investigations of essential oils was published
by Bellanato and Hidalgo (1971) in the book Infrared Analysis of Essential Oils in which the IR
spectra of approximately 200 essential oils and additionally of more than 50 pure reference com-
ponents have been presented. However, the main disadvantage of this method is the low sensitiv-
ity and selectivity of the method in the case of mixtures with a large number of components and,
second, the unsolvable problem when attempting to quantitatively measure individual component
concentrations.

New approaches to analyze essential oils by vibrational spectroscopy using attenuated reflec-
tion (ATR) IR spectroscopy and NIR-FT-Raman spectroscopy have recently been published by
Baranska et al. (2005) and numerous papers cited therein. The main components of an essential oil
can be identified by both spectroscopic techniques using the spectra of pure oil constituents as refer-
ences. The spectroscopic analysis is based on characteristic key bands of the individual constituents
and made it, for example, possible to discriminate the oil profiles of several eucalyptus species.
As can be taken from this paper, valuable information can be obtained as a result of the combined
application of ATR-IR and NIR-FT-Raman spectroscopy. Based on reference GC measurements,
valuable calibration equations have been developed for numerous essential oil plants and related
essential oils in order to quantify the amount of individual oil constituents applying different suit-
able chemometric algorithms. Main advantages of those techniques are their ability to control the
quality of essential oils very fast and easily and, above all, their ability to quantify and analyze the
main constituents of essential oils in situ, that means in living plant tissues without any isolation
process, since both techniques are not destructive.

2.3.4.3 Mass Spectrometry
MS and proton NMR spectroscopy have mainly been used for structure elucidation of isolated
compounds. However, there are some reports on mass spectrometric analyses of essential oils. One
example has been presented by Griitzmacher (1982). The depicted mass spectrum (Figure 2.9) of an
essential oil exhibits some characteristic molecular ions of terpenoids with masses at m/z 136, 148,
152, and 154. By the application of a double focusing mass spectrometer and special techniques
analyzing the decay products of metastable ions, the components anethole, fenchone, borneol, and
cineole could be identified, while the assignment of the mass 136 proved to be problematic.

A different approach has been used by Schultze et al. (1986), investigating secondary metabolites
in dried plant material by direct mass spectrometric measurement. The small samples (0.1-2 mg,
depending on the kind of plant drug) were directly introduced into a mass spectrometer by means
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FIGURE 2.9 El-mass spectrum of an essential oil. (From Griitzmacher, H.F., Mixture analysis by new
mass spectrometric techniques—A survey, in: Kubeczka, K.H., ed., Atherische Ole: Analytik, Physiologie,
Zusammensetzung, Georg Thieme Verlag, Stuttgart, Germany, 1982, pp. 1-24. With permission.)

of a heatable direct probe. By heating the solid sample, stored in a small glass crucible, various
substances are released depending on the applied temperature, and subsequently their mass spectra
can be taken. With the aid of this technique, numerous medicinal plant drugs have been investigated
and their main vaporizable components could be identified.

2.3.4.4 C-NMR Spectroscopy

BC-NMR spectroscopy is generally used for the elucidation of molecular structures of isolated
chemical species. The application of *C-NMR spectroscopy to the investigation of complex mix-
tures is relatively rare. However, the application of '3C-NMR spectroscopy to the analysis of essen-
tial oils and similar complex mixtures offers particular advantages, as have been shown in the past
(Formacek and Kubeczka, 1979, 1982a; Kubeczka, 2002), to confirm analytical results obtained
by GC-MS and for solving certain problems encountered with nonvolatile mixture components or
thermally unstable compounds, since analysis is performed at ambient temperature.

The qualitative analysis of an essential oil is based on comparison of the oil spectrum, using
broadband decoupling, with spectra of pure oil constituents, which should be recorded under identi-
cal conditions regarding solvent, temperature, and so on to ensure that differences in the chemical
shifts for individual 3C-NMR lines of the mixture and of the reference substance are negligible.
As an example, the identification of the main constituent of celery oil is shown (Figure 2.10). This
constituent can be easily identified as limonene by the corresponding reference spectrum. Minor
constituents give rise to less intensive signals that can be recognized after a vertical expansion
of the spectrum. For recognition of those signals, also a horizontal expansion of the spectrum is
advantageous.

The sensitivity of the 3*C-NMR technique is limited by diverse factors such as rotational side-
bands, 3C-'3C couplings, and so on, and at least by the accumulation time. For practical use, the
concentration of 0.1% of a component in the entire mixture has to be seen as an interpretable limit.
A very pretentious investigation has been presented by Kubeczka (1989). In the investigated essen-
tial oil, consisting of more than 80 constituents, approximately 1200 signals were counted after a
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FIGURE 2.10 Identification of limonene in celery oil by *C-NMR spectroscopy.

horizontal and vertical expansion in the obtained broadband decoupled *C-NMR spectrum, which
reflects impressively the complex composition of that oil. However, the analysis of such a complex
mixture is made difficult by the immense density of individual lines, especially in the aliphatic
region of the spectrum, making the assignments of lines to individual components ambiguous.
Besides, qualitative analysis quantification of the individual sample components is accessible as
described by Formacek and Kubeczka (1982b). After elimination of the '*C-NMR signals of non-
protonated nuclei and calculation of average signal intensity per carbon atom as a measurement
characteristic, it has been possible to obtain satisfactory results as shown by comparison with gas
chromatographic analyses.

During the last years, a number of articles have been published by Casanova and cowork-
ers (e.g., Bradesi et al. (1996) and references cited therein). In addition, papers dealing with com-
puter-aided identification of individual components of essential oils after 3*C-NMR measurements
(e.g., Tomi et al., 1995), and investigations of chiral oil constituents by means of a chiral lanthanide
shift reagent by 3C-NMR spectroscopy have been published (Ristorcelli et al., 1997).
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3.1 “ESSENTIAL OIL-BEARING PLANTS”: ATTEMPT OF A DEFINITION

Essential oils are complex mixtures of volatile compounds produced by living organisms and iso-
lated by physical means only (pressing and distillation) from a whole plant or plant part of known
taxonomic origin. The respective main compounds are mainly derived from three biosynthetic path-
ways only, the mevalonate pathway leading to sesquiterpenes, the methyl-erythritol pathway leading
to mono- and diterpenes, and the shikimic acid pathway en route to phenylpropenes. Nevertheless,
there are an almost uncountable number of single substances and a tremendous variation in the
composition of essential oils. Many of these volatile substances have diverse ecological functions.
They can act as internal messengers, as defensive substances against herbivores, or as volatiles not
only directing natural enemies to these herbivores but also attracting pollinating insects to their host
(Harrewijn et al., 2001).
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All plants possess principally the ability to produce volatile compounds, quite often, however,
only in traces. “Essential oil plants” in particular are those plant species delivering an essential oil
of commercial interest. Two principal circumstances determine a plant to be used as an essential
oil plant:

1. A unique blend of volatiles like the flower scents in rose (Rosa spp.), jasmine (Jasminum
sambac), or tuberose (Polianthes tuberosa). Such flowers produce and immediately emit
the volatiles by the epidermal layers of their petals (Bergougnoux et al., 2007). Therefore,
the yield is even in intensive smelling flowers very low, and besides distillation special
techniques, as an example, enfleurage has to be applied to recover the volatile fragrance
compounds.

2. Secretion and accumulation of volatiles in specialized anatomical structures. These lead to
higher concentrations of the essential oil in the plant. Such anatomical storage structures
for essential oils can be secretory idioblasts (secretory cells), cavities/ducts, or glandular
trichomes (Fahn, 1979, 1988; colorfully documented by Svoboda et al. [2000]).

Secretory idioblasts are individual cells producing an essential oil in large quantities and retain-
ing the oil within the cell like the essential oil idioblasts in the roots of Vetiveria zizanioides that
occurs within the cortical layer and close to the endodermis (Bertea and Camusso, 2002). Similar
structures containing essential oils are also formed in many flowers, for example, Rosa sp., Viola
sp., or Jasminum sp.

Cavities or ducts consist of extracellular storage space that originate either by schizogeny (created
by the dissolution of the middle lamella between the duct initials and formation of an intercellular
space) or by lysogeny (programmed death and dissolution of cells). In both cases, the peripheral
cells are becoming epithelial cells highly active in synthesis and secretion of their products into
the extracellular cavities (Pickard, 2008). Schizogenic oil ducts are characteristic for the Apiaceae
family, for example, Carum carvi, Foeniculum vulgare, or Cuminum cyminum, but also for the
Hypericaceae or Pinaceae family. Lysogenic cavities are found in Rutaceae (Citrus sp., Ruta gra-
veolens), Myrtaceae (e.g., Syzygium aromaticum), and others.

Secreting trichomes (glandular trichomes) can be divided into two main categories: peltate and
capitate trichomes. Peltate glands consist of a basal epidermal cell, a neck—stalk cell, and a secret-
ing head of 4-16 cells with a large subcuticular space on the apex in which the secretion product is
accumulated. The capitate trichomes possess only 1-4 secreting cells with only a small subcuticular
space (Werker, 1993; Maleci Bini and Giuliani, 2006). Such structures are typical for Lamiaceae
(the mint family), but also for Pelargonium sp.

The monoterpene biosynthesis in different species of Lamiaceae, for example, sage (Salvia offi-
cinalis) and peppermint (Mentha piperita), is restricted to a brief period early in leaf development
(Croteau et al., 1981; Gershenzon et al., 2000). The monoterpene biosynthesis in peppermint reaches
a maximum in 15-day-old leaves; only very low rates were observed in leaves younger than 12 days
or older than 20 days. The monoterpene content of the peppermint leaves increased rapidly up to
day 21, then leveled off, and kept stable for the remainder of the leaf life (Gershenzon et al., 2000).

The composition of the essential oil often changes between different plant parts. Phytochemical
polymorphism is often the case between different plant organs. In Origanum vulgare ssp. hirtum,
a polymorphism within a plant could even be detected on a much lower level, between different
oil glands of a leaf (Johnson et al., 2004). This form of polymorphism seems to be not frequently
occurring; differences in the composition between oil glands are more often related to the age of the
oil glands (Grassi et al., 2004; Johnson et al., 2004; Novak et al., 2006a; Schmiderer et al., 2008).

Such polymorphisms can also be found quite frequently when comparing the essential oil com-
position of individual plants of a distinct species (intraspecific variation, “chemotypes”) and is
based on the plants’ genetic background.
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The differences in the complex composition of two essential oils of one kind may sometimes
be difficult to assign to specific chemotypes or to differences arising in the consequence of the
reactions of the plants to specific environmental conditions, for example, to different growing
locations. In general, the differences due to genetic differences are much bigger than by differ-
ent environmental conditions. However, many intraspecific polymorphisms are probably not yet
detected or have been described only recently even for widely used essential oil crops like sage
(Novak et al., 2006b).

3.2 PHYTOCHEMICAL VARIATION

3.2.1 CHEMOTAXONOMY

The ability to accumulate essential oils is not omnipresent in plants but scattered throughout
the plant kingdom, in many cases, however, very frequent within—or a typical character of—
certain plant families. From the taxonomical and systematic point of view, not the production
of essential oils is the distinctive feature since this is a quite heterogeneous group of substances,
but either the type of secretory containers (trichomes, oil glands, lysogenic cavities, or schizo-
genic oil ducts) or the biosynthetically specific group of substances, for example, mono- or
sesquiterpenes and phenylpropenes; the more a substance is deduced in the biosynthetic path-
way, the more specific it is for certain taxa: monoterpenes are typical for the genus Mentha, but
menthol is characteristic for M. piperita and Mentha arvensis ssp. piperascens only; sesqui-
terpenes are common in the Achillea—millefolium complex, but only Achillea roseoalba (2x)
and Achillea collina (4x) are able to produce matricine as precursor of (the artifact) chamazu-
lene (Vetter et al., 1997). On the other hand, the phenylpropanoid eugenol, typical for cloves
(S. aromaticum, Myrtaceae), can also be found in large amounts in distant species, for example,
cinnamon (Cinnamomum zeylanicum, Lauraceae) or basil (Ocimum basilicum, Lamiaceae); as
sources for anethole are known not only aniseed (Pimpinella anisum) and fennel (F. vulgare),
which are both Apiaceae, but also star anise (I/llicium verum, Illiciaceae), Clausena anisata
(Rutaceae), Croton zehntneri (Euphorbiaceae), or Tagetes lucida (Asteraceae). Finally, euca-
lyptol (1,8-cineole)—named after its occurrence in Eucalyptus sp. (Myrtaceae)—may also be
a main compound of the essential oil of galangal (Alpinia officinarum, Zingiberaceae), bay
laurel (Laurus nobilis, Lauraceae), Japan pepper (Zanthoxylum piperitum, Rutaceae), and a
number of plants of the mint family, for example, sage (S. officinalis, Salvia fruticosa, Salvia
lavandulifolia), rosemary (Rosmarinus officinalis), and mints (Mentha sp.). Taking the afore-
mentioned facts into consideration, chemotaxonomically relevant are (therefore) common or
distinct pathways, typical fingerprints, and either main compounds or very specific even minor
or trace substances (e.g., 5-3-carene to separate Citrus grandis from other Citrus sp. [Gonzalez
et al., 2002]).

The plant families comprising species that yield a majority of the most economically important
essential oils are not restricted to one specialized taxonomic group but are distributed among all
plant classes: gymnosperms, for example, the families Cupressaceae (cedarwood, cedar leaf, juniper
oil, etc.) and Pinaceae (pine and fir oils), and angiosperms, and among them within Magnoliopsida,
Rosopsida, and Liliopsida. The most important families of dicots are Apiaceae (e.g., fennel, coriander,
and other aromatic seed/root oils), Asteraceae or Compositae (chamomile, wormwood, tarragon oil,
a.s.0), Geraniaceae (geranium oil), Illiciaceae (star anise oil), Lamiaceae (mint, patchouli, laven-
der, oregano, and many other herb oils), Lauraceae (litsea, camphor, cinnamon, sassafras oil, etc.),
Myristicaceae (nutmeg and mace), Myrtaceae (myrtle, cloves, and allspice), Oleaceae (jasmine oil),
Rosaceae (rose oil), and Santalaceae (sandalwood oil). In monocots (Liliopsida), it is substantially
restricted to Acoraceae (calamus), Poaceae (vetiver and aromatic grass oils), and Zingiberaceae
(e.g., ginger and cardamom).
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Apart from the phytochemical group of substances typical for a taxon, the chemical outfit
depends, furthermore, on the specific genotype; the stage of plant development, also influenced
by environmental factors; and the plant part (see Section 3.2.1). Considering all these influences,
chemotaxonomic statements and conclusions have to be based on comparable material, grown and
harvested under comparable circumstances.

3.2.2 INTER- AND INTRASPECIFIC VARIATION

Knowledge on biochemical systematics and the inheritance of phytochemical characters depends
on extensive investigations of taxa (particularly species) and populations on single-plant basis,
respectively, and several examples of genera show that the taxa do indeed display different patterns.

3.2.2.1 Lamiaceae (Labiatae) and Verbenaceae

The presumably largest genus among the Lamiaceae is sage (Salvia L.) consisting of about 900 species
widely distributed in the temperate, subtropical, and tropical regions all over the world with major cen-
ters of diversity in the Mediterranean, in Central Asia, the Altiplano from Mexico throughout Central
and South America, and in southern Africa. Almost 400 species are used in traditional and modern
medicine, as aromatic herbs or ornamentals worldwide; among them are S. officinalis, S. fruticosa,
Salvia sclarea, Salvia divinorum, Salvia miltiorrhiza, and Salvia pomifera, to name a few. Many appli-
cations are based on nonvolatile compounds, for example, diterpenes and polyphenolic acids. Regarding
the essential oil, there are a vast number of mono- and sesquiterpenes found in sage but, in contrast to,
for example, Ocimum sp. and Perilla sp. (also Lamiaceae), no phenylpropenes were detected.

To understand species-specific differences within this genus, the Mediterranean S. officinalis
complex (S. officinalis, S. fruticosa, and S. lavandulifolia) will be confronted with the Salvia steno-
phylla species complex (S. stenophylla, Salvia repens, and Salvia runcinata) indigenous to South
Africa: in the S. officinalis group, usually a- and B-thujones, 1,8-cineole, camphor, and, in some
cases, linalool, B-pinene, limonene, or cis-sabinyl acetate are the prevailing substances, whereas in
the S. stenophylla complex, quite often sesquiterpenes, for example, caryophyllene or a-bisabolol,
are main compounds.

Based on taxonomical studies of Salvia spp. (Hedge, 1992; Skoula et al., 2000; Reales et al.,
2004) and a recent survey concerning the chemotaxonomy of S. stenophylla and its allies
(Viljoen et al., 2006), Figure 3.1 shows the up-to-now-identified chemotypes within these taxa.
Comparing the data of different publications, the picture is, however, not as clear as demon-
strated by six S. officinalis origins in Figure 3.2 (Chalchat et al., 1998; Asllani, 2000). This
might be due to the prevailing chemotype in a population, the variation between single plants,
the time of sample collection, and the sample size. This is exemplarily shown by one S. officina-
lis population where the individuals varied in a-thujone, from 9% to 72%; p-thujone, from 2%
to 24%; 1,8-cineole, from 4% to 18%; and camphor from 1% to 25%. The variation over 3 years
and five harvests of one clone only ranged as follows: a-thujone 35%—-72%, p-thujone 1%—7%,
1,8-cineole 8%—15%, and camphor 1%—-18% (Bezzi, 1994; Bazina et al., 2002). But also all other
(minor) compounds of the essential oil showed respective intraspecific variability (see, e.g.,
Giannouli and Kintzios, 2000).

S. fruticosa was principally understood to contain 1,8-cineole as main compound but at best
traces of thujones, as confirmed by Putievsky et al. (1986) and Kanias et al. (1998). In a comparative
study of several origins, Mathé et al. (1996) identified, however, a population with atypically high
B-thujone similar to S. officinalis. Doubts on if this origin could be true S. fruticosa or a sponta-
neous hybrid of both species were resolved by extensive investigations on the phytochemical and
genetic diversities of S. fruticosa in Crete (Karousou et al., 1998; Skoula et al., 1999). There, it was
shown that all wild populations in western Crete consist of 1,8-cineole chemotypes only, whereas
in the eastern part of the island, essential oils with up to 30% thujones, mainly pB-thujone, could
be observed. In central Crete, finally, mixed populations were found. A cluster analysis based on
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FIGURE 3.2 Composition of the essential oil of six Salvia officinalis origins.

random amplification of polymorphic DNA (RAPD) patterns confirmed the genetic differences
between the west and east Crete populations of S. fruticosa (Skoula et al., 1999).

A rather interesting example of diversity is oregano, which counts to the commercially most val-
ued spices worldwide. More than 60 plant species are used under this common name showing simi-
lar flavor profiles characterized mainly by cymyl compounds, for example, carvacrol and thymol.
With few exemptions, the majority of oregano species belong to the Lamiaceae and Verbenaceae
families with the main genera Origanum and Lippia (Table 3.1). In 1989, almost all of the estimated
15,000 ton/year dried oregano originated from wild collection; today, some 7000 ha of Origanum
onites are cultivated in Turkey alone (Baser, 2002); O. onites and other Origanum species are culti-
vated in Greece, Israel, Italy, Morocco, and other countries.

© 2016 by Taylor & Francis Group, LLC



48 Handbook of Essential Oils: Science, Technology, and Applications

TABLE 3.1

Species Used Commercially in the World as Oregano

Family/Species

Labiatae
Calamintha potosina Schaf.

Coleus amboinicus Lour. (syn. C. aromaticus Benth)

Coleus aromaticus Benth.

Hedeoma floribunda Standl.

Hedeoma incona Torr.

Hedeoma patens Jones

Hyptis albida HBK.

Hyptis americana (Aubl.) Urb. (H. gonocephala Gris.)

Hpyptis capitata Jacq.

Hyptis pectinata Poit.

Hyptis suaveolens (L.) Poit.

Monarda austromontana Epling

Ocimum basilicum L.

Origanum compactum Benth. (syn. O. glandulosum
Salzm, ex Benth.)

Origanum dictamnus L. (Majorana dictamnus L.)

Origanum elongatum (Bonent) Emberger et Maire

Origanum floribundum Munby (O. cinereum Noe)

Origanum grosii Pau et Font Quer ex letswaart

Origanum majorana L.

Origanum microphyllum (Benth) Vogel

Origanum onites L. (syn. O. smyrneum L.)

Origanum scabrum Boiss et Heldr. (syn. O. pulchrum
Boiss et Heldr.)

Origanum syriacum L. var. syriacum (syn. O. maru L.)

Origanum vulgare L. ssp. gracile (Koch) letswaart
(syn. O. gracile Koch, O. tyttanthum Gontscharov)

Origanum vulgare ssp. hirtum (Link) letswaart
(syn. O. hirtum Link)

Origanum vulgare ssp. virens (Hoffmanns et Link)
letswaart (syn. O. virens Hoffmanns et Link)

Origanum vulgare ssp. viride (Boiss.) Hayek
(syn. O. viride) Halacsy (syn. O. heracleoticum L.)

Origanum vulgare L. ssp. vulgare (syn. Thymus origanum

(L.) Kuntze)

Origanum vulgare L.

Poliomintha longiflora Gray

Salvia sp.

Satureja thymbra L.

Thymus capitatus (L.) Hoffmanns et Link
(syn. Coridothymus capitatus (L.) Rchb.f.)

Verbenaceae
Lantana citrosa (Small) Modenke

Lantana glandulosissima Hayek
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Commercial Name(s) Found in Literature

Oregano de la sierra, oregano, origanum

Oregano, oregano brujo, oregano de Cartagena, oregano
de Espana, oregano Frances

Oregano de Espana, oregano, Origanum

Oregano, Origanum

Oregano

Oregano, Origanum

Oregano, Origanum

Oregano

Oregano, Origanum

Oregano, Origanum

Oregano, oregano cimarron, Origanum

Oregano, Origanum

Oregano, Origanum

Oregano, Origanum

Oregano, Origanum

Oregano, Origanum

Oregano, Origanum

Oregano, Origanum

Oregano

Oregano, Origanum

Turkish oregano, oregano, Origanum?®
Oregano, Origanum

Oregano, Origanum
Oregano, Origanum

Oregano, Origanum

Oregano, Origanum, oregano verde
Greek oregano, oregano, Origanum?®
Oregano, Origanum

Oregano, orenga, Oregano de Espana
Oregano

Oregano

Oregano cabruno, oregano, Origanum

Spanish oregano, oregano, Origanum?

Oregano xiu, oregano, Origanum
Oregano xiu, oregano silvestre, oregano, Origanum
(Continued)
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TABLE 3.1 (Continued)
Species Used Commercially in the World as Oregano

Family/Species Commercial Name(s) Found in Literature

Lantana hirsuta Mart et Gall.
Lantana involucrata L.

Lantana purpurea (Jacq.) Benth. & Hook. (syn. Lippia

purpurea Jacq.)
Lantana trifolia L.
Lantana velutina Mart. & Gal.
Lippia myriocephala Schlecht. & Cham.
Lippia affinis Schau.
Lippia alba (Mill) N.E. Br. (syn. L. involucrata L.)
Lippia berlandieri Schau.
Lippia cordiostegia Benth.
Lippia formosa T.S. Brandeg.
Lippia geisseana (R.A.Phil.) Soler.
Lippia graveolens HBK
Lippia helleri Britton
Lippia micromera Schau.
Lippia micromera var. helleri (Britton) Moldenke
Lippia origanoides HBK
Lippia palmeri var. spicata Rose
Lippia palmeri Wats.
Lippia umbellata Cav.
Lippia velutina Mart. et Galeotti

Oreganillo del monte, oregano, Origanum
Oregano, Origanum
Oregano, Origanum

Oregano, Origanum

Oregano xiu, oregano, Origanum

Oreganillo

Oregano

Oregano, Origanum

Oregano

Oreganillo, oregano montes, oregano, Origanum
Oregano, Origanum

Oregano, Origanum

Mexican oregano, oregano cimarron, oregano®
Oregano del pais, oregano, Origanum

Oregano del pais, oregano, Origanum

Oregano

Oregano, origano del pais

Oregano

Oregano, Origanum

Oreganillo, oregano montes, oregano, Origanum

Oregano, Origanum

Rubiaceae

Borreria sp. Oreganos, oregano, Origanum

Scrophulariaceae

Limnophila stolonifera (Blanco) Merr. Oregano, Origanum

Apiaceae

Eryngium foetidum L. Oregano de Cartagena, oregano, Origanum
Asteraceae

Coleosanthus veronicaefolius HBK Oregano del cerro, oregano del monte, oregano del campo
Eupatorium macrophyllum L. (syn. Hebeclinium Oregano, Origanum

macrophyllum DC.)

@ QOregano species with economic importance according to Lawrence (1984).

In comparison with sage, the genus Origanum is much smaller and consists of 43 species and 18
hybrids according to the actual classification (Skoula and Harborne, 2002) with main distribution
areas around the Mediterranean. Some subspecies of O. vulgare only are also found in the temper-
ate and arid zones of Eurasia up to China. Nevertheless, the genus is characterized by large morpho-
logical and phytochemical diversities (Kokkini, 1996; Baser, 2002; Skoula and Harborne, 2002).

The occurrence of several chemotypes is reported, for example, for commercially used
Origanum species, from Turkey (Baser, 2002). In O. onites, two chemotypes are described, a car-
vacrol type and a linalool type. Additionally, a mixed type with both basic types mixed may occur.
In Turkey, two chemotypes of Origanum majorana are known, one contains cis-sabinene hydrate
as chemotypical lead compound and is used as marjoram in cooking (marjoramy), while the other
one contains carvacrol in high amounts and is used to distil oregano oil in a commercial scale.
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Variability of chemotypes continues also within the marjoramy O. majorana. Novak et al. (2002)
detected in cultivated marjoram accessions additionally to cis-sabinene hydrate the occurrence of
polymorphism of cis-sabinene hydrate acetate. Since this chemotype did not influence the sensorial
impression much, this chemotype was not eliminated in breeding, while an off-flavor chemotype
would have been certainly eliminated in its cultivation history. In natural populations of O. majo-
rana from Cyprus besides the classical cis-sabinene hydrate type, a chemotype with a-terpineol
as main compound was also detected (Novak et al., 2008). The two extreme off-flavor chemotypes
in O. majorana, carvacrol and a-terpineol chemotypes, are not to be found anywhere in cultivated
marjoram, demonstrating one of the advantages of cultivation in delivering homogeneous qualities.

The second oregano of commercial value—mainly used in the Americas—is Mexican oregano
(Lippia graveolens HBK., Verbenaceae) endemic to California, Mexico, and throughout Central
America (Fischer, 1998). Due to wild harvesting, only a few published data show essential oil
contents largely ranging from 0.3% to 3.6%. The total number of up-to-now-identified essential
oil compounds comprises almost 70 with the main constituents thymol (3.1%—80.6%), carvacrol
(0.5%-71.2%), 1,8-cineole (0.1%—14%), and p-cymene (2.7%—-28.0%), followed by, for example,
myrcene, y-terpinene, and the sesquiterpene caryophyllene (Lawrence, 1984; Dominguez et al.,
1989; Uribe-Hernandez et al., 1992; Fischer et al., 1996; Vernin, 2001).

In a comprehensive investigation of wild populations of L. graveolens collected from the hilly
regions of Guatemala, three different essential oil chemotypes could be identified, a thymol, a car-
vacrol, and an absolutely irregular type (Fischer et al., 1996). Within the thymol type, contents of
up to 85% thymol in the essential oil could be obtained and only traces of carvacrol. The irregular
type has shown a very uncommon composition where no compound exceeds 10% of the oil, and
also phenylpropenes, for example, eugenol and methyl eugenol, were present (Fischer et al., 1996;
Fischer, 1998). In Table 3.2, a comparison of recent data is given including Lippia alba, commonly
called oregano or oregano del monte, although carvacrol and thymol are absent from the essential
oil of this species. In Guatemala, two different chemotypes were found within L. alba: a myrcenone
and a citral type (Fischer et al., 2004). Besides it, a linalool, a carvone, a camphor (1,8-cineole), and
a limonene—piperitone chemotype have been described (Dellacassa et al., 1990; Pino et al., 1997,
Frighetto et al., 1998; Senatore and Rigano, 2001).

Chemical diversity is of special interest if on genus or species level both terpenes and phenylpro-
penes can be found in the essential oil. Most Lamiaceae preferentially accumulate mono- and ses-
quiterpenes in their volatile oils, but some genera produce oils also rich in phenylpropenes, among
these Ocimum sp. and Perilla sp.

The genus Ocimum comprises over 60 species, of which Ocimum gratissimum and O. basilicum
are of high economic value. Biogenetic studies on the inheritance of Ocimum oil constituents were
reported by Khosla et al. (1989) and an O. gratissimum strain named clocimum containing 65% of
eugenol in its oil was described by Bradu et al. (1989). A number of different chemotypes of basil
(O. basilicum) have been identified and classified (Vernin, 1984; Marotti et al., 1996) containing up
to 80% linalool, up to 21.5% 1,8-cineole, 0.3%—-33.0% eugenol, and also the presumably toxic com-
pounds methyl chavicol (estragole) and methyl eugenol in concentrations close to 50% (Elementi
et al., 2006; Macchia et al., 2006).

Perilla frutescens can be classified in several chemotypes as well according to the main mono-
terpene components perillaldehyde, elsholtzia ketone, or perilla ketones and on the other side
phenylpropanoid types containing myristicin, dillapiole, or elemicin (Koezuka et al., 1986). A com-
prehensive presentation on the chemotypes and the inheritance of the mentioned compounds was
given by this author in Hay and Waterman (1993). In the referred last two examples, not only the
sensorial but also the toxicological properties of the essential oil compounds are decisive for the
(further) commercial use of the respective species’ biodiversity.

Although the Labiatae family plays an outstanding role as regards the chemical polymorphism
of essential oils, also in other essential oils containing plant families and genera, a comparable phy-
tochemical diversity can be observed.
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TABLE 3.2

Main Essential Oil Compounds of Lippia graveolens and L. alba According to Recent Data

L. graveolens

L. alba

Fischer et al. (1996)

Senatore and Vernin et al.

Fischer (1998)

Senatore and

Lorenzo et al.

Guatemala Rigano (2001) (2001) Guatemala Rigano (2001) (2001)
Compound Thymol-Type  Carvacrol-Type Irregular Type Guatemala El-Salvador = Myrcenone-Type  Cineole-Type Guatemala Uruguay
Myrcene 1.3 1.9 2.7 1.1 t 6.5 1.7 0.2 0.8
p-Cymene 2.7 6.9 2.8 5.5 2.1 t t 0.7 n.d.
1,8-Cineole 0.1 0.6 5.0 2.1 t t 22.8 14.2 1.3
Limonene 0.2 0.3 L5 0.8 t 1.0 32 43.6 29
Linalool 0.7 1.4 3.8 0.3 t 4.0 2.4 1.2 55.3
Myrcenon n.d. n.d. n.d. n.d. n.d. 54.6 32 n.d. n.d.
Piperitone n.d. n.d. n.d. n.d. n.d. t t 30.6 n.d.
Thymol 80.6 19.9 6.8 31.6 7.3 n.d. n.d. n.d. n.d.
Carvacrol 1.3 45.2 1.1 0.8 71.2 n.d. n.d. n.d. n.d.
B-Caryophyllene 2.8 35 8.7 4.6 9.2 2.6 1.2 1.0 9.0
o-Humulene 1.9 2.3 5.7 3.0 5.0 0.7 t 0.6 0.9
Caryophyll.-ox. 0.3 0.8 33 4.8 t 1.8 3.0 1.1 0.6
Z-Dihydrocarvon/ n.d. n.d. n.d. n.d. n.d. 13.1 0.6 0.1 0.8
Z-Ocimenone
E-Dihydrocarvon n.d. n.d. n.d. n.d. n.d. 4.9 n.d. t 1.2

Note: n.d., Not detectable; t, traces. Main compounds in bold.
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3.2.2.2 Asteraceae (Compositae)

Only a limited number of genera of the Asteraceae are known as essential oil plants, among
them Tagetes, Achillea, and Matricaria. The genus Tagetes comprises actually 55 species, all of
them endemic to the American continents with the center of biodiversity between 30° northern
and 30° southern latitude. One of the species largely used by the indigenous population is pericon
(T. lucida Cav.), widely distributed over the highlands of Mexico and Central America (Stanley
and Steyermark, 1976). In contrast to almost all other Tagetes species characterized by the content
of tagetones, this species contains phenylpropenes and terpenes. A detailed study on its diversity
in Guatemala resulted in the identification of several eco- and chemotypes (Table 3.3): anethole,
methyl chavicol (estragole), methyl eugenol, and one sesquiterpene type producing higher amounts
of nerolidol (Bicchi et al., 1997; Goehler, 2006). The distribution of the three main phenylpropenes
in six populations is illustrated in Figure 3.3. In comparison with the plant materials investigated
by Ciccio (2004) and Marotti et al. (2004) containing oils with 90%—-95% estragole, only the germ-
plasm collection of Guatemaltecan provenances (Goehler, 2006) allows to select individuals with
high anethole but low to very low estragole or methyleugenol content—or with interestingly high
nerolidol content, as mentioned earlier.

TABLE 3.3
Main Compounds of the Essential Oil of Selected Tagetes lucida Types (in% of dm)
Methyleugenol
Substance Anethole Type (2)  Estragole Type (8) Type (7) Nerolidol Type (5)  Mixed Type
Linalool 0.26 0.69 1.01 Tr. 3.68
Estragole 11.57 78.02 8.68 3.23 24.28
Anethole 73.56 0.75 0.52 Tr. 30.17
Methyleugenol 1.75 5.50 79.80 17.76 17.09
B-Caryophyllene 0.45 1.66 0.45 2.39 0.88
Germacrene D 243 2.89 1.90 Tr. 541
Methylisoeugenol 1.42 2.78 2.00 Tr. 3.88
Nerolidol 0.35 0.32 0.31 40.52 1.24
Spathulenol 0.10 0.16 0.12 Tr. 0.23
Carophyllene oxide 0.05 0.27 0.45 10.34 0.53

Note: Location of origin in Guatemala: (2) Cabrican/Quetzaltenango, (5) La Fuente/Jalapa, (7) Joyabaj/El Quiche,
(8) Sipacapa/S. Marcos, Mixed Type: Taltimiche/San Marcos. Main compounds in bold.
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FIGURE 3.3 Variability of (a) anethole, (b) methyl chavicol (estragole), and (c) methyl eugenol in the essen-
tial oil of six Tagetes lucida—populations from Guatemala. * indicates erratic individuals.
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TABLE 3.4

Taxa within the Achillea-Millefolium-Group (Yarrow)
Taxon Ploidy Level Main Compounds
A. setacea W. et K. 2x Rupicoline

A. aspleniifolia Vent. 2% (4x) 7,8-Guajanolide

Artabsin-derivatives
3-Oxa-Guajanolide
A. roseo-alba Ehrend. 2x Artabsin-derivatives
3-Oxaguajanolide
Matricinderivatives
A. collina Becker 4x Artabsin-derivatives
3-Oxaguajanolide

Matricinderivatives
Matricarinderivatives

A. pratensis Saukel u. Linger 4x Eudesmanolides

A. distans ssp. Distans W. et K. 6% Longipinenones

A. distans ssp. styriaca 4x

A. tanacetifolia (stricta) W. et K. 6x

A. mill. ssp. sudetica 6x Guajanolidperoxide

A. mill. ssp. Mill. L. 6%

A. pannonica Scheele 8% (6%) Germacrene
Guajanolidperoxide

Source: Franz, Ch., in Handbuch des Arznei- u. Gewuerzpflanzenbaus Vol. 5,
Saluplanta, Bernburg, 2013, pp. 453-463.
Note: Substances in bold are proazulenes.

The genus Achillea is widely distributed over the northern hemisphere and consists of approxi-
mately 120 species, of which the Achillea millefolium aggregate (yarrow) represents a polyploid
complex of allogamous perennials (Saukel and Langer, 1992; Vetter and Franz, 1996). The different
taxa of the recent classification (minor species and subspecies) are morphologically and chemically
to a certain extent distinct and only the diploid taxa Achillea asplenifolia and A. roseoalba as well
as the tetraploids A. collina and Achillea ceretanica are characterized by proazulens, for example,
achillicin, whereas the other taxa, especially 6x and 8x, contain eudesmanolides, longipinenes, ger-
macranolides, and/or guajanolid peroxides (Table 3.4). The intraspecific variation in the proazulene
content ranged from traces up to 80%; other essential oil components of the azulenogenic species are,
for example, a- and pB-pinene, borneol, camphor, sabinene, or caryophyllene (Kastner et al., 1992).
The frequency distribution of proazulene individuals among two populations is shown in Figure 3.4.

Crossing experiments resulted in proazulene being a recessive character of di- and tetraploid
Achillea spp. (Vetter et al., 1997) similar to chamomile (Franz, 1993a,b). Finally, according to
Steinlesberger (2002) also a plant-to-plant variation in the enantiomers of, for example, a- and
B-pinene as well as sabinene exists in yarrow oils, which makes it even more complicated to use
phytochemical characters for taxonomical purposes.

Differences in the essential oil content and composition of chamomile flowers (Matricaria recu-
tita) have long been recognized due to the fact that the distilled oil is either dark blue, green, or
yellow, depending on the prochamazulene content (matricin as prochamazulene in chamomile is
transformed to the blue-colored artifact chamazulene during the distillation process). Recognizing
also the great pharmacological potential of the bisabolols, a classification into the chemotypes
(—)-a-bisabolol, (-)-a-bisabololoxide A, (—)-a-bisabololoxide B, (-)-a-bisabolonoxide (A), and (pro)
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FIGURE 3.4 Frequency distribution of proazulene individuals among two Achillea sp. populations.

chamazulene was made by Franz (1982, 1989a). Examining the geographical distribution revealed a
regional differentiation, where an a-bisabolol—(pro) chamazulene population was identified on the
Iberian peninsula; mixed populations containing chamazulene, bisabolol, and bisabololoxides A/B
are most frequent in Central Europe, and prochamazulene—free bisabolonoxide populations are
indigenous to southeast Europe and minor Asia. In the meantime, Wogiatzi et al. (1999) have shown
for Greece and Taviani et al. (2002) for Italy a higher diversity of chamomile including a-bisabolol
types. This classification of populations and chemotypes was extended by analyzing populations
at the level of individual plants (Schroder, 1990) resulting in the respective frequency distributions
(Figure 3.5).

In addition, the range of essential oil components in the chemotypes of one Central European
population is shown in Table 3.5 (Franz, 2000).

H29 CH 29 Menemen

2%
2% | 4%

29%

96% 37% 88%

|

Bisabolol type

m Bisabolol oxide A type
UHMM Azulene type

Bisabolol oxide B type

m Bisabolon oxide type

FIGURE 3.5 Frequency distribution of chemotypes in three varieties/populatios of chamomile (Matricaria
recutita (L.) Rauschert).
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TABLE 3.5
Grouping within a European Spontaneous Chamomile, Figures
in% of Terpenoids in the Essential Oil of the Flower Heads

Chamazulen a-Bisabolol a-B.-Oxide A «-B.-Oxide B

a-Bisabolol-type

Range 2.5-35.2 58.8-92.1 n.d.-1.0 nd.-3.2

Mean 23.2 68.8 n.d. n.d.
a-Bisabololoxide A-type

Range 6.6-31.2 0.5-12.3 31.7-66.7 1.9-22.4

Mean 21.3 2.1 53.9 11.8
a-Bisabololoxide B-type

Range 7.6-24.2 0.8-6.5 1.6-4.8 61.6-80.5

Mean 16.8 2.0 2.6 72.2
Chamazulene-type

Range 76.3-79.2 5.8-8.3 n.d.-0.8 n.d.-2.6

Mean 77.8 7.1 n.d. n.d.

Source: Franz, Ch., Biodiversity and random sampling in essential oil plants, Lecture
31st ISEO, Hamburg, Germany, 2000.
Note: Main compounds in bold. n.d., not detected (determined).

Data on inter- and intraspecific variation of essential oils are countless, and recent reviews
are known for a number of genera published, for example, in the series “Medicinal and Aromatic
Plants—Industrial Profiles” (Harwood Publications, Taylor & Francis, CRC Press, respectively).

The generally observed quantitative and qualitative variations in essential oils draw the attention
i.a. to appropriate random sampling for getting valid information on the chemical profile of a spe-
cies or population. As concerns quantitative variations of a certain pattern or substance, Figure 3.6
shows exemplarily the bisabolol content of two chamomile populations depending on the number of
individual plants used for sampling. At small numbers, the mean value oscillates strongly, and only
after at least 15-20 individuals the range of variation becomes acceptable. Quite different appears
the situation at qualitative differences, that is, either—or variations within populations or taxa, for
example, carvacrol/thymol, o-/B-thujone/l1,8-cineole/camphor, or monoterpenes/phenylpropenes.
Any random sample may give nonspecific information only on the principal chemical profile of
the respective population provided that the sample is representative. This depends on the number
of chemotypes, their inheritance, and frequency distribution within the population, and generally
speaking, no less than 50 individuals are needed for that purpose, as it can be derived from the
comparison of chemotypes in a Thymus vulgaris population (Figure 3.7).

The overall high variation in essential oil compositions can be explained by the fact that quite
different products might be generated by small changes in the synthase sequences only. On the other
hand, different synthases may be able to produce the same substance in systematically distant taxa.
The different origin of such substances can be identified by, for example, the ?C/!3C ratio (Mosandl,
1993). Bazina et al. (2002) stated, “Hence, a simple quantitative analysis of the essential oil compo-
sition is not necessarily appropriate for estimating genetic proximity even in closely related taxa.”

3.3 IDENTIFICATION OF SOURCE MATERIALS

As illustrated by the previous paragraph, one of the crucial points of using plants as sources for
essential oils is their heterogeneity. A first prerequisite for reproducible compositions is therefore
an unambiguous botanical identification and characterization of the starting material. The first
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FIGURE 3.6 (-)-a-Bisabolol-content (mg/100 g crude drug) in two chamomile (Matricaria recutita)
populations: mean value in dependence of the number of individuals used for sampling.

approach is the classical taxonomical identification of plant materials based on macro- and micro-
morphological features of the plant. The identification is followed by phytochemical analysis that
may contribute to species identification as well as to the determination of the quality of the essential
oil. This approach is now complemented by DNA-based identification.

DNA is a long polymer of nucleotides, the building units. One of four possible nitrogenous bases
is part of each nucleotide, and the sequence of the bases on the polymer strand is characteristic for
each living individual. Some regions of the DNA, however, are conserved on the species or fam-
ily level and can be used to study the relationship of taxa (Taberlet et al., 1991; Wolfe and Liston,
1998). DNA sequences conserved within a taxon but different between taxa can therefore be used
to identify a taxon (DNA barcoding) (Hebert et al., 2003; Kress et al., 2005). A DNA-barcoding
consortium was founded in 2004 with the ambitious goal to build a barcode library for all eukary-
otic life in the next 20 years (Ratnasingham and Hebert, 2007). New sequencing technologies (454,
Solexa, SOLiD) enable a fast and representative analysis, but will be applied due to their high costs
in the moment only in the next phase of DNA barcoding (Frezal and Leblois, 2008). DNA barcoding
of animals has already become a routine task. DNA barcoding of plants, however, is still not trivial
and a scientific challenge (Pennisi, 2007).
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FIGURE 3.7 Mean values of the principal essential compounds of a Thymus vulgaris population (left) in
comparison to the mean values of the chemotypes within the same population.

Besides sequence information—based approaches, multilocus DNA methods (RAPD, amplified
fragment length polymorphism, etc.) are complementing in resolving complicated taxa and can
become a barcode for the identification of populations and cultivars (Weising et al., 2005). With
multilocus DNA methods, it is furthermore possible to tag a specific feature of a plant of which the
genetic basis is still unknown. This approach is called molecular markers (in sensu strictu) because
they mark the occurrence of a specific trait like a chemotype or flower color. The gene regions visu-
alized, for example, on an agarose gel are not the specific gene responsible for a trait but are located
on the genome in the vicinity of this gene and therefore co-occur with the trait and are absent when
the trait is absent. An example for such an inexpensive and fast polymerase chain reaction system
was developed by Bradbury et al. (2005) to distinguish fragrant from nonfragrant rice cultivars. If
markers would be developed for chemotypes in essential oil plants, species identification by DNA
and the determination of a chemotype could be performed in one step.

Molecular biological methods to identify species are nowadays routinely used in feed- and food-
stuffs to identify microbes, animals, and plants. Especially the discussion about traceability of genet-
ically modified organisms (GMOs) throughout the complete chain (“from the living organism to the
supermarket”) has sped up research in this area (Auer, 2003; Miraglia et al., 2004). One advantage
of molecular biological methods is the possibility to be used in a number of processed materials like
fatty oil (Pafundo et al., 2005) or even solvent extracts (Novak et al., 2007). The presence of minor
amounts of DNA in an essential oil cannot be excluded a priori, although distillation as separation
technique would suggest the absence of DNA. However, small plant or DNA fragments could distill
over or the essential oil could come in contact with plant material after distillation.

3.4 GENETIC AND PROTEIN ENGINEERING

Genetic engineering is defined as the direct manipulation of the genes of organisms by laboratory
techniques, not to be confused with the indirect manipulation of genes in traditional (plant) breed-
ing. Transgenic or GMOs are organisms (bacteria, plants, etc.) that have been engineered with sin-
gle or multiple genes (either from the same species or from a different species), using contemporary
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molecular biology techniques. These are organisms with improved characteristics, in plants, for
example, with resistance or tolerance to biotic or abiotic stresses such as insects, disease, drought,
salinity, and temperature. Another important goal in improving agricultural production conditions
is to facilitate weed control by transformed plant resistant to broadband herbicides like glufosinate.
Peppermint has been successfully transformed with the introduction of the bar gene, which encodes
phosphinothricin acetyltransferase, an enzyme inactivating glufosinate ammonium or the ammo-
nium salt of glufosinate, phosphinothricin, making the plant insensitive to the systemic, broad-
spectrum herbicide Roundup (Roundup Ready mint) (Li et al., 2001).

A first step in genetic engineering is the development and optimization of transformation (gene
transfer) protocols for the target species. Such optimized protocols exist for essential oil plants such
as lavandin (Lavandula x intermedia; Dronne et al., 1999), spike lavender (Lavandula latifolia;
Nebauer et al., 2000), and peppermint (M. piperita; Diemer et al., 1998; Niu et al., 2000).

In spike lavender, an additional copy of the 1-deoxy-D-xylulose-5-phosphate synthase gene, the first
enzymatic step in the methylerythritol phosphate (MEP) pathway leading to the precursors of mono-
terpenes, from Arabidopsis thaliana, was introduced and led to an increase of the essential oil of the
leaves of up to 360% and of the essential oil of flowers of up to 74% (Munoz-Bertomeu et al., 2006).

In peppermint, many different steps to alter essential oil yield and composition were already
targeted (reviewed by Wildung and Croteau 2005; Table 3.6). The overexpression of deoxyxylulose
phosphate reductoisomerase (DXR), the second step in the MEP pathway, increased the essen-
tial oil yield by approximately 40% tested under field conditions (Mahmoud and Croteau, 2001).
The overexpression of geranyl diphosphate synthase leads to a similar increase of the essential oil.
Menthofuran, an undesired compound, was downregulated by an antisense method (a method to
influence or block the activity of a specific gene). Overexpression of the menthofuran antisense
RNA was responsible for an improved oil quality by reducing both menthofuran and pulegone
in one transformation step (Mahmoud and Croteau, 2003). The ability to produce a peppermint
oil with a new composition was demonstrated by Mahmoud et al. (2004) by upregulating limo-
nene by cosuppression of limonene-3-hydroxylase, the enzyme responsible for the transformation of
(-)-limonene to (-)-trans-isopiperitenol en route to menthol.

Protein engineering is the application of scientific methods (mathematical and laboratory meth-
ods) to develop useful or valuable proteins. There are two general strategies for protein engineering,
random mutagenesis and rational design. In rational design, detailed knowledge of the structure
and function of the protein is necessary to make desired changes by site-directed mutagenesis, a
technique already well developed. An impressive example of the rational design of monoterpene
synthases was given by Kampranis et al. (2007) who converted a 1,8-cineole synthase from S. fruti-
cosa into a synthase producing sabinene, the precursor of a- and B-thujones with a minimum num-
ber of substitutions. They went also a step further and converted this monoterpene synthase into a

TABLE 3.6
Essential Oil Composition and Yield of Transgenic Peppermint Transformed with Genes
Involved in Monoterpene Biosynthesis

Gene Method Limonene  Mentho-Furan  Pulegone  Menthone  Menthol  Oil Yield (Ib/acre)

WT — 1.7 4.3 2.1 20.5 445 97.8
DXR Overexpress 1.6 3.6 1.8 19.6 45.6 137.9
MFS Antisense 1.7 1.2 0.4 227 452 109.7
1-3-h Cosuppress 74.7 0.4 0.1 4.1 3.0 99.6

Source: Wildung, M.R. and R.B. Croteau, Transgenic Res., 14, 365, 2005.
Note: DXR, Deoxyxylulose phosphate reductoisomerase; 1-3-h, limonene-3-hydroxylase; MFS, menthofuran synthase;
WT, wild type.
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sesquiterpene synthase by substituting a single amino acid that enlarged the cavity of the active site
enough to accommodate the larger precursor of the sesquiterpenes, farnesyl pyrophosphate.

3.5 RESOURCES OF ESSENTIAL OILS: WILD COLLECTION
OR CULTIVATION OF PLANTS

The raw materials for producing essential oil are resourced either from collecting them in nature
(wild collection) or from cultivating the plants (Table 3.7).

3.5.1 WiLp COLLECTION AND SUSTAINABILITY

Since prehistoric times, humans have gathered wild plants for different purposes; among them
are aromatic, essential oil-bearing species used as culinary herbs, spices, flavoring agents, and
fragrances. With increasing demand of standardized, homogeneous raw material in the indus-
trial societies, more and more wild species have been domesticated and systematically cultivated.
Nevertheless, a high number of species are still collected from the wild due to the fact that

* Many plants and plant products are used for the subsistence of the rural population.

* Small quantities of the respective species are requested at the market only which make a
systematic cultivation not profitable.

* Some species are difficult to cultivate (slow growth rate and requirement of a special
microclimate).

* Market uncertainties or political circumstances do not allow investing in long-term
cultivation.

¢ The market is in favor of ecologically or naturally labeled wild collected material.

Especially—but not only—in developing countries, parts of the rural population depend economi-
cally on gathering high-value plant material. Less than two decades ago, almost all oregano (crude
drug as well as essential oil) worldwide came from wild collection (Padulosi, 1996) and even this
well-known group of species (Origanum sp. and Lippia sp.) was counted under “neglected and
underutilized crops.”

Yarrow (A. millefolium s.1.), arnica, and even chamomile originate still partly from wild collec-
tion in Central and Eastern Europe, and despite several attempts to cultivate spikenard (Valeriana
celtica), a tiny European mountain plant with a high content of patchouli alcohol, this species is still
wildly gathered in Austria and Italy (Novak et al., 1998, 2000).

To regulate the sustainable use of biodiversity by avoiding overharvesting, genetic erosion, and
habitat loss, international organizations such as International Union for Conservation of Nature
(IUCN), WWF/TRAFFIC, and World Health Organization (WHO) have launched together the
Convention on Biological Diversity (CBD, 2001), the Global Strategy for Plant Conservation (CBD,
2002), and the Guidelines for the Sustainable Use of Biodiversity (CBD, 2004). TRAFFIC is a joint
programme of World Wide Fund for Nature (WWF) and the World Conservation Union (IUCN).
TRAFFIC also works in close co-operation with the Secretariat of the Convention on International
Trade in Endangered Species of Wild Fauna and Flora (CITES). These principles and recommen-
dations address primarily the national and international policy level, but provide also the herbal
industry and the collectors with specific guidance on sustainable sourcing practices (Leaman,
2006). A standard for sustainable collection and use of medicinal and aromatic plants (the inter-
national standard on sustainable wild collection of medicinal and aromatic plants [ISSC-MAP])
was issued first in 2004, and its principles will be shown at the end of this chapter. This stan-
dard certifies wild-crafted plant material insofar as conservation and sustainability are concerned.
Phytochemical quality cannot, however, be derived from it, which is the reason for domestication
and systematic cultivation of economically important essential oil plants.
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TABLE 3.7
Important Essential Oil-Bearing Plants—Common and Botanical Names Including Family,
Plant Parts Used, Raw Material Origin, and Trade Quantities of the Essential Oil

Used Plant  Wild Collection/ Trade

Trade Name Species Plant Family Part(s) Cultivation Quantities?
Ambrette seed Hibiscus abelmoschus L. Malvaceae Seed Cult LQ
Amyris Amyris balsamifera L. Rutaceae Wood Wild LQ
Angelica root Angelica archangelica L. Apiaceae Root Cult LQ
Anise seed Pimpinella anisum L. Apiaceae Fruit Cult LQ
Armoise Artemisia herba-alba Asso. Asteraceae Herb Cult/wild LQ
Asafoetida Ferula assa-foetida L. Apiaceae Resin Wild LQ
Basil Ocimum basilicum L. Lamiaceae Herb Cult LQ
Bay Pimenta racemosa Moore Myrtaceae Leaf Cult LQ
Bergamot Citrus aurantium L. ssp. Rutaceae Fruit peel Cult MQ

bergamia (Risso et Poit.)

Engl.
Birch tar Betula pendula Roth. (syn. Betulaceae Bark/wood Wild LQ

Betula verrucosa Erhart.
Betula alba sensu
H.J.Coste. non L.)
Buchu leaf Agathosma betulina Rutaceae Leaf Wild LQ
(Bergius) Pillans. A.
crenulata (L.) Pillans

Cade Juniperus oxycedrus L. Cupressaceae Wood Wild LQ

Cajuput Melaleuca leucandendron L.  Myrtaceae Leaf Wild LQ

Calamus Acorus calamus L. Araceae Rhizome Cult/wild LQ

Camphor Cinnamomum camphora L. Lauraceae Wood Cult LQ
(Sieb.)

Cananga Cananga odorata Hook. f. et Annonaceae Flower Wild LQ
Thoms.

Caraway Carum carvi L. Apiaceae Seed Cult LQ

Cardamom Elettaria cardamomum (L.) Zingiberaceae Seed Cult LQ
Maton

Carrot seed Daucus carota L. Apiaceae Seed Cult LQ

Cascarilla Croton eluteria (L.) Euphorbiaceae Bark Wild LQ
W.Wright

Cedarwood, Chinese  Cupressus funebris Endl. Cupressaceae Wood Wild MQ

Cedarwood, Texas Juniperus mexicana Schiede  Cupressaceae Wood Wild MQ

Cedarwood, Virginia  Juniperus virginiana L. Cupressaceae Wood Wild MQ

Celery seed Apium graveolens L. Apiaceae Seed Cult LQ

Chamomile Matricaria recutita L. Asteraceae Flower Cult LQ

Chamomile, Roman  Anthemis nobilis L. Asteraceae Flower Cult LQ

Chenopodium Chenopodium ambrosioides ~ Chenopodiaceae  Seed Cult LQ
(L.) Gray

Cinnamon bark, Cinnamomum zeylanicum Lauraceae Bark Cult LQ

Ceylon Nees
Cinnamon bark, Cinnamomum cassia Blume  Lauraceae Bark Cult LQ
Chinese

Cinnamon leaf Cinnamomum zeylanicum Lauraceae Leaf Cult LQ

Nees
(Continued)
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TABLE 3.7 (Continued)
Important Essential Oil-Bearing Plants—Common and Botanical Names Including Family,

Plant Parts Used, Raw Material Origin, and Trade Quantities of the Essential Oil
Used Plant  Wild Collection/

Trade Name

Citronella, Ceylon

Citronella, Java

Clary sage

Clove buds

Clove leaf

Coriander
Cornmint

Cumin
Cypress
Davana

Dill

Dill, India

Elemi

Eucalyptus

Eucalyptus,
lemon-scented

Fennel bitter

Fennel sweet

Fir needle, Canadian
Fir needle, Siberian
Gaiac

Galbanum

Garlic
Geranium
Ginger
Gingergrass

Grapefruit
Guaiacwood

Species
Cymbopogon nardus (L.)
W. Wats.
Cymbopogon winterianus
Jowitt.

Salvia sclarea L.

Syzygium aromaticum (L.)
Merill et L.M. Perry
Syzygium aromaticum (L.)
Merill et L.M. Perry
Coriandrum sativum L.
Mentha canadensis L. (syn.
M. arvensis L. f.
piperascens Malinv. ex

Holmes; M. arvensis L. var.

glabrata. M. haplocalyx
Briq.; M. sachalinensis
[Briq.] Kudo)
Cuminum cyminum L.
Cupressus sempervirens L.

Artemisia pallens Wall.

Anethum graveolens L.
Anethum sowa Roxb.
Canarium luzonicum Miq.
Eucalyptus globulus Labill.
Eucalyptus citriodora Hook.

Foeniculum vulgare Mill.
Ssp. vulgare var. vulgare

Foeniculum vulgare Mill.
ssp. vulgare var. dulce

Abies balsamea Mill.

Abies sibirica Ledeb.

Guaiacum officinale L.

Ferula galbaniflua Boiss. F.
rubricaulis Boiss.

Allium sativum L.

Pelargonium spp.

Zingiber officinale Roscoe

Cymbopogon martinii
(Roxb.) H. Wats var. sofia
Burk

Citrus x paradisi Macfad.

Bulnesia sarmienti L.
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Plant Family

Poaceae
Poaceae
Lamiaceae
Myrtaceae
Myrtaceae

Apiaceae
Lamiaceae

Apiaceae
Cupressaeae
Asteraceae

Apiaceae
Apiaceae
Burseraceae
Myrtaceae
Myrtaceae

Apiaceae
Apiaceae

Pinaceae
Pinaceae
Zygophyllaceae
Apiaceae

Alliaceae
Geraniaceae
Zingiberaceae
Poaceae

Rutaceae
Zygophyllaceae

Part(s)
Leaf

Leaf

Flowering
herb
Leaf/bud

Leaf

Fruit
Leaf

Fruit
Leaf/twig
Flowering
herb
Herb/fruit
Fruit
Resin
Leaf
Leaf

Fruit

Fruit

Leaf/twig
Leaf/twig
Resin
Resin

Bulb
Leaf
Rhizome
Leaf

Fruit peel
Wood

Cultivation
Cult

Cult

Cult

Cult

Cult

Cult
Cult

Cult
Wild
Cult

Cult
Cult
Wild
Cult/wild
Cult/wild

Cult

Cult

Wild
Wild
Wild
Wild

Cult
Cult
Cult
Cult/wild

Cult
Wild

Trade
Quantities?

HQ
HQ
MQ
LQ
HQ

LQ
HQ

LQ
LQ
LQ

LQ
LQ
LQ
HQ
HQ

LQ
LQ

LQ
LQ
LQ
LQ

LQ
MQ
LQ

LQ
MQ
(Continued)
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TABLE 3.7 (Continued)
Important Essential Oil-Bearing Plants—Common and Botanical Names Incl. Family,
Plant Parts Used, Raw Material Origin, and Trade Quantities of the Essential Oil

Used Plant  Wild Collection/ Trade

Trade Name Species Plant Family Part(s) Cultivation Quantities?
Gurjum Dipterocarpus spp. Dipterocarpaceae  Resin Wild LQ
Hop Humulus lupulus L. Cannabaceae Flower Cult LQ
Hyssop Hyssopus officinalis L. Lamiaceae Leaf Cult LQ
Juniper berry Juniperus communis L. Cupressaceae Fruit Wild LQ
Laurel leaf Laurus nobilis L. Lauraceae Leaf Cult/wild LQ
Lavandin Lavandula angustifolia Mill.  Lamiaceae Leaf Cult HQ
x L. latifolia Medik.
Lavender Lavandula angustifolia Lamiaceae Leaf Cult MQ
Miller
Lavender, Spike Lavandula latifolia Medik. Lamiaceae Flower Cult LQ
Lemon Citrus limon (L.) Burman fil. Rutaceae Fruit peel Cult HQ
Lemongrass, Indian ~ Cymbopogon flexuosus Poaceae Leaf Cult LQ
(Nees ex Steud.) H. Wats.
Lemongrass, West Cymbopogon citratus (DC.)  Poaceae Leaf Cult LQ
Indian Stapf
Lime distilled Citrus aurantiifolia Rutaceae Fruit Cult HQ
(Christm. et Panz.) Swingle
Litsea cubeba Litsea cubeba C.H. Persoon  Lauraceae Fruit/leaf Cult MQ
Lovage root Levisticum officinale Koch Apiaceae Root Cult LQ
Mandarin Citrus reticulata Blanco Rutaceae Fruit peel Cult MQ
Marjoram Origanum majorana L. Lamiaceae Herb Cult LQ
Mugwort common Artemisia vulgaris L. Asteraceae Herb Cult/wild LQ
Mugwort, Roman Artemisia pontica L. Asteraceae Herb Cult/wild LQ
Myrtle Myrtus communis L. Myrtaceae Leaf Cult/wild LQ
Neroli Citrus aurantium L. ssp. Rutaceae Flower Cult LQ
aurantium
Niaouli Melaleuca viridiflora Myrtaceae Leaf Cult/wild LQ
Nutmeg Mpyristica fragrans Houtt. Myristicaceae Seed Cult LQ
Onion Allium cepa L. Alliaceae Bulb Cult LQ
Orange Citrus sinensis (L.) Osbeck Rutaceae Fruit peel Cult HQ
Orange bitter Citrus aurantium L. Rutaceae Fruit peel Cult LQ
Oregano Origanum spp. Thymbra Lamiaceae Herb Cult/wild LQ

spicata L. Coridothymus
capitatus Rechb. fil.
Satureja spp. Lippia

graveolens

Palmarosa Cymbopogon martinii Poaceae Leaf Cult LQ
(Roxb.) H. Wats var. motia
Burk

Parsley seed Petroselinum crispum (Mill.)  Apiaceae Fruit Cult LQ
Nym. ex A.W. Hill

Patchouli Pogostemon cablin (Blanco) ~ Lamiaceae Leaf Cult HQ
Benth.

Pennyroyal Mentha pulegium L. Lamiaceae Herb Cult LQ

Pepper Piper nigrum L. Piperaceae Fruit Cult LQ

(Continued)
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TABLE 3.7 (Continued)
Important Essential Oil-Bearing Plants—Common and Botanical Names Incl. Family,
Plant Parts Used, Raw Material Origin, and Trade Quantities of the Essential Oil
Used Plant  Wild Collection/ Trade
Trade Name Species Plant Family Part(s) Cultivation Quantities?
Peppermint Mentha x piperita L. Lamiaceae Leaf Cult HQ
Petitgrain Citrus aurantium L. ssp. Rutaceae Leaf Cult LQ
aurantium
Pimento leaf Pimenta dioica (L.) Merr. Myrtaceae Fruit Cult LQ
Pine needle Pinus silvestris L. P. nigra Pinaceae Leaf/twig Wild LQ
Arnold
Pine needle, Dwarf  Pinus mugo Turra Pinaceae Leaf/twig Wild LQ
Pine silvestris Pinus silvestris L. Pinaceae Leaf/twig Wild LQ
Pine white Pinus palustris Mill. Pinaceae Leaf/twig Wild LQ
Rose Rosa x damascena Miller Rosaceae Flower Cult LQ
Rosemary Rosmarinus officinalis L. Lamiaceae Feaf Cult/wild LQ
Rosewood Aniba rosaeodora Ducke Lauraceae Wood Wild LQ
Rue Ruta graveolens L. Rutaceae Herb Cult LQ
Sage, Dalmatian Salvia officinalis L. Lamiaceae Herb Cult/wild LQ
Sage, Spanish Salvia lavandulifolia L. Lamiaceae Leaf Cult LQ
Sage, three lobed Salvia fruticosa Mill. (syn. Lamiaceae Herb Cult/wild LQ
(Greek Turkish) S. triloba L.)
Sandalwood, East Santalum album L. Santalaceae Wood Wild MQ
Indian
Sassafras, Brazilian Ocotea odorifera (Vell.) Lauraceae Wood Wild HQ
(Ocotea cymbarum Rohwer (Ocotea pretiosa
oil) [Nees] Mez.)
Sassafras, Chinese Sassafras albidum (Nutt.) Lauraceae Root bark Wild HQ
Nees.
Savory Satureja hortensis L. Lamiaceae Leaf Cult/wild LQ
Satureja montana L.
Spearmint, Native Mentha spicata L. Lamiaceae Leaf Cult MQ
Spearmint, Scotch Mentha gracilis Sole Lamiaceae Leaf Cult HQ
Star anise Hllicium verum Hook fil. Illiciaceae Fruit Cult MQ
Styrax Styrax officinalis L. Styracaceae Resin Wild LQ
Tansy Tanacetum vulgare L. Asteraceae Flowering Cult/wild LQ
herb
Tarragon Artemisia dracunculus L. Asteraceae Herb Cult LQ
Tea tree Melaleuca spp. Myrtaceae Leaf Cult LQ
Thyme Thymus vulgaris L. T. zygis Lamiaceae Herb Cult LQ
Loefl. ex L.
Valerian Valeriana officinalis L. Valerianaceae Root Cult LQ
Vetiver Vetiveria zizanoides (L.) Poaceae Root Cult MQ
Nash
Wintergreen Gaultheria procumbens L. Ericaceae Leaf Wild LQ
‘Wormwood Artemisia absinthium L. Asteraceae Herb Cult/wild LQ
Ylang Ylang Cananga odorata Hook. f. et Annonaceae Flower Cult MQ

2 HQ, High quantities (>1000 t/a); MQ, medium quantities (100-1000 t/a); LQ, low quantities (<100 t/a).

Thoms.

© 2016 by Taylor & Francis Group, LLC



64 Handbook of Essential Oils: Science, Technology, and Applications

3.5.2 DOMESTICATION AND SYSTEMATIC CULTIVATION

This offers a number of advantages over wild harvest for the production of essential oils:

* Avoidance of admixtures and adulterations by reliable botanical identification.

» Better control of the harvested volumes.

» Selection of genotypes with desirable traits, especially quality.

» Controlled influence on the history of the plant material and on postharvest handling.

On the other side, it needs arable land and investments in starting material, maintenance, and har-
vest techniques. On the basis of a number of successful introductions of new crops a scheme and
strategy of domestication was developed by this author (Table 3.8).

Recent examples of successful domestication of essential oil-bearing plants are oregano (Ceylan
et al., 1994; Kitiki, 1997; Putievsky et al., 1997), Lippia sp. (Fischer, 1998), Hyptis suaveolens
(Grassi, 2003), and T. lucida (Goehler, 2006). Domesticating a new species starts with studies at
the natural habitat. The most important steps are the exact botanical identification and the detailed
description of the growing site. National Herbaria are in general helpful in this stage. In the course
of collecting seeds and plant material, a first phytochemical screening will be necessary to recog-
nize chemotypes (Fischer et al., 1996; Goehler et al., 1997). The phytosanitary of wild populations
should also be observed so as to be informed in advance on specific pests and diseases. The flower
heads of wild Arnica montana, for instance, are often damaged by the larvae of Tephritis arnicae
(Fritzsche et al., 2007).

The first phase of domestication results in a germplasm collection. In the next step, the appropri-
ate propagation method has to be developed, which might be derived partly from observations at
the natural habitat: while studying wild populations of 7. lucida in Guatemala we found, besides
appropriate seed set, also runners, which could be used for vegetative propagation of selected plants
(Goehler et al., 1997). Wherever possible, propagation by seeds and direct sowing is however pre-
ferred due to economic reasons.

The appropriate cultivation method depends on the plant type—annual or perennial, herb,
vine, or tree—and on the agroecosystem into which the respective species should be introduced.

TABLE 3.8
Domestication Strategy for Plants of the Spontaneous Flora

—_

. Studies at the natural habitat: botany, soil, climate, growing type, natural - GPS to exactly localize the place
distribution and propagation, natural enemies, pests and diseases

2. Collection of the wild grown plants and seeds: establishment of a germplasm

collection, ex situ conservation, phytochemical investigation (screening)

3. Plant propagation: vegetatively or by seeds, plantlet cultivation; - Biotechnol./in vitro
(biotechnol.: in vitro propagation)

4. Genetic improvement: variability, selection, breeding; phytochemical - Biotechnol./in vitro
investigation, biotechnology (in vitro techniques)

5. Cultivation treatments: growing site, fertilization, crop maintenance,
cultivation techniques

6. Phytosanitary problems: pests, diseases - Biotechnol./in vitro

7. Duration of the cultivation: harvest, postharvest handling, phytochemical - Technical processes, solar energy
control of the crop produced (new techniques)

8. Economic evaluation and calculation - New techniques

Source: Modified from Franz, Ch., Plant Res. Dev., 37, 101, 1993c; Franz, Ch., Genetic versus climatic factors influencing
essential oil formation, Proceedings of the 12th International Congress of Essential Oils, Fragrances and Flavours,
Vienna, Austria, 1993d, pp. 27-44.
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In contrast to large-scale field production of herbal plants in temperate and Mediterranean zones,
small-scale sustainable agroforesty and mixed cropping systems adapted to the environment have
the preference in tropical regions (Schippmann et al., 2006). Parallel to the cultivation trials deal-
ing with all topics from plant nutrition and maintenance to harvesting and postharvest handling,
the evaluation of the genetic resources and the genetic improvement of the plant material must be
started to avoid developing of a detailed cultivation scheme with an undesired chemotype.

3.5.3 FACTORS INFLUENCING THE PRODUCTION AND QUALITY
OF EssenTiAL OiL-BEARING PLANTS

Since plant material is the product of a predominantly biological process, prerequisite of its produc-
tivity is the knowledge on the factors influencing it, of which the most important ones are

1. The already discussed intraspecific chemical polymorphism, derived from it the biosyn-
thesis and inheritance of the chemical features, and as consequence selection and breeding
of new cultivars.

2. The intraindividual variation between the plant parts and depending on the developmental
stages (“morpho- and ontogenetic variation”).

3. The modification due to environmental conditions including infection pressure and
immissions.

4. Human influences by cultivation measures, for example, fertilizing, water supply, or pest
management.

3.5.3.1 Genetic Variation and Plant Breeding

Phenotypic variation in essential oils was detected very early because of their striking sensorial
properties. Due to the high chemical diversity, a continuous selection of the desired chemotypes
leads to rather homogenous and reproducible populations, as this is the case with the landraces and
common varieties. But Murray and Reitsema (1954) stated already that “a plant breeding program
requires a basic knowledge of the inheritance of at least the major essential oil compounds.” Such
genetic studies have been performed over the last 50 years with a number of species especially of
the mint family (e.g., T. vulgaris: Vernet, 1976; Ocimum sp.: Sobti et al., 1978; Gouyon and Vernet,
1982; P. frutescens: Koezuka et al., 1986; Mentha sp.: Croteau, 1991), of the Asteraceae/Compositae
(M. recutita: Horn et al., 1988; Massoud and Franz, 1990), the genus (Eucalyptus: Brophy and
Southwell, 2002; Doran, 2002), or the V. zizanioides (Akhila and Rani, 2002).

The results achieved by inheritance studies have been partly applied in targeted breeding as
shown exemplarily in Table 3.9. Apart from the essential oil content and composition there are also
other targets to be observed when breeding essential oil plants, as particular morphological char-
acters ensuring high and stable yields of the respective plant part, resistances to pest and diseases
as well as abiotic stress, low nutritional requirements to save production costs, appropriate homo-
geneity, and suitability for technological processes at harvest and postharvest, especially readi-
ness for distillation (Pank, 2007). In general, the following breeding methods are commonly used
(Franz, 1999).

3.5.3.1.1 Selection by Exploiting the Natural Variability
Since many essential oil-bearing species are in the transitional phase from wild plants to systematic
cultivation, appropriate breeding progress can be achieved by simple selection. Wild collections
or accessions of germplasm collections are the basis, and good results were obtained, for example,
with Origanum sp. (Putievsky et al., 1997) in limited time and at low expenses.

Individual plants showing the desired phenotype will be selected and either generatively or
vegetatively propagated (individual selection), or positive or negative mass selection techniques
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TABLE 3.9

Some Registered Cultivars of Essential Oil Plant

Species

Achillea collina

Angelica
archangelica

Foeniculum vulgare

Lavandula officinalis

Levisticum officinale

Matricaria recutita

Melissa officinalis

Mentha piperita

Mentha spicata

Ocimum basilicum

Origanum syriacum

Origanum onites

Origanum hirtum

Origanum majorana

(Majorana hortensis)
Salvia officinalis

Thymus vulgaris

Cultivar/
Variety

SPAK
VS2

Fonicia

Rapido

Amor
Mabamille
Ciclo-1
Lutea
1ldiko

Landor

Lemona

Todd’s Mitcham
Kubanskaja

MSH-20

Greco
Perri
Cardinal
Senkoy

Carmeli
Tavor

Vulkan
Carva
Darpman

Erfo
Tetrata
Gl
Moran
Syn 1
Varico
T-16
Virginia

Country

CH
FR

HU
FR

PL
DE
IT
SK
HU

CH
DE
USA
RUS

DK

IT
ISR
ISR
TR

ISR
ISR
GR
GR
DE

CH
TR

DE
DE
FR
ISR
IT
CH
DK
ISR

Year of
Registration

1994
1996

1998
1999

2000
1995
2000
1995
1998

1994
2001
1972
1980s

2000

2000
1999
2000
1992

1999
1999
2000
2000
2002
2002
1992

1997
1999
1998
1998
2004
1994
2000
2000

Breeding Method

Crossing
Recurrent pedigree

Selection

Polycross

Selection
Tetraploid
Line breeding
Tetraploid
Selection

Selection

Selection

Mutation

Crossing and
polyploid

Recurrent pedigree

Synthetic
Cross-breeding
Cross-breeding

Selection

Selection
Selection
Selfing

Selfing

Crossing
Crossing
Selection

Crossing
Ployploid
Polycross
Crossing
Synthetic
Selection
Recurrent pedigree
Selection

Specific Characters

High in proazulene

Essential oil index of
roots: 180

High anethole

High essential oil, high
linalyl acetate

High essential oil

High a-bisabolol

High chamazulene

High a-bisabolol

High essential oil,

Citral A + B, linalool

High essential oil

High essential oil, citral

Wilt resistant

High essential oil, high
menthol

High menthol, good
flavor

Flavor

Fusarium Resistant

5% essential oil,
60% carvacrol
Carvacrol

Thymol

Carvacrol
Carvacrol
Carvacrol
Carvacrol

2.5% essential oil,
55% carvacrol
High essential oil,
cis-Sabinene-hydrate

Herb yield
o-Thujone
Thymol/carvacrol
Thymol

Herb yield

can be applied. Selection is traditionally the most common method of genetic improvement and
the majority of varieties and cultivars of essential oil crops have this background. Due to the fact,
however, that almost all of the respective plant species are allogamous, a recurrent selection is
necessary to maintain the varietal traits, and this has especially to be considered if other varieties
or wild populations of the same species are nearby and uncontrolled cross pollination may occur.
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The efficacy of selection has been shown by examples of many species, for instance, of the
Lamiaceae family, starting from “Mitcham” peppermint and derived varieties (Lawrence, 2007),
basil (Elementi et al., 2006), sage (Bezzi, 1994; Bernath, 2000) to thyme (Rey, 1993). It is a well-
known method also in the breeding of caraway (Pank et al., 1996) and fennel (Desmarest, 1992)
as well as of tropical and subtropical species such as palmarosa grass (Kulkarni, 1990), tea tree
(Taylor, 1996), and eucalyptus (Doran, 2002). At perennial herbs, shrubs, and trees clone breeding,
that is, the vegetative propagation of selected high-performance individual plants, is the method
of choice, especially in sterile or not type-true hybrids, for example, peppermint (M. piperita) or
lavandin (Lavandula x hybrida). But this method is often applied also at sage (Bazina et al., 2002),
rosemary (Mulas et al., 2002), lemongrass (Kulkarni and Ramesh, 1992), pepper, cinnamon, and
nutmeg (Nair, 1982), and many other species.

3.5.3.1.2  Breeding with Extended Variability (Combination Breeding)

If different desired characters are located in different individuals/genotypes of the same or a closely
related crossable species, crossings are made followed by selection of the respective combination
products. Artificial crossings are performed by transferring the paternal pollen to the stigma of the
female (emasculated) or male sterile maternal flower. In the segregating progenies individuals with
the desired combination will be selected and bred to constancy, as exemplarily described for fennel
and marjoram by Pank (2002b).

Hybrid breeding—common in large-scale agricultural crops, for example, maize—was introduced
into essential oil plants over the last decade only. The advantage of hybrids on the one side is that the
F, generation exceeds the parent lines in performance due to hybrid vigor and uniformity (“heterosis
effect”) and on the other side it protects the plant breeder by segregating of the F, and following gen-
erations in heterogeneous low-value populations. But it needs as precondition separate (inbred) parent
lines of which one has to be male sterile and one male fertile with good combining ability.

In addition, a male fertile “maintainer” line is needed to maintain the mother line. Few examples
of F, hybrid breeding are known especially at Lamiaceae since male sterile individuals are found
frequently in these species (Rey, 1994; Langbehn et al., 2002; Novak et al., 2002; Pank et al., 2002a).

Synthetic varieties are based on several (more than two) well-combining parental lines or
clones which are grown together in a polycross scheme with open pollination for seed produc-
tion. The uniformity and performance is not as high as at F, hybrids but the method is simpler and
cheaper and the seed quality acceptable for crop production until the second or third generation.
Synthetic cultivars are known for chamomile (Franz et al., 1985), arnica (Daniel and Bomme, 1991),
marjoram (Franz and Novak, 1997), sage (Aiello et al., 2001), or caraway (Pank et al., 2007).

3.5.3.1.3 Breeding with Artificially Generated New Variability
Induced mutations by application of mutagenic chemicals or ionizing radiation open the possibil-
ity to find new trait expressions. Although quite often applied, such experiments are confronted
with the disadvantages of undirected and incalculable results, and achieving a desired mutation is
often like searching for a needle in a haystack. Nevertheless, remarkable achievements are several
colchicine-induced polyploid varieties of peppermint (Murray, 1969; Lawrence, 2007), chamomile
(Czabajska et al., 1978; Franz et al., 1983; Repcak et al., 1992), and lavender (Slavova et al., 2004).

Further possibilities to obtain mutants are studies of the somaclonal variation of in vitro cultures
since abiotic stress in cell and tissue cultures induces also mutagenesis. Finally, genetic engineering
opens new fields and potentialities to generate new variability and to introduce new traits by gene
transfer. Except research on biosynthetic pathways of interesting essential oil compounds genetic
engineering, GMO’s and transgenic cultivars are until now without practical significance in essen-
tial oil crops and also not (yet) accepted by the consumer.

As regards the different traits, besides morphological, technological, and yield characteristics as
well as quantity and composition of the essential oil, also stress resistance and resistance to pests
and diseases are highly relevant targets in breeding of essential oil plants. Well known in this respect
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are breeding efforts against mint rust (Puccinia menthae) and wilt (Verticillium dahliae) resulting
in the peppermint varieties “Multimentha,” “Prilukskaja,” or “Todd’s Mitcham” (Murray and Todd,
1972; Lawrence, 2007; Pank, 2007), the development of Fusarium-wilt and Peronospora resis-
tant cultivars of basil (Dudai, 2006; Minuto et al., 2006), or resistance breeding against Septoria
petroselini in parsley and related species (Marthe and Scholze, 1996). An overview on this topic is
given by Gabler (2002).

3.5.3.2 Plant Breeding and Intellectual Property Rights

Essential oil plants are biological, cultural, and technological resources. They can be found in
nature gathered from the wild or developed through domestication and plant breeding. As long as
the plant material is wild collected and traditionally used, it is part of the cultural heritage without
any individual intellectual property and therefore not possible to protect, for example, by patents.
Even finding a new plant or substance is a discovery in the “natural nature” and not an invention
since a technical teaching is missing. Intellectual property, however, can be granted to new appli-
cations that involve an inventive step. Which consequences can be drawn from these facts for the
development of novel essential oil plants and new selections or cultivars?

Selection and genetic improvement of aromatic plants and essential oil crops is not only time
consuming but also rather expensive due to the necessity of comprehensive phytochemical and pos-
sibly molecular biological investigations. In addition, with few exceptions (e.g., mints, lavender and
lavandin, parsley but also Cymbopogon sp., black pepper, or cloves) the acreage per species is rather
limited in comparison with conventional agricultural and horticultural crops. And finally, there are
several “fashion crops” with market uncertainties concerning their longevity or half-life period,
respectively. The generally unfavorable cost: benefit ratio to be taken into consideration makes
essential oil plant breeding economically risky and there is no incentive for plant breeders unless
a sufficiently strong plant intellectual property right (IPR) exists. Questioning “which protection,
which property right for which variety?” offers two options (Franz, 2001).

3.5.3.2.1 Plant Variety Protection

By conventional methods bred plant groupings that collectively are distinct from other known vari-
eties and are uniform and stable following repeated reproduction can be protected by way of plant
breeder’s rights. Basis is the International Convention for the Protection of New Varieties initially
issued by UPOV (Union for the Protection of New Varieties of Plants) in 1961 and changed in 1991.
A plant breeder’s right is a legal title granting its holder the exclusive right to produce reproductive
material of his plant variety for commercial purposes and to sell this material within a particular
territory for up to 30 years (trees and shrubs) or 25 years (all other plants). A further precondition is
the “commercial novelty,” that is, it must not have been sold commercially prior to the filing date.
Distinctness, uniformity, and stability (DUS) refer to morphological (leaf shape, flower color, etc.)
or physiological (winter hardiness, disease resistance, etc.), but not phytochemical characteristics,
for example, essential oil content or composition. Such “value for cultivation and use (VCU) char-
acteristics” will not be examined and are therefore not protected by plant breeder’s rights (Franz,
2001; Llewelyn, 2002; Van Overwalle, 2006).

3.5.3.2.2 Patent Protection (Plant Patents)

Generally speaking, patentable are inventions (not discoveries!) that are novel, involve an innovative
step, and are susceptible to industrial application, including agriculture. Plant varieties or essentially
biological processes for the production of plants are explicitly excluded from patenting. But other
groupings of plants that fall neither under the term “variety” nor under “natural nature” are possible
to be protected by patents. This is especially important for plant groupings with novel phytochemi-
cal composition or novel application combined with an inventive step, for example, genetic modi-
fication, a technologically new production method or a novel type of isolation (product by process
protection).
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TABLE 3.10
Advantages and Disadvantages of PVP versus Patent Protection of Specialist Minor Crops
(Medicinal and Aromatic Plants)

PVP Patent
Beginning of protection: registration date Beginning of protection: application date
Restricted to “varieties” “Varieties” not patentable, but any other grouping of plants

Requirements: DUS = distinctness, uniformity, stability =~ Requirements: novelty, inventive step, industrial applicability
(=NIA)
Free choice of characters to be used for DUS by PVO Repeatability obligatory, product by process option
(Plant Variety Office)

Phenotypical. Mainly morphological characters “Essentially biological process” not patentable
(phytochemicals of minor importance)

Value for cultivation and use characteristics (VCU) not “Natural nature” not patentable
protected Claims (e.g., phytochemical characters) depend on applicant

Phytochemical characters and use/application (VCU) patentable

Especially for wild plants and essentially allogamous plants not fulfilling DUS for cultivated
varieties (cultivars) and plants where the phytochemical characteristics are more important than the
morphological ones, plant patents offer an interesting alternative to plant variety protection (PVP)
(Table 3.10).

In conformity with the UPOV Convention of 1991 (UPOV, 1991)

* A strong plant IPR is requested.

* Chemical markers (e.g., secondary plant products) must be accepted as protectable
characteristics.

* Strong depending rights for essentially derived varieties are needed since it is easy to
plagiarize such crops.

* “Double protection” would be very useful (i.e., free decision by the breeder if PVR or pat-
ent protection is applied).

* But also researchers exemption and breeders privilege with fair access to genotypes for
further development is necessary.

Strong protection does not hinder usage and development; it depends on a fair arrangement only
(Le Buanec, 2001).

3.5.3.3 Intraindividual Variation between Plant Parts
and Depending on the Developmental Stage
(Morpho- and Ontogenetic Variation)

The formation of essential oils depends on the tissue differentiation (secretory cells and excre-
tion cavities, as discussed in Section 3.1) and on the ontogenetic phase of the respective plant. The
knowledge on these facts is necessary to harvest the correct plant parts at the right time.
Regarding the differences between plant parts, it is known from cinnamon (Cinnamomum
zeylanicum) that the root-, stem-, and leaf oils differ significantly (Wijesekera et al., 1974): only the
stem bark contains an essential oil with up to 70% cinnamaldehyde, whereas the oil of the root bark
consists mainly of camphor and linalool, and the leaves produce oils with eugenol as main com-
pound. In contrast to it, eugenol forms with 70%—90% the main compound in stem, leaf, and bud
oils of cloves (S. aromaticum) (Lawrence, 1978). This was recently confirmed by Srivastava et al.
(2005) for clove oils from India and Madagascar, stating in addition that eugenyl acetate was found
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in buds up to 8% but in leaves between traces and 1.6% only. The second main substance in leaves
as well as buds is p-caryophyllene with up to 20% of the essential oil. In Aframomum giganteum
(Zingiberaceae), the rhizome essential oil consists of f-caryophyllene, its oxide, and derivatives
mainly, whereas in the leaf oil terpentine-4-ol and pinocarvone form the principal components
(Agnaniet et al., 2004).

Essential oils of the Rutaceae family, especially citrus oils, are widely used as flavors and fra-
grances depending on the plant part and species: in lime leaves neral/geranial and nerol/geraniol
are prevailing, whereas grapefruit leaf oil consists of sabinene and f-ocimene mainly. The peel of
grapefruit contains almost limonene only and some myrcene, but lime peel oil shows a composition
of B-pinene, y-terpinene, and limonene (Gancel et al., 2002). In Phellodendron sp., Lis et al. (2004),
Lis and Milczarek (2006) found that in flower and fruit oils limonene and myrcene are dominating;
in leaf oils, in contrast, a-farnesene, f-elemol, or f-ocimene, are prevailing.

Differences in the essential oil composition between the plant parts of many Umbelliferae
(Apiaceae) have exhaustively been studied by the group of Kubeczka, summarized by Kubeczka
et al. (1982) and Kubeczka (1997). For instance, the comparison of the essential fruit oil of aniseed
(P. anisum) with the oils of the herb and the root revealed significant differences (Kubeczka et al.,
1986). Contrary to the fruit oil consisting of almost trans-anethole only (95%), the essential oil
of the herb contains besides anethole, considerable amounts of sesquiterpene hydrocarbons, for
example, germacrene D, f-bisabolene, and a-zingiberene. Also pseudoisoeugenyl-2-methylbutyrate
and epoxi-pseudoisoeugenyl-2-methylbutyrate together form almost 20% main compounds of the
herb oil, but only 8.5% in the root and 1% in the fruit oil. The root essential oil is characterized
by a high content of p-bisabolene, geijerene, and pregeijerene and contains only small amounts
of trans-anethole (3.5%). Recently, Velasco-Neguerela et al. (2002) investigated the essential oil
composition in the different plant parts of Pimpinella cumbrae from Canary Islands and found in
all above-ground parts a-bisabolol as main compound besides of 8-3-carene, limonene, and others,
whereas the root oil contains mainly isokessane, geijerene, isogeijerene, dihydroagarofuran, and
proazulenes—the latter is also found in Pimpinella nigra (Kubeczka et al., 1986). Pseudoisoeugenyl
esters, known as chemosystematic characters of the genus Pimpinella, have been detected in small
concentrations in all organs except leaves.

Finally, Kurowska and Galazka (2006) compared the seed oils of root and leaf parsley culti-
vars marketed in Poland. Root parsley seeds contained an essential oil with high concentrations of
apiole and some lower percentages of myristicin. In leaf parsley seeds, in contrast, the content of
myristicin was in general higher than apiole, and a clear differentiation between flat leaved cultivars
showing still higher concentrations of apiole and curled cultivars with only traces of apiole could
be observed. Allyltetramethoxybenzene as the third marker was found in leaf parsley seeds up to
12.8%, in root parsley seeds, however, in traces only. Much earlier, Franz and Glasl (1976) had pub-
lished already similar results on parsley seed oils comparing them with the essential oil composition
of the other plant parts (Figure 3.8). Leaf oils gave almost the same fingerprint than the seeds with
high myristicin in curled leaves, some apiole in flat leaves, and higher apiole concentrations than
myristicin in the leaves of root varieties. In all root samples, however, apiole dominated largely over
myristicin. It is therefore possible to identify the parsley type by analyzing a small seed sample.

As shown already by Figueiredo et al. (1997), in the major number of essential oil-bearing spe-
cies the oil composition differs significantly between the plant parts, but there are also plant spe-
cies—as mentioned before, for example, cloves—which form a rather similar oil composition in
each plant organ. Detailed knowledge in this matter is needed to decide, for instance, how exact
the separation of plant parts has to be performed before further processing (e.g., distillation) or use.

Another topic to be taken into consideration is the developmental stage of the plant and the plant
organs, since the formation of essential oils is phase dependent. In most cases, there is a significant
increase of the essential oil production throughout the whole vegetative development.

And especially in the generative phase between flower bud formation and full flowering, or
until fruit or seed setting, remarkable changes in the oil yield and compositions can be observed.
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FIGURE 3.8 Differences in the essential oil of fruits, leaves, and roots of parsley cultivars (Petroselinum
crispum (Mill.) Nyman). (a) Essential oil content, (b) content of myristicin and apiole in the essential oil.
1, 2—Aflat leaved cv’s; 3—7—curled leaves cv’s; 7—root parsley).

Obviously, a strong correlation is given between formation of secretory structures (oil glands, ducts,
etc.) and essential oil biosynthesis, and different maturation stages, are associated with, for example,
higher rates of cyclization or increase of oxygenated compounds (Figueiredo et al., 1997).

Investigations on the ontogenesis of fennel (F. vulgare Mill.) revealed that the best time for pick-
ing fennel seeds is the phase of full ripeness due to the fact that the anethole content increases from
<50% in unripe seeds to over 80% in full maturity (Marotti et al., 1994). In dill weed (Anethum
graveolens L.) the content on essential oil rises from 0.1% only in young sprouts to more than 1%
in herb with milk ripe umbels (Gora et al., 2002). In the herb, oil a-phellandrene prevails until the
beginning of flowering with up to 50%, followed by dill ether, p-cymene, and limonene. The oil
from green as well as ripe umbels contains, on the other hand, mainly (S)-carvone and (R)-limonene.
The flavor of dill oil changes therefore dramatically, which has to be considered when determining
the harvest time for distillation.

Among Compositae (Asteraceae) there are not as many results concerning ontogeny due to the
fact that in general the flowers or flowering parts of the plants are harvested, for example, chamo-
mile (M. recutita), yarrow (A. millefolium s.1.), immortelle (Helichrysum italicum), or wormwood
(Artemisia sp.) and therefore the short period between the beginning of flowering and the decay
of the flowers is of interest only. In chamomile (M. recutita), the flower buds show a relatively
high content on essential oil between 0.8% and 1.0%, but the oil yield in this stage is rather low.
From the beginning of flowering, the oil content increases until full flowering (all disc florets open)
and decreases again with decay of the flower heads. At full bloom there is also the peak of (pro)
chamazulene, whereas farnesene and a-bisabolol decrease from the beginning of flowering and the
bisabololoxides rise (Franz et al., 1978). This was confirmed by Repcak et al. (1980). The essential
oil of Tagetes minuta L. at different development stages was investigated by Worku and Bertoldi
(1996). Before flower bud formation the oil content was 0.45% only, but it culminated with 1.34%
at the immature seed stage. During this period cis-ocimene increased from 7.2% to 37.5% and
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cis-ocimenone declined from almost 40%—13.1%. Little variations could be observed at cis- and
trans-tagetone only. Similar results have been reported also by Chalchat et al. (1995).

Also for Lippia sp. (Verbenaceae) some results are known concerning development stages
(Fischer, 1998; Coronel et al., 2006). The oil content in the aerial parts increases from young buds
(<1.0%) to fully blooming (almost 2.0%). But although quantitative variations could be observed for
most components of the essential oils, the qualitative composition appeared to be constant through-
out the growing season.

A particular situation is given with eucalypts as they develop up to five distinct types of leaves
during their lifetime, each corresponding to a certain ontogenetic stage with changing oil concen-
trations and compositions (Doran, 2002). Usually the oil content increases from young to matured,
nonlignified leaves, and is thereafter declining until leaf lignification. Almost the same curve is
valid also for the 1,8-cineole concentration in the oil. But comparing the relatively extensive lit-
erature on this topic, one may conclude that the concentration at various stages of leaf maturity
is determined by a complex pattern of quantitative change in individual or groups of substances,
some remaining constant, some increasing, and some decreasing. Tsiri et al. (2003) investigated the
volatiles of the leaves of Eucalyptus camaldulensis over the course of a year in Greece and found
a seasonal variation of the oil concentration with a peak during summer and lowest yields during
winter. The constituent with highest concentration was 1,8-cineole (25.3%—-44.2%) regardless the
time of harvest. The great variation of all oil compounds showed however no clear tendency, neither
seasonal nor regarding leaf age or leaf position. Doran (2002) concluded therefore that genotypic
differences outweigh any seasonal or environmental effects in eucalypts.

There is an extensive literature on ontogenesis and seasonal variation of Labiatae essential oils.
Especially for this plant family, great differences are reported on the essential oil content and com-
position of young and mature leaves and the flowers may in addition influence the oil quality signifi-
cantly. Usually, young leaves show higher essential oil contents per area unit compared to old leaves.
But the highest oil yield is reached at the flowering period, which is the reason that most of the oils
are produced from flowering plants. According to Werker et al. (1993) young basil (O. basilicum)
leaves contained 0.55% essential oil while the content of mature leaves was only 0.13%. The same is
also valid to a smaller extent for O. sanctum, where the essential oil decreases from young (0.54%)
to senescing leaves (0.38%) (Dey and Choudhuri, 1983). Testing a number of basil cultivars mainly
of the linalool chemotype, Macchia et al. (2006) found that only some of the cultivars produce
methyl eugenol up to 8% in the vegetative stage. Linalool as main compound is increasing from the
vegetative (10%—-50%) to the flowering (20%—-60%), and postflowering phase (25%—80%), whereas
the second important substance eugenol reaches its peak at the beginning of flowering (5%—35%).
According to the cultivars, different harvest dates are therefore recommended. In O. sanctum, the
content of eugenol (60.3%-52.2%) as well as of methyl eugenol (6.6%-2.0%) is decreasing from
young to senescent leaves and at the same time P-caryophyllene increases from 20.8% to 30.2%
(Dey and Choudhuri, 1983).

As regards oregano (O. vulgare ssp. hirtum), the early season preponderance of p-cymene over
carvacrol was reversed as the season progressed and this pattern could also be observed at any time
within the plant, from the latest leaves produced (low in cymene) to the earliest (high in cymene)
(Johnson et al., 2004; Figure 3.9). Already Kokkini et al. (1996) had shown that oregano contains a
higher proportion of p-cymene to carvacrol (or thymol) in spring and autumn, whereas carvacrol/
thymol prevails in the summer. This is explained by Dudai et al. (1992) as photoperiodic reaction:
short days with high p-cymene, long days with low p-cymene production. But only young plants are
capable of making this switch, whereas in older leaves the already produced and stored oil remains
almost unchanged (Johnson et al., 2004).

Presumably the most studied essential oil plant is peppermint (M. piperita L.). Already in the
1950s Lemli (1955) stated that the proportion of menthol to menthone in peppermint leaves changes
in the course of the development toward higher menthol contents. Lawrence (2007) has just recently
shown that from immature plants via mature to senescent plants the content of menthol increases
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FIGURE 3.9 Average percentages and concentrations of p-cymene. y-Terpinene and carvacrol at the differ-
ent sampling dates of Origanum vulgare ssp. hirtum.

(34.8%—-39.9%—48.2%) and correspondingly the menthone content decreases dramatically (26.8%—
17.4%—4.7%). At the same time, also an increase of menthyl acetate from 8.5% to 23.3% of the
oil could be observed. At full flowering, the peppermint herb oil contains only 36.8% menthol
but 21.8% menthone, 7.7% menthofuran, and almost 3% pulegone due to the fact that the flower
oils are richer in menthone and pulegone and contain a high amount of menthofuran (Hefendehl,
1962). Corresponding differences have been found between young leaves rich in menthone and old
leaves with high menthol and menthyl acetate content (Hoeltzel, 1964; Franz, 1972). The develop-
mental stage depends, however, to a large extent from the environmental conditions, especially the
day length.

3.5.3.4 Environmental Influences

Essential oil formation in the plants is highly dependent on climatic conditions, especially day
length, irradiance, temperature, and water supply. Tropical species follow in their vegetation cycle
the dry and rainy season; species of the temperate zones react more on day length, the more distant
from the equator their natural distribution area is located.

Peppermint as typical long day plant needs a minimum day length (hours of day light) to switch
from the vegetative to the generative phase. This is followed by a change in the essential oil compo-
sition from menthone to menthol and menthyl acetate (Hoeltzel, 1964). Franz (1981) tested six pep-
permint clones at Munich/Germany and at the same time also at Izmir/Turkey. At the development
stage “beginning of flowering,” all clones contained at the more northern site much more menthol
than on the Mediterranean location, which was explained by a maximum day length in Munich of
16 h 45 min, but in Izmir of 14 h 50 min only. Comparable day length reactions have been mentioned
already for oregano (Dudai et al., 1992; Kokkini et al., 1996). Also marjoram (O. majorana L.) was
influenced not only in flower formation by day length, but also in oil composition (Circella et al.,
1995). At long day treatment the essential oil contained more cis-sabinene hydrate. Terpinene-4-ol
prevailed under short day conditions.

Franz et al. (1986) performed ecological experiments with chamomile, growing vegetatively
propagated plants at three different sites, in South Finland, Middle Europe, and West Turkey.
As regards the oil content, a correlation between flower formation, flowering period, and essen-
tial oil synthesis could be observed: the shorter the flowering phase, the less was the time
available for oil formation, and thus the lower was the oil content. The composition of the essen-
tial oil, on the other hand, showed no qualitative change due to ecological or climatic factors
confirming that chemotypes keep their typical pattern. In addition, Massoud and Franz (1990)
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investigated the genotype—environment interaction of a chamazulene—bisabolol chemotype.
The frequency distributions of the essential oil content as well as the content on chamazulene
and a-bisabolol have shown that the highest oil- and bisabolol content was reached in Egypt
while under German climatic conditions chamazulene was higher. Similar results have been
obtained by Letchamo and Marquard (1993). The relatively high heritability coefficients cal-
culated for some essential oil components—informing whether a character is more influenced
by genetic or other factors—confirm that the potential to produce a certain chemical pattern
is genetically coded, but the gene expression will be induced or repressed by environmental
factors also (Franz, 1993b,d).

Other environmental factors, for instance, soil properties, water stress, or temperature, are
mainly influencing the productivity of the respective plant species and by this means the oil yield
also, but have little effect on the essential oil formation and composition only (Figueiredo et al.,
1997, Salamon, 2007).

3.5.3.5 Cultivation Measures, Contaminations, and Harvesting

Essential oil-bearing plants comprise annual, biennial, or perennial herbs, shrubs, and trees, culti-
vated either in tropical or subtropical areas, in Mediterranean regions, in temperate, or even in arid
zones. Surveys in this respect are given, for instance, by Chatterjee (2002) for India, by Carruba
et al. (2002) for Mediterranean environments, and by Galambosi and Dragland (2002) for Nordic
countries. Nevertheless, some examples should refer to some specific items.

The cultivation method—if direct sowing or transplanting—and the timing influence the crop
development and by that way also the quality of the product, as mentioned above. Vegetative propa-
gation, necessary for peppermint due to its genetic background as interpecific hybrid, common in
Cymbopogon sp. and useful to control the ratio between male and female trees in nutmeg (Myristica
fragrans), results in homogeneous plant populations and fields. A disadvantage could be the easier
dispersion of pests and diseases, as known for “yellow rot” of lavandin (Lavandula x hybrida)
(Fritzsche et al., 2007). Clonal propagation can be performed by leaf or stem cuttings (Goehler
et al., 1997; El-Keltawi and Abdel-Rahman, 2006; Nicola et al., 2006) or in vitro (e.g., Figueiredo
et al., 1997, Mendes and Romano, 1997), the latter method especially for mother plant propagation
due to the high costs. In vitro essential oil production received increased attention in physiological
experiments, but has up to now no practical significance.

As regards plant nutrition and fertilizing, a numerous publications have shown its importance
for plant growth, development, and biomass yield. The essential oil yield, obviously, depends on
the plant biomass; the oil percentage is partly influenced by the plant vigor and metabolic activity.
Optimal fertilizing and water supply results in better growth and oil content, for example, in marjo-
ram, oregano, basil, or coriander (Menary, 1994), but also in delay of maturity, which causes quite
often “immature” flavors.

Franz (1972) investigated the influence of nitrogen and potassium on the essential oil for-
mation of peppermint. He could show that higher nitrogen supply increased the biomass but
retarded the plant development until flowering, whereas higher potassium supply forced the matu-
rity. With increasing nitrogen, a higher oil percentage was observed with lower menthol and
higher menthone content; potassium supply resulted in less oil with more menthol and menthyl
acetate. Comparable results with R. officinalis have been obtained by Martinetti et al. (2006), and
Omidbaigi and Arjmandi (2002) have shown for 7. vulgaris that nitrogen and phosphorus fertil-
ization had significant effect on the herb yield and essential oil content, but did not change the
thymol percentage. Also Java citronella (Cymbopogon winterianus Jowitt.) responded to nitrogen
supply with higher herb and oil yields, but no influence on the geraniol content could be found
(Munsi and Mukherjee, 1986).

Extensive pot experiments with chamomile (M. recutita) have also shown that high nitrogen
and phosphorus nutrition levels resulted in a slightly increased essential oil content of the anthodia,
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but raising the potassium doses had a respective negative effect (Franz et al., 1983). With nitrogen
the flower formation was in delay and lasted longer; with more potassium the flowering phase was
reduced, which obviously influenced the period available for essential oil production. This was con-
firmed by respective “C-acetate labeling experiments (Franz, 1981).

Almost no effect has been observed on the composition of the essential oil. Also a number of
similar pot or field trials came to the same result, as summarized by Salamon (2007).

Salinity and salt stress get an increasing importance in agriculture especially in subtropical
and Mediterranean areas. Some essential oil plants, for example, Artemisia sp. and M. recutita
(chamomile) are relatively salt tolerant. Also thyme (7. vulgaris) showed a good tolerance to
irrigation water salinity up to 2000 ppm, but exceeding concentrations caused severe damages
(Massoud et al., 2002). Higher salinity reduced also the oil content, and an increase of p-cymene
was observed. Recently, Aziz et al. (2008) investigated the influence of salt stress on growth and
essential oil in several mint species. In all three mints, salinity reduced the growth severely from
1.5 g/L onward; in peppermint, the menthone content raised and menthol went down to <1.0%, in
apple mint, linalool and neryl acetate decreased while myrcene, linalyl acetate, and linalyl propio-
nate increased.

Further problems to be taken into consideration in plant production are contaminations with
heavy metals, damages caused by pests and diseases, and residues of plant protection products. The
most important toxic heavy metals Cd, Hg, Pb, and Zn, but also Cu, Ni, and Mn may influence the
plant growth severely and by that way also the essential oil, as they may act as cofactors in the plant
enzyme system. But as contaminants, they remain in the plant residue after distillation (Zheljazkov
and Nielsen, 1996; Zheljazkov et al., 1997). Some plant species, for example, yarrow and chamo-
mile accumulate heavy metals to a greater extent. This is, however, problematic for using the crude
drug or for deposition of distillation wastes mainly. The same is valid for the microbial contamina-
tion of the plant material. More important in the production of essential oils are pests and diseases
that cause damages to the plant material and sometimes alterations in the biosynthesis; but little is
known in this respect.

In contrast to organic production, where no use of pesticides is permitted, a small number of
insecticides, fungicides, and herbicides are approved for conventional herb production. The number,
however, is very restricted (end of 2008 several active substances lost registration at least in Europe),
and limits for residues can be found in national law and international regulations, for example, the
European Pharmacopoeia. For essential oils, mainly the lipophilic substances are of relevance since
they can be enriched over the limits in the oil.

Harvesting and the first steps of postharvest handling are the last part of the production chain
of starting materials for essential oils. The harvest date is determined by the development stage
or maturity of the plant or plant part, Harvesting techniques should keep the quality by avoid-
ing adulterations, admixtures with undesired plant parts, or contaminations, which could cause
“off-flavor” in the final product. There are many technical aids at disposal, from simple devices
to large-scale harvesters, which will be considered carefully in Chapter 4. From the quality
point of view, raising the temperature by fermentation should in general be avoided (except, in
vanilla), and during the drying process further contamination with soil, dust, insects, or molds
has to be avoided.

Quality and safety of essential oil-bearing plants as raw materials for pharmaceutical products,
flavors, and fragrances are of highest priority from the consumer point of view. To meet the respec-
tive demands, standards and safety as well as quality assurance measures are needed to ensure
that the plants are produced with care, so that negative impacts during wild collection, cultivation,
processing, and storage can be limited. To overcome these problems and to guarantee a steady,
affordable and sustainable supply of essential oil plants of good quality (Figure 3.10), in recent years
guidelines for good agricultural practices (GAP) and standards for Sustainable Wild Collection
(ISSC) have been established at the national and international level.
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FIGURE 3.10 Main items of “good agricultural practices” (GAP) for medicinal and aromatic plants.

3.6 INTERNATIONAL STANDARDS FOR WILD COLLECTION
AND CULTIVATION

3.6.1 GA(C)P: GUIDELINES FOR GOOD AGRICULTURAL (AND COLLECTION)
PRACTICE OF MEDICINAL AND AROMATIC PLANTS

First initiatives for the elaboration of such guidelines trace back to a roundtable discussion in
Angers, France in 1983, and intensified at an International Symposium in Novi Sad 1988 (Franz,
1989b). A first comprehensive paper was published by Pank et al. (1991) and in 1998 the European
Herb Growers Association (EHGA/EUROPAM) released the first version (Mathé and Franz, 1999).
The actual version can be downloaded from http://www.europam.net.

In the following it was adopted and slightly modified by the European Agency for the Evaluation
of Medicinal Products (EMEA), and finally as Guidelines on good agricultural and collection prac-
tices (GACP) by the WHO in 2003.

All these guidelines follow almost the same concept dealing with the following topics:

 Identification and authentication of the plant material, especially botanical identity and
deposition of specimens.

* Seeds and other propagation material, respecting the specific standards and certifications.

* Cultivation, including site selection, climate, soil, fertilization, irrigation, crop mainte-
nance, and plant protection with special regard to contaminations and residues.

» Harvest, with specific attention to harvest time and conditions, equipment, damage, con-
taminations with (toxic) weeds and soil, transport, possible contact with any animals, and
cleaning of all equipment and containers.

* Primary processing, that is, washing, drying, distilling; cleanness of the buildings; accord-
ing to the actual legal situation these processing steps including distillation—if performed
by the farmer—is still part of GA(C)P; in all other cases, it is subjected to GMP (good
manufacturing practice).
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* Packaging and labeling, including suitability of the material.

» Storage and transportation, especially storage conditions, protection against pests and
animals, fumigation, and transport facilities.

* Equipment: material, design, construction, easy to clean.

* Personnel and facilities, with special regard to education, hygiene, protection against
allergens and other toxic compounds, welfare.

In the case of wild collection the standard for sustainable collection should be applied (see Section
3.6.2).

A very important topic is finally the documentation of all steps and measurements to be able to
trace back the starting material, the exact location of the field, any treatment with agrochemicals,
and the special circumstances during the cultivation period. Quality assurance is only possible if
the traceability is given and the personnel is educated appropriately. Certification and auditing of
the production of essential oil-bearing plants is not yet obligatory, but recommended and often
requested by the customer.

3.6.2 ISSC-MAP: THE INTERNATIONAL STANDARD ON SUSTAINABLE
WiLD COLLECTION OF MEDICINAL AND AROMATIC PLANTS

ISSC-MAP is a joint initiative of the German Bundesamt fiir Naturschutz (BfN), WWF/TRAFFIC
Germany, [IUCN Canada, and ITUCN Medicinal Plant Specialist Group (MPSG). ISSC-MAP intends
to ensure the long-term survival of MAP populations in their habitats by setting principles and crite-
ria for the management of MAP wild collection (Leaman, 2006; Medicinal Plant Specialist Group,
2007). The standard is not intended to address product storage, transport, and processing, or any
issues of products, topics covered by the WHO Guidelines on GACP for Medicinal Plants (WHO,
2003). ISSC-MAP includes legal and ethical requirements (legitimacy, customary rights, and trans-
parency), resource assessment, management planning and monitoring, responsible collection, and
collection, area practices and responsible business practices. One of the strengths of this standard is
that resource management not only includes target MAP resources and their habitats but also social,
cultural, and economic issues.

3.6.3 FArRWILD

The FairWild standard (http://www.fairwild.org) was initiated by the Swiss Import Promotion
Organization (SIPPO) and combines principles of Fairlrade (Fairtrade Labelling Organizations
International, FLO), international labor standards (International Labour Organization, ILO), and
sustainability (ISSC-MAP).

3.7 CONCLUSION

This chapter has shown that a number of items concerning the plant raw material have to be taken
into consideration when producing essential oils. A quality management has to be established
tracing back to the authenticity of the starting material and ensuring that all known influences
on the quality are taken into account and documented in an appropriate way. This is neces-
sary to meet the increasing requirements of international standards and regulations. The review
also shows that a high number of data and information exist, but sometimes without expected
relevance due to the fact that the repeatability of the results is not given by a weak experimen-
tal design, an incorrect description of the plant material used, or an inappropriate sampling.
On the other side, this opens the chance for many more research work in the field of essential
oil-bearing plants.
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4.1 APPEARANCE OF VARIABILITY

It is a long known fact that qualitative and quantitative composition of genuine essential oils is not a
standard one. In consequence of this, they possess different quality, value, and price on the market.

As a reflection of this practical experience, in several cases, different qualities are defined
for essential oils of the same species. In the standard series of the International Organization for
Standardization, lavender oil is published in four different qualities, among which two are lavandin
oils. Spearmint oil also has two different standards, and Eugenia caryophyllus oils from different
organs also represent different qualities. These changing qualities are result of numerous factors:
genotype, habitat and environment, and the influence of the special agricultural or technological
measures might be all manifested in the products. In the practice, the same species might be uti-
lized for different applications based on the variable composition of its oil like the thyme-odor type,
lavender-odor type, and rose-odor type individuals of Thymus longicaulis ssp. longicaulis (Baser
et al.,, 1993).

In several cases, the real sources of variability are hard to determine. However, for standardiza-
tion of any product, it is of primary importance that the background of variability and the factors,
which influence the composition of the essential oils, are detected, can be managed and controlled.

In the scientific literature, reports on variability of essential oil components are very frequently
published. According to a survey on articles in the last volumes (2010-2014) of Journal of Essential
Oil Research (Taylor & Francis Group), it can be established that approximately one-third of them
is evaluating biological variability at generic, specific, or intraspecific taxonomic levels or chemo-
syndromes due to developmental or morphological differences (Figure 4.1.).

The chemical variability of the essential oils gained from different plant species varies on a large
scale. Tétényi (1975) mentioned already 40 years ago that 36 families, 121 genera, and 360 spe-
cies are polymorphs for essential oil. This number must have increased enormously since that time
because of intensive research and highly developed analytical techniques.
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FIGURE 4.1 (See color insert.) Distribution of topics of publications in Journal of Essential Oil Research
between 2010 and 2014.

The backgrounds of the chemical variability of essential oil composition are usually grouped
as abiotic and biotic ones. Abiotic-influencing factors include the effects of the environment
(exposure, soil, light intensity and length of illumination, wind, absolute and marginal temper-
atures, water supply as total and frequency of precipitation) and also those in consequence of
human activities (agrotechnical methods, processing, storage). Chapters 3, 5, and 24 deal with
these factors in detail.

The biotic/biological factors are the main topic of this chapter. Natural variability should
be defined as the phenomenon when diverse quality of essential oils is detectable as result of
genetical-biological differences of the source plants. “Natural variability” is, however, a rather
complex issue having many aspects as we can see in the succeeding text. In this context, we
deal with the essential oil spectrum, quantitative and qualitative composition of the oils, and not
discussing other chemical and physical properties.

4.2 VARIABILITY AT DIFFERENT TAXONOMIC LEVELS
4.2.1 SPECIES

Variability in the composition of essential oils was most frequently discussed at the level of plant
species and has the highest relevance from practical points of view.

A significant variation in qualitative and quantitative composition might have considerable influ-
ence on the recognition and the market value, both of the drug and the essential oil itself. Besides,
fluctuations in the composition of the essential oil might have significant effects on the therapeutical
efficacy or sensory value of the product. Limonene seems to have a strong influence on the allelo-
pathic property of Tagetes minuta (Scrivanti et al., 2003). Similarly, limonene content might con-
tribute to the resistance of Pinus sylvestris cultivars against the herbivore Dioryctria zimmermani
(Sadof and Grant, 1997). In vitro study on the antimicrobial effects of hyssop essential oils proved
that higher contents of pinocamphone, isopinocampheol, and linalool increased the efficacy of the
oil against several Fusarium species (Fraternale et al., 2004). In some phytotherapeutical prepara-
tions of chamomile, the antiphlogistic and spasmolytic effect seems to be in closest connection with
the content of (—)-a-bisabolol (Schilcher, 2004). On the other hand, adverse effects may be caused
by the presence of single compounds like the carcinogen effect of cis-isoasarone in the essential oil
of calamus (Acorus calamus) (Blaschek et al., 1998).

Not each species exhibits a similar size of variability. A huge amount of research data accumu-
lated in the last decades proved that the incidence of diversity is one of the characteristic features
of the plant species.
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The well-known caraway (Carum carvi) seems to be an essential oil-bearing species of relatively
low variability concerning the oil constituents. Caraway is believed to have been cultivated and con-
sumed in Europe longer than any other spice species (Rosengarten, 1969). Nowadays, it is mainly
known as a spice and source of essential oil of excellent antimicrobial properties but the spasmolytic
and cholagogue effects justify its use in phytotherapy, too. In the oil of caraway, the main compo-
nents S(+) carvone and R(+) limonene are absolutely the dominating ones, and this is observable in
each analysis (Table 4.1). Their ratio in the oil is above 90%, most frequently above 95%. Variability
is manifested most frequently only in their proportions compared to each other. Minor constitu-
ents have rarely been identified and mentioned. The constituents are almost all monoterpenes with
the only sesquiterpene f-caryophyllene and some phenolic compounds. Characteristically, several
minor compounds are derivatives of carvone and only rarely detected in other essential oil species.

Biological variability of the oil composition seems to be more pronounced if comparing the two
varieties (Carum carvi var. annuum and Carum carvi var. biennis) of caraway. In general, biennial
types are believed to accumulate higher concentrations of oil and carvone (Table 4.2). Although
Bouwmeester and Kuijpers (1993) conclude that the restricted potential of carvone accumulation in
annual varieties is the consequence of limited availability of assimilates, the difference is a genetic
one without doubt. Based on the majority of available references, carvone content of biennial acces-
sions is regularly higher than one of the annual plants. This fact may explain why biennial caraway
is still in cultivation in many countries although production of the annual variety has an economical
advantage based on higher yields and more flexible crop rotation.

The Mediterranean species hyssop (Hyssopus officinalis) belongs to the Lamiaceae family. It is
used for its spicy essential oil in food industry and also as a strong antimicrobial agent.

TABLE 4.1

Variability of Essential Oil Components in Caraway

Compounds Seidler-
(in the Row of El-Wakeil Lawrence  Puschmann Putievsky Raal etal. tozykowska
their Abundance) et al. (1986) (1989) etal. (1992) etal. (1994) (2012) (2008)
Carvone 80.17 38.8-67.8 47.9-54.5 49.1-62.3 44.3-95.2 55.5-65.1
Limonene 9.8 30.3-48.8 45.0-52.8 33.8-50.2 2.1-50.4 33.0-44.3
Dihydrocarvone 0.7 0.3-0.5 0.1-0.3 0.1-0.7 tr.—0.9 tr.—0.4
Carveol (cis + trans) tr. 0.4-1.2 — 0.2-0.6 tr.-0.5 0.1-0.2
B-Myrcene 0.1 0.3-24 0.2-0.5 0.2-0.4 0.0-04 —
Dihydrocarveol tr. 0.1-0.2 0.3-1.1 0.1-0.2 — 0.1-0.4
Pinenes (x + ) 0.1 0.1-0.5 — tr.—0.1 tr.—0.5 0.01
B-Caryophyllene 0.1 1.2-1.7 — 0.1-0.2 tr.—0.3 —
Thujones (a + f3) — tr—1.1 — — — —
trans-Anethole — 0.6-0.8 — — — —
Perillyl-aldehyde 0.2 0.1-0.2 — 0.1-04 —
Carvyl-acetate — — 0.1-0.4 — —
a-Phellandrene — 0.1-0.3 — tr—0.4 — —
Linalool — 0.1-0.2 — tr.—0.1 — —
y-Terpinene 0.2 0.1 — tr. tr.—0.1 —
p-Cymene 0.1 tr. — tr.—0.4 — —
Sabinene — 0.1 — tr.—0.1 — —
Ocimene — tr.—0.1 — — — —
Camphene — — — tr. — 0.01
Cumin-aldehyde 0.1 — — — — —

Note: tr., traces.
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TABLE 4.2

Variability of the Main Components Carvone and Limonene in Biennial

and Annual Accessions of Caraway

Biennial Annual

Source of Data Carvone Limonene Carvone Limonene
Argaiosa et al. (1998) 54-57 43-45 46-50 49-53
Embong et al. (1977) 39-46 43-49 — —
Fleischer and Fleischer (1988) 54-68 30-44 — —
Forwick-Kreutzer et al. (2003) 52-72 — — —
Galambosi and Peura (1996) 47-49 39-52 — —
Pank et al. (2008) — — 50-53 45-48
Puschmann et al. (1992) 47-54 — 45-52 —
Putievsky et al. (1994) 53-59 38-44 47-62 3-46
Raal et al. (2012) 44-952 2-50 — —
Zamboriné-Németh et al. (2005) 51-60 38-44 50-56 43-49

2 Annual accessions might also be included.

Monoterpenes, which are present as main compounds in the oil of this species (pinocamphone,
isopinocamphone), are relatively seldom detected in higher quantities in essential oils of other species.
Although as highest number 44 components were detected in hyssop oil (Chalchat et al., 2001), the
major ones are relatively uniform and found almost in each examined accession (Table 4.3). Besides
the mentioned compounds, the majority of further ones are also monoterpenes, products of related bio-
synthetic pathways (-pinene, pinocarvone, myrtenol). In general, it can be observed that besides some
mentioned compounds in higher amounts, all the others are present only in minimal concentrations.
Thus, the biological variability of the herb oil of hyssop is relatively low as the available data show.

TABLE 4.3

Main Components in the Essential Oil of Hyssop (Hyssopus officinalis) According

to Different References
Main Compounds

Pinocamphone, isopinocamphone, f3-pinene

Pinocarvone, isopinocamphone, -pinene

Pinocamphone, isopinocamphone

Isopinocamphone, B-pinene

Pinocamphone, isopinocamphone, germacrene D, pinocarvone
Pinocamphone, isopinocamphone, 3-pinene

Terpineol, bornyl-acetate, linalool

Isopinocamphone, B-pinene, pinocamphone
Isopinocamphone, pinocamphone, f3-pinene

Pinocamphone, p-pinene

Pinocamphone, isopinocamphone, B-pinene, pinocarvone
Isopinocamphone, myrtenol, B-pinene, 1,8-cineole, methyl-eugenol, limonene
Pinocamphone, camphor, f-pinene

Isopinocamphone, 1,8-cineole, B-pinene

1,8-Cineole, B-pinene

Reference

Aiello et al. (2001)

Bernotiené and Butkiené (2010)
Chalchat et al. (2001)

Danila et al. (2012)

Galambosi et al. (1993)
Fraternale et al. (2004)
Hodzsimatov and Ramazanova (1974)
Joulain and Ragaul (1976)
Koller and Range (1997)
Lawrence (1979)

Lawrence (1992)

Piccaglia et al. (1999)

Schulz and Stahl-Biskup (1991)
Tsankova et al. (1993)

Vallejo et al. (1995)
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Only samples of the subspecies aristatus (Godr.) Briq. collected from three populations of
Apennines showed a different character with higher amounts of myrtenol (up to 32%), methyl euge-
nol (up to 44%), and limonene (up to 15%); however, the characteristic pinane-type compounds have
also been found at different quantities (Piccaglia et al., 1999).

Example for a relatively low biological variability in essential oil composition exists also among
the species, which provide root drug. Lovage (Levisticum officinale) has multiple utilizations:
aromatic volatile (essential oil) and nonvolatile (mainly coumarin type) compounds enable the
application of each part of the plant as a popular spice. However, the most valuable organ is the
root. The main components of the root essential oil are alkylphthalide-type compounds, among
which the most abundant ones are usually Z-ligustilide and butylidenephthalide. Besides, refer-
ences mention 3-butylphthalide, 3-propylidene-dihydrophthalide, termine (validene-dihydrophthalyde),
sedanenolide (3-butyl-4,5-dihydrophthalyde), and sedanolide (3-butyl-3a-4,5,6-tetrahydrophthalide)
(Venskutonis, 1995; Novéak, 2006). Other components of the root oil are monoterpenes, among
which the majority is frequently and universally occurring ones like pinenes, camphene, sabinene,
and myrcene with the exception of 1-pentil-cyclohexa-1,3-diene, which seems to be characteristic
for lovage (Szebeni et al., 1992; Venskutonis, 1995).

Our recent investigations on 10 accessions of lovage originating from different European coun-
tries ascertained that the compositional variability is low (Gosztola, 2013). The phthalides are the
main components of the distilled oil practically in each accession (Figure 4.2). It is in agreement
with the majority of former findings on the root essential oil of lovage (e.g., Perineau et al., 1992;
Szebeni et al., 1992). The presence of two isomers E and Z ones make the pictures somewhat more
complex; however, their ratios are not significantly different in either of the accessions. In each case,
the Z isomer is in multiple concentrations present than the other one.

The seeds of the investigated accessions have been obtained from different countries and regions,
but—as in many cases—the real genetic origin is uncertain. Therefore, a common basic source cannot
be excluded, either. However, even in this case, it might mean that lovage has a very narrow gene pool
and maybe therefore possess a low chemical variability. The connection between the restricted natural
distribution and small spectral variance of the oil might support the hypothesis on the development of
polychemism as tool in geographical distribution and ecological adaptation (see Section 4.5).

Summarizing of the aforementioned, it seems to be clear that the variation in the oil composition
of the aforementioned species is principally a quantitative one. The spectrum seems to be rela-
tively constant; changes are detectable basically in the accumulation proportions of the individual
components.

On the other hand, a great number of plant species can be characterized by high intraspecific
variability concerning essential oil composition. In these oils, both qualitative and quantitative vari-
ations are detectable.
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FIGURE 4.2 Proportion of characteristic phthalide components in the root oil of lovage accessions from
different European countries. (Németh, E. et al., unpublished data.)
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One of the most comprehensively studied genera from this respect is the genus Achillea. For the
majority of yarrow species, a wide variability in oil composition can be established. Based on com-
prehensive literature search, in most of the species, 1-3 compounds have been identified as main
components (Kindlovits and Németh, 2014). The evaluation is, however, not a simple one because
in most cases the different chemical races had been detected separately and mentioned by different
authors. Therefore, the comparison of data is always a hard task taking into account the possible role
of other influencing factors besides the genetic background.

Chamazulene is till today the most important component of the distilled oil of yarrow. In general,
the proazulene accumulation potential of Achillea collina (4n) and its relatives, Achillea asplenifolia
and Achillea roseoalba (2n), seems to be widely accepted (Saukel and Léanger, 1992; Rauchensteiner
et al., 2002; Németh et al., 2007). However, even here, some divergent results can be found in the
literature. In plant samples from Yugoslavia, Chalchat et al. (2000) could not identify chamazu-
lene, but 1,8-cineole, chrysanthenone, and camphor are mentioned as main components. Recently,
Todorova et al. (2007) presented three chemotypes of A. collina (azulene-rich, azulene-poor, ses-
quiterpene-free ones) based on the analysis of samples from six different populations in Bulgaria.

According to the literature references, the largest intraspecific variability could be devoted to
Achillea millefolium. For this species, 16 different chemical compounds have already been men-
tioned in the essential oil as main component (Németh, 2005). Comparing the chamazulene content
of the oil, values between 0% and 85% have been detected by different authors (e.g., Hachey et al.,
1990; Figueiredo et al., 1992; Michler et al., 1992; Bélanger and Dextraze, 1993; Orth et al., 1999;
Orav et al., 2001; Németh et al., 2007).

Taking into consideration only these data, we might assume that A. millefolium is an extremely
variable species concerning its essential oil spectrum with numerous intraspecific chemical variet-
ies. However, in this case, I would be more cautious because in numerous references, the proper
identification of the taxon is not obvious; botanical characterization is missing. The genus Achillea
is a very complex one with species in a polyploid row, containing intrageneric sections and groups,
many spontaneous hybrids, phenocopies, and aneuploid forms. Contradictious results may originate
from a false definition of taxa belonging to the A. millefolium section only by morphological fea-
tures or—on the other hand—only by chromosome numbers. Similarly, the lack of representative
samples, examining individuals of nonstable spontaneous hybrid or aneuploid character, may lead
to invalid information. Detailed morphological and cytological identification of any taxon belong-
ing into the section A. millefolium seems to be a prerequisite for reliable chemical characterization,
otherwise comparison of the data is not really possible. In the last decade, molecular markers have
also been developed for identification of certain taxa (e.g., Guo et al., 2005).

According to the aforementioned, unequivocal definition of the accessions showing diverse essential
oil composition in the section A. millefolium as chemotypes could be more than questionable, and only
references based on comprehensive determination of the investigated plant material can be accepted.

Nevertheless, the high variability concerning the composition of the essential oil of yarrow spe-
cies is without doubt. Héthelyi et al. (1989) identified at least three chemical varieties according to
the spectrum of the main terpenoid components in each of eight examined species. Among others,
for Achillea ochroleuca, alinalool + borneol + bornyl-acetate + cubebene chemotype, other linalool
+ borneol + bornyl acetate + elemol + eudesmol chemotype, and an eudesmol chemotype were
described. According to Muselli et al. (2009), geographically distinct populations of A. ligustica
also show chemically distinct characteristics. Corsican samples contain camphor (21%) and san-
tolina alcohol (15%) as main compounds, Sardinian samples have trans-sabinyl acetate (18%) and
trans-sabinol (15%), and those from Sicily can be characterized by high terpinen-4-ol (19%) and
carvone (9%) accumulation. Similar results on other species are numerous.

A related plant, wormwood (Artemisia absinthium), gained an adverse “reputation” due its thu-
jone content and mutual side effects associated with absinthism. It is widely distributed in Europe
and introduced also in other continents. The composition of the essential oil has been studied by
several authors and highlighted that large amounts of thujones are representative only for one of the
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TABLE 4.4
Chemotypes of Artemisia absinthium of Different Origin According to References
Number of Detected Determined Chemotypes
Reference Country Compounds (Main Compounds in Area %)
Arino et al. (1999) Spain 17 Mixed: cis-chrysanthenyl acetate (31%—44%)
+ cis-epoxyocimene (34%—42%)
Bagci et al. (2010) Turkey 31 Chamazulene (29%)
Basta et al. (2007) Greece 68 Caryophyllene oxide (25%)
Chialva et al. (1983) Italy 34 cis-Epoxyocimene (30%—54%)
B-Thujone (41%)
Romania p-Thujone (15%)
France Sabinyl acetate (32%)
Chrysanthenyl acetate (42%)
Siberia Sabinyl acetate (85%)
Derwich et al. (2009) Morocco — o-Thujone (40%)
Judzetiene and Budiene (2010) Lithuania 15 trans-Sabinyl acetate (22%-51%),
o- and B-Thujones (18%—72%)
Sharopov et al. (2012) Tajikistan 41 Myrcene (23%)
cis-Chrysanthenyl acetate (18%)
Simonnet et al. (2012) Switzerland 6 cis-Epoxyocimene (30%—-40%)
Pino et al. (1997) Cuba 40 Bornyl acetate (24%)
Rezaeinodehi and Khangholi Iran 28 p-Pinene (24%)

(2008)

many chemotypes of A. absinthium, and other mono- or sometimes sesquiterpenes are more fre-
quently present as major components in the herb oil (Table 4.4). Besides the bicyclic monoterpene
cis-chrysanthenyl acetate and the irregular monoterpene cis-epoxyocimene, mainly terpenoids of
thujane skeleton and in some cases those of pinane skeleton are present in highest abundance in the
oil. According to the investigation in the last decade, it is obvious that thujone may be not rarely
even absent from the oil. Additionally, although wormwood is known among the few proazulene-
containing species (Wichtl, 1997), chamazulene is only rarely and in low proportions present in the
essential oil of the investigated accessions.

The real source of polychemism in this species seems to be till now unknown. Evaluating the
publications, no correlation between main component and geographical distribution of the chemo-
type could be established. The only conclusion published about this problem was made by Chialva
et al. (1983) who mentioned that appearance of different chemotypes might be connected to habitats
from different altitudes in the Italian Alps. Unfortunately, detailed study of the data reveals that
the plant materials investigated by the authors in this study were not uniform in several respects.
Different plant parts, flowers, or leaves have been investigated; some samples have been freshly
distilled, others in dried stage; the samples originated, in some cases, from natural habitats and, in
other cases, from market; besides, the year of the harvest was also different. Under such conditions,
comparison of the results cannot provide reliable conclusions, especially not in chemotaxonomic
respect, although the title of the paper is suggesting this.

One of the earliest and most deeply studied plant species from respect of essential oil poly-
morphism has been tansy (Tanacetum vulgare). Formerly—due to the lack of reliable chemical—
analytical investigations and systematic evaluation—it has been presented as a characteristic
thujone-containing species (Gildemeister and Hofmann, 1968). Although it is true that this is the
main component most frequently present in the essential oil, but until today, the number of the
detected main compounds in different chemotypes is near to 50. Some of them are summarized
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TABLE 4.5

Chemotypes of Tanacetum vulgare According to Selected References

Reference Country Chemotypes (Main Components)

Collin et al. (1993) Canada Camphor-cineole-borneol, p-thujone, chrysanthenone, dihydrocarvone

de Pooter et al. (1989) Belgium p-thujone, chrysanthenyl acetate, camphor + thujone

Dragland et al. (2005) Norway Thujone, camphor, borneol, bornyl acetate, chrysanthenol,
chrysanthenyl acetate, 1,8-cineole, a-terpineol

Forsen and Schantz (1971) Finland Chrysanthenyl acetate, isopinocamphone, not identified sesquiterpene

Hendrics et al. (1990) Nether-land ~ Artemisia ketone, chrysanthenol + chrysanthenyl acetate, lyratol +

lyratyl acetate, f-thujone

Héthelyi et al. (1991) Hungary Yomogi alcohol, artemisia alcohol, davanone, lyratol + lyratyl acetate,
chrysanthenol, carveol, carvone, dihydrocarvone, terpinene-4-ol,
y-campholenol, myrtenol, B-terpineol, 4-thujene-2-a-yl-acetate,
carveyl acetate, f-cubebene, juniper camphor, thymol, f-terpenyl
acetate, linalool

Holopainen et al. (1987) Finland Sabinene, germacrene D

Mockute and Judzetiene (2004) Lithuania 1,8-Cineole, artemisia ketone, camphor, a-thujone

Nano et al. (1979) Italy Chrysanthenyl acetate

Rohloff et al. (2003) Norway B-Thujone, camphor, artemisia ketone, umbellulone, chrysanthenyl
acetate, chrysanthenone, chrysanthenol, 1,8-cineole

Sorsa et al. (1968) Finland o-Pinene + triciclene, B-pinéne + sabinene, 1,8-cineole, y-terpinene,
artemisia ketone, thujone, camphor, umbellulone, borneol,
humulenol

Tétényi (1975) Hungary B-Pinene, camphene, chrysanthenyl acetate, 1,8-cineole, y-terpinene,

artemisia ketone, camphor, o- and p-thujone, borneol + bornyl
acetate, umbellulon, piperiton

in Table 4.5. The dominant compounds are in most cases monoterpenes, but in some samples also
sesquiterpene ones like humulenole, germacrene D, or davanone were detected.

The spectrum of these monoterpenes is very wide. There are representatives of each type of the
basic monoterpene skeletons except the carane group. Even if the main component itself is usually
not enough for evaluation of the characteristics of the oil, tansy is a good example to illustrate the
fact that the main compounds of different chemotypes may not necessarily belong to the same skel-
eton. It also means that they are not always products of closely related biosynthetic pathways, which
might reflect a really heterogeneous genetic structure.

Large intraspecific chemical variability is by no means restricted to Asteraceae species. The
genus Thymus comprises many species highly polymorphic for essential oil composition. Different
chemotypes have been reported in at least 85 cases mainly from the species Thymus aestivus,
Thymus herba-barona, Thymus hyemalis, Thymus mastichina, Thymus nitens, Thymus vulgaris,
and Thymus zygis (Stahl-Biskup and Séez, 2003). For most of them, 3—6 intraspecific chemotypes
have already been described. Different chemotypes are often grouped as ones containing phenolic
compounds and chemotypes with nonphenolic ones (Baser et al., 1993).

Common thyme, Thymus glabrescens Willd., is a procumbent dwarf shrub, indigenous on sunny
hillsides of southeastern and central Europe. Recently, in Hungary, eight populations at different
localities have been investigated and new chemotypes identified (Pluhar et al., 2008). Four chemo-
types contained thymol as main compound in the oil (15%-34%), but the second and third main
compound has been different in each of them. One chemotype contained only monoterpenes as
major constituents (p-cymene 45.0%, geraniol 13.6%, and linalyl acetate 9.9%) while two other ones
only sesquiterpenes (germacrene D 55.4%, B-caryophyllene 14.8%, a-cubebene 50.9%). 1,8-Cineole
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and thymyl acetate/carvacrol/p-cymene chemovarieties were described in Croatia; a terpinyl acetate
chemotype was reported in Bosnia; and linalool/thymol/a-terpinyl acetate, geraniol, citronellol, and
carvacrol chemovarieties were mentioned in Bulgaria (Pluhdr et al., 2008). It can be established
that in this species—in contrary to the formerly mentioned ones—the main compounds could be
relatively well grouped based on their chemical constitution: acyclic monoterpenes, menthane skel-
eton group, and sesquiterpene ones. This concludes that intraspecific differences in this species
are primarily the results of diversity in biosynthesis at the level of terpene synthases and not in the
following transformations.

Within a genus, different species may exhibit different levels of intraspecific chemical variabil-
ity. The genus Mentha is a good example for this. Besides the best known species, Mentha piperita,
there is only a small variability also in Mentha pulegium. While the first one is characterized always
by the presence of menthol, the last one contains almost always pulegone as the main compound
or one of the main compounds (Lawrence, 2007; Baser et al., 2012). The presence of piperitenone
oxide in high percentages has been reported in each of the published studies for the oil composition
of Mentha suaveolens (Nagell and Hefendehl, 1974; Baser et al., 1999, 2012). Similarly, Mentha
aquatica seems to be a species of low essential oil variability. According to the available data,
menthofuran has been detected in the huge majority of the investigated samples (Guido et al., 1997,
Mimica-Ducic et al., 1998; Baser et al., 2012).

On the other hand, numerous species of the genus are really polymorphic concerning their vola-
tile compounds. Mentha longifolia, Mentha spicata, Mentha arvensis, and also natural hybrids like
Mentha dumetorum exhibit a wide spectrum of essential oil compounds, and many chemotypes has
been reported (Tétényi, 1970; Lawrence, 2007; Baser et al., 2012).

4.2.2 POPULATIONS

During evaluation of the intraspecific essential oil variability of any species, one has to be aware of
the fact that in many cases, the investigated plant material is far from a homogenous one. Although
representative sampling is a prerequisite for these studies, unfortunately, this is only rarely the fact.
It is still quite frequently not taken into account that different populations might reveal signifi-
cant variability due to the individual differences of single plants. Description of differences among
populations without referring to the individual variability within population may lead to significant
misinterpretation of data.

This is especially relevant for the wild growing plants because natural populations are often
heterogeneous in many respects. A special difficulty is that the size of this diversity is not known
either. Therefore, inadequate number of sampled individuals or bulked samples may obscure the
real variability that can be demonstrated by several examples.

In natural stands of Achillea crithmifolia, considerable variability has been detected, and the
level of several essential oil constituents varied on a large scale (Table 4.6). These results of bulked
samples, however, are not able to tell us details about the real diversity of the stands. Individual
sampling could reveal that three types of plants are present in these populations, based on the ratios
of the main components in their essential oil. Chemotype 1 has been characterized by camphor
(above 50% in the oil), chemotype 2 showed high concentrations of 1,8-cineole (above 30%), while
in the third type of individuals balanced proportions of these components together with borneol had
been detected. The abundance of plant individuals belonging to the different chemotypes varied
according to habitat (Németh et al., 2000), thus, it seems that the studied natural populations are
heterogeneous and the extent of the heterogeneity is also different.

In a similar trial in Bulgaria, analyzing samples from seven habitats, besides camphorous and
1,8-cineole type individuals, an artemisia alcohol chemotype (with 24%—-46% artemisia alcohol
in the oil) has been described (Konakchiev and Vitkova, 2004). However, in this examination, the
populations could not be characterized, and the abundance of the three chemotypes has not been
described either, as only a single individual has been sampled from each habitat! Therefore, the
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TABLE 4.6
Occurrence Intervals of Main Compounds of Achillea crithmifolia
Essential Oils in Hungarian Populations

Proportion in the Proportion in the
Component Oil (%) Component Oil (%)
o-Pinene 0.0-3.6 Borneol 1.5-24.2
p-Pinene 0.0-5.5 Terpinene-4-ol 0.0-3.5
p-Cymene 0.0-7.0 a-Terpineol 0.0-7.6
1,8-Cineole 0.1-46.0 Ascaridol 0.0-17.6
Linalool 0.0-14.2 Bornyl-acetate 0.0-8.7
Camphor 5.4-77.4 B-Cubebene 0.0-4.7

Source: Németh, E. et al., J. Essent. Oil Res., 12, 53, 2000.

results are only useful to provide data about the existing chemical diversity of the species but not
about their distribution in Bulgarian growing areas.

Other data are even more questionable if they could give appropriate information on natural
variability of this species. Bulked plant material from a Serbian population “near Ni§” was charac-
terized by high (19%) proportions of trans-chrysanthenyl acetate (Pali¢ et al., 2003), while another
in Greece “from Pelion mountain at the altitude of 700 m” by larger levels of a-terpineol (Tzakou
et al., 1993). These data do not tell us anything about the quality of the oil of single individuals
where these ratios might be much lower or higher. A single sample from a population might lead
to false interpretation if we want to evaluate the practical/pharmaceutical value of these stands
because the representativeness is at least questionable.

In the same genus, significant amounts of chamazulene are generally present in the essential oil
of A. collina. Rarely, we can find, however, any reference about the individual distribution of this
compound inside a plant population although collection of bulk samples may again lead to false
consequences and is not useful enough for example for strain improvement and breeding. Table 4.7
shows that among 23 Hungarian A. collina populations, differences of mean values varied from
33.2% till 67.1%, while the standard deviations show 12-fold differences! A population with 1.8%
standard deviation (“Diésd”’) means in the practice a strongly homogenous stand where the high
level of chamazulene manifests itself in almost each individual. On the other hand, a population like
“Als6told” of similar mean value but with a much higher standard deviation can be evaluated as an
unstable one, less suiting even for commercial purposes. According to the data, values of chamazu-
lene are more variable than values for the essential oil accumulation level.

A more detailed investigation afterward revealed that the mentioned results could be traced back
to individual differences. The plants in the examined wild populations of A. collina could be sorted
in four groups based on the characteristic spectrum of the essential oil. Individuals, accumulating
chamazulene in high proportions as the absolutely main component of the oil, are clearly different
from the ones having both B-caryophyllene and chamazulene in higher levels. Individuals of only
low levels of chamazulene and having other compounds as major ones form a distinct group, while
the plants with essential oil lacking of chamazulene are sorted in the fourth group. The evaluated
mean values of the populations most likely reflect the presence and proportion of the individuals
belonging to these different chemical types.

As presented in the preceding text, at least 10 chemotypes of wormwood (A. absinthium) have
been described until recently in the literature. Checking the methods of the published papers, it can,
however, be established that in nine of the cited 10 references, the method of sampling has only be
described as follows: “aerial parts/leaves/plants were collected...” without providing any informa-
tion about the number of individuals, replications, or the amount of the sample. Only a single paper
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TABLE 4.7

Average Values and Standard Deviations of the Essential Oil
Content and Its Chamazulene Level in 23 Spontaneous Hungarian
Achillea collina Populations

Essential Oil Content of Chamazulene Content in
Flowers (% d.w.) Flower Oil (Essential Oil %)
Standard Standard
Population (Origin) Mean Deviation Mean Deviation
Alsétold 0.55 0.49 53.6 253
Apc 0.27 0.06 45.7 154
Aszdd 0.48 0.22 63.1 12.5
Balatonakali 0.36 0.11 67.1 4.2
Balatonudvari 0.29 0.07 61.0 7.2
Bokor 0.35 0.13 64.5 5.8
Csepreg 0.20 0.08 40.0 18.3
Csillebére 0.33 0.22 60.3 7.2
Diésd 0.42 0.11 61.0 1.8
Jobbégyi 0.33 0.18 33.7 24.6
Kevélynyereg 0.30 0.13 60.7 7.6
Lupasziget 0.31 0.09 525 48
Makkoshetye 0.18 0.08 40.3 28.1
Mezo6nyarad 0.27 0.14 332 18.9
Mikéujfalu 0.44 0.07 57.7 8.9
Nagymaros 0.71 0.36 47.8 22.9
Nagymaros 0.53 0.15 64.2 5.0
Oroszlany 0.33 0.11 60.7 2.8
Solymar 0.37 0.08 58.3 5.1
Sopron 0.37 0.29 31.3 26.9
Szigliget 0.35 0.19 47.5 19.2
Tiszavasvari 0.65 0.58 30.5 30.4
Zenta 0.47 0.12 44.7 22.4
Mean 0.39 0.24 51.3 19.3
SD value 0.334 — 25.4 —
P level 0.005 — 0.000 —

Source: Modified from Németh, E. et al., J. Herbs Spices Med. Plants, 13, 57, 2007.

mentioned “four different plants,” which have been harvested, but in this case, the low number of
individual plants is surely not able to represent the population or genotype.

Intrapopulation variability has been studied only in exceptional cases. Llorens-Molina et al. (2012)
presented the common occurrence of two well-distinguishable chemotypes (cis-beta-epoxyocimene
above 70% of essential oil and cis-beta-epoxyocimene 60%—70% with cis-chrysanthenyl acetate
10%—20%) in a wild habitat in Spain. The two chemically—and presumably also genetically—
distinct individuals are distinguishable only by essential oil analysis and do not show any external
marker traits. The authors called the attention to the importance of individual monitoring dur-
ing examination oil composition because of the obvious differences among plants of the same
population.

In a plantation at our experimental station originating from commercial seed material, 30 indi-
vidual plants have been sampled for determination of supposed individual variability. The results
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TABLE 4.8
Fruit Characteristics of Selected Individuals in the Stock Plantation
of Foeniculum vulgare “Foenipharm”

Essential Oil Anethole Estragole Fenchone

Plant nr. (% d.w.) (% Essential Oil) (% Essential Oil) (% Essential Oil)
1 791 65.13 2.34 2.14

2 6.10 61.58 2.18 2.38

3 6.34 57.88 2.09 2.07

4 4.73 57.91 2.02 2.51

5 5.59 60.14 2.17 241

6 4.94 61.87 2.17 2.26

7 6.33 66.30 2.38 1.87

8 4.49 67.57 2.45 1.76

9 491 54.84 1.98 2.53
10 4.90 69.02 2.56 1.79
CV% 18,8 75 8.0 12.0

Source: Németh, E. et al., unpublished data.

ascertained the wide diversity of wormwood oil composition not only at the level of populations but
also at the level of the individual plants. According to this, p-thujone was the main component in
53% of the plants, but in nine plants, this compound was found only in traces. The second and third
most abundant components were f-myrcene and sabinene, respectively, both being main compounds
in 13% of the samples. Besides, in 20% of the oils, they were found in approximately equal propor-
tions (Figure 4.3). A single sample contained trans-chrysanthenol and another one an unidentified
sesquiterpene (retention time [RT]: 44,63; linear retention index [LRI]: 1985; electron ionized mass
spectrum [EIMS]: 284 [0,8%], 185 [4%], 159 [5,5%], 145 [33%], 132 [88%)], 119 [100%]) as main
component (Zamboriné-Németh et al., 2012).

trans-Chrysanthenol ~Unknown

B-Myrcene 4/sabinene

Sabinene

FIGURE 4.3 (See color insert.) Distribution of individuals of different main compounds in their essential
oil in a commercial wormwood (Artemisia absinthium) population. (From Zamboriné, N.E. et al., Individual
variability of wormwood [Artemisia absinthium L.] essential oil composition, in: Program and Book of
Abstracts, 43rd ISEO, Lisbon, Portugal, 2012, p. 105.)
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Differences among individuals manifest themselves not only in the main components but also
in the total spectrum. The varying ratios of mono- and sesquiterpene compounds to each other
demonstrate it very well: individuals with 89% monoterpenes and 11% sesquiterpenes represent one
marginal value, while an individual with 20% monoterpenes and 80% sesquiterpenes in the essen-
tial oil expressed in gas chromatography (GC) peak area percentages is the contrast.

Sampling of a population of T. longicaulis ssp. longicaulis in Turkey resulted in distinguishing
three different chemotypes: thymol type, geraniol type, and a-terpinyl acetate types. It was shown
that individuals belonging to the different chemotypes can be found near to each other even on a
1 m? area (Baser et al., 1993).

The aforementioned examples represent quite well that in a chemically diverse species, the popu-
lations are heterogeneous too, in consequence of the large individual variability.

4.3 CONNECTIONS OF CHEMICAL DIVERSITY
WITH OTHER PLANT CHARACTERISTICS

4.3.1 PROPAGATION AND GENETICS

The homogeneity or variability of a population often stays in connection with the usual prop-
agation method of the species. Phenotypic manifestation of diverse genetic background and
appearance of different chemotypes in a plant stand can be supported by sexual propagation and
cross-pollination. To the contrary, vegetative propagation or autogamy enhances uniformity of
the population.

Vetter and Franz (1998) proved the large degree of self-incompatibility in five Achillea spe-
cies (Achillea ceretanica, A. collina, Achillea pratensis, Achillea distans, and Achillea monticola).
While the number of seeds in cross-pollinated flowers reached 47-110 pieces, it was solely 0—11
pieces in self-pollinated ones. Our long-term experiences with yarrow ascertain this finding and it
is in obvious coincidence with the large intraspecific chemical diversity of these species.

Xenogamy is the preferred way of fertilization in several important medicinal species. As an
example, Lamiaceae species are cross-pollinating ones based on the morphological constitution
of the flowers and the mechanism of proterandry. Besides xenogamy, also geitonogamy may occur
between flowers of the same plant; however, seed-set rates are much lower in this case (Putievsky
et al., 1999; Németh and Székely, 2000). In some species of the same genus, both hermaphrodite
and male-sterile flowers can be found. In thyme (7. vulgaris), it has been described that the latter
one occurs primarily in suboptimal environments assuring that outcrossing enhances fitness of the
progenies, while the hermaphrodite flower structure enables autogamy. Depending on the type of
fertilization, the essential oil pattern varies characteristically (Gouyon et al., 1986).

Species, which are generally propagated by vegetative methods like peppermint and tarragon,
do not show any or only a minimum variability among individuals. This fact sometimes is consid-
ered as an adverse phenomenon and an obstacle in effective selection and genotype improvement.
Therefore, breeders usually try to increase the variability of these plants with specific methods.
Mutation breeding proved to be a prosperous tool in producing wilt-resistant strains of peppermint
in the United States (Murray et al., 1988). Induction of polyploids by colchicine and the crossing
of fertile accessions afterward have been the basics in developing the highly productive variety
“Multimentha” in East Germany (Dubiel et al., 1988). Development of new chemical varieties is
endeavored today more and more by molecular genetics methods (Croteau et al., 2005; Wagner
et al., 2005).

On the other hand, clonal propagation is an optimal way to obtain chemically homogenous popu-
lations for commercial production and processing purposes. According to own experiences, seed
sowing of tansy results in an enormous segregation of the population, which is not acceptable as
raw material for industrial utilization. Therefore, vegetative propagation by young shoots has been
developed for the production of selected chemotypes (Zamboriné et al., 1987).
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For species, where a large chemical diversity is characteristically present, the uniformity of
plant populations seems to be always questionable. It is most frequent that heterogeneity exists
also among individuals, and production of drugs of stable quality cannot be carried out from these
stands. This phenomenon is an important motivation for introduction of economically important
wild species into the agriculture and selection of their stable varieties. Breeding is going on usually
parallel with development of technological methods.

Fennel has been cultivated already for many decades, and selected cultivars are registered in
numerous countries. The main goals of the breeding have been definitely the increase of essential
oil content and stabilization of its composition. During maintenance of our cultivar “Foenipharm,”
we checked the most important characteristics of individual mother plants. The results show that
deviations among the plants are minimal due to the long-term breeding and variety maintenance
process (Table 4.8).

Breeding of the polymorph species A. absinthium in the Conthey Research Centre (Switzerland)
resulted in a uniform variety accumulating cis-epoxyocymene as main compound. After screening
of more than 800 plants from 24 accessions originating from six countries, the researcher selected
and stabilized the desired chemovariety (Simonnet et al., 2012).

Effective breeding necessitates knowledge on the genetic background, but inheritance of volatile
compounds is till now only partially detected. The accumulation level of the essential oil is principally
a quantitative feature and, thus, target of polygenic inheritance. However, biosynthesis of individual
volatile compounds has been explained several times by Mendelian genes and gene interactions.

Classical genetic studies revealed that azulenogenic sesquiterpene lactones are inherited through
the recessive allele of a special gene. In tetraploid species, a single homozygote recessive locus
assures proazulene accumulation, and in a double homozygote recessive genome, it is manifested at
elevated levels (Vetter et al., 1997). Similar mechanism seems to be working in the related chamo-
mile (Matricaria chamomilla), and quantitative changes seem to be the result of modifying poly-
genes (Franz and Wickel, 1985; Wagner et al., 2005).

Multiallelic genetic determination was stipulated for the inheritance of borneol and 1,8-cineole
in Hedeoma drummondii (Irving and Adams, 1973) or for the inheritance of camphor in T. vulgare
(Holopainen et al., 1987).

Based on hybridization studies, it has been supposed that at least the majority of the genes regu-
lating biosynthesis of p-menthane compounds are universally present in the genus Mentha. A single
locus may be responsible for the production of anethole and estragole with partial dominance for
high-estragole content (Gross et al., 2009). Similarly, existence of chemotypes of different 5-carene
levels in scots pine (P. sylvestris) are explained by a single gene and inherited in dominant-recessive
system (Hiltunen, 1975).

More recently, it has been found that the presence of typical oregano-type “cymyl compounds”
(y-terpinene, p-cymene, carvacrol, etc.) in different Origanum species is associated with the pres-
ence of a specific variant of y-terpinene synthase gene (Lukas et al., 2010). Six different variants of
this gene have been detected, which differ in the presence or absence of specific patterns in intron 3
but not each of them is able to result in the accumulation of the mentioned characteristic compounds
of the genus.

According to our recent knowledge, it is obvious that the genetic determination of essential oil
compounds should be complex. Besides the direct regulation of the biosynthetic processes, other
types of regulation interact with the formation of volatile compounds like intra- and intercellular
transportation mechanisms, primarily metabolic processes, or regulation through transcription fac-
tors, which are still less known in terpenoid metabolism.

Inherited traits manifest themselves in each plant individual, and this is the background of intra-
specific diversity. However, the appearance of variability at population level depends also on the
occurrence frequencies of corresponding genes. Complex genetic constitution of a population deter-
mines the abundance and diffusion of specific chemotypes in the plant stand and indirectly—the
quality of the drug, which can be harvested there.
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4.3.2 MORPHOLOGICAL CHARACTERISTICS

Both from theoretical and practical points of view, connection between chemical traits (essential oil
composition) and morphological characteristics would be of interest. External features as marker
traits for oil composition would be of high importance during cultivation, breeding, or control.
However, besides some exemptions, there are no reliable data about this topic.

The leaf form, size of dissections, and color of the leaves show a great variability in A. crithmi-
folia. Our investigations in controlled environment, however, revealed no connection between che-
motype and leaf dissection. Plants of light-green leaves accumulated more essential oil, however,
showed no correlation with the oil composition (Németh et al., 1999). Similarly, Hofmann (1993)
established in several taxa belonging to the section A. millefolium that morphological traits may not
refer directly to specificities of essential oil composition.

In A. millefolium, Gudaityté and Venskutonis (2007) tried to find connection between the color
of petals and the azulene accumulation in the flowers; however, it could not be proved. A higher pro-
azulene level was detected to stay in connection with higher number of internode, narrower leaves,
and ligulate flowers, but it has not been ascertained by other authors.

The shape of the leaf is also very variable in case of tansy. According to the author’s observa-
tions (Zambori-Németh, 1990), some chemotypes can be distinguished from other ones based on
this feature. Individuals containing the sesquiterpene davanone have shiny green, oval leaves with
dense incisions, while the leaves of the chemotype accumulating thujone as main compound is
elongated, leaflets are sparsely incised but lobes are deeper and their color grayish green. However,
similar characteristics cannot be generalized as special markers applicable for each chemotype. It
is in coincidence with the opinion of Schantz and Forsén (1971) who emphasized that no character-
istic connection between essential oil composition and morphology of the examined west European
tansy populations could be determined.

In some cases, however, literature references seem to be contradictious in this respect. In a
former publication, Hodzsimatov and Ramazanova (1974) declared that the presence of bornyl
acetate, terpineol, and linalool in the essential oil of hyssop (Hyssopus officinalis L.) is connected
to the pink flower color. Chalchat et al. (2001) mentioned that pinocarvone is mostly present
in individuals of white petal color, but Galambosi et al. (1993) found the highest pinocarvone
proportions in a population of pink flowers. Own (not published) measurements and experiences
showed that chemism of white, pink, or blue flowering individuals is independent from flower
(petal) color, and there may be larger differences between plants with the same flower color if
they originate from different accessions compared to the ones that have different petal color but
have the same origin.

The investigations in 48 annual and 18 biennial caraway populations provided data about several
significant correlations among oil composition and different morphological and production charac-
teristics like root neck width, number of shoots, number of umbels, and seed biomass. However, no
significant correlation could be found between any of these morphological, production features and
the carvone content of the oil (Zamboriné, 2005).

In chamomile (Chamomilla recutita), Gosztola (2012) carried out a very detailed and compre-
hensive analysis on Hungarian wild growing populations from different habitats. They studied a
wide range of plant characteristics and their connections. As for the oil composition, none of the
most important sesquiterpenes showed any significant correlation with morphological features like
plant height, diameter of the flowers, and that of the discus (Table 4.9).

By screening of 13 different accessions of fennel (Foeniculum vulgare ssp. capillaceum var.
vulgare), it has been established that they represent different chemovarieties of the species (Bernath
etal., 1996). Chemovar 1 represented by a single accession accumulating the largest concentrations
of fenchone (above 30% of the oil), chemovar 2 contained three strains characterized as methyl
chavicol-rich ones (above 20% of the oil), while the nine accessions belonging to chemovar 3
showed high-anethole contents (above 60% of the oil). Studying the correlations between the main
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TABLE 4.9
Correlation Coefficients between Main Essential Oil Components and some
Morphological Traits in Chamomile

Chemical Compound Plant Height Diameter of Flowers Discus
p-Farnesene 0.00 0.28 0.38
Bisabolol-oxide B 0.10 0.09 -0.10
a-Bisabolol -0.34 -0.32 -0.33
Chamazulene -0.12 -0.04 0.10
Bisabolol-oxide A 0.30 0.26 0.28
cis-Spiroether 0.20 0.13 0.09
trans-Spiroether -0.02 0.05 0.23

Source: Modified from Gosztola, B., Morphological and chemical diversity of different chamomile (Matricariarecutita L.)
populations of the Great Hungarian Plain (in Hungarian), PhD dissertation, Corvinus University of Budapest,
Budapest, Hungary, 2012.

TABLE 4.10

Correlation Coefficients of Morphological and Chemical Characters of the Accessions
Investigated

Component (in % of the Oil)

Essential Oil
Morphological Content Methyl
Feature (mL/100 g) o-Pinene  fB-Pinene  Fenchone  Chavicol Anethole Limonene
Plant height -0.1002 0.0866 -0.1590 0.2263 0.5927 -0.5805 0.2152
Mass of leaves 0.3531 -0.2713 —0.6458 -0.2800 -0.0768 0.2515 -0.4393
Length of seeds 0.6102 0.2334 0.0219 -0.1940 —-0.3321 0.3853 -0.3229
1000 Seed mass 0.4705 0.2186 0.3560 0.1711 —0.4384 0.2624 0.0684

Source: Bernith, J. et al., J. Essent. Oil Res., 8, 247, 1996.

components of the oil and the morphological features, only loose or medium strength correlations
could be determined (Table 4.10).

The connection between the seed size and essential oil content seems to be of the largest practi-
cal importance (r = 0.6102). Among the individual components, 3-pinene and limonene showed
significant negative connection with leaf mass. Similarly, higher plants produced less anethole and
more methyl chavicol. Although these results may be interesting, most likely these statistical cor-
relations have hardly any real physiological or genetic background, therefore their universal use as
markers is questionable.

4.4 MORPHOGENETIC AND ONTOGENETIC MANIFESTATION
OF THE CHEMICAL VARIABILITY

Although until now we discussed about chemical polymorphism of the plants in general, in numerous
plant species, there are frequently well-defined deviations between the oil compositions of different
plant organs: roots and overground parts, vegetative and generative organs, leaves, and flowers. Rate
and pattern of the appearance of divergences are basically characteristics for the species. In some
cases, the transition is continuous, and only the proportion of the compounds changes from the basal
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regions toward the apical parts beyond a relatively standard spectrum. In other species, the spectrum
is suddenly changing with the differentiation of new plant organs and generative parts. Besides, there
are examples also for uniform composition both of the vegetative and generative organs.

Lovage (L. officinale) accumulates in the leaves always a-terpinyl-acetate as main compound
(40%-80%) besides a lower level of B-phellandrene (15%-28%). The main components of the
roots 3-butylidene-phthalide and Z-ligustilide are only in lower concentrations—not rarely only in
traces—present (Novak, 2006). The composition of the fruits is similar to that of the leaves with
B-phellandrene as main component up to 60% (Bylaite et al., 1998).

In species, where the root does not provide an official drug, data on essential oil accumulation of
the underground parts are obviously much rarer. Existing data, however, show that the composition
of the underground parts might be similar or even totally different from that of the shoot system.

In a related Apiaceae species, in fennel, the difference in composition of the roots and that of the
overground parts shows the largest deviations, while the difference between the green parts (leaves
and shoots) and generative organs (flowers and fruits) is less characteristic (Figure 4.4). In the roots,
the absolute main compound is dillapiole; anethole is accumulating in the whole shoot in highest
concentration. Composition of the essential oils from stems and leaves of fennel are qualitatively
similar to that of the fruits. However, the ratio of anethole varies among organs; the vegetative green
parts contain it in higher concentrations than flowers and fruits (Chung and Németh, 1999). At the
same time, it can also be established that the majority of the mentioned components are biosyntheti-
cally related phenylpropanoids.

Composition of the roots and that of the leaves proved to be surprisingly different both qualita-
tively and quantitatively in some Asteraceae species.

In the genus Achillea, the volatile composition of the root has been studied till now only in a few
species. The root oil of A. distans contained primarily t-cadinol, alismol, and a-cadinol (Lazarevié
et al., 2010), while in A. millefolium, epicubenol and the monoterpenic ester neryl isovalerate were
detected in highest proportions (Lourenco et al., 1999). The sesquiterpenes (t-cadinol) and mono-
terpene esters (neryl isovalerate) were also present in significant amount in Achillea lingulata roots
(Jovanovic et al., 2010). Our recent investigations (Kindlovits et al., 2014) on several Achillea acces-
sions showed that n-hexadecanol accumulated in highest concentrations (up to 45%) in the essential
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FIGURE 4.4 Composition of the essential oil in different plant organs of the fennel variety “Soroksari.”
(From Chung, H. and Németh, E., Inz. J. Hortic. Sci., 5, 27, 1999.)
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oil of the roots of different A. collina strains, while fatty acids were predominant in samples of
A. crithmifolia. It seems that the composition of yarrow root oil is basically dependent on species,
but also intraspecific deviations occurred. The composition is basically different from that of the
overground parts, and chamazulene is missing.

Intraspecific, moreover, individual differences have been detected in the volatile composition
of the root oils also in the related species A. absinthium. Major components of the roots and of
the overground organs proved to be totally different from each other. Our recent investigations
(Németh, E. et al., unpublished data) showed that independent of the major components of the
leaves (p-pinene, p-thujone, p-epoxyocimene, f-caryophyllene, etc.), the root oil contained most
frequently monoterpenic esters like lavandulyl isovalerate, neryl isovalerate, neryl acetate, and bor-
nyl acetate in highest abundance with hardly any sesquiterpenes, in contrary to yarrow.

The results ascertain that individual variability of essential oil composition might be present
both in the overground organs and the underground ones. This shows a rather complex picture
because it might mean that based on the essential oil composition of the leaves, a group of individu-
als is evaluated as belonging to the same chemotype, but concerning the root volatiles, they are fre-
quently not similar to each other. About such data, there are still very few records, which underline
the necessity of further investigations.

The presence of significant differences between the composition of the essential oil from the
root and that from the shoot is, however, not a universal phenomenon. Schulz and Stahl-Biskup
(1991) studied the organic diversity of essential oil spectrum in case of hyssop. They found that
pinocamphone can be described as a universal main component in each of the roots, stems, leaves,
and flowers at an accumulation proportion of 22%—-60%. In case of the roots, the only character-
istic difference was the presence of an unidentified—presumably—sesquiterpene type compound
in 13.1%-15.6%, while the spectrum of the leaves and flowers proved to be both qualitatively and
quantitatively related.

The picture is somewhat similar for peppermint. According to investigations of Murray et al.
(1988), components of the essential oil distilled from the stolons are highly comparable with the
shoot oil. Major compounds of the stolon oil were menthofuran (46.1%), menthyl acetate (24.5%),
and menthol (11.4%), which reflect only quantitative differences compared to the oil distilled from
the herb or the leaves. These data refer to a relatively uniform biosynthetic process of these terpe-
noids in the whole shoot system developing underground or overground.

As a conclusion, we could declare that biological variability is manifested also in the relationship
between the volatile compounds of different organs. While some species accumulate qualitatively
similar compounds in each organ, some others produce different compounds, however, results of the
same biosynthetic route. At the same time, there are also species in which the volatile composition
of different plant organs seems to be almost “random,” and no closer connection can be established
between their biosynthetic origins according to our present knowledge.

The special composition of any plant organ is, however, not a stable phenomenon. Qualitative
and quantitative, compositional changes frequently occur during ontogenesis of the plant. These
changes are either direct when the same plant organ—Ileaf, flower—shows an altered character dur-
ing its development or they may be indirect: variability detected due to morphogenetic changes of
the shoot like appearance of buds and fall of the leaves. These changes—onto- and morphogenetic
ones—are part of the biological variability, as they are regulated by the metabolomic processes of
the plant. Consecutive expression of corresponding genes and changes at translational or enzymatic
level might result in different chemosyndromes during the plan life.

In peppermint, it has been detected by in vitro enzyme activity and *CO, labeling experiments
that the background of these ontogenetic changes is a complex process (McConkey et al., 2000). In
the first phase (“‘de novo oil biosynthetic program”), which coincides with leaf expansion and gland
filling, the group of enzymes leading from geranyl diphosphate till menthone are extremely active,
while about a week later, in the second period (“oil maturation program”), these enzyme activities
are strongly diminished and the activity of menthone reductase increases steadily leading to an
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elevated level of menthol. Early upregulation of menthone reductase in a breeding program may
result in transgenic peppermint of elevated menthol accumulation potential.

In Apiaceae species, considerable compositional changes occur during the development of the
seeds, which may have influence on the quality of the drug.

In caraway, a timely shift has been proved in the accumulation of the two main components
carvone and limonene during seed development, therefore their ratio is primarily depending on
the ontogenetic phase. Limonene is formed right after fertilization of the flowers, which is after
5-10 days followed by the accumulation of carvone, the former one being the precursor of carvone.
The timely shift is the consequence of changing enzyme activities. Limonene synthase is active
at the beginning, while after the mentioned time period, activity of limonene hydroxylase catalyz-
ing the formation of carvone is increasing (Bouwmeester et al., 1998). It has been supposed that this
is the rate-limiting step in enhancing carvone accumulation.

A similar phenomenon has been described for the related coriander (Coriandrum sativum). In the
fruits of this species, linalool is the characteristic main compound, reaching more than 90% of the
total essential oil. At the beginning of seed development, besides linalool, the ratio of (E)-2-decenal
is characteristically high (above 15%-20%), which decreases later, during seed development pro-
cess (Varga et al., 2012).

In sage (Salvia officinalis), it was detected that different types of accumulation structures (peltate
glandular trichomes, capitate glandular trichomes, and ambrate resinous droplets) are present in spe-
cial distribution on the leaves. Each of them has characteristic terpenoid composition (Tirillini et al.,
1999). Considerable compositional differences can be found also between older and younger leaves
(Grassi et al., 2004). While the younger leaves were rich in f-pinene, bornyl acetate, and sesquiter-
penes, the ratio of these compounds was significantly reduced by leaf expansion (Table 4.11). On the
other hand, mature leaves contained three times more camphor and camphene than the newly formed
ones. In this case, the changes are reflected not only among leaves of different age but also among
different segments of the same leaf, too. The relatively immature regions at the basal region of the leaf
showed similarity to the composition of young leaves. However, they were characteristic differences
observed also between the inside and the marginal regions, therefore it seems to be likely that besides
age also other factors may influence the composition of the single oil glands on the leaf surface.

Detailed investigation of Johnson et al. (2004) revealed well-measurable differences in the oil
composition of leaves of different age in the related Lamiaceae plant, Origanum vulgare ssp. hirtum,

TABLE 4.11
Characteristic Main Components (%) of SPME Extracts of Sage Leaves
of Different Age

Intermediary Leaf

Compound Young old Base Margin Middle Inside
Camphene 4.5 8.1 4.7 6.5 7.1 5.7
fB-Pinene 19.4 4.6 8.1 8.6 9.7 134
1,8-Cineole 8.0 15.5 — — — —
a-Thujone 12.1 12.5 16.6 14.6 17.0 21.0
Camphor 9.7 29.1 11.9 20.0 18.2 14.9
Bornyl acetate 2.5 0.0 2.0 0.7 0.4 0.2
a-Humulene 6.0 4.7 7.4 3.5 42 3.6
Viridiflorene 4.7 0.5 233 14.0 13.6 L5
Manool 10.4 9.4 6.2 9.2 6.4 52

Source: Grassi, PJ. et al., Phytochem. Anal., 15, 198, 2004.
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too. Lowest levels of p-cymene were always detected in the younger leaves, but to the contrary of
sage, the composition of the oil proved to be similar in older and younger parts of the same leaf. It
was anticipated that in this case, the background of the differences would be the time of the leaf
development and not its relative age. Lengthening days enhance the loss of p-cymene compared to
carvacrol, but only the young leaves are able to make this switch. In this case, it seems that compo-
sitional diversity of leaves of different age may not be considered as a simple biological variability
but more a specific environmental response.

The detectable variability of the volatile composition may depend also on the spectrum of indi-
vidual oil glands even of the same leaf. In oregano, significant differences could be detected in the
composition of individual oil glands (Johnson et al., 2004). While the majority of the oil glands
yielded carvacrol and virtually no detectable amount of thymol, a small proportion of the glands
produced up to 70% thymol. The oil glands of this latter type were randomly distributed on the leaf
surface, but the explanation for this interesting phenomenon is still lacking.

The composition of the root oil seems to be varying with the age, too. Although there are hardly
any reports on this issue, it seems that this variability may be the result of structural transforma-
tions. Stahl-Biskup and Wichtmann (1991) detected a decrease of germacrene B, the characteristic
compound (in 51%) of the seedlings parallel with secondary thickening of the roots and formation
of secondary oil cavities. The roots of adult plants contained mainly aliphatic aldehydes up to 68%
of the oil. In the contrary, the herb oil of seedling and adult plants did not differ significantly from
each other.

In many cases, the detectable variability of oil composition is connected to morphological dif-
ferentiation during shoot development. The emergence of the flowering stem, appearance of flowers,
and development of fruits may result in qualitative and quantitative alterations. The shifts are con-
nected not only with aging of the plant but also with changes in its organic structure.

A “classical” example for this phenomenon is the change of the compositional profile of pepper-
mint oil during ontogenesis (Murray et al., 1986). At the beginning of shoot development, the herb
contains menthone (above 30%) as main compound, while the ratio of menthol is usually the same
or even lower. During shoot growth, the proportion of menthol starts to increase, and at harvest time
in a good quality plant material, it reaches more than 40%. By the senescence of the leaves elevated
levels of the corresponding ester, menthyl acetate can be measured. Data of Table 4.12 show the
mentioned changes during shoot development. On the same day, the older, bottom part (B) of the
shoot is more similar to a later phenological phase (more menthol, less menthone) than the upper
part (T). Besides, morphogenetic changes are reflected in the elevated values of menthofuran and
pulegone on later dates as these are characteristic compounds of the flowering parts of peppermint.

The species-specific behavior in these biogenetic transformations is demonstrated by the fact
that the related species Mentha citrata (syn. M. piperita var. citrata) shows an opposite tendency as
the compound linalool increases by approximately 30% during flowering, while the corresponding
ester, linalyl acetate, is decreasing at the same time (Malizia et al., 1996).

In species possessing different chemical varieties, ontogenetic changes might be characteristic
features not only of the species but also of the intraspecific chemotype.

In tansy (7. vulgare), Schantz et al. (1966) already described quantitative shift in the essential
oil composition from budding till the end of flowering period. Main tendency of the change was an
increase of the main components camphor and thujone in these two chemotypes. In own investiga-
tion, six different chemotypes were checked in an extended period from early shooting till seed
ripening (Németh et al., 1994). In five of the chemotypes, where monoterpene compounds are pres-
ent as major components of the oil, an increase of the proportion of these components was detected.
The increase is slight and continuous in the borneol-, camphor-, and 1,8-cineole-type plants, while
it is a sudden and larger one in the thujone- and thujone acetate—type individuals (Figure 4.5).
Another dynamics was found in the chemotype accumulating the davanone sesquiterpene lactone
in the oil as main component. In these plants, the ratio of davanone is highest right after shooting
out in spring and shows a continuous decrease after that.
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TABLE 4.12
Main Components (% in the Oil) of the Peppermint Oil from
Top (T) and Bottom (B) Parts of the Shoot during the Vegetation Period

Compound Stem Part July 21 August 3 August 16 September 7
1,8-Cineole T 53 6.0 54 54
B 5.8 4.8 45 4.0
Limonene T 32 5.0 3.7 2.8
B 3.0 2.3 2.7 2.1
Pulegone T 1.1 3.4 4.6 1.0
B 0.8 2.0 23 1.7
Menthofuran T 1.4 7.6 9.9 8.2
B 2.0 2.9 4.6 5.7
Menthone T 34.1 30.5 28.3 19.2
B 16.1 17.1 17.1 13.6
Menthol T 29.9 233 27.1 41.5
B 43.4 394 38.8 44.2
Menthyl acetate T 32 3.7 2.7 3.7
B 8.0 10.3 9.5 9.0

Source: Modified from Murray, M.J.P. et al., Peppermint oil quality differences and the reasons for them, in:
Lawrence, B.M., Mookherjee, B.D., and Willis, B.D., eds., Flavors and Fragrances: A World
Perspective, Elsevier, Amsterdam, the Netherlands, 1988, pp. 189-210.
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FIGURE 4.5 Proportion of the main components during the vegetation period in different chemotypes of
tansy. (From Németh, E.etal, J. Herbs Spices Med. Plants, 2, 85, 1994.)

Long ago, Schranz and Horster (1970) described similar phenomenon in thyme species (7. vulgaris
and T. marschallianus). They established that during the vegetation period, significant changes
can be detected in the essential oil composition in both species, which are individually varying.
The dynamics of changes of the measured compounds (y-terpinene, thymol, carvacrol, p-cymene,
terpinolene, a-pinene, etc.) through plant development was different in each examined individual
plant. The large individual variability in the components and in the dynamics of the compositional
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changes let them conclude that the chemical features of a genus or a species can play only a limited
role for systematic characterization.

Less known and investigated are even till today the diurnal changes of volatile components. As
a model plant, in Origanum onites, the most important compounds carvacrol and thymol fluctuate
significantly during the day. Carvacrol has a decrease in early morning and in afternoon, while thy-
mol shows the lowest concentrations at 10 o’clock in the morning and the level increases from early
evening till midnight. This dynamics means 1.6-3.0 times differences in the accumulation ratios of
the mentioned compounds and do not seem to be influenced severely by the phenological stage from
preflowering till postflowering periods (Toncer et al., 2009).

Biological variability of essential oil composition is obviously a complex system manifested in a
characteristic row of chemosyndromes in the plant species or in the intraspecific taxon.

The backgrounds of the evaluated changes are until now only partially detected. The spectrum
of volatile compounds in the plant depends in a large extent on modifications in varying gene or
enzyme activation processes connected to developmental phases.

Changes at transcription level were detected by Grausgruber-Griiger et al. (2012) in garden sage
(S. officinalis). They investigated the connection between the accumulation of main monoterpenes
and transcript levels of their synthases during the vegetation cycle. It has been established that
terpene synthase mRNA expression and the level of the respective end products were in significant
correlation in case of 1,8-cineole (correlation coefficients r = 0.51 and 0.67 for the two investigated
cultivars) and camphor (r = 0.75 and 0.82), which indicated a transcriptional control of the process.
The same correlation, however, could not be proved for a- and B-thujones, which shows the possible
role of other regulation levels in accumulation of these compounds.

In several cases, changes of the volatile compounds are presumably connected to differentiation
of special anatomical structures like glands or cavities and the enzymatic profile of these organelles.
Monoterpenes are formed predominantly in the plastids via the methylerythritol phosphate (MEP)
pathway, therefore mesophyll-originated cells rich in plastids may be rich in monoterpenes, while
cells of well-developed endoplasmic reticulum may be primary sites of sesquiterpene biosynthesis.
Recently, it seems that this statement can only partially be accepted because a metabolic crosstalk
between the plastid MEP pathway and cytosolic mevalonic acid (MVA) pathway has been found
several times (Dinesh and Nagegowda, 2010). Based on investigations in Melaleuca alternifolia,
Webb et al. (2011) concluded that both the MVA pathway in the cytosol and the MEP pathway in
the plastids may contribute to the sesquiterpene formation, and the intensity of this contribution
depends on many factors like the plant species, tissue, and physiological state of the plant. Although
data on localization of enzymes and terpenoid biosynthetic processes are continuously accumulat-
ing, a general statement about the role of intracellular structures in detected changes of volatile
profile of essential oil-bearing plants cannot be established yet.

Looking for the background of biological variations of the essential oil spectrum, synthesis
of the volatile compounds is only one side. It cannot be excluded either that the biosynthesized
components are specifically translocated and/or further metabolized in the cells. The best docu-
mented example for this complex compartmentation system seems to be the formation of different
monoterpenic compounds of peppermint oil. Labeling studies revealed that geranyl diphosphate
synthase is localized in the leucoplasts, (—-)-limonene-6-hydroxylase is associated with the endo-
plasmic reticulum, (=) trans-isopiperitenol dehydrogenase is found in the mitochondria and
(+)-pulegone reductase in the cytoplasm. It shows that a well-established subcellular compartmen-
tation and translocation mechanism is needed in fulfilling the total biosynthetic chain. Besides,
an active transport is expected in carrying the produced components from the secretory cells into
the subcuticular oil storage cavity of the peltate grandular trichomes (Kutchan, 2005). Schratz and
Horster (1970) already many decades ago suggested that compositional changes associated with
plant ontogenesis may be present due to the fact that only young oil glands synthesize volatile com-
pounds, and in the fully developed leaves, secondary transformations overdominate. Later, it was
proved that monoterpene biosynthesis is going on in peltate glandular trichomes where terpene
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synthases, cyclases, and also hydroxylases are localized, while capitate glandular trichomes stop
the synthesis at a much earlier stage (Yamaura et al., 1992).

4.5 ORIGIN OF ESSENTIAL OIL VARIABILITY

Ontogenetic changes in chemical profile of numerous taxa provide the basis for the “ontogenetic
hypothesis” on the genesis of intraspecific chemical taxa. Tétényi (1970) assumed that differentiated
intraspecific taxa have emerged by adapting themselves to different life conditions.

According to this, some alterations of ontogenetic metabolistic changes of individual develop-
ment as acclimatization behavior may have occurred in certain phases characteristic of the given
plant species. The special chemical differences of intraspecific taxa seem to have evolved by the sta-
bilization of these chemical features present in consecutive phases of the ontogenesis if the deviation
was of durable nature and occurred repeatedly in several progenies. Differences both in intensity
and quality of metabolism in single phenological phases might be inherited, becoming a taxonomic
characteristics, and thus, establishing the physiological bases of the existence of new chemical taxa.

Individuals of different chemism may show different adaptation capacity to changing environ-
mental circumstances. Thus, plants of the most appropriate compositional profile have a fitness com-
paring with other ones, therefore can be stabilized and spread through the area (Hegnauer, 1978).

It is without doubt that chemical changes manifested in successive progenies serve frequently as
a direct adaptive tool in survival of the population or individual. In other cases, however, adaptation
through other—morphological, biological, phenological, propagation—features may also lead to an
altered chemical profile as an indirect result.

This general statement for secondary plant compounds may be valid for essential oil compounds
as well. Compounds, which have some kind of adaptive value, are presumably distributing to a
larger extent inside the population increasing the fitness of the plants. Many examples demonstrate
already that in accordance with phylogenesis, appearance of intraspecific chemical variability may
be considered as result of adaptive processes (Dudareva and Pichersky, 2008). During natural selec-
tion, the presence and accumulation level of volatile compounds have been changed and show now
a really colorful spectrum.

In T. vulgaris, the broad chemical variability and adaptation potential are manifested during
ontogenesis. At the 1-3 months seedling stage, the plants belonging to linalool chemotype accu-
mulate mainly phenolic compounds similarly to the carvacrol and thymol chemotypes and, only in
later phenological stages, start to predominate the characteristic linalool in the oil. It was suggested
that this behavior of the plant is a chemical defense against herbivores in the young, sensitive age
(Linhart and Thompson, 1995).

Seedlings of Eucalyptus accumulate essential oil rich in pinenes, while adult plants produce
1,8-cineole (eucalyptol) as main component. Similarly, seedlings of Cinnamomum camphora syn-
thesize safrole as major volatile compound of the leaves, but later, different other compounds start
to accumulate in abundance corresponding to the different intraspecific chemotype (Tétényi, 1975).
Juvenile parts of Thuja occidentalis show a multiple difference in the quantitative composition of
the volatiles compared with that of the mature shoots. The accumulation rate of sabinene (25.37%)
and a-pinene (26.29%) are especially high compared to the leaves of the adult plant (0.76% and
3.54%, respectively) (Gnilka et al., 2010). Interestingly, the adaptive role or other function of these
changes is still not adequately declared and is worth of further research.

Several examples demonstrate that adaptation process should be considered here in a wider
sense. Chemical properties and production of special volatiles may enhance not only plant survival
among adverse ecological conditions and assure a protection against predators but also stimulate
competitiveness and distribution.

The important role of the changing volatile profile during ontogenesis in the ecophysiological
behavior of the plants has been demonstrated by the example of lavender (Guitton et al., 2010). It
was found that in each individual flower, three different group of terpenes appeared sequentially
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during the flowering period. The authors concluded that the terpenic volatiles in bud stadium and at
the end of flowering, when flowers faded and small seeds start to develop, should serve as protective,
insect-repellent compounds (e.g., ocimene, limonene, linalool). The ones, however, produced during
full flowering are mainly attractive type molecules, presumably enhancing fertilization by engaging
pollinators (e.g., linalyl acetate, some sesquiterpenes).

Similarly, Muhlemann et al. (2012) proved that in snapdragon emission of attractive volatiles
(primarily myrcene, f-ocimene, linalool, and (E)-nerolidol) follows a diurnal rhythm. Molecular
genetics investigations revealed that the synthesis is regulated at the level of transcription. The
expression of genes encoding enzymes involved into the formation of these volatiles is increasing
after anthesis and reaches its maximum when the flower is ready for pollination. This is specifi-
cally detectable in the petals of the flowers, while very few changes were found in sepal expression
profiles, which shows a strict organic localization corresponding to the physiological role of the
changes. The complex nature of these processes was shown furthermore by the fact that the bio-
synthesis of secondary compounds and primary metabolic pathways feeding into it are distinctly
regulated during development.

Nevertheless, as mentioned earlier, it can be assumed that sometimes an altered chemical profile
is not a tool in acclimatization but appearing as consequence of adaptation processes. This fact
seems to be an explanation for the existence of variable chemotypes of 7. vulgaris in different
French populations. It has been proposed that the appearance of numerous intraspecific chemotypes
and wide range of main components in the essential oil may be the result of natural competition
(Gouyon et al., 1986). The species is indigenous thorough the Mediterranean coasts; however, it
has a relative weak competition ability, therefore autogamy can assure a survival only in optimal
environment. In these habitats, plants are hermaphrodite, and in consequence of the high rate of
autogamy, they are of homozygote genetic structure. The constitution of a homozygote genotype
could lead to the manifestation of recessively inherited features like the high-thymol accumula-
tion and distribution of this chemotype in the area. However, under less favorable conditions, in
order of increased competitiveness, propagation is going on through xenogamy, which results in
heterozygotic genetic structure. In such a genotype, the typical oil components are the dominantly
inherited ones like geraniol and terpineol, therefore these chemotypes are abundantly found in the
population. Based on this hypothesis, the phenotypic manifestation of genetic information, that is,
the chemosyndrome is the indirect result of the environmental pressure.

Hybridization represents a further possible way for development of new chemotypes. Interspecific
hybridization and polyploidization frequently occur especially in neighboring and overlapping dis-
tribution areas of different taxa. Hybrid accessions of elevated fitness—either through a new chemi-
cal profile or by other advantageous features—may give rise to the distribution of these genotypes.

One of the most important and widely used medicinal plants, A. collina, might have developed
by this way. Based on hybridization experiments, it was suggested that this species arose by natu-
ral outcrossing and allopolyploidization of Achillea setacea and A. asplenifolia as their hybrid in
neighboring distribution areas. Through this process, new tetraploid species was born with a pro-
azulene producing potential, similarly to the diploid parent A. asplenifolia. Hybridization is one
way for the formation of new biotypes of better adaptability and chemism (Ehrendorfer, 1963).

Besides the mentioned adaptation processes, interspecific hybridization in overlapping areas
with simultaneous blooming and possibilities of crossing was mentioned as another possible evolu-
tion mechanism in the development of numerous chemical varieties of Thymus species, too (Stahl-
Biskup and Saez, 2003).

4.6 CHEMOTAXONOMIC CONSIDERATIONS

Essential oil variability is target of chemotaxonomy. In connection with the complex regulation
of the metabolism of terpenoids and other volatiles, chemotaxonomic aspects should be evaluated
already in a more comprehensive way then it has been made for decades.
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A big majority of scientific publications on intraspecific chemical variability of essential oil com-
ponents refer to “‘chemotypes.” Chemotype is in the practice a common term, which can be used
in each case when the exact chemical taxon cannot be defined more precisely. Formerly, the term
“chemical race” has been a similarly applied category, which, however, has been considered as not
unequivocal and a rather indefinitive one (Tétényi, 1975). Therefore, the use of “intraspecific chemical
taxon” as a general name and the use of the accepted botanical taxon definitions like forma, varietas,
subspecies, in case of cultivated species, the term cultivar with the prefix “chemo-" as special names
for closely defined taxa were suggested. However, this type of definition is rather rare now and thus,
from the majority of literature, the range and size of chemical difference is frequently not obvious.

In any case, a special difficulty in evaluation of chemical diversity seems to be that the range
of divergence, the altitude of the differences most obviously cannot be universally accepted and
applied, although there is a need for some kind of minimum criteria in defining a chemical taxon as
a separate one. In case of essential oils and volatile components, this question is maybe even more
difficult to answer than in several other secondary compounds, as essential oils consists of a huge
number of individual constituents. How many compounds and which of them should be taken into
consideration?

Hegnauer (1962) suggested that essential oil constituents that attain at least 1% should be con-
sidered for chemotaxonomic evaluation. However, by the quick development of analytical methods,
the number of identified components has been increased enormously, thus, 1% is not any more of
the same significance as it used to be.

The increase of the number of identified compounds in essential oils can be well demonstrated by
comparison of the scientific articles published in the 1990-1991 and 2012-2013 volumes of Journal
of Essential Oil Research. In the starting volumes, the mean number was 41 component/sample
(marginal values: 10-121), while in the last volumes, it reached 65 compound as a mean (marginal
values: 22-187), which is a more than 1.5-fold increase during 20 years.

Now, there are no universally accepted criteria for delimitation of a chemical taxon. Evaluation
is mostly depending on both the spectrum and relative abundance of the components.

This approach indicates a further question if GC area percentages are appropriate and precise
enough for evaluation of the significance of individual components. Area percentage is a relative
value, and it is changing by the total number of the identified compounds in the essential oil as a
mixture, not directly dependent from the absolute accumulation quantity of the target compound.
The majority of literatures, however, publish area percentages, which unfortunately, are less ade-
quate for chemotaxonomic or genetic/biosynthetic conclusions.

The evaluation is sometimes severely aggravated with the—seemingly—obvious question: what
is practically an individual component? Even the determination of a chemical compound is to cer-
tain extent depending on the goal of the evaluation. For a relatively large group of terpenoid com-
pounds different enantiomers are known in vivo like (+) sabinene, (£) limonene, and (+) pinene,
which usually possess also different biological activities. Usually, the plants are producing predomi-
nantly only one of the isomers, and in each case, the enantiomeric purity is characteristic for the
species. In a recent study, each of the investigated 11 Thymus species accumulated mainly (-)-lin-
alool (70%-100%), while the studied 5 Nepeta species could be characterized by 100% presence of
(#)-linalool in the hydrodistilled oil (Ozek et al., 2010). Similarly, (1R)-(+)-camphor overdominated
in the oils of both basil species Ocimum canum and Ocimum kilimandscharicum (Pragadheesh
et al., 2013). In some cases, however, racemic appearance could also be found in the genuine oils
like in Salvia microstegia (52% and 48% of () and (+) linalool, respectively) or in Stachys antaly-
ensis (60% and 40% of () and (+) linalool, respectively) (Ozek et al., 2010).

The enantiomeric purity or characteristic ratio of the isomers might be a very valuable marker
for authenticity control of essential oils. However, detection of the genuine constitution is often
very difficult, because racemization may happen during drying, distillation, and storage and also
by nonenzymatic reactions like autoxidation (Kreck et al., 2002). The genetic regulation of produc-
ing the corresponding isomer by a species has been less studied. In peppermint, it was proved that
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in vivo transformation of the not genuine (15)-pulegone into (S)-isomenthone and (S)-menthofuran
was carried out to a high degree (Fuchs et al., 2000), which indicates that the enzymatic processes
are less stereoselective, but the end product depends to a large extent on the precursor. Different
plant parts may have also specific enantiomeric distribution, which has hardly been investigated yet.
(IR)-(H)-a-Pinene is the characteristic isomer in Lithuanian accessions of Juniperus communis, but
its ratio proved to be 74% + 13% in leaves and 69% + 17% in unripe cones compared with (15)-(-)-
a-pinene (Labokas and LoZien¢, 2013).

The usage of enantiomeric distribution in chemotaxonomic evaluation is still not widespread.
Further research is needed to define its role in systematics in case of different taxonomic units.

Another important aspect in selecting relevant compounds for evaluation is the well-known fact
that distilled oils not rarely contain artifacts. The synthesis of these compounds not occurring in
the natural oils during water distillation or storage may severely disturb the evaluation both from
theoretic and practical points of view. Increased levels of terpinene-4-ol in the distilled oil of mar-
joram (Majorana hortensis) compared to the genuine volatiles (Fischer et al., 1987) or development
of spathulenol from bicyclogermacrene during extraction or storage (Toyota et al., 1996) are very
good examples for it. The proportions of these compounds are obviously not appropriate ones to
reflect the biological variability. Presence of chamazulene in the essential oil may be a sign of the
production potential of certain guaianolides; however, it can be used for differentiating genotypes or
chemotypes only restrictedly because it can be synthesized from different azulenogenic precursors.

Qualitative and quantitative differences may have of different significance when distinguish-
ing taxonomical units. Denomination of qualitative and quantitative chemotypes, however, raise a
further dilemma. The proportion or the absolute quantity of the accumulated volatile compounds
is a continuous variable, thus, fixing a borderline between the values would be extremely difficult.
A classical approach for this question is illustrated on the example of six Hungarian chemotypes
of tansy (7. vulgare) in Table 4.13. Among the six chemotypes, the thujone, thujene acetate, and

TABLE 4.13
Proportion of Characteristic Compounds in the Essential Oil of Different Tansy
(Tanacetum vulgare) Chemotypes

Chemotype

Thujene
Compound Thujone Acetate Camphor Borneol 1,8-Cineole Davanone
B-Pinene 3-5 7-16
1,8-Cineole 8-10 23-31
o-Thujone 55-64
B-Thujone 26-32
Thujene acetate 35-45
Carveyl acetate 22-32
Artemisia ketone 2-9
Camphor 38-42 34 3-8
Borneol 2-5 25-30 10-27
Lyratol 3-5 7-10
Bornyl acetate 30-43
Lyratyl acetate 8-11
Davanone 60-74
Davanol 6-13

Source: Unpublished data from Németh, E. et al.
Note: Only components involved into evaluation, accumulating at least in 5% are indicated.
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TABLE 4.14

Chemotypes of Achillea crithmifolia in Different European Areas

Area (Country) Component | Component Il Component Il Reference

Bulgaria Camphor 5%-30% 1,8-Cineole 3%-45%  Artemisia alcohol Konakciev and
20%-40% Vitkova (2004)

Hungary Camphor 20%-50% 1,8-Cineole 5%-30%  Borneol 5%—10% Németh et al. (2000)

Serbia Camphor 30% 1,8-Cineole 30% Chrysanthenyl acetate 20%  Palic et al. (2003)

davanone types may be accounted as qualitative variants as the main compound is taking the huge
majority of the total oil spectrum, and these components are detected in the other types only in
traces. The further three chemotypes can be considered as quantitative chemotypes as they have
several components common with each other, but definite and stable differences can be detected in
the proportions of these compounds.

The example of different chemodemes (chemotype with separate distribution area) of A. crithmifolia
can only be characterized properly if evaluation is carried out on the basis of three main compounds
(Table 4.14). In this case, the complexity of this phenomenon can be clearly seen. Although the first
two major compounds camphor and 1,8 cineole are deviating only in quantitative term, the third main
compounds seem to be definitive for the characterization of the chemotype. These three compounds
are biosynthetically not closely related ones, and it can be supposed that the detectable composition
is the result of diverse genetic constitution. These data demonstrate also that chemical variability
includes several pathways and products, and changes in any of them may influence also the ratio of
the other ones.

We can conclude that biological variability in case of secondary compounds is in the practice
a concentrated determination of numerous aspects: appearance of a specific spectrum of chemical
compounds in plant populations, in single individuals, in different plant parts, or in different periods
of plant life.

For checking and determining the biological variability, the most proper method according to
the question should be used. Characteristic requirements, marginal values, limits, or intervals of
quantitative features might be different for different reasons. Evaluation of a cultivar checking the
drug quality, taxonomic studies, or practical breeding may require different assessments.

Former chemotaxonomic studies often emphasized that not the presence of a compound itself,
but the biosynthetic processes, the potential of a plant for the formation of the given compound
can be taken into account. According to the present knowledge, this general definition seems to be
oversimplified and not fully adequate any more. Today, we have to face two approaches of chemo-
taxonomic considerations.

A pragmatic evaluation—although often published and mentioned otherwise—has nothing to
do with real taxonomic aspects but collects and summarizes the detected chemosyndromes, that is,
compositional changes in the essential oil due to internal or external factors.

This approach is quite frequent in the practice if certain quality requirements should be fulfilled.
In these cases, a stable composition both qualitatively and quantitatively should be assured, and
from this point of view, the proper knowledge on the detectable influencing factors and possibilities
for their regulation is of primarily importance.

That means that the range of variability should be evaluated by investigating the row of chemo-
syndromes, which may appear under different circumstances or due to different treatments. These
circumstances or treatments may consist of temperature regimes, illumination or any ecological
factor, or even characteristic habitat as a complex background. For this pragmatic approach, it is not
necessary that biotic and abiotic factors are strictly distinguished because all of these factors may
have an effect on the chemosyndromes. Modifications and control are possible in majority of cases
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without deeper knowledge about the biosynthetic processes or their genetic regulation. That is why
this approach tells nothing about taxonomic relationships of the examined objects, but the results
may be directly utilized in cultivation and production of essential oil-bearing species.

However, at a more sophisticated level for a well-established regulation of the desired composi-
tion by breeding or evaluating the theoretical connections and taxonomic relationships, we can-
not be satisfied by detecting chemosyndromes as result of any detectable factors. This is another
approach, when we have to search more detailed for the physiological and genetic background and
their less obvious connections.

This is the aspect, which seemed to be simpler some decades ago than today. As cited earlier,
Tétényi (1970) declared that determination and separation of an intraspecific chemical taxon should
be based on the divergent biosynthetic routes, on the potential of the plant for the synthesis of cer-
tain compounds instead on the presence of any compound itself. It is justified by the fact that bio-
synthesis of a certain compounds might take place by different routes in divergent species therefore
simply the presence of any compound may not be a proof for taxonomic relationship.

Really, there are today already several examples for producing the same molecule as active com-
pound by different enzymes and thus likely on the base of different genetic determination. Linalool
synthase from Clarkia breweri has different constitution than linalool synthase from Arabidopsis
plants (Dudareva et al., 2006) and only 41% identity to the same enzyme from M. citrata (Crowell
et al., 2002). The enzyme from M. citrata is, however, much more close to other enzymes from the
mint (Lamiaceae) family with 62%-72% identity.

The statement that not the compound itself but its biosynthetic route has the taxonomical sig-
nificance may be still valid. However, we know already that the biosynthetic route consists of com-
plex metabolomic process including the genomic constitution, gene expression, transcriptional and
translational regulation, enzyme activities at different biosynthetic levels, interactions with trans-
porters, translocation, and spatial isolation (Dudareva et al., 2006; Dinesh and Nagegowda, 2010).
The result of the enzymatic reaction is determined not only by the availability and constitution of
the enzyme but also by the availability of precursors and different interactions; therefore, the simple
presence or absence of a certain enzyme in general cannot determine the final product.

It has been estimated that about half of all mono- and sesquiterpene synthases act as multiproduct
enzymes! Numerous terpene synthases/cyclases are able to produce a wide range of terpenic skeletons.
It is usually not possible to predict the product profile of terpene synthases on the basis of their primary
structure (Tholl, 2006). Limonene cyclase frequently catalyzes the formation of myrcene and pinenes
besides limonene from acyclic precursors (McCaskill and Croteau, 1998). The same synthase converts
geranyl-pyrophosphate (GPP) into myrcene and (E)-p-ocimene, while the synthase TPS1 has three
acyclic sesquiterpene products (E)-B-farnesene, (3R)-(E)-nerolidol, and (E,E)-farnesol (Dudareva
et al., 2006). Taxonomically unrelated species seem to have closely related pathways for the formation
of main terpenoid compounds. A 3-hydroxylation of the monoterpene precursor limonene by a P450
enzyme produces frans-isopiperitenol, a volatile compound characteristic for mint species (Lupien
et al., 1999), while 6-hydroxylation by another P450 enzyme yields trans-carveol, which is further
oxidized by nonspecific dehydrogenase to carvone, the main volatile compound of caraway, which is
not a closely related species taxonomically (Bouwmeester et al., 1998).

According to McConkey et al. (2000), several enzymes of the menthol biosynthetic pathway
appear to originate from widely divergent genetic resources in primarily metabolism, which would
make their products less significant as chemotaxonomic characteristics.

Although “the biosynthetic route” in the sense of former publications seems to be a quasilinear
process resulting in a special compound, the in vivo plant metabolism is a very complex regulatory
and operating system nowadays only partially detected. Moreover, it has been supposed that the
detectable mechanisms are only a part of the reserves of the plant, and plants have a resource of
“hidden” biosynthetic capacities, a practically unlimited potential to produce a large array of differ-
ent compounds, if they are activated by novel available substances (Lewinsohn and Gijzen, 2009).
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Therefore, transgenic operation with single genes would frequently not result in the desired effect
concerning the spectrum of volatile compounds. Cloning of a single gene is unlikely to result in a
substantial production of the desired volatile compound if the formulation of this compound is the
end result of a long metabolic pathway (Dudareva and Pichersky, 2008).

All of these factors contribute to the fact that some volatile components are really character-
istic for the species or intraspecific taxon, while others are hardly to join to botanically related
taxonomic units. Essential oil components should be individually evaluated if they may serve as
chemotaxonomic markers.

A very good example for this is the study of Radulovi¢ et al. (2007) about the chemotaxo-
nomic relationships of Balkan Achillea species. They evaluated altogether 47 records of 23 yarrow
taxa according to their volatile constituents by principal component analysis. If each components
detected in the oils at least in 1% were taken into account, except 3 taxa, no clear distinction could
be established presumably because of the universal presence of 1,8-cineole, camphor, and borneol
in higher amounts. If calculating with classes of compounds like monoterpene and sesquiterpene
hydrocarbons, oxygenated monoterpenes and sesquiterpenes, diterpenoids, phenylpropanoids, fatty
acid derivatives, and carotenoids, the results were not convincing either. A conclusion could be
made that the rate of oxygenation is not an appropriate sign of real taxonomic connections because
it may also be influenced by ecological/geographical factors. Finally, choosing the monoterpene
structural types (p-menthane, bornane, pinane, etc.) as discriminative variables, the best grouping
appropriate to accepted taxonomic classification could be set up. It proved to be useful to deal with
groups of biosynthetically related compounds instead of individual components.

4.7 IDENTIFICATION OF NATURAL VARIABILITY

Detection of the biological variability is not always an easy job. Unfortunately, in practice, it is
rather easy to find irrelevant publications about the chemical variability of essential oil-bearing
species as the influencing factors are numerous, and they are usually in connection with each other.

Many articles deal with determination and simple description of the essential oil composition
of a given plant material under given conditions (Figure 4.1). This type of articles might be useful
to enhance the literature with new information. Mechanical assessment of such articles as a refer-
ence about the chemical variability of the given taxon is, however, a bad practice. Comparison of
several independent publications about the target species is not an appropriate tool for the evalu-
ation of biological diversity because the genetic material, the habitat, environmental conditions,
sampling, processing, and the analytical method itself may strongly influence the measured data,
while usually even these circumstances are not adequately provided. Therefore, a sum of publica-
tions—even if there is a huge number of them—is not able to reflect the biological variability of a
species or any taxon.

Practically, a similar procedure is carried out if analytical results of several samples are com-
pared in the frame of a single publication; however, samples originate from different habitats or
other kind of sources. For example, a large pool of samples from different localities of Greece
showed that the quantitative composition of essential oil from M. pulegium varies greatly (Kokkini
et al., 2004). The most variable compound is pulegone, its proportion ranges from traces to 91% of
the total oil. Fluctuations in the contents of piperitone (from traces to 97%), menthone (from traces
to 53%), isomenthone (from traces to 45%), piperitenone (from traces to 40.0%), and isopiperi-
tenone (from not detected to 23%) has been found, too. The authors emphasize that in localities
where the real Mediterranean climate dominates, the total oil content and the amounts of the more
reduced products of the p-menthane biosynthetic pathway, like menthone and/or isomenthone and
their derivatives, were increased. Concerning the market quality of the pennyroyal oil, this conclu-
sion may be enough. However, the changing essential oil profile might be the consequence both of
the changing environmental conditions from south to north, might be the manifestation of different
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genotypes or even both. To conclude about the genetic—biological variability, the plant material of
different habitats should be collected and investigated directly on the same plot.

A special care should be taken by choosing and defining a sample. Searching for the biological
variability in essential oil composition, only plant material of well-defined origin should be investi-
gated. Rather frequently, we find investigations on commercial samples obtained from any market.
It cannot be emphasized enough that these items are not of reproducible quality. Any statement
about such samples may provide only general and/or smattering information about the characteris-
tics of the species or taxon.

Twenty commercial seed items were examined, for example, recently by Raal et al. (2012).
Although the work includes detailed analytical results on the composition of the samples, a valuable
conclusion is impossible because of the inadequate definition of these samples. They originated from
pharmacies and other shops of different countries, but it is not enough information about the original
genotype. The different age of the samples (2000-2008) also reduces the reliability of the data.

In sampling, the most frequent misunderstanding is caused by the fact that during comparison
of populations or bigger taxonomical units, bulk samples are taken, processed, and analyzed. As
discussed earlier, individual plant variability is a very frequent and important form of biological
variability, which may be hidden in such trials. As mentioned also by Franz and Novak in Chapter 3,
representativeness of sample taking in a heterogeneous population is prerequisite for reliable result.
This should contain a larger number of individuals (up to 50) even if the analytical methodology
would make do with a small quantity of plant material. Random sampling or bulk samples may give
bias and does not reflect the characteristic compositional profile of the population. Even if this type
of sampling and evaluation may have its role in checking the drug quality of a stand from commer-
cial purpose when harvesting results in bulk material but does not give an answer to the question
about biological diversity.

In many cases, a single population is practically a mixture of individuals belonging to different
chemotypes and their ratio is most often unknown. As it is reviewed in A. crithmifolia in Section
4.2.2, in each habitat, different chemotypes may be found in different proportions (Németh et al.,
2000). If this fact is not respected, the published results provide only some kind of “analytical
mean” of the different chemotypes instead of characterizing the diversity of the taxon (Tzakou
et al., 1993; Chalchat et al., 2000; Konakchiev and Vitkova, 2004).

In summary, relevant data about natural variability should be based on individual plant samples,
which have been taken and analyzed in appropriate replications. Figure 4.1 shows the low propor-
tion (approximately 1%) of recent publications dealing with individual differences compared to
other topics.

In case of investigating perennial species, the weather conditions of the growth period (vegeta-
tion year) and the age of the plantation can hardly be separated. The problem is similar at different
harvest times within the same year. Reliable information about the characteristics of the taxon can
be obtained only by consequent sampling, keeping other circumstances constant and carrying out
the trials for a longer period if necessary.

By taking two samples in October 2007 and in June 2011, Guimardaes et al. (2012) wanted to
establish the influence of the collection period on the concentrations of the essential oil components
in Mikania glauca. Even if the sampling would have been representative, there are several problems,
which make the evaluation more than questionable. The two random sampling times do not only
mean that 4 years passed but also the plants became older, too. Phenological phase of the plants might
have been different in October and in June, two different periods of the year. Besides, weather condi-
tions in the growth period or during sampling may also have an effect on the analytical results. The
information is useful in showing that quality of the leaves is not stable, but no exact conclusion about
the real influencing factors and therefore not about their possible regulation is available from the data.

Unfortunately, in the literature quite frequently, the effect of different factors or treatments is
interpreted as direct influencing factor on the essential oil composition; however, the basis of the
change is the biological variability of the plants.
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Caraway may be a good example for this. Formerly, a negative correlation between wind velocity
and loss of essential oil and carvone was anticipated as the consequence of increased volatilization,
thus, practically an environmental factor influencing the oil composition. However, Bouwmeester
(1998) suggested that the loss of carvone is in connection with seed shedding enhanced by the wind.
Shedding results in loss of especially the older/more ripen seeds, while the premature, younger ones
remain on the stalks. Due to the delayed activity of limonene synthase, in these premature fruits,
carvone usually did not reach its maximum level. In this case, the biological variability connected
to the special biological process has been mistaken and evaluated as an environmental effect.

Our investigations in caraway revealed another interesting finding about the effect of row dis-
tance on the essential oil components of the seeds (Valkovszky and Németh, 2010). It was estab-
lished that the wider row distance (48 cm) resulted in 10%—25% loss of carvone in the oil compared
to narrower spacing (Figure 4.6). The difference is more pronounced in fertilized plots where opti-
mal nutrient supply is assured for each plant individual. For the farmers, it is worth considering
if quality may be improved by this way, but looking for the backgrounds of this phenomenon, the
picture seems to be more complex and the studied treatments influence the composition only indi-
rectly. In a wider spacing, the plant develops more umbels, but seeds in higher order umbels ripen
several days—sometimes even weeks—later, than older ones. It has been already explained that
highest carvone content is detected in the fully ripen seeds. In consequence of large proportion of
higher order umbels in plots of wider spacing, most likely a big ratio of seeds still did not reached
the phenological stage of maximal carvone content.

Agrotechnical methods in general act indirectly through influencing growth dynamics, devel-
opmental characteristics, and organic proportions, which further on determine the accumulation of
special compounds.

Propagation method seems to have an effect on essential oil quality in many cases. Zheljazkov
et al. (1996) detected differences in the main components of peppermint oil in plantations propa-
gated by different methods. Menthol content of the oil was highest and menthyl acetate level was
the lowest in plots established by rhizomes in autumn (Table 4.15). The investigated clones reacted
not uniformly, the variety “Zephir,” for example, showed the highest pulegone content in plots
propagated by rhizomes in summer, while all the other cultivars had the lowest proportions in this
treatment. The results, however, should be evaluated as indirect consequence of the propagation
method, as it is most unlikely that planting itself has any effect on the biosynthesis of terpenoids in
the newly developed shoots several months after transplanting. However, propagation method may
have an influence on the phenological phases, appearance of flowers, size, and number of leaves.
Besides, accelerated or prolonged development due to the different propagation method and time
means different weather conditions for the growing period. All of these factors have been proved to
influence the accumulation of volatiles in peppermint, which may reflect itself in the obtained data.
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FIGURE 4.6 Carvone content (area %) of caraway seed oil in plots of different row distances. (From
Valkovszky, N. and Németh, E., Acta Aliment. Hung., 40, 235, 2010.)
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TABLE 4.15
Changes in Essential Oil Composition (%) after Different Propagation
Methods of Some Peppermint Cultivars

Menthyl
Variety Propagation Method =~ Menthol =~ Neomenthol Acetate  Pulegone
No. 1 Rooted cuttings 423 7.16 10.70 0.53
Summer rhizomes 443 6.41 9.64 0.18
Autumn rhizomes 47.8 5.84 8.38 0.86
No. 101 Rooted cuttings 53.4 4.24 9.08 0.29
Summer rhizomes 53.8 4.48 10.40 0.16
Autumn rhizomes 60.5 4.46 8.63 0.22
Zephir Rooted cuttings 59.3 1.80 9.81 0.54
Summer rhizomes 58.9 2.33 9.76 1.06
Autumn rhizomes 59.1 1.82 8.93 0.61
Mentolna 18 Rooted cuttings 62.4 2.34 7.36 0.17
Summer rhizomes 62.1 1.95 7.18 0.09
Autumn rhizomes 63.8 2.10 6.71 0.14

Source: Modified from Zheljazkov, V. et al., J. Essent. Oil Res., 8, 35, 1996.

The results are important in optimalization of agrotechniques under the given circumstances but,
obviously, do not represent the primarily background of the detected variability.

Not rarely, essential oil plants are propagated experimentally by in vitro methods. According
to Ibrahim et al. (2011), tissue culture provides a fast breeding technology for tarragon (Artemisia
dracunculus). They report that through callus culture and regeneration estragole, concentrations
were effectively reduced in the field grown plants. According to our knowledge, tissue culture from
different plant parts as explants is hardly able to change the genotype of the plant, except by spon-
taneous somatic mutations, which is, however, not reproducible during the technology. On the other
hand, volatile concentrations may be influenced by an eventual structural (tissue constitution and
essential oil accumulating organelles) change of the plant, which, however, is already an indirect
effect and should be evaluated accordingly.

Practically, all of the agrotechnical interventions have effect on the growth and development of
the plants. Spacing, irrigation, pruning, and fertilization influence the physiological processes of the
plants but not necessarily represent the direct influencing factors of volatile formation.
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5.1 INTRODUCTION

5.1.1 GENERAL REMARKS

Essential oils have become an integral part of everyday life. They are used in a great variety of
ways: as food flavorings, as feed additives, as flavoring agents by the cigarette industry, and in the
compounding of cosmetics and perfumes. Furthermore, they are used in air fresheners and deodor-
izers as well as in all branches of medicine such as in pharmacy, balneology, massage, and home-
opathy. A more specialized area will be in the fields of aromatherapy and aromachology. In recent
years, the importance of essential oils as biocides and insect repellents has led to a more detailed
study of their antimicrobial potential. Essential oils are also good natural sources of substances with
commercial potential as starting materials for chemical synthesis.

Essential oils have been known to mankind for hundreds of years, even millenniums. Long
before the fragrances themselves were used, the important action of the oils as remedies was recog-
nized. Without the medical care as we enjoy in our time, self-healing was the only option to combat
parasites or the suffering of the human body. Later on essential oils were used in the preparation
of early cosmetics, powders, and soaps. As the industrial production of synthetic chemicals started
and increased during the nineteenth century, the production of essential oils also increased owing
to their importance to our way of life.

The quantities of essential oils produced around the world vary widely. The annual output of
some essential oils exceeds 35,000 tons, while that of others may reach only a few kilograms. Some
production figures, in metric tons, based on the year 2008 are shown in Table 5.1.
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TABLE 5.1
Production Figures of Important Essential Oils (2008)

Production in Metric

Essential Oil Tons (2008) Main Production Countries
Orange oils 51,000 United States, Brazil, Argentina
Cornmint oil 32,000 India, China, Argentina

Lemon oils 9200 Argentina, Italy, Spain
Eucalyptus oils 4000 China, India, Australia, South Africa
Peppermint oil 3300 India, United States, China
Clove leaf oil 1800 Indonesia, Madagascar
Citronella oil 1800 China, Sri Lanka

Spearmint oils 1800 United States, China

Cedarwood oils 1650 United States, China

Litsea cubeba oil 1200 China

Patchouli oil 1200 Indonesia, India

Lavandin oil Grosso 1100 France

Corymbia citriodora 1000 China, Brazil, India, Vietnam

Source: Perfumer & Flavorist, A preliminary report on the world production of some selected
essential oils and countries, Vol. 34, January 2009.

Equally wide variations also occur in the monetary value of different essential oils. Prices range
from $1.80/kg for orange oil to $120,000.00/kg for orris oil. The total annual value of the world
market is of the order of several billions of USD. A large, but variable, labor force is involved in
the production of essential oils. While, in some cases, harvesting and oil production will require
just a few workers, other cases will require manual harvesting and may require multiple work-
ing steps. Essential oil production either from wild-growing or from cultivated plants is possible
almost anywhere, excluding the world’s coldest, permanently snow-covered regions. It is estimated
that the global number of plant species is of the order of 300,000. About 10% of these contain
essential oils and could be used as a source for their production. All continents possess their own
characteristic flora with many odor-producing species. Occasionally, these plants may be confined
to a particular geographical zone such as Santalum album to India and Timor in Indonesia, Pinus
mugo to the European Alps, or Abies sibirica to the Commonwealth of Independent States (CIS,
former Russia). For many countries, mainly in Africa and Asia, essential oil production is their
main source of exports. Essential oil export figures for Indonesia, Sri Lanka, Vietnam, and even
India are very high.

Main producer countries are found in every continent. In Europe, the center of production
is situated in the countries bordering the Mediterranean Sea: Italy, Spain, Portugal, France,
Croatia, Albania, and Greece, as well as middle-eastern Israel, all of which produce essential
oils in industrial quantities. Among Central European countries, Bulgaria, Romania, Hungary,
and Ukraine should be mentioned. The huge Russian Federation spread over much of Eastern
Europe and Northern Asia has not only nearly endless resources of wild-growing plants but also
large areas of cultivated land. The Asian continent with its diversity of climates appears to be
the most important producer of essential oils. China and India play a major role followed by
Indonesia, Sri Lanka, and Vietnam. Many unique and unusual essential oils originate from the
huge Australian continent and from neighboring New Zealand and New Caledonia. Major essen-
tial oil-producing countries in Africa include Morocco, Tunisia, Egypt, and Algeria with Ivory
Coast, South Africa, Ghana, Kenya, Tanzania, Uganda, and Ethiopia playing a minor role. The
important spice-producing islands of Madagascar, the Comoros, Mayotte, and Réunion are situ-
ated along the eastern coast of the African continent. The American continent is also one of the
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FIGURE 5.1 Production countries and essential oil production worldwide (2008). (Adapted from Perfumer
& Flavorist, A preliminary report on the world production of some selected essential oils and countries,
Vol. 34, January 2009.)

biggest essential oil producers. The United States, Canada, and Mexico possess a wealth of natu-
ral aromatic plant material. In South America, essential oils are produced in Brazil, Argentina,
Paraguay, Uruguay, Guatemala, and the Island of Haiti. Apart from the aforementioned major
essential oil-producing countries, there are many more, somewhat less important ones, such as
Germany, Taiwan, Japan, Jamaica, and the Philippines. Figure 5.1 shows production countries
and essential oil production worldwide (2008).

Cultivation of aromatic plants shifted during the last two centuries. From 1850 to 1950, the
centers of commercial cultivation of essential oil plants have been the Provence in France, Italy,
Spain, and Portugal. With the increase of labor costs, this shifted to the Mediterranean regions of
North Africa. As manual harvesting proved too expensive for European conditions, and follow-
ing improvements in the design of harvesting machinery, only those crops that lend themselves
to mechanical harvesting continued to be grown in Europe. In the early 1990s, even North Africa
proved too expensive, and the centers of cultivation moved to China and India. At the present time,
manual-handling methods are tending to become too costly even in China, and thus India remains
as today’s center for the cultivation of fragrant plant crops.

5.1.2 DerNITION AND HISTORY

Not all odorous extracts of essential oil-bearing plants comply with the International Organization
for Standardization (ISO) definition of an “essential oil.” An essential oil as defined by the ISO in
document ISO 9235.2—aromatic natural raw materials—vocabulary is as follows.

“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” (ISO/
DIS 9235.2, 1997, p. 2). Steam distillation can be carried out with or without added water in
a still. By contrast, dry distillation of plant material is carried out without the addition of any
water or steam to the still (ISO 9235, 1997). Note 2 in Section 3.1.1 of ISO/DIS 9235.2 is of
importance. It states that “Essential oils may undergo physical treatments (e.g., re-distillation,
aeration) which do not involve significant changes in their composition” (ISO/DIS 9235.2,
1997, p. 2).
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An alternative definition of essential oils, established by Professor Dr. Gerhard Buchbauer of
the Institute of Pharmaceutical Chemistry, University of Vienna, includes the following sugges-
tion: “Essential oils are more or less volatile substances with more or less odorous impact, pro-
duced either by steam distillation or dry distillation or by means of a mechanical treatment from
one single species” (Buchbauer et al., 1994). This appears to suggest that mixing several different
plant species within the production process is not allowed. As an example, the addition of lavandin
plants to lavender plants will yield a natural essential oil but not a natural lavender essential oil.
Likewise, wild-growing varieties of Thymus will not result in a thyme oil as different chemotypes
will totally change the composition of the oil. It follows that blending of different chemotypes of the
same botanical species is inadmissible as it will change the chemical composition and properties
of the final product. However, in view of the global acceptance of some specific essential oils, there
will be exceptions. For example, oil of geranium, ISO/DIS 4730, is obtained from Pelargonium x
ssp., for example, from hybrids of uncertain parentage rather than from a single botanical species
(ISO/DIS 4731, 2005). It is a well established and important article of commerce and may, thus, be
considered to be an acceptable exception. In reality, it is impossible to define “one single species”
as many essential oils being found on the market come from different plant species. Even in ISO
drafts, it is confirmed that various plants are allowed. There are several examples like rosewood
oils, distilled from Aniba rosaeodora and Aniba parviflora, two different plant species. The same
happens with the oil of gum turpentine from China, where mainly Pinus massoniana will be used,
beside other Pinus species. Eucalyptus provides another example: oils produced in Portugal have
been produced from hybrids such as Eucalyptus globulus ssp. globulus x Eucalyptus globulus ssp.
bicostata and Eucalyptus globulus ssp. globulus x Eucalyptus globulus ssp. Eucalyptus globulus
ssp. pseudoglobulus. These subspecies were observed from various botanists as separate species.
The Chinese eucalyptus oils coming from the Sichuan province are derived from Cinnamomum
longipaniculatum. Oil of Melaleuca (terpinen-4-ol type) is produced from Melaleuca alternifolia
and in smaller amounts also from Melaleuca linariifolia and Melaleuca dissitiflora. For the future,
this definition must be discussed on the level of ISO rules.

Products obtained by other extraction methods, such as solvent extracts, including supercritical
carbon dioxide extracts, concretes or pomades, and absolutes as well as resinoids, and oleoresins are
not essential oils as they do not comply with the earlier mentioned definition. Likewise, products
obtained by enzymic treatment of plant material do not meet the requirements of the definition of
an essential oil. There exists, though, at least one exception that ought to be mentioned. The well-
known “essential oil” of wine yeast, an important flavor and fragrance ingredient, is derived from a
microorganism and not from a plant.

In many instances, the commercial terms used to describe perfumery products as essential oils
are either wrong or misleading. So-called artificial essential oils, nature-identical essential oils,
reconstructed essential oils, and in some cases even essential oils complying with the constants of
pharmacopoeias are merely synthetic mixtures of perfumery ingredients and have nothing to do
with pure and natural essential oils.

Opinions differ as to the historical origins of essential oil production. According to some, China
has been the cradle of hydrodistillation, while others point to the Indus culture (Levey, 1959; Zahn,
1979). On the other hand, some reports also credit the Arabs as being the inventors of distillation.
Some literature reports suggest that the earliest practical apparatus for water distillation has been
dated from the Indus Culture of some 5000 years ago. However, no written documents have been
found to substantiate these claims (Levey, 1955; Zahn, 1979). The earliest documented records of
a method and apparatus of what appears to be a kind of distillation procedure were published by
Levy from the high culture of Mesopotamia (Levey, 1959). He described a kind of cooking pot
from Tepe Gaure in northeastern Mesopotamia, which differed from the design of cooking pots of
that period. It was made of brown clay, 53 cm in diameter and 48 cm high. Its special feature was a
channel between the raised edges. The total volume of the pot was 37 L and that of the channel was
2.1 L. As the pot was only half-filled when in use, the process appears to represent a true distillation.
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FIGURE 5.2 Reconstruction of the distillation plant from Harappa.

While the Arabs appear to be, apart from the existence of the pot discovered in Mesopotamia, the
inventors of hydrodistillation, we ought to go back 3000 years BC.

The archaeological museum of Texila in Pakistan has on exhibit a kind of distillation apparatus
made of burnt clay. At first sight, it really has the appearance of a typical distillation apparatus, but
it is more likely that at that time, it was used for the purification of water (Rovesti, 1977). Apart
from that, the assembly resembles an eighteenth-century distillation plant (Figure 5.2). It was again
Levy who demonstrated the importance of the distillation culture. Fire was known to be of great-
est importance. Initial heating, the intensity of the heat, and its maintenance at a constant level
right down to the cooling process were known to be important parameters. The creative ability to
produce natural odors points to the fact that the art of distillation was a serious science in ancient
Mesopotamia. While the art of distillation had been undergoing improvements right up to the eighth
century, it was never mentioned in connection with essential oils, merely with its usefulness for
alchemical or medicinal purposes (“Liber servitorius” of Albukasis). In brief, concentration and
purification of alcohol appeared to be its main reason for being in existence, its “raison d’étre” (Koll
and Kowalczyk, 1957).

The Mesopotamian art of distillation had been revived in ancient Egypt as well as being expanded
by the expression of citrus oils. The ancient Egyptians improved these processes largely because
of their uses in embalming. They also extracted, in addition to myrrh and storax, the exudates of
certain East African coastal species of Boswellia, none of which are of course essential oils. The
thirteenth century Arabian writer Ad-Dimaschki also provided a description of the distillation pro-
cess, adding descriptions of the production of distilled rose water as well as of the earliest improved
cooling systems. It should be understood that the products of these practices were not essential oils
in the present accepted sense but merely fragrant distilled water extracts exhibiting the odor of the
plant used.

The next important step in the transfer of the practice of distillation to the Occident, from
ancient Egypt to the northern hemisphere, was triggered by the crusades of the Middle Ages from
the twelfth century onward. Hieronymus Brunschwyk listed in his treatise The True Art to Distil
about 25 essential oils produced at that time. Once again, one should treat the expression “essential
oils” with caution; it would be more accurate to refer to them as “fragrant alcohols” or “aromatic
waters.” Improvements in the design of equipment led to an enrichment in the diversity of essential
oils derived from starting materials such as cinnamon, sandalwood, and also sage and rosemary
(Gildemeister and Hoffmann, 1931).
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The first evidence capable to discriminate between volatile oils and odorous fatty oils was
provided in the sixteenth century. The availability of printed books facilitated “scientists” seek-
ing guidance on the distillation of essential oils. While knowledge of the science of essential
oils did not increase during the seventeenth century, the eighteenth century brought about only
small progress in the design of equipment and in refinements of the techniques used. The begin-
ning of the nineteenth century brought about progresses in chemistry, including wet analysis,
and restarted again, chiefly in France, in an increased development of hydrodistillation meth-
ods. Notwithstanding the “industrial” production of lavender already in progress since the mid-
eighteenth century, the real breakthrough occurred at the beginning of the following century.
While until then the distillation plant was walled in, now the first moveable apparatus appeared.
The “Alambique Vial Gattefossé” was easy to transport and placed near the fields. It resulted in
improved product quality and reduced the length of transport. These stills were fired with wood
or dried plant material. The first swiveling still pots had also been developed that facilitated the
emptying of the still residues. These early stills had a capacity of about 50-100 kg of plant mate-
rial. Later on, their capacity increased to 1000-1200 kg. At the same time, cooling methods were
also improved. These improvements spread all over the northern hemisphere to Bulgaria, Turkey,
Italy, Spain, Portugal, and even to northern Africa. The final chapter in the history of distillation of
plant material came about with the invention of the “alembic a bain-marie,” technically speaking
a double-walled distillation plant. Steam was not only passed through the biomass, but was also
used to heat the wall of the still. This new method improved the speed of the distillation as well as
the quality of the top notes of the essential oils thus produced.

The history of the expression of essential oils from the epicarp of citrus fruits is not nearly as inter-
esting as that of hydrodistillation. This can be attributed to the fact that these expressed fragrance
concentrates were more readily available in antiquity as expression could be effected by implements
made of wood or stone. The chief requirement for this method was manpower, and that was available
in unlimited amount. The growth of the industry led to the invention of new mechanical machinery,
followed by automation and reduction of manpower. But this topic will be dealt with later on.

5.1.3 PRrRODUCTION

Before dealing with the basic principles of essential oil production, it is important to be aware of
the fact that the essential oil we have in our bottles or drums is not necessarily identical with what
is present in the plant. It is wishful thinking, apart for some rare exceptions, to consider an “essen-
tial oil” to be the “soul” of the plant and thus an exact replica of what is present in the plant. Only
expressed oils that have not come into contact with the fruit juice and that have been protected from
aerial oxidation may meet the conditions of a true plant essential oil. The chemical composition of
distilled essential oils is not the same as that of the contents of the oil cells present in the plant or
with the odor of the plants growing in their natural environment. Headspace technology, a unique
method allowing the capture of the volatile constituents of oil cells and thus providing additional
information about the plant, has made it possible to detect the volatile components of the plant’s
“aura.” One of the best examples is rose oil. A nonprofessional individual examining pure and natu-
ral rose oil on a plotter, even in dilution, will not recognize its plant source. The alteration caused
by hydrodistillation is remarkable as plant material in contact with steam undergoes many chemical
changes. Hot steam contains more energy than, for example, the surface of the still. Human skin
that has come into contact with hot steam suffers tremendous injuries, while short contact with a
metal surface at 100°C results merely in a short burning sensation. Hot steam will decompose many
aldehydes, and esters may be formed from acids generated during the vaporization of certain essen-
tial oil components. Some water-soluble molecules may be lost by solution in the still water, thus
altering the fragrance profile of the oil.

Why do so many plants produce essential oils? Certainly neither to regale our nose with pleasant
fragrances of rose or lavender nor to heighten the taste (as taste is mostly related to odor) of ginger,
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basil, pepper, thyme, or oregano in our food! Nor to cure diseases of the human body or influence
human behavior! Most essential oils contain compounds possessing antimicrobial properties, active
against viruses, bacteria, and fungi. Often, different parts of the same plant, such as leaves, roots,
and flowers, may contain volatile oils of different chemical composition. Even the height of a plant
may play a role. For example, the volatile oil obtained from the gum of the trunk of Pinus pinaster
at a height of 2 m will contain mainly pinenes and significant car-3-ene, while oil obtained from the
gum collected at a height of 4 m will contain very little or no car-3-ene. The reason for this may be
protection from deer that browse the bark during the winter months. Some essential oils may act
not only as insect repellents but even prevent their reproduction. In many cases, it has been shown
that plants attract insects that in turn assist in pollinating the plant. It has also been shown that some
plants communicate through the agency of their essential oils. Sometimes, essential oils are consid-
ered to be simply metabolic waste products! This may be so in the case of eucalypts as the oil cells
present in the mature leaves of Eucalyptus species are completely isolated and embedded deeply
within the leaf structure. In some cases, essential oils act as germination inhibitors thus reducing
competition by other plants (Porter, 2001).

Essential oil yields vary widely and are difficult to predict. The highest oil yields are usually
associated with balsams and similar resinous plant exudations, such as gurjun, copaiba, elemi, and
Peru balsam, where they can reach 30%—70%. Clove buds and nutmeg can yield between 15% and
17% of essential oil, while other examples worthy of mention are cardamom (about 8%), patchouli
(3.5%) and fennel, star anise, caraway seed, and cumin seed (1%—9%). Much lower oil yields are
obtained with juniper berries, where 75 kg of berries are required to produce 1 kg of oil, sage
(about 0.15%), and other leaf oils such as geranium (also about 0.15%). Rose petals in 700 kg will
yield 1 kg of oil, and 1000 kg of bitter orange flowers is required for the production of also just
1 kg of oil. The yields of expressed fruit peel oils, such as bergamot, orange, and lemon, vary from
0.2% to about 0.5%.

A number of important agronomic factors have to be considered before embarking on the produc-
tion of essential oils, such as climate, soil type, influence of drought and water stress, and stresses
caused by insects and microorganisms, propagation (seed or clones), and cultivation practices. Other
important factors include precise knowledge on which part of the biomass is to be used, location of
the oil cells within the plant, timing of harvest, method of harvesting, storage, and preparation of
the biomass prior to essential oil extraction.

5.1.4 CLMATE

The most important variables include temperature, number of hours of sunshine, and frequency
and magnitude of precipitations. Temperature has a profound effect on the yield and quality of the
essential oils, as the following example of lavender will show. The last years in the Provence, too
cold at the beginning of growth, were followed by very hot weather and a lack of water. As a result,
yields decreased by one-third. The relationship between temperature and humidity is an additional
important parameter. Humidity coupled with elevated temperatures produces conditions favorable
to the proliferation of insect parasites and, most importantly, microorganisms. This sometimes
causes plants to increase the production of essential oil for their own protection. Letchamo have
studied the relationship between temperature and concentration of daylight on the yield of essential
oil and found that the quality of the oil was not influenced (Letchamo et al., 1994). Herbs and spices
usually require greater amounts of sunlight. The duration of sunshine in the main areas of herb and
spice cultivation, such as the regions bordering the Mediterranean Sea, usually exceeds 8 h/day.
In India, Indonesia, and many parts of China, this is well in excess of this figure, and two or even
three crops per year can be achieved. Protection against cooling and heavy winds may be required.
Windbreaks provided by rows of trees or bushes and even stone walls are particularly common in
southern Europe. In China, the Litsea cubeba tree is used for the same purpose. In colder coun-
tries, the winter snow cover will protect perennials from frost damage. Short periods of frost with
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temperatures below —10°C will not be too detrimental to plant survival. However, long exposure to
heavy frost at very low subzero temperatures will result in permanent damage to the plant ensuing
from a lack of water supply.

5.1.5 Soi QuALITY AND SOIL PREPARATION

Every friend of a good wine is aware of the influence of the soil on the grapes and finally on the
quality of the wine. The same applies to essential oil-bearing plants. Some crops, such as lavender,
thyme, oregano, and clary sage require meager but lime-rich soils. The Jura Chalk of the Haute
Provence is destined to produce a good growth of lavender and is the very reason for the good
quality and interesting top note of its oils compared with lavender oils of Bulgarian origin grow-
ing on different soil types (Meunier, 1985). Soil pH affects significantly oil yield and oil quality.
Figueiredo et al. found that the pH value “strongly influences the solubility of certain elements in
the soil. Iron, zinc, copper and manganese are less soluble in alkaline than in acidic soils because
they precipitate as hydroxides at high pH values” (Figueiredo et al., 2005). It is essential that farm-
ers determine the limits of the elemental profile of the soil. Furthermore, the spacing of plantings
should ensure adequate supply with essential trace elements and nutrients. Selection of the optimum
site coupled with a suitable climate plays an important role as they will provide a guarantee for
optimum crop and essential oil quality.

5.1.6 WATER STRESS AND DROUGHT

It is well known to every gardener that lack of water, as well as too much water, can influence
the growth of plants and even kill them. The tolerance of the biomass to soil moisture should be
determined in order to identify the most appropriate site for the growing of the desired plant. Since
fungal growth is caused by excess water, most plants require well-drained soils to prevent their roots
from rotting and the plant from being damaged, thus adversely affecting essential oil production.
Lack of water, for example, dryness, exerts a similar deleterious influence. Flowers are smaller than
normal and yields drop. Extreme drought can kill the whole plant as its foliage dries closing down
its entire metabolism.

5.1.7 INSECT STRESS AND MICROORGANISMS

Plants are living organisms capable of interacting with neighbor plants and warning them of any
incipient danger from insect attack. These warning signals are the result of rapid changes occurring
in their essential oil composition, which are then transferred to their neighbors who in turn transmit
this information on to their neighbors forcing them to change their oil composition as well. In this
way, the insect will come into contact with a chemically modified plant material, which may not suit
its feeding habits thus obliging it to leave and look elsewhere. Microorganisms can also significantly
change the essential oil composition as shown in the case of elderflower fragrance. Headspace gas
chromatography coupled with mass spectroscopy (GC/MS) has shown that linalool, the main con-
stituent of elderflowers, was transformed by a fungus present in the leaves, into linalool oxide. The
larvae of Cécidomye (Thomasissiana lavandula) damage the lavender plant with a concomitant
reduction of oil quality. Mycoplasmose and the fungus Armillaria mellea can affect the whole plan-
tation and totally spoil the quality of the oil.

5.1.8 LocatioN oF OiL CELLS

As already mentioned, the cells containing essential oils can be situated in various parts of the
plant. Two different types of essential oil cells are known, superficial cells, for example, glandu-
lar hairs located on the surface of the plant, common in many herbs such as oregano, mint, and
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lavender, and cells embedded in plant tissue, occurring as isolated cells containing the secretions
(as in citrus fruit and eucalyptus leaves) or as layers of cells surrounding intercellular space (canals
or secretory cavities), for example, resin canals of pine. Professor Dr. Johannes Novak (Institute of
Applied Botany, Veterinary University, Vienna) has shown impressive pictures and pointed out that
the chemical composition of essential oils contained in neighboring cells (oil glands) could be vari-
able but that the typical composition of a particular essential oil was largely due to the averaging
of the enormous number of individual cells present in the plant (Novak, 2005). It has been noted in
a publication entitled Physiological Aspects of Essential Oil Production that individual oil glands
do not always secrete the same type of compound and that the process of secretion can be different
(Kamatou et al., 2006). Different approaches to distillation are dictated by the location of the oil
glands. Preparation of the biomass to be distilled, temperature, and steam pressure affect the quality
of the oil produced.

5.1.9 Tvpes oF Biomass UseD

Essential oils can occur in many different parts of the plant. They can be present in flowers (rose,
lavender, magnolia, bitter orange, and blue chamomile) and leaves (cinnamon, patchouli, petitgrain,
clove, perilla, and laurel); sometimes the whole aerial part of the plant is distilled (Melissa offi-
cinalis, basil, thyme, rosemary, marjoram, verbena, and peppermint). The so-called fruit oils are
often extracted from seed, which forms part of the fruit, such as caraway, coriander, cardamom,
pepper, dill, and pimento. Citrus oils are extracted from the epicarp of species of Citrus, such as
lemon, lime, bergamot, grapefruit, bitter orange as well as sweet orange, mandarin, clementine, and
tangerine. Fruit or perhaps more correctly berry oils are obtained from juniper and Schinus spe-
cies. The well-known bark oils are obtained from birch, cascarilla, cassia, cinnamon, and massoia.
Oil of mace is obtained from the aril, a fleshy cover of the seed of nutmeg (Myristica fragrans).
Flower buds are used for the production of clove oil. Wood and bark exudations yield an important
group of essential oils such as galbanum, incense, myrrh, mastix, and storax, to name but a few. The
needles of conifers (leaves) are a source of an important group of essential oils derived from species
of Abies, Pinus, and so on. Wood oils are derived mostly from species of Santalum (sandalwood),
cedar, amyris, cade, rosewood, agarwood, and guaiac. Finally, roots and rhizomes are the source of
oils of orris, valerian, calamus, and angelica.

What happens when the plant is cut? Does it immediately start to die as happens in animals
and humans? The water content of a plant ranges from 50% to over 80%. The cutting of a plant
interrupts its supply of water and minerals. Its life-sustaining processes slow down and finally
stop altogether. The production of enzymes stops, and autooxidative processes start, including an
increase in bacterial activity leading to rotting and molding. Color and organoleptic properties, such
as fragrance, will also change usually to their detriment. As a consequence of this, unless controlled
drying or preparation is acceptable options, treatment of the biomass has to be prompt.

5.1.10 TIMING OF THE HARVEST

The timing of the harvest of the herbal crop is one of the most important factors affecting the quality
of the essential oil. It is a well-documented fact that the chemical composition changes throughout
the life of the plant. Occasionally, it can be a matter of days during which the quality of the essen-
tial oil reaches its optimum. Knowledge of the precise time of the onset of flowering often has a
great influence on the composition of the oil. The chemical changes occurring during the entire life
cycle of Vietnamese Artemisia vulgaris have shown that 1,8-cineole and p-pinene contents before
flowering were below 10% and 1.2%, respectively, whereas at the end of flowering, they reached
values above 24% and 10.4% (Nguyen et al., 2004). These are very large variations indeed occur-
ring during the plant’s short life span. In the case of the lavender life cycle, the ester value of the oil
is the quality-determining factor. It varies within a wide range and influences the value of the oil.
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As a rule of thumb, it is held that its maximum value is reached at a time when about two-thirds of
the lavender flowers have opened and, thus, that harvesting should commence. In the past, growers
knew exactly when to harvest the biomass. These days, the use of a combination of microdistilla-
tion and GC techniques enables rapid testing of the quality of the oil and thus the determination of
the optimum time for harvesting to start. Oil yields may in some cases be influenced by the time
of harvesting. One of the best examples is rose oil. The petals should be collected in the morning
between 6 a.m. and 9 a.m. With rising day temperatures, the oil yield will diminish. In the case of
oil glands embedded within the leaf structure, such as in the case of eucalypts and pines, oil yield
and oil quality are largely unaffected by the time of harvesting.

5.1.11 AGcGricULTURAL CROP ESTABLISHMENT

The first step is, in most cases, selection of plant seed that suits best the requirements of the product
looked for. Preparation of seedbeds, growing from seed, growing and transplanting of seedlings,
and so on should follow well-established agricultural practices. The spacing of rows has to be con-
sidered (Kassahun et al., 2011; based on example of peppermint leaves). For example, dill prefers
wider row spacing than anise, coriander, or caraway (Novak, 2005). The time required before a crop
can be obtained depends on the species used and can be very variable. Citronella and lemongrass
may take 7-9 months from the time of planting before the first crop can be harvested, while lav-
ender and lavandin require up to 3 years. The most economical way to extract an essential oil is to
transport the harvested biomass directly to the distillery. For some plants, this is the only practical
option. M. officinalis (“lemon balm”) is very prone to drying out and thus to loss of oil yield. Some
harvested plant material may require special treatment of the biomass before oil extraction, for
example, grinding or chipping, breaking or cutting up into smaller fragments, and sometimes just
drying. In some cases, fermentation of the biomass should precede oil extraction. Water contained
within the plant material can be named as chemically, physicochemically, and mechanically bound
water (Grishin et al., 2003). According to these authors, only the mechanically bound water, which
is located on the surface and the capillaries of plants, can be reduced. Drying can be achieved
simply by spreading the biomass on the ground where wind movement affects the drying process.
Drying can also be carried out by the use of appropriate drying equipment. Drying, too, can affect
the quality of the essential oil. Until the middle of the 1980s, cut lavender and lavandin have been
dried in the field (Figure 5.3), a process requiring about 3 days. The resulting oils exhibited the
typical fine, floral odor; however, oil yields were inferior to yields obtained with fresh material.
Compared with the present-day procedure with container harvesting and immediate processing
(the so-called vert-broyé), this quality of the oil is greener and harsher and requires some time to
harmonize. However, yields are better, and one step in the production process has been eliminated.
Clary sage is a good example demonstrating the difference between oils distilled from fresh plant
material on the one hand and dried plant material on the other. The chemical differences are clearly
shown in Table 5.2. Apart from herbal biomass, fruits and seed may also have to be dried before
distillation. These include pepper, coriander, cloves, and pimento berries, as well as certain roots
such as vetiver, calamus, lovage, and orris. Clary sage is harvested at the beginning of summer but
distilled only at the end of the harvesting season.

Seeds and fruits of the families Apiaceae, Piperaceae, and Myristicaceae usually require grind-
ing up prior to steam distillation. In many cases, the seed has to be dried before comminution takes
place. Celery, coriander, dill, ambrette, fennel, and anise belong to the Apiaceae. All varieties of
pepper belong to the Piperaceae while nutmeg belongs to the Myristicaceae. The finer the material
is ground, the better will be the oil yield and, owing to shorter distillation times, also the quality of
the oil. In order to reduce losses of volatiles by evaporation during the comminution of the seed or
fruit, the grinding can also be carried out under water, preferably in a closed apparatus. Heartwood
samples, such as those of S. album, Santalum spicatum, and Santalum austrocaledonicum, have to
be reduced to a very fine powder prior to steam distillation in order to achieve complete recovery
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FIGURE 5.3 Lavender drying on the field.

TABLE 5.2
Differences in the Composition of the Essential Oil
of Clary Sage Manufactured Fresh and Dried

Component “Vert Broyee” (%) Traditional (%)
Myrcene 0.9-1.0 0.9-1.1
Limonene 0.2-0.4 0.3-0.5
Ocimene cis 0.3-0.5 0.4-0.6
Ocimene trans 0.5-0.7 0.8-1.0
Copaene alpha 0.5-0.7 1.4-1.6
Linalool 13.0-24.0 6.5-13.5
Linalyl acetate 56.0-70.5 62.0-78.0
Caryophyllene beta 1.5-1.8 2.5-3.0
Terpineol alpha 1.0-5.0 Max. 2.1
Neryl acetate 0.6-0.8 0.7-1.0
Germacrene D 1.1-7.5 1.5-12
Geranyl acetate 1.4-1.7 2.2-25
Geraniol 1.4-1.7 1.2-1.5
Sclareol 0.4-1.8 0.6-2.8
Minor changes

Middle changes

Big changes
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of the essential oil. In some cases, coarse chipping of the wood is adequate for efficient essential oil
extraction. This includes cedarwood, amyris, rosewood, birch, guaiac, linaloe, cade, and cabreuva.

Plant material containing small branches as well as foliage, which includes pine needles, has to
be coarsely chopped up prior to steam distillation. Examples of such material are juniper branches,
M. alternifolia, Corymbia citriodora, P. mugo, P. pinaster, Pinus sylvestris, Pinus nigra, Abies
alba, A. sibirica, and Abies grandis, as well as mint and peppermint. Present-day mechanized har-
vesting methods automatically affect the chopping up of the biomass. This also reduces the volume
of the biomass, thus increasing the quantity of material that can be packed into the still and making
the process more economical.

It appears that the time when the seed is sown influences both oil yield and essential oil compo-
sition, for example, whether it is sown in spring or autumn. Important factors affecting production
of plant material are application of fertilizers, herbicides, and pesticides and the availability and
kind of pollination agents. In many essential oil-producing countries, no artificial nitrogen, potas-
sium, or phosphorus fertilizers are used. Instead, both in Europe and overseas, the biomass left over
after steam distillation is spread in the fields as an organic fertilizer. Court et al. reported, from the
field tests conducted with peppermint, that an increase in fertilizer affects plant oil yield. However,
higher doses did not result in further increases in oil yield or in changes in the oil composition
(Court et al., 1993). Herbicides and pesticides do not appear to influence either oil yield or oil com-
position. The accumulation of pesticide residues in essential oils has a negative influence on their
quality and on their uses. The yield and quality of essential oils are also influenced by the timing
and type of pollinating agent. If the flower is ready for pollination, the intensity of its fragrance and
the amount of volatiles present are at their maximum. If on the other hand the weather is too cold at
the time of flowering, pollination will be adversely affected, and transformation to fruit is unlikely
to take place. Such an occurrence has a very significant effect on the plant’s metabolism and finally
on its essential oil. Grapevine cultivators use the following trick to attract pollinators to their vines.
A rose flower placed at the end of each grapevine row attracts pollinators who then also pollinate
the unattractive flowers of the grapevine.

5.1.12 PROPAGATION FROM SEED AND CLONES

Plants can be grown from seed or propagated asexually by cloning. Lavender plants raised from seed
are kept for 1 year in pots before transplanting into the field. It then takes another 3 years before the
plantation yields enough flowers for commercial harvesting and steam distillation. Plants of any spe-
cies raised from seed will exhibit wide genetic variations among the progeny, as exist between the
members of any species propagated by sexual means, for example, humans. In the case of lavender
(Lavandula angustifolia), the composition of the essential oil from individual plants varies from
plant to plant or, more precisely, from one genotype to the other. Improvement of the crop by selective
breeding of those genotypes that yield the most desirable oil is a very slow process requiring years to
accomplish. Charles Denny, who initiated the Tasmanian lavender industry in 1921, selected within
11 years 487 genotypes from a source of 2500 genotypes of L. angustifolia for closer examination,
narrowing them down to just 13 strains exhibiting large yields of superior oil. Finally, four of these
genotypes were grown on a large scale and mixed together in what is called “comunelles.” The qual-
ity of the oils produced was fairly constant from year to year, both in their physicochemical proper-
ties and in their olfactory characteristics (Denny, 1995, private information to the author).

Cloning is the preferred method for the replication of plants having particular, usually commer-
cially desirable, characteristics. Clones are obtained from buds or cuttings of the same individual,
and the essential oils, for example, obtained from them are the same, or very similar to those of the
parent. Cloning procedures are well established but may vary in their detail among different species.
One important advantage of clones is that commercial harvesting may be possible after a shorter
time as compared with plantations grown from seed. One risk does exist though. If the mother plant
is diseased, all clones will also be affected, and the plantation would have to be destroyed.
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No field of agriculture requires such a detailed and comprehensive knowledge of botany and soil
science as well as of breeding and propagation methods, harvesting methods, and so on as that of
the cultivation of essential oil-bearing plants. The importance of this is evident from the very large
amount of scientific research carried out in this field by universities as well as by industry.

5.1.13 CoMMERCIAL EssENTIAL OIL EXTRACTION METHODS

There are three methods in use. Expression is probably the oldest of these and is used almost exclu-
sively for the production of Citrus oils. The second method, hydrodistillation or steam distillation,
is the most commonly used one of the three methods, while dry distillation is used only rarely in
some very special cases.

5.1.14 EXPRESSION

Cold expression, for example, expression at ambient temperature without the involvement of
extraneous heat, was practiced long before humans discovered the process of distillation, prob-
ably because the necessary tools for it were readily available. Stones or wooden tools were
well suited to breaking the oil cells and freeing their fragrant contents. This method was used
almost exclusively for the production of Citrus peel oils. Citrus and the allied genus Fortunella
belong to the large family Rutaceae. Citrus fruits used for the production of the oils are shown
in Table 5.3. Citrus fruit cultivation is widely spread all over the world with a suitable climate.
Oils with the largest production include orange, lemon, grapefruit, and mandarin. Taking world
lemon production as an example, the most important lemon-growing areas in Europe are situ-
ated in Italy and Spain with Cyprus and Greece being of much lesser importance. Nearly 90%

TABLE 5.3

Important Essential Oil Production from Plants of the Rutaceae Family

Botanical Term Expressed Distilled Used Plant Parts

Citrus aurantifolia (Christm.) Swingle Lime oil Lime oil distilled Pericarp, fruit juice, or

crushed fruits

Citrus aurantium L., syn. Citrus amara Bitter orange oil Neroli oil, bitter Flower, pericarp, leaf, and
Link, syn. Citrus bigaradia Loisel, syn. orange petitgrain oil twigs with sometimes little
Citrus vulgaris Risso green fruits

Citrus bergamia (Risso et Poit.), Citrus Bergamot oil Bergamot petitgrain oil ~ Pericarp, leaf, and twigs with
aurantium L. ssp. bergamia (Wight et sometimes little green fruits
Arnott) Engler

Citrus hystrix DC., syn. Citrus torosa Kaffir lime oil, Kaffir leaves oil Pericarp, leaves
Blanco combava

Citrus latifolia Tanaka Lime oil Persian Pericarp

type
Citrus limon (L.) Burm. f. Lemon oil Lemon petitgrain oil Flower, pericarp, leaf, and

twigs with sometimes little
green fruits

Citrus reticulate Blanco syn. Citrus Mandarin oil Mandarin petitgrain oil ~ Flower, pericarp, leaf, and
nobilis Andrews twigs with sometimes little
green fruits
Citrus sinensis (L.) Osbeck, Citrus Sweet orange oil Pericarp

djalonis A. Chevalier
Citrus x paradisi Macfad. Grapefruit oil Pericarp
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of all lemon fruit produced originates from Sicily where the exceptionally favorable climate
enables an almost around-the-year production. There is a winter crop from September to April,
a spring crop from February to May, and a summer crop from May to September. The Spanish
harvest calendar is very similar. Other production areas in the northern hemisphere are in the
United States, particularly in Florida, Arizona, and California, and in Mexico. In the southern
hemisphere, large-scale lemon producers are Argentina, Uruguay, and Brazil. Lemon production
is also being developed in South Africa, Ivory Coast, and Australia. China promises to become
a huge producer of lemon in the future.

The reason for extracting citrus oils from fruit peel using mechanical methods is the relative ther-
mal instability of the aldehydes contained in them. Fatty, for example, aliphatic, aldehydes such as
heptanal, octanal, nonanal, decanal, and dodecanal are readily oxidized by atmospheric oxygen,
which gives rise to the formation of malodorous carboxylic acids. Likewise, terpenoid aldehydes such
as neral, geranial, citronellal, and perillaldehyde as well as the a- and p-sinensals are sensitive to oxi-
dation. Hydrodistillation of citrus fruit yields poor quality oils owing to chemical reactions that can be
attributed to heat and acid-initiated degradation of some of the unstable fruit volatiles. Furthermore,
some of the terpenic hydrocarbons and esters contained in the peel oils are also sensitive to heat and
oxygen. One exception to this does exist. Lime oil of commerce can be either cold pressed or steam
distilled. The chemical composition of these two types of oil as well as their odors differs significantly
from each other. The expressed citrus peel is normally treated with hot steam in order to recover any
essential oil still left over in it. The products of this process, consisting mainly of limonene, are used
in the solvent industry. The remaining peel and fruit flesh pulp are used as cattle feed.

The oil cells of citrus fruit are situated just under the surface in the epicarp, also called flavedo, in
the colored area of the fruit. Figure 5.4 is a cross section of the different parts of the fruit also show-
ing the juice cells present in the fruit. An essential oil is also present in the juice cells. However, the
amount of oil present in the juice cells is very much smaller than the amount present in the flavedo;
also their composition differs from each other.

Until the beginning of the twentieth century, industrial production of cold-pressed citrus oils was
carried out manually. One has to visualize huge halls with hundreds of workers, men and women,
seated on small chairs handling the fruit. First of all, the fruit had to be washed and cut into two
halves. The pulp was then removed from the fruit using a sharp-edged spoon, called the “rastrello,”
and after, the peel was soaked in warm water. The fruit peel was now manually turned inside out so
that the epicarp was on the inside and squeezed by hand to break the oil glands, and the oil soaked

Mesocarp
(albedo)

Epicarp
(flavedo)

Endocarp

FIGURE 5.4 Parts of a citrus fruit.
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up with a sponge. The peel was now turned inside out once again and wiped with the sponge and the
sponge squeezed into a terracotta bowl, the “concolina.” After decantation, the oil was collected in
metal containers. This was an extremely laborious process characterized by substantial oil losses.
A later improvement of the fruit peel expression process was the “scodella” method. The apparatus
was a metallic hemisphere lined inside with small spikes, with a tube attached at its center. The fruit
placed inside the hemisphere was rotated while being squeezed against the spikes thus breaking the
oil cells. The oil emulsion, containing some of the wax coating the fruit, flowed into the central tube
was collected, and the oil was subsequently separated by centrifugation.

Neither of these methods, even when used simultaneously, was able to satisfy the increased
demand for fruit peel oils at the start of the industrial era. The quantity of fruit processed could be
increased, but the extraction methods were time wasting and the oil yields too low. With the advent
of the twentieth century, the first industrial machinery was developed. Today the only systems of
significance in use for the industrial production of peel oils can be classified into four categories:
“sfumatrici” machines and “speciale sfumatrici,” “pellatrici” machines, ‘“food machinery corpora-
tion (FMC) whole fruit process,” and “brown oil extractors (BOEs)” (Arnodou, 1991).

It is important to be aware of the fact that the individual oil glands within the epicarp are not
connected to neighboring glands. The cell walls of these oil glands are very tough, and it is believed
that the oil they contain is either a metabolic waste product or a substance protecting the plant from
being browsed by animals.

The machines used in the “sfumatrici” methods consist in principle of two parts, a fixed part and
a moveable part. The fruit is cut into two and the flesh is removed. In order to extract the oil, the
citrus peel is gently squeezed, by moving it around between the two parts of the device and rinsing
off the squeezed-out oil with a jet of water. The oil readily separates from the liquid on standing and
is collected by decantation. Since the epicarp may contain organic acids (mainly citric acid followed
by malic and oxalic acid), it is occasionally soaked in lime solution in order to neutralize the acids
present. Greater concentrations of acid could alter the quality of the oil. Degradation of aldehydes is
also an important consideration. In the “special sfumatrici” method, the peel is soaked in the lime
solution for 24 h before pressing. By means of a metallic chain drawn by horizontal rollers with
ribbed forms, the technical process is finished. The oils obtained by these methods may have to be
“wintered,” for example, refrigerated in order to freeze out the peel waxes that are then filtered off.

In the “pellatrici” method, the peel oil is removed during the first step and the fruit juice in the
second step (Figure 5.5). In the first step, the fruit is fed through a slowly turning Archimedean
screw-type valve. The screw is covered with numerous spikes that will bruise the oil cells in the

FIGURE 5.5 “Pellatrici” method. The spiked Archimedes screw with lemons, washed with water.
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FIGURE 5.6 “Brown” process. A battery of eight juice squeezers waiting for fruits.

epicarp and initiate the flow of oil. The oil is, once again, removed by means of a jet of water. The
fruit is finally carried to a fast-rotating, spiked, roller carpet where the remaining oil cells, located
deeper within the epicarp, are bruised and their oil content recovered, thus resulting in maximum
oil yield. The process involves centrifugation, filtration, and “wintering” as previously mentioned.

The “brown process” (Reeve, 2005) is used mainly in the United States and in South America,
but less in Europe. The BOE (Figure 5.6) is somewhat similar to the machinery of the “pellatrici”
method. A device at the front end controls the quantity of fruit entering the machine. The machine
itself consists of numerous pairs of spiked rollers turning in the same direction, as well as moving
horizontally, thus reaching all oil cells. The spiked rollers as well as the fruit are submerged in water
for easy transport. Any residual water and oil adhering to the fruit are removed by a special system
of rollers and added to the oil emulsion generated on the first set of rollers. Any solid particles are
then removed by passing it through a fine sieve. The emulsion is then centrifuged and the aqueous
phase recycled. The BOE is manufactured in V4A steel to avoid contact with iron.

The most frequently used type of extractor is the FMC in-line. It is assumed that in the United
States, more than 50% of extractors are of the FMC type (Figure 5.7). Other large producer countries,

FIGURE 5.7 Food machinery corporation extractor.
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such as Brazil and Argentina, use exclusively FMC extractors. The reason for this is the design of
the machinery, as fruit juice and oil are produced in one step without the two coming into contact
with each other. The process requires prior grading of the fruit as the cups used in this process are
designed for different sizes of fruit. An optimum fruit size is important as bigger fruit would be over
squeezed and some essential oil carried over into the juice making it bitter. On the other hand, if the
fruit were too small, the yield of juice would be reduced. Different frame sizes allow treating 3, 5, or
8 fruits at the same time. This technique was revolutionary in its concept and works as follows: the
fruit is carried to, and placed into, a fixed cup. Another cup, bearing a mirror image relationship to
the fixed cup, is positioned exactly above it. Both cups are built of intermeshing jaws. The moveable
cup is lowered toward the fixed cup thus enclosing the fruit. At the same time, a circular knife cuts
a hole into the bottom of the fruit. When pressure is applied to the fruit, the expressed juice will exit
through the cut hole on to a mesh screen and be transported to the juice manifold, while at the same
time, the oil is squeezed out of the surface of the peel. As before, the oil is collected using a jet of
water. The oil-water emulsion is then separated by centrifugation.

An examination of the developments in the design of citrus fruit processing machinery shows
quite clearly that the quality of the juice was more important than the quality of the oil, the only
exception being oil of bergamot. Nevertheless, oil quality improved during the last decades and
complies with the requirements of ISO standards. The expressed pulp of the more valuable kind
fruit is very often treated with high-pressure steam to recover additional amounts of colorless oils of
variable composition. The kinds of fruit treated in this manner are bergamot, lemon, and mandarin.

5.1.15 STEAM DISTILLATION

Steam or water distillation is unquestionably the most frequently used method for the extraction of
essential oil from plants. The already mentioned history of steam distillation and the long-standing
interest of mankind in extracting the fragrant and useful volatile constituents of plants testify to this.
Distillation plants of varying design abound all over the world. While in some developing countries
traditional and sometimes rather primitive methods are still being used (Figure 5.8), the essential oils

FIGURE 5.8 Bush distillation device, opened.
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produced are often of high quality. Industrialized countries employ technologically more evolved and
complex equipment, computer aided with in-process analysis of the final product. Both of these very
different ways of commercial essential oil production provide excellent quality oils. One depends on
skill and experience, the other on superior technology and expensive equipment. It should be borne
in mind that advice by an expert on distillation is a prerequisite for the production of superior quality
oils. The term “distillation” is derived from the Latin “distillare,” which means “trickling down.” In
its simplest form, distillation is defined as “evaporation and subsequent condensation of a liquid.” All
liquids evaporate to a greater or lesser degree, even at room temperature. This is due to thermally
induced molecular movements within the liquid resulting in some of the molecules being ejected into
the airspace above them (diffusing into the air). As the temperature is increased, these movements
increase as well, resulting in more molecules being ejected, for example, in increased evaporation.
The definition of an essential oil, ISO 9235, item 3.1.1 is “... product obtained from vegetable raw
material—either by distillation with water or steam” and in item 3.1.2 ... obtained with or without
added water in the still” (ISO/DIS 9235.2, 1997, p. 2). This means that even “cooking” in the pres-
ence of water represents a method suitable for the production of essential oils. The release of the
essential oil present in the oil glands (cells) of a plant is due to the bursting of the oil cell walls caused
by the increased pressure of the heat-induced expansion of the oil cell contents. The steam flow acts
as the carrier of the essential oil molecules. The basic principle of either water or steam distillation
is a limit value of a liquid—liquid—vapor system. The theory of hydrodistillation is the following. Two
nonmiscible liquids (in our case water and essential oil) A and B form two separate phases. The total
vapor pressure of that system is equal to the sum of the partial vapor pressures of the two pure liquids:

p=pa+pg (pisthe total vapor pressure of the system)

With complete nonmiscibility of both liquids, r is independent of the composition of the liquid
phase. The boiling temperature of the mixture (7},) lies below the boiling temperatures (7, and T;)
of liquids A and B. The proportionality between the quantity of each component and the pressure in
the vapor phase is given in the formula

Noil _ Poil

N water P water

where

N,; is the number of moles of the oil in the vapor phase
N,aeer 18 the number of moles of water in the vapor phase
It is nearly impossible to calculate the proportions as an essential oil is a multicomponent mixture
of variable composition.

The simplest method of essential oil extraction is by means of hydrodistillation, for example, by
immersion of the biomass in boiling water. The plant material soaks up water during the boiling
process, and the oil contained in the oil cells diffuses through the cell walls by means of osmosis.
Once the oil has diffused out of the oil cells, it is vaporized and carried away by the stream of steam.
The volatility of the oil constituents is not influenced by the rate of vaporization but does depend on
the degree of their solubility in water. As a result, the more water-soluble essential components will
distil over before the more volatile but less water-soluble ones. The usefulness of hydrodiffusion can
be demonstrated by reference to rose oil. It is well known that occasionally some of the essential
oil constituents are not present as such in the plant but are artifacts of the extraction process. They
can be products of either enzymic splitting or chemical degradation, occurring during the steam
distillation, of high-molecular-weight and thus nonvolatile compounds present in the plants. These
compounds are often glycosides. The main constituents of rose oil, citronellol, geraniol, and nerol
are products of a fermentation that takes place during the water-distillation process.
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Hydrolysis of esters to alcohols and acids can occur during steam distillation. This can have
serious implications in the case of ester-rich oils, and special precautions have to be taken to
prevent or at least to limit the extent of ester degradation. The most important examples of this
are lavender or lavandin oils rich in linalyl acetate and cardamom oil rich in a-terpinyl acetate.
Chamazulene, a blue bicyclic sesquiterpene, present in the steam-distilled oil of German chamo-
mile, Chamomilla recutita (L.) Rauschert, flower heads, is an artifact resulting from matricin by
a complex series of chemical reactions: dehydrogenation, dehydration, and ester hydrolysis. As
chamazulene is not a particularly stable compound, the deep-blue color of the oil can change to
green and even yellow on aging.

The design of a water/steam distillation plant at its simplest, sometimes called “false-bottom
apparatus,” is as follows: a still pot (a mild steel drum or similar vessel) is fitted with a perforated
metal plate or grate, fixed above the intended level of the water, and a lid with a gooseneck outlet.
The 1id has to be equipped with a gasket or a water seal to prevent steam leaks. The steam outlet
is attached to a condenser, for example, a serpentine placed in a drum containing cold water. An
oil collector (Florentine flask) placed at the bottom end of the serpentine separates the oil from the
distilled water (Figure 5.9). The whole assembly is fixed on a brick fireplace. A separate water inlet
is often provided to compensate for water used up during the process. The biomass is placed inside
the still pot above the perforated metal plate, and sufficient biomass should be used to completely
fill the still pot. The fuel used is firewood. This kind of distillation plant was extensively used at the
end of the nineteenth century, mainly for field distillations. A disadvantage of this system was that
in some cases excessive heat imparted a burnt smell to the oils. Furthermore, when the water level
in the still dropped too much, the plant material could get scorched. Till today, there is a necessity
to clean the distillation vessel after two cycles with water to avoid burning notes in the essential
oil. In any case, the quality of oils obtained in this type of apparatus was very variable and varied
with each distillation. A huge improvement to this process was the introduction of steam generated
externally. The early steam generators were very large and unwieldy, and the distillation plant could
no longer be transported in the field. The biomass had now to be transported to the distillation plant,

FIGURE 5.9 Old distillation apparatus modernized by electric heating.
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unlike with the original type of distillation plant. Originally, the generator was fuelled with dry,
extracted biomass. Today, gas or fuel oil is used. The delivery of steam can be carried out in various
ways. Most commonly, the steam is led directly into the still through its bottom. Overheating is thus
avoided and the biomass is heated rapidly. It also allows regulation of steam quantity and pressure
and reduces distillation time and improves oil quality. In another method, the steam is injected in
a spiraling motion. This method is more effective as the steam comes into contact with a greater
surface of the biomass. The velocity of steam throughput and the duration of the distillation depend
on the nature of the biomass. It can vary from 100 kg/h in the case of seed and fruits to 400 kg/h
for clary sage. The duration of the distillation can vary from about 20 min for lavender flowers
(Denny, 1995, personal communication) to 700 min for dried angelica root. The values quoted are
for a 4 m? still pot (Omidbaigi, 2005). Specialists on distillation found a formula that distillation
can be stopped when the ratio of oil to water coming from condenser will achieve 1:40. In all cases
of hydrodistillation, the distillation water is recovered and reused for steam generation. In a cohoba-
tion, the aqueous phase of the distillate is continuously reintroduced into the still pot. In this method,
any essential oil constituents emulsified or dissolved in the water are captured, thus increasing
total oil yield. There is one important exception: in the case of rose oil, the distillation water is col-
lected and redistilled separately in a second step. The “floral water” contains increased amounts of
B-phenylethyl alcohol, up to 15%, whereas its maximum permissible content in rose oil is 3%. The
reason for this is its significant solubility in water, ca. 2%.

The distillation of rose oil is an art in itself as not only quality but also quantity plays an impor-
tant role. It takes two distillation cycles to produce between 200 and 280 g of rose oil. Jean-Frangois
Arnodou describes its manufacture as follows (Arnodou, 1991): the still pot is loaded with 400 kg
of rose petals and 1600 L of water. The contents are heated until they boil and steam distilled.
Approximately, the quantity of flowers used is then distilled. That action will last about 2-3 h.
Specially designed condensers are required in order to obtain a good quality. The condensing sys-
tem comprises a tubular condenser followed by a second cooler to allow the oil to separate. The
oil is collected in Florentine-type oil separators. About 300 L of the oil-saturated still waters are
then redistilled in a separate still in order to recover most of the oil contained in them. Both oils are
mixed together and constitute the rose oil of commerce. BIOLANDES described in 1991 the whole
process, which uses a microprocessor to manage parameters such as pressure and temperature,
regulated by servo-controlled pneumatic valves.

A modern distillation plant consists of the biomass container (still pot), a cooling system (con-
denser), an oil separator, and a high-capacity steam generator. The kettle (still pot) looks like a
cylindrical vertical storage tank with steam pipes located at the bottom of the still. Perforated sieve-
like plates are often used to separate the plant charge and prevent compaction, thus allowing the
steam unimpeded access to the biomass. The outlet for the oil-laden steam is usually incorporated
into the design of the usually hemispherical, hinged still pot lid. The steam is then passed through
the cooling system, either a plate heat exchanger or a surface heat exchanger, such as a cold-water
condenser. The usually liquid condensate is separated into essential oil and distillation water in an
appropriate oil separator such as a Florentine flask. The distillation water may, in some cases, be
redistilled, and the remaining essential oil is recovered, dried, and stored. Figure 5.10 shows a cross
section of such a still.

The following illustrations show different parts of an essential oil production plant. Figure 5.11
shows a battery of four production units in the factory. Each still has a capacity of 3000-5000 L.
Owing to their large size, the upper half of the stills is on the level as shown, while the lower half
is situated on the lower level. Figure 5.12 shows open stills and displays the steam/oil vapor out-
lets on the underside of the lids leading to the cooling units. On the right side of the illustration,
one can see the perforated plate used to prevent clumping of the biomass. Several such perforated
plates, up to 12, depending on the type of biomass, are used to prevent clumping. Spacers on the
central upright control the optimum distance between these plates for improved steam penetration.
Figure 5.13 shows the unloading of the still. Unloading is much faster than the loading process
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FIGURE 5.10 Cross section of a hydrodistillation plant.

FIGURE 5.11 Battery of four distillation units.

where the biomass is compacted either manually or by means of tractor wheel (Figure 5.14). This
type of loading is called “open mouth” loading. Figure 5.15 shows the cooling unit. The cold water
enters the tank equipped with a coil condenser. The cooling water is recycled so that no water is
wasted. The two main types of industrially used condensers are the following. The earliest was the
coil condenser that consisted of a coiled tube fixed in an open vessel of cold water with cold water
entering the tank from the bottom and leaving at the top. The oil-rich steam is passed through the
coils of the condenser from the top end. The second type of condenser is the pipe bundle condenser
where the steam is passed through several vertical tubes immersed in a cold-water tank. The tubes
have on the inside walls horizontal protuberances that slow down the rate of the steam flow and
thus result in more effective cooling. Figure 5.16 shows the inside of a Florentine flask where the
oil is separated from the water. Most essential oils are lighter than water and thus float on top of the
water. Some essential oils have a specific gravity >1, for example, they are heavier than water thus
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Opening for vapor

FIGURE 5.12 Open kettle with opening for vapor and oil.

FIGURE 5.13 Unloading a kettle.
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FIGURE 5.15 Cooling unit.

collecting at the bottom of the collection vessel. A modified design of the Florentine flask for such
oils is shown in Figure 5.17. Figure 5.18 shows oil in the presence of turbid distillation water. The
liquid phase is contaminated with biomass matter, and the oil has to be filtered. The capacity of the
still pot depends on the biomass. Weights vary from 150 to 650 kg/m3. Wilted and dried plants are
much lighter than seeds and fruits or dried roots that can be very heavy.

A very special case is the production of the essential oils of ylang-ylang from the fresh flowers
of Cananga odorata (Lam.) Hook. f. et Thomson forma genuina. The hydro-distillation process is
started and after a certain time the obtained oil is saved. With ongoing distillation, this procedure is
repeated three times to achieve at least four separate fractions. The chemical composition of the first
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FIGURE 5.16 Inner part of a Florentine flask.
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FIGURE 5.17 Two varieties of Florentine flasks.

fraction is characterized by a high concentration of p-cresol methylether, methyl benzoate, benzyl
acetate, linalool, and E-cinnamyl acetate. The second fraction contains less of those volatiles but
an increased amount of geraniol, geranyl acetate, and p-caryophyllene. The third fraction contains
higher boiling substances such as germacrene-D, (E, E)-a-farnesene, (E, E)-farnesol, benzyl benzo-
ate, (E,E)-farnesyl acetate, and benzyl salicylate. Of course, smaller quantities of the lower boiling
components are also present. This kind of fractionation has been practiced for a long time. At the
same time, the whole oil, obtained by a single distillation is available as “ylang-ylang complete.”
This serves as an example of the importance the duration of the distillation can have on the quality
of the oil.

Raw materials occurring in the form of hard grains have to be comminuted, for example, ground
up before water distillation. This is carried out in the presence of water, such as in a wet-grinding
turbine, and the water is used later during the distillation. The stills themselves are equipped with
blade stirrers ensuring thorough mixing and particularly dislodging oil particles or biomass articles
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FIGURE 5.18 Oil and muddy water in the Florentine flask.

sticking to the walls of the still, the consequence of which can be burning and burnt notes. Dry
grinding is likely to result in a significant loss of volatiles. Pepper, coriander, cardamom, celery
seed, and angelica seed as well as roots, cumin, caraway, and many other seeds and fruits are
treated in this manner. The process used in all these cases is called “turbo distillation.” The ratio
oil/condensate is very low when this method is used, and it is for that reason that turbo distillation
uses a fractionating column to enrich the volatiles. This also assists in preventing small particles
of biomass passing into the condenser and contaminating the oil. As in many other distillation and
rectification units, cold traps are installed to capture any very volatile oil constituents that may be
present. This water-distillation procedure is also used for gums such as myrrh, olibanum, opopanax,
and benzoin.

Orris roots are also extracted by water distillation. However, in this case, the distillation has to
be carried out under conditions of slightly elevated pressure. This is achieved by means of a reflux
column filled with Raschig rings. This is important as the desired constituents, the irones, exhibit
very high boiling points. It is noteworthy that in this case, there is no cooling of the vapors, as not
only the irones but also the long-chain hydrocarbons will immediately be transported to the top of
the column. Figure 5.19 shows a Florentine flask with the condensed oil/water emerging at a tem-
perature of nearly 98°C. Orris oil or orris butter (note that the term orris “concrete” is incorrect, as
the process is not a solvent extraction) is one of the few essential oils that are, at least partly, solid
at room temperature. Depending on its frans-anethole content, rectified star anise oil is another
example of this nature.

A relatively new technique that saves time in loading and unloading of the biomass is the “on-
site” or “container” distillation. The technique is very simple as the container that is used to pick up
the biomass and transport it to the distillery serves itself as the still pot. The first plant crops treated
in this way were peppermint and mint, clary sage, lavandin grosso, L. angustifolia, Eucalyptus
polybractea, and tea tree. In its simplest form, the mobile still assembly is composed of the follow-
ing components: a tractor is coupled to an agricultural harvester that cuts the plant material and
delivers it directly into the still pot (or vat) via a chute. The still pot (vat) is permanently fixed onto a
trailer that is coupled to the harvester. Once the still pot is completely filled, it is towed by the tractor
into the factory where it is uncoupled and attached to the steam supply and condenser and distilla-
tion commences. Presupposition for a proper working of the container as vat is a perfect insulation.
Every loss of steam and heat will guide to worse quality and diminished quantity. Lids will have
to be placed properly and fixed by clamps. The tractor and harvester are attached to an empty still
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FIGURE 5.19 Orris distillation, Florentine flask at nearly 98°C.

pot and the process is repeated. The design, shape, and size of the still pot as well as the type of
agricultural harvester depend on the type of plant crop, the size of the plantation, the terrain, and so
on. The extracted biomass can be used as mulch or, after drying, as fuel for the steam boiler. The
unloading is automated using metal chains running over the tubes with steam valves. This method
requires less manpower and thus reduces labor costs. Loading and unloading costs are minimal.
It lends itself best to fresh biomass, lavender and lavandin, mallee eucalyptus, tea tree, and so on.
It may not be as useful for the harvesting and distillation of mint and peppermint as these crops
have to be wilted before oil extraction. Figures 5.20 through 5.22 show the harvesting of mallee

FIGURE 5.20 Harvesting blue mallee with distillation container.
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FIGURE 5.21 A battery of containers to be distilled, one opened to show the biomass.

5

FIGURE 5.22 Distillation plant with container technique.

eucalyptus, containers in processing, and the whole site of container distillation. Figure 5.23 gives
a view into the interior of a container.

Another interesting distillation method has been developed by the LBP Freising, Bavaria,
Germany. The plant consists of two tubes, each 2 m long and 25 cm in diameter, open at the top. The
tubes are attached vertically to a central axis that can be rotated. One tube is connected, hydrauli-
cally or mechanically, to the steam generator and on top to a condenser. During the distillation of
the contents of the tube, which may take 25—-40 min depending on the biomass, the other tube can
be loaded. When the distillation of the first tube has been completed, the tubes are rotated around
the axis and distillation of the second tube commenced. The first distilled tube can now be emptied
and reloaded. The only disadvantage of this type of apparatus is the small size. Only 8.5-21 kg of
biomass can be treated. This system has been developed for farmers intending to produce small
quantities of essential oil. The apparatus is transportable on a truck and will work satisfactorily
provided a supply of power is available.

Most commercially utilized essential oil distillation methods, except the mobile still on-site
methods, suffer from high labor costs. Apart from harvesting the biomass, three to four laborers
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FIGURE 5.23 View inside the distillation container, showing the steam tubes and the metallic grid.

will be required to load and unload the distillation pots, regulating steam pressure and temperature,
and so on. The loading and distribution of the biomass in the distillation vessel may not be homo-
geneous. This will adversely affect the steam flow through the biomass by channeling, for example,
the steam passing through less compacted areas and thus not reaching other more compacted areas.
This will result in lower oil yields and perhaps even alter the composition of the oil. In times of
high energy costs, the need for consequent recovery has to be considered. Given the demand for
greater quantities of essential oils, the question is how to achieve it and at the same time improve
the quality of the oils. For this, several considerations have to be taken into account. The first is
how to process large quantities of biomass in a given time. Manpower has to be decreased as it still
is the most important factor affecting costs. The biomass as a whole has to be treated uniformly to
ensure higher oil yields and more constant and thus better oil composition. How can energy costs
and water requirements be reduced in an ecologically acceptable way? The answer to this was the
development of continuous distillation during the last years of the twentieth century. Until then,
all distillation processes were discontinuous. Stills had to be loaded, the distillation stopped, and
stills unloaded. The idea was to develop a process where the steam production was continuous with
permanent unchanged parameters. This was achieved by the introduction of an endless screw that
fed the plant material slowly into the still pot from the top and removed the exhausted plant material
from the bottom at the same speed. The plant material moves against the flow of dry steam enter-
ing the still from the bottom. In this fashion, all of the biomass comes into contact with the steam
ensuring optimum essential oil extraction.

The earliest of these methods is known as the “Padova system.” It consists of a still pot 6 m high
and about 1.6 m in diameter (Arnodou, 1991). Its total volume is about 8 m3. The feeding of the still
with the plant biomass as well as its subsequent removal is a continuous process. The plant mate-
rial is delivered via a feed hopper situated at the top of the still. Before entering the still, it is com-
pressed and cut by a rotating knife to ensure a more uniform size. Finally, a horizontal moving cone
regulates the quantity of biomass entering the still. The biomass that enters the still moves in the
opposite direction to that of the steam. The steam saturated with essential oil vapors is then passed
into the cooling system. The exhausted plant material is simultaneously removed by means of an

© 2016 by Taylor & Francis Group, LLC


http://www.crcnetbase.com/action/showImage?doi=10.1201/b19393-6&iName=master.img-020.jpg&w=159&h=239

Production of Essential Qils 155

Archimedes screw. This type of plant was originally designed for the distillation of wine residues.
A different system is provided by the “chimie fine aroma process continuous distillation” method.
Once again, the plant material is delivered via a hopper to several interconnected tubes. These tubes
are slightly inclined and connected to each other. The biomass is carried slowly through the tubes,
by means of a worm screw, in a downward direction. Steam is injected at the end of the last tube
and is directed upward in the opposite direction to that of the movement of the plant material. The
essential oil-laden steam is deflected near the point of entrance of the biomass, into the condenser.
The exhausted plant material is unloaded by another worm screw located near the point of the steam
entrance to the system.

Texarome, a big producer of cedarwood oil and related products holds a patent on another con-
tinuous distillation system. In contrast to other systems, the biomass is conveyed pneumatically
within the system. It is a novel system spiked with new technology of that time. Texan cedarwood
oil is produced from the whole tree, branches, roots, and stumps. Cedarwood used in Virginia uses
exclusively branches, stumps, sawdust, and other waste for oil production; wood is used mainly for
furniture making. The wood is passed through a chipper and then through a hammer mill. The dust
is collected by means of a cyclone. Any coarse dust is reground to the desired size. The dust is now
carried via a plug feeder to the first contactor where superheated steam in reverse flow exhausts it
in a first step and following that in a similar second step at the next contactor. The steam and oil
vapors are carried into a condenser. The liquid distillate is then separated in Florentine flasks. This
process does all transport entirely by pneumatic means. The recycling of cooling water and the use
of the dried plant matter as a fuel contribute to environmental requirements (Arnodou, 1991). In the
1990s, the BIOLANDES company designed its own system of continuous distillation. The reason
for this was BIOLANDES’ engagement in the forests of South West France. The most important
area of pine trees (P. pinaster Sol.) supplying the paper industry exists between Bordeaux and
Biarritz. Twigs and needles have been burnt or left to rot to assist with reforestation with new trees.
These needles contain a fine essential oil very similar to that of the dwarf pine oil (P. mugo Turra.).
Compared to other needle oils, dwarf pine oil is very expensive and greatly appreciated. The oil
was produced by a discontinuous distillation but as demand rose, new and improved methods were
required. First of all, the collection of the branches had to be improved. A tractor equipped with a
crude grinder and a ground wood storage box follows the wood and branch cutters and transports it
to the nearby distillation unit where the biomass is exhausted via a continuous distillation process.
In contrast to the earlier described methods, the BIOLANDES continuous distillation process oper-
ates somewhat differently. The plant material is carried by mechanical means from the storage to
the fine cutter and via an Archimedes screw to the top of the distillation pot. The plant material is
now compressed by another vertical screw and transported into a chamber that is then hermetically
closed on its back but opening at the front. Biomass is falling down allowing the countercurrent
passage of hot steam through it. The steam is supplied through numerous nozzles. Endless screws at
the bottom of the still continuously dispose of the exhausted biomass. Oil-laden steam is channeled
from the top of the still into condenser and then the oil separator.

It is well known that clary sage yields an essential oil on hydrodistillation. However, a very
important component of this oil, sclareol, is usually recovered in only very small quantity when
this method is used; the reason for this being its very high boiling point. Sclareol can be recovered
in very high yield and quality by extraction with volatile solvents. Consequently, BIOLANDES has
incorporated an extraction step in its system (Figure 5.24). Any waste biomass, whether of extracted
or nonextracted material, is used for energy production or, mostly, for composting. The energy
recovery management distinguishes this system from all other earlier described processes. In all of
the latter, large amounts of cold water are required to condense the essential oil-laden steam. This
results in significant wastage of water as well as in latent energy losses. The BIOLANDES system
recovers this latent heat. Hot water from the condenser is carried into an aerodynamic radiator.
Air used as the transfer gas takes up the energy of the hot water, cooling it down, so that it can be
recycled to the condenser. The hot air is then used to dry about one-third of the biomass waste that
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FIGURE 5.24 Scheme of the BIOLANDES continuous production unit. A, biomass; B, distillation vat;
C, condenser; D, Florentine flask; E, extraction unit; F, solvent recovery; and G, exhausted biomass.

is used as an energy source for steam and even electricity production. In other words, this system is
energetically self-sufficient. Furthermore, since it is fully automated, it results in constant quality
products. A unit comprising two stills of 7.5 m? capacity can treat per hour 3 ton of pine needles, 1.5
ton of juniper branches, and 0.25 ton of cistus branches (Arnodou, 1991). The advantages are once
again short processing time of large amounts of biomass, reduced labor costs, and near-complete
energy sufficiency. All operations are automated and water consumption is reduced to a minimum.
The system can also operate under slight pressure thus improving the recovery of higher boiling oil
constituents.

The following is a controversial method for essential oil extraction by comparison with classi-
cal hydrodistillation methods. In this method, the steam enters the distillation chamber from the
top passes through the biomass in the still pot (e.g., the distillation chamber) and percolates into
the condenser located below it. Separation of the oil from the aqueous phase occurs in a battery of
Florentine flasks. It is claimed that this method is very gentle and thus suitable for the treatment of
sensitive plants. The biomass is held in the still chamber (e.g., still pot) on a grid that allows easy dis-
posal of the spent plant matter at the completion of the distillation. The whole apparatus is relatively
small, distillation times are reduced, and there is less chance of the oil being overheated. It appears
that this method is fairly costly and thus likely to be used only for very-high-priced biomass.

Recently, microwave-assisted hydrodistillation methods have been developed, so far mainly in
the laboratory or only for small-scale projects. Glass vessels filled with biomass, mainly herbs and
fruits or seeds, are heated by microwave power. By controlling the temperature at the center of the
vessel, dry heat conditions are established at about 100°C. As the plant material contains enough
water, the volatiles are evaporated together with the steam solely generated by the microwave heat
and can be collected in a suitably designed condenser/cooling system. In this case, changes in the
composition of the oil will be less pronounced than in oil obtained by conventional hydrodistilla-
tion. This method has attracted interest owing to the mild heat to which the plant matter is exposed.
Kosar reported improvements in the quality of microwave-extracted fennel oil due to increases in
the yields of its oxygenated components (Kosar et al., 2007).

Very different products can result from the dry distillation of plant matter. ISO Standard 9235
specifies in Section 3.1.4 that products of dry distillation, for example, “... obtained by distillation
without added water or steam” are in fact essential oils (ISO/DIS 9235.2, 1997, p. 2). Dry distil-
lation involves heating in the absence of aerial oxygen, normally in a closed vessel, preventing
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combustion. The plant material is thus decomposed to new chemical substances. Birch tar from the
wood exudate of Betula pendula Roth. and cade oil from the wood of Juniperus oxycedrus L. are
manufactured in this way. Both oils contain phenols, some of which are recognized carcinogens.
For this reason, the production of these two oils is no longer of any commercial importance, though
very highly rectified and almost phenol-free cade oils do exist.

Some essential oils require rectification. This involves redistillation of the crude oil in order
to remove certain undesirable impurities, such as very small amounts of constituents of very low
volatility, carried over during the steam or water distillation (such as high-molecular-weight phe-
nols, leaf wax components) as well as small amounts of very volatile compounds exhibiting an
undesirable odor, and thus affecting the top note of the oils, such as sulfur compounds (dimethyl
sulfide present in crude peppermint oil), isovaleric aldehyde (present in E. globulus oil), and cer-
tain nitrogenous compounds (low-boiling amines, sulfides, mercaptans, and polysulfides). In some
cases, rectification can also be used to enrich the essential oil in a particular component such as
1,8-cineole in low-grade eucalyptus oil. Rectification is usually carried out by redistillation under
vacuum to avoid overheating and thus partial decomposition of the o0il’s constituents. It can also be
carried out by steaming. Commonly rectified oils include eucalyptus, clove, mint, turpentine, pep-
permint, and patchouli. In the case of patchouli and clove oils, rectification improves their, often
unacceptably, dark color.

Fractionation of essential oils on a commercial scale is carried out in order to isolate fractions con-
taining a particular compound in very major proportions and occasionally even individual essential oil
constituents in a pure state. In order to achieve the required separation, fractionations are conducted
under reduced pressure (e.g., under vacuum) to prevent thermal decomposition of the oil constitu-
ents, using efficient fractionating columns. A number of different types of fractionating columns are
known, but the one most commonly used in laboratory stills or small commercial stills is a glass or
stainless steel column filled with Raschig rings. Raschig rings are short, narrow diameter, rings made
of glass or any other chemically inert material. Examples of compounds produced on a commercial
scale are citral (a mixture of geranial and neral) from L. cubeba, 1,8-cineole from eucalyptus oil
(mainly E. polybractea and other cineole-rich species) as well as from Cinnamomum camphora oil,
eugenol from clove leaf oil, a-pinene from turpentine, citronellal from citronella oil, linalool from
Ho-oil, geraniol from palmarosa oil, and so on. A small-scale high-vacuum plant used for citral pro-
duction is shown in Figure 5.25. The reflux ratio, for example, the amount of distillate separated and
the amount of distillate returned to the still, determines the equilibrium conditions of the vapors near
the top of the fractionation column, which are essential for good separation of the oil constituents.

Apart from employing fractional distillation, with or without the application of a vacuum, some
essential oil constituents are also obtained on a commercial scale by freezing out from the essential
oil, followed by centrifugation at below freezing point of the desired product. Examples are menthol
from Mentha species (this is usually further purified by recrystallization with a suitable solvent);
trans-anethole from anise oil, star anise oil, and particularly fennel seed oil; and 1,8-cineole from
cineole-rich eucalyptus oils.

Most essential oils are complex mixtures of terpenic and sesquiterpenic hydrocarbons and their
oxygenated terpenoid and sesquiterpenoid derivatives (alcohols, aldehydes, ketones, esters, and
occasionally carboxylic acids), as well as aromatic (benzenoid) compounds such as phenols, phe-
nolic ethers, and aromatic esters. So-called “terpeneless” and “sesquiterpeneless” essential oils are
commonly used in the flavor industry. Many terpenes are bitter in taste, and many, particularly the
terpenic hydrocarbons, are poorly soluble or even completely insoluble in water—ethanol mixtures.
Since the hydrocarbons rarely contribute anything of importance to their flavoring properties, their
removal is a commercial necessity. They are removed by the so-called washing process, a method
used mostly for the treatment of citrus oils. This process takes advantage of the different polarities
of individual essential oil constituents. The essential oil is added to a carefully selected solvent
(usually a water—ethanol solution) and the mixture partitioned by prolonged stirring. This removes
some of the more polar oil constituents into the water—ethanol phase (e.g., the solvent phase). Since
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FIGURE 5.25 High-vacuum rectification plant in small scale. The distillation assembly is composed of a
distillation vessel (1) of glass, placed in an electric heating collar (2). The vessel is surmounted by a jacketed
fractionation column (3), packed with glass spirals or Raschig rings, of such a height as to achieve maximum
efficiency (e.g., have the maximum number of theoretical plates capable of being achieved for this type of
apparatus). The reflux ratio is automatically regulated by a device (4), which also includes the head condenser
(5) and a glass tube that leads the product to another condenser (6), from there to both receivers (7). The
vacuum pump unit is placed on the right (8).

a single partitioning step is not sufficient to effect complete separation, the whole process has to be
repeated several times. The water—ethanol fractions are combined and the solvent removed. The
residue contains now very much reduced amounts of hydrocarbons but has been greatly enriched
in the desired polar oxygenated flavor constituents, aldehydes such as octanal, nonanal, decanal,
hexenal, geranial, and neral; alcohols such as nerol, geraniol, and terpinen-4-ol; oxides such as
1,8-cineole and 1,4-cineole; and esters and sometimes carboxylic acids. Apart from water—ethanol
mixtures, hexane or light petroleum fractions (sometimes called “petroleum ether””) have sometimes
also been added as they will enhance the separation process. However, these are highly flammable
liquids, and care has to be taken in their use.

“Folded” or “concentrated” oils are citrus oils from which some of the undesirable components
(usually limonene) have been removed by high-vacuum distillation. In order to avoid thermal degra-
dation of the oil, temperatures have to be kept as low as possible. Occasionally, a solvent is used as
a “towing” agent to keep the temperature low.

Another, more complex, method for the concentration of citrus oils is a chromatographic separa-
tion using packed columns. This method allows a complete elimination of the unwanted hydrocar-
bons. This method, invented by Erich Ziegler, uses columns packed with either silica or aluminum
oxide. The oil is introduced onto the column and the hydrocarbons eluted by means of a suit-
able nonpolar solvent of very low boiling point. The desirable polar citrus oil components are then
washed out using a polar solvent (Ziegler, 1982).

Yet another valuable flavor product of citrus fruits is the “essence oil.” The favored method for
the transport of citrus juice is in the form of a frozen juice concentrate. The fruit juice is partly
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dehydrated by distilling off under vacuum the greater part of the water and frozen. Distilling off
the water results in significant losses of the desirable volatiles responsible for the aroma of the fruit.
These volatiles are captured in several cold traps and constitute the “aqueous essence” or “essence
0il” that has the typical fruity and fresh fragrance, but slightly less aldehydic than that of the oil.
This oil is used to enhance the flavor of the reconstituted juice obtained by thawing and dilution
with water of the frozen concentrate.

Producing essential oils today is, from a marketing point of view, a complex matter. As in
the field of other finished products, the requirements of the buyer or producer of the consumer
product must be fulfilled. The evaluation of commercial aspects of essential oil production is not
an easy task and requires careful consideration. There is no sense in producing oils in oversup-
ply. Areas of short supply, depending on climatic or political circumstances should be identified
and acted upon. As in other industries, global trends are an important tool and should continu-
ally be monitored. For example, which are the essential oils that cannot be replaced by synthetic
substitutes such as patchouli oil or blue chamomile o0ils? A solution to this problem can lie in the
breeding of suitable plants. For example, a producer of a new kind “pastis,” the traditional aperitif
of France, wants to introduce a new flavor with a rosy note in the fennel component of the flavor.
This will require the study and identification of oil constituents with “rosy” notes and help biolo-
gists to create new botanical varieties by genetic crossing, for example, by genetic manipulation,
of suitable target plant species. Any new lines will first be tested in the laboratory and then in
field trials. Test distillations will be carried out and the chemical composition of the oils deter-
mined. Agronomists and farmers will be involved in all agricultural aspects of the projects: soil
research and harvesting techniques. Variability of all physicochemical aspects of the new strains
will be evaluated. At this point, the new types of essential oils will be presented to the client. If
the client is satisfied with the quality of the oils, the first larger plantations shall be established,
and consumer market research will be initiated. If everything has gone to plan, that is, all techni-
cal problems have been successfully resolved and the finished product has met with the approval
of the consumers, large-scale production can begin. This example describes the current way of
satisfying customer demands.

Global demand for essential oils is on the increase. This also generates some serious problems
for which immediate solutions may not easily be found. The first problem is the higher demand for
certain essential oils by some of the world’s very major producers of cosmetics. They sometimes
contract oil quantities that can be of the order of 70% of world production. This will not only raise
the price but also restrict consumer access to certain products. From this arises another problem.
Our market is to some extent a market of copycats. How can one formulate the fragrance of a com-
petitor’s product without having access to the particular essential oil used by him or her, particularly
as this oil may have other functions than just being a fragrance, such as certain physiological effects
on both the body as well as the mind? Lavender oil from L. angustifolia is a calming agent as well
as possessing anti-inflammatory activity. No similar or equivalent natural essential oil capable of
replacing it is known. Another problem affecting the large global players is ensuring the continuing
availability of raw material of the required quality needed to satisfy market demand. This is clearly
an almost impossible demand as nobody can assure that climatic conditions required for optimum
growth of a particular essential oil crop will remain unchanged. Another problem may be the farmer
himself or herself. Sometimes, it may be financially more worthwhile for the farmer to cultivate
other than essential oil plant crops. All these factors may have some detrimental effects on the avail-
ability of essential oils. Man’s responsibility for the continued health of the environment may also
be one of the reasons for the disappearance of an essential oil from the market. Sandalwood (species
of Santalum, but mainly Indian S. album) requires in some cases up to 100 years to regenerate to a
point where they are large enough to be harvested. This and their uses in religious ceremonies have
resulted in significant shortages of Indian oil. Owing to the large monetary value of Indian sandal-
wood oil, indiscriminate cutting of the wood has just about entirely eliminated it from native forests
in Timor (Indonesia). Sandalwood oils of other origins are available, S. spicatum from western
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Australia and S. austrocaledonicum from New Caledonia and Vanuatu. However, their wood oils
differ somewhat in odor as well as in chemical composition from genuine Indian oils.

Some essential oils are disappearing from the market owing to the hazardous components they
contain and are, therefore, banned from most applications in cosmetics and detergents. These oil
components, all of which are labeled as being carcinogenic, include safrole, asarone, methyl euge-
nol, and elemicin. Plant diseases are another reason for essential oil shortages as they, too, can be
affected by a multitude of diseases, some cancerous, which can completely destroy the total crop.
For example, French lavender is known to suffer from a condition whereby a particular protein
causes a decrease in the growth of the lavender plants. This process could only be slowed down by
cultivation at higher altitudes. In the middle of the twentieth century, lavender has been cultivated
in the Rhone valley at an altitude of 120 m. Today, lavender is growing only at altitudes around
800 m. The growing shoots of lavender plants are attacked by various pests, in particular the larvae
of Cécidomye (T. lavandula) that, if unchecked, will defoliate the plants and kill them. Some micro-
organisms such as Mycoplasma and a fungus A. mellea can cause serious damage to plantations.
At the present time, the use of herbicides and pesticides is an unavoidable necessity. Wild-growing
plants are equally prone to attack by insect pests and plant diseases.

The progression from wild-growing plants to essential oil production is an environmental prob-
lem. In some developing countries, damage to the natural balance can be traced back to overexploi-
tation of wild-growing plants. Some of these plants are protected worldwide, and their collection,
processing, and illegal trading are punishable by law. In some Asian countries, such as in Vietnam,
collection from the wild is state controlled and limited to quantities of biomass accruing from natu-
ral regeneration.

The state of technical development of the production in the developing countries is very variable
and depends largely on the geographical zone they are located in. Areas of particular relevance
are Asia, Africa, South America, and Eastern Europe. As a rule, the poorer the country, the more
traditional and less technologically sophisticated equipment is used. Generally, standards of the
distillation apparatus are those of the 1980s. At that time, the distillation equipment was provided
and installed by foreign aid programs with European and American know-how. Most of these units
are still in existence and, owing to repairs and improvements by local people, in good working
order. Occasionally, primitive equipment has been locally developed, particularly when the state did
not provide any financial assistance. Initially, all mastery and expertise of distillation techniques
came from Europe, mainly from France. Later on, that knowledge was acquired and transferred to
their countries by local people who had studied in Europe. They are no longer dependent on foreign
know-how and able to produce oils of constant quality. Conventional hydrodistillation is still the
main essential oil extraction method used, one exception being hydrodiffusion often used in Central
America, mainly Guatemala and El Salvador, and Brazil in South America. The construction of
the equipment is carried out in the country itself and makes the producer independent from higher-
priced imports. Steam is generated by oil-burning generators only in the vicinity of cities. In coun-
try areas, wood or dried spent biomass is used. As in all other essential oil-producing countries, the
distillation plants are close to the cultivation areas. Wild-growing plants are collected, provided the
infrastructure exists for their transport to the distillation plant. For certain specific products, per-
manent fixed distillation plants are used. A forward leap in the technology will be only possible if
sufficient investment funds became available in the future. Essential oil quantities produced in those
countries are not small, and important specialities such as citral-rich ginger oil from Ecuador play
a role on the world market. It should be a compulsory requirement that developing countries treat
their wild-growing plant resources with the utmost care. Harvesting has to be controlled to avoid
their disappearance from the natural environment and quantities taken adjusted to the ability of the
environment to spontaneously regenerate. On the other hand, cultivation will have to be handled
with equal care. The avoidance of monoculture will prevent leaching the soil of its nutrients and
guard the environment from possible insect propagation. Balanced agricultural practices will lead
to a healthy environment and superior quality plants for the production of essential oils.
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The following are some pertinent remarks on the now-prevailing views of “green culture” and
“organically” grown plants for essential oil production. It is unjustified to suggest that such prod-
ucts are of better quality or greater activity. Comparisons of chemical analyses of “bio-oils,” for
example, oils from “organically” grown plants, and commercially produced oils show absolutely no
differences, qualitative or quantitative, between them. While the concept of pesticide- and fertilizer-
free agriculture is desirable and should be supported, the huge worldwide consumption of essential
oils could never be satisfied by bio-oils.

Finally, some remarks as to the concept of honesty are attached to the production of natural
essential oils. During the last 30 years or so, adulteration of essential oils could be found every
day. During the early days, cheap fatty oils (e.g., peanut oil) were used to cut essential oils.
Such adulterations were easily revealed by means of placing a drop of the oil on filter paper
and allowing it to evaporate (Karg, 1981). While an unadulterated essential oil will evapo-
rate completely or at worst leave only a trace of nonvolatile residue, a greasy patch indicates
the presence of a fatty adulterant. As synthetic components of essential oils became available
around the turn of the twentieth century, some lavender and lavandin oils have been adulter-
ated by the addition of synthetic linalool and linalyl acetate to the stills before commencing the
distillation of the plant material. With the advent of improved analytical methods, such as GC
and GC/MS, techniques of adulterating essential oil were also refined. Lavender oil can again
serve as an example. Oils distilled from mixtures of lavender and lavandin flowers mimicked
the properties of genuine good-quality lavender oils. However, with the introduction of chiral
GC techniques, such adulterations were easily identified and the genuineness of the oils guar-
anteed. This also allowed the verification of the enantiomeric distribution of monoterpenes,
monoterpenoid alcohols, and esters present in essential oils. Nuclear magnetic resonance is
probably one of the best, but also one of the most expensive, methods available for the authen-
tication of naturalness and will be cost-effective only with large-batch quantities or in the case
of very expensive oils. In the future, 2D GC (GC/GC) will provide the next step for the control
of naturalness of essential oils.

Another important aspect is the correct botanical source of the essential oil. This can perhaps
best be discussed with reference to eucalyptus oil of the 1,8-cineole type. Originally, before com-
mercial eucalyptus oil production commenced in Australia, eucalyptus oil was distilled mainly
from E. globulus Labill. trees introduced into Europe (mainly Portugal and Spain [ISO Standard
770]). It should be noted that this species exists in several subspecies: E. globulus ssp. bicostata
(Maiden, Blakely, & J. Simm.) Kirkpatr., E. globulus Labill. ssp. globulus., E. globulus ssp. pseu-
doglobulus (Naudin ex Maiden) Kirkpatr., and E. globulus ssp. maidenii (F. Muell.) Kirkpatr. It has
been shown that the European oils were in fact mixed oils of some of these subspecies and of their
hybrids (report by H.H.G. McKern of ISO/TC 54 meeting held in Portugal in 1966). The European
Pharmacopoeia Monograph 0390 defines eucalyptus oil as the oil obtained from E. globulus Labill.,
Eucalyptus fruticetorum F. von Mueller Syn. E. polybractea R.T. Baker (this is the correct botani-
cal name), Eucalyptus smithii R.T. Baker, and other species of Eucalyptus rich in 1,8-cineole. The
Council of Europe’s book Plants in Cosmetics, Vol. 1, page 127, confuses the matter even further. It
entitles the monograph as E. globulus Labill. et al. species, for example, and includes any number
of unnamed Eucalyptus species. The Pharmacopoeia of the Peoples Republic of China (English
Version, Vol. 1) 1997 goes even further defining eucalyptus oil as the oil obtained from E. globulus
Labill. and C. camphora as well as from other plants of those two families. ISO Standard 3065—
Oil of Australian eucalyptus—80%—85% cineole content, simply mentions that the oil is distilled
from the appropriate species. The foregoing passage simply shows that Eucalyptus oil does not nec-
essarily have to be distilled from a single species of Eucalyptus, for example, E. globulus, although
suggesting that it is admissible to include 1,8-cineole-rich Cinnamomum oils is incorrect and unre-
alistic. This kind of problem is not unusual or unique. For example, the so-called English lavender
oil, considered by many to derive from L. angustifolia, is really, in the majority of cases, the hybrid
lavandin (Denny, 1995, personal communication).
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Another pertinent point is how much twig and leaf material can be used in juniper berry oil. In
Indonesia, it is common practice to space individual layers of patchouli leaves in the distillation ves-
sel with twigs of the gurjun tree. Gurjun balsam present in the twigs contains an essential oil that
contaminates the patchouli oil. Can this be considered to constitute an adulteration or simply a tool
required for the production of the 0il?

5.1.16 CONCLUDING REMARKS

As mentioned at the beginning, essential oils do have a future. In spite of regulatory limitations,
dangerous substance regulations, and dermatological concerns, and problems with pricing the world
production of essentials oil will increase. Essential oils are used in a very large variety of fields.
They are an integral constituent of fragrances used in perfumes and cosmetics of all kinds, skin
softeners to shower gels and body lotions, and even to “aromatherapy horse care massage oils.”
They are widely used in the ever-expanding areas of aromatherapy or, better, aromachology. Very
large quantities of natural essential oils are used by the food and flavor industries for the flavoring of
small goods, fast foods, ice creams, beverages, both alcoholic and nonalcoholic soft drinks, and
so on. Their medicinal properties have been known for many years and even centuries. Some pos-
sess antibacterial or antifungal activity, while others may assist with the digestion of food. However,
as they are multicomponent mixtures of somewhat variable composition, the medicinal use of whole
oils has contracted somewhat, the reason being that single essential oil constituents were easier to
test for effectiveness and eventual side effects. Despite all that, the use of essential oils is still “num-
ber one” on the natural healing scene. With rising health care and medicine costs, self-medication
is on the increase and with it a corresponding increase in the consumption of essential oils. Parallel
to this, the increase in various esoteric movements is giving rise to further demands for pure natural
essential oils.

In the field of agriculture, attempts are being made at the identification of ecologically more
friendly natural biocides, including essential oils, to replace synthetic pesticides and herbicides.
Essential oils are also used to improve the appetite of farm animals, leading to more rapid increases
in body weight as well as to improved digestion.

Finally, some very cheap essential oils or oil components such as limonene, 1,8-cineole, and the
pinenes are useful as industrial solvents, while phellandrene-rich eucalyptus oil fractions are mar-
keted as industrial perfumes for detergents and the like.

In conclusion, a “golden future” can be predicted for that useful natural product: the “essential 0il”!
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6.1 INTRODUCTION

The term “essential oil” is a contraction of the original “quintessential oil.” This stems from the
Aristotelian idea that matter is composed of four elements: fire, air, earth, and water. The fifth ele-
ment, or quintessence, was then considered to be spirit or life force. Distillation and evaporation
were thought to be processes of removing the spirit from the plant, and this is also reflected in our
language since the term “spirits” is used to describe distilled alcoholic beverages such as brandy,
whiskey, and eau de vie. The last of these again shows reference to the concept of removing the life
force from the plant. Nowadays, of course, we know that, far from being spirit, essential oils are
physical in nature and composed of complex mixtures of chemicals. One thing that we do see from
the ancient concepts is that the chemical components of essential oils must be volatile since they are
removed by distillation. In order to have boiling points low enough to enable distillation, and atmo-
spheric pressure steam distillation in particular, the essential oil components need to have molecular
weights below 300 Da (molecular mass relative to hydrogen = 1) and are usually fairly hydrophobic.
Within these constraints, nature has provided an amazingly rich and diverse range of chemicals
(Hay and Waterman, 1993; Lawrence, 1985) but there are patterns of molecular structure that give
clues to how the molecules were constructed. These synthetic pathways have now been confirmed
by experiment and will serve to provide a structure for the contents of this chapter.

6.2 BASIC BIOSYNTHETIC PATHWAYS

The chemicals produced by nature can be classified into two main groups. The primary metabolites
are those that are universal across the plant and animal family and constitute the basic building
blocks of life. The four subgroups of primary metabolites are proteins, carbohydrates, nucleic acids,
and lipids. These families of chemicals contribute little to essential oils although some essential oil
components are degradation products of one of these groups, lipids being the most significant. The
secondary metabolites are those that occur in some species and not others, and they are usually clas-
sified into terpenoids, shikimates, polyketides, and alkaloids. The most important as far as essential
oils are concerned are the terpenoids and the shikimates are the second. There are a number of
polyketides of importance in essential oils but very few alkaloids. Terpenoids, shikimates, and
polyketides will therefore be the main focus of this chapter.

165
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FIGURE 6.1 General pattern of biosynthesis of secondary metabolites.

The general scheme of biosynthetic reactions (Bu’Lock, 1965; Mann et al., 1994) is shown in
Figure 6.1. Through photosynthesis, green plants convert carbon dioxide and water into glucose.
Cleavage of glucose produces phosphoenolpyruvate (1), which is a key building block for the shi-
kimate family of natural products. Decarboxylation of phosphoenolpyruvate gives the two-carbon
unit of acetate and this is esterified with coenzyme-A to give acetyl CoA (2). Self-condensation of
this species leads to the polyketides and lipids. Acetyl CoA is also a starting point for synthesis of
mevalonic acid (3), which is the key starting material for the terpenoids. In all of these reactions
and indeed all the natural chemistry described in this chapter, nature uses the same reactions that
chemists do (Sell, 2003). However, nature’s reactions tend to be faster and more selective because
of the catalysts it uses. These catalysts are called enzymes, and they are globular proteins in which
an active site holds the reacting species together. This molecular organization in the active site low-
ers the activation energy of the reaction and directs its stereochemical course (Lehninger, 1993;
Matthews and van Holde, 1990).

Many enzymes need cofactors as reagents or energy providers. Coenzyme-A has already been
mentioned earlier. It is a thiol and is used to form thioesters with carboxylic acids. This has two
effects on the acid in question. First, the thiolate anion is a better leaving group than alkoxide
and so the carbonyl carbon of the thioester is reactive toward nucleophiles. Second, the thioester
group increases the acidity of the protons adjacent to the carbonyl group and therefore promotes
the formation of the corresponding carbanions. In biosynthesis, a key role of adenosine triphos-
phate (ATP) is to make phosphate esters of alcohols (phosphorylation). One of the phosphate
groups of ATP is added to the alcohol to give the corresponding phosphate ester and adenosine
diphosphate. Another group of cofactors of importance to biosynthesis includes pairs such as
NADP/NADPH, TPN/TPNH, and DPN/DPNH. These cofactors contain an N-alkylated pyridine
ring. In each pair, one form comprises an N-alkylated pyridinium salt and the other the corre-
sponding N-alkyl-1,4-dihydropyridine. The two forms in each pair are interconverted by gain or
loss of a hydride anion and therefore constitute redox reagents. In all of the cofactors mentioned
here, the reactive part of the molecule is only a small part of the whole. However, the bulk of the
molecule has an important role in molecular recognition. The cofactor docks into the active site of
the enzyme through recognition, and this holds the cofactor in the optimum spatial configuration
relative to the substrate.
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6.3 POLYKETIDES AND LIPIDS

The simplest biosynthetic pathway to appreciate is that of the polyketides and lipids (Bu’Lock, 1965;
Mann et al., 1994). The key reaction sequence is shown in Figure 6.2. Acetyl CoA (2) is carboxyl-
ated to give malonyl CoA (5) and the anion of this attacks the CoA ester of a fatty acid. Obviously,
the fatty acid could be acetic acid, making this a second molecule of acetyl CoA. After decarbox-
ylation, the product is a b-ketoester with a backbone that is two carbon atoms longer than the first
fatty acid. Since this is the route by which fatty acids are produced, it explains why fatty acids are
mostly even numbered. If the process is repeated with this new acid as the feedstock, it can be seen
that various poly-oxoacids can be built up, each of which will have a carbonyl group on every alter-
nate carbon atom, hence the name polyketides. Alternatively, the ketone function can be reduced to
the corresponding alcohol, and then eliminated, and the double bond hydrogenated. This sequence
of reactions gives a higher homologue of the starting fatty acid, containing two more carbon atoms
in the chain. Long chain fatty acids, whether saturated or unsaturated, are the basis of the lipids.

There are three main paths by which components of essential oils and other natural extracts are
formed in this family of metabolites: condensation reactions of polyketides, degradation of lipids,
and cyclization of arachidonic acid.

Figure 6.3 shows how condensation of polyketides can lead to phenolic rings. Intramolecular
aldol condensation of the tri-keto-octanoic acid and subsequent enolization leads to orsellinic acid
(6). Polyketide phenols can be distinguished from the phenolic systems of the shikimates by the fact
that the former usually retain evidence of oxygenation on alternate carbon atoms, either as acids,
ketones, phenols, or as one end of a double bond. The most important natural products containing
polyketide phenols are the extracts of oakmoss and tree moss (Evernia prunastri). The most sig-
nificant in odor terms is methyl 3-methylorsellinate (7) and ethyl everninate (8), which is usually
also present in reasonable quantity. Atranol (9) and chloratranol (10) are minor components but they
are skin sensitizers and so limit the usefulness of oakmoss and tree moss extracts, unless they are
removed from them. Dimeric esters of orsellinic and everninic acids and analogues also exist in
mosses. They are known as depsides and hydrolysis yields the monomers, thus increasing the odor
of the sample. However, some depsides, such as atranorin (11), are allergens and thus contribute to
safety issues with the extracts.

The major metabolic route for fatty acids involves b-oxidation and cleavage giving acetate and a
fatty acid with two carbon atoms less than the starting acid, that is, the reverse of the biosynthesis
reaction. However, other oxidation routes also exist and these give rise to new metabolites that were

/\/ﬁ\ TPNH Q -H,0  OH O DPNH O O
R CoA R oA

R CoA R CoA

j etc. j etc.

FIGURE 6.2 Polyketide and lipid biosynthesis.
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not on the biosynthetic pathway. For example, Figure 6.4 shows how allylic oxidation of a dienoic
acid and subsequent cleavage can lead to the formation of an aldehyde.

Allylic oxidation followed by lactonization rather than cleavage can, obviously, lead to lactones.
Reduction of the acid function to the corresponding alcohols or aldehydes is also possible as are
hydrogenation and elimination reactions. Thus, a wide variety of aliphatic entities are made avail-
able. Some examples are shown in Figure 6.5 to illustrate the diversity that exists. The hydrocarbon
(E,Z)-1,3,5-undecatriene (12) is an important contributor to the odor of galbanum. Simple aliphatic
alcohols and ethers are found, the occurrence of 1-octanol (13) in olibanum and methyl hexyl ether
(14) in lavender being examples. Aldehydes are often found as significant odor components of oils,
for example, decanal (15) in orange oil and (E)-4-decenal (16) in caraway and cardamom. The
ketone 2-nonanone (17) that occurs in rue and hexyl propionate (18), a component of lavender,
is just one of a plethora of esters that are found. The isomeric lactones g-decalactone (19) and
d-decalactone (20) are found in osmanthus (Essential Oils Database, 2006). Acetylenes also occur
as essential oil components, often as polyacetylenes such as methyl deca-2-en-4,6,8-triynoate (21),
which is a component of Artemisia vulgaris.
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FIGURE 6.5 Some lipid-derived components of essential oils.

Arachidonic acid (22) is a polyunsaturated fatty acid that plays a special role as a synthetic
intermediate in plants and animals (Mann et al., 1994). As shown in Figure 6.6, allylic oxidation
at the 11th carbon of the chain leads to the hydroperoxide (23). Further oxidation (at the 15th
carbon) with two concomitant cyclization reactions gives the cyclic peroxide (24). This is a key
intermediate for the biosynthesis of prostaglandins such as 6-ketoprostaglandin F,, (25) and
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FIGURE 6.6 Biosynthesis of prostaglandins and jasmines.
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also for methyl jasmonate (26). The latter is the methyl ester of jasmonic acid, a plant hormone,
and is a significant odor component of jasmine, as is jasmone (27), a product of degradation of
jasmonic acid.

6.4 SHIKIMIC ACID DERIVATIVES

Shikimic acid (4) is a key synthetic intermediate for plants since it is the key precursor for both the
flavonoids and lignin (Bu’Lock, 1965; Mann et al., 1994). The flavonoids are important to plants as
antioxidants, colors, protective agents against ultraviolet light, and the like, and lignin is a key com-
ponent of the structural materials of plants, especially woody tissues. Shikimic acid is synthesized
from phosphoenolpyruvate (1) and erythrose 4-phosphate (28), as shown in Figure 6.7, and thus its
biosynthesis starts from the carbohydrate pathway. Its derivatives can usually be recognized by the
characteristic shikimate pattern of a six-membered ring with either a one- or three-carbon substitu-
ent on position one and oxygenation in the third, and/or fourth, and/or fifth positions. However,
the oxygen atoms of the final products are not those of the starting shikimate since these are lost
initially and then replaced.

Figure 6.8 shows some of the biosynthetic intermediates stemming from shikimic acid (4) and
which are of importance in terms of generating materials volatile enough to be essential oil compo-
nents. Elimination of one of the ring alcohols and reaction with phosphoenolpyruvate (1) gives cho-
rismic acid (29) that can undergo an oxy-Cope reaction to give prephenic acid (30). Decarboxylation
and elimination of the ring alcohol now gives the phenylpropionic acid skeleton. Amination and
reduction of the ketone function gives the essential amino acid phenylalanine (31), whereas reduc-
tion and elimination leads to cinnamic acid (32). Ring hydroxylation of the latter gives the isomeric
o- and p-coumaric acids, (33) and (34), respectively. Further hydroxylation gives caffeic acid (35)
and methylation of this gives ferulic acid (36). Oxidation of the methyl ether of the latter and subse-
quent cyclization gives methylenecaffeic acid (37). In shikimate biosynthesis, it is often possible to
arrive at a given product by different sequences of the same reactions, and the exact route used will
depend on the genetic makeup of the plant.

Aromatization of shikimic acid, without addition of the three additional carbon atoms from
phosphoenolpyruvate, gives benzoic acid derivatives. Benzoic acid itself occurs in some oils and its
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FIGURE 6.7 Biosynthesis of shikimic acid.
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FIGURE 6.8 Key intermediates for shikimic acid.

esters are widespread. For example, methyl benzoate is found in tuberose, ylang ylang, and various
lilies. Even more common are benzyl alcohol, benzaldehyde, and their derivatives (Arctander, 1960;
Essential Oils Database, 2006; Gildemeister and Hoffmann, 1956; Giinther, 1948). Benzyl alcohol
occurs in muguet, jasmine, and narcissus, for example, and its acetate is the major component of jas-
mine oils. The richest sources of benzaldehyde are almond and apricot kernels, but it is also found in
a wide range of flowers, including lilac, and other oils such as cassia and cinnamon. Hydroxylation
or amination of benzoic acid leads to further series of natural products and some of the most signifi-
cant, in terms of odors of essential oils, are shown in Figure 6.9. o-Hydroxybenzoic acid is known
as salicylic acid (38) and both it and its esters are widely distributed in nature. For instance, methyl
salicylate (39) is the major component (about 90% of the volatiles) of wintergreen and makes a sig-
nificant contribution to the scents of tuberose and ylang ylang although only present at about 10%
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FIGURE 6.9 Hydroxy- and aminobenzoic acid derivatives.
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in the former and less than 1% in the latter. o-Aminobenzoic acid is known as anthranilic acid (40).
Its methyl ester (41) has a very powerful odor and is found in such oils as genet, bitter orange flower,
tuberose, and jasmine. Dimethyl anthranilate (42), in which both the nitrogen and acid functions
have been methylated, occurs at low levels in citrus oils. p-Hydroxybenzoic acid has been found in
vanilla and orris but much more common is the methyl ester of the corresponding aldehyde, com-
monly known as anisaldehyde (44). As the name suggests, the latter one is an important component
of anise and it is also found in oils such as lilac and the smoke of agar wood. The corresponding
alcohol, anisyl alcohol (45), and its esters are also widespread components of essential oils.

Indole (46) and 2-phenylethanol (47) are both shikimate derivatives. Indole is particularly asso-
ciated with jasmine. It usually occurs in jasmine absolute at a level of about 3%—5% and makes
a very significant odor contribution to it. However, it does occur in many other essential oils as
well. 2-Phenylethanol occurs widely in plants and is especially important for rose where it usually
accounts for one-third to three-quarters of the oil. The structures of both are shown in Figure 6.10.

Figure 6.10 also shows some of the commonest cinnamic acid—derived essential oil compo-
nents. Cinnamic acid (32) itself has been found in, for example, cassia and styrax, but its esters,
particularly the methyl ester, are more frequently encountered. The corresponding aldehyde, cin-
namaldehyde (48), is a key component of cinnamon and cassia and also occurs in some other oils.
Cinnamyl alcohol (49) and its esters are more widely distributed, occurring in narcissus, lilac, and
a variety of other oils. Lactonization of o-coumaric acid (33) gives coumarin (50). This is found in
new mown hay to which it gives the characteristic odor. It is also important in the odor profile of
lavender and related species and occurs in a number of other oils. Bergapten (51) is a more highly
oxygenated and substituted coumarin. The commonest source is bergamot oil, but it also occurs in
other sources, such as lime and parsley. It is phototoxic and consequently constitutes a safety issue
for oils containing it.

Oxygenation in the p-position of cinnamic acid followed by methylation of the phenol and reduc-
tion of the acid to alcohol with subsequent elimination of the alcohol gives estragole (also known
as methyl chavicol (52) and anethole (53)). Estragole is found in a variety of oils, mostly herb oils
such as basil, tarragon, chervil, fennel, clary sage, anise, and rosemary. Anethole occurs in both
the (E)- and (Z)-forms, the more thermodynamically stable (E)-isomer (shown in Figure 6.10) is
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FIGURE 6.10 Some shikimate essential oil components.
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FIGURE 6.11 Ferulic acid derivatives.

the commoner, the (Z)-isomer is the more toxic of the two. Anethole is found in spices and herbs
such as anise, fennel, lemon balm, coriander, and basil and also in flower oils such as ylang ylang
and lavender.

Reduction of the side chain of ferulic acid (36) leads to an important family of essential oil com-
ponents, shown in Figure 6.11. The key material is eugenol (53), which is widespread in its occur-
rence. It is found in spices such as clove, cinnamon, and allspice, herbs such as bay and basil, and
in flower oils including rose, jasmine, and carnation. Isoeugenol (54) is found in basil, cassia, clove,
nutmeg, and ylang ylang. Oxidative cleavage of the side chain of shikimates to give benzaldehyde
derivatives is common and often significant, as it is in this case, where the product is vanillin (55).
Vanillin is the key odor component of vanilla and is therefore of considerable commercial impor-
tance. It also occurs in other sources such as jasmine, cabreuva, and the smoke of agar wood. The
methyl ether of eugenol, methyl eugenol (56), is very widespread in nature, which, since it is the sub-
ject of some toxicological safety issues, creates difficulties for the essential oils business. The oils
of some Melaleuca species contain up to 98% methyl eugenol, and it is found in a wide range of
species including pimento, bay, tarragon, basil, and rose. The isomer, methyl isoeugenol (57), occurs
as both (E)- and (Z)-isomers, the former being slightly commoner. Typical sources include calamus,
citronella, and some narcissus species. Oxidative cleavage of the side chain in this set of substances
produces veratraldehyde (58), a relatively rare natural product. Formation of the methylenedioxy
ring, via methylenecaffeic acid (37), gives safrole (5§9), the major component of sassafras oil. The
toxicity of safrole has led to a ban on the use of sassafras oil by the perfumery industry. Isosafrole
(60) is found relatively infrequently in nature. The corresponding benzaldehyde derivative, heliotro-
pin (61), also known as piperonal, is the major component of heliotrope.

6.5 TERPENOIDS

The terpenoids are, by far, the most important group of natural products as far as essential oils are
concerned. Some authors, particularly in older literature, refer to them as terpenes, but this term is
nowadays restricted to the monoterpenoid hydrocarbons. They are defined as substances composed
of isoprene (2-methylbutadiene) units. Isoprene (62) is not often found in essential oils and is not
actually an intermediate in biosynthesis, but the 2-methylbutane skeleton is easily discernable in
terpenoids. Figure 6.12 shows the structures of some terpenoids. In the case of geraniol (63), one end
of one isoprene unit is joined to the end of another making a linear structure (2,6-dimethyloctane).
In guaiol (64), there are three isoprene units joined together to make a molecule with two rings. It
is easy to envisage how the three units were first joined together into a chain and then formation of
bonds from one point in the chain to another produced the two rings. Similarly, two isoprene units
were used to form the bicyclic structure of a-pinene (65).
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The direction of coupling of isoprene units is almost always in one direction, the so-called head-
to-tail coupling. This is shown in Figure 6.13. The branched end of the chain is referred to as the
head of the molecule and the other as the tail.

This pattern of coupling is explained by the biosynthesis of terpenoids (Bu’Lock, 1965; Croteau,
1987; Mann et al., 1994). The key intermediate is mevalonic acid (3), which is made from three
molecules of acetyl CoA (2). Phosphorylation of mevalonic acid followed by elimination of the
tertiary alcohol and concomitant decarboxylation of the adjacent acid group gives isopentenyl pyro-
phosphate (66). This can be isomerized to give prenyl pyrophosphate (67). Coupling of these two
5-carbon units gives a 10-carbon unit, geranyl pyrophosphate (68), as shown in Figure 6.14, and
further additions of isopentenyl pyrophosphate (66) lead to 15-, 20-, 25-, and so on carbon units.

It is clear from the mechanism shown in Figure 6.14 that terpenoid structures will always contain a
multiple of five carbon atoms when they are first formed. The first terpenoids to be studied contained
10 carbon atoms per molecule and were called monoterpenoids. This nomenclature has remained
and so those with 5 carbon atoms are known as hemiterpenoids; those with 15, sesquiterpenoids;
those with 20, diterpenoids; and so on. In general, only the hemiterpenoids, monoterpenoids, and
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FIGURE 6.14 Coupling of C5 units in terpenoid biosynthesis.
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sesquiterpenoids are sufficiently volatile to be components of essential oils. Degradation products of
higher terpenoids do occur in essential oils, so they will be included in this chapter.

6.5.1 HEMITERPENOIDS

Many alcohols, aldehydes, and esters, with a 2-methylbutane skeleton, occur as minor components
in essential oils. Not surprisingly, in view of the biosynthesis, the commonest oxidation pattern
is that of prenol, that is, 3-methylbut-2-ene-1-ol. For example, the acetate of this alcohol occurs
in ylang ylang and a number of other oils. However, oxidation has been observed at all positions.
Esters such as prenyl acetate give fruity top notes to oils containing them, and the corresponding
thioesters contribute to the characteristic odor of galbanum.

6.5.2 MONOTERPENOIDS

Geranyl pyrophosphate (68) is the precursor for the monoterpenoids. Heterolysis of its carbon—
oxygen bond gives the geranyl carbocation (69). In natural systems, this and other carbocations
discussed in this chapter do not exist as free ions but rather as incipient carbocations held in enzyme
active sites and essentially prompted into cation reactions by the approach of a suitable reagent. For
the sake of simplicity, they will be referred to here as carbocations. The reactions are described in
chemical terms but all are under enzymic control, and the enzymes present in any given plant will
determine the terpenoids it will produce. Thus, essential oil composition can give information about
the genetic makeup of the plant. A selection of some of the key biosynthetic routes to monoterpe-
noids (Devon and Scott, 1972) is shown in Figure 6.15.

Reaction of the geranyl carbocation with water gives geraniol (63) that can subsequently be oxidized
to citral (71). Loss of a proton from (69) gives myrcene (70) and this can be isomerized to other acyclic
hydrocarbons. An intramolecular electrophilic addition reaction of (69) gives the monocyclic carbocation
(72) that can eliminate a proton to give limonene (73) or add water to give a-terpineol (74). A second
intramolecular addition gives the pinyl carbocation (75) that can lose a proton to give either a-pinene (65)
or b-pinene (76). The pinyl carbocation (75) is also reachable directly from the menthyl carbocation (72).
Carene (77), another bicyclic material, can be produced through similar reactions. Wagner—-Meerwein
rearrangement of the pinyl carbocation (75) gives the bornyl carbocation (78). Addition of water to this
gives borneol (79) and this can be oxidized to camphor (80). An alternative Wagner—Meerwein rear-
rangement of (75) gives the fenchyl skeleton (81) from which fenchone (82) is derived.

Some of the more commonly encountered monoterpenoid hydrocarbons (Arctander, 1960;
Essential Oils Database, 2006; Gildemeister and Hoffmann, 1956; Giinther, 1948; Sell, 2007) are
shown in Figure 6.16. Many of these can be formed by dehydration of alcohols, and so their pres-
ence in essential oils could be as artifacts arising from the extraction process. Similarly, p-cymene
(83) is one of the most stable materials of this class and can be formed from many of the others by
appropriate cyclization and/or isomerization and/or oxidation reactions and so its presence in any
essential oil could be as an artifact.

Myrcene (70) is very widespread in nature. Some sources, such as hops, contain high levels and it
is found in most of the common herbs and spices. All isomers of a-ocimene (84), b-ocimene (85), and
allo-ocimene (86) are found in essential oils, the isomers of b-ocimene (85) being the most frequently
encountered. Limonene (73) is present in many essential oils, but the major occurrence is in the citrus
oils that contain levels up to 90%. These oils contain the dextrorotatory (R)-enantiomer, and its antipode
is much less common. Both a-phellandrene (87) and b-phellandrene (88) occur widely in essential oils.
For example, (-)-a-phellandrene is found in Eucalyptus dives and (S)-(-)-b-phellandrene in the lodge-
pole pine, Pinus contorta. p-Cymene (83) has been identified in many essential oils and plant extracts
and thyme and oregano oils are particularly rich in it. a-Pinene (65), b-pinene (76), and 3-carene (77)
are all major constituents of turpentine from a wide range of pines, spruces, and firs. The pinenes are
often found in other oils, 3-carene less so. Like the pinenes, camphene (89) is widespread in nature.
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Simple hydrolysis of geranyl pyrophosphate gives geraniol, (£)-3,7-dimethylocta-2,6-dienol (63).
This is often accompanied in nature by its geometric isomer, nerol (90). Synthetic material is usu-
ally a mixture of the two isomers and when interconversion is possible, the equilibrium mixture
comprises about 60% geraniol (63) and 40% nerol (90). The name geraniol is often used to describe
a mixture of geraniol and nerol. When specifying the geometry of these alcohols, it is better to use
the modern (E)/(Z) nomenclature as the terms cis and trans are somewhat ambiguous in this case
and earlier literature is not consistent in their use. Both isomers occur in a wide range of essential
oils, geraniol (63) being particularly widespread. The oil of Monarda fistulosa contains over 90%
geraniol (63) and the level in palmarosa is over 80%. Geranium contains about 50% and citronella
and lemongrass each contain about 30%. The richest natural sources of nerol include rose, pal-
marosa, citronella, and davana, although its level in these is usually only in the 10%—15% range.
Citronella and related species are used commercially as sources of geraniol, but the price is much
higher than that of synthetic material. Citronellol (91) is a dihydrogeraniol and occurs widely in
nature in both enantiomeric forms. Rose, geranium, and citronella are the oils with the highest lev-
els of citronellol. Geraniol, nerol, and citronellol, together with 2-phenylethanol, are known as the
rose alcohols because of their occurrence in rose oils and also because they are the key materials
responsible for the rose odor character. Esters (the acetates in particular) of all these alcohols are
also commonly encountered in essential oils (Figure 6.17).

Allylic hydrolysis of geranyl pyrophosphate produces linalool (92). Like geraniol, linalool
occurs widely in nature. The richest source is ho leaf, the oil of which can contain well over 90%
linalool. Other rich sources include linaloe, rosewood, coriander, freesia, and honeysuckle. Its
acetate is also frequently encountered and is a significant contributor to the odors of lavender and
citrus leaf oils.

Figure 6.18 shows a selection of cyclic monoterpenoid alcohols. a-Terpineol (74) is found in many
essential oils as is its acetate. The isomeric terpinen-4-ol (93) is an important component of Ti tree
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FIGURE 6.17 Key acyclic monoterpenoid alcohols.
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FIGURE 6.18 Some cyclic monoterpenoid alcohol.
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oil, but its acetate, surprisingly, is more widely occurring, being found in herbs such as marjoram
and rosemary. 1-Menthol (94) is found in various mints and is responsible for the cooling effect of
oils containing it. There are eight stereoisomers of the menthol structure, 1-menthol is the common-
est in nature and also has the strongest cooling effect. The cooling effect makes menthol and mint
oils valuable commodities, the two most important sources being corn mint (Mentha arvensis) and
peppermint (Mentha piperita). Isopulegol (95) occurs in some species including Eucalyptus citrio-
dora and citronella. Borneol (endo-1,7,7-trimethylbicyclo[2.2.1]heptan-2-ol) (79) and esters thereof,
particularly the acetate, occur in many essential oils. Isoborneol (exo-1,7,7-trimethylbicyclo[2.2.1]
heptan-2-ol) (96) is less common; however, isoborneol and its esters are found in quite a number
of oils. Thymol (97), being a phenol, possesses antimicrobial properties, and oils, such as thyme
and basil, which find appropriate use in herbal remedies. It is also found in various Ocimum and
Monarda species.

Three monoterpenoid ethers are shown in Figure 6.19. 1,8-Cineole (98), more commonly referred
to simply as cineole, comprises up to 95% of the oil of Eucalyptus globulus and about 40%—-50% of
cajeput oil. It also can be found in an extensive range of other oils and often as a major component.
It has antibacterial and decongestant properties and consequently, eucalyptus oil is used in vari-
ous paramedical applications. Menthofuran (99) occurs in mint oils and contributes to the odor of
peppermint. It is also found in several other oils. Rose oxide is found predominantly in rose and
geranium oils. There are four isomers, the commonest being the levorotatory enantiomer of cis-rose
oxide (100). This is also the isomer with the lowest odor threshold of the four.

The two most significant monoterpene aldehydes are citral (71) and its dihydro analogue citro-
nellal (103), both of which are shown in Figure 6.20. The word citral is used to describe a mixture
of the two geometric isomers geranial (101) and neral (102) without specifying their relative propor-
tions. Citral occurs widely in nature, both isomers usually being present, the ratio between them
usually being in the 40:60 to 60:40 range. Lemongrass contains 70%—90% citral and the fruit of
Litsea cubeba contains about 60%—75%. Citral also occurs in Eucalyptus staigeriana, lemon balm,
ginger, basil, rose, and citrus species. It is responsible for the characteristic smell of lemons although
lemon oil usually contains only a few percent of it. Citronellal (103) also occurs widely in essential
oils. E. citriodora contains up to 85% citronellal, and significant amounts are also found in some
chemotypes of L. cubeba, citronella Swangi leaf oil, and Backhousia citriodora. Campholenic
aldehyde (104) occurs in a limited range of species such as olibanum, styrax, and some eucalypts.
Material produced from a-pinene (65) is important as an intermediate for synthesis.
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FIGURE 6.19 Some monoterpenoid ethers.
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FIGURE 6.20 Some monoterpenoid aldehydes.
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Figure 6.21 shows some of the commoner monoterpenoid ketones found in essential oils. Both
enantiomers of carvone are found in nature, the (R)-(-)- (usually referred to as L-carvone) (105)
being the commoner. This enantiomer provides the characteristic odor of spearmint (Mentha car-
diaca, Mentha gracilis, Mentha spicata, and Mentha viridis), the oil of which usually contains
55%-75% of 1-carvone. The (S)-(+)-enantiomer (106) is found in caraway at levels of 30%—65%
and in dill at 50%—75%. Menthone is fairly common in essential oils particularly in the mints, pen-
nyroyal, and sages, but lower levels are also found in oils such as rose and geranium. The L-isomer
is commoner than the d-isomer. Isomenthone is the cis-isomer and the two interconvert readily by
epimerization. The equilibrium mixture comprises about 70% menthone and 30% isomenthone.
The direction of rotation of plane-polarized light reverses on epimerization, and therefore /-men-
thone (107) gives D-isomenthone (108). (+)-Pulegone (109) accounts for about 75% of the oil of
pennyroyal and is also found in a variety of other oils. (-)-Piperitone (110) also occurs in a variety
of oils, the richest source being E. dives. Both pulegone and piperitone have strong minty odors.
Camphor (80) occurs in many essential oils and in both enantiomeric forms. The richest source is
the oil of camphor wood, but it is also an important contributor to the odor of lavender and of herbs
such as sage and rosemary. Fenchone (82) occurs widely, for example, in cedar leaf and lavender. Its
laevorotatory enantiomer is an important contributor to the odor of fennel.
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FIGURE 6.21 Some monoterpenoid ketones.

6.5.3  SESQUITERPENOIDS

By definition, sesquiterpenoids contain 15 carbon atoms. This results in their having lower volatili-
ties and hence higher boiling points than monoterpenoids. Therefore, fewer of them (in percentage
terms) contribute to the odor of essential oils, but those that do often have low-odor thresholds
and contribute significantly as endnotes. They are also important as fixatives for more volatile
components.

Just as geraniol (63) is the precursor for all the monoterpenoids, farnesol (111) is the precursor
for all the sesquiterpenoids. Its pyrophosphate is synthesized in nature by the addition of isopen-
tenyl pyrophosphate (66) to geranyl pyrophosphate (68) as shown in Figure 6.14, and hydrolysis
of that gives farnesol. Incipient heterolysis of the carbon—oxygen bond of the phosphate gives the
nascent farnesyl carbocation (112), and this leads to the other sesquiterpenoids, just as the geranyl
carbocation does to monoterpenoids. Starting from farnesyl pyrophosphate, the variety of possible
cyclic structures is much greater than that from geranyl pyrophosphate because there are now three
double bonds in the molecule. Similarly, there is also a greater scope for further structural varia-
tion resulting from rearrangements, oxidations, degradation, and so on (Devon and Scott, 1972).
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FIGURE 6.22 Some biosynthetic pathways from (Z, E)-farnesol.

The geometry of the double bond in position 2 of farnesol is important in terms of determining the
pathway used for subsequent cyclization reactions, and so these are best discussed in two blocks.

Figure 6.22 shows a tiny fraction of the biosynthetic pathways derived from (Z, E)-farnesyl pyro-
phosphate. Direct hydrolysis leads to acyclic sesquiterpenoids such as farnesol (111) and nerolidol
(113). However, capture of the carbocation (112) by the double bond at position 6 gives a cyclic
structure that of the bisabolane skeleton (114), and quenching of this with water gives bisabolol
(115). A hydrogen shift in (114) leads to the isomeric carbocation (116) that still retains the bisabo-
lane skeleton. Further cyclizations and rearrangements take the molecule through various skeletons,
including those of the acorane (117) and cedrane (118) families, to the khusane family, illustrated
by khusimol (119) in Figure 6.22. Obviously, a wide variety of materials can be generated along
this route, an example being cedrol (120) formed by reaction of cation (118) with water. The bisab-
olyl carbocation (114) can also cyclize to the other double bonds in the molecule leading to, infer
alia, the campherenane skeleton (121) and hence a-santalol (122) and b-santalol (123), or, via the
cuparane (124) and chamigrane (125) skeletons, to compounds such as thujopsene (126). The car-
bocation function in (112) can also add to the double bond at the far end of the chain to give the
cis-humulane skeleton (127). This species can cyclize back to the double bond at carbon 2 before
losing a proton, thus giving caryophyllene (128). Another alternative is for a series of hydrogen
shifts, cyclizations, and rearrangements to lead it through the himachalane (129) and longibornane
(130) skeletons to longifolene (131).
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FIGURE 6.23 Some biosynthetic pathways from (E, E)-farnesol.

Figure 6.23 shows a few of the many possibilities for biosynthesis of sesquiterpenoids from
(E,E)-farnesyl pyrophosphate. Cyclization of the cation (132) to C-11, followed by loss of a proton
gives all trans- or a-humulene (133), whereas cyclization to the other end of the same double bond
gives a carbocation (134) with the germacrane skeleton. This is an intermediate in the biosynthesis
of odorous sesquiterpenes such as nootkatone (135) and a-vetivone (137). b-Vetivone (137) is syn-
thesized through a route that also produces various alcohols, for example, (138) and (139), and an
ether (140) that has the eudesmane skeleton. Rearrangement of the germacrane carbocation (134)
leads to a carbocation (141) with the guaiane skeleton, and this is an intermediate in the synthesis
of guaiol (142). Carbocation (141) is also an intermediate in the biosynthesis of the a-patchoulane
(143) and b-patchoulane (144) skeletons and of patchouli alcohol (145).

All four isomers of farnesol (111) are found in nature and all have odors in the muguet and
linden direction. The commonest is the (E,E)-isomer that occurs in, among others, cabreuva and
ambrette seed, while the (Z, E)-isomer has been found in jasmine and ylang ylang, the (E,Z)-isomer
in cabreuva, rose, and neroli, and the (Z,Z)-isomer in rose. Nerolidol (113) is the allylic isomer
of farnesol and exists in four isomeric forms: two enantiomers each of two geometric isomers.
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FIGURE 6.24 Some sesquiterpenoid alcohols.

The (E)-isomer has been found in cabreuva, niaouli, and neroli oils among others and the (Z)-isomer
in neroli, jasmine, ho leaf, and so on. Figure 6.24 shows the structures of farnesol and nerolidol with
all of the double bonds in the frans-configuration.

a-Bisabolol (115) is the simplest of the cyclic sesquiterpenoid alcohols. If farnesol is the ses-
quiterpenoid equivalent of geraniol and nerolidol of linalool, then a-bisabolol is the equivalent of
a-terpineol. It has two chiral centers and therefore exists in four stereoisomeric forms, all of which
occur in nature. The richest natural source is Myoporum crassifolium Forst., a shrub from New
Caledonia, but a-bisabolol can be found in many other species including chamomile, lavender, and
rosemary. It has a faint floral odor and anti-inflammatory properties and is responsible, at least in
part, for the related medicinal properties of chamomile oil.

The santalols (122) and (123) have more complex structures and are the principal components
of sandalwood oil. Cedrol (120) is another complex alcohol, but it is more widely occurring in
nature than the santalols. It is found in a wide range of species, the most significant being trees of
the Juniperus, Cupressus, and Thuja families. Cedrene (146) occurs alongside cedrol in cedarwood
oils. Cedrol is dehydrated to cedrene in the presence of acid, and so the latter can be an artifact of
the former and the ratio of the two will often depend on the method of isolation. Thujopsene (126)
also occurs in cedarwood oils, usually at a similar level to that of cedrol/cedrene, and it is found
in various other oils also. Caryophyllene (128) and a-humulene (the all trans-isomer) (133) are
widespread in nature, cloves being the best-known source of the former and hops of the latter. The
ring systems of these two materials are very strained making them quite reactive chemically, and
caryophyllene, extracted from clove oil as a by-product of eugenol production, is used as the start-
ing material in the synthesis of several fragrance ingredients. Longifolene (131) also possesses a
strained ring system. It is a component of Indian turpentine and is therefore readily available as a
feedstock for fragrance ingredient manufacture.

Guaiacwood oil is the richest source of guaiol (142) and the isomeric bulnesol (147), but both
are found in other oils, particularly guaiol that occurs in a wide variety of plants. Dehydration and
dehydrogenation of these give guaiazulene (148), which is used as an anti-inflammatory agent.
Guaiazulene is also accessible from a-gurjunene (149), the major component of gurjun balsam.
Guaiazulene is blue in color as is the related olefin chamazulene (150). The latter occurs in a variety
of oils, but it is particularly important in chamomile to which it imparts the distinctive blue tint
(Figure 6.25).

Vetiver and patchouli are two oils of great importance in perfumery (Williams, 1996, 2004).
Both contain complex mixtures of sesquiterpenoids, mostly with complex polycyclic structures
(Sell, 2003). The major components of vetiver oil are a-vetivone (136), b-vetivone (137), and khusi-
mol (119), but the most important components as far as odor is concerned are minor constituents
such as khusimone (151), zizanal (152), and methyl zizanoate (153). Nootkatone (154) is an isomer
of a-vetivone and is an important odor component of grapefruit. Patchouli alcohol (145) is the
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FIGURE 6.26 Components of vetiver, patchouli, and grapefruit.

major constituent of patchouli oil but, as is the case also with vetiver, minor components are more
important for the odor profile. These include norpatchoulenol (155) and nortetrapatchoulol (156)
(Figure 6.26).

The molecules of chamazulene (150), khusimone (151), norpatchoulenol (155), and nortetrapa-
tchoulol (156) each contain only 14 carbon atoms in place of the normal 15 of sesquiterpenoids.
They are all degradation products of sesquiterpenoids. Degradation, either by enzymic action or
from environmental chemical processes, can be an important factor in generating essential oil com-
ponents. Carotenoids are a family of tetraterpenoids characterized by having a tail-to-tail fusion
between two diterpenoid fragments. In the case of b-carotene (157), both ends of the chain have
been cyclized to form cyclohexane rings. Degradation of the central part of the chain leads to a num-
ber of fragments that are found in essential oils and the two major families of such are the ionones
and damascones. Both have the same carbon skeleton, but in the ionones (Essential Oils Database,
2006; Sell, 2003), the site of oxygenation is three carbon atoms away from the ring, and in damas-
cones oxygenation is found at the chain carbon next to the ring (Figure 6.27).

The ionones occur naturally in a wide variety of flowers, fruits, and leaves, and are materials of
major importance in perfumery (Arctander, 1960; Essential Oils Database, 2006; Gildemeister and
Hoffmann, 1956; Giinther, 1948; Sell, 2007). About 57% of the volatile components of violet flowers
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FIGURE 6.27 Carotenoid degradation products.

are a- (158) and b-ionones (159), and both isomers occur widely in nature. The damascones are also
found in a wide range of plants. They usually occur at a very low level, but their very intense odors
mean that they still make a significant contribution to the odors of oils containing them. The first
to be isolated and characterized was b-damascenone (160), which was found at a level of 0.05% in
the oil of the Damask rose. Both b-damascenone (160) and the a- (161) and b-isomers (162) have
since been found in many different essential oils and extracts. In the cases of safranal (163) and cyc-
locitral (165), the side chain is degraded even further leaving only one of its carbon atoms attached
to the cyclohexane ring. About 70% of the volatile component of saffron is safranal and it makes
a significant contribution to its odor. Other volatile carotenoid degradation products that occur in
essential oils and contribute to their odors include the theaspiranes (165), vitispiranes (166), edulans
(167), and dihydroactinidiolide (168).

170 171 172

FIGURE 6.28 TIripallidal and the irones.
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The similarity in structure between the ionones and the irones might lead to the belief that the
latter are also carotenoid derived. However, this is not the case as the irones are formed by degrada-
tion of the triterpenoid iripallidal (169), which occurs in the rhizomes of the iris. The three isomers,
a- (170), b- (171), and g-irone (172), are all found in iris and the first two in a limited number of
other species (Figure 6.28).

6.6 SYNTHESIS OF ESSENTIAL OIL COMPONENTS

It would be impossible, in a volume of this size, to review all of the reported syntheses of essential
oil components and so the following discussion will concentrate on some of the more commercially
important synthetic routes to selected key substances. In the vast majority of cases, there is a bal-
ance between routes using plant extracts as feedstocks and those using petrochemicals. For some
materials, plant-derived and petrochemical-derived equivalents might exist in economic competi-
tion, while for others, one source is more competitive. The balance will vary over time and the
market will respond accordingly. Sustainability of production routes is a complex issue and easy
assumptions might be totally incorrect. Production and extraction of plant-derived feedstocks often
requires considerable expenditure of energy in fertilizer production, harvesting, and processing,
and so it is quite possible that production of a material derived from a plant source would use more
mineral oil than the equivalent derived from petrochemical feedstocks.

Figure 6.29 shows some of the plant-derived feedstocks used in the synthesis of lipids and
polyketides (Sell, 2006). Rapeseed oil provides erucic acid (173) that can be ozonolyzed to give
brassylic acid (174) and heptanal (175), both useful building blocks. The latter can also be obtained,

OH
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FIGURE 6.29 Some natural feedstocks for synthesis of lipids and polyketides.
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together with undecylenic acid (176), by pyrolysis of ricinoleic acid (177) that is available from cas-
tor oil. Treatment of undecylenic acid (176) with acid leads to movement of the double bond along
the chain and eventual cyclization to give g-undecalactone (178), which has been found in narcissus
oils. Aldol condensation of heptanal (175) with cyclopentanone, followed by Baeyer—Villiger oxida-
tion, gives d-dodecalactone (179), identified in the headspace of tuberose. Such aldol reactions, fol-
lowed by appropriate further conversions, are important in the commercial production of analogues
of methyl jasmonate (26) and jasmone (27).

Ethylene provides a good example of a petrochemical feedstock for the synthesis of lipids and
polyketides. It can be oligomerized to provide a variety of alkenes into which functionalization can
be introduced by hydration, oxidation, hydroformylation, and so on. Of course, telomerization can
be used to provide functionalized materials directly.

Eugenol (53) (e.g., clove oil) and safrole (59) (e.g., sassafras) are good examples of plant-derived
feedstocks that are used in the synthesis of other shikimates. Methylation of eugenol produces
methyl eugenol (56) and this can be isomerized using acid or metal catalysts to give methyl isoeu-
genol (57). Similarly, isomerization of eugenol gives isoeugenol (54), and oxidative cleavage of this,
for example, by ozonolysis, gives vanillin (55). This last sequence of reactions, when applied to
safrole, gives isosafrole (60) and heliotropin (61). All of these conversions are shown in Figure 6.30.

Production of shikimates from petrochemicals for commercial use mostly involves straightfor-
ward chemistry (Arctander, 1969; Bauer and Panten, 2006; Diniker, 1987; Sell, 2006). Nowadays,
the major starting materials are benzene (180) and toluene (181), which are both available in bulk
from petroleum fractions. Alkylation of benzene with propylene gives cumene (182), the hydroper-
oxide of which fragments to give phenol (183) and acetone. Phenol itself is an important molecular
building block and further oxidation gives catechol (184). Syntheses using these last two materials
will be discussed in the succeeding text. Alkylation of benzene with ethylene gives ethylbenzene,
which is converted to styrene (185) via autoxidation, reduction, and elimination in a process known
as styrene monomer/propylene oxide (SMPO) process. The epoxide (186) of styrene serves as an
intermediate for 2-phenylethanol (47) and phenylacetaldehyde (187), both of which occur widely
in essential oils. 2-Phenylethanol is also available directly from benzene by Lewis acid—catalyzed
addition of ethylene oxide and as a by-product of the SMPO process. Currently, the volume avail-
able from the SMPO process provides most of the requirement. All of these processes are illustrated
in Figure 6.31.

Phenol (183) and related materials, such as guaiacol (188), were once isolated from coal tar, but
the bulk of their supply is currently produced from benzene via cumene as shown in Figure 6.31.
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FIGURE 6.30 Shikimates from eugenol and safrole.
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FIGURE 6.31 Benzene as a feedstock for shikimates.
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The use of these intermediates to produce shikimates is shown in Figure 6.32. In principle, anethole
(53) and estragole (methyl chavicol) (52) are available from phenol, but in practice, the demand
is met by extraction from turpentine. Carboxylation of phenol gives salicylic acid (38) and hence
serves as a source for the various salicylate esters. Formylation of phenol by formaldehyde, in
the presence of a suitable catalyst, has now replaced the Reimer—Tiemann reaction as a route to
hydroxybenzaldehydes. The initial products are saligenin (189) and p-hydroxybenzyl alcohol
(190), which can be oxidized to salicylaldehyde (191) and p-hydroxybenzaldehyde (192), respec-
tively. Condensation of salicylaldehyde with acetic acid/acetic anhydride gives coumarin (50) and
O-alkylation of p-hydroxybenzaldehyde gives anisaldehyde (44). As mentioned earlier, oxidation of
phenol provides a route to catechol (184) and guaiacol (188). The latter is a precursor for vanillin,
and catechol also provides a route to heliotropin (61) via methylenedioxybenzene (193).

Oxidation of toluene (181) with air or oxygen in the presence of a catalyst gives benzyl alco-
hol (194), benzaldehyde (195), or benzoic acid (196) depending on the chemistry employed. The
demand for benzoic acid far exceeds that for the other two oxidation products and so such pro-
cesses are usually designed to produce mostly benzoic acid with benzaldehyde as a minor product.
For the fragrance industry, benzoic acid is the precursor for the various benzoates of interest,
while benzaldehyde, through aldol-type chemistry, serves as the key intermediate for cinnamate
esters (such as methyl cinnamate (197)) and cinnamaldehyde (48). Reduction of the latter gives
cinnamyl alcohol (49) and hence, through esterification, provides routes to all of the cinnamyl
esters. Chlorination of toluene under radical conditions gives benzyl chloride (198). Hydrolysis of
the chloride gives benzyl alcohol (194), which can, in principle, be esterified to give the various
benzyl esters (199) of interest. However, these are more easily accessible directly from the chloride
by reaction with the sodium salt of the corresponding carboxylic acid. All of these conversions are
shown in Figure 6.33.

Methyl anthranilate (41) is synthesized from either naphthalene (200) or o-xylene (201) as shown
in Figure 6.34. Oxidation of either starting material produces phthalic acid (202). Conversion of this
diacid to its imide, followed by the Hoffmann reaction, gives anthranilic acid, and the methyl ester
can then be obtained by reaction with methanol.

In volume terms, the terpenoids represent the largest group of natural and nature identical fra-
grance ingredients (Déniker, 1987; Sell, 2007). The key materials are the rose alcohols [geraniol
(63)/nerol (90), linalool (23), and citronellol (91)], citronellal (103), and citral (71). Interconversion of
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FIGURE 6.32 Synthesis of shikimates from phenol.

these key intermediates is readily achieved by standard functional group manipulation. Materials in
this family serve as starting points for the synthesis of a wide range of perfumery materials includ-
ing esters of the rose alcohols. The ionones are prepared from citral by aldol condensation followed
by cyclization of the intermediate y-ionones.

The sources of the aforementioned key substances fall into three main categories: natural
extracts, turpentine, and petrochemicals. The balance depends on economics and also on the
product in question. For example, while about 10% of geraniol is sourced from natural extracts, it
is only about 1% in the case of linalool. Natural grades of geraniol are obtained from the oils of
citronella, geranium, and palmarosa (including the variants jamrosa and dhanrosa). Citronella is
also used as a source of citronellal. Ho, rosewood, and linaloe were used as sources of linalool,
but conservation and economic factors have reduced these sources of supply very considerably.
Similarly, citral was once extracted from L. cubeba but overharvesting has resulted in loss of
that source.

Various other natural extracts are used as feedstocks for the production of terpenoids as shown
in Figure 6.35. Two of the most significant ones are clary sage and the citrus oils (obtained as by-
products of the fruit juice industry). After distillation of the oil from clary sage, sclareol (203) is
extracted from the residue, and this serves as a starting material for naphthofuran (204), known
under trade names such as Ambrofix, Ambrox, and Ambroxan. The conversion is shown in Figure 6.35.
Initially, sclareol is oxidized to sclareolide (205). This was once effected using oxidants such as
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FIGURE 6.34 Synthesis of methyl anthranilate.

permanganate and dichromate, but nowadays, the largest commercial process uses a biotechno-
logical oxidation. Sclareolide is then reduced using lithium aluminum hydride, borane, or similar
reagents and the resulting diol is cyclized to the naphthofuran. p-Limonene (73) and valencene
(206) are both extracted from citrus oils. Reaction of D-limonene with nitrosyl chloride gives an
adduct that is rearranged to the oxime of L-carvone, and subsequent hydrolysis produces the free
ketone (105). Selective oxidation of valencene gives nootkatone (135).

Turpentine is obtained by tapping of pine trees and this product is known as gum turpentine.
However, a much larger commercial source is the so-called crude sulfate turpentine, which is
obtained as a by-product of the Kraft paper process. The major components of turpentine are the
two pinenes with a-pinene (65) predominating. Turpentine also serves as a source of p-cymene (83)
and, as mentioned earlier, the shikimate anethole (53) (Zinkel and Russell, 1989).

Figure 6.36 shows some of the major products manufactured from a-pinene (65) (Sell, 2003,
2007). Acid-catalyzed hydration of a-pinene gives a-terpineol (74), which is the highest tonnage
material of all those described here. Acid-catalyzed rearrangement of a-pinene gives camphene (89)
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FIGURE 6.36 Products from a-pinene.

and this, in turn, serves as a starting material for production of camphor (80). Hydrogenation of
a-pinene gives pinane (207), which is oxidized to pinanol (208) using air as the oxidant. Pyrolysis of
pinanol produces linalool (23) and this can be rearranged to geraniol (63). Hydrogenation of gera-
niol gives citronellol (91), whereas oxidation leads to citral (71). The major use of citral is not as a
material in its own right, but as a starting material for production of ionones, such as a-ionone (158)
and vitamins A, E, and K.
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Some of the major products manufactured from b-pinene (76) are shown in Figure 6.37. Pyrolysis
of b-pinene gives myrcene (70) and this can be hydrated (not in one step but in a multistage process) to
give geraniol (63). The downstream products from geraniol are then the same as those described in the
preceding paragraph and shown in Figure 6.36. Myrcene is also a starting point for D-citronellol
(209), which is one of the major feedstocks for the production of L-menthol (94) as will be described
in the succeeding text.

Currently, there are two major routes to terpenoids that use petrochemical starting materials
(Sell, 2003, 2007). The first to be developed is an improved version of a synthetic scheme dem-
onstrated by Arens and van Dorp in 1948. The basic concept is to use two molecules of acetylene
(210) and two of acetone (211) to build the structure of citral (71). The route, as it is currently
practiced, is shown in Figure 6.38. Addition of acetylene (210) to acetone (211) in the presence of
base gives methylbutynol (212), which is hydrogenated, under Lindlar conditions, to methylbutenol
(213). The second equivalent of acetone is introduced as the methyl ether of its enol form, that is,
methoxypropene (214). This adds to methylbutenol, and the resultant adduct undergoes a Claisen
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FIGURE 6.38 Citral from acetylene and acetone.
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FIGURE 6.39 Citral from isobutylene and acetone.

rearrangement to give methylheptenone (215). Base catalyzed addition of the second acetylene to
this gives dehydrolinalool (216), which can be rearranged under acidic conditions to give citral (71).
Hydrogenation of dehydrolinalool under Lindlar conditions gives linalool (23) and thus opens up all
the routes to other terpenoids as described earlier and illustrated in Figure 6.36.

The other major route to citral is shown in Figure 6.39. This starts from isobutene (217) and
formaldehyde (218). The ene reaction between these produces isoprenol (219). Isomerization of iso-
prenol over a palladium catalyst gives prenol (220) and aerial oxidation over a silver catalyst gives
prenal (senecioaldehyde) (221). When heated together, these two add together to form the enol ether
(222), which then undergoes a Claisen rearrangement to give the aldehyde (223). This latter mol-
ecule is perfectly set up (after rotation around the central bond) for a Cope rearrangement to give cit-
ral (71). Development chemists have always striven to produce economic processes with the highest
overall yield possible thus minimizing the volume of waste and hence environmental impact. This
synthesis is a very good example of the fruits of such work. The reaction scheme uses no reagents,
other than oxygen, employs efficient catalysts, and produces only one by-product, water, which is
environmentally benign.

The synthesis of L-menthol (94) provides an interesting example of different routes operating in
economic balance. The three production routes in current use are shown in Figure 6.40. The oldest
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FIGURE 6.40 Competing routes to L-menthol.
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and simplest route is extraction from plants of the Mentha genus and M. arvensis (corn mint) in par-
ticular. This is achieved by freezing the oil to force the L-menthol to crystallize out. Diethylamine
can be added to myrcene (70) in the presence of base and rearrangement of the resultant allyl amine
(224) using the optically active catalyst ruthenium (S)-BINAP perchlorate gives the homochiral
enamine (225). This can then be hydrolyzed to d-citronellol (209). The chiral center in this molecule
ensures that, on acid-catalyzed cyclization, the two new stereocenters formed possess the correct
stereochemistry for conversion, by hydrogenation, to give L-menthol as the final product. Starting
from the petrochemically sourced m-cresol (226), propenylation gives thymol (97), which can be
hydrogenated to give a mixture of all eight stereoisomers of menthol (227). Fractional distillation
of this mixture gives racemic menthol. Resolution was originally carried out by fractional crystal-
lization, but recent advances include methods for the enzymic resolution of the racemate to give
L-menthol.

Estimation of the long-term sustainability of each of these routes is complex and the final out-
come is far from certain. In terms of renewability of feedstocks, m-cresol might appear to be at
a disadvantage against mint or turpentine. However, as the world’s population increases, use of
agricultural land will come under pressure for food production, hence increasing pressure on mint
cultivation and turpentine, hence, myrcene is a by-product of paper manufacture and is therefore
vulnerable to trends in paper recycling and “the paperless office.” In terms of energy consumption,
and hence current dependence on petrochemicals, the picture is also not as clear as might be imag-
ined. Harvesting and processing of mint requires energy and, if the crop is grown in the same field
over time, fertilizer is required and this is produced by the very energy-intensive Haber process. The
energy required to turn trees in a forest into pulp at a sawmill is also significant and so turpentine
supply will also be affected by energy prices. No doubt, the skills of process chemists will be of
increasing importance as we strive to make the best use of natural resources and minimize energy
consumption (Baser and Demirci, 2007).
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7.1 INTRODUCTION

The production of essential oils was industrialized in the first half of the nineteenth century, due to
an increased demand for these matrices as perfume and flavor ingredients [1]. As a consequence, the
need to perform their systematic investigation also became unprecedented. It is interesting to point
out that in the second edition of Parry’s monograph, published in 1908, about 90 essential oils were
listed, and very little was known about their composition [2]. Further important contributions to the
essential oil research field were made by Semmler [3], Gildemeister and Hoffman [4], Finnemore
[5], and Guenther [6]. Obviously, it is unfeasible to cite all the researchers involved in the progress
of essential oil analysis.

As widely acknowledged, the composition of essential oils is mainly represented by mono-
and sesquiterpene hydrocarbons and their oxygenated (hydroxyl and carbonyl) derivatives, along
with aliphatic aldehydes, alcohols, and esters. Terpenes can be considered as the most structurally
varied class of plant natural products, derived from the repetitive fusion of branched five-carbon
units (isoprene units) [7]. In this respect, analytical methods applied in the characterization of
essential oils have to account for a great number of molecular species. Moreover, it is also of
great importance to highlight that an essential oil chemical profile is closely related to the extrac-
tion procedure employed, and, hence, the choice of an appropriate extraction method becomes
crucial. On the basis of the properties of the plant material, the following extraction techniques
can be applied: steam distillation (SD), possibly followed by rectification and fractionation, sol-
vent extraction (SE), fractionation of solvent extracts, maceration, expression (cold pressing of
citrus peels), enfleurage, supercritical fluid extraction, pressurized-fluid extraction, simultaneous
distillation—extraction, Soxhlet extraction, microwave-assisted hydrodistillation, dynamic and
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static headspace (HS) techniques, solvent-assisted flavor evaporation, solid-phase microextraction
(SPME), and direct thermal desorption, among others.

Apart from the great interest in performing systematic studies on essential oils, there is also the
necessity to trace adulterations, mainly in economically important essential oils. As can be observed
with almost all commercially available products, market changes occur rapidly, affecting individual
plants or industrial processes. In general, market competition, along with the limited interest of con-
sumers with regard to essential oil quality, may induce producers to adulterate their commodities by
the addition of products of lower value. Different types of adulterations can be encountered: (1) the
simple addition of natural and/or synthetic compounds, with the aim of generating an oil character-
ized by specific quality values, such as density, optical rotation, residue percentage, and ester value;
or (2) refined sophistications in the reconstitution and counterfeiting of commercially valuable oils.
In the latter case, natural and/or synthetic compounds are added to enhance the market value of an
oil, attempting to maintain the qualitative, or even quantitative, composition of natural essential oils
and making adulteration detection a troublesome task. Consequently, the exploitation of modern
analytical methodologies, such as gas chromatography (GC) and related hyphenated techniques, is
practically unavoidable.

As a consequence of diffused illegal practice in the production of essential oils, there has been
an enhanced request for legal standards of commercial purity, while essential oils were included
as herbal drugs in pharmacopoeias [8—12] and also in a compendium denominated as Martindale:
the complete drug reference (formerly named as Martindale: The Extra Pharmacopoeia) [13]. In
view of the need for standardized methodologies, these pharmacopoeias commonly include the
descriptions of several tests, processes, and apparatus. In addition, various international standard
regulations have been introduced in which the characteristics of specific essential oils are described,
and the botanical source and physicochemical requirements are reported. Such standardized infor-
mation was created to facilitate the assessment of quality; for example, ISO 3761 (1997) speci-
fies that for Brazilian rosewood essential oil (Aniba rosaeodora Ducke), an alcohol content in the
84%—93% range, determined as linalool, is required [14]. Moreover, guidelines for the analysis of
essential oils are also available, for example, for the measurement of the refractive index (ISO 280,
1198) and optical rotation (ISO 592, 1998), as also for GC analysis using capillary columns (ISO
chromatography [ISO 8432, 1987]) [15]. The French Standards Association (Association Francaise
de Normalisation) also develops norms and standard methods dedicated to the essential oil research
field, with the aim of assessing quality in relation to specific physical, organoleptic, chemical, and
chromatographic characteristics [16].

The present contribution provides an overview on the classical and modern analytical techniques
commonly applied to characterize essential oils. Modern techniques will be focused on chromato-
graphic analyses, including theoretical aspects and applications.

7.2 CLASSICAL ANALYTICAL TECHNIQUES

The thorough study of essential oils is based on the relationship between their physical and chemi-
cal properties and is completed by the assessment of organoleptic qualities. The earliest analytical
methods applied in the investigation of an essential oil were commonly focused on quality aspects,
concerning mainly two properties: identity and purity [17].

The following techniques are commonly applied to assess an essential oil physical properties
[6,17]: specific gravity (SG), which is the most frequently reported physicochemical property and
is a special case of relative density, [p]7*©), defined as the ratio of the densities of a given oil and of
water when both are at identical temperatures. The attained value is characteristic for each essential
oil and commonly ranges between 0.696 and 1.118 at 15°C [4]. In cases in which the determinations
were made at different temperatures, conversion factors can be used to normalize data.

The measurement of optical rotation, [0(]%0, either dextrorotatory or levorotatory, is also widely
recognized. Optical activity is determined by using a polarimeter, with the angle of rotation
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depending on a series of parameters, such as oil nature, the length of the column through which
the light passes, the applied wavelength, and the temperature. The degree and direction of rotation
are of great importance for purity assessments, since they are related to the structures and the con-
centration of chiral molecules in the sample. Each optically active substance has its own specific
rotation, as defined in Biot’s law:

T
[l = %%

c-l’

where
o is the optical rotation at a temperature 7 expressed in °C
[ is the optical path length in dm
A is the wavelength
c is the concentration in g/100 mL

It is worthy of note that a standard 100 mm tube is commonly used; in cases in which darker or
lighter colored oils are analyzed, longer or shorter tubes are used, respectively, and the rotation
should be extrapolated for a 100 mm long tube. Moreover, prior to the measurement, the essential
oil should be dried out with anhydrous sodium sulfate and filtered.

The determination of the refractive index, ]}, also represents a characteristic physical constant
of an oil, usually ranging from 1.450 to 1.590. This index is represented by the ratio of the sine of
the angle of incidence (i) to the sine of the angle of refraction (e) of a beam of light passing from a
less dense to a denser medium, such as from air to the essential oil:

sini N

sine  n’

where N and n are, respectively, the indices of the more and the less dense medium. The Abbé-type
refractometer, equipped with a monochromatic sodium light source, is recommended for routine
essential oil analysis; the instrument is calibrated through the analysis of distilled water at 20°C, pro-
ducing a refractive index of 1.3330. In cases in which the measurement is performed at a temperature
above or below 20°C, a correction factor per degree must be added or subtracted, respectively [18].

A further procedure that can be applied for the purity assessment of essential oils is based on
water solubility. The test, which reveals the presence of polar substances, such as alcohols, glycols
and their esters, and glycerin acetates, is carried out as follows: the oil is added to a saturated solu-
tion of sodium chloride, which after homogenization is divided into two phases; the volume of the
oil, which is the organic phase, should remain unaltered; and volume reduction indicates the pres-
ence of water-soluble substances. On the other hand, the solubility, or immiscibility, of an essential
oil in ethanol reveals much on its quality. Considering that essential oils are slightly soluble in water
and are miscible with ethanol, it is simple to determine the number of volumes of water-diluted
ethanol required for the complete solubility of one volume of oil; the analysis is carried out at 20°C,
if the oil is liquid at this temperature. It must be emphasized that oils rich in oxygenated compounds
are more readily soluble in dilute ethanol than those richer in hydrocarbons. Moreover, aged or
improperly stored oils frequently present decreased solubility [6].

The investigation on the solubility of essential oils in other media is also widely accepted, such as
the evaluation of the presence of water by means of a simple procedure: the addition of a volume of
essential oil to an equal volume of carbon disulfide or chloroform; in case the oil is rich in oxygen-
ated constituents, it may contain dissolved water, generating turbidity. A further solubility test, in
which the oil is dissolved in an aqueous solution of potassium hydroxide, is applied to oils contain-
ing molecules with phenolic groups; finally, the incomplete dissolution of oils rich in aldehydes in a
dilute bisulfite solution may denote the presence of impurities.
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The estimation of melting and congealing points, as well as the boiling range of essential oils, is
also of great importance for identity and purity assessments. Melting point evaluations are a valu-
able modality to control essential oil purity, since a large number of molecules generally comprised
in essential oils melt within a range of 0.5°C or, in the case of decomposition, over a narrow tem-
perature range. On the other hand, the determination of the congealing point is usually applied in
cases where the essential oil consists mainly of one molecule, such as the oil of cloves that contains
about 90% of eugenol. In the latter case, such a test enables the evaluation of the percentage amount
of the abundant compound. At congealing point, crystallization occurs accompanied by heat lib-
eration, leading to a rapid increase in temperature that is then stabilized at the so-called congeal-
ing point. A further purity evaluation method is represented by the boiling range determination,
through which the percentage of oil that distils below a certain temperature or within a temperature
range is investigated.

An additional test usually performed in essential oil analysis is the evaporation residue, in which
the percentage of the oil that is not released at 100°C is determined. In the specific case of citrus
oils, this test enables purity assessment, since a lower amount of residue in an expressed oil may
indicate an addition of distilled volatile components to the oil; an increased residue amount reveals
the possible presence of terpenes with higher molecular weights, through the addition of single
compounds (or other essential oils), or of heavier oils, such as rosin oil and cheaper citrus oils, or by
directly using the citrus oil residue. An example consists of the addition of lime oil to sophisticate
lemon oils. In oxidized or polymerized oils, the presence of less volatile compounds is common; in
this case, a simple test may be carried out by applying a drop of oil on a piece of filter paper; if a
transparent spot persists for a period of over 24 h, the oil is most probably degradated. Furthermore,
the residue can be subjected to acid and saponification number analyses; for instance, the addition
of rosin oil would increase the acid number since this oil, different from other volatile oils, is char-
acterized by the presence of complex acids. By definition, the acid number is the number of mil-
ligrams of potassium hydroxide required to neutralize the free acids contained in 1 g of an oil. This
number is preserved in cases in which the essential oil has been carefully dried and stored in dark
and airtight recipients. As commonly observed, the acid number increases along the aging process
of an oil; oxidation of aldehydes and hydrolysis of esters trigger the increase of the acid number.

Classical methodologies have been also widely applied to assess essential oil chemical properties
[6,17], such as the determination of the presence of halogenated hydrocarbons and of heavy metals.
The former investigation is exploited to reveal the presence of halogenated compounds, commonly
added to the oils for adulteration purposes. Several tests have been developed for halogen detec-
tion, with the Beilstein method [19] the one most reported. In practice, a copper wire is cleaned
and heated in a Bunsen burner flame to form a coating of copper(Il) oxide. It is then dipped in the
sample to be tested and once again heated in the flame. A positive test is indicated by a green flame
caused by the formation of a copper halide. Attention is to be paid to positive or inconclusive results,
since they may be induced by trace amounts of organic acids, nitrogen-containing compounds [6],
or salts [20]. An alternative to the Beilstein method is the sodium fusion test, in which the oil is first
mineralized, and in the case halogenated hydrocarbons are present, a residue of sodium halide is
formed, which is soluble in nitric acid, and precipitates as the respective silver halide by the addition
of a small amount of silver nitrate solution [17]. With regard to the detection of heavy metals, several
tests are described to investigate and ensure the absence especially of copper and lead. One method
is based on the extraction of the essential oil with a diluted hydrochloric acid solution, followed by
the formation of an aqueous phase to which a buffered thioacetamide solution is added. The latter
reagent leads to the formation of sulfite ions that are used in the detection of heavy metals.

The determination of esters derived from phthalic acid is also of great interest for the toxicity
evaluation of an essential oil. Considering that esters commonly contained in essential oils are
derived from monobasic acids, at first, saponification is carried out through the addition of an etha-
nolic potassium hydroxide solution. The formed potassium phthalate, which is not soluble in etha-
nol, generates a crystalline precipitate [17].
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The use of qualitative information alone is not sufficient to correctly characterize an essential oil,
and quantitative data are of extreme importance. Classical methods are generally focused on chemi-
cal groups and the assessment of quantitative information through titration is widely applied, for
example, for the acidimetric determination of saponified terpene esters. Saponification can be per-
formed with heat, and in this case, readily saponified esters are to be investigated, in the cold, and
afterward, the alkali excess is titrated with aqueous hydrochloric acid; thereafter, the ester number
can be calculated. A further test is the determination of terpene alcohols by acetylating with acetic
anhydride; part of the acetic anhydride is consumed in the reaction and can be quantified through
titration of acetic acid with sodium hydroxide. The percentage of alcohol can then be calculated.
The latter method is applied when the alcoholic constituents of an essential oil are not well known;
in case these are established, the oil is saponified, and the ester number of the acetylated oil is cal-
culated and used to estimate the free alcohol content.

Other chemical classes worthy of mention are aldehydes and ketones that may be investigated
through different tests. The bisulfite method is recommended for essential oils rich in aldehydic
compounds, such as lemon grass, bitter almond, and cassia, while the neutral sulfite test is more
suitable for ketone-rich oils, such as spearmint, caraway, and dill oils. For essential oils present-
ing small amounts of aldehydes and ketones, the hydroxylamine method, or its modification, and
the Stillman—Reed method are the most indicated ones [20]. In the latter case, the aldehyde and
ketone contents are determined through the addition of a neutralized hydroxylamine hydrochloride
solution, and subsequent titration with standardized acid (the Stillman—Reed method) [21]; in the
former analytical procedure, the aldehyde and ketone content is established through the addition of
a hydroxylamine hydrochloride solution, followed by neutralization with the reaction products, that
is, alkali of the hydrochloric acid. These methods may be applied in the determination of citral in
citrus oils and carvone in caraway oil. With regard to the determination of phenols, such as eugenol
in clove oil or thymol and carvacrol in thyme oil, the test is commonly made through the addition
of potassium hydroxide solutions, forming water-soluble salts. It has to be pointed out that besides
phenols, other constituents are soluble in alkali solutions and in water [6,20].

Essential oils are also often analyzed by means of chromatographic methods. In general,
the principle of chromatography is based on the distribution of the constituents to be separated
between two immiscible phases; one of these is a stationary bed (a stationary phase) with a
large surface area, while the other is a mobile phase that percolates through the stationary bed
in a definite direction [22]. Planar chromatography may be referred to as a classical method for
essential oil analysis, being well represented by thin-layer chromatography (TLC) and paper
chromatography (PC). In both techniques, the stationary phase is distributed as a thin layer on
a flat support, in PC being self-supporting, while in TLC coated on a glass, plastic, or metal
surface; the mobile phase is allowed to ascend through the layer by capillary forces. TLC is a
fast and inexpensive method for identifying substances and testing the purity of compounds,
being widely used as a preliminary technique providing valuable information for subsequent
analyses [23]. Separations in TLC involve the distribution of one or a mixture of substances
between a stationary phase and a mobile phase. The stationary phase is a thin layer of adsorbent
(usually silica gel or alumina) coated on a plate. The mobile phase is a developing solvent that
travels up the stationary phase, carrying the samples with it. Components of the samples will
separate on the stationary phase according to their stationary phase—mobile phase affinities
[24]. In practice, a small quantity of the sample is applied near one edge of the plate and its
position is marked with a pencil. The plate is then positioned in a developing chamber with one
end immersed in the developing solvent, the mobile phase, avoiding the direct contact of the
sample with the solvent. When the mobile phase reaches about two-thirds of the plate length,
the plate is removed and dried, the solvent front is traced, and the separated components are
located. In some cases, the spots are directly visible, but in others, they must be visualized by
using methods applicable to almost all organic samples, such as the use of a solution of iodine
or sulfuric acid, both of which react with organic compounds yielding dark products. The use
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of an ultraviolet (UV) lamp is also advisable, especially if a substance that aids in the visualiza-
tion of compounds is incorporated into the plate, as is the case of many commercially available
TLC plates. Data interpretation is made through the calculation of the ratio of fronts (R;) value
for each spot, which is defined as

Z
R=2%,
ZS[
where
Zj is the distance from the starting point to the center of a specific spot
Z, is the distance from the starting point to the solvent front [24,25]

A concise review on TLC has been made by Sherma [26].

The R, value is characteristic for any given compound on the same stationary phase using the
identical mobile phase. Hence, known R, values can be compared to those of unknown substances
to aid in their identification [24]. On the other hand, separations in PC involve the same principles
as those in TLC, differing in the use of a high-quality filter paper as the stationary phase instead
of a thin adsorbent layer, by the increased time requirements and poorer resolution. It is worthy to
highlight that TLC has largely replaced PC in contemporary laboratory practice [22].

As is well known, essential oils can be characterized by their organoleptic properties, an assess-
ment that involves human subjects as measuring tools. These procedures present an immediate
problem, linked to the innate variability between individuals, not only as a result of their previ-
ous experiences and expectations, but also to their sensitivity [27]. In this respect, individuals are
selected and screened for specific anosmia, as proposed by Friedrich et al. [28]. In case no insen-
sitivities are found, the panelists are introduced to two sensorial properties, quality and intensity.
Odor quality is described according to the odor families, while intensity is measured through the
rating of a sensation based on an intensity interval scale. The assessment of an essential oil odor
can be performed through its addition to filter paper strips and subsequent evaluation by the panel-
ists. Considering that each volatile compound is characterized by a different volatility, the evalu-
ation of the paper strip in different periods of time enables the classification of the odors in top,
middle, and bottom notes [29]. In addition, the olfactive assessment during the determination of the
evaporation residue is also of significance, since by notes low-boiling adulterants or contaminants
may be detected as the oil vaporizes, and the odor of the final hot residue can reveal the addition of
high-boiling compounds. Olfactive analyses are also valuable after the determination of phenols in
essential oils, by studying the nonphenolic portion [6].

It is noteworthy that the use of the earliest analytical techniques for the systematic study of essen-
tial oils, such as SG, relative density, optical activity, and refractive index or melting, congealing,
and boiling points determinations, is generally applied for the assessment of pure compounds and
may be extended to evaluate essential oils composed of a major compound. Classical methods can-
not be used as stand-alone methods and need to be combined with modern analytical techniques,
especially GC, for the assessment of essential oil genuineness.

7.3 MODERN ANALYTICAL TECHNIQUES

Most of the methods applied in the analysis of essential oils rely on chromatographic procedures,
which enable component separation and identification. However, additional confirmatory evidence
is required for reliable identification, avoiding equivocated characterizations.

In the early stages of research in the essential oil field, attention was devoted to the development
of methods in order to acquire deeper knowledge on the profiles of volatiles; however, this analyti-
cal task was made troublesome due to the complexity of these real-world samples. Over the last
decades, the aforementioned research area has benefited from the improvements in instrumental
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analytical chemistry, especially in the chromatographic area, and, nowadays, the number of known
constituents has drastically increased.

The primary objective in any chromatographic separation is always the complete resolution of
the compounds of interest, in the minimum time. To achieve this task, the most suitable analyti-
cal column (dimension and stationary phase type) has to be used, and adequate chromatographic
parameters must be applied to limit peak enlargement phenomena. A good knowledge of chromato-
graphic theory is, indeed, of great support for the method optimization process, as well as for the
development of innovative techniques.

In gas chromatographic analysis, the compounds to be analyzed are vaporized and eluted by the
mobile gas phase, the carrier gas, through the column. The analytes are separated on the basis of
their relative vapor pressures and affinities for the stationary bed. On the other hand, in liquid chro-
matographic analysis, the compounds are eluted by a liquid mobile phase consisting of a solvent or
a mixture of solvents, the composition of which may vary during the analysis (gradient elution), and
are separated according to their affinities for the stationary bed. In general, the volatile fraction of
an essential oil is analyzed by GC, while the nonvolatile by liquid chromatography (LC).

At the outlet of the chromatography column, the analytes emerge separated in time. The analytes
are then detected, and a signal is recorded generating a chromatogram, which is a signal versus time
graphic, and ideally with peaks presenting a Gaussian distribution—curve shape. The peak area and
height are a function of the amount of solute present, and its width is a function of band spreading in
the column [30], while retention time can be related to the solute’s identity. Hence, the information
contained in the chromatogram can be used for qualitative and quantitative analysis.

7.3.1  Use oF GC AND LINEAR RETENTION INDICES IN ESSENTIAL OIL ANALYSIS

The analysis of essential oils by means of GC began in the 1950s, when Professor Liberti [31]
started analyzing citrus essential oils only a few years after James and Martin first described gas—
liquid chromatography, commonly referred to as GC [32], a milestone in the evolution of instrumen-
tal chromatographic methods.

After its introduction, GC developed at a phenomenal rate, growing from a simple research
novelty to a highly sophisticated instrument. Moreover, the current-day requirements for high reso-
lution and trace analysis are satisfied by modern column technology. In particular, inert, thermo-
stable, and efficient open-tubular columns are available, along with associated selective detectors
and injection methods, which allow on-column injection of liquid and thermally labile samples. The
development of robust fused-silica columns, characterized by superior performances to that of glass
columns, brings open-tubular GC columns within the scope of almost every analytical laboratory.

At present, essential oil GC analyses are more frequently performed on capillary columns,
which, after their introduction, rapidly replaced packed GC columns. In general, packed columns
support larger sample size ranges, from 10 to 20 mL, and thus the dynamic range of the analysis can
be enhanced. Trace-level components can be easily separated and quantified without preliminary
fractionation or concentration. On the other hand, the use of packed columns leads to lower resolu-
tion due to the higher-pressure drop per unit length. Packed columns need to be operated at higher
column flow rates, since their low permeability requires high pressures to significantly improve
resolution [33]. It is worthy of note that since the introduction of fused-silica capillary columns
considerable progress has been made in column technology, a great number of papers regarding GC
applications on essential oils have been published.

The choice of the capillary column in an essential oil GC analysis is of great importance for
the overall characterization of the matrix; the stationary phase chemical nature and film thick-
ness, as well as the column length and internal diameter, are to be considered. In general, essen-
tial oil GC analyses are carried out on 25-50 m columns, with 0.20—0.32 mm internal diameters
and 0.25 pm stationary phase film thickness. It must be noted that the degree of separation of
two components on two distinct stationary phases can be drastically different. As is well known,
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nonpolar columns produce boiling-point separations, while on polar stationary phases, compounds
are resolved according to their polarity. Considering that essential oil components, such as terpenes
and their oxygenated derivatives, frequently present similar boiling points, these elute in a narrow
retention time range on a nonpolar column. In order to overcome this limit, the analytical method
can be modified by applying a slower oven temperature rate to widen the elution range of the oil or
by using a polar stationary phase, as oxygenated compounds are more retained than hydrocarbons.
However, choosing different stationary phases may provide little improvement as resolution can be
improved for a series of compounds, but new coelutions can also be generated.

Considering gas chromatographic analyses using flame ionization detector (FID), thermal con-
ductivity detector (TCD), or other detectors that do not provide structural information of the ana-
lyzed molecules and retention data, more precise retention indices are used as the primary criterion
for peak assignment. The retention index system was based on the fact that each analyte is referenced
in terms of its position between the two n-paraffins that bracket its retention time. Furthermore, the
index calculation is based on a linear interpolation of the carbon chain length of these bracketing
paraffins. The most thoroughly studied, diffused, and accepted retention index calculation methods
are based on the logarithmic-based equation developed by Kovits [34], for isothermal conditions,
and on the equation propounded by van den Dool and Kratz [35], which does not use the logarithmic
form and is used in the case of temperature-programmed conditions. Values calculated using the
latter approach are commonly denominated in literature as retention index (/), linear retention index
(LRI), or programmed-temperature retention index (PTRI or I7), while the ones derived from the
former equation are usually referred to as Kovats index.

In general, retention index systems are based on the incremental structure—retention relation-
ship, that any regular increase in a series of chemical structures should provide a regular increase
in the corresponding retention times. This means that the retention index concept is not restricted
to the use of n-alkanes as standards. In practice, any homologous series presenting a linear relation-
ship between the adjusted retention time, being logarithmic based or not, and the carbon number
can be used.

In the characterization of volatiles, the most commonly applied reference series is n-alkanes.
However, the latter commonly present fluctuant behavior on polar stationary phases. In consid-
eration of the fact that retention index values are correlated to retention mechanisms, alternative
standard series of intermediate polarity has been introduced, such as 2-alkanones, alkyl ethers,
alkyl halides, alkyl acetates, and alkanoic acid methyl esters [22]. Shibamoto [36] suggested the
use of polar compound series, such as ethyl esters, as an alternative. The most feasible choice, when
analyzing volatiles, is to apply reference series as n-alkanes, fatty acid ethyl esters (FAEEs), or fatty
acid methyl esters (FAME:s), employed according to the stationary phase to be used.

Additionally, it is highly advisable to use two analytical columns coated with stationary phases
of distinct polarities to obtain two retention index values and enhance confidence in assignments
[37-39]. Identifications made on a single column can only be accepted if used in combination with
spectroscopic detection systems. When n-alkanes are used, it is accepted that the reproducibility
of retention indices between different laboratories are comprised within an acceptable range of +5
units for methyl silicone stationary phases and +10 units for polyethylene glycol phases. A further
aspect of great importance, which is frequently overseen, is the analytical reproducibility of retention
indexes. Moreover, it is worthwhile to highlight that in practice it was found that the use of an initial
isothermal hold in the GC oven temperature program does not provide additional resolution [40].

7.3.2 GC-MS

Mass spectrometry (MS) can be defined as the study of systems through the formation of gaseous
ions, with or without fragmentation, which are then characterized by their mass-to-charge ratios
(m/z) and relative abundances [41]. The analyte may be ionized thermally, by an electric field or by
impacting energetic electrons, ions, or photons.

© 2016 by Taylor & Francis Group, LLC



Analysis of Essential Oils 203

During the past decade, there has been a tremendous growth in popularity of mass spectrometers
as a tool for both, routine analytical experiments and fundamental research. This is due to a number
of features including relatively low cost, simplicity of design and extremely fast data acquisition
rates. Although the sample is destroyed by the mass spectrometer, the technique is very sensitive,
and only low amounts of material are used in the analysis.

In addition, the potential of combined GC—mass spectrometry (GC-MS) for determining vol-
atile compounds, contained in very complex flavor and fragrance samples, is well known. The
subsequent introduction of powerful data acquisition and processing systems, including automated
library search techniques, ensured that the information content of the large quantities of data gen-
erated by GC-MS instruments was fully exploited. The most frequent and simple identification
method in GC-MS consists of the comparison of the acquired unknown mass spectra with those
contained in a reference MS library.

A mass spectrometer produces an enormous amount of data, especially in combination with
chromatographic sample inlets [42]. Over the years, many approaches for analysis of GC-MS data
have been proposed using various algorithms, many of which are quite sophisticated, in efforts to
detect, identify, and quantify all of the chromatographic peaks. Library search algorithms are com-
monly provided with mass spectrometer data systems with the purpose to assist in the identification
of unknown compounds [43].

However, as is well known, compounds such as isomers, when analyzed by means of GC-MS,
can be incorrectly identified, a drawback that is often observed in essential oil analysis. As is widely
acknowledged, the composition of essential oils is mainly represented by terpenes, which generate
very similar mass spectra; hence, a favorable match factor is not sufficient for identification, and
peak assignment becomes a difficult, if not impracticable, task (Figure 7.1). In order to increase
the reliability of the analytical results and to address the qualitative determination of compositions
of complex samples by GC-MS, retention indices can be an effective tool. The use of retention
indices in conjunction with the structural information provided by GC-MS is widely accepted and
routinely used to confirm the identity of compounds. Besides, retention indices when incorporated
to MS libraries can be applied as a filter, thus shortening the search routine for matching results and
enhancing the credibility of MS identification [44].

According to Joulain and Ko6nig [45], provided data contained in mass spectral libraries have
been recorded using authentic samples, it can be observed that the mass spectrum of a given ses-
quiterpene is usually sufficient to ensure its identification when associated with its retention index
obtained on methyl silicone stationary phases. Indeed, for the aforecited class of compounds, there
would be no need to use a polyethylene glycol phase, which could even lead to misinterpretations
caused by possible changes in the retention behavior of sesquiterpene hydrocarbons as a result of
column aging or deterioration. Moreover, according to the authors, attention should be paid to the
retention index and the mass spectrum registration of each individual sesquiterpene, since many
compounds with rather similar mass spectra elute in a narrow range; more than 160 compounds can
elute within 100 retention index units on a methyl silicone—based column, for example, 1400-1500.

7.3.3  Fast GC roRr EsseNTIAL OIL ANALYSIS

Nowadays in daily routine work, apart from increased analytical sensitivity, demands are also made
on the efficiency in terms of speed of the laboratory equipment. Regarding the rapidity of analysis,
two aspects need to be considered: (1) the costs in terms of time required, for example, as is the case
in quality control analysis, and (2) the efficiency of the utilized analytical equipment.

When compared to conventional GC, the primary objective of fast GC is to maintain sufficient
resolving power in a shorter time, by using adequate columns and instrumentation in combination
with optimized run conditions to provide 3—10 times faster analysis times [46—48]. The technique
can be accomplished by manipulating a number of analysis parameters, such as column length,
column internal diameter [ID], stationary phase, film thickness, carrier gas, linear velocity,
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FIGURE 7.1 Representation of the similarity between mass spectra of monoterpenes, sabinene (a) and
p-phellandrene (b), and sesquiterpenes, bicyclogermacrene (c) and germacrene B (d).

oven temperature, and ramp rate. Fast GC is typically performed using short, 0.10 or 0.18 mm ID
capillary columns with hydrogen carrier gas and rapid oven temperature ramp rates. In general,
capillary gas chromatographic analysis may be divided into three groups, based solely on column
internal diameter types: (1) conventional GC when 0.25 mm ID columns are applied, (2) fast GC
using 0.10-0.18 mm ID columns, and (3) ultrafast GC for columns with an ID of 0.05 mm or less.
In addition, GC analyses times between 3 and 12 min can be defined as “fast,” between 1 and 3 min
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as “very fast,” and below 1 min as “ultrafast.” Fast GC requires instrumentation provided with high
split ratio injection systems because of low sample column capacities, increased inlet pressures,
rapid oven heating rates, and fast electronics for detection and data collection [49].

The application of two methods, conventional (30 m x 0.25 mm ID, 0.25 pm d; column) and fast
(10 m x 0.10 mm ID, 0.10 pm d; column), on five different citrus essential oils (bergamot, mandarin,
lemon, bitter oranges, and sweet oranges) has been reported [49]. The fast method allowed the sepa-
ration of almost the same compounds as the conventional analysis, while quantitative data showed
good reproducibility. The effectiveness of the fast GC method, through the use of narrow-bore col-
umns, was demonstrated. An ultrafast GC lime essential oil analysis was also performed on a 5 m X
50 pm capillary column with 0.05 pm stationary phase film thickness [50]. The total analysis time
of this volatile essential oil was less than 90 s; a chromatogram is presented in Figure 7.2.

Another technique, ultrafast module—GC (UFM-GC) with direct resistively heated narrow-bore
columns, has been applied to the routine analysis of four essential oils of differing complexities:
chamomile, peppermint, rosemary, and sage [51]. All essential oils were analyzed by conventional
GC with columns of different lengths: 5 and 25 m, with a 0.25 mm ID, and by fast GC and UFM—
GC with narrow-bore columns (5 m x 0.1 mm ID). Column performances were evaluated and com-
pared through the Grob test, separation numbers, and peak capacities. UFM—-GC was successful
in the qualitative and quantitative analyses of essential oils of different compositions with analysis
times between 40 s and 2 min versus 20—60 min required by conventional GC. UFM-GC allows
to drastically reduce the analysis time, although the very high column heating rates may lead to
changes in selectivity compared to conventional GC, which are more marked than those of classi-
cal fast GC. In a further work, the same researchers [52] stated that in UFM—-GC experiments the
appropriate flow choice can compensate, in part, the loss of separation capability due to the heating
rate increase.

25,000 2 4 . ” N
i 9
6
20,000 |
19
i 27
15,000 s
koy T 1
a
8 . 13
£ 10,000
i 26
5000
g 16 N 30 . s
. 14 28 \31 54436
{L { 7 o 250N bg
3 (|7 9 o
0 b\ Ll«_l WA LN.WJ
_ W =126 ms W;, = 180 ms Wh = 192 ms
j T ' T T T T T T T T T T T .
0 12 24 36 48 60 72 84
Seconds

FIGURE 7.2 Fast gas chromatography analysis of a lime essential oil on a 5 m x 5 mm (0.05 pm film thick-
ness) capillary column, applying fast temperature programming. The peak widths of three components are
marked to provide an illustration of the high efficiency of the column, even under extreme operating conditions
(for peak identification, see Ref. [50]). (From Mondello, L. et al., J. Sep. Sci., 27, 699, 2004. With permission.)
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Besides the numerous fast GC applications on citrus essential oils, other oils have also been sub-
jected to analysis, such as rose oil by means of ultrafast GC [53] and very fast GC [54], both using
narrow-bore columns. Rosemary and chamomile oils have been investigated by means of fast GC on
two short conventional columns of distinct polarity (5 m x 0.25 mm ID) [55]. The latter oil has also
been analyzed through fast HS—SPME-GC on a narrow-bore column [56]. Fast and very fast GC
analyses on narrow-bore columns have also been carried out on patchouli and peppermint oils [57].

7.3.4 GC-OLFACTOMETRY FOR THE ASSESSMENT OF ODOR-ACTIVE
CoMPONENTS OF EsseNTIAL OILS

The discriminatory capacity of the mammalian olfactory system is such that thousands of volatile
chemicals are perceived as having distinct odors. It is accepted that the sensation of odor is trig-
gered by highly complex mixtures of volatile molecules, mostly hydrophobic, and usually occurring
in trace-level concentrations (ppm or ppb). These volatiles interact with odorant receptors of the
olfactive epithelium located in the nasal cavity. Once the receptor is activated, a cascade of events is
triggered to transform the chemical—structural information contained in the odorous stimulus into a
membrane potential [58,59], which is projected to the olfactory bulb and then transported to higher
regions of the brain [60] where the translation occurs.

It is known that only a small portion of the large number of volatiles occurring in a fragrant
matrix contributes to its overall perceived odor [61,62]. Further, these molecules do not contribute
equally to the overall flavor profile of a sample; hence, a large GC peak area, generated by a chemi-
cal detector does not necessarily correspond to high odor intensities, due to differences in intensity/
concentration relationships.

The description of a gas chromatograph modified for the sniffing of its effluent to determine
volatile odor activity was first published by Fuller et al. [63]. In general, GC—olfactometry (GC-O)
is carried out on a standard GC that has been equipped with a sniffing port, also denominated olfac-
tometry port or transfer line, in substitution of, or in addition to, the conventional detector. When
a FID or a mass spectrometer is also used, the analytical column effluent is split and transferred to
the conventional detector and to the human nose. GC-O was a breakthrough in analytical aroma
research, enabling the differentiation of a multitude of volatiles, previously separated by GC, in
odor active and nonodor active, related to their existing concentrations in the matrix under investi-
gation. Moreover, it is a unique analytical technique that associates the resolution power of capillary
GC with the selectivity and sensitivity of the human nose.

GC-O0 systems are often used in addition to either a FID or a mass spectrometer. With regard to
detectors, splitting column flow between the olfactory port and a mass spectral detector provides
simultaneous identification of odor-active compounds. Another variation is to use an in-line, nonde-
structive detector such as a TCD [64] or a photoionization detector [65]. Especially when working
with GC-O systems equipped with detectors that do not provide structural information, retention
indexes are commonly associated to odor description supporting peak assignment.

Over the last decades, GC—-O has been extensively used in essential oil analysis in combination
with sophisticated olfactometric methods; the latter were developed to collect and process GC-O
data and, hence, to estimate the sensory contribution of a single odor-active compound. The odor-
active compounds of essential oils extracted from citrus fruits (Citrus sp.), such as orange, lime, and
lemon, were among the first character impact compounds identified by flavor chemists [66].

GC-0 methods are commonly classified in four categories: dilution, time intensity, detection
frequency, and posterior intensity methods. Dilution analysis, the most applied method, is based
on successive dilutions of an aroma extract until no odor is perceived by the panelists. This pro-
cedure, usually performed by a reduced number of assessors, is mainly represented by combined
hedonic aroma response method (CHARM) [67], developed by Acree et al., and aroma extraction
dilution analysis (AEDA), first presented by Ullrich and Grosch [68]. The former method has been
applied to the investigation of two sweet orange oils from different varieties, one Florida Valencia
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and the other Brazilian Pera [69]. The intensities and qualities of their odor-active components
were assessed. CHARM results indicated for both the oils that the most odor-active compounds
are associated with the polar fraction compounds: straight chain aldehydes (C4—C,,), B-sinensal,
and linalool presented the major CHARM responses. On the other hand, AEDA has been used to
investigate the odor-active compounds responsible for the characteristic odors of yuzu oil (Citrus
Jjunos Sieb. ex Tanaka) [70] and daidai (Citrus aurantium L. var. cyathifera Y. Tanaka) [71] cold-
pressed essential oils.

Time-intensity methods, such as OSME (Greek word for odor), are based on the immediate
recording of the intensity as a function of time by moving the cursor of a variable resistor [72]. An
interesting application of the time-intensity approach was demonstrated for cold-pressed grapefruit
oil [73], in which 38 odor-active compounds were detected and, among these, 22 were considered
as aroma-impact compounds. A comparison between the grapefruit oil gas chromatogram and the
corresponding time-intensity aromatogram for that sample is shown in Figure 7.3.

A further approach, the detection frequency method [74,75], uses the number of evaluators
detecting an odor-active compound in the GC effluent as a measure of its intensity. This GC-O
method is performed with a panel composed of numerous and untrained evaluators; 8—10 asses-
sors are a good agreement between low variation of the results and analysis time. It must be added
that the results attained are not based on real intensities and are limited by the scale of measure-
ment. An application of the detection frequency method was reported for the evaluation of leaf- and
wood-derived essential oils of Brazilian rosewood (A. rosaeodora Ducke) essential oils by means
of enantioselective—GC-0O (Es—GC-O0) analyses [76].

Another GC-O technique, the posterior intensity method [77], proposes the measurement of a
compound odor intensity and its posterior scoring on a previously determined scale. This poste-
rior registration of the perceived intensity may cause a considerable variance between assessors.
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FIGURE 7.3 Gas chromatography—flame ionization detector chromatogram with some components identi-
fied by means of mass spectrometry (top) and a time-intensity aromatogram of grapefruit oil (bottom). The
separation was performed on a polyethylene glycol column (30 m x 0.32 mm ID, 0.25 pm film thickness).
(From Lin, J. and Rouseff, R.L., Flavour Fragr. J., 16, 457, 2001. With permission.)
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The attained results may generally be well correlated with detection frequency method results
and, to a lesser extent, with dilution methods. In the aforementioned research performed on the
essential oils of Brazilian rosewood, this method was also used to give complementary informa-
tion on the intensity of the linalool enantiomers [76].

Other GC-O0 applications are also reported in literature using the so-called peak-to-odor impres-
sion correlation, the method in which the olfactive quality of an odor-active compound perceived
by a panelist is described. The odor-active compounds of the essential oils of black pepper (Piper
nigrum) and Ashanti pepper (Piper guineense) were assessed applying the aforecited correlation
method [78]. The odor profile of the essential oils of leaves and flowers of Hyptis pectinata (L.) Poit.
was also investigated by using the peak-to-odor impression correlation [79].

The choice of the GC-O method is of extreme importance for the correct characterization of a
matrix, since the application of different methods to an identical real sample can distinctly select
and rank the odor-active compounds according to their odor potency and/or intensity. Commonly,
detection frequency and posterior intensity methods result in similar odor intensity/concentration
relationships, while dilution analysis investigate and attribute odor potencies.

7.3.5 GAs CHROMATOGRAPHIC ENANTIOMER CHARACTERIZATION OF ESSENTIAL OiLs

Capillary GC is currently the method of choice for enantiomer analysis of essential oils, and Es—GC
has become an essential tool for stereochemical analysis mainly after the introduction of cyclodex-
trin (CD) derivatives as chiral stationary phases (CSPs) in 1983 by Sybilska and Koscielski, at the
University of Warsaw, for packed columns [80], and is applied to capillary columns in the same
decade [81,82]. Moreover, Nowotny et al. first proposed diluting CD derivatives in moderately polar
polysiloxane (OV-1701) phases to provide them with good chromatographic properties and a wider
range of operative temperatures [83].

The advantage on the application of Es—GC lies mainly in its high separation efficiency and
sensitivity, simple detection, unusually high precision and reproducibility, and also the need for a
small amount of sample. Moreover, its main use is related with the characterization of the enan-
tiomeric composition and the determination of the enantiomeric excess (ee) and/or ratio (ER) of
chiral research chemicals, intermediates, metabolites, flavors and fragrances, drugs, pesticides,
fungicides, herbicides, pheromones, and so on. Information on ee or ER is of great importance to
characterize natural flavor and fragrance materials, such as essential oils, since the obtained values
are useful tools, or even “fingerprints,” for the determination of their quality, applied extraction
technique, geographic origin, biogenesis, and also authenticity [84].

A great number of essential oils have already been investigated by means of Es—GC using dis-
tinct CSPs; unfortunately, a universal chiral selector with widespread potential for enantiomer
separation is not available, and thus effective optical separation of all chiral compounds present
in a matrix may be unachievable on a single chiral column. In 1997, Bicchi et al. [85] reported
the use of columns that addressed particular chiral separations, noting that certain CSPs prefer-
entially resolved certain enantiomers. Thus, a 2,3-di- O-ethyl-6-O-tert-butyldimethylsilyl-B-CD on
polymethylphenylsiloxane (PS086) phase allowed the characterization of lavender and citrus oils
containing linalyl oxides, linalool, linalyl acetate, borneol, bornyl acetate, a-terpineol, and cis- and
trans-nerolidol. On the other hand, peppermint oil was better analyzed by using a 2,3-di-O-methyl-
6-O-tert-butyldimethylsilyl-f-CD on PS086 phase, and especially for a- and B-pinene, limonene,
menthone, isomenthone, menthol, isomenthol, pulegone, and methyl acetate. Konig [86] performed
an exhaustive investigation of the stereochemical correlations of terpenoids, concluding that when
using a heptakis (6-O-methyl-2,3-di-O-penthyl)-B-CD and octakis (6-O-methyl-2,3-di-O-penthyl)-
v-CD in polysiloxane, the presence of both enantiomers of a single compound is common for mono-
terpenes, less common for sesquiterpenes, and never observed for diterpenes.

Substantial improvements in chiral separations have been extensively published in the field
of chromatography. At present, over 100 stationary phases with immobilized chiral selectors are
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available [22], presenting increased stability and extended lifetime. It can be affirmed that enanti-
oselective chromatography has now reached a high degree of sophistication. To better characterize
an essential oil, it is advisable to perform Es—GC analysis on at least two, or better three, columns
coated with different CD derivatives. This procedure enables the separation of more than 85% of
the racemates that commonly occur in these matrices [87], while the reversal of enantiomer elution
order can take place in several cases. The analyst must be aware of some practical aspects prior to
an Es—GC analysis: as is well accepted, variations in linear velocity can affect the separation of
enantiomeric pairs; resolution (Rg) can be improved by optimizing the gas linear velocity, a fac-
tor of high importance in cases of difficult enantiomer separation. Satisfactory resolution requires
R¢ > 1, and baseline resolution is obtained when Rg > 1.5 [88]. Resolution can be further improved
by applying slow temperature ramp rates (1°C—2°C/min is frequently suggested). Moreover, accord-
ing to the CSP used, the initial GC oven temperature can affect peak width; initial temperatures of
35°C-40°C are recommended for the most column types. Furthermore, attention should be devoted
to the column sample capacity, which varies with different compounds, overloading results in broad
tailing peaks and reduced enantiomeric resolution. The troublesome separation and identification
of enantiomers due to the fact that each chiral molecule splits into two chromatographic signals,
for each existing stereochemical center, are also worthy of note. As a consequence, the increase in
complexity of certain regions of the chromatogram may lead to imprecise ee and/or ER values. In
terms of retention time repeatability, and also reproducibility, it can be affirmed that good results
are being achieved with commercially available chiral columns.

The retention index calculation of optically active compounds can be considered as a trouble-
some issue due to complex inclusion complexation retention mechanisms on CD stationary phases;
if a homologous series, such as the n-alkanes, is used, the hydrocarbons randomly occupy posi-
tions in the chiral cavities. As a consequence, n-alkanes can be considered as unsuitable for reten-
tion index determinations. Nevertheless, other reference series can be employed on CD stationary
phases, such as linear chain FAMEs and FAEEs. However, retention indices are seldom reported for
optically active compounds, and publications refer to retention times rather than indices.

The innovations in Es—GC analysis have concerned not only the development and applications
of distinct CSPs but also the development of distinct enantioselective analytical techniques, such
as Es—GC-MS, Es—-GC-O0, enantioselective multidimensional GC (Es—-MDGC), Es—-MDGC-MS,
Es—GC hyphenated to isotopic ratio mass spectrometry (Es—GC-IRMS), and Es—-MDGC-IRMS.

It is obvious that an enantioselective separation in combination with MS detection presents the
additional advantage of qualitative information. Notwithstanding, a difficulty often encountered is
that related to peak assignment, due to the similar fragmentation pattern of isomers. The reliabil-
ity of Es—GC-MS results can be increased by using an effective tool, retention indices. It can be
assumed that in the enantioselective recognition of optically active isomers in essential oils, mass
spectra can be exploited to locate the two enantiomers in the chromatogram, and the LRI, when
possible, enables their identification [89]. In addition, the well-known property of odor activity
recognized for several isomers can be assessed by means of Es—GC-MS-O and can represent an
outstanding tool for precise enantiomer characterization (Figure 7.4).

As demonstrated by Mosandl and his group [90], Es—GC-O is a valid tool for the simultaneous
stereodifferentiation and olfactive evaluation of the volatile optically active components present in
essential oils. It is worthwhile to point out that the preponderance of one of the enantiomers, defined
by the ee, results in a characteristic aroma [91] and is of great importance for the olfactive charac-
terization of the sample.

7.3.6 LC aAND LC HYPHENATED TO MS IN THE ANALYSIS OF ESSENTIAL OiLs

Some natural complex matrices do not need sample preparation prior to GC analysis, for exam-
ple, essential oils. The latter generally contain only volatile components, since their preparation is
performed by SD. Citrus oils, extracted by cold-pressing machines, are an exception, containing
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FIGURE 7.4 Representation of the mass spectra similarity of p-citronellol enantiomers.

more than 200 volatile and nonvolatile components. The volatile fraction represents 90%—-99% of
the entire oil and is represented by mono- and sesquiterpene hydrocarbons and their oxygenated
derivatives, along with aliphatic aldehydes, alcohols, and esters; the nonvolatile fraction, constitut-
ing 1%-10% of the oil, is represented mainly by hydrocarbons, fatty acids, sterols, carotenoids,
waxes, and oxygen heterocyclic compounds (coumarins, psoralens, and polymethoxylated flavones
[PMFs]) [92].

In some specific cases, the information attained by means of GC is not sufficient to characterize
a citrus essential oil, and the analysis of the nonvolatile fraction can be required. Oxygen heterocy-
clic compounds, which are a distinct class of flavonoids, can have an important role in the identifica-
tion of a cold-pressed oil and in the control of both quality and authenticity [92-95]. The analysis
of these compounds is usually performed by means of LC, also referred to as high-performance LC
(HPLC), in normal (NP-HPLC) or reversed-phase (RP-HPLC) applications. The former method,
commonly used when the analytes of interest are slightly polar, separates analytes based on polar-
ity by using a polar stationary phase and a nonpolar mobile phase. The degree of adsorption on the
polar stationary phase increases on the basis of analyte polarity, and the extension of this interaction
has a great influence on the elution time. In general, the interaction strength is related to the nature
of the analyte functional groups and to steric factors. On the other hand, RP-HPLC is based on the
use of a nonpolar stationary phase and an aqueous, moderately polar mobile phase. Retention times
are therefore shorter for polar molecules, which elute more readily. Moreover, retention times are
increased by the addition of a polar solvent to the mobile phase and decreased by the addition of a
more hydrophobic solvent.

The online coupling of two columns in the NP-HPLC analysis of bitter orange essential oils
with UV detection has been reported: a p-Porasil (30 cm x 3.9 mm ID, with 10 pm particle size,
Waters Corporation, Milford, CT) and a Zorbax silica (25 cm x 4.6 mm ID, with 7 pm particle size,
Phenomenex, Bologna, Italy). A large number of cold-pressed Italian and Spanish, commercial,
and laboratory-made oils and also mixtures of bitter orange with sweet orange, lemon, lime, and
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FIGURE 7.5 High-performance liquid chromatography of Italian genuine bitter orange oil. For peak identi-
fication, refer to the text (I.S.—Internal Standard). (From Dugo, P. et al., J. Agric. Food Chem., 44, 544, 1996.
With permission.)

grapefruit oils were analyzed [93]. A total of four coumarins (osthol [1], meranzin [5], isomer-
anzin [6], and meranzin hydrate [14]), three psoralens (bergapten [2], epoxybergamottin [3], and
epoxybergamottin hydrate [13]), and four PMFs (tangeretin [8], heptamethoxyflavone [9], nobiletin
[10], and tetra-O-methylscutellarein [11]) were identified. In addition, further three unidentified
coumarins (peaks 4, 7, and 12) were detected. The bracketed numbers refer to those in Figure 7.5.
In general, Italian essential oils exhibited a higher content of oxygen heterocyclic compounds than
the Spanish oils. The use of NP- and RP-HPLC with microbore columns and UV detection has
also been reported for lemon and bergamot [96] and bitter orange and grapefruit [97] essential oils.
Orange and mandarin essential oils have also been analyzed by NP- and RP-HPLC, but with UV
and spectrofluorimetric detection in series [98]. For the identification of chromatographic peaks of
all the aforementioned oils, a preparative HPLC was used; the purified fractions were then analyzed
by GC-MS and HPLC-MS.

The oxygen heterocyclic compounds present in the nonvolatile residue of citrus essential oils
have also been extensively investigated by means of HPLC—atmospheric pressure ionization—mass
spectrometry (HPLC—-API-MS) [99]. The mass spectra obtained at different voltages of the “sample
cone” have been used to build a library. Citrus essential oils have been analyzed with this system,
using an optimized NP-HPLC method, and the mass spectra were compared with those of the
laboratory-constructed library. This approach allowed the rapid identification and characterization
of oxygen heterocyclic compounds of citrus oils, the detection of some minor components for the
first time in some oils, and also the detection of authenticity and possible adulteration.

Apart from citrus oils, other essential oils have also been analyzed by means of LC, such as the
blackcurrant bud essential oil [100]. The latter was fractionated into hydrocarbons and oxygenated
compounds, and the two fractions were submitted for RP-HPLC analysis. Volatile carbonyls consist
of some of the most important compounds for the blackcurrant flavor and, hence, were analyzed in
detail. The carbonyls were converted into 2,4-dinitrophenylhydrazones and the mixture of 2,4-dini-
trophenylhydrazones was separated into derivatives of keto acids and monocarbonyl and dicarbonyl
compounds. Each fraction was submitted to chromatographic investigation.
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7.3.7  MuULTIDIMENSIONAL GAS CHROMATOGRAPHIC TECHNIQUES

In spite of the considerable instrumental advances made, the detection of all the constituents of an
essential oil is an extremely difficult task. For example, gas chromatograms relative to complex
mixtures are characterized frequently by several overlapping compounds: well-known examples
are octanal and a-phellandrene, as well as limonene and 1,8-cineol, on 5% diphenyl-95% dimeth-
ylpolysiloxane stationary phases, while insufficient resolution is observed between citronellol and
nerol or geraniol and linalyl acetate. On the other hand, the overlapping of monoterpene alcohols
and esters with sesquiterpene hydrocarbons is frequently reported on polyethylene glycol stationary
phases [101]. Hence, the direct identification of a component in such mixtures can be a cumbersome
challenge. The use of MDGC can be of great help in complex sample analysis. In MDGC, key frac-
tions of a sample are selected from the first column and reinjected onto a second one, where ideally,
they should be fully resolved. The instrumentation usually involves the use of a switching valve
arrangement and two chromatographic columns of differing polarities, but generally of identical
dimensions. Furthermore, when heart-cut operations are not carried out, the primary column elutes
normally in the first dimension (D) GC system, while heart-cut fractions are chromatographically
resolved on the secondary column [102]. The capillaries employed can be operated in either a single
or two distinct GC ovens, with both GC systems commonly equipped with detectors.

The use of MDGC has also been described in a wide range of Es—GC applications [103], involv-
ing the use of chiral selectors as the stationary phase for the determination of ee and/or ER as well
as for adulteration assessments.

A fully automated, multidimensional, double-oven GC-GC system has been presented by
Mondello et al. The system is based on the use of mechanical valves that allow the automatic mul-
tiple transfers of different fractions from the precolumn to the analytical one, and the analysis of
all transferred fractions during the same gas chromatographic run. A system of pneumatic valves
emitted pressure variations in order to maintain constant retention times in the precolumn, even
after numerous transfers. In addition, when the system was not applied in the multidimensional con-
figuration, the two gas chromatographs could be operated independently. The system has been used
for the determination of the enantiomeric distribution of monoterpene hydrocarbons and monoter-
pene alcohols in the essential oils of lime [104], mandarin [105], and lemon [106]. In Figure 7.6, the
analysis of the latter oil is outlined to illustrate the technique: the chromatogram of the lemon oil
obtained on an SE-52 column with the system in standby position is shown in Figure 7.6a, while the
one attained with the system in the cut position is illustrated in Figure 7.6b. Figure 7.6¢c shows the
chiral separation of the fractions transferred to the main analytical column. Well-resolved peaks of
components present in large amounts, and also of the minor compounds, were attained through the
partial transfer of the major concentration components.

MDGC is a useful approach for the fractionation of compounds of particular interest in a spe-
cific sample; one of its major application areas is chiral analysis, using a conventional column as
'D and a CSP capillary in the second dimension (?D). Es~sMDGC analysis has been used for the
direct enantioselective evaluation of limonene in Rutaceae and Gramineae essential oils [107]. It is
noteworthy that (4R)-(+)-limonene of high ee values were found in Rutaceae oils, such as bergamot,
orange, mandarin, lemon, or lime oils, while the (45)-(—)-isomer was present in higher amounts in
the Gramineae oils, such as citronella or lemongrass. The ratios of a-pinene and B-pinene enantio-
mers were also taken into consideration.

The use of Es—-MDGC using a primary polyethylene glycol stationary phase, and a secondary
heptakis (2,3-di- O-acetyl-6-O-tert-butyldimethylsylil)-f-cyclodextrin, has been applied to rose oils.
The technique proved to be highly efficient for the assessment of origin and quality control of eco-
nomically important rose oil, using (35)-(-)-citronellol and (2S,4R)-(-)-cis- and trans-rose oxides
as markers [108]. Buchu leaf oil has also been assessed through Es—MDGC, and (1S5)-menthone,
isomenthone, (15)-pulegone, (15)-thiols, and (15)-thiolacetates as enantiopure sulfur compounds
[109]. A further application was reported on mint and peppermint essential oils, which contain
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FIGURE 7.6 Gas chromatography (GC) of cold-pressed lemon oil obtained on an SE-52 column (a), GC
chromatogram of cold-pressed lemon oil obtained on an SE-52 column with five heart cuts (b), and GC-GC
chiral chromatogram of the transferred components (c). (From Mondello, L. et al., J. High Res. Chromatogr.,
22,350, 1999. With permission.)
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(1R)-configured monoterpenoids [110]. Es—~MDGC equipped with a 5% diphenyl-95% dimethylpo-
lysiloxane and a 2,3-di-O-methyl-6-O-tert-butyldimethylsilyl-p-CD, as the 'D and 2D, respectively,
enabled the simultaneous stereodifferentiation of menthone, neomenthol, isomenthone, menthol,
neoisomenthol, and menthylacetate.

The technique has also been successfully applied to the authenticity assessment of various com-
mercially available rosemary oils [111]. The ER of a-pinene, camphene, f-pinene, limonene, bor-
neol, terpinen-4-ol, a-terpineol, linalool, and camphor were measured; moreover, (15)-(—)-borneol
of high enantiomeric purity (higher than 90%) has been defined as a reliable indicator of genuine
rosemary oils. A recently created high-performance MDGC system has been recently used in this
specific field of essential oil research [111]. A conventional method and a fast MDGC method were
developed and applied to the enantioselective analysis of rosemary oil. Prior to “heart cutting,”
a “standby” analysis was carried out in order to define the retention time cutting windows of the
chiral components to be reanalyzed in the ?D; retention time windows of eight peaks were defined.
The nine peaks (camphene, f-pinene, sabinene, limonene, camphor, isoborneol, borneol, terpinen-
4-ol, and a-terpineol) were then cut and transferred. It must be added that, in some cases, only a
portion of the entire peak, that is, limonene, was diverted onto the secondary column. The fast
MDGC method was applied on a twin set of 0.1 mm ID microbore columns with the objective of
reproducing the conventional analytical result in a much shorter time (Figure 7.7). The overall run
time requested for the conventional analysis was 43 min, while it was 8.7 min for the fast MDGC
application, with a speed gain of nearly a factor of 5.

MDGC heart-cutting methods, using valve and valveless flow switching interfaces, extend the
separation power of capillary GC, although the 2D analysis can only be restricted to a few regions of
the chromatogram. In order to attain a complete 2D characterization of a sample, a comprehensive
approach, such as comprehensive 2D GC (GC x GC), has to be used.

GC x GC produces an orthogonal two-column separation, with the complete sample transfer
achieved by means of a modulator; the latter entraps, refocuses, and releases fractions of the GC
effluent from the 'D, onto the 2D column, in a continuous mode; this method enables an accurate
screening of complex matrices, offering very high resolution and enhanced detection sensitivity
[112,113]. The two columns must possess different separation mechanism, commonly a low polarity
or nonpolar column is used in the 'D, and a polar column is used as the fast 2D column. Moreover, a
2D separation can be defined as comprehensive if other two conditions are respected [114,115]: equal
percentages (either 100% or less) of all sample components pass through both columns and eventu-
ally reach the detector and the resolution obtained in the 'D is essentially maintained.

One of the first applications of GC x GC to essential oils was performed by Dimandja et al. [116],
who investigated the separation of peppermint (Mentha piperita) and spearmint (Mentha spicata)
essential oil components. The latter oil is mainly characterized by four major components, that is,
carvone, menthol, limonene, and menthone, while the former is mainly represented by menthol,
menthone, menthylacetate, and eucalyptol. Both essential oils were considered as being of moder-
ate complexity, containing <100 sample components. The GC x GC system used in this research
was composed of a GC equipped with a thermal modulation unit (Zoex Corporation, Lincoln,
Nebraska), illustrated in Figure 7.8. The thermal modulation cycle is a three-step process, involving
sample accumulation, focusing, and acceleration stages. The column set used was composed of a
nonpolar column (1 m x 100 pm ID, 3.5 pm d,) in the 'D and one of intermediate polarity (2 m x
100 pm ID, 0.5 pm d,) in the 2D, connected by a press fit. A two- to threefold increase in separation
power was obtained for the GC x GC analyses of both mint oils; peppermint essential oil was found
to contain 89 identifiable peaks by GC x GC compared to 30 peaks in GC—MS, while in the spear-
mint oil, 68 peaks were detected by GC x GC and 28 by means of GC-MS. The simple alignment
of the 2D retention times of the investigated oils revealed that both have 52 components in common,
as opposed to 18 matches by monodimensional GC.

GC x GC analyses of essential oils of high complexity have also been carried out, such as of
vetiver oil (Vetiver zizanioides) [117]. The work was performed on a gas chromatographic system
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FIGURE 7.7 A 4.5 min chromatogram expansion relative to the rosemary analysis using fast multidimen-
sional gas chromatography (MDGC) with the transfer system in standby position (top); tricyclene (peak A),
a-phellandrene (peak B), unknown (peak C), a-terpinolene (peak D), and bornyl acetate (peak E). A 5 min
’D chromatogram expansion relative to the rosemary oil application using fast MDGC (bottom); the peak
numbers refer to camphene (1), f-pinene (2), sabinene (3), limonene (4), camphor (5), isoborneol (6), borneol
(7), terpinen-4-ol (8), and a-terpineol (9). (From Mondello, L. et al., J. Chromatogr. A, 1105, 11, 2006. With
permission.)

(6890GC, Agilent Technologies, Santa Clara, CA) retrofitted to a longitudinally modulated cryo-
genic system (LMCS, Chromatography Concepts, Doncaster, Victoria, Australia). In Figure 7.9,
a schematic diagram of the cryotrap is presented; the columns are anchored with retaining nuts
to the support frame so that the trap can move up and down along the column, its movement is
controlled by a stepper motor. Liquid cryogen is supplied to the inlet of the trap, passing through a
narrow restrictor and expanding to cool the body of the trap. A secondary, small flow of nitrogen
passing through the center of the body prevents the buildup of ice that would otherwise freeze
the column to the trap [118]. Analysis was performed on a 5% phenyl-95% dimethylpolysiloxane
'D column (25 m x 0.25 mm ID, 0.25 pm d;) connected to a 50% phenyl-50% dimethylpolysi-
loxane 2D column (0.8 m x 0.1 mm ID, 0.1 pm d;), applying a modulation frequency of 4 s cycle.
About 200 compounds could be detected by means of GC x GC analysis. The authors reported that
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FIGURE 7.8 Top-view scheme of the thermal modulator. The arrows marked as x, and x, indicate the length
of the modulator tube. The rotating heater is in position a priori to each modulation cycle. Its counterclockwise
movement (from position A to B) over the modulator tube produces the thermal modulation. (From Dimandja,
J.M.D. et al., J. High Resolut. Chromatogr., 23, 208, 2000. With permission.)
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FIGURE 7.9 Scheme of the longitudinally modulated cryogenic system located inside a gas chromatography
oven. (From Marriott, P. et al., Flavour Fragr. J., 15, 225, 2000. With permission.)

the GC-MS analysis of vetiver oil, with peak deconvolution, would still not have been sufficient
for the identification of coeluting substances.

French lavender (Lavandula angustifolia) and tea tree (Melaleuca alternifolia) essential oils were
also submitted to GC x GC analyses using a nonpolar (5% phenyl-95% dimethylpolysiloxane)—polar
(polyethylene glycol) column set [119]. The work, developed using an LMCS, enabled the determina-
tion of elution patterns within the 2D space useful for the correlation of component retention behavior
with their chemical and structural properties. The GC x GC approach provides higher sensitivity,
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FIGURE 7.10 Comparison of (a) monodimensional gas chromatography (GC) and (b) pulsed GC x GC result
for tea tree oil; both chromatograms are shown at identical sensitivity. (From Shellie, R. et al., J. High Resolut.
Chromatogr., 23, 554, 2000. With permission.)

greater peak resolution, and capacity, as well as an essential oil fingerprint pattern. The enhanced
peak capacity and sensitivity of GC x GC in the tea tree oil application can be observed in the con-
ventional GC and untransformed GC x GC chromatograms illustrated in Figure 7.10.

Lavender essential oil has been further investigated by means of GC x GC retrofitted with an
LMCS and hyphenated to time-of-flight mass spectrometry (GC x GC-TOFMS), thus generat-
ing a 3D analytical approach [120]. The authors outlined that the vacuum effect on the 2D col-
umn in GC x GC-TOFMS may generate differing retention times with respect to an equivalent
analysis performed on a GC x GC system at ambient pressure conditions. Lavender essential
oil was further investigated through the comparison of GC-MS and GC x GC analyses [121],
as illustrated in Figure 7.11. At least 203 components were counted in the 2D separation space,
which was characterized by a well-defined monoterpene hydrocarbon region, and a sesquiter-
pene hydrocarbon area. The oxygenated derivatives of both these groups generally elute closely
after the main group in the 'D, but due to their wide range of component polarities, these are
found to spread throughout a broader region of the 2D plane. According to the authors, by using
GC x GC, the detection of subtle differences in the analyses of lavender essential oils from dif-
ferent cultivars should be simplified, since it could be based on a 2D pictorial representation of
the volatile components.

Further relevant essential oil investigations have been performed: the early works using FID,
while the more recent ones using, preferably, a TOFMS as detector. Among the essential oils previ-
ously studied by means of GC x GC are peppermint [122] and Australian sandalwood [123], with
the latter also analyzed through GC x GC-TOFMS in the same work. Essential oils derived from
Thymbra spicata [124], Pistacia vera [125], hop [126], Teucrium chamaedrys [127], Rosa dama-
scena [128], coriander [129], and Artemisia annua [130], as well as tobacco [131], have also been
subjected to GC x GC-TOFMS analyses. The references cited herein represent only a fraction of
the studies performed by means of GC x GC on essential oils.
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FIGURE 7.11 Reconstructed gas chromatographic trace for a lavender essential oil (a) and the 2D separation
space for the 2D gas chromatography analysis of the same sample (b). The minor component Z overlaps com-
pletely from the major component Y in the 'D. M, monoterpene hydrocarbons; S, sesquiterpene hydrocarbons.
(From Shellie, R. et al., J. Chromatogr. A, 970, 225, 2002. With permission.)

7.3.8  MUuLTIDIMENSIONAL LIQUID CHROMATOGRAPHIC TECHNIQUES

HPLC has acquired a role of great importance in food analysis, as demonstrated by the wide variety
of applications reported. Single—L.C column chromatographic processes have been widely applied
for sample profile elucidation, providing satisfactory degrees of resolving power; however, when-
ever highly complex samples require analysis, a monodimensional HPLC system can prove to be
inadequate. Moreover, peak overlapping may occur even in the case of relatively simple samples,
containing components with similar properties.

The basic principles of MDGC are also valid for multidimensional LC (MDLC). The most com-
mon use of MDLC separation is the pretreatment of a complex matrix in an off-line mode. The off-
line approach is very easy, but presents several disadvantages: it is time-consuming, operationally
intensive, and difficult to automate and to reproduce. Moreover, sample contamination or forma-
tion of artifacts can occur. On the other hand, on-line MDLC, though requiring specific interfaces,
offers the advantages of ease of automation and greater reproducibility in a shorter analysis time.
In the online heart-cutting system, the two columns are connected by means of an interface, usu-
ally a switching valve, which allows the transfer of fractions of the first column effluent onto the
second column.

In contrast to comprehensive GC (GC x GC), the number of comprehensive LC (LC x LC)
applications reported in literature is much less. It can be affirmed that LC x LC presents a greater
flexibility when compared to GC x GC since the mobile phase composition can be adjusted in order
to obtain enhanced resolution [132]. Comprehensive HPLC systems, developed, and applied to the
analysis of food matrixes, have employed the combination of either NP x RP or RP x RP separation
modes. However, it is worthy of note that the two separation mechanisms exploited should be as
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orthogonal as possible, so that no or little correlation exists between the retention of compounds in
both dimensions.

A typical comprehensive 2D HPLC separation is attained through the connection of two col-
umns by means of an interface (usually a high-pressure switching valve), which entraps specific
quantities of 'D eluate and directs it onto a secondary column. This means that the first column
effluent is divided into “cuts” that are transferred continuously to the 2D by the interface. The type
of interface depends on the methods used, although multiport valve arrangements have been the
most frequently employed.

Various comprehensive HPLC systems have been developed and proven to be effective for the
separation of complex sample components, and in the resolution of a number of practical problems.
In fact, the very different selectivities of the various LC modes enable the analysis of complex
mixtures with minimal sample preparation. However, comprehensive HPLC techniques are compli-
cated by the operational aspects of switching effectively from one operation step to another, by data
acquisition and interpretation issues. Therefore, careful method optimization and several related
practical aspects should be considered.

In the most common approach, a microbore LC column in the 'D and a conventional column in
the 2D are used. In this case, an 8-, 10-, or 12-port valve equipped with two sample loops (or trap-
ping columns) is used as an interface. A further approach foresees the use of a conventional LC
column in the 'D and two conventional columns in the 2D. One or two valves that allow transfers
from the first column to two parallel secondary columns (without the use of storage loops) are used
as interface.

One of the best examples of the application of comprehensive NPLC x RPLC in essential oil
analysis is represented by the analysis of oxygen heterocyclic components in cold-pressed lemon
oil, by using a normal phase with a microbore silica column in the 'D and a monolithic C18 column
in the 2D with a 10-port switching valve as interface [133]. In Figure 7.12, an NPLC x RPLC sepa-
ration of the oxygen heterocyclic fraction of a lemon oil sample is presented. Oxygen heterocyclic
components (coumarins, psoralens, and PMFs) represent the main part of the nonvolatile fraction of
cold-pressed citrus oils. Their structures and substituents have an important role in the characteriza-
tion of these oils. Positive peak identification of these compounds was obtained both by the relative
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FIGURE 7.12 Comprehensive normal-phase (adsorption) liquid chromatography (LC) x reversed-phase LC
separation of the oxygen heterocyclic fraction of a lemon oil sample (for peak identification, see Ref. [133]).
(From Dugo, P. et al., Anal. Chem., 73, 2525, 2004. With permission.)
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location of the peaks in the 2D plane, which varied in relation to their chemical structure, and by
characteristic UV spectra. In a later experiment, a similar setup was used for a citrus oil extract
composed of lemon and orange oil [134]. The main difference with respect to the earlier published
work [133] was the employment of a bonded-phase (diol) column in the 'D. Under optimized LC
conditions, the high degree of orthogonality between the NP and RP systems tested resulted in
increased 2D peak capacity.

A novel approach for the analysis of carotenoids, pigments mainly distributed in plant-derived
foods, especially in orange and mandarin essential oils, has been recently developed by Dugo et al.
[135,136]. In terms of structures, food carotenoids are polyene hydrocarbons, characterized by a C,,
skeleton that derives from eight isoprene units. They present an extended conjugated double-bond
system that is responsible for the yellow, orange, or red colors in plants and are notable for their
wide distribution, structural diversity, and various functions. Carotenoids are usually classified in
two main groups: hydrocarbon carotenoids, known as carotenes (e.g., f-carotene and lycopene), and
oxygenated carotenoids, known as xanthophylls (e.g., f-cryptoxanthin and lutein). The elucidation of
carotenoid patterns is particularly challenging, because of the complex composition of carotenoids in
natural matrices, their great structural diversity, and their extreme instability. An innovative compre-
hensive dual-gradient elution HPLC system was employed using an NPLC x RPLC setup, composed
of silica and C18 columns in the 'D and 2D, respectively. Free carotenoids in orange essential oil
and juice (after saponification) were identified by combining the 2D retention data with UV-visible
spectra [136] obtained by using a photodiode array detector (DAD) (Figure 7.13). A recent study of
the carotenoid fraction of a saponified mandarin oil has been performed by means of comprehensive
LC, in which a 'D microbore silica column was applied for the determination of free carotenoids,
and a cyanopropyl column for the separation of esters; a monolithic column was used in the 2D [135].
Detection was performed by connecting a DAD system in parallel with an MS detection system oper-
ated in the atmospheric pressure chemical ionization positive-ion mode. Thus, the identification of
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FIGURE 7.13 Contour plot of the comprehensive high-performance liquid chromatography analyses of
carotenoids present in sweet orange essential oil with peaks and compound classes indicated (for peak identi-
fication, see Ref. [136]). (From Dugo, P. et al., Anal. Chem., 78, 7743, 2006. With permission.)
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free carotenoid and carotenoid esters was carried out by combining the information provided by the
DAD and MS systems, and the peak positions in the 2D chromatograms.

7.3.9 ONuNE CourLep LC-GC

The analysis of very complex mixtures is often troublesome due to the variety of chemical classes to
which the sample components belong to and to their wide range of concentrations. As such, several
compounds cannot be resolved by monodimensional GC. In this respect, less complex and more
homogeneous mixtures can be attained by the fractionation of the matrix by means of LC prior to
GC separation. The MDLC-GC approach combines the selectivity of the LC separation with the
high efficiency and sensitivity of GC separation, enabling the separation of compounds with similar
physicochemical properties in samples characterized by a great number of chemical classes.

For the highly volatile components, commonly present in essential oils, the most adequate trans-
fer technique is partially concurrent eluent evaporation [137]. In the latter technique, proposed by
Grob, a retention gap is installed, followed by a few meters of precolumn and the analytical capil-
lary GC column, both with identical stationary phase, for the separation of the LC fractionated
components. A vapor exit is placed between the precolumn and the analytical column, allowing
partial evaporation of the solvent. Hence, column and detector overloading are avoided. This trans-
fer technique can be applied to the analysis of GC components with a boiling point of at least 50°C
higher than the solvent.

The composition of citrus essential oils has been greatly exploited by means of LC—GC, and the
development of new methods for the study of single classes of components has been well reported.
The aldehyde composition in sweet orange oil has been investigated [138], as also industrial citrus
oil mono- and sesquiterpene hydrocarbons [139], and the enantiomeric distribution of monoterpene
alcohols in lemon, mandarin, sweet orange, and bitter orange oils [140,141].

The hyphenation of LC—GC systems to mass spectrometric detectors has also been reported for
the analyses of neroli [142], bitter and sweet oranges, lemon, and petitgrain mandarin oils [143]. It
has to be highlighted that the preliminary LC separation, which reduces mutual component interfer-
ence, greatly simplifies MS identification.

7.4 GENERAL CONSIDERATIONS ON ESSENTIAL OIL ANALYSIS

As evidenced by the numerous techniques described in the present contribution, chromatogra-
phy, especially GC, has evolved into the dominant method for essential oil analysis. This is to be
expected because the complexity of the samples must be unraveled by some type of separation,
before the sample constituents can be measured and characterized; in this respect, GC provides the
greatest resolving power for most of these volatile mixtures.

In the past, a vast number of investigations have been carried out on essential oils, and many
of these natural ingredients have been investigated following the introduction of GC-MS, which
marked a real turning point in the study of volatile molecules. Es—GC also represented a landmark
in the detection of adulterations, and in the cases where the latter technique could fail, GC cor-
related to isotope ratio mass spectrometry (GC-IRMS) by means of a combustion interface has
proved to be a valuable method to evaluate the genuineness of natural product components. In addi-
tion, the introduction of GC-O was a breakthrough in analytical aroma research, enabling the dif-
ferentiation of a multitude of odor-active and non-odor-active volatiles, according to their existing
concentrations in a matrix. The investigation of the nonvolatile fraction of essential oils, by means
of LC and its related hyphenated techniques, contributed greatly toward the progress of the knowl-
edge on essential oils. Many extraction techniques have also been developed, boosting the attained
results. Moreover, the continuous demand for new synthetic compounds reproducing the sensations
elicited by natural flavors triggered analytical investigations toward the attainment of information
on scarcely known properties of well-known matrices.
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8.1 INTRODUCTION

Based on their action on the human senses, plant-derived essential oils have functioned as sources
of food, preservatives, medicines, symbolic articles in religious and social ceremonies, and rem-
edies to modify behavior. In many cases, essential oils and extracts gained widespread acceptance
as multifunctional agents due to their strong stimulation of the human gustatory (taste) and olfac-
tory (smell) senses. Cinnamon oil exhibits a pleasing warm spicy aftertaste, characteristic spicy
aroma, and preservative properties that made it attractive as a food flavoring and fragrance. Four
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millennia ago, cinnamon oil was the principal ingredient of a holy ointment mentioned in Exodus
32:22-26. Because of its perceived preservative properties, cinnamon and cinnamon oil were sought
by Egyptians for embalming. According to Discorides (Discorides, 50 AD), cinnamon was a breath
freshener, would aid in digestion, would counteract the bites of venomous beasts, reduced inflam-
mation of the intestines and the kidneys, and acted as a diuretic. Applied to the face, it was pur-
ported to remove undesirable spots. It is not surprising, then, that in 1000 BC, cinnamon was more
expensive than gold.

It is not unexpected that cultures throughout history ascribed essential oils and extracts with heal-
ing and curative powers, and their strong gustatory and olfactory impacts continue to spur desirable
emotions in humans, resulting in their often considerable economic value and cultural importance.
However, this cultural importance and widespread demand and (when available) use often occurred
with only a limited understanding or acknowledgment of the toxic effects associated with high
doses of these plant products. The natural origin of these products and their long history of use by
humans have, in part, mitigated concerns as to whether these products are efficacious or whether
they are safe under conditions of intended use (Arctander, 1969). The adverse effects resulting from
the human use of pennyroyal oil as an abortifacient or wild germander as a weight control agent are
reminders that no substance is inherently safe independent of considerations of dose. In the absence
of information concerning efficacy and safety, recommendations for the quantity and quality of nat-
ural products, including essential oils, to be consumed as a medicine remain ambiguous. However,
when the intended use is, for example, as a flavor that is subject to governmental regulation, effec-
tive and safe levels of use are defined by fundamental biological limits and careful risk assessment.

Flavors derived from essential oils (heretofore known as flavors) are complex mixtures that
act directly on the gustatory and olfactory receptors in the mouth and nose leading to taste and
aroma responses, respectively. Saturation of these receptors by the individual chemicals within
the flavors occurs at very low levels in animals. Hence, with few exceptions, the effects of flavors
are self-limiting. The evolution of the human diet is tightly tied to the function of these recep-
tors. Taste and aroma not only determine what we eat but often allow us to evaluate the quality of
food and, in some cases, identify unwanted contaminants. The principle of self-limitation taken
together with the long history of use of essential oils as flavors in food creates initial conditions
upon which has been concluded that these complex mixtures are safe under intended conditions of
use. In the United States, the conclusion by the U.S. Food and Drug Administration (21 CFR Sec.
182.10, 182.20, 482.40, and 182.50) that certain oils are “generally recognized as safe” (GRAS)
for their intended use was based, in large part, on these two considerations. In Europe and Asia,
the presumption of “safe under conditions of use” has been bestowed on essential oils based on
similar considerations.

For other intended uses such as dietary supplements or direct food additives, a traditional toxicol-
ogy approach has been used to demonstrate the safety of essential oils. This relies on performing
toxicity tests on laboratory animals, assessing intake and intended use, and determining adequate
margins of safety between estimated daily intake by humans and toxic levels resulting from animal
studies. Given the constantly changing marketplace and the consumer demand for new and interest-
ing products, however, many new intended uses for these complex mixtures are regularly created,
and the exact composition of the essential oil or extract may slightly vary based on processing and
desired characteristics. The resources necessary to test all complex mixtures for each intended use
are simply not economical. Ultimately, for essential oils that are complex mixtures of chemicals
being sold into a competitive marketplace, an approach where each mixture is tested is effective
only when specifications for the composition and purity are clearly defined and adequate quality
controls are in place for the continued commercial use of the oil. In the absence of such specifi-
cations, the results of toxicity testing apply specifically and only to the complex mixture tested.
Recent safety evaluation approaches (Schilter et al., 2003) suggest that a multifaceted decision tree
approach can be applied to prioritize natural products and the extent of data required to demonstrate
safety under conditions of use. The latter approach offers many advantages, both economic as well
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as scientific, over more traditional approaches. Nevertheless, various levels of resource-intensive
toxicity testing of an essential oil are required in this approach.

8.2 CONSTITUENT-BASED EVALUATION OF ESSENTIAL OILS

The chemical constitution of a natural product is fundamental to understanding the product’s
intended use as well as factors that would affect its safety. Recent advances in analytical methodol-
ogy have made intensive investigation of the chemical composition of a natural product economi-
cally feasible and even routine. High-throughput instrumentation necessary to perform extensive
qualitative and quantitative analysis of complex chemical mixtures and to evaluate the variation
in the composition of the mixture is now a reality. In fact, analytical tools needed to chemically
characterize these complex mixtures are becoming more cost effective, while the cost of traditional
toxicology is becoming more cost intensive. Based on the wealth of existing chemical and biological
data on the constituents of essential oils and similar data on essential oils themselves, it is possible
to validate a constituent-based safety evaluation of an essential oil.

As noted earlier, it is scientifically valid to evaluate the safety of a natural mixture based on its
chemical composition. Fundamentally, it is the interaction between one or more molecules in the
natural product and macromolecules (proteins, enzymes, etc.) that yield the biological response,
regardless of whether it is a desired functional effect such as a pleasing taste or a potential toxic
effect such as liver necrosis. Many of the advertised beneficial properties of ephedra are based on
the presence of the central nervous system stimulant ephedrine. So too, the gustatory and olfactory
properties of coriander oil are, in part, based on the binding of linalool, benzyl benzoate, and other
molecules to the appropriate receptors. It is these molecular interactions of chemical constituents
that ultimately determine conditions of use.

8.3 SCOPE OF ESSENTIAL OILS: USED AS FLAVOR INGREDIENTS

8.3.1 PLANT SOURCES

Essential oils, as products of distillation, are mixtures of mainly low-molecular-weight chemical
substances. Sources of essential oils include components (e.g., pulp, bark, peel, leaf, berry, blossom)
of fruits, vegetables, spices, and other plants. Essential oils are prepared from food and nonfood
sources. Many of the approximately 100 essential oils used as flavoring ingredients in food are
derived directly from food (i.e., lemon oil, basil oil, and cardamom oil); far fewer are extracts from
plants that are not normally consumed as food (e.g., cedar leaf oil or balsam fir oil).

Whereas an essential oil is typically obtained by steam distillation of the plant or plant part, an
oleoresin is produced by extraction of the same with an appropriate organic solvent. The same volatile
constituents of the plant isolated in the essential oil are primarily responsible for aroma and taste of the
plant as well as the subsequent extract or oleoresin. Hence, borneol, bornyl acetate, camphor, and other
volatile constituents in rosemary oil can provide a flavor intensity as potent as the mass of dried rose-
mary used to produce the oil. A few exceptions include cayenne pepper, black pepper, ginger, paprika,
and sesame seeds, which contain key nonvolatile flavor constituents (e.g., gingerol and zingerone in
ginger). These nonvolatile constituents are often higher molecular weight, hydrophilic substances that
would be lost during distillation in the preparation of an essential oil, but they remain present in the
oleoresin or extract. For economic reasons, crude essential oils are often produced via distillation at
the source of the plant raw material and subsequently further processed at modern flavor facilities.

8.3.2 PROCESSING OF ESSENTIAL OiLs FOR FLAVOR FUNCTIONS

Because essential oils are a product of nature, environmental and genetic factors will impact the
chemical composition of the plant. Factors such as species and subspecies, geographical location,
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harvest time, plant part used, and method of isolation all affect the chemical composition of the
crude material separated from the plant. Variability in the composition of the crude essential oil as
isolated from nature has been the subject of much research and development since plant yields of
essential oils are major economic factors in crop production.

However, the crude essential oil that arrives at the flavor processing plant is not normally used
as such. The crude oil is often subjected to a number of processes that are intended to increase
purity and to produce a product with the intended flavor characteristics. Some essential oils may be
distilled and cooled to remove natural waxes and improve clarity, while others are distilled more
than once (i.e., rectified) to remove undesirable fractions or to increase the relative content of certain
chemical constituents. Some oils are dry or vacuum distilled. Normally, at some point during pro-
cessing, the essential oil is evaluated for its technical function as a flavor. This evaluation typically
involves analysis (normally by GLC or liquid chromatography) of the composition of the essential
oil for chemical constituents that are markers for the desired technical flavor effect. For an essential
oil such as cardamom oil, levels of target constituents such as terpinyl acetate, 1,8-cineole, and lim-
onene are markers for technical viability as a flavoring substance. Based on this initial assessment,
the crude essential oil may be blended with other sources of the same oil or chemical constituents
isolated from the oil to reach target ranges for key constituent markers that reflect flavor function.
The mixture may then be further rectified by distillation. Each step of the process is driven by fla-
vor function. Therefore, the chemical composition of product to be marketed may be significantly
different from that of the crude oil. Also, the chemical composition of the processed essential oil is
more consistent than that of the crude batches of oil isolated from various plant harvests. The range
of concentrations for individual constituents and for groups of structurally related constituents in an
essential oil are dictated, in large part, by the requirement that target levels of critical flavor impart-
ing constituents—essentially, principal flavor components—must be maintained.

8.3.3 CHemicAL CompOsITION AND CONGENERIC GROUPS

In addition to the key chemical constituents that are the principal flavor components within an
essential oil or extract and that allow the natural complex mixture to achieve the technical flavor
effect, an essential oil found on the market will normally contain many other chemical constituents,
some having little or no flavor function. However, the chemical constituents of essential oils are
not infinite in structural variation. Because they are derived from higher plants, these constituents
are formed via one of four or five major biosynthetic pathways: lipoxygenase oxidation of lipids,
shikimic acid, isoprenoid (terpenoid), and photosynthetic pathways. In ripening vegetables, lipoxy-
genases oxidize polyunsaturated fatty acids, eventually yielding low-molecular-weight aldehydes
(2-hexenal), alcohols (2,6-nonadienol), and esters, many exhibiting flavoring properties. Plant amino
acids phenylalanine and tyrosine are formed via the shikimic acid pathway and can subsequently be
deaminated, oxidized, and reduced to yield important aromatic substances such as cinnamaldehyde
and eugenol. The vast majority of constituents detected in commercially viable essential oils are
terpenes (e.g., hydrocarbons [limonene], alcohols [menthol], aldehydes [citral], ketones [carvone],
acids, and esters [geranyl acetate]) that are formed via the isoprene pathway (Roe and Field, 1965).
Since all of these pathways operate in plants, albeit to different extents depending upon the species,
season, and growth environment, many of the same chemical constituents are present in a wide
variety of essential oils.

A consequence of having a limited number of plant biosynthetic pathways is that structural
variation of chemical constituents in an essential oil is limited. Essential oils typically contain 5-10
distinct chemical classes or congeneric groups. Some congeneric groups, such as aliphatic terpene
hydrocarbons, contain upward of 100 chemically identified constituents. In some essential oils, a
single constituent (e.g., citral in lemongrass oil) or congeneric group of constituents (e.g., hydroxyal-
lylbenzene derivatives, eugenol and eugenyl acetate, in clove bud o0il) comprises the majority of the
mass of the essential oil. In others, no single congeneric group predominates. For instance, although
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eight congeneric groups comprise >98% of the composition of oil of Mentha piperita (peppermint
oil), greater than 95% of the oil is accounted for by three chemical groups: (1) terpene aliphatic and
aromatic hydrocarbons; (2) terpene alicyclic secondary alcohols, ketones, and related esters; and
(3) terpene 2-isopropylidene—substituted cyclohexanone derivatives and related substances.

The formation and members of a congeneric group are chosen based on a combination of struc-
tural features and known biochemical fate. Substances with a common carbon skeletal structure
and functional groups that participate in common pathways of metabolism are assigned to the same
congeneric group. For instance, menthyl acetate hydrolyzes prior to absorption to yield menthol,
which is absorbed and is interconvertible with menthone in fluid compartments (e.g., the blood).
Menthol is either conjugated with glucuronic acid and excreted in the urine or undergoes further
hydroxylation mainly at C8 to yield a diol that is also excreted, either free or conjugated. Despite the
fact that menthyl acetate is an ester, menthol is an alcohol, menthone a ketone, and 3,8-menthane-
diol a diol, they are structurally and metabolically related (Figure 8.1). Therefore, all are members
of the same congeneric group.

In the case of M. piperita, the three principal congeneric groups listed earlier have different met-
abolic options and possess different organ-specific toxic potential. The congeneric group of terpene
aliphatic and aromatic hydrocarbons is represented mainly by limonene and myrcene. The second
and most predominant congeneric group is the alicyclic secondary alcohols, ketones, and related
esters that include d-menthol, menthone, isomenthone, and menthyl acetate. Although the third con-
generic group contains alicyclic ketones similar in structure to menthone, it is metabolically quite
different in that it contains an exocyclic isopropylidene substituent that undergoes hydroxylation
principally at the C9 position, followed by ring closure and dehydration to yield a heteroaromatic
furan ring of increased toxic potential. In the absence of a C4-C8 double bond, neither menthone
nor isomenthone can participate in this intoxication pathway. Hence, they are assigned to a different
congeneric group.

The presence of a limited number of congeneric groups in an essential oil is critical to the organi-
zation of constituents and subsequent safety evaluation of the oil itself. Members of each congeneric
group exhibit common structural features and participate in common pathways of pharmacokinet-
ics and metabolism and exhibit similar toxicologic potential. Recent guidance on chemical group-
ing has been published (OECD, 2014). If the mass of the essential oil (>95%) can be adequately
characterized chemically and constituents assigned to well-defined congeneric groups, the safety
evaluation of the essential oil can be reduced to (1) a safety evaluation of each of the congeneric
groups comprising the essential oil and (2) a sum of the parts evaluation of the all congeneric groups

0]

o)J\ OH
Menthyl acetate Menthol
OH [0}
OH
p-Menthane-3,8-diol Menthone

FIGURE 8.1 Congeneric groups are formed by members sharing common structural and metabolic features,
such as the group of 2-isopropylidene-substituted cyclohexanone derivatives and related substances.
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to account for any chemical or biological interactions between congeneric groups in the essential oil
under conditions of intended use. Validation of such an approach lies in the stepwise comparison
of the dose and toxic effects for each key congeneric group with similar equivalent doses and toxic
effects exhibited by the entire essential oil. Using such an approach, the scientifically independent
but industry-sponsored Expert Panel of the U.S. Flavor and Extract Manufacturers Association
(FEMA) has conducted safety evaluations on a number of natural flavoring complexes, many of
which are essential oils and extracts, under the auspices of the GRAS concept (Smith et al., 2003,
2004). Without question, other approaches have been developed (Meek et al., 2011).

Potential interactions between congeneric groups can, to some extent, be analyzed by an in-depth
comparison of the biochemical and toxicologic properties of different congeneric groups in the
essential oil. For some representative essential oils that have been the subject of toxicology studies,
a comparison of data for the congeneric groups in the essential oil with data on the essential oil
itself (congeneric groups together) is a basis for analyzing for the presence or absence of interac-
tions. Therefore, the impact of interaction between congeneric groups is minimal if the levels of and
endpoints for toxicity of congeneric groups (e.g., tertiary terpene alcohols) are similar to those of
the essential oil (e.g., coriander oil).

Since composition plays such a critical role in the evaluation, analytical identification require-
ments are also critical to the evaluation. Complete chemical characterization of the essential oil
may be difficult or economically unfeasible based on the small volume of essential oil used as a
flavor ingredient. In these few cases, mainly for low-volume essential oils, the unknown fraction
may be appreciable and a large number of chemical constituents will not be identified. However, if
the intake of the essential oil is low or significantly less than its intake from consumption of food
(e.g., thyme) from which the essential oil is derived (e.g., thyme oil), there should be no significant
concern for safety under conditions of intended use. For those cases in which chemical characteriza-
tion of the essential oil is limited but the volume of intake is more significant, it may be necessary to
perform additional analytical work to decrease the number of unidentified constituents or, in other
cases, to perform selected toxicity studies on the essential oil itself. A principal goal of the safety
evaluation of essential oils is that no congeneric groups that have significant human intakes should
go unevaluated.

8.3.4 CHemicAL AssAY REQUIREMENTS AND CHEMICAL DESCRIPTION OF ESSENTIAL O1L

The safety evaluation of an essential oil initially involves specifying the biological origin, physical
and chemical properties, and any other relevant identifying characteristics. An essential oil pro-
duced under good manufacturing practices should be of an appropriate purity (quality), and chemi-
cal characterization should be complete enough to guarantee a sufficient basis for a thorough safety
evaluation of the essential oil under conditions of intended use. Because the evaluation is based
primarily on the actual chemical composition of the essential oil, full specifications used in a safety
evaluation will necessarily include not only information on the origin of the essential oil (commer-
cial botanical sources, geographical sources, plant parts used, degree of maturity, and methods of
isolation) and physical properties (specific gravity, refractive index, optical rotation, solubility, etc.)
but also chemical assays for a range of essential oils currently in commerce.

8.3.4.1 Intake of the Essential Oil

Based on current analytical methodology, it is possible to identify literally hundreds of constituents
in an essential oil and quantify the constituents to part per million levels. But is this necessary or
desirable? From a practical point of view, the level of analysis for constituents should be directly
related to the level of exposure to the essential oil. The requirements to identify and quantify con-
stituents for use of 2,000,000 kg of peppermint oil annually should be far greater than that for use
of 2000 kg of coriander oil or 50 kg of myrrh oil annually. Also, there is a level at which exposure
to each constituent is so low that there is no significant risk associated with intake of that substance.
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A conservative no significant risk level of 1.5 pg/day (0.0015 mg/day or 0.000025 mg/kg/day) has
been adopted by regulatory authorities as a level at which the human cancer risk is below one in one
million—this is commonly referred to as the “threshold of regulation” (FDA, 2005). Therefore, if
consumption of an essential oil results in an intake of a constituent that is less than 1.5 pg/day, there
should be no requirement to identify and quantify that constituent.

Determining the level to which the constituents of an essential oil should be identified depends
upon estimates of intake of food or flavor additives. These estimates are traditionally calculated using
avolume-based or a menu—census approach. A volume-based approach assumes that the total annual
volume of use of a substance reported by an industry is distributed over a portion of the population
consuming that substance. A menu—census approach is based on the concentration of the substance
(essential oil) added to each flavor, the amount of flavor added to each food category, the portion of
food consumed daily, and the total of all exposures across all food types. Although the latter is quite
accurate for food additives consumed at higher levels in a wide variety of food such as food emulsi-
fiers, the former method provides an efficient and conservative approximation of intake, if a fraction
of the total population is assumed to consume all of the substance.

For the World Health Organization (WHO) and the U.S. FDA, intake is calculated using a method
known as the per capita intake (PCI x 10) method, or alternatively known as the maximized survey-
derived intake (MSDI) (Rulis et al., 1984; Woods and Doull, 1991). The MSDI method assumes that
only 10% of the population consumes the total annual reported volume of use of a flavor ingredi-
ent. This approximation provides a practical and cost-effective approach to the estimation of intake
for flavoring substances. The annual volumes of flavoring agents are relatively easy to obtain by
industry-wide surveys, which can be performed on a regular basis to account for changes in food
trends and flavor consumption. A recent poundage survey of U.S. flavor producers was collected
in 2005 and published by FEMA in 2007 (Adams et al., 2007). Similar surveys were conducted in
recent years in Europe (EFFA, 2005) and Japan JFFMA, 2002).

Calculation of intake using the MSDI method has been shown to result in conservative estimates
of intake and thus is appropriate for safety evaluation. Over the last three decades, two comprehen-
sive studies of flavor intake have been undertaken. One involved a detailed dietary analysis (DDA)
of a panel of 12,000 consumers who recorded all foods that they consumed over a 14-day period,
and the flavoring ingredients in each food were estimated by experience flavorists to estimate intake
of each flavoring substance (Hall, 1976; Hall and Ford, 1999). The other study utilized a robust
full stochastic model (FSM) to estimate intake of flavoring ingredients by typical consumers in
the United Kingdom (Lambe et al., 2002). The results of the data-intensive DDA method and the
model-based FSM support the use of PCI data as a conservative estimate of intake.

With regard to essential oils, the MSDI method provides overestimates of intake for oils that
are widely distributed in food. The large annual volume of use reported for essential oils such as
orange oil, lemon oil, and peppermint oil indicate widespread use in a large variety of foods result-
ing in consumption of these oils by significantly more than 10% of the population. Citrus flavor is
pervasive in a multitude of foods and beverages. Therefore, for selected high-volume essential oils,
a simple PCI rather than a per capita x 10 intake may be more appropriate. However, the intake of
the congeneric groups and the group of unidentified constituents for these high-volume oils is still
estimated by the MSDI method.

An alternative approach to MSDI now employed in the evaluation of flavoring substances by
the WHO/UN Food and Agricultural Organization Joint Expert Committee on Food Additives
(JECFA) relies on a modification of the traditional menu—census approach. The JECFA single por-
tion exposure technique (SPET) identifies the highest intake from a single food category and assigns
it as the overall intake for a flavoring substance. This is calculated from the concentration of the
flavoring substance within a food category multiplied by the daily portion size for that food cat-
egory. At JECFA, the highest intake from either MSDI or SPET is now used to assign an intake
to a flavoring substance. JECFA has concluded that both methods, MSDI and SPET, can provide
complementary and useful information regarding the uses of flavoring substances. To date, SPET
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has not been used for the safety evaluation of natural complex mixtures at JECFA, as the flavoring
agent evaluations at JECFA have focused thus far on chemically defined substances.

8.3.4.2 Analytical Limits on Constituent Identification

As described earlier, the analytical requirements for detection and identification of the constituents
of an essential oil are set by the intake of the oil and by the conservative assumption that constituents
with intakes less than 1.5 pg/day will not need to be identified. For instance, if the annual volume
of use of coriander oil in the United States is 10,000 kg, then the estimated daily PCI of the oil is

10,000 kg/year x10° ug/kg
365days/year x 31,000,000 persons

= 883 pgcoriander oil/person/day

Based on the intake of coriander oil (883 pg/day), any constituent present at greater than 0.17%
would need to be chemically characterized and quantified:

1.5ug/day
978 ng/day

x100=0.17%

For the vast majority of essential oils, meeting these characterization requirements does not require
exotic analytical techniques and the identification of the constituents is of a routine nature. However,
what would the requirements be for very high-volume essential oils, such as orange oil, cold pressed
(567,000 kg), or peppermint oil (1,229,000 kg)? In these cases, a practical limit must be applied and
can be justified based on the concept that the intake of these oils is widespread and far exceeds the
10% assumption of MSDI. Based on current analytical capabilities, 0.10% or 0.05% could be used
as a reasonable limit of detection, with the lower level used for an essential oil that is known or sus-
pected to contain constituents of higher toxic potential (e.g., methyl eugenol in basil).

8.3.4.3 Intake of Congeneric Groups

Once the analytical limits for identification of constituents have been met, it is key to evaluate the
intake of each congeneric group from consumption of the essential oil. A range of concentration
of each congeneric group is determined from multiple analyses of different lots of the essential oil
used in flavorings. The intake of each congeneric group is determined from mean concentrations
(%) of constituents recorded for each congeneric group. For instance, for peppermint oil the alicyclic
secondary alcohol/ketone/related ester group may contain (—)-menthol, (—)-menthone, (—)-menthyl
acetate, and isomenthone in mean concentrations of 43.0%, 20.3%, 4.4%, and 0.40%, respectively,
with the result that that congeneric group accounts for 68.1% of the oil. It should be emphasized that
although members in a congeneric group may vary among the different lots of oil, the variation in
concentration of congeneric groups in the oil is relatively small.

Routinely, the daily PCI of the essential oil is derived from the annual volumes reported in indus-
try surveys (NAS, 1965, 1970, 1975, 1982, 1987; Lucas et al., 1999; JFFMA, 2002; EFFA, 2005). If
a conservative estimate of intake of the essential oil is made using a volume-based approach such
that a defined group of constituents are set for each essential oil, target constituents can be moni-
tored in an ongoing quality control program, and the composition of the essential oil can become
one of the key specifications linking the product that is distributed in the marketplace to the chemi-
cally based safety evaluation.

Limited specifications for the chemical composition of some essential oils to be used as food
flavorings are currently listed in the Food Chemicals Codex (FCC, 2013). For instance, the
chemical assay for cinnamon oil is given as “not less than 80%, by volume, as total aldehydes.”
Any specification developed related to this safety evaluation procedure should be consistent with
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already published specifications including FCC and ISO standards. However, based on chemical
analyses for the commercially available oil, the chemical specification or assay can and should
be expanded to

1. Specify the mean of concentrations for congeneric groups with confidence limits that
constitute a sufficient number of commercial lots constituting the vast majority of the oil.

2. Identify key constituents of intake >1.5 pg/day in these groups that can be used to
efficiently monitor the quality of the oil placed into commerce over time.

3. Provide information on trace constituents that may be of a safety concern.

For example, given its most recent reported annual volume (1060 kg) (Harman et al., 2013), it is
anticipated that a chemical specification for lemongrass oil would include (1) greater than 98.7%
of the composition chemically identified; (2) not more than 92% aliphatic terpene primary alco-
hols, aldehydes, acids, and related esters, typically measured as citral; and (3) not more than 15%
aliphatic terpene hydrocarbons, typically measured as myrcene. The principal goal of a chemi-
cal specification is to provide sufficient chemical characterization to ensure safety of the essential
oil from use as a flavoring. From an industry standpoint, the specification should be sufficiently
descriptive as to allow timely quality control monitoring for constituents that are responsible for the
technical flavor function. These constituents should also be representative of the major congeneric
group or groups in the essential oil. Also, monitored constituents should include those that may
be of a safety concern at sufficiently high levels of intake of the essential oil (e.g., pulegone). The
scope of a specification should be sufficient to ensure safety in use but not impose an unnecessary
burden on industry to perform ongoing analyses for constituents unrelated to the safety or flavor of
the essential oil.

8.4 SAFETY CONSIDERATIONS FOR ESSENTIAL OILS,
CONSTITUENTS, AND CONGENERIC GROUPS

8.4.1 EssenTiAL OlLs

8.4.1.1 Safety of Essential Oils: Relationship to Food

The close relationship of natural flavor complexes to food itself has made it difficult to evaluate
the safety and regulate the use of essential oils. In the United States, the Federal Food Drug and
Cosmetic Act recognizes that a different, lower standard of safety must apply to naturally occurring
substances in food than applies to the same ingredient intentionally added to food. For a substance
occurring naturally in food, the act applies a realistic standard that the substance must “... not
ordinarily render it [the food] injurious to health” (21 CFR 172.30). For added substances, a much
higher standard applies. The food is considered to be adulterated if the added substance “... may
render it [the food] injurious to health” (21 CFR 172.20). Essential oils used as flavoring substances
occupy an intermediate position in that they are composed of naturally occurring substances, many
of which are intentionally added to food as individual chemical substances. Because they are con-
sidered neither a direct food additive nor a food itself, no current standard can be easily applied to
the safety evaluation of essential oils.

The evaluation of the safety of essential oils that have a documented history of use in foods
starts with the presumption that they are safe based on their long history of use over a wide range of
human exposures without known adverse effects. With a high degree of confidence, one may pre-
sume that essential oils derived from food are likely to be safe. Annual surveys of the use of flavor-
ing substances in the United States (NAS, 1965, 1970, 1975, 1981, 1987; Lucas et al., 1999; Harman
etal., 2013; 21 CFR 172.510) in part, document the history of use of many essential oils. Conversely,
confidence in the presumption of safety decreases for natural complexes that exhibit a significant
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change in the pattern of use or when novel natural complexes with unique flavor properties enter the
food supply. Recent consumer trends that have changed the typical consumer diet have also changed
the exposure levels to essential oils in a variety of ways. As one example, changes in the use of cin-
namon oil in low-fat cinnamon pastries would alter intake for a specialized population of eaters.
Also, increased international trade has coupled with a reduction in cultural cuisine barriers, leading
to the introduction of novel plants and plant extracts from previously remote geographical loca-
tions. Osmanthus absolute (FEMA No. 3750) and Jambu oleoresin (FEMA No. 3783) are examples
of natural complexes recently used as flavoring substances that are derived from plants not indig-
enous to the United States and not commonly consumed as part of a Western diet. Furthermore,
the consumption of some essential oils may not occur solely from intake as flavoring substances;
rather, they may be regularly consumed as dietary supplements with advertised functional benefits.
These impacts have brought renewed interest in the safety evaluation of essential oils. Although the
safety evaluation of essential oil must still rely heavily on knowledge of the history of use, a flexible
science-based approach would allow for rigorous safety evaluation of different uses for the same
essential oil.

8.4.2 SAreTy OF CONSTITUENTS AND CONGENERIC GROUPS IN ESSENTIAL OiLs

It is well established that when consumed in high quantities, some plants do indeed exhibit toxic-
ity. Historically, humans have used plants as poisons (e.g., hemlock), and many of the intended
medicinal uses of plants (pennyroyal oil as an abortifacient) have produced undesirable toxic side
effects. High levels of exposure to selected constituents in the plant or essential oil (i.e., pulegone
in pennyroyal oil) have been associated with the observed toxicity. However, with regard to flavor
use, experience through long-term use and the predominant self-limiting impact of flavorings on our
senses have restricted the amount of a plant or plant part that we use in or on food.

Extensive scientific data on the most commonly occurring major constituents in essential oils
have not revealed any results that would give rise to safety concerns at low levels of exposure.
Chronic studies have been performed on more 30 major chemical constituents (menthol, carvone,
limonene, citral, cinnamaldehyde, benzaldehyde, benzyl acetate, 2-ethyl-1-hexanol, methyl anthra-
nilate, geranyl acetate, furfural, eugenol, isoeugenol, etc.) found in many essential oils. The major-
ity of these studies were hazard determinations that were sponsored by the National Toxicology
Program, and they were normally performed at dose levels many orders of magnitude greater than
the daily intakes of these constituents from consumption of the essential oil. Even at these high
intake levels, the majority of the constituents show no carcinogenic potential (Smith, 2005). In
addition to dose/exposure, for some flavor ingredients, the carcinogenic potential that was assessed
in the study is related to several additional factors including the mode of administration, species
and sex of the animal model, and target organ specificity. In the vast majority of studies, the car-
cinogenic effect occurs through a nongenotoxic mechanism in which tumors form secondary to
preexisting high-dose, chronic organ toxicity, typically to the liver or kidneys. Selected subgroups
of structurally related substances (e.g., aldehydes, terpene hydrocarbons) are associated with a
single-target organ and tumor type in a specific species and sex of rodent (i.e., male rat kidney
tumors secondary to alpha-2u-globulin neoplasms with limonene in male rats) or using a single
mode of administration (i.e., forestomach tumors that arise due to high doses of benzaldehyde and
hexadienal given by gavage).

Given their long history of use, it appears unlikely that there are essential oils consumed by
humans that contain constituents not yet studied that are weak nongenotoxic carcinogens at chronic
high-dose levels. Even if there are such cases, because of the relatively low intake (Lucas et al.,
1999) as constituents of essential oils, these yet-to-be-discovered constituents would be many orders
of magnitude less potent than similar levels of aflatoxins (found in peanut butter), the polycyclic het-
erocyclic amines (found in cooked foods), or the polynuclear aromatic hydrocarbons (also found in
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cooked foods). There is nothing to suggest that the major biosynthetic pathways available to higher
plants are capable of producing substances such that low levels of exposure to the substance would
result in a high level of toxicity or carcinogenicity.

The toxic and carcinogenic potentials exhibited by constituent chemicals in essential oils
can largely be equated with the toxic potential of the congeneric group to which that chemical
belongs. A comparison of the oral toxicity data (JECFA, 2004) for limonene, myrcene, pinene,
and other members of the congeneric group of terpene hydrocarbons shows similar low levels of
toxicity with the same high-dose target organ endpoint (kidney) in animal studies, of which the
relevance to humans is unlikely. Likewise, dietary toxicity and carcinogenicity data (JECFA,
2001) for cinnamyl alcohol, cinnamaldehyde, cinnamyl acetate, and other members of the con-
generic group of 3-phenyl-1-propanol derivatives show similar toxic and carcinogenic endpoints.
The safety data for the congeneric chemical groups that are found in vast majority of essential
oils have been reviewed (Adams et al., 1996, 1997, 1998, 2004; JECFA 1997, 1998, 1999, 2000a,b,
2001, 2003, 2004; Newberne et al., 1999; Smith et al., 2002a,b). Available data for different rep-
resentative members in each of these congeneric groups support the conclusion that the toxic and
carcinogenic potential of individual constituents adequately represent similar potentials for the
corresponding congeneric group.

The second key factor in the determination of safety is the level of intake of the congeneric
group from consumption of the essential oil. Intake of the congeneric group will, in turn, depend
upon the variability of the chemical composition of the essential oil in the marketplace and on the
conditions of use. As discussed earlier, chemical analysis of the different batches of oil obtained
from the same and different manufacturers will produce a range of concentrations for individual
constituents in each congeneric group of the essential oil. The mean concentration values (%) for
constituents are then summed for all members of the congeneric group. The total % determined
for the congeneric group is multiplied by the estimated daily intake (PCI x 10) of the essential
oil to provide a conservative estimate of exposure to each congeneric group from consumption of
the essential oil.

In some essential oils, the intake of one constituent, and therefore, one congeneric group, may
account for essentially all of the oil (e.g., linalool in coriander oil, citral in lemongrass oil, benzal-
dehyde in bitter almond oil). In other oils, exposure to a variety of congeneric groups over a broad
concentration range may occur. As noted earlier, cardamom oil is an example of such an essential
oil. Ultimately, it is the relative intake and the toxic potential of each congeneric group that is the
basis of the congeneric group-based safety evaluation. The combination of relative intake and toxic
potential will prioritize congeneric groups for the safety evaluation. Hypothetically, a congeneric
group of increased toxic potential that accounts for only 5% of the essential oil may be prioritized
higher than a congeneric group of lower toxic potential accounting for 95%.

The following guide and examples therein are intended to more fully illustrate the principles
described earlier that are involved in the safety evaluation of essential oils. Fermentation prod-
ucts, process flavors, substances derived from fungi, microorganisms, or animals, and direct food
additives are explicitly excluded. The guide is designed primarily for application to essential
oils and extracts for use as flavoring substances. The guide is a tool to organize and prioritize
the chemical constituents and congeneric groups in an essential oil in such a way as to allow a
detailed analysis of their chemical and biological properties. This analysis as well as consider-
ation of other relevant scientific data provides the basis for a safety evaluation of the essential
oil under conditions of intended use. Validation of the approach is provided, in large part, by a
detailed comparison of the doses and toxic effects exhibited by constituents of the congeneric
group with the equivalent doses and effects provided by the essential oil. This methodology, with
some variations based on expert judgment as appropriate, has been in use for more than 10 years
through the FEMA GRAS program, in safety evaluations conducted by the FEMA Expert Panel
(Smith et al., 2004).
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8.5 GUIDE AND EXAMPLE FOR THE SAFETY EVALUATION OF ESSENTIAL OILS

8.5.1 INTRODUCTION

The guide is a procedure involving a comprehensive evaluation of the chemical and biological prop-
erties of the constituents and congeneric groups of an essential oil. Constituents in, for instance,
an essential oil that are of known structure are organized into congeneric groups that exhibit simi-
lar metabolic and toxicologic properties. The congeneric groups are further classified according
to levels (Structural Classes I, II, and III) of toxicologic concern using a decision tree approach
(Cramer et al., 1978; Munro et al., 1996b). Based on intake data for the essential oil and constituent
concentrations, the congeneric groups are prioritized according to intake and toxicity potential. The
procedure ultimately focuses on those congeneric groups that, due to their structural features and
intake, may pose some significant risk from the consumption of the essential oil. Key elements used
to evaluate congeneric groups include exposure, structural analogy, metabolism, and toxicology,
which includes toxicity, carcinogenicity, and genotoxic potential (Oser and Hall, 1977; Oser and
Ford, 1991; Woods and Doull, 1991; Adams et al., 1996, 1997, 1998, 2004; Newberne et al., 1999;
Smith et al., 2002a,b, 2004). Throughout the analysis of these data, it is essential that professional
judgment and expertise be applied to complete the safety evaluation of the essential oil. As an exam-
ple of how a typical evaluation process for an essential oil is carried out according to this guide, the
safety evaluation for flavor use of corn mint oil (Mentha arvensis) is outlined in the following text.

8.5.2 ELeMENTS OF THE GUIDE FOR THE SAFETY EVALUATION OF THE ESSENTIAL OI1L

8.5.2.1 Introduction

In Step 1 of the guide, the evaluation procedure estimates intake based on industry survey data for
each essential oil. It then organizes the chemically identified constituents that have an intake >1.5
pg/day into congeneric groups that participate in common pathways of metabolism and exhibit a
similar toxic potential. In Steps 2 and 3, each identified chemical constituent is broadly classified
according to toxic potential (Cramer et al., 1978) and then assigned to a congeneric group of struc-
turally related substances that exhibit similar pathways of metabolism and toxicologic potential.

Before the formal evaluation begins, it is necessary to specify the data (e.g., botanical, physi-
cal, chemical) required to completely describe the product being evaluated. In order to effectively
evaluate an essential oil, attempted complete analyses must be available for the product intended
for the marketplace from a number of flavor manufacturers. Additional quality control data are use-
ful, as they demonstrate consistency in the chemical composition of the product being marketed.
A Technical Information Paper drafted for the particular essential oil under consideration organizes
and prioritizes these data for efficient sequential evaluation of the essential oil.

In Steps 8 and 9, the safety of the essential oil is evaluated in the context of all congeneric groups
and any other related data (e.g., data on the essential oil itself or for an essential oil of similar
composition). The procedure organizes the extensive database of information on the essential oil
constituents in order to efficiently evaluate the safety of the essential oil under conditions of use.
It is important to stress, however, that the guide is not intended to be nor in practice operates as a
rigid checklist. Each essential oil that undergoes evaluation is different, and different data will be
available for each. The overriding objective of the guide and subsequent evaluation is to ensure that
no significant portion of the essential oil should go unevaluated.

8.5.2.2 Prioritization of Essential Oil According to Presence in Food

In Step 1, essential oils are prioritized according to their presence or absence as components of
commonly consumed foods (Step 1). This question evaluates the relative intake of the essential oil
as an intentionally added flavoring substance versus its intake as a component part of food. Many
essential oils are isolated from plants that are commonly consumed as a food. Little or no safety
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concerns should exist for the intentional addition of the essential oil to the diet, if intake of the
oil from consumption of traditional foods (garlic) substantially exceeds intake as an intentionally
added flavoring substance (garlic oil). In many ways, the first step applies the concept of “long
history of safe use” to essential oils. That is, if exposure to the essential oil occurs predominantly
from consumption of a normal diet, a conclusion of safety is straightforward. Step 1 of the guide
clearly places essential oils that are consumed as part of a traditional diet on a lower level of concern
than those oils derived from plants that are either not part of the traditional diet or whose intake is
not predominantly from the diet. The first step also mitigates the need to perform comprehensive
chemical analysis for essential oils in those cases where intake is low and occurs predominantly
from consumption of food. An estimate of the intake of the essential oil is based on the most recent
poundage available from flavor industry surveys and the assumption that the essential oil is con-
sumed by only 10% of the population for an oil having a survey volume <50,000 kg/year and 100%
of the population for an oil having a survey volume >50,000 kg/year. In addition, the detection limit
for constituents is determined based on the daily PCI of the essential oil.

8.5.2.2.1 Corn Mint Oil

To illustrate the type of data considered in Step 1, consider corn mint oil. Corn mint oil is produced
by the steam distillation of the flowering herb of M. arvensis. The crude oil contains upward of
70% (-)-menthol, some of which is isolated by crystallization at low temperature. The resulting
dementholized oil is corn mint oil. Although produced mainly in Brazil during the 1970s and 1980s,
corn mint oil is now produced predominantly in China and India. Corn mint has a more stringent
taste compared to that of peppermint oil, M. piperita, but can be efficiently produced and is used
as a more cost-effective substitute. Corn mint oil isolated from various crops undergoes subsequent
clean up, further distillation, and blending to produce the finished commercial oil. Although there
may be significant variability in the concentrations of individual constituents in different samples
of crude essential oil, there is far less variability in the concentration of constituents and congeneric
groups in the finished commercial oil. The volume of corn mint oil reported in the most recent
U.S. poundage survey is 446,000 kg/year (Harman et al., 2013), which is approximately 25% of the
potential market of peppermint oil. Because corn mint oil is a high-volume essential oil, it is highly
likely that the entire population consumes the annual reported volume, and therefore, the daily PCI
is calculated based on 100% of the population (310,000,000). This results in a daily PCI of approxi-
mately 3.9 mg/person/day (0.066 mg/kg bw/day) of corn mint oil:

446,000 kg/year x 10° ug/kg
365 days/year x 310 x 10° persons

= 3942 ng/person/day
Based on the intake of corn mint oil (3942 pg/day), any constituent present at greater than 0.038%
would need to be chemically characterized and quantified:

1.5pug/day
3942 pg/day

x100 = 0.038%

8.5.2.3 Organization of Chemical Data: Congeneric Groups and Classes of Toxicity

In Step 2, constituents are assigned to one of three structural classes (I, II, or IIT) based on toxic
potential (Cramer et al., 1978). Class I substances contain structural features that suggest a low order
of oral toxicity. Class II substances are clearly less innocuous than Class I substances but do not
contain structural features that provide a positive indication of toxicity. Class III substances contain
structural features (e.g., an epoxide functional group, unsubstituted heteroaromatic derivatives) that
permit no strong presumption of safety and in some cases may even suggest significant toxicity.
For instance, the simple aliphatic hydrocarbon, limonene, is assigned to structural Class I, while
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elemicin, which is an allyl-substituted benzene derivative with a reactive benzylic/allylic position,
is assigned to Class III. Likewise, chemically unidentified constituents of the essential oil are auto-
matically placed in Structural Class III, since no presumption of safety can be made.

The toxic potential of each of the three structural classes has been quantified (Munro et al., 1996a).
An extensive toxicity database has been compiled for substances in each structural class. The data-
base covers a wide range of chemical structures, including food additives, naturally occurring sub-
stances, pesticides, drugs, antioxidants, industrial chemicals, flavors, and fragrances. Conservative
no observable effect levels (fifth percentile NOELs) have been determined for each class. These
fifth percentile NOELSs for each structural class are converted to human exposure threshold levels
by applying a 100-fold safety factor and correcting for mean bodyweight (60/100). The human expo-
sure threshold levels are referred to as thresholds of toxicological concern (TTC). With regard to
flavoring substances, the TTCs are even more conservative, given that the vast majority of NOELs
for flavoring substances are above the 90th percentile. These conservative TTCs have since been
adopted by the WHO and Commission of the European Communities for use in the evaluation of
chemically identified flavoring agents by JECFA and the European Food Safety Authority (EFSA)
(JECFA, 1997; EC, 1999).

Step 3 is a key step in the guide. It organizes the chemical constituents into congeneric groups that
exhibit common chemical and biological properties. Based on the well-recognized biochemical path-
ways operating in plants, essentially all of the volatile constituents found in essential oils, extracts,
and oleoresins belong to well-recognized congeneric groups. Recent reports (Maarse et al., 1992,
1994, 2000; Njissen et al., 2003) of the identification of new naturally occurring constituents indicate
that newly identified substances fall into existing congeneric groups. The Expert Panel, JECFA, and
the EC have acknowledged that individual chemical substances can be evaluated in the context of
their respective congeneric group (JECFA, 1997; EC, 1999; Smith et al., 2005a,b). The congeneric
group approach provides the basis for understanding the relationship between the biochemical fate
of members of a chemical group and their toxicologic potential. Within this framework, the objective
is to continuously build a more complete understanding of the absorption, distribution, metabolism,
and excretion of members of the congeneric group and their potential to cause systemic toxicity.
Within the guidelines, the structural class of each congeneric group is assigned based on the highest
structural class of any member of the group. Therefore, if an essential oil contained a group of fura-
none derivatives that were variously assigned to Structural Classes II and I1I, in the evaluation of the
oil, the congeneric group would, in a conservative manner, be assigned to Class III.

The types and numbers of congeneric groups in a safety evaluation program are, by no means,
static. As new scientific data and information become available, some congeneric groups are com-
bined while others are subdivided. This has been the case for the group of alicyclic secondary
alcohols and ketones that were the subject of a comprehensive scientific literature review in 1975
(FEMA, 1975). Over the last two decades, experimental data have become available indicating that
a few members of this group exhibit biochemical fate and toxicologic potential inconsistent with
that for other members of the same group. These inconsistencies, almost without exception, arise
at high-dose levels that are irrelevant to the safety evaluation of low levels of exposure to flavor use
of the substance. However, given the importance of the congeneric group approach in the safety
assessment program, it is critical to resolve these inconsistencies. Additional metabolic and toxi-
cologic studies may be required to distinguish the factors that determine these differences. Often
the effect of dose and a unique structural feature results in utilization of a metabolic activation
pathway not utilized by other members of a congeneric group. Currently, evaluating bodies includ-
ing JECFA, EFSA, and the FEMA Expert Panel have classified flavoring substances into the same
congeneric groups for the purpose of safety evaluation.

In Steps 5, 6, and 7, each congeneric group in the essential oil is evaluated for safety in use. In Step 5,
an evaluation of the metabolism and disposition is performed to determine, under current conditions
of intake, whether the group of congeneric constituents is metabolized by well-established detoxica-
tion pathways to yield innocuous products. That is, such pathways exist for the congeneric group of
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TABLE 8.1
Structural Class Definitions and their Human Intake Thresholds

Fifth Percentile Human Exposure
Class Description NOEL (mg/kg/day) Threshold (TTC)? (ng/day)

I Structure and related data suggest a low order of 3.0 1800
toxicity. If combined with low human exposure, they
should enjoy an extremely low priority for
investigation. The criteria for adequate evidence of
safety would also be minimal. Greater exposures
would require proportionately higher priority for
more exhaustive study.
1I Intermediate substances. They are less clearly 0.91 540
innocuous than those of Class I, but do not offer the
basis either of the positive indication of toxicity or of
the lack of knowledge characteristic of those in
Class III.
1II Permit no strong initial presumptions of safety or that 0.15 90
may even suggest significant toxicity. They thus
deserve the highest priority for investigation.
Particularly when per capita intake is high of a
significant subsection of the population that has a
high intake, the implied hazard would then require the
most extensive evidence for safety in use.

2 The human exposure threshold was calculated by multiplying the fifth percentile NOEL by 60 (assuming an individual
weighs 60 kg) and dividing by a safety factor of 100.

constituents in an essential oil, and safety concerns will arise only if intake of the congeneric group is
sufficient to saturate these pathways potentially leading to toxicity. If a significant intoxication pathway
exists (e.g., pulegone), this should be reflected in a higher decision tree class and lower TTC threshold.
At Step 6 of the procedure, the intake of the congeneric group relative to the respective TTC for one of
the three structural classes (1800 pg/day for Class I; 540 pg/day for Class II; 90 pug/day for Class III; see
Table 8.1) is evaluated. If the intake of the congeneric group is less than the threshold for the respective
structural class, the intake of the congeneric group presents no significant safety concerns. The group
passes the first phase of the evaluation and is then referred to Step 8, the step in which the safety of the
congeneric group is evaluated in the context of all congeneric groups in the essential oil.

If, at Step 5, no sufficient metabolic data exist to establish safe excretion of the product or if acti-
vation pathways have been identified for a particular congeneric group, then the group moves to
Step 7, and toxicity data are required to establish safe use under current conditions of intake. There
are examples where low levels of xenobiotic substances can be metabolized to reactive substances. In
the event that reactive metabolites are formed at low levels of intake of naturally occurring substances,
a detailed analysis of dose-dependent toxicity data must be performed. Also, if the intake of the con-
generic group is greater than the human exposure threshold (suggesting metabolic saturation may
occur), then toxicity data are also required. If, at Step 7, a database of relevant toxicological data for a
representative member or members of the congeneric group indicates that a sufficient margin of safety
exists for the intake of the congeneric group, the members of that congeneric group are concluded to
be safe under conditions of use of the essential oil. The congeneric group then moves to Step 8.

In the event that insufficient data are available to evaluate a congeneric group at Step 7, or the
currently available data result in margins of safety that are not sufficient, the essential oil cannot be
further evaluated by this guide and must be set aside for further considerations.
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Use of the guide requires scientific judgment at each step of the sequence. For instance, if a con-
generic group that accounted for 20% of a high-volume essential oil was previously evaluated and
found to be safe under intended conditions of use, the same congeneric group found at less than 2%
of a low-volume essential oil does not need to be further evaluated.

Step 8 considers additivity or synergistic interactions between individual substances and between
the different congeneric groups in the essential oil. As for all other toxicological concerns, the level
of exposure to congeneric groups is relevant to whether additive or synergistic effects present a sig-
nificant health hazard. The vast majority of essential oils are used in food in extremely low concen-
trations, which therefore results in very low intake levels of the different congeneric groups within
that oil. Moreover, major representative constituents of each congeneric group have been tested
individually and pose no toxicological threat even at dose levels that are orders of magnitude greater
than normal levels of intake of essential oils from use in traditional foods. Based on the results of
toxicity studies both on major constituents of different congeneric groups in the essential oil and
on the essential oil itself, it can be concluded that the toxic potential of these major constituents
is representative of that of the oil itself, indicating the likely absence of additivity and synergistic
interaction. In general, the margin of safety is so wide and the possibility of additivity or synergistic
interaction so remote that combined exposure to the different congeneric groups and the unknowns
are considered of no health concern, even if expert judgment cannot fully rule out additivity or
synergism. However, case-by-case considerations are appropriate. Where possible combined effects
might be considered to have toxicological relevance, additional data may be needed for an adequate
safety evaluation of the essential oil.

Additivity of toxicologic effect or synergistic interaction is a conservative default assumption that
may be applied whenever the available metabolic data do not clearly suggest otherwise. The exten-
sive database of metabolic information on congeneric groups (JECFA, 1997, 1998, 1999, 2000a,b,
2001, 2003, 2004) that are found in essential oils suggests that the potential for additive effects
and synergistic interactions among congeneric groups in essential oils is extremely low. Although
additivity of effect is the approach recommended by NAS/NRC committees (NRC, 1994, 1988)
and regulatory agencies (EPA, 1988), the Presidential Commission of Risk Assessment and Risk
Management recommended (Presidential Commission, 1996) that “For risk assessments involv-
ing multiple chemical exposures at low concentrations, without information on mechanisms, risks
should be added. If the chemicals act through separate mechanisms, their attendant risks should not
be added but should be considered separately.” Thus, the risks of chemicals that act through differ-
ent mechanisms, that act on different target systems, or that are toxicologically dissimilar in some
other way should be considered to be independent of each other. The congeneric groups in essential
oils are therefore considered separately.

Further, the majority of individual constituents that comprise essential oils are themselves used
as flavoring substances that pose no toxicological threat at doses that are magnitudes greater than
their level of intake from the essential oil. Rulis (1987) reported that “The overwhelming major-
ity of additives present a high likelihood of having safety assurance margins in excess of 10°.” He
points out that this is particularly true for additives used in the United States at less than 100,000
Ib/year. Because more than 90% of all flavoring ingredients are used at less than 10,000 lb/year
(Hall and Oser, 1968), this alone implies intakes commonly many orders of magnitude below the
no-effect level. Nonadditivity thus can often be assumed. As is customary in the evaluation of any
substance, high-end data for exposure (consumption) are used, and multiple other conservatisms are
employed to guard against underestimation of possible risk. All of these apply to complex mixtures
as well as to individual substances.

8.5.2.3.1 Corn Mint Oil Congeneric Groups

In corn mint oil, the principal congeneric group is composed of terpene alicyclic secondary alcohols,
ketones, and related esters, as represented by the presence of (—)-menthol, (—)-menthone, (+)-isom-
enthone, (—-)-menthyl acetate, and other related substances. Samples of triple-distilled commercial
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corn mint oil may contain up to 95% of this congeneric group. The biochemical and biological
fate of this group of substances has been previously reviewed (Adams et al., 1996; JECFA, 1999).
Key data on metabolism, toxicity, and carcinogenicity are cited in the following text (Table 8.2) in
order to complete the evaluation. Although constituents in this group are effectively detoxicated
via conjugation of the corresponding alcohol or w-oxidation followed by conjugation and excretion
(Williams, 1940; Madyastha and Srivatsan, 1988; Yamaguchi et al., 1994), the intake of the conge-
neric group (3745 pg/person/day or 3.75 mg/person/day, see Table 8.2) is higher than the exposure
threshold of (540 pg/person/day or 0.540 mg/person/day for Structural Class II. Therefore, toxicity
data are required for this congeneric group. In both short- and long-term studies (NCI, 1978; Madsen
et al., 1986), menthol, menthone, and other members of the group exhibit NOAELSs at least 1000
times the daily PCI (eaters only) (3.75 mg/person/day or 0.062 mg/kg bw/day) of this congeneric
group resulting from intake of the essential oil. For members of this group, numerous in vitro and
in vivo genotoxicity assays are consistently negative (Florin et al., 1980; Heck et al., 1989; Sasaki
et al., 1989; Muller, 1993; Zamith et al., 1993; Rivedal et al., 2000, NTP Draft, 2003a). Therefore,
the intake of this congeneric group from consumption of M. arvensis is not a safety concern.

Although it is a constituent of corn mint oil and is also a terpene alicyclic ketone structurally
related to the aforementioned congeneric group, pulegone exhibits a unique structure (i.e., 2-isopro-
pylidenecyclohexanone) that participates in a well-recognized intoxication pathway (see Figure 8.2)
(McClanahan et al., 1989; Thomassen et al., 1992; Adams et al., 1996; Chen et al., 2001) that leads
to the formation of menthofuran. This metabolite subsequently oxidizes and ring opens to yield
a highly reactive 2-ene-1,4-dicarbonyl intermediate that reacts readily with proteins resulting in
hepatotoxicity at intake levels at least two orders of magnitude less than no observable effect levels
for structurally related alicyclic ketones and secondary alcohols (menthone, carvone, and men-
thol). Therefore, pulegone and its metabolite (menthofuran), which account for <2% of commercial
corn mint oil, are considered separately in the guide. In this case, the daily PCI of 79 pg/person/
day (1.3 pg/kg bw/day) does not exceed the 90 pg/day threshold for Class I1I. However, a 90-day
study on pulegone (NTP, 2002) showed a NOAEL (9.375 mg/kg bw/day) that is approximately 7200
times the intake of pulegone and its metabolites as constituents of corn mint oil. Also, in a 28-day
study with peppermint oil (M. piperita) containing approximately 4% pulegone and menthofuran,
a NOAEL of 200 mg/kg bw/day for male rats and a NOAEL of 400 mg/kg bw/day for female rats
were established, which corresponds to a NOAEL of 8 mg/kg bw/day for pulegone and menthofuran
(Serota, 1990). In a 90-day study with a mixture of M. piperita and M. arvensis oils (Splindler and
Madsen, 1992; Smith et al., 1996), a NOAEL of 100 mg/kg bw/day was established, which corre-
sponds to a NOAEL of 4 mg/kg bw/day for pulegone and menthofuran.

The only other congeneric group that accounts for >2% of the composition of corn mint oil
is a congeneric group of terpene hydrocarbons ((+) and (-)-pinene, (+) limonene, etc.). Although
these may contribute up to 8% of the oil, upon multiple redistillations during processing, the
hydrocarbon content can be significantly reduced (<3%) in the finished commercial oil. Using the
8% figure to determine a conservative estimate of intake, the intake of terpene hydrocarbons is
315 pg/person/day (5.26 pg/kg bw/day). This group is predominantly metabolized by cytochrome
P450-catalyzed hydroxylation, conjugation, and excretion (Ishida et al., 1981; Madyastha and
Srivatsan, 1987; Crowell et al., 1994; Poon et al., 1996; Vigushin et al., 1998; Miyazawa et al., 2002).
The daily PCI of 315 pg/person/day is less than the exposure threshold (1800 pg/person/day) for
Structural Class I. Although no additional data would be required to complete the evaluation of this
group, NOAELSs (300 mg/kg bw/day) from long-term studies (NTP, 1990) on principal members of
this group are orders of magnitude greater than the daily PCI (eaters only) of terpene hydrocarbons
(0.088 mg/kg bw/day). Therefore, all congeneric groups in corn mint oil are considered safe for use
when consumed in corn mint oil.

Finally, the essential oil itself is evaluated in the context of the combined intake of all
congeneric groups and any other related data in Step 8. Interestingly, members of the terpene
alicylic secondary alcohols, ketones, and related esters, multiple members of the monoterpene
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TABLE 8.2

Safety Evaluation of Corn Mint Oil, Mentha arvensis?

Congeneric Group

Secondary alicyclic
saturated and unsaturated
alcohol/ketone/ketal/ester
(e.g., menthol, menthone,
isomenthone, menthyl
acetate)

Aliphatic terpene
hydrocarbon (e.g.,
limonene, pinene)

2-Isopropylidene
cyclohexanone and
metabolites (e.g.,
pulegone)

2 Based on daily per capita intake of 3942 pg/person/day for corn mint oil.

Step 2.
Decision
Tree Class
(TTC, ng/
Person/
Day)
11 (540)

1(1800)

11T (90)

Step 3.
Higho/o
from
Multiple
Commercial
Samples

95

8

2

Step 4.
Intake,

ng/
Person/
Day

3745

315

79

Step 5. Metabolism Pathways
1. Glucuronic acid conjugation of the alcohol
followed by excretion in the urine.
2. w-Oxidation of the side-chain substituents to
yield various polyols and hydroxyacids and
excreted as glucuronic acid conjugates.

—_

. ®-Oxidation to yield polar hydroxy and carboxy
metabolites excreted as glucuronic acid
conjugates.

—_

. Reduction to yield menthone or isomenthone,
followed by hydroxylation of ring or side-chain
positions and then conjugation with glucuronic acid.

2. Conjugation with glutathione in a Michael-type

addition leading to mercapturic acid conjugates that
are excreted or further hydroxylated and excreted.

3. Hydroxylation catalyzed by cytochrome P-450

to yield a series of ring- and side-chain-

hydroxylated pulegone metabolites, one of
which is a reactive 2-ene-1,4-dicarbonyl
derivative. This intermediate is known to form
protein adducts leading to enhanced toxicity.

(Austin et al., 1988)

Step 6. Intake
of Congeneric
Group or Total
of
Unidentified
Constituents
Group <TTC
for Class?
No, 3745 > 540
pg/person/day

Yes, 315 <1800
pg/person/day

Yes, 79 <90
pg/person/day

Step 7. Relevant Toxicity Data if
Intake of Group >TTC

NOEL of 600,000 pg/kg/kg bw/day
for menthol (103-week dietary study
in mice) (NCI, 1979)

NOEL of 400,000 pg/kg/kg bw/day
for menthone (28-day gavage study
in rats) (Madsen et al., 1986)

Not required

Not required. But NOAEL of 9375
ng/kg bw/day for pulegone (90 day
gavage study in rats) (NTP, 2002)
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H H H H
Hydrolysis Reduction Isomerization
—_— B — B —
OAc OH 0] 0

Isopulegyl Isopulegol Isopulegone Pulegone
acetate

9-Hydroxylation

Glucuronic
acid
conjugate

OH

9-Hydroxyisopulegone

0

Menthofuran

FIGURE 8.2 Metabolism of isopulegone, pulegone, and isopulegyl acetate.

hydrocarbons, and peppermint oil itself show a common nephrotoxic effect recognized as alpha-
2u-globulin nephropathy. The microscopic evidence of histopathology of the kidneys for male
rats in the mint oil study is consistent with the presence of alpha-2u-globulin nephropathy. In
addition, a standard immunoassay for detecting the presence of alpha-2u-globulin was performed
on kidney sections from male and female rats in the mint oil study (Serota, 1990). Results of
the assay confirmed the presence of alpha-2u-globulin nephropathy in male rats (Swenberg and
Schoonhoven, 2002). This effect is found only in males rats and is not relevant to the human health
assessment of corn mint oil. Other toxic interactions between congeneric groups are expected to
be minimal given that the NOELs for the congeneric groups and those for finished mint oils are
on the same order of magnitude.

Based on the aforementioned assessment and the application of the scientific judgment, corn
mint oil is concluded to be GRAS under conditions of intended use as a flavoring substance. Given
the criteria used in the evaluation, recommended specifications should include the following chemi-
cal assay:

1. Less than 95% alicyclic secondary alcohols, ketones, and related esters, typically mea-
sured as (—)-menthol

2. Less than 2% 2-isopropylidenecyclohexanones and their metabolites, measured as
(-)-pulegone

3. Less than 10% monoterpene hydrocarbons, typically measured as limonene
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8.5.3 SUMMARY

The safety evaluation of an essential oil is performed in the context of all available data for con-
generic groups of identified constituents and the group of unidentified constituents, data on the
essential oil or a related essential oil, and any potential interactions that may occur in the essential
oil when consumed as a flavoring substance.

The guide provides a chemically based approach to the safety evaluation of an essential oil. The
approach depends on a thorough quantitative analysis of the chemical constituents in the essential
oil intended for commerce. The chemical constituents are then assigned to well-defined congeneric
groups that are established based on extensive biochemical and toxicologic information, and this
is evaluated in the context of intake of the congeneric group resulting from consumption of the
essential oil. The intake of unidentified constituents considers the consumption of the essential oil
as a food, a highly conservative toxicologic threshold, and toxicity data on the essential oil or an
essential oil of similar chemical composition. The flexibility of the guide is reflected in the fact that
high intake of major congeneric groups of low toxicologic concern will be evaluated along with low
intake of minor congeneric groups of significant toxicological concern (i.e., higher structural class).
The guide also provides a comprehensive evaluation of all congeneric groups and constituents that
account for the majority of the composition of the essential oil. The overall objective of the guide
is to organize and prioritize the chemical constituents of an essential oil in order that no reasonably
possible significant risk associated with the intake of essential oil goes unevaluated.
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9.1 INTRODUCTION

Terpenoids are main constituents of plant-derived essential oils. Because of their pleasant odor, they
are widely used in the food, fragrance, and pharmaceutical industry. Furthermore, in traditional
medicine, terpenoids are also well known for their anti-inflammatory, antibacterial, antifungal,
antitumor, and sedative activities. Although large amounts are used in the industry, the knowledge
about their biotransformation in humans is still scarce. Yet, metabolism of terpenoids can lead to
the formation of new biotransformation products with unique structures and often different flavor
and biological activities compared to the parent compounds. All terpenoids easily enter the human
body by oral absorption, penetration through the skin, or inhalation very often leading to measur-
able blood concentrations. A number of different enzymes, however