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Foreword

Volatile compounds play an important role in nature as messenger compounds to transmit
selective information between species. The ubiquity of these compounds in our everyday
environment has initiated a variety of research activities in the life sciences over recent
decades. Both biologists and chemists became interested in exploring the role of bioactive
volatile compounds in many different aspects. The evolution from molecular to supramo-
lecular science has particularly influenced the research activities on the chemistry and
biology of volatiles. The investigation of molecular properties beyond the single molecule
required (and resulted in) numerous interdisciplinary efforts to answer important questions
related to the role of these compounds in our direct environment.

Molecular recognition is one of the key aspects leading to the understanding of the
biological processes involved in volatile signalling. In contrast to the investigation of
host—guest interactions typically encountered in the area of pharmaceutical or biomedical
research, which usually take place in aqueous solution, volatile compounds have to be
diffused into the air and transported over large distances to reach their biological target. The
specific feature of their volatility, as compared to other bioactive molecules, characterizes
the behaviour of these molecules from their biogeneration, to their emission, analysis,
release, transport, recognition and perception, up to their degradation in a specific
environment.

The present book summarizes several aspects related to the chemistry and biology of
volatile compounds in a structure-based approach and tries to give the reader an introduction
to and general overview of the various research areas related to this particular class of
molecules. It also provides perspectives along novel avenues of research and development.
It should thus be of great interest to all those involved in the various facets of both basic and
applied research on volatile compounds.

Jean-Marie Lehn
Strasbourg
November 2009
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Volatiles — An Interdisciplinary
Approach

Andreas Herrmann

Firmenich SA, Division Recherche et Développement, 1 Route des Jeunes,
B. P. 239, 1211 Geneve 8, Switzerland

1.1 Introduction

Volatiles, and in particular biogenic volatile organic compounds (VOCs), are everywhere.
They directly and indirectly influence the lives of many plant and insect species, and even
human beings in many ways. Transported by diffusion through the air, they perform
numerous functions, for example as so-called ‘semiochemicals’, ‘infochemicals’ or
‘pheromones’ for the communication between insects and/or plants,'* for (insect) mat-
ing>™ or even, as a consequence of their pleasant taste or smell to humans, as flavours and
fragrances.*> Without volatile compounds, life on earth as we know it would be impossible.
The structural variety in these compounds, which are generally based on a hydrocarbon
skeleton with oxygen, nitrogen and sulfur as the most common heteroatoms, is almost
infinite and always perfectly adapted to the specific role these molecules play in nature.

Biogenic VOCs are usually highly selective for a given target. This selectivity is
presumably the most important property of these different compounds which, of course,
is defined by their molecular structure (and the spatial arrangement of the different
functional groups from which they are composed) and usually results in a very low
‘detection threshold’ of a given compound to its target species.® This means that the
receptor of the receiving species can selectively detect specific molecules at very low
concentrations in the air (typically expressed in ng I"! of air) which, in some cases, can be a
few molecules.

The Chemistry and Biology of Volatiles Edited by Andreas Herrmann
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2 The Chemistry and Biology of Volatiles

In contrast to many other target-specific compounds found in nature, volatiles are
characterized by (relatively) high vapour pressures, allowing their efficient evaporation
from various surfaces. This enables their transport through the air and thus to reach their
biological target. Nevertheless, the term ‘volatile’ is usually not well defined, and the vapour
pressures of compounds considered to be volatile can vary over several orders of magni-
tude.” Some representative volatile compounds such as 1-18 are listed in Table 1.1. Their
vapour pressures span nine orders of magnitude, ranging from the highly volatile methane
thiol (1) to the relatively nonvolatile insect pheromone bombykol (18) from the silkworm
moth Bombyx mori.

Furthermore, biogenic VOCs are generally characterized as being rather ‘hydrophobic’
which facilitates, among others, their efficient evaporation from water-based media into the
air. The polarity of different compounds is usually expressed as the logarithm of their
octanol/water partition coefficients (log PO/W);7’8 the corresponding values for compounds
1-18 are indicated in Table 1.1. Once again, one can see that these data vary considerably,
ranging from values below 1 for relatively polar compounds 1 and 3 to highly apolar
molecules such as 13 with a log P, above 9.

The numerous areas of research dealing with the investigation of volatile compounds are
as varied as their structures and their physicochemical properties. Biologists and chemists
have become interested in these compounds for various reasons. Because the same volatile
compounds can have different functions, volatiles have been discussed separately by the
specialists in different areas. Nevertheless, the same molecular structure is often of interest
to a wide variety of quite different research topics such as the biosynthesis of the given
volatile in plants, its analysis in compound mixtures by different techniques, its particular
biological role as a signalling compound or pheromone, its use in pest control and, if
associated with a pleasant taste or smell, as a flavour or fragrance, its chemical synthesis,
the mechanism of its perception, its behaviour through encapsulation and processing, its
controlled release, right up to its degradation in the environment (Scheme 1.1). In the
following section the different interdisciplinary research aspects associated with a
given compound are illustrated with the example of (E)-3,7-dimethyl-2,6-octadien-1-ol
(geraniol, 11) as a typical volatile molecule with an average vapour pressure and log P,. At
the same time, these aspects will allow the introduction of the various topics presented in the
different chapters of this book and thus illustrate a typical lifecycle of volatile compounds
from their biogeneration, via their release into the air, their role as semiochemicals, their
specific recognition, through to their degradation in the atmosphere.

1.2 Geraniol — A Typical Example

Biogenic, bioactive volatiles, such as geraniol (11), are generated in plants from small
precursor molecules in multistep enzymatic processes. As one of the main constituents of
the essential oils of various rose species, monoterpene alcohol 11 is biosynthesized by
condensation of isopentenyl diphosphate (IPP, 19) and 3,3-dimethylallyl diphosphate
(DMAPP, 20) with the help of geranyl diphosphate (GPP) synthetase, followed by
dephosphorylation of GPP (21),” as depicted in Scheme 1.2. GPP is of particular importance
because it is the precursor of geraniol and of many different monoterpenes. The following
chapter (Chapter 2) gives a general introduction to the various mechanisms involved in the
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Table 1.1 Vapour pressures and (logarithmic) octanol/water partition coefficients (log P,,) of
a series of representative volatile compounds

Name Structure Log Po®  Vapour
pressure? [Pa]

Methanethiol (1) 0.78 2.01x10°

Isoprene (2) 2.42 7.34x10*
Methyl vinyl ketone (3) 0.41 1.21 x 10*
a-Pinene (4) 4.44 5.35 x 107
Frontalin (5) 2.18 3.53 x 10?
1,8-Cineol (6) 2.74 2.07 x 10%

Limonene (7) 4.38 1.93 x 102

Diallyl disulfide (8) 3.56 1.28 x 10?

(2)-3-Hexenol (9) 1.61 1.24 x 10?

Citronellal (10) 3.83 3.38x 10"

Geraniol (11) 3.47 2.11 x10°

y-Decalactone (12) 2.72 6.82 x 10

Camphorene (13) 9.42 7.34 x 1072

Vanillin (14) 1.21 5.95x 1072

Disparlure (15) 8.08 4.55x 1072

Methyl jasmonate (16) 2.76 449 x 107

5a-Androst-16-en-3-one (17) 4.38 4.22%x10°

Bombykol (18) 6.30 7.58x10°*

“Note: Values calculated according to ref. 7.
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Scheme 1.1 Aspects of interdisciplinary research, using the example of geraniol

biosynthesis of plant isoprenoids and illustrate the structural variety of terpenes generated
by plants.

The identification and quantification of the individual constituents isolated from plants is
an important aspect in the understanding of the biochemical processes involved in their
generation. Volatiles are analysed mainly by gas chromatography (GC), usually coupled
with mass spectrometry (GC-MS), and some other more specific techniques. The volatility
of such compounds allows specific sample preparation methods such as static and dynamic
headspace analysis to be employed.'® Chapter 3 gives an account of the numerous methods

Q0 9 o 9
P_.P_© GPP N P_.P_o x
o o )h/\o.o‘o 000 OH
o b, B 7 y 05’ Og  synthetase o5 o6
Q101 0) | | |
e0 @0 19 21 1
20 (IPP) (GPP) (Geraniol)

(DMAPP)

Scheme 1.2  Biosynthesis of geraniol
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used for the analysis of volatile compounds emitted from plants by discussing the scopes and
limitations of the different techniques.

Plants, insects and other animals use volatile compounds for their communication with
the environment.' Besides its emission from flowers to attract pollinators, geraniol (11) is
also a member of a class of so-called ‘herbivore-induced plant volatiles’ (HIPVs). Plants
emit these compounds to defend themselves against herbivore attack by attracting natural
enemies of the herbivores responsible for the plant damage. As an example, geraniol was
found to attract wasps and flesh flies of the Braconidae and Sarcophagidae families,
respectively.'! The specific aspects and implications of volatile signalling for plants and
insects are discussed in Chapter 4.

Geraniol (11) has also been identified in the secretions of the Nasonov gland of
honeybees, where the compound, together with a series of other volatiles, serves as a
pheromone to mark the entrance of the hive, for mating and orientation, as for example for
swarm clustering or guidance to flowers.'” Using insects and mammals as examples,
Chapter 5 presents the classification, structural particularities and roles of pheromones in
chemical communication.

Apart from acting as an attractant, geraniol was also found to repel certain insects, such as
the malaria-transmitting mosquito Anopheles gambiae."> Essential oils (EOs) containing
geraniol (and other insect-repellent compounds) have thus been used for protection against
blood-feeding insects, whilst other volatiles have been identified as being useful for the
protection of agricultural crops. The potential to selectively repel or kill certain insects is an
important aspect of volatiles in the area of pest control, as documented in more detail in
Chapter 6.

Although geraniol (11) is readily available from natural sources, several methods for its
synthesis have been proposed, some of which are illustrated in Scheme 1.3. Typically the
compound is prepared from other monoterpenes'* such as myrcene (22), citral (23) or
linalool (24) to usually afford mixtures of geraniol (11) and nerol (25). The selective
preparation of specific isomers in high purities is therefore one of the major achievements of
organic synthesis. Chapter 7 summarizes some of the challenges encountered in the
synthesis of natural and non-natural fragrances. Besides allowing the preparation of natural
compounds which are difficult to be accessed in large quantities, organic chemistry has

OH
WMOW\

22 23 24
(Myrcene) (Citral) (Linalool)

N | /s

MOH + M
1 25 OH

(Geraniol) (Nerol)

Scheme 1.3 Chemical synthesis of geraniol
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delivered a multitude of new and entirely synthetic compounds, in particular for use in
perfumery.

Certain volatile molecules are also part of our everyday life as flavours present in our
daily nutrition. Monoterpenes, such as geraniol, contribute to the floral aroma of a series of
grape varieties used in wine-making."> Many flavour volatiles, so-called ‘secondary
metabolites’ in fruits or vegetables, are generated from fats or amino acid precursors
during ripening. The mechanisms involved in the biogeneration and metabolism of these
compounds are important for food preparation as well as in aspects of nutrition and health.
Besides the terpenoid structures, sulfur- and nitrogen-containing compounds are parti-
cularly important flavour constituents. Whereas Chapter 8 discusses the biogeneration and
the role of a variety of sulfur compounds encountered in onion and garlic, Chapter 9
focuses on the generation of flavours during food processing, as for example in the so-
called ‘Maillard reaction’,16 with particular focus on the thermal effects detected during
cooking. Because not all volatiles have a pleasant taste or smell, the understanding of
these processes is also important in allowing the efficient minimisation of undesired
malodour formation under various conditions.

Once the volatiles have reached their target, they are recognized by specific receptors,
which trigger an electric signal perceived by the brain. The mechanisms of olfactive
perception are quite complicated in both insects and humans. The general importance of
understanding the mechanisms of olfaction was underlined by the granting of the Nobel
Prize in Physiology or Medicine to Axel and Buck in 2004 for their discoveries of odorant
receptors and the organisation of the olfactory system,'’ which stimulated a general
interest in exploring the chemistry and biology of volatile compounds in the life sciences.'®
Chapter 10 gives a general overview of the basic principles and mechanisms involved in
(human) perception.

To humans geraniol (11) has a pleasant, sweet, floral smell and is therefore among the
most frequently used perfumery compounds.'*'® Perfumes are usually mixtures of many
different volatile compounds created at the interface between art and science. In the general
public, perfumery is most commonly associated with ‘fine fragrances’, but perfumes are
also an important ingredient in body care and household products, such as shampoos, soaps,
creams, deodorants, shower gels, surface cleaners, detergents, softeners and many others.
Chapter 11 illustrates the particular artistic aspects of perfumery creation. For their
creations, perfumers require a multitude of different molecules at their disposal. These
compounds can be natural compounds extracted from natural raw materials, prepared
selectively by biotechnical processes or by organic synthesis.

Many terpenes are sensitive to oxidation, either by oxygen in the air*® or by a variety of
bio-oxidation processes initiated by bacteria and fungi®' (Scheme 1.4). To efficiently use

S~"oH| o0, ™0 &> oH N 0H N0 g
—_— + + ™ +
\ | \
OH

11
(Geraniol)

Scheme 1.4 Compounds formed by air oxidation of geraniol
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Scheme 1.5 Release of geraniol by enzymatic cleavage of its glycoside conjugate

susceptible terpenes such as geraniol (11) in commercial product formulations they have
to be protected against (oxidative) degradation by using various encapsulation techni-
ques.”? Chapter 12 examines a series of flavour encapsulation processes which are most
commonly used to increase the stability of food ingredients and to control their release
in applications.

Besides the physical capturing of volatiles within capsules and other matrices, ‘chemical’
delivery systems have been developed to slowly release small quantities of volatiles to allow
the duration of their perception to be increased. Nature stores and transports terpenes, such
as geraniol (11) as hydrosoluble glycoside conjugates (e.g. 26) before releasing them by
enzymes into the environment,”® which served as an inspiration to use fragrance conjugates
as controlled release systems in practical applications (Scheme 1.5). Chapter 13 gives an
account of the various techniques which have been developed for the release of fragrance
molecules via covalent bond cleavage of different natural and non-natural fragrance
precursors, so-called ‘profragrances’ or ‘properfumes’. Of course, this concept can be
generally applied to the controlled release of volatiles in other areas, as for example to attract
or repel insects in pest control.

Another important area of interest concerns the (natural) biodegradation of volatiles in
water or soil by the activity of various microorganisms. Nevertheless, as a consequence of
their volatility, biogenic VOCs can also reach the atmosphere, where they are exposed to
particular reaction conditions leading to their rapid degradation (Scheme 1.6).>* The
investigation of these processes becomes more and more important to understand the
lifecycle of natural compounds and to estimate the impact of biogenic volatiles on our
planet’s climate. This book therefore concludes with a discussion of this important aspect
with a summary of the gas phase chemistry of biogenic VOCs in the atmosphere (Chapter
14) as one aspect of their natural biodegradation.

OH O3
(o} O
— + 0 + DO+  ~0 4+ 07 + P
‘ «OH )k 2 HO ™ e} OAf OMO+
1
(Geraniol)

Scheme 1.6 Degradation of geraniol in the atmosphere
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1.3 Conclusion

The different topics of research mentioned above for one representative molecule such as
geraniol (11) indicate the broad variety of interest in volatile compounds. With the structures
of the volatiles being the common link to all the different research areas presented in the
following chapters, it is on purpose that the reader will find many common molecular
structures illustrating the different chapters and thus referring to the different domains of
research grouped together in this book. To date, these aspects have mainly been discussed
separately by specialists from different areas, and several textbooks and reviews on the
individual topics are available. However, the goal of this book is to provide an interdisci-
plinary approach on the various aspects of the chemistry and biology of volatile compounds
to a reader generally interested in this area. The chapters constituting this book are not
intended to give an extensive or comprehensive review of each of the specific topics, but
rather represent a conceptual and quite general overview of a series of different research
areas. They should give the reader the opportunity to discover the basic aspects of the
different disciplines, to illustrate parallels between the different domains and, with the
numerous references given in the different chapters, to invite further reading.

Asdepicted in Scheme 1.1, there is a certain overlap between the different research areas,
which of course results from the discussion of similar aspects from different viewpoints in
several of the chapters. At the same time, other important aspects of research on volatile
compounds might only be briefly mentioned or even entirely omitted. However, to keep this
book within a reasonable length, this seemed to be unavoidable.

The respective interest in volatile compounds from so many different angles is an
excellent occasion for the exchange and common learning in chemistry and biology, and I
hope that the present book will stimulate discussions and collaborations within a highly
interdisciplinary research field.
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2.1 Introduction

Various phytogenic volatile organic compounds (VOCs) emitted by plants are found in the
atmosphere, such as alkanes, alkenes, alcohols (e.g. methanol),1 aldehydes, ethers, esters,
carboxylic acids® and various types of isoprenoids.®* A major part of these phytogenic
VOCs is of isoprenoid origin being emitted from herbaceous plants and to a very high extent
from green leaves of a great number of trees.*® The largest proportion of volatile
isoprenoids emitted from green vegetation consists of the volatile hemiterpene isoprene
(2-methyl-1,3-butadiene, 1), several monoterpenes and, yet much less important, certain
sesquiterpenes (i.e. C;s isoprenoid compounds). Plants without isoprene emission or
without formation of other isoprenoid volatiles can accumulate particular diterpenes,
isoprenoid C,( products, such as different ginkgolides in the green leaves of ginkgo trees;
however, such diterpenes are mostly accumulated within the plants since they are not very
or no longer volatile.

Today a lot of emphasis is placed on the emission of volatile phytogenic isoprene and
monoterpenes, due to their high impact on atmospheric chemistry and ozone formation.>”*
Isoprene contributes to photochemical smog and enhances the formation of ozone. In order to
better predict and control this biogenic isoprenoid emission and ozone formation, it is
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essential to understand the biological and physiological background of isoprene, monoter-
pene and sesquiterpene emission. Why and under which environmental conditions do plants
emit these volatile isoprenoids? What types of change in the cell metabolism do and must
occur in such plants to substantially reduce their amount of photosynthetically fixed carbon
by the emission of isoprenoid VOCs, which essentially cuts down their productivity?

2.2 Plant Isoprenoids

Plants, animals and micro-organisms contain various primary isoprenoid compounds and
partially also ‘secondary’ isoprenoid compounds (or natural products) that are composed of
the Cs units of ‘active isoprene’, which is known as isopentenyl diphosphate (IPP, 2). These
isoprenoid compounds are also termed terpenoids with hemiterpenes, monoterpenes,
sesquiterpenes, diterpenes, triterpenes and tetraterpenes as Cs, Cig, Cis, Cap, C30 and
C,4o isoprenoids, respectively. Depending on the plant there exist: (a) hemiterpenes [Cs, e.g.
isoprene (1)], (b) monoterpenes [Cq, e.g. geraniol (3), linalool (4), menthol (5), 1,4-cineol
(6)], (¢) sesquiterpenes [C;s, e.g. farnesol (7), bisabolol (8)], () diterpenes [C5, €.g. phytol
(9), camphorene (10), taxol (11), ginkgolides (e.g. ginkgolide A, 12)], as shown in
Figure 2.1, and (e) triterpenes [Cs, e.g2. Avena saponins, oleanolic acid (13), cycloartenol
(14)], (f) tetraterpenes [C4o compounds, such as the primary carotenoids -carotene (15)
and zeaxanthin (16), secondary carotenoids such as astaxanthin (17) and canthaxanthin (18)
and the C,( apocarotenoid crocetin (19)], as shown in Figure 2.2. In several plant families
very long-chain polyterpenes (CsHg),, are found (e.g. in rubber latex, gutta percha or in the
chyle latex of several plant families, such as Euphorbiaceae or Asteraceae) whereby the
number n for Cs units ranges from about several thousands up to one million. Several plant
compounds (i.e. the mixed prenyllipids), which are essential for the primary plant
metabolism, obtain their lipophilic character by the possession of an isoprenoid side chain,
such as the plastidic chlorophylls (phytyl chain), plastoquinone-9 (20, nona-prenyl side
chain, Figure 2.2), phylloquinone K; (21, phytyl chain) or the mitochondrial ubiquinones
Q-9 (22) and Q-10 (23) with nona-prenyl and deca-prenyl side chains, respectively.” In pure
isoprenoid lipids (isoprene, phytol, menthol, cycloartenol, 3-carotene) the complete carbon
skeleton is composed of isoprenoid Cs units, whereas in mixed prenyllipids (plastoquinone-
9, phylloquinone K;) the prenyl side chain is bound to a non-isoprenoid nucleus, such as a
benzoquinone or naphthoquinone ring.

The ‘biogenetic isoprene rule’ (i.e. the composition of such terpenoid natural products
from Cs building blocks) was first detected in 1885 by Wallach,' and the head to tail
addition of ‘active Cs units” was pointed out by Ruzicka et al.'' This composition from
a branched isoprenic Cs unit is shown for several plant terpenoids in Figures 2.1 and 2.2.
With respect to the biosynthesis of the isoprenoid chains, acetate'? and acetyl-coenzyme
A (acetyl-CoA)'® were detected as biosynthetic precursors for cholesterol (triterpenoid
derivatives) of mammals and fungi. Later mevalonic acid (24, MVA) was found as an
intermediate'* and IPP (2) as the active cellular biosynthetic Cs unit (Figure 2.3). 13 Since
14C-labelled acetate and acetyl-CoA were readily incorporated also into plant sterols and,
in the case of the photosynthetic organism Euglena, also into carotenoids, it was
generally accepted that all other isoprenoids of living cells and the large variety of
different plant terpenoids including isoprene, monoterpernes, diterpenes, carotenoids
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Figure 2.1 Chemical structures of isoprene (1) and several other plant isoprenoids and
terpenes (mono-, sesqui-, diterpenes) with indication of the isoprenoid Cs units (printed in
bold face) that make up the carbon skeleton of the final product

and polyterpenes are synthesized via this isoprenoid pathway known as cytosolic acetate/
mevalonate pathway.

For more than three decades it had been accepted that all plant terpenoids were
synthesized from acetyl-CoA via this classical acetate/MVA pathway that proceeds in the
cytosol of the plant cell catalysed by microsomes. This pathway is present in Plants, Fungi,
Animals and Archaea, but generally not in Eubacteria.'® An exception among the
Eubacteria are only a few gram-positive cocci, such as Streptococcus pneumonia,'” which
obtained the MVA pathway apparently by lateral gene transfer. The acetate/MVA pathway
starts from 3-acetyl-CoA, proceeds via hydroxyl-methylglutaryl-CoA (HMG-CoA) and
mevalonate (MVA) to finally yield IPP.'®'® This pathway can specifically be blocked by
mevinolin (25) and other statins (e.g. cerivastatin, compactin, lovostatin), which inhibit the
plant’s microsomal enzyme HMG-CoA reductase, as first shown for mevinolin by Bach and
Lichtenthaler.”*?! Mevinolin (25) did, however, not block the bioynthesis and accumulation
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Figure 2.2 Chemical structures of several plant isoprenoids and terpenes (tri- and tetrater-
penes, some other structures) with indication of the isoprenoid Cs units (printed in bold face) that
make up the carbon skeleton of the final product

of the isoprenoids in chloroplasts, such as carotenoids and chlorophylls (phytyl side
chain).?? This and other inconsistencies showing up in the labelling of plastidic isoprenoids
(carotenoids, phytol chain of chlorophylls, prenyl side chain of plastoquinone-9), such as
little or no labelling by *C-acetate or *C-mevalonate, finally led to the conclusion that
chloroplasts might possess a separate biosynthetic pathway for IPP formation, as reviewed
by Lichtenthaler ez al.'*****
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Figure 2.3 Chemical structures of mevalonate (MVA, 24), mevinolin (25), a-tocopherol (27)
and plastoquinol-9 (26) with indication of the isoprenoid Cs units (printed in bold face)

2.3 Two IPP-Yielding Pathways in Plants

Today it is well known that plants possess two biochemically fully independent cellular
pathways for the biosynthesis of isoprenoids:

o The acetate/mevalonate pathway (acetate/MVA pathway) in the cytosol that yields IPP
for the biosynthesis of sterols, sesquiterpenes and ubiquinones.

 The deoxyxylulose phosphate/methylerythritol phosphate (DOXP/MEP) pathway in the
chloroplasts that is responsible for the biosynthesis of carotenoids, chlorophylls (phytyl
chain), plastoquinol-9 (26, nona-prenyl side chain), phylloquinone K; (21, phytyl side
chain) and a-tocopherol (27, prenyl side chain) as well as isoprene, monoterpenes and
diterpenes.

The DOXP/MEP pathway of chloroplasts was only detected in the early 1990s by the
joint co-operation of the working groups of Lichtenthaler (Karlsruhe) and Rohmer
(Mulhouse/Strasbourg) upon applying new labelling techniques.”**>*’ When using
(a) labelling with *C-glucose combined with high-resolution NMR spectroscopy and
(b) deuterium-labelling complemented by mass spectroscopy, a new labelling pattern of
plastidic isoprenoids was detected that did not at all correspond to a labelling via the
cytosolic acetate/MVA pathway. This DOXP/MEP pathway of isoprenoid biosynthesis was
shown to occur in all chloroplast-containing, photosynthetic oxygen-evolving organisms,
such as green algae:28 and higher plants (first reported by Lichtenthaler ez a.** and Zeidler
et al.**3% as well as in the free living prokaryotic cyanobacteria®> which are supposed to
have the same evolutionary ancestors as the endosymbiotic chloroplasts. Later, these
findings were confirmed by several other research groups, as reviewed by Lichtentha-
ler'®*2¢ and Rohmer.>” The only exception of a photosynthetic organism producing
carotenoids from IPP synthesized via the acetate/mevalonate pathway is Euglena which, in
the course of evolution, has lost its plastidic DOXP/MEP pathway of IPP biosynthe-
sis.'®?>-! Besides photosynthetic organisms, the DOXP/MEP pathway also occurs in the
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heterotrophic, mostly pathogenic eubacteria, such as Escherichia coli, Haemophilus
influenzae, Helicobacter pylori, Chlamydia pneumoniae, Mycobacterium tuberculosis and
Vibrio cholerae,'®*® organisms which might have evolved from originally photosynthetic
bacteria after loss of their photosynthetic competence.

2.4 Prenyl Chain Formation and Elongation

Both cellular isoprenoid pathways of photosynthetic organisms provide IPP which, via an
isomerase, can be transferred to its isomer 3,3-dimethylallyl diphosphate (DMAPP, 28,
Scheme 2.1). By the action of the enzyme isoprene synthase, isoprene is directly formed
from DMAPP. When the Cs unit of IPP is added to the starter molecule DMAPP in a head to
tail condensation, geranyl diphosphate (GPP, 29), the C;, prenyl diphosphate, is formed.
By head to tail condensation of one or two more IPP units to GPP, the C,5 and C,, prenyl
diphosphates are formed [i.e. farnesyl diphosphate (FPP, 30) and geranylgeranyl diphos-
phate (GGPP, 31); Scheme 2.1]. Sterols, being found in several cytosolic cell membranes,
are synthesized via a tail to tail condensation of the C;5 carbon skeletons of two FPP
(dimerization), yielding first squalene (32) and then the triterpene cycloartenol (14, see
Figure 2.2). The C;¢ isoprenoid structure is further modified, for example by the removal
of three methyl groups, to form the final sterol ring structure. Carotenoids as tetraterpenoids
are composed of eight isoprenic Cs units. They are formed by a tail to tail condensation of
two GGPP molecules followed by a successive desaturation of their C4o prenyl chain. This
biogenetic relationship is summarized in Scheme 2.1. Higher prenyl chain homologues are
synthesized via the addition of the Cs carbon skeletons of several hundred or thousands of
IPP molecules, a process which is the basis for the biosynthesis of polyterpenes, as found
in the white latex of Euphorbiaceae and Asteraceae, for example in the latex of the natural
rubber tree Hevea brasiliensis that primarily contains long-chain cis-1,4-polyisoprene
molecules but also the plastidic isoprenoids plastoquinol-9 (26) and a-tocopherol (27).

2.5 Compartmentation of Plant Isoprenoid Biosynthesis

The compartmentation of isoprenoid biosynthesis in the plant cell is shown in Scheme 2.2.
The plastidic DOXP/MEP pathway starts from glyceraldehyde-3-phosphate (GA-3-P, 33,
Figure 2.4) and pyruvate (34) with 1-deoxy-p-xylulose 5-phosphate (DOXP, 35) as the first
product that is transferred to DMAPP and IPP in six further enzymatic steps. By head to tail
condensation the latter form GPP, to which more Cs carbon skeletons of IPP are condensed
to eventually form the isoprenoid chains of the different carotenoids and plastidic prenyl
lipids, mono- and diterpenes, etc. In contrast, the cytosolic acetate/mevalonate pathway
starts from 3-acetyl-CoA and provides IPP and DMAPP for cytosolic sterol biosynthesis,
sesquiterpenes and polyterpernes as well as the prenyl side chains of ubiquinones Q-9 (22)
and Q-10 (23). Both cellular isoprenoid pathways can specifically be inhibited: the acetate/
mevalonate pathway by mevinolin (25) and other statins (target: HMG-CoA reduc-
tase),”***** whereas the DOXP/MEP pathway is specifically blocked by fosmidomycin
(36; target: DOXP reductoisomerase, DXR)26’30 and by 5-ketoclomazone (37; target:
DOXP synthase, DXS),ZG’33’34 as indicated in Scheme 2.2.
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Scheme 2.1 Biogenetic relationship of plant isoprenoids and terpenes being formed from
the starter molecule dimethylallyl diphosphate (DMAPP) by head to tail condensation of one or
more isopentenyl diphosphates (IPP). Depending on the type and cellular localization of the
plant isoprenoid, the IPP molecules are derived either from the cytosolic acetate/mevalonate
pathway or the plastidic DOXP/MEP pathway. Triterpenes and tetraterpenes are synthesized by
dimerization (tail to tail condensation) of two farnesyl and geranylgeranyl diphosphates,
respectively®'?

2.6 The Enzyme Steps of the Plastidic DOXP/MEP Pathway
of IPP Formation

The nonmevalonate DOXP/MEP pathway in plastids starting from GA-3-P (33) and
pyruvate (34) requires seven enzymes, three ATP equivalents [adenosine-5'-triphosphate
(ATP) or cytidine-5'-triphosphate (CTP)] and three nicotinamide adenine dinucleotide
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Scheme 2.2 Compartmentation of the two isoprenoid biosynthesis pathways in the plant cell.
(1) The chloroplastidic DOXP/MEP pathway for the biosynthesis of the active Cs units (IPP) for
chlorophylls (phytyl side chain), carotenoids, prenylquinones (isoprenoid side chains), mono-
and diterpenes. (2) The cytosolic acetate/mevalonate pathway of IPP biosynthesis for the
formation of sterols, sesquiterpenes, triterpenes, polyterpenes and the prenyl side chain of the
mitochondrial ubiquinones Q-9 and Q-10. Specific inhibition is indicated for the acetate/
mevalonate pathway by mevinolin (target: HMG-CoA reductase = HMGR), the DOXP/MEP
pathway by 5-ketoclomazone (target: DOXP-synthase =DXS) and fosmidomycin (target:
DOXP-reductase = DXR). Possible cross-talk between the two cellular biosynthetic isoprenoid
pathways, which primarily consists of an export of active Cs units from chloroplasts to the
Cytoso/,“2 is accentuated?>2>3033:3442

phosphates (NADPH), as shown in Scheme 2.3. The enzymes and their genes are well
defined today. The DOXP synthase (DXS), a thiamine-dependent transketolase-type
enzyme, is the first enzyme of this IPP-producing pathway. It condenses pyruvate with
GA-3-P, yielding DOXP, the first Cs chain of this pathway. 5-Ketoclomazone (37),
an oxidation product of the herbicide clomazone, specifically inhibits the DOXP
synthase.***Enzyme 2 is the DOXP reductoisomerase (DXR) and reduces DOXP to 2-
C-methylerythritol-4-phosphate (MEP, 38).%*-> This enzymic reaction comprises, besides
the NADPH catalysed reduction step, an intramolecular rearrangement of the carbon
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Figure 2.4 Chemical structures of glyceraldehyde-3-phosphate (CA-3-P, 33), pyruvate (34),
deoxyxylulose phosphate (DOXP, 35), 2-C-methylerythritol-4-phosphate (MEP, 38) and en-
zyme inhibitors fosmidomycin (36) and 5-ketoclomazone (37)

skeleton. The DOXP reductoisomerase is apparently the major regulatory step of the whole
DOXP/MEP pathway. It is specifically blocked by fosmidomycin (36), as independently
shown for plants**>> and for Eubacteria®® that also possess the DOXP/MEP pathway.
Fosmidomycin is a structural analogue of MEP, the intermediate in the enzymic reaction of
DXR.

Enzyme 3, the CDP-ME synthase, catalyses the activation of MEP by CTP to form
CDP-methyl-p-erythritol (CDP-ME, 39, Figure 2.5).>” Enzyme 4, CDP-ME kinase, pho-
sphorylates CDP-ME to CDP-ME2P, which is transformed by enzyme 5, MEcPP synthase,
to 2-C-methyl-p-erythritol-2,4-cyclo-diphosphate (MEcPP, 40). Enzyme 6, HMBPP
synthase, reduces MEcPP to 4-hydroxy-3-methyl-2-(E)-butenyl-diphosphate (HMBPP,
41), as was independently verified by several groups.>® Enzyme 7, the HMBPP reductase,
was detected by several groups.®* The HMBPP reductase (gene: IspH, formerly /y¢B) in one
step yields two isoprenoid Cs diphosphate products: IPP and its isomer DMAPP, usually ata
ratio of 5:1 or 3:1. Depending on the cellular metabolic demand, IPP and DMAPP can be
interconverted by a plastidic IPP isomerase.

All seven enzymes of the DOXP/MEP pathway have been isolated and their genes have
been cloned in plants and eubacteria (as reviewed for the first five enzymes by Lichtentha-
ler'®2® and for all seven enzymes by Rodriguez-Concepcién and Boronat and by Eisenreich
et al.*). These are DXS, IspC (DXR), IspD (ygbP), IspE (ychB), IspF (ygbB), IspG (cpE) and
IspH (IlytB), with the old names given in parentheses. The gene (Idi) for the plastidic
IPP isomerase is also known. As in the case of many other chloroplast enzymes, the genes of
the seven DOXP/MEP pathway enzymes are encoded by the nuclear genome, yet the final
enzyme proteins operate in chloroplasts and also in non-green plastid forms. For this
purpose the enzyme proteins of the DOXP/MEP pathway, being synthesized in the cytosol,
possess a transit peptide sequence that directs them to their proper organelle, the chloroplast.

2.7 Cross-Talk Between the Two IPP Biosynthesis Pathways

There exists some cross-talk between the two cellular isoprenoid-forming pathways (see
Scheme 2.2) that was first demonstrated by using cross-labelling of the plastidic isoprenoid
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Scheme 2.3 Biochemical sequence of the DOXP/MEP pathway of plastidic isoprenoid bio-
synthesis in plants yielding the active isoprenic Cs units IPP and DMAPP used for biosynthesis of
plastidic isoprenoids (chlorophylls, carotenoids) as well as isoprene, monoterpernes and
diterpenes. The pathway, starting from pyruvate and CA-3-P, consists of seven enzymes and
consumes three NADPH and three ATP equivalents to yield one active Cs diphosphate (IPP or
DMAPP). The first two enzymatic steps can specifically be inhibited by 5-ketoclomazone and
fosmidomycin, respectively.?®?*?3 The genes of the seven enzymes have been cloned, their
names are shown in italics in parentheses following the enzyme names. Via the enzyme IPP
isomerase, whose gene (Idi) is also known, IPP and DMAPP can be converted into each other

phytol (9, side chain of chlorophylls) and the cytosolic sterols from precursors of the
plastidic DOXP/MEP pathway and the cytosolic mevalonate pathway in two algae and a
higher plant (Lemna gibba) under photosynthetic conditions. When #C-labelled deoxy-
xylulose (14C-DOX, 14C.42, Figure 2.6) and tritium-labelled mevalonolactone (3H—MVL,
H-43) were applied as tracers, the degree of radioactivity incorporation in phytol
and sterols was determined. Phytol and sterols were labelled by their proper precursor
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Figure 2.5 Chemical structures of CDP-methyl-p-erythritol (CDP-ME, 39), 2-C-methyl-p-
erythritol-2,4-cyclo-diphosphate (MEcPP, 40) and 4-hydroxy-3-methyl-2-(E)-butenyl diphos-
phate (HMBPP, 41)

substances '*C-DOX and *H-MVL.*' The rather good labelling of the cytosolic sterols from
4C-DOX indicated an export of isoprenoid units from the chloroplast to the cytosol.
A labelling of phytol from *H-MVL occurred only at very low rates** indicating that under
photosynthetic conditions the cross-talk worked primarily in a chloroplast to cytosol
direction. Other approaches were performed by several authors using specific inhibitors
of the two cellular IPP-producing pathways (e.g. mevinolin (25) on the one hand and
fosmidomycin (36) or 5-ketoclomazone (37) on the other hand), as reviewed by Lich-
tenthaler.*> However, an adequate compensation for the inhibited activity of one cellular
isoprenoid pathway by the second isoprenoid pathway of the other cell compartment
apparently did not and does not occur under physiological standard conditions of growth.

It is evident from the currently available data of several laboratories that, under
photosynthetic conditions, there occurs a unidirectional, relatively high flow of plastidic
Cs isoprenoid units into cytosolic sterol and sesquiterpene or polyterpene biosynthesis, as
shown and reviewed by Lichtenthaler*” and Nagegowda ez al.** This export of isoprenoid Cs
units into cytosolic isoprenoid biosynthesis is presumably mediated by the plastidial
unidirectional proton symport system® that can transport IPP and geranyl diphosphate
(GPP, 29) in a plastid to cytosol direction. Thus, the biomembranes of the chloroplast
envelope play an essential role in mediating the cross-talk between both IPP-producing
pathways. In addition, it is well known that the chloroplast envelope biomembranes
also possess many other biosynthetic capacities and mechanisms*® to transport various
compounds, for example triose phosphates and phosphates, pyruvate and organic acids
(malate, oxalacetate, glutamate) via special transporter/antiporter systems (triosepho-
sphate/phosphate translocator, dicarboxylate transporter, phosphoenolpyruvate/phosphate
transporter) from the chloroplast to the cytosol and vice versa.

Inilluminated green leaves chloroplasts yield the starter substances GA-3-P and pyruvate
in the course of the photosynthetic CO, fixation process (Calvin cycle) and in the

OH HQ «
S on d
O OH (o)
42 43
(DOX) (MVL)

Figure 2.6 Chemical structures of 1-deoxy-p-xylulose (DOX, 42) and mevalonolactone
(MVL, 43)
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photosynthetic light reactions the three ATP and three NADPH required for plastidic IPP
biosynthesis. Under light conditions green plant cells use this efficient IPP biosynthesis
program of chloroplasts to also provide, via a fast export system, the Cs building blocks
(IPPs) required for the cytosolic sterol and sesquiterpene biosynthesis.**** In contrast, in
the dark and apparently also in most cases in non-green plant tissues, the cytosolic acetate/
mevalonate pathway is fully responsible for supplying the IPP molecules for sterol and
sesquiterpene biosynthesis. However, there are exceptions to this general rule. Thus,
Dudareva et al.*’ unambiguously demonstrated that, in the chlorophyll-free epidermis of
snapdragon petals, the DOXP/MEP pathway of the non-green plastids (leucoplasts)
provided the IPP precursors not only for the synthesis of volatile plastidic monoterpenes,
but also for the biosynthesis of cytosolic volatile sesquiterpenes. In addition, Hampel et al.*®
demonstrated in carrot leaves and carrot roots that monoterpenes are synthesized exclu-
sively via the DOXP/MEP pathway, whereas the Cs carbon skeletons of cytosolic
sesquiterpenes are generated via the classical MVA pathway as well as via the plastidic
DOXP/MEP pathway.

2.8 Biosynthesis and Emission of Volatile Isoprene at High Irradiance

The branched chain hydrocarbon isoprene (1) is emitted by a great number of higher plants
and also by mosses, ferns and gymnosperms.® The isoprene emission by plants was
independently discovered in the late 1950s and at the beginning of the 1960s by Sanadze
and by Went.* In evolutionary terms, isoprene emission appears to be a very old trait of
plants that may have been common to all photosynthetically active algae and the first land
plants. During further evolution isoprene emission was apparently lost in many plants, but
was retained in other plants as a major mechanism for survival during high-temperature,
high-irradiance and other stress conditions. Its emission from plants amounts to hundreds of
millions of metric tonnes to the global atmosphere; the estimates range from 180 to
450 x 10'? g carbon year ' worldwide.> It is of great interest in this respect that more
organic carbon is lost from plants as isoprene than as any other volatile plant molecule.® The
light- and temperature-dependent isoprene emission by leaves preferentially occurs at high
rates at temperatures above 28 °C and at high irradiance, such as full sun light, when the
photosynthesis process with its light reactions and associated electron transport reactions is
almost fully light-saturated.

Trees are responsible for the highest rates of isoprene emission of green leaves, for
example Acacia nigrescens (African acacia), Eucalyptus globulus (blue gum), Liquidambar
styraciflua (sweet gum), Populus nigra (black poplar) and other Populus species, Quercus
robur (European oak, pedunculate oak), Quercus coccinea (scarlet oak), Salix babylonica
(weeping willow) and other plants such as Arundo donax (giant reed), Myrtus communis
(myrtle) and Pueraria spp. (kudzu), with emission rates of 30 to 300ug isoprene
g dwh 43!

Isoprene is synthesized via the DOXP/MEP pathway and requires three ATP and three
NADPH molecules (Scheme 2.4).>*% With its two conjugated double bonds it has a
typical UV spectrum, and its time-dependent continuous emission at high light conditions
can easily be measured in plant leaves via a photometric UV cuvette test system using
leaf pieces (Figure 2.7).% A leaf section in the closed UV cuvette with its main leaf vein
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Scheme 2.4 Biosynthesis of the volatile hemiterpene isoprene in chloroplasts from pyruvate
and GA-3-P via the DOXP/MEP pathway. Seven enzymes (genes) are involved in the biosyn-
thesis of the active isoprenoid Cs unit IPP, and the cofactor requirements are three ATP and three
NADPH. Isoprene (1) and MBO (46) are set free from the IPP isomer DMAPP through the action
of plastidic hemiterpene synthases

immersed in water is exposed from the side, perpendicular to the leaf surface, to high
irradiance (above 2000 umol m>s anda temperature above 30 °C (e.g. water bath). Ina
spectrophotometer one can register, via the measuring light beam that passes through the
cuvette unhindered by the leaf, the continuous emission of isoprene after one, two or four
hours. In this test system one can investigate the leaf capacity of different plants for
isoprene emission. In addition, it can be checked if leaves of particular plants are able to
produce isoprene or not. Another method to prove the isoprene emission of leaves,
including various conifer needles, is the collection of the emitted isoprene gas in a closed
system and its injection into a gas chromatography system combined with a mass
spectrometer (GC-MS).”?

There occurs a rapid path of photosynthetically fixed carbon into isoprenoid hydro-
carbons, as shown by the rapid appearance of *C activity (after applying '“COy) in prenyl
chains, such as carotenoids and the phytyl chain of chloroplasts, for example as shown for
the green alga Chlorella.>* This also applies to isoprene. Under high irradiance and at
a temperature above 30°C isoprene is instanteously formed de novo. In fact, the fast
appearance of '*C-labelling in isoprene from photosynthetically fixed 1*CO, suggested that
isoprene biosynthesis must be closely connected to intermediates of the photosynthetic
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Figure 2.7 Measurement of isoprene emission by leaves via the UV cuvette system. The
isoprene emitted at high light (> 1500 umol m™s™') and high temperature (> 30°C) conditions
is collected in a closed UV cuvette and its time-dependent emission measured in a

spectrophotometer’>®°

CO, fixation pathway, known as the Calvin cycle.”>”° In 1997 we demonstrated that the
biosynthesis of isoprene proceeds via the plastidic DOXP/MEP pathway for isoprenoid
biosynthesis from GA-3-P and pyruvate.>*>> GA-3-P is an early product and an intermedi-
ate in the photosynthetic Calvin cycle. In several plants, for example spinach, pyruvate can
directly be formed in chloroplasts from phosphoglyceric acid (PGA, 44, Figure 2.8), another
early product of the Calvin cycle.”’

After detecting the plastidic DOXP/MEP pathway of IPP formation, we showed the
specific incorporation of deuterium-labelled 1-deoxy-p-xylulose (*H-DOX, 2H-42) in the
form of its xyluloside (methylglycoside) into isoprene and also into phytol, the prenyl
side chain of chlorophylls (Scheme 2.5). This incorporation was verified via GC-MS and
via high-resolution NMR spectroscopy.>>*** DOX, the nonphosphorylated precursor
substance, is rapidly phosphorylated in the plant cell by a cytosolic enzyme into DOXP
(31), the actual intermediate precursor of the plastidic isoprenoid pathway.’® DOXP can be
transported from the cytosol into chloroplasts by the xylulose-5-phosphate translocator,
a recently discovered plastidic transporter for pentose phosphates.>

Deuterium-labelled 1-deoxy-p-xylulose (*H-DOX) was readily incorporated into isoprene
by the green leaves of Chelidonium majus (greater celandine), Eucalyptus globulus (blue
gum), Platanus x acerifolia (plane tree), Populus nigra (poplar), Robinia pseudoacacia
(locust) and Salix viminalis (common willow), whereby a labelling degree of 30-80% was
achieved.®® This was proved using the GC-MS technique, whereby isoprene and other volatile
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Figure 2.8 Chemical structures of 3- and 2-phosphoglyceric acid (PGA, 44a and 44b)
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Scheme 2.5 Specific incorporation of deuterium-labelled [1-*H]-deoxyxylulose (D-DOX) into
the volatile hemiterpene isoprene and phytol (side chain of chlorophylls). The deuterium label
was found in the expected and specific methyl group of isoprene and in the four methyl groups
of phytol, which proved DOX and DOXP to be a precursor and an intermediate, respectively, of
the pastidic DOXP/MEP pathway”>”? (D = deuterium label)

isoprenoids emitted were collected by means of the solid phase microextraction (SPME)
method with one drop of decane hanging in the closed experimental cuvette. In contrast, in
blue gum leaves H-DOX was not incorporated into the monoterpene 1,8-cineol which, after
isoprene, was the next most frequent volatile isoprenoid.®® This indicates that isoprene is
spontaneously formed and emitted, whereas the emitted monoterpene cineol had been
synthesized before and was released at high-light and high-temperature conditions apparently
from a depot within the leaves.

The final step of the DOXP/MEP pathway yields both isoprenoid Cs diphosphates, IPP
and its isomer DMAPP. Isoprene is set free from DMAPP in a single enzymatic step via the
plastidic isoprene synthase.®' The latter exists in a thylakoid-bound form®* and also as
isoforms in the chloroplast stroma.®> The enzyme isoprene synthase, a hemiterpene
synthase, is related to monoterpene synthases found in other plants.®* Its K, is 10- to
100-fold higher for its DMAPP substrate than the related monoterpene synthases for their
substrate geranyl diphosphate (GPP).®> These findings indicate that isoprene biosynthesis
apparently starts only when, under particular environmental conditions (e.g. high irradi-
ance, heat stress), the concentration of DMAPP in the chloroplast rises to considerably
higher levels. This assumption would also mean that isoprene biosynthesis starts when
other processes that use either GA-3-P and pyruvate or IPP and DMAPP slow down, with
the consequence that higher levels of IPP and DMAPP accumulate, finally starting the
isoprene synthase.

2.8.1 Regulation of Isoprene Emission

The regulation of the light- and temperature-dependent isoprene emission apparently
proceeds via the relative activity of the DOXP/MEP pathway and possibly via the
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concentration of DMAPP.®>® Moreover, in grey poplar leaves isoprene synthase and the
second enzyme of the DOXP/MEP pathway, DXR, show distinct seasonal patterns and peak
in the summer,®’ thus suggesting that the metabolic carbon flux through the DOXP/MEP
pathway and isoprene emission are closely intercoordinated. Studies on the natural
13C-carbon isotope composition of isoprene in several plants confirmed that isoprene is
synthesized de novo from the currently formed primary photosynthates, yet a low
percentage of carbon came from another carbon source,®® possibly from cytosolic pyruvate
imported to the chloroplast to be joined with GA-3-P in order to form DOXP, the first
intermediate in the DOXP/MEP pathway (see Scheme 2.3). When photosynthetic carbon
fixation was inhibited by CO,-free air in these studies, the contribution of this alternative
carbon source increased. Also, other leaf internal carbon pools (e.g. starch or xylem-fed
labelled glucose) can be used as alternative carbon sources for isoprene emission, especially
when, after abscisic acid application, the stomata close and CO, for photosynthetic carbon
fixation is missing.’® Xylem-transported glucose as an additional carbon source for leaf
isoprene formation was also verified in pedunculate oak Quercus robur.®® In this oak it was
also demonstrated that isoprene synthase activity correlated well with the isoprene emission
rates observed.”® Recent research deals with various aspects of isoprene formation and the
regulation of isoprene enzymes. Thus, the relationship of IPP isomerase activity (trans-
forming IPP to DMAPP) with isoprene emission have been studied,’' as well as the
circadian rhythms of isoprene biosynthesis in grey poplar leaves’® and the fact that
transgenic, non-isoprene-emitting poplars ‘don’t like it hot’.”> These transgenic non-
isoprene-emitting poplars showed reduced rates of net assimilation and photosynthetic
electron transport during heat stress, but not in the absence of stress, whereby the decrease in
the efficiency of photochemistry was inversely correlated with the increase in heat
dissipation of absorbed light energy, measured as nonphotochemical quenching (NPQ) of
chlorophyll fluorescence. The downregulation of isoprene emission affected the thermo-
tolerance of photosynthesis and induced an increased energy dissipation and, as expected,
an increased formation of the xanthophyll cycle pigment zeaxanthin. In addition, studies
were performed to link isoprene emission with plant thermotolerance, antioxidants and
monoterpene emission.”*

2.9 Inhibition of Isoprene Biosynthesis

2.9.1 Fosmidomycin and 5-Ketoclomazone

Biosynthesis and emission of isoprene in illuminated plant leaves is efficiently blocked by
the herbicide fosmidomycin (36, see Figure 2.5) that specifically inhibits the second enzyme
DXR of the plastidic DOXP/MEP pathway of IPP and isoprenoid formation, as verified also
in the UV cuvette test system shown in Figure 2.9.%° 5-Ketoclomazone (37), the specific
inhibitor of the plastidic DOXP synthase, also efficiently blocks isoprene formation, as
shown in the UV cuvette test system.?*>>3*%% In these tests the leaf section is dipped either
into the cuvette for 6-10h at low light and room temperature conditions (below 24 °C) or
overnight into the inhibitor solution and the controls into water. At temperatures above 30 °C
and high irradiance (above 1200 umolm2s™") a dose-dependent inhibition of isoprene
emission is detected.
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Figure 2.9 Inhibition of light-induced isoprene emission in leaf pieces of Platanus x acerifolia
by fosmidomycin (target: DOXP-reductase). The inhibitor (5 uM) was applied to the leaf in the
dark in the cuvette test 12 h before starting the illumination. The amount of isoprene emission
can be determined by measuring its UV spectrum in the closed cuvette

2.9.2 Diuron

Using the herbicide diuron (DCMU, 45, Figure 2.10), we demonstrated that the photosyn-
thetic light reactions and associated electron transport reactions with their ATP and NADPH
synthesis are as essential for isoprene biosynthesis and emission as the precursor substances
GA-3-P and pyruvate. Diuron is known to specifically block the electron transport at the
photosynthetic photosystem 2 by binding to the D1-protein instead of the endogenous
electron acceptor plastoquinone-9,”> an inhibition that blocks the formation of ATP and
NADPH. The effect of diuron on isoprene emission was tested in the leaves of several plants,
such as Platanus x acerifolia, Chelidonium majus, Populus nigra and Populus alba x
tremula. After 24 h pre-incubation with diuron, by dipping the lower leaf part into a 10° M
diuron solution, the isoprene emission was 70-80% inhibited. When the leaves were dipped
into a 10*M diuron solution, the inhibition of the high-irradiance-induced isoprene
emission was 100%.%°

2.10 Inhibition of Carotenoid and Chlorophyll Biosynthesis
by Fosmidomycin and 5-Ketoclomazone

The photosynthetic pigments, chlorophylls and carotenoids, are bound to thylakoids, the
photosynthetic biomembranes.”® In this context, it is of interest that, similar to isoprene
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Figure 2.10 Chemical structure of the herbicide diuron (45)
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inhibition, the two specific inhibitors of the DOXP/MEP pathway of IPP biosynthesis,
fosmidomycin (36) and 5-ketoclomazone (37), also affect and block the biosynthesis of
carotenoids and chlorophylls (phytyl side chain) in chloroplasts in a dose-dependent
manner.’***** This was investigated in etiolated barley seedlings which were dipped
overnight with their cut ends into inhibitor solutions and the controls into water. During
subsequent light exposure both inhibitors caused a dose-dependent, considerable reduction
of the biosynthesis and accumulation of carotenoids and chlorophylls. In fact, the greening
process of the leaves was retarded and an incomplete photosynthetic apparatus was
obtained.** The latter is in the biosynthetic transition stage, as indicated by high values
of the ratio of chlorophyll @ to chlorophyll b (Chl a/b ratio) of 6.0 to 10.0, whereas normal
values of green leaf tissue are in the range 2.7 to 3.3. The inhibition also causes a
considerable increase in the weight ratios of total chlorophylls (a + b) to total carotenoids
(x + ¢), with x corresponding to xanthophylls; and the values of (a + b)/(x + ¢) range from
10.0 to 19.0. Green leaf tissue exhibits values of (a + b)/(x + ¢) in the range 4.3 to 7.0,
indicating an even stronger inhibition of carotenoid accumulation. For comparison, the
normal pigment ratios of photosynthetic pigments in green leaf tissue,**’” and the changes
in pigment ratios during the greening process are reported in the literature.”®

2.11 Biosynthesis and Emission of Methylbutenol at High Irradiance

The needles of several pines of western North America (Pinus ponderosa, P. contorta,
P. sabiniana) do not emit isoprene itself, but its partially oxidized form, the hemiterpene
2-methylen-3-buten-2-ol (MBO, 46).” The MBO structure is shown in Scheme 2.4. Like
isoprene, MBO is volatile and emitted in a light- and temperature-dependent manner at
higher temperatures (heat stress) and high irradiance. Similar to isoprene, MBO can have
a significant influence on the oxidative capacity of the atmosphere, for example through
the consumption of hydroxyl radicals.

MBO is synthesized via the plastidic DOXP/MEP pathway, which was demonstrated
by a high-rate incorporation of deuterium-labelled deoxy-p-xylulose (*H-DOX) into
MBO, as verified by mass spectrometry.®”*® Incorporation of *H-DOX into MBO was
studied in needles of Pinus ponderosa after 14 days preincubation with *H-DOX. The
degree of MBO-labelling was at least 50% and was determined via collection of MBO
with the SPME drop method followed by GC-MS. In addition, the formation of MBO is
inhibited by fosmidomycin, which specifically blocks the DOXP reductase, the second
enzyme in the plastidic DOXP/MEP pathway,’® and also via 5-ketoclomazone, which
specifically blocks the DOXP synthase.”® Moreover, when offering '*C-labelled MVA to
ponderosa pine needles we did not find any incorporation of the '*C-label into MBO, as
checked using mass spectrometry. Like isoprene, the hemiterpene MBO is not formed
from IPP but from its isomer DMAPP; this occurs in one step by the action of the enzyme
MBO synthase. The two hemiterpene synthases, isoprene synthase and MBO synthase, use
the same substrate DMAPP (Scheme 2.4), but the chemical mechanism for cleavage of the
Cs carbon structure from the diphosphate of DMAPP is different,** resulting in different
endproducts.

Various conditions for MBO emission have been studied in detail. At temperatures above
25°C the MBO emission and photosynthetic rates of ponderosa pine needles increased
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with light intensity and neither process showed any light saturation, even at an irradiance
of 2000 wmol m 2s !, which is close to full sunlight.81 Water stress (closure of stomata)
strongly reduced the photosynthetic rates but had no effect on MBO emission.

2.12 Source of Pyruvate for Isoprene and Methylbutenol Biosynthesis

Isoprene and methylbutenol are both synthesized from DMAPP produced via the
DOXP/MEP pathway in chloroplasts. As volatile compounds they are not stored in the
leaf. The rather large amounts of isoprene and MBO emitted by herbaceous plants as well as
broadleaf trees and pine forests at higher irradiances and elevated summer temperatures
derive from spontaneous de novo biosynthesis under photosynthetic conditions starting
from GA-3-P, an intermediate of the Calvin cycle, and pyruvate (Scheme 2.6). Pyruvate in
chloroplasts can derive from three sources. It can be formed in the chloroplast, at least in
some plants such as spinach, directly from photosynthetically fixed carbon, that is from the
first photosynthetic product 3-phosphoglyceric acid (3-PGA, 44a) via 2-phosphoglyceric
acid (2-PGA, 44b) and phosphoenol pyruvate (PEP, 47, Figures 2.8, 2.1 1).57 In addition,
pyruvate can be imported to chloroplasts from the cytosol where it is formed in the
glycolytic pathway. As long as photosynthetic CO, fixation works well, both volatile
hemiterpenes are formed from newly synthesized GA-3-P (Calvin cycle) and pyruvate
that derives from its successive oxidation and transformation. However, pyruvate is
also formed as a byproduct of ribulosebisphosphate carboxylase/oxygenase (RubisCO)
activity.®? Theoretically there is the possibility that, at higher temperatures and a certain
shortage of CO,, the enzyme RubisCO may yield a higher amount of pyruvate. This means
that a higher yield of pyruvate by an enhanced RubisCO activity could stimulate the
DOXP/MEP pathway as well as the biosynthesis and emission of isoprene and MBO. In fact,
when the endogenous level of pyruvate in chloroplasts is increased, as shown below in
the experiment with the inhibitor acetylmethyl phosphinate (AMPI, 48, Figure 2.11),%
this resulted in enhanced isoprene emission. However, the hypothesis that RubisCO at
high-irradiance conditions, higher temperatures and lower CO, levels produces more
pyruvate has yet to be analytically investigated and proved.

However, the particular environmental conditions of isoprene and MBO emission lead
sooner or later to a certain water stress and, as a consequence, to partial or full closure of the
leaf stomata. Since, under water stress and stomata closure, the CO, assimilation via
the Calvin cycle is successively reduced, the major part of the starter molecules of the
DOXP/MEP pathway (i.e. GA-3-P and pyruvate) must then come from sources other than
the process of photosynthetic carbon fixation and reduction. In contrast to photosynthetic
CO, assimilation, the two photosynthetic light reactions and associated electron transport
reactions that provide ATP and NADPH for the DOXP/MEP pathway still take place even at
water stress and stomata closure. At such conditions the main carbon sources for isoprene
and MBO biosynthesis are: (¢) GA-3-P from the breakdown of starch and (b) pyruvate thatis
formed by a breakdown of GA-3-P. Most probably pyruvate is formed in the cytosol by
glycolytic breakdown of GA-3-P and is imported by chloroplasts. The question has yet to
be determined as to whether chloroplasts of isoprene-emitting leaves and ponderosa pine
needles possess the competence to form pyruvate directly from GA-3-P, as may be possible
in some plants.
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Scheme 2.6 Biosynthetic pathways in chloroplasts with branching points for photosynthetic
intermediates and products. The flow is indicated for carbon metabolites from the photosyn-
thetic CO; reduction cycle (Calvin cycle) into different end-products, such as IPP and iso-
prenoids, or into fatty acids and amino acids, as well as from DOXP into thiamine and pyridoxal.
The central role of GA-3-P and pyruvate in the DOXP/MEP pathway for biosynthesis of IPP and
plastidic isoprenoids is emphasized. In some plants pyruvate can directly be made in chloroplasts
from photosynthetically formed 3-PGA; in others it comes from the cytosol and is transported
into the chloroplast®®

2.13 Branching Point of DOXP/MEP Pathway with Other Metabolic
Chloroplast Pathways

Besides the photosynthetic carbon reduction cycle (Calvin cycle, Scheme 2.6), the perfor-
mance of the photosynthetic light reactions (ATP, NADPH) and the DOXP/MEP pathway
for isoprenoid biosynthesis, chloroplasts possess several other biosynthetic activities, such
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Figure 2.11 Chemical structures of phosphoenol pyruvate (PEP, 47) and acetylmethyl phos-
phinate (AMPI, 48)
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as the biosynthesis of chlorophyll (porphyrin ring), de novo fatty acid biosynthesis®> and
also the biosynthesis of particular amino acids, such as aromatic amino acids and branched-
chain amino acids. Some of these pathways compete for the same substrates and are
dependent on the carbon metabolite flow from intermediates or products of the Calvin cycle
(Scheme 2.6).

In view of the operation of the plastidic DOXP/MEP pathway, in which GA-3-P and
pyruvate are direct substrates of DOXP synthase, the early observations are understood very
well today, confirming that '4C-labelled CO,, GA-3-P and pyruvate are better precursors of
chloroplast isoprenoids than '*C-MVA or '“C-acetate. The two latter compounds are
no substrates of the DOXP/MEP pathway, and within the chloroplasts '*C-acetate is rapidly
incorporated into fatty acids via the plastidic de novo fatty acid synthetase.®® In contrast,
photosynthetically fixed '*CO, is rapidly transformed in the Calvin cycle to 3-PGA and
reduced to GA-3-P.3% For the reasons mentioned above, the *C-label of '“CO, rapidly
appears via GA-3-P and pyruvate in B-carotene and various other plastidic isoprenoids,
as described by various authors.”* Also, the fast '*C-labelling of isoprene from photosyn-
thetically fixed '3CO, is easily understood in view of the DOXP/MEP pathway that is fed by
products of the Calvin cycle.’>¢

Two other biosynthetic pathways in chloroplasts compete for distant products of the
carbon reduction cycle. Thus, PEP (47) is a substrate of the shikimic acid pathway that
yields the aromatic amino acids phenylalanine and tyrosine. Pyruvate, in turn, is also a
substrate of the biosynthesis of branched-chain amino acids, such as isoleucine, leucine and
valine, a pathway that also proceeds in chloroplasts. Moreover, when the plastidic pyruvate
dehydrogenase complex yielding acetate is blocked by the specific inhibitor AMPI (48),%¢ as
shown in Scheme 2.7, biosynthesis and emission of the isoprene is enhanced by 30%
at 5 x 10*M AMPI and by 60% at 10* M AMPI applied to leaf pieces.*” These results
indicate that there exist several branching points in the metabolite flow of Calvin cycle
products to pyruvate and different other chloroplast products. This requires a very special
fine regulation of chloroplast metabolism concerning the use of the photosynthetic products.
This fine regulation must respond in the daily changing climatic conditions (temperature,
irradiance) to the availability of CO, (e.g. open and closed stomata). In any case, enhanced
or reduced isoprene emission can be a very effective valve for a fine-tuning of carbon flow
and chloroplast metabolism.** In addition, there also exist particular regulations of the
activity of the DOXP/MEP pathway and its enzymes, as recently reviewed.®’

2.14 Is There a Physiological Function of Isoprene and MBO Emission?

The biosynthesis and emission of both volatile plant hemiterpenes depend on the chlo-
roplastidic production of DMAPP. In fact, plant species with the highest potential for
isoprene and MBO production also possess an elevated light-dependent production of
DMAPP.®® The physiological meaning of the emission of isoprene and MBO is not yet fully
clear. Isoprene provides the leaves with a certain thermotolerance to heat damage.®® In
addition, by functioning as a potential scavenger of radicals both volatile hemiterpenes can
protect thylakoid lipids and various chloroplast constituents from ozone and other reactive
oxygen species,‘s&gg_91 thereby preventing photo-oxidation of the photosynthetic apparatus
at high irradiance conditions. When in Phragmites australis leaves isoprene formation was
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Scheme 2.7 Enhanced flow of pyruvate into isoprene when the plastidic pyruvate dehydro-
genase is inhibited by AMPI,%%8 a specific inhibitor of the plastidic pyruvate dehydrogenase

blocked by the inhibitor fosmidomycin, leaves became sensitive to ozone, as seen in the
decline of photosynthesis, stomatal conductance and chlorophyll fluorescence parameters
and the start of membrane lipid peroxidation.’® These results clearly indicate that isoprene
biosynthesis and emission exert a protective effect on the photosynthetic apparatus and its
biomembranes.

Concerning the mechanism how isoprene exerts this protective effect, one also has to
consider that the enhanced de novo biosynthesis of isoprene and MBO requires a continuous
supply of ATP and NADPH being formed in the photosynthetic light reactions (see
Scheme 2.4), a process which keeps the two photosynthetic photosystems ‘busy’ and
intact by avoiding overreduction and photo-oxidative damage under excess light conditions.
Thus, isoprene and MBO emissions may be a ‘safety valve’, similar to the process of
photorespiration, to protect the photosynthetic pigment apparatus with its photosystems and
light-harvesting pigment proteins”® from photo-oxidation. The only disadvantage is that
isoprene and MBO emissions are a waste of the previously photosynthetically fixed reduced
carbon. Although the ATP and NADPH consumption through isoprene and MBO biosyn-
thesis should not be overestimated, it essentially contributes, besides other mechanisms,
to the stability of the photosynthetic pigment apparatus under high irradiance conditions.

Recently Rosenstiel et al.%® proposed a special hypothesis why plants emit isoprene: the
isoprene synthase converting DMAPP to isoprene and pyrophosphate would prevent
DMAPP torise to such high levels that would unnecessarily sequester phosphate. However,
this concept is not convincing and should be ignored. The starting point of this hypothesis is
the assumption that plants would accumulate more and more DMAPP at high-light and
high-temperature conditions. However, this hypothesis fully neglects the fact that, from
DMAPP and its isomer IPP, various other isoprenoid compounds can be and are produced
de novo under high light- and heat-stress conditions, such as -carotene (15) and the
xanthophyll zeaxanthin (16), which accumulate at high rates, as has been proved for several
plants.*? Zeaxanthin is known to play an essential role in the heat dissipation of absorbed
light energy by disconnecting the photosynthetic light-harvesting pigment proteins from
the photosynthetic reaction centres. Moreover, various plants that have no competence for
isoprene emission in their leaves accumulate nonvolatile diterpenes under such conditions,
for example different ginkgolides in the green leaves of ginkgo trees or various other
diterpenes. Also, the high export rates of IPP from chloroplasts to the cytosol for sterol
formation*' need to be considered. In any case, the available data show that, depending on
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the type of plant under high incident photon flux and elevated temperatures, rather high
amounts of photosynthetically fixed carbon are channelled within the chloroplasts into the
biosynthesis of either volatile isoprene and MBO or carotenoids, volatile monoterpenes
as well as sterols, volatile sesquiterpenes or other isoprenoid compounds. All those
biosynthetic programmes consume the ATP and NADPH produced during the course of
the photosynthetic light reactions, which keeps those light reactions going. Thus, the
emission and/or accumulation of volatile and nonvolatile isoprenoids preserve the two
photosynthetic photosystems PS1 and PS2 under light- and heat-stress conditions when (e.g.
at closed stomata) the photosynthetic CO, assimilation and the performance of the Calvin
cycle are blocked.

This is an extremely essential physiological function of the emission of isoprene and other
volatile isoprenoids and also of the accumulation of nonvolatile isoprenoid compounds in
plants with no competence for isoprene emission. Also, several other metabolic processes
occur, particularly in plants without isoprene emission, such as photorespiration, efficient
quenching of excess light (heat emission of absorbed light energy) or the process of
photoinhibition, all of which have in common that they more or less protect the photosyn-
thetic photosystems from destruction and photo-oxidation. Thus, as soon as the stress
conditions are over, the leaves can immediately restart photosynthesis and photosynthetic
carbon fixation because the two photosystems PS1 and PS2 still exist. This immediate
switch from the carbon-wasting emission of isoprene (and other isoprenoids) to a functional,
photosynthetic carbon gain is an essential advantage for the leaves of green plants and
thus has been preserved and even enhanced during evolution. Other plants that lost their
isoprene synthase and isoprene emission capacity during evolution had to develop other
mechanisms to protect their two photosynthetic photosystems.

2.15 Biosynthesis and Emission of Monoterpenes, Sesquiterpenes
and Diterpenes

There are various plant families that produce particularly volatile monoterpenes and
sesquiterpenes as part of their essential oils (‘etherische Ole’) in specialized cells, such
as the glandular cells or trichomes, secretory cells in flower petals, inflorescences, fruits,
orange peels, rhizomes or seeds (e.g. Lamiaceae, Lauraceae, Myrtaceae, Pinaceae, Rosa-
ceae, Rutaceae, Umbelliferae). There are schizogenic and lysogenic compartments for the
deposition of the essential oils. Many of these volatile isoprenoids are monoterpenes, such
as the acyclic monoterpenes geraniol (3), linalool (4), citronellol (49), nerol, (50), citral (51)
and myrcene (52, Figures 2.1, 2.12). Monocyclic monoterpenes are menthol (5), cineol (6),
limonene (53), a- and B-phellandrene (54, 55), a-terpineol (8-terpineol, 56), menthone
(87), pulegone (58), p-cymene (59), thymol (60) and carvacrol (61). There also exist
bicyclic monoterpenes, such as sabinene (62), thujol (63), carene (64), 1,8-cineol (euca-
lyptol, 65), a- and B-pinene (66, 67), borneol (68) and camphor (69). Sesquiterpenes in
essential oils are farnesol (7), bisabolol (8), nerolidol (70), zingiberene (71) and ca-
ryophyllene (72, see Figures 2.1, 2.13). Rosemary leaves primarily contain 1,8-cineol and
borneol and, to a lesser degree, camphor and limonene. Lavender flowers possess linalool as
a major volatile ingredient, together with cineol and geraniol. Peppermint leaves exhibit
menthol as a major substance, together with menthone, cineol, limonene and a-pinene. The
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Figure 2.12 Chemical structures of a series of acyclic, monocyclic and bicyclic monoterpenes

scales and peels of citrus fruits contain high levels of limonene and, in lower amounts,
geraniol, nerol, linalool and citral. The essential oil of rose flowers consists of citronellol
(40-50%) and geraniol (20%). Eucalyptus leaves possess high amounts of the monoterpene
1,8-cineol. Only a few volatile diterpenes exist in plants. These are acyclic C,( isoprenoids
(e.g. phytol derivatives), monocyclic (e.g. camphorene, 10) or dicyclic isoprenoids (e.g.
geranyllinalool, 73). Most diterpene derivatives are, however, nonvolatile diterpenic
carbonic acids as components of bitter substances (‘Bitterstoffe’) and resins. Monoter-
penes, sesquiterpenes and diterpenes are formed and accumulated in particular cell
structures of inflorescences, leaves and seeds or in special compartments between the cell
walls of neighbouring cells. Since such volatile isoprenoids are formed only in members of
certain plant families and in specialized cells, their contribution to the total amount of
volatile organic compounds emitted into the air by plants is much smaller than the amount
of isoprene, which is formed in many plants from different systematic positions and not only
in specialized leaf cells but in the cells of all green leaves. An exception to this rule, that
primarily isoprene is the main source of organic plant volatiles, may be oak forests in
Mediterranean areas and eucalyptus forests in Australia, where monoterpene and other
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Figure 2.13 Chemical structures of selected sesqui- and diterpenes

isoprenoids, besides isoprene, may essentially contribute to the emitted phytogenic organic
compounds in the atmosphere.

2.15.1 Monoterpenes

The biosynthesis of monoterpenes also proceeds in plastids via the DOXP/MEP pathway of
IPP. After detection of the DOXP/MEP pathway, this was verified by different working
groups for various monoterpenes, such as menthone, pulegone, geraniol and thymol.*”*
It was shown that limonene synthase, the enzyme responsible for the synthesis of the
monoterpene limonene (53), is localized in peppermint in the leucoplasts of the oil gland
secretory cells.”* Additional enzymes of monoterpene biosynthesis have been cloned and
characterized in peppermint, such as menthone reductase” as well as geranyl diphosphate
synthase, limonene-6-hydroxylase, isopiperitenol dehydrogenase and pulegone reduc-
tase.”® Geranyl diphosphate synthase functions as a heterodimer.”” This has also been
documented in snapdragon (Antirrhinum majus) and fairyfan (Clarkia breweri) flowers.”®
Other publications describe seasonal changes of monoterpene emission and monoterpene
synthase activities.”> A recent investigation concentrated on the emission of biogenic
volatile organic compounds in local urban vegetation which contribute to urban ozone and
aerosol formation. The monoterpene emissions of 11 ornamental tree species, three conifers
and nine angiosperms were dominated by a- and B-pinene, myrcene, a- and B-phellan-
drene, carene, limonene and eucalyptol.'®
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2.15.2 Diterpenes

The biosynthesis of diterpenes proceeds within the plastids from IPP produced via the
DOXP/MEP pathway. This was first shown for phytol (8, side chain of chlorophylls,
Scheme 2.5).%**%3 Later it was proved for the diterpenes marrubiin (74, Figure 2.13)'°! and
taxol (11)102 as well as ginkgolide A (12), gibberellins (e.g. gibberellic acid, 75), kaurene
(76) and other compounds.w3

2.15.3 Sesquiterpenes

These are produced in the cytosol and derive from farnesyl diphosphate (FPP, 26) which is
usually made via the acetate/M VA pathway (Scheme 2.1). However, under photosynthetic
conditions, the IPP molecules produced in chloroplasts via the DOXP/MEP pathway are
exported to the cytosol. They make an essential contribution not only to the biosynthesis
of sterols,*'"** but also to that of sesquiterpenes (e.g. in snapdragon flowers).***” Of the
sesquiterpenes, bisabolol oxide A (77, Figure 2.13) and chamazulene (78) from chamomile,
50% of the isoprenic units came from the acetate/MVA pathway, whereas the other 50%
were derived from the DOXP/MEP pathway of IPP formation.'® Other sesquiterpenes
made from IPP of the DOXP/MEP pathway are found in eucalyptus leaves, clematis and
in barley roots. Recent research has been concentrating on the characterization and cloning
of particular enzymes involved in sesquiterpene biosynthesis, such as the farnesyl diphos-
phate synthase in the big sagebrush Artemisia tridentata.'®

2.16 Some General Remarks on the Regulation of Terpene
Biosynthesis in Plants

Concerning the regulation of monoterpenes, sequiterpenes and diterpenes, it has to be taken
into consideration that their biosynthesis is differently regulated from that of the spontane-
ously formed and immediately emitted highly volatile hemiterpenes isoprene and MBO.
The C;g, Ci5 and C, prenyl derivatives are usually synthesized and accumulated during
or after full development of the proper plant tissues where they are formed more or less
continuously. Their synthesis can also be induced as a defensive response. Their biosyn-
thesis is not as specifically bound to high temperatures and high light conditions as that
of isoprene and MBO. Thus, at de novo biosynthesis conditions of isoprene in blue gum
(Eucalytus globulus), as proved by specific incorporation of deuterium *H-DOX into
isoprene, there was no incorporation into the monoterpene cineol.®” Moreover, the
biosynthesis of monoterpenes and diterpene resin acids are induced in the stems of
lodgepole pine (Pinus contorta var. latifolia) saplings when wounded and inoculated with
the blue-stain fungus Ceratocystis clavigera or treated with carbohydrate elicitors.'® In
addition, the biochemical regulation of monoterpene, sequiterpene and diterpene formation,
accumulation and release from conifer needles of Norway spruce (Picea abies) can be
induced as a defensive response against potential herbivores and pathogens via methyl
jasmonate (79, Figure 2.14).'%” These are just a few examples for the independent regulation
of terpene biosynthesis in comparison to that of isoprene and MBO.
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Figure 2.14 Chemical structures of methyl jasmonate (79), terpinen-4-ol (80), linalool oxide
(81) and volicitin (82)

2.17 Volatile Terpenoids as Aroma Compounds of Wine

Various kinds of terpenoid compounds have been found in the different grape varieties and
in wine, where they are essential components of the wine aroma and wine taste. Most of
these compounds are volatile monoterpene alcohols, such as geraniol, linalool, nerol and
a-terpineol. However, in certain wines the volatile sesquiterpene alcohol farnesol is also an
important constituent of the wine aroma. Although not all terpene volatiles of grapes have
been particularly checked, it is clear from specific labelling studies and the localization of
special terpene synthase enzymes in plastids that the volatile monoterpenes of ripening
grapes are synthesized via the plastidic DOXP/MEP pathway of IPP formation, whereas the
sesquiterpenes are formed from IPP molecules deriving from the cytosolic acetate/MVA
pathway. Yet under photosynthetic conditions IPP molecules, exported from chloroplasts,
can also contribute to the biosynthesis of grape sesquiterpenes.

Essential for the particular aroma of a special grape variety and its wine is apparently the
relative level of geraniol with respect to the other terpenes. The grape terpenoids of Vitis
vinifera are usually synthesized rather late in grape berry development and particularly
accumulate during ripening of the grapes. Thus, the very characteristic and rather strong
aroma of Muscat wines is due to the three monoterpene alcohols geraniol, linalool and nerol.
An investigation of the Albarifio wines, found in north-west Spain, showed that the terpenes
(here linalool and terpineol) are mostly present in the free alcohol form and very little in a
bound or ester form.'”® In a broad investigation of Chardonnay wines from all regions of
California, one found particularly linalool and a-terpineol, however in minor amounts also
terpinen-4-ol (80, Figure 2.14), geraniol, nerol and linalool oxide (81).'"° In the present
research of wine breeding institutions terpenes are screened as markers for potential new
grape wine varieties. Other studies deal with the overexpression of particular enzymes of
the isoprenoid and terpene biosynthesis machinery to increase the terpene level of grapes.
Since the level of volatile terpenes decreases during wine ageing together with the decline
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of aroma and taste, recent research also concerns the search for inhibitors of the disappear-
ance of volatile aroma in wine.'""

2.18 Function of Terpenes in Plant Defence

Volatile plant terpenes play an essential ecological role and have a variety of functions in
mediating antagonistic and beneficial interactions among organisms.''" The emission of
volatile terpenes from flowers to attract insects for pollination is widely known. Volatile
terpenes can also be released at low rates from leaves and other vegetative plant tissues such
as roots. However, the level and profile of released volatile terpenes from leaves and other
plant tissues is markedly different when plant leaves are damaged, for example by insect
feeding. Then newly synthesized volatile terpenes can become part of a defensive mecha-
nism, for example either by direct toxic action against the plant pathogen and the feeding
insect or by very special interactions. Thus, in the past two decades it has been shown that
volatile plant terpenes mediate very specific interactions between plants and herbivores and
other organisms, such as arthropods, nematodes and also other plants. Such interactions
have been detected and documented in recent years by various groups;''>~''* and certainly
many more interactions will be detected in future.

When plants are damaged (e.g. by herbivorus insects) many more terpene volatiles and
also non-isoprenoid volatiles are synthesized de novo and set free. Such volatile terpenes
attract both parasitic and predatory insects that are natural enemies of herbivores, as
described in the update reviews by Paré and Tumlinson''? and Arimura e al.'' This is then
of great advantage for the attacked plant which via the volatile terpene signal ‘asks’ for help
and can indirectly defend itself. In addition, the emitted volatile plant isoprenoids can also
induce defensive responses in neighbouring plants. Such specific interactions and com-
munications are often based on volatile mono- and sesquiterpenes. It is of interest in
this respect that, in all plants investigated so far, even in phylogenetically distant plants,
there exist notable similarities in the structure of volatile terpene and nonterpenoid volatiles
that are released from insect-damaged leaves and from leaves distal to the site of the
damage.'""""'* The production of such volatile terpenes is generally induced by an
interaction of special elicitors such as volicitin (82) in the oral secretion of insect herbivores
with the damaged leaf tissue. In these elicitor-induced responses for synthesis and release
of volatile defensive terpenes various special compounds, such as jasmonates and oxylipins,
seem to be involved. More recently, the drimane sesquiterpenes occurring in plants, fungi
and some marine organisms have found special attention in defensive responses.''> So far,
very little is known on the production of volatile terpenes in plant roots as indirect defensive
compounds against nematodes and other plant herbivores. However, one can expect a
function similar to that in leaf tissues.

2.19 Conclusion

Plants possess two systems for the biosynthesis of IPP and isoprenoid formation; and the
DOXP/MEP pathway in the chloroplasts operates independently of the acetate/MVA
pathway in the cytosol. The DOXP/MEP pathway is required to supply the IPP Cs units
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necessary for the synthesis of functional compounds in the photosynthetic apparatus, such
as carotenoids, prenyl side chains of chlorophylls, plastoquinone-9, a-tocopherol and
phylloquinone K. This plastidic isoprenoid pathway is also involved in the chloroplast
adaptation response to high- or low-light conditions by providing the isoprenoid Cs
building blocks to form sun- and shade-type chloroplasts that are characterized by
particular chlorophyll a/b ratios as well as carotenoid and prenylquinone composition.**
At high photon flux densities the DOXP/MEP pathway also participates in the relatively
rapid de novo biosynthesis of high additional amounts of the xanthophyll cycle carote-
noids (zeaxanthin, antheraxanthin) that protect the photosynthetic apparatus from photo-
inhibition as well as from photo-oxidation. In sun-exposed leaves the DOXP/MEP
pathway also supplies the active Cs IPP units for the continuous accumulation of
plastoquinone-9 and a-tocopherol in the osmiophilic plastoglobuli.** At high irradiances
the chloroplast DOXP/MEP pathway operates efficiently and uses photosynthetically
formed ATP, NADPH and newly fixed carbon to provide a major part of the Cs IPP
units necessary for the biosynthesis of the cytosolic sterols. In addition, starting with
intermediates of the Calvin cycle, the chloroplastidic isoprenoid pathway serves the
biosynthesis and emission or accumulation of volatile isoprenoids, such as isoprene,
methylbutenol, monoterpenes, diterpenes (see Scheme 2.2), and particular sesquiterpenes,
all of which can be regarded as direct primary photosynthetic products and secondary
plant products or natural products. The data reviewed above indicate that, depending on
the light and temperature conditions, enormous amounts of freshly fixed photosynthetic
carbon flow into various volatile and nonvolatile isoprenoid compounds. Thus, chloroplast
isoprenoid biosynthesis via the IPP-forming DOXP/MEP pathway appears to be a
‘metabolic valve’ for regulating the photosynthetic carbon flow as well as fine-tuning
for chloroplast and cell metabolism. This chloroplast isoprenoid pathway consumes large
amounts of photosynthetically formed ATP and NADPH and may also serve as a ‘safety
valve’ in order to avoid overreduction and photoinhibition of the photosynthetic apparatus
as well as photo-oxidation of the photosynthetic pigment systems PS1 and PS2. The
essential significance of terpene synthesis in plants is underlined by the fact that terpenoid
compounds (prenyl pigments, prenylquinones) not only have specific functions in primary
cell metabolism, but that the synthesis and emission of various mono- and sesquiterpenes
in plants serve as chemical defensive mechanisms against herbivores, pathogens and
competitors. Currently various genetic and metabolic engineering studies are being
performed in many laboratories on the biosynthetic isoprenoid pathways of plants, using
genetically transformed bacterial and plant test systems. This research is essential in order
to better understand the biological function of these plant terpenoids and to modulate the
production of carotenoids, vitamin E and particular mono-, sesqui- and diterpenes of
commercial and pharmaceutical interest.
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3.1 Introduction

The volatile fraction of a matrix of vegetable origin is, in general, defined as a mixture of
volatiles that can be sampled because of their ability to vaporize spontaneously and/or under
suitable conditions or by employing appropriate techniques. The term ‘volatile fraction’ is
therefore an umbrella term that includes a range of approaches and/or techniques, which
produce samples that are representative of the volatiles characterizing a vegetable matrix, for
example headspace, essential oils, flavours, fragrances, aromas and extracts prepared through
specific techniques. The compositions of a volatile fraction may thus vary depending on the
approach adopted; because they are based on completely different principles, the resulting
samples cannot be compared directly. These considerations are not obvious, since the
literature still includes articles that (erroneously) compare essential oil and headspace
compositions directly, or even worse that do not even distinguish between the two, although
their definitions are absolutely clear. In agreement with AFNOR (Association Francaise de
Normalisation) 1998 and European Pharmacopoeia 2008 an ‘essential oil’ (EO) is the
product obtained by hydro-, steam- or dry-distillation or by a suitable mechanical process
without heating (for citrus fruits) of a plant or of some parts of it, while ‘headspace sampling’
is a solventfree technique aimed at sampling the gaseous or vapour phase in equilibrium (or
not) with a solid or liquid matrix in order to characterize its composition.

The volatile fraction emitted from a plant is now recognized to be an important biosensor,
diagnostic not only of its metabolism and changes, but also because it can, in some cases, be

*Note: corresponding author.
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related to the compositions of other fractions, including nonvolatile ones. The most
important task in its analysis is therefore to detect, identify and, when necessary, quantify
the volatile component(s) (in general secondary metabolites) that are marker(s) of the
investigated biological phenomenon. This requires analytical methods and technologies to
be adopted that are sensitive enough (sensu lato) to detect variations in the composition of
the emitted volatile fraction, and to enable the dynamics of the reaction(s) of a vegetable
organism to be monitored when its metabolism is altered. This requirement can only be
satisfied by applying an analytical set-up consisting of sampling techniques that maximize
the recovery over time of biologically interesting metabolites and analytical techniques that
minimize the analysis time.

The approach to the analysis of the volatile fraction has changed radically over the past
15-20 years, mainly thanks to the dramatic increase in the number of chemical analyses a
laboratory must run. This need has strongly influenced the development of both the main
steps of an analytical procedure, that is sample preparation and analysis, and, in conse-
quence, has definitively induced the inclusion of data elaboration as a third active step, able
toproduce a ‘higher’ level of information from the samples investigated. This has resulted in
a trend for both routine and research laboratories (in particular for those where large
numbers of homogeneous samples must be analysed) whose aim has been to develop,
wherever possible, automatic systems in which the above three steps are merged into a
single one (i.e. the so-called ‘total analysis system’, TAS) to reduce the workload to a
minimum.

This chapter is a critical overview of the approaches and techniques used to study the
composition of the volatile fraction of a vegetable matrix on the basis of the most recent
achievements in sample preparation, analysis and data elaboration.

3.2 Sample Preparation

From the beginning of the 1990s, sample preparation of the volatile fraction has evolved
considerably, and highly innovative and effective techniques now flank those previously
adopted. The number of conventional techniques available to sample the volatile fraction
in or by a ‘liquid’ phase is quite large. Examples for distillates include: vacuum-, dry-,
steam- or hydro-distillation for essential oils,* simultaneous distillation—extraction (SDE)>
and solvent extraction offline combined with normal pressure or vacuum distillation.
Examples for extracts include: highly effective extraction techniques such as ultrasound
or microwave-assisted extraction—hydrodistillation (MAE, MA—HD)6 and selective
and/or pressurized (or accelerated) solvent extraction (ASE) or supercritical fluid extraction
(SFE).”

However, the most important improvements in the sampling of the volatile fraction have
been achieved in the ‘vapour’ phase, better known as headspace (HS) sampling. Tradition-
ally, HS sampling operates either in static (S-HS) or dynamic mode (D-HS): the principles of
these two approaches were defined so clearly that, paradoxically, they slowed down the
development of other HS techniques. The renewed interest in HS sampling by the end of the
1980s coincided to a great extent with the development of solvent-free sample preparation
techniques, that are techniques in which the analyte(s) is (are) isolated from a matrix,
minimizing the use of a liquid solvent.® This approach perfectly meets the definition of HS
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sampling (see above)® and it lays at the origin of the introduction of high concentration
capacity headspace techniques (HCC-HS).”'® HCC-HS techniques act as a ‘bridge’
between S-HS and D-HS techniques and are based on either the static or the dynamic
accumulation of volatiles on polymers operating in sorption and/or adsorption modes, or,
less frequently, on solvents. They were immediately and quite unexpectedly successful,
mainly because they are as simple, fast, easy to automate and as reliable as S-HS but, at
the same time, their analyte concentration capability is often comparable to that offered
by D-HS.

The development of HCC-HS techniques was also favoured by the ever increasing
knowledge of sorption, mainly due to Sandra and coworkers and Cramer and coworkers.
Sorption is partition based on an analyte’s dissolution in a liquid retaining polymer [in
particular poly(dimethylsiloxane) (PDMS)] and together with adsorption, it is the main
phenomenon involved in the recovery of an analyte from a liquid or vapour sample by a
polymeric phase."!

3.2.1 ‘Liquid’ Phase Sampling

The so-called ‘liquid phase sample preparation techniques’ are all now long established,
and their use is reported in official methods, making their detailed description redundant.
A technique whose performance has been underestimated is SFE probably because of the
cost of the system compared to that of conventional extraction techniques, but it shows
several characteristics that can be very useful in the recovery of the volatile fraction. SFE is
an environmentally friendly technique that not only enables selective extractions to be
carried out by varying the polarity of CO,, either chemically through a polar modifier, or
physically through its density (tuned by temperature and pressure), and concentrated
samples to be obtained without residual polluting solvents; it is also possible to fractionate
the resulting samples by differential depressurization or by online combination with SPE
affording the isolation of fractions homogeneous for polarity and volatility.”-'*

3.2.2 Headspace Sampling

The HCC-HS approach has stimulated the introduction of several new techniques to sample
the volatile fraction in the vapour phase. This approach has also favoured, whenever
possible, the adoption of headspace sampling to replace distillation and extraction tech-
niques, the latter being more time-consuming and almost impossible to combine online to
the analytical step in total analysis systems; HCC-HS also avoids pollution problems related
to the hydrocarbons or chlorinated solvents used in solvent extraction.

Several HCC-HS-based techniques are now available to sample the volatile fraction of
vegetable matrices, in addition to conventional S-HS and D-HS samplings: HS-solid-
phase microextraction (HS-SPME),"? in-tube sorptive extraction [inside needle capillary
adsorption trap (INCAT), headspace solid-phase dynamic extraction (HS-SPDE)],'*'¢
headspace sorptive extraction (HSSE),'”"'® static and trapped headspace (S&T-HS),'*'so-
lid-phase aroma concentrate extraction (SPACE),?* headspace liquid-phase microextraction
(HS-LPME)*** and large surface area HCC-HS sampling [membrane extraction sorbent
interface (MESI), membrane microextraction (MME), headspace-sorptive tape extraction
(HS-STE)].*"*” HCC-HS, HS-SPME and D-HS techniques in the sample preparation of the
plant volatile fraction, their advantages and limits, were recently reviewed by the authors’
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group.”'%?® The principles underlying the above mentioned techniques are briefly described
below.

3.2.3 Headspace-Solid Phase Microextraction

The first and most popular HCC-HS technique to appear was HS-SPME presented by Zhang
and Pawliszyn in 1993 as an extension of SPME," in turn introduced by Arthur and
Pawliszyn in 1990;*° SPME and HS-SPME were also the first routine techniques to operate
in the microextraction mode. They are based on the accumulation of the investigated
analytes onto a film of a sorbent and/or an adsorbent coated onto a mobile fused silica fibre,
which is part of a special stainless steel needle assembled onto a customized device; in
HS-SPME, the accumulated analytes are recovered by thermal desorption directly into the
body of a conventional split/splitless gas chromatography (GC) injector. Figure 3.1 shows a
diagram of an SPME holder and a fused silica fibre. Zhang and Pawliszyn also advanced a
theory for SPME applied to HS sampling'*° in which they showed that analyte recovery
from headspace by a fibre depends on two closely related but distinct equilibria: the first is
the matrix/headspace equilibrium responsible for the headspace composition (measured by
its distribution coefficient, K;), the second is the headspace/polymeric fibre coating
equilibrium (measured by its distribution coefficient, K;). The HS-SPME approach (and
the underlying theory) has been, and still is, the basis for the development of new HCC-HS
sampling techniques. Pawliszyn and coworkers have reviewed the theory, technology,
evolution and applications of SPME together with some additional specific topics.>*'
Figure 3.2 shows the fast gas chromatography—mass spectrometry (GC-MS) profile of the
headspace of a sample of juniper berries sampled by SPME, together with the structures of
compounds 1-23 identified for the different peaks. An extensive review on applications of
HS-SPME in the plant field was recently published by Belliardo and coworkers.*®

SPME
holder

Fused silica
I = fiber
Needle Polymer
guide coating
b7 s
G Fiber

Figure 3.1 Diagram of a SPME holder for HS sampling and a fused silica fibre
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Figure 3.2 HS-SPME-F-GC-MS profile of juniper berries EO (Juniperus communis L.) and
structures of the identified compounds 1-23. HS-SPME sampling: fibre: 2cm DVB/CAR/PDMS;
incubation temperature 50°C, equilibration time: 5 min, sampling time: 10 min. GC-MS system:
Shimadzu QP2010 GC-MS system provided with Shimadzu GC-MS Solution 2.51 software
(Shimadzu, Milan, Italy). Columns: SE52 10m x 0.10mm x 0.10 um (MEGA, Legnano, Italy).
Temperature rates: from 40°C (1.46 min) to 250°C (1.46min) at 10.25°Cmin™"; injection
mode: split; split ratio: 1:50; temperatures: injector: 230°C, transfer line: 250°C; ion source:
200°C; carrier gas: He, flow rate: 0.5mlmin~". MS ionization mode: electron impact (El) at

70eV, data rate: 20 Hz, mass range: 35-350 m/z
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3.2.4 In-Tube Sorptive Extraction

In-tube sorptive extraction is an approach based on D-HS, which was developed to
overcome the relatively limited concentration capability of HS-SPME.

The inside needle capillary adsorption trap (INCAT), introduced in 1997 by
McComb et al.,'* is a pre-concentration device consisting of a hollow needle, with either
a short length of GC capillary column placed inside it, or an internal coating of carbon.
Sampling is achieved by passing the gaseous or liquid sample through the device, either
actively with a syringe, or passively via diffusion. The sampled analytes are recovered by
direct thermal desorption into the GC injector.

Solid-phase dynamic extraction (SPDE), also known as ‘the magic needle’, was intro-
duced by Lipinsky®? in 2001 and applied to HS sampling by Musshoff ez al.'” SPDE is a
technique in which the analytes from the vapour phase (HS-SPDE) or from the liquid phase
(IS-SPDE) are concentrated on a thick film (50 um, about 4.5 pl) of a polymer coated onto
the inside wall of the stainless steel needle (5.5 or 7.5 cm long) of a gas-tight syringe (2.5 ml)
by pulling in and pushing out a fixed volume of HS to be sampled, through the gas-tight
syringe, for an appropriate number of times within a fixed time (Figure 3.3). The trapped
analytes are then thermally desorbed, transferred online by a fixed volume of carrier gas into
the GC injector body, and analysed by GC or GC-MS. Several polymeric coatings are
available: PDMS, PDMS/activated charcoal, PDMS/OV 225, PDMS/phenyl-methylpoly-
siloxane, poly(ethylene glycol) (PEG) and PDMS/7% phenyl- or 7% cyanopropyl
(OV 1701). Bicchi ez al.'® applied HS-SPDE to the analysis of aromatic plants and food
matrices, in particular rosemary, banana, green and roasted coffee and red and white wine,
all with a PDMS and 10% of activated carbon-coated needle.

Gas-tight
syringe

SPDE
needle

Polymer
coating

Figure 3.3 Diagram of a SPDE assembly for HS sampling and of a ‘magic needle’
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3.2.5 Headspace Sorptive Extraction

Headspace sorptive extraction (HSSE) is an extension of stir bar sorptive extraction
(SBSE)* introduced in 2000 by Bicchi er al.'”** and Tienpont er al.'® to increase the
concentration capability of SPME. In HSSE, the analytes are accumulated onto a thick film
of PDMS coating a glass-coated magnetic stir bar (better known by the name Twister),
whose PDMS volume ranges from 25 to 250 pl depending on its size. HS components are
recovered statically by suspending the PDMS stir bar in the vapour phase, in equilibrium or
not with the matrix, for a fixed time. After sampling, the stir bar is placed in a glass tube and
transferred to a thermo-desorption system where the analytes are thermally recovered and
analysed by GC or GC-MS. More recently, Bicchi et al.** introduced dual-phase twisters
(DP twisters) mainly to overcome the chief limit of PDMS (i.e. an apolar polymer) in the
recovery of both polar analytes from complex or multi-ingredient matrices and very volatile
components (C;—C,4 analytes). DP twisters consist of a short PDMS tube (2 cm), closed at
both ends with two magnetic stoppers, thus creating an inner cavity that is packed with
different adsorbents (Carbopack B, Tenax GC, a bisphenol-PDMS copolymer and Carbo-
pack coated with 5% of Carbowax). Figure 3.4 gives schemes of a HSSE sampling system
and a conventional PDMS twister («) and a DP twister (b). The concentration capability of
DP twisters is therefore the result of the sorption of the analyte(s) onto PDMS from the liquid
or vapour phase, followed by analyte diffusion through the PDMS layer and adsorption onto
the inner phase. HSSE has been successfully applied in HS sampling of vegetable matrices
in the food, cosmetic and pharmaceutical fields.

The concentration capability of PDMS can also be improved by modifying its polarity
with the help of a solvent impregnating the polymer. This approach was first developed for
samplings in the liquid phase by Janskd et al>° [solvent in silicone tube extraction
(SiSTEx)] and Sandra and coworkers®’ [silicon membrane sorptive extraction (SMSE)];
more recently, Sgorbini et al.*® applied it to samplings in the vapour phase. The sampling
device consists of PDMS tubing closed at both ends by glass stoppers, the resulting inner
cavity being filled with an organic solvent. In liquid phase sampling, analytes are
concentrated in the inner solvent where they diffuse from the sample through the PDMS,
which acts as a selective membrane. In headspace sampling, the analytes accumulate in the
PDMS, whose polarity is modified by the inner solvent diffusing through it, and are
recovered by thermal desorption and analysed by GC or GC-MS. Figure 3.5 shows a
diagram of a HS-SMSE system and a sampling device. HS-SMSE was successfully applied

© (R e
]

v v
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(b) .,—.—' Magnet

¥ X
Inner phase PDMS

Figure 3.4 Diagram of a HSSE sampling system and (a) a conventional PDMS twister and (b) a
DP twister
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Figure 3.5 Diagram of a HS-SMSE system and a sampling device

to headspace sampling of: () sage and thyme with ethyl acetate and cyclohexane as PDMS
modifiers, (b) coffee with PDMS/ethyl acetate and (c) fatty acids with PDMS/ethyl acetate
at pH 8. Figure 3.6 reports the GC-FID profiles of the headspace of a sample of dried sage
leaves containing compounds 2, 12-17 and 24-30 sampled by an empty PDMS tubing
(a) and by SMSE using cyclohexane () and ethyl acetate (c) as solvents.

3.2.6 Static and Trapped Headspace

This technique was mainly developed to overcome the limit with the injection of large gas
volumes in classical GC injectors with S-HS and the inaccuracy in the measurement of the
total gas volume with purge and trap-headspace sampling.'*~>'Static and trapped headspace
(S&T-HS) try to combine advantages of both techniques, since after equilibration, the
vapour phase is evacuated from the HS chamber by the pressure of a piston and trapped by an
adsorbent in a cartridge through which the gas flows. The trap is then transferred to a thermal
desorber from where the recovered analytes are online injected in a GC unit. The sensitivity
mainly depends on the sampled gas volume which depends on the cell volume. This
technique was shown to be very effective for quantitation both by combining the determi-
nation of the analyte air to liquid partition coefficients to multiple headspace extraction
(MHE)" or by the standard addition procedure.*

3.2.7 Solid-Phase Aroma Concentrate Extraction

Solid-phase aroma concentrate extraction (SPACE), introduced by Ishikawa ez al. in 2004,%2
bases analyte recovery on a stainless steel rod coated with a mixture of adsorbents, mainly
graphite carbon. Sampling in static mode is obtained by suspending the SPACE rod in the
matrix headspace for a fixed time; the sampled analytes are then recovered by thermal
desorption online to the GC or GC-MS system. This technique has been shown to be
successful with roasted coffee beans and other vegetable matrices.””

3.2.8 Headspace Liquid-Phase Microextraction

Liquid-phase microextraction (LPME) was introduced about 15 years ago by Jeannot and
Cantwell*” for sampling in liquid phase; its use was extended to S-HS sampling by Theis
et al.* and Tankeviciute et a/.** in 2001. In HS-LPME the analytes are accumulated into a
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Figure 3.6 HS-SMSE-CGC-FID profile of sage dried leaves (Salvia lavandulifolia Vahl.) and
structures of the identified compounds 2, 12-17 (see Figure 3.2) and 24-30 sampled by:
(a) empty PDMS tubing, (b) PDMS tubing filled with cyclohexane, (c) PDMS tubing filled with
ethyl acetate. HS-SMSE sampling: PDMS tubing: 4cm long, 1.5 i.d., 0.5 mm thick. Sample
amount: 20mg. Vial volume: 20ml. Sampling temperature: 50°C. Sampling time: 20 min.
Solvent volume: 120 ul (20 ul for cyclohexane). GC-FID system: HP 5890 series Il. Column:
FSOT OV-1 (MECA, Legnano, Italy) d.f. 0.25 um, i.d. 0.25 mm, [ 25 m. Carrier gas: He; flow rate:
1.0mImin~". Oven: temperature programme: from 50°C (1 min) to 180°C at 3°C min~' then to
270°C (5min) at 20°Cmin~". TDS conditions: desorption: from 40°C to 250°C (5min) at
60°Cmin”'; flow mode: splitless; transfer line: 250°C. Injection system: Gerstel CIS-4 PTV
injector, cryogenic fluid: CO;; split mode, splitratio 1 : 10, injection temperature: from—50°C to
280°C (5min) at 600°C min”’
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Figure 3.6 (continued)

drop generated at the tip of a microsyringe needle, which enables the drop to be retracted
back into the needle after sampling, and then to be directly injected into the GC system.
Figure 3.7 shows a diagram of a HS-LPME sampling system.

Since its introduction HS-LPME appeared to be very attractive, because it is cheap, easy
to apply, to automate and to combine online and offline with other extraction and distillation
sampling techniques and can reliably be used for quantitative analysis. But, its most
important advantage is flexibility related to the wide range of nonpolar, polar and water
miscible solvents that can be used. The main limitation on the solvent is that its vapour
pressure must be low enough to avoid evaporation during sampling but, at the same time,
it must be compatible with GC analysis, and produce stable drops to avoid its falling from
the needle.

q

Syringe
needle

Solvent
+1.S.

Figure 3.7 Diagram of a HS-LPME sampling system
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HS-LPME in S-HS mode has been widely used to analyse the volatile fraction of plant
matrices, or those of products derived from their transformation: its applications have
recently been reviewed by Bicchi et al.'® The most used solvents for plant matrices are
1-octanol and hydrocarbons with different volatility.

3.2.9 Large Surface Area High Concentration Capacity Headspace Sampling

One of the chief parameters conditioning analyte recovery in HCC-HS techniques is the area
of sorbent (adsorbent) exposed to the HS.?**” A number of techniques focussing on this
parameter have been proposed. The first described technique was the membrane extraction
sorbent interface method (MESI) proposed by Yang ez al.*' in 1994 for in-solution sampling
and applied to HS sampling in 2000 by Segal et al.*> MESI is a technique whereby a PDMS
membrane acts as a selective ‘filter’ and the analytes are dynamically accumulated on a
conventional polymeric trap.** The technique comprises four steps: (a) extraction of the
analytes from the vapour phase of a matrix flowing on a thin film PDMS membrane, (b)
diffusion through the membrane, (¢) stripping from the other side of the membrane into a
flowing gas and (d) concentration by a sorption (adsorption) trap. The sampled analytes are
then recovered by thermal desorption of the trap and online analysed by GC or GC-MS.
Wang et al.** applied MESI to monitoring the volatiles emitted by Eucalyptus dunnii into
indoor air and developed a portable system for on-site monitoring of biogenic emissions
from its leaves, consisting of a MESI device (PDMS membrane, Tenax microtrap) coupled
online with a GC.**

The large surface of PDMS membranes has also been exploited directly to achieve high
yields in recovering analytes from both liquid and vapour phases. Bruheim et al.*° showed
that a higher extraction efficiency in a shorter time and with better sensitivity could be
achieved with a PDMS thin sheet than with a thick-film PDMS-coated SPME fibre because
of the larger surface area/extraction phase volume ratio, for both in-solution and S-HS
sampling.

More recently, Sisalli ef al.** introduced sorptive tape extraction (STE) to study sebum
composition and hence to determine the effect of a matifying product on skin shininess
through in vivo sampling at the human skin surface. Sebum was sampled before and after
cosmetic treatment by means of a thin flexible PDMS tape directly in contact with the skin
surface for a fixed time. Analysis was by GC or GC-MS after analyte recovery by either
thermal or solvent desorption. The increased recovery and sampling speed obtained with the
wide exchange surface offered by PDMS tapes was applied by Bicchi et al. to analyse plant
volatile fractions, in particular to monitor chemical messages emitted from plants (or
animals) when a variation in their metabolism occurred as a consequence of stress.”’
Figure 3.8 is a scheme of an HS- and a direct contact (DC)-STE sampling system and a
PDMS tape. PDMS tapes were used for sampling aromatic plants and fruits both in static HS
mode and in combination with DC surface sampling.

3.3 Analysis

As for all fields, the analysis of the volatile fraction also consists of a number complemen-
tary steps: separation, identification, quantitative determination of components (when
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Figure 3.8 Diagram of an HS-and a direct contact (DC)-STE sampling system and a PDMS tape

required) and further data processing to increase the amount of information provided by the
analysis. The volatile fraction of many plants is complex and is characterized by groups of
volatile and medium to low polarity components with similar structures and physicochem-
ical characteristics (e.g. monoterpenoids): these characteristics make capillary GC the
technique of choice for volatile fraction analysis. In spite of the high intrinsic GC separation
efficiency, the homogeneous composition and complexity of the volatile fraction of many
plants requires two different-polarity stationary phases to concur so as to separate it
exhaustively and reliably. The most widely used apolar stationary phases in routine analysis
are those based on methyl polysiloxanes (SE30, OV-1, OV 101, DB-1, HP-1, PS 347.5, etc.)
and methyl-phenyl-polysiloxanes (SE-52, SE-54, DB-5, HP-5, PS-086, etc.) while the most
popular polar phases are those with PEG (PEG-20M, CW-20M, DB-Wax, etc.). Recently,
the medium-polarity cyanopropyl-phenyl polysiloxanes (i.e. OV-17, OV-1701, DB 1701
and similar) have also gained ground because their separation capability lies between those
of the apolar and polar stationary phases.

Identification is usually done by GC-MS, that is by combining chromatographic
(Kovats indices, linear retention indices, relative retention time, locked retention times)
and mass spectrometric data; the introduction of highly reliable, sensitive and relatively
cheap benchtop mass spectrometric detectors is gradually phasing out the use of universal
detectors such as a flame ionization detector (FID) or a thermal conductivity detector
(TCD), because of the fundamental contribution that the mass spectrum gives to
reliable component identification.*® Fourier transform infrared spectroscopy (FT-IR)
has also been proposed as a detector for GC (GC-FT-IR)* but, although it is closely
complementary to MS in component identification, its use has quite unexpectedly been
almost abandoned after the encouraging success at its introduction in the mid-1980s.

A satisfactory survey on the state of the art of analysis of the volatile fraction cannot leave
out some basic considerations on modern approaches to analysis. An updated view of the
analysis of the volatile fraction must be based on the extended concept of dimension that, as
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described below, cannot be limited to separation but must involve all steps of the analytical
process, that is sample preparation, separation, detection (identification and/or quantitation)
and data elaboration, provided that they can directly or indirectly be connected online.
Moreover, the application of modern chemiometric and statistical methods and software
evolution can provide information in greater depth, thus giving a decisive contribution
not only to the interpretation of the meaning of the volatile fraction or biological
phenomenon involved, but also to defining the analysis strategy. For instance, thanks to
the discrimination capability of chemometric methods, sampling can be connected to MS
detection directly, thus avoiding the separation step that is indispensable in a conventional
analysis (e.g. HS-MS without GC separation, or direct flow injection-MS without previous
LC separation). The next sections of this chapter discuss the most recent achievements for
routine work, in fast-GC (F-GC) combined with FID and MS, reliable automatic identifi-
cation approaches, multidimensional GC, enantioselective-GC (ES-GC) combined with
FID and/or MS (ES-GC-MS), comprehensive two dimensional gas chromatography
(GC x GC) and some of the new approaches recently introduced. Last but not least, special
attention must be paid to quantitative analysis, both because its interest is continually
increasing and because its present status is not entirely clear.

3.3.1 Fast-GC and Fast-GC-qMS EO Analysis

The demand for analysis control is continually increasing, even with the volatile fraction.
One way to meet this demand is to adopt fast chromatographic techniques, which not only
enable sample throughput and laboratory productivity to be increased, but also reduce
analysis costs. The aim of fast chromatographic techniques [and in particular that of fast-
GC (F-GQO)] is to reduce analysis time to a minimum, while keeping the separation and
producing reliable qualitative and quantitative results. Although investigated since the
early 1960s, only in the past decade high-speed GC has been used for routine analysis,*® in
particular the analysis of essential oils. The speed of a GC analysis is defined by average
peak width, analysis time and temperature rate.*>>° Today, it is generally accepted that a
GC analysis is ‘fast’ when it runs in less than 10 min, with column inner diameters (i.d.)
between 0.25 and 0.1 mm, length 5 to 15 m, temperature programmes 20-60 °C min ' and
peak widths in the 0.5 to 5.0 s range. Further, a GC analysis is considered ‘ultra fast’
(known as ultra fast module GC, UFM-GC) for analyses of 1 min or less carried out with
short (2-10 m) narrow bore (NB) columns (0.1-0.05 mm i.d.), temperature rates above
1°Cs", and peak widths of 0.05 to 0.5s.”' Temperature rates above 100°C min ' cannot
be achieved with a conventional GC (C-GC) oven, but can be achieved only by resistively
heated columns.”!

Two approaches are now available to speed up the analysis of a plant volatile fraction. The
first and most popular one is based on short columns with narrow i.d. (0.1 mm or less) F-GC,
it was first applied to essential oil analysis by Proot and Sandra.’? The second approach
adopts short capillary columns with conventional i.d. (SCC-GC).> In both cases, speeding
up the GC separation is achieved with shorter than usual columns that, however, must
maintain a suitable efficiency to achieve the required separation. The other parameters
affecting the speed of a GC analysis are stationary phase, film thickness, temperature
programme and linear carrier gas velocity. The various theoretical and practical
aspects involved with F-GC have been reviewed by Cramers et al.*® and David et al.>*
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The relationship between the main parameters is illustrated by the following simplified
equation, which expresses retention time as a function of the main parameters influencing
the speed of a GC analysis:

L
r=—(k+1
t u(k )

where L is the column length, u the linear carrier gas velocity, and k the retention factor. This
equation shows that the speed of a GC analysis with a conventional GC instrument can be
increased by applying a higher linear velocity u, and lower k values, as well as decreasing
column length. Columns (5-10 m) with narrower i.d. (0.1 mm) can be used to compensate
for the loss of efficiency due to the increased u, while higher temperature programmes
(2060 °C min ") and thinner film stationary phases are to reduce analyte k values. Under
these conditions, F-GC can reduce analysis time by a factor of between four and eight
compared to a conventional GC analysis, depending on the complexity of the matrix
investigated, and can also successfully and effectively be combined with a conventional
quadrupole MS detector (gMS). #4934

The SCC-GC approach is based on the consideration that (a) the efficiency of a capillary
column is frequently much higher than necessary for a given separation and (b) a rational
reduction of efficiency (i.e. column length) can produce a considerable saving of analysis
time. This approach can successfully be applied to routine quali-quantitative analysis of
medium-complexity volatile fractions (up to about 30-40 components). In this case, too,
effective separation can be achieved with an analysis time reduced by a factor between four
and eight by adopting a column of 5m (instead of 30 m) in combination with a suitable
temperature programme, although the efficiency (i.e. the number of theoretical plates) of
the chromatographic system is reduced by a similar factor. If the efficiency of the
chromatographic system is insufficient for a given separation, it is possible to overcome
this lack by a careful selectivity tuning by adopting a stationary phase more suitable for
that specific separation.> Figure 3.9 reports the GC-FID profiles of a peppermint essential
oil analysed by (a) conventional GC, (b) SCC-GC, (¢) F-GC and (d) UFM-GC and
shows that the analysis time can be reduced from 30 min for conventional GC to 60 s for

<

Figure 3.9 Peppermint (Mentha x piperita L.) EO GC-FID chromatograms obtained by: (a)
Conventional GC column: OV-170125m x 0.25 mmi.d. x 0.3 um d.f. (MEGA, Legnano, Italy);
carrier gas: H,, constant flow: 1.5 mlmin™'; injection mode: split, split ratio: 1/30; temperature
programme: from 50°C (1 min) to 250°C (1 min) at 3°C min™'; (b) Short column C-GC column:
OV-1701 5m x 0.25mm i.d. x 0.3 um d.f. (MECA, Legnano, ltaly); carrier gas: H,, constant
flow: 1.5 mlmin'; injection mode: split, split ratio: 1/50; tempertaure programme: from 50°C
(1 min) to 220°C (1 min) at 30°Cmin’7; (c) F-GC-GC Column: narrow bore OV-1701 10m
x 0.10mm i.d. x 0.10 um d.f. (MEGA, Legnano, ltaly); carrier gas: H,, constant flow: 0.5 ml
min™’; injection mode: split, split ratio: 1/300; temperature programme: from 50°C (0.3 min) to
250°C (1 min) at 40°Cmin™'; (d) UFM-GC-Column: OV-1701 5m x 0.10 mm i.d. x 0.70 um
d.f. (MEGA, Legnano, ltaly); carrier gas: H,, constant flow: 0.5 mlmin™'; injection mode: split,
split ratio: 1/300; temperature programme: from 50°C (0.1 min) to 250°C (1 min) at 150°C
min~'. All analyses were carried out on Trace GC 2000 series (Thermo, Milan, Italy) by applying

an injection temperature of 230°C and a FID temperature of 250°C
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Figure 3.10 Structures of compounds found in a typical commercial peppermint EO sample

UFM-GC while maintaining good separation of the 17 different compounds indicated
(24, 8,10, 12, 16, 19, 24, 31-38, Figure 3.10).

A fundamental contribution to the use of F-GC in routine analysis was given by Klee and
Blumberg,” who introduced the concept of method translation, from which it is possible to
derive F-GC analysis conditions automatically from those of the corresponding conven-
tional GC method; dedicated software is available on the internet.>® This approach is based
on the classification of parameters influencing the speed of a GC analysis into translatable
and nontranslatable. Translatable parameters are column length, i.d. and film thickness
(d.f.), carrier gas, flow rate, proportional changes in heating rates, duration of temperature
plateau and detector working at reduced pressure (MS). Nontranslatable parameters are
stationary phase, phase ratio and initial and plateau temperatures. The concept of method
translation is based on the void time (#y;), which can be taken as the fundamental time unit in
chromatography and can be used to express time-related components in all chromatographic
metrics. In a normalized temperature programme, the duration of each temperature plateau
and the heating rates are expressed in the units #\;, measured at the same temperature. Two
methods are mutually translatable if they have identical nontranslatable parameters and the
same normalized temperature programme.

The routine use of F-GC has also been made possible by the improvement of instrumen-
tation, in particular by the introduction into routine, about 15 years ago, of electronic
pressure control of the mobile phase, highly effective oven temperature regulation and
controls, direct heating of columns for UFM-GC, high-speed detectors such as high-
frequency FID, high-speed qMS and time of flight (TOF) mass spectrometers.

F-GC analysis has also benefited from its perfect compatibility with mass spectrometers
having quadrupole analysers, that is the most popular MS detectors used in routine analysis
due to their reliability and acceptable cost. The state of the art of the F-GC-gMS
combination was exhaustively and critically reviewed by Mastovskd and Lehotay.>’
Rubiolo et al.”® recently investigated in depth the compatibility of F-GC-qMS in essential
oil analysis, in a study dealing with the separation, identification and quantitation of ten
components characteristic of peppermint essential oils. Their results showed that, operating
at a suitable scan speed in the total ion current (TIC) mode (from 999 to 11 000 amu sfl) or at
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suitable dwell time in the single ion monitoring (SIM) mode (10 to 50 ms), the results
obtained with F-GC-gMS with a 10 m, 0.1 mm i.d. column combined with temperature
programmes from 20 to 60 °C min"' are fully comparable, and in some cases better, than
those obtained by conventional GC-gMS, while the analysis time is reduced by a factor of
about ten (from about 35 to 3—4 min). Scan speed and dwell time play a fundamental role
because:

e They influence the separation performance of the F-GC-qMS system at higher tempera-
ture programmes. This is, because they contribute to the correct definition of the peak
shape, through the number of points per peak that, in turn, defines peak width and, as a
consequence, GC separation.

e They condition the correct peak area determination in both TIC and SIM-qgMS modes at
different F-GC speeds.

o Their value depends on the required speed of the GC separation.

A further reduction of analysis time can be obtained by applying a temperature programme
above that indicated by the translation software, although to the detriment of the separation
power of the chromatographic system and with possible peak overlapping. In target
analysis, the adoption of a qMS detector can overcome this limit by operating in SIM
with suitable diagnostic ions (see below).

3.3.2 Qualitative Analysis

Identification of a component after GC separation is most often achieved by MS, and the
GC contribution is often overlooked, not least because identification through a mass
spectrum is highly reliable and specific. However, in the analysis of a plant volatile
fraction, MS may fail because the volatile fraction often consists of complex groups of
mono- and sesquiterpenoids with very similar molecular weights, structures, polarities
and volatilities that, in consequence, give very similar mass spectra. In these cases, GC
data play a fundamental role in correct identification. Retention indices (Is) are the most
reliable and effective tool to define the GC behaviour of an analyte; they were first
introduced by Kovits®® for isothermal analysis and then by van den Dool and Kratz®° for
temperature programmed analysis (in which case they are better known as linear retention
indices, I's). The I" specifically contributes to analyte identification because it ‘measures’
its physicochemical interaction with the adopted chromatographic system (or better
with a given stationary phase). Analyte identification by I” and mass spectrum together in
GC-MS is therefore highly reliable because the two methods are highly orthogonal, being
based on completely different principles. Most GC-MS software still does not include /™ as
an identification criterion, and only a few packages include I's in their library as ‘inactive’
data, appearing in the legend of each identification record. This means that I” is only useful
for further or additional offline confirmation. On the contrary, the ‘interactive’ use of ITs
and mass spectral matching can be very useful, since it offers the possibility of operating
simultaneously and synergically with two independent tools to identify a compound. The
use of I™ in the analysis of essential oils has recently been reviewed by d’ Acampora Zellner
et al® Only a few commercially available mass spectral library software packages
include retention index information to facilitate peak assignment.®>®> The flavour and
fragrance natural and synthetic compounds (FFNSC) MS Library®® system developed
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by Costa et al.°® is equipped with an interactive tool to calculate I™s automatically, and it
incorporates I's as an active part of the matching criteria in characterizing and identifying
flavour and fragrance components, thus dramatically increasing the reliability of the
identification. A second software package actively using I's is automatic mass spectral
deconvolution (AMDIS),** which is often used in combination with NIST Mass Spectral
Libraries®® (both developed by the National Institute of Standards and Technology, USA).
This programme also enables mass spectral libraries containing retention index informa-
tion to be used through a retention index matching window on raw data automatically
converted into the AMDIS format.

A further method for compound identification in programmed temperature analysis using
only retention behaviour without index calculation is retention time locking (RTL).®” The
RTL approach is based on analyte retention behaviour for programmed temperature analysis
and on a careful tuning of the carrier gas inlet pressure to provide identical retention time for
the same compound in any system equipped with the same ‘nominal’ column. This method
operates only in constant pressure mode and affords only small deviations in column size
and stationary phase loading parameters. A commercially available RTL-based software
package (Flavfid) is available; it can be combined with an additional mass spectral library
when operating in GC-MS based on retention time-locked GC-FID and GC-MS data in the
identification process.®®

3.3.3 Quantitative Analysis

The demand for the quantitative analysis of volatile fraction components is growing
continually, mainly due to the increasing need for controls to verify the quality, safety
and biological activity of vegetable matrices. It is not a simple matter to deal exhaustively
with quantitation in the analysis of a volatile fraction, not least because it is often
approached ambiguously. As mentioned above, a quantitative analysis must involve both
steps of the whole analytical procedure: sample preparation and analysis itself. For
vegetable matrices, whatever method is used to sample the volatile fraction (steam
distillation, hydrodistillation, mechanical procedures or HCC-HS techniques) some basic
precautions must be adopted, in addition to the usual ones, to achieve reliable quantitative
results: (a) the natural variability of a plant matrix must be reduced to that of the plant itself
by rigorous standardization, during both collection and sample treatments, (b) a suitable
number of samples must be analysed to obtain a representative composition of the volatile
fraction of the species investigated (i.e. the average composition from at least three samples
from distinct populations).

This section only discusses the analysis step, since an exhaustive discussion of sample
preparation would require a dedicated chapter. Quantitative analysis of essential oils has
recently been reviewed by Bicchi ez al.%° The quantitative composition of most essential oils
or headspaces is very often reported in the literature as relative percentage abundances
although, unfortunately, these data only give an approximate indication of the ratio between
components, and only for the sample under investigation.

A single absolute approach to quantitation cannot be proposed because of the different
physical states and chemical characteristics of the matrices investigated and because of the
wide variety of data required. A rapid survey of the relative literature showed that the most
widely used approaches with EOs are: (a) relative percentage abundance, (b) internal
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standard normalized percentage abundance, (c¢) ‘absolute’ or true quantitation of one or
more components (target analysis) and (d) quantitation by a validated method.

As already mentioned, relative percentage abundance is the most commonly used
approach, although it is very often used incorrectly, in particular when compositional data
are used to compare samples from the same species. The only correct use for relative
percentage abundance results is to evaluate relative component ratios within the same
sample. When a group of samples is compared, raw data must first be normalized versus an
internal standard (or at least versus an external standard if an automatic injector is available)
and the percentage abundance must be calculated versus the sum of the areas of a fixed
number of selected components taken as markers, usually common to all investigated
samples. When normalized percentage abundance is applied, the nature of the detectors has
also to be considered. The most critical detector characteristics are linearity and analyte
response factors, which must be as close as possible to one. FID is the most popular GC
detector, being universal, highly sensitive and robust, but it is well known that its response
factors with some compounds can be quite far from one, depending on the compound’s
structure, for example for some esters it can be as high as 1.6, compared to #n-nonane, taken
as the internal standard.”® The use of MS as a detector for quantitation is continually
increasing, because of its simultaneous contribution to component identification, although it
cannot be used for normalized percentage abundance, because the analyte structure
conditions, not only the formation of ions but also their abundances, are mass-sensitive.
In quantitation, MS can correctly be used only in SIM mode, which also increases the
reliability of identification, since it combines diagnostic ions with chromatographic
retention data (i.e. linear retention indices, locked retention times, relative retention times).
The recent introduction of GC-MS systems operating alternately in SIM and scan modes on
the same peak, made possible by the high scan rate and short interscan delay of the latest
generation quadrupole systems, opens promising perspectives to achieve simultaneous
identification and quantitation of an analyte.

In any case a normalized percentage abundance (i.e. a semi-quantitative comparison of
GC profiles) is not sufficient to solve all quantitation problems concerning the volatile
fraction, in particular with essential oils. An essential oil, or a complex matrix containing it,
such as cosmetics, food or pharmaceuticals, must very frequently be characterized through
the concentration (ppm or mg I'") or, less frequently, through the absolute amount of one or
more of its quality markers or components restricted by legislation.

This approach involves the true quantitation of a marker, in general by official and/
or literature methods, as for instance is the case of the determination of a- and B-thujone
(39 and 40, Figure 3.11) in bitter liqueurs,”" or suspected allergens in cosmetics.”> The
marker concentration or absolute amount in a real-world sample is determined from its
chromatographic area normalized versus an internal (or external) standard and calculated

O

39 40
(a-Thujone) (B-Thujone)

Figure 3.11 Structures of a- (39) and B-thujone (40)
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via a calibration curve constructed from amounts of pure marker standard in the operative
concentration range. Since pure standards are not always available commercially, or are
difficult and time-consuming to isolate, an accepted compromise is to adopt compounds
belonging to the same class (hydrocarbons, aldehydes, alcohols, esters, etc.) and with
structures as similar as possible to the analyte under investigation.”® Cicchetti et al.”
recently compared the methods usually applied in flavour, fragrance and essential oil
quantitative analysis. The best results were obtained by true internal standardization in MS
and FID, although it is a time-consuming procedure for mixtures of many components. They
also showed the importance of analyte response factors for a reliable quantitation and
proposed an approach to build up a response factor database. In addition, for GC-MS
analysis, specific isotope-labelled internal standards (in general H- or !}C-labelled
compounds) can also be used: although it is expensive, a labelled standard assures a
response factor equal to or very close to that of the corresponding marker, and it gives the
same fragmentation pattern, but with a known increase in molecular weight, easily
detectable by MS. The main practical advantage of using labelled standards is the possibility
of obtaining a recovery of the target analyte equal (or at least very similar) to that of the
labelled standard, thus avoiding its determination.

It must be stressed that true quantitation of all components in an EO is, in general,
unrealistic for several reasons, including: (@) the unacceptably long time needed to develop
the method, in particular for complex essential oils, (b) the commercial unavailability of the
standards of most components, (¢) the very high EO amounts necessary to construct reliable
calibration curves.

Validated quantitative methods for biologically active EO components are increasingly
required, in particular for those used in the pharmaceutical industry. The development of a
method meeting all the conditions and parameters required for a ‘pharmaceutical’ valida-
tion is time-consuming (up to three months) and expensive, because of the large number of
experiments and data to be collected.

Full validation of a quantitation method for all EO components is even more unrealistic
and must therefore be limited to those applications where it is expressly required and, above
all, to a small number of selected representative markers. The validation of a method must
follow dedicated guidelines established by the international regulatory bodies and com-
mittees (Eurachem, CITAC, IUPAC, etc.);74 its performance is evaluated through para-
meters such as selectivity, specificity, linearity over the working range, repeatability,
precision, intermediate precision, reproducibility, limit of detection (LOD), limit of
quantitation (LOQ), accuracy and assessment of uncertainty. A reliable analytical proce-
dure must be developed before submitting it to validation; and the choice of the parameters
to investigate must therefore be rational and depends on the nature of the matrix.
Repeatability, intermediate precision and linearity in the working range are indispensable
for all quantitation methods. LOD and LOQ are mainly important for trace analysis; and
reproducibility is necessary when different laboratories are involved in control.

Table 3.1 shows the quantitative results concerning a group of ten markers
@3, 8, 10, 24, 31-36, Figures 3.2, 3.10) of peppermint EO, six of them indicated by the
European Pharmacopoeia and included here to show the effectiveness of F-GC-qMS in true
quantitation. A calibration curve was constructed for each marker, using six different
calibration levels in the range 2-100mg ™ (i.e. 2-100 ppm); three more calibration levels
had to be included for menthol (35) and menthone (36) because of their EO abundances.



Table 3.1 Quantitative results calculated by SIM (target ion given in bold) of ten markers in a commercial peppermint EO sample obtained
by conventional GC (C-GC) and fast GC (F-GC) expressed as g/100 g and relative standard deviation (RSD) calculated versus C-GC

Conventional GC Fast GC
3°Cmin" 20°C min™ 60°C min™"
Compound SIM- g/100 g° LOD LQD  g100g” RSDS LOD LQD  g100g® RSDC LOD  LQD
MS ions [mgl™'] [mgl™'] mg™'] [mgl™] [mgl™'] [mgl™']

B-Pinene (3) 69, 91,93 0.89 1.23 2.55 0.90 1.01 0.48 1.74 1.32 27.609 0.09 0.60
Limonene (8) 68, 93, 136 1.32 1.79 3.70 1.33 0.46 0.95 2.53 1.31 0.34 0.23 0.87
v-Terpinene (10) 91, 93, 121 0.30 1.23 2.55 0.30 1.51 0.62 1.74 0.30 1.51 0.16 0.60
1,8-Cineol (24) 43, 81, 108 5.31 3.08 6.38 5.22 1.20 1.71 4.36 4,94 5.06 0.47 1.50
3-Octanol (31) 55,59, 83 0.28 3.57 7.40 0.28 1.34 1.19 5.06 0.29 3.17 0.31 1.75
Linalool (32) 71,93, 121 0.28 3.76 7.78 0.27 1.64 1.10 5.32 0.28 0.54 0.23 1.84
Menthofuran (33) 79, 108, 150 2.21 1.23 2.55 2.21 0.10 0.48 1.74 217 1.17 0.09 0.60
Isopulegol (34) 71,81, 121 0.12 12.69 26.29 0.12 0.63 4.62 17.97 0.13 7.25 1.06 6.20
Menthone (35) 69,112,139 18.00 3.88 8.04 17.91 0.35 1.43 5.50 17.87 0.50 0.28 1.90
Menthol (36) 71,81, 95 43.14 4.56 9.44 43.54 0.65 1.67 6.46 42.87 0.44 0.31 2.23

Note:Dwell time: 50 ms, temperature programme: 3 °Cmin .

PDwell time: 10 ms, temperature rates: 20 and 60 °C min~.
“Relative to C-GC taken as a reference.
9Coelution with sabinene (4).
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Tridecane (ISTD1) and octadecane (ISTD2) were used as internal standards. The analyses
were carried out by GC-FID and GC-MS in SIM and scan modes.

3.3.4 Enantioselective GC

The possibility of a routine chiral recognition of volatile fraction components is one of the
most important advances in this field over recent decades. Enantiomer separation and the
determination of the enantiomeric excess (ee) or ratio (er) are important not only because
different enantiomers can have different biological activities (e.g. different odours, speci-
ficity with insects, etc.), but also because, through the definition of the biosynthetic pathway
of their marker compounds, they can help with plant classification, confirm geographical
origins, and/or contribute to defining the technological treatments a vegetable matrix has
undergone, and/or its authenticity or possible frauds. Chiral recognition of underivatized
analytes in GC analysis (ES-GC) has mainly been made possible in routine work thanks to
the introduction of differently derivatized cyclodextrins as stationary phases. Cyclodextrins
were first introduced by Sibilska and Koscielski in 1983, who separated pinane (41) and
carane (42) derivatives with a column packed with a-cyclodextrin (43) in dimethylforma-
mide (Figure 3.12). Juvancz et al. in 19877° and Schurig and Nowotny in 1988”7 almost
simultaneously used B-cyclodextrin (44) for capillary GC. In 1989, Nowotny ez al.”® first
proposed diluting cyclodextrin derivatives in moderately polar polysiloxane (OV-1701) to
improve their chromatographic properties and extend their range of operating temperatures.
Since then, several hundreds of articles have been published dealing with the theory of ES-
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GC chiral recognition with cyclodextrins, synthesis of new cyclodextrin derivatives, their
enantioselectivity and applications; many of these concern the flavour and fragrance field.”

Chiral separation with cyclodextrins is based on the rather small difference in the
energy of the host—guest interaction that each enantiomer of a racemate establishes with
the cyclodextrin selector.®® The intrinsic mechanism of chiral recognition in GC, which is
not yet fully understood, is also one of the reasons for the lack of a universal cyclodextrin
derivative (column) that can separate most of the significant racemates in this field. A
laboratory must therefore be provided with at least two columns coated with different
cyclodextrin derivatives if it is to be able to separate at least 80% of the commoner
racemates in the flavour and fragrance field. The most effective cyclodextrin derivatives
are at the present thought to be those consisting of B-cyclodextrins substituted at C(6)
(i.e. the narrow side of the cyclodextrin) with a bulky group (zert-butyldimethylsilyl- or
tert-hexyldimethylsilyl-)®' and with alkylated and acylated groups at C(2) and C(3)
(mainly methyl, ethyl, acetyl) on its wider side. The effectiveness of cyclodextrin
derivatives as chiral selector for ES-GC is clearly shown by the separation of the chiral
test components (45-51) developed in the authors’ laboratory®* analysed on 2,3-diethyl-
6-tert-butyl-dimethyl-silyl-B-cyclodextrin (2,3DE6TBDMS-B-CD) diluted in PS-086,
as reported in Figure 3.13.

Chiral recognition of marker compounds in complex real-world samples, such as those in
the flavour and fragrance field, often requires a two-dimensional approach, because ES-GC
may double the number of peaks of optically active analytes, thus making some parts of the
chromatogram even more complex and, as a consequence, increasing the probability of
incorrect ee and/or er determination. Two complementary but distinct strategies can
therefore be adopted, beside the classical but time-consuming fractionation and isolation
of the marker compounds:

e The first and best known strategy is based on a second dimension in separation. Chiral
recognition is generally carried out either by conventional heart-cut GC-GC,** or by
comprehensive GC (see next paragraph) when very complex samples or/and a very large
number of components must be investigated simultaneously.®*

o The second approach is based on a second dimension in identification using MS as a
detector.

In this latter case, the enantiomer is located and identified by MS detection used
interactively (or not) with I™s. Single- or multiple-ion monitoring MS (SIM-MS), carried
out after careful selection of suitable diagnostic ions of the optically active marker(s) of the
sample under investigation, can then be applied to overcome any peak jam and overlap, due
to enantiomer peak doubling. This makes it possible to ‘clean’ the part of the chromatogram
where the compounds of interest elute, making correct ee and/or er determination possible.
Mass spectrometry is well known to be unable to discriminate between optical isomers, not
being a selective chiral probe in this sense, and therefore giving indistinguishable spectra.
As a consequence, MS cannot be used alone to determine which enantiomer is present in a
sample, nor to establish the predominant one nor measure its ee and/or er. This makes it
indispensable to combine it with chromatographic data (I"s) obtained with a column coated
with a chiral selector suitable to separate the two enantiomers. In ES-GC-MS, the
unequivocal identification of a given enantiomer in a complex mixture can therefore be
achieved by using mass spectra (or diagnostic ion monitoring) to locate the enantiomers in



72 The Chemistry and Biology of Volatiles

Intensity (x100,000)

2.5 46

] 47b
2.0 47a

25a
1.5 45b 25b 48 .5
45a 3§b 50a50b)

m 8a
1.0 {8b 49 51b p1
- N‘J\_ﬂ

=

IS L S S e N B B B B W T

oy e et e N W g
50 60 70 80 90 100 110 120 130 140 150 160

Time [min]

MN 0 ° - o
b < ST

45 (1S,25)-46 47 48
(2-Octanol) (Isobornyl acetate) (Linalyl acetate)
OW o;\/jW\/ Zj\/\A
OH (o) o0
49 50 51
(Hydroxycitronellal) (y-Decalactone) (6-Decalactone)

Figure 3.13 ES-GC-MS chiral test profile and structures of compounds 45-51. Peak identifica-
tion: (a) the (R) enantiomer, (b) the (S) enantiomer. Analysis conditions: GC-MS system:
Shimadzu QP2010 GC-MS system provided with Shimadzu GCMS Solution 2.51 software
(Shimadzu, Milan, Italy). Column: 30% 2,3-di-O-ethyl-6-O-tBDMS-B-cyclodextrin in PS086,
5mx0.10mm id. x 0.10 um d.f. (MECA, Legnano, Italy); injection mode: split; split ratio:
1:50; temperatures: injector: 220°C, transfer line: 230°C; ion source: 200 °C; carrier gas: He,
flow rate: 1.0mImin~'. Temperature programme: from 50 to 220°C (2min) at 5°Cmin”'. MS
ionization mode: electron impact (El) at 70 eV, scan rate: 666 amu s~ , mass range: 35-350 m/z

the chromatogram and I's to identify them. When a new compound is identified, the
synthesis of at least one of the enantiomers is necessary to assign the correct elution order of
the enantiomers in the chromatogram. Using this approach, Liberto et al.® described the
construction of a MS library specific for the identification of enantiomeric compounds in the
flavour and fragrance field using s in interactive combination with MS spectra. Figure 3.14
reports the enantioselective GC-MS profiles of: (@) linalool (32) in an adulterated bergamot
EO (Citrus bergamia Risso et Poiteau) and (b) its racemate standard (- - -) analysed on a
2,3DE6TBDMS-B-cyclodextrin column.

MS as a second dimension in identification has also been successfully exploited to speed
up ES-GC analysis.®® A limitation of ES-GC in routine quality control is the long analysis
time, since separation depends on the small difference in the energy of association between
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Figure 3.14 Chiral recognition by ES-GC-MS of linalool (32) in adulterated bergamot (Citrus
bergamia Risso et Poiteau) essential oil (—) and of its racemate standard (- - -). Library search
with ‘inactive’ (1) and “interative’ (2) I" values. Analysis conditions: ES-GC-MS system:
Shimadzu QP2010 GC-MS system provided with Shimadzu GCMS Solution 2.51 software
(Shimadzu, Milan, Italy). Column: 30% 2,3DE6TBDMS-B-CD in PS086 (25m x 0.25mm i.
d. x 0.25 um d.f.; MECA, Legnano, Italy). Temperature programme: from 50 to 220 °C (2 min)
at 2°Cmin™". Injection mode: split; split ratio: 1:50. Temperatures: injector: 220°C, transfer
line: 230°C; ion source: 200°C; carrier gas: He, flow rate: 1.0 mlmin~". MS ionization mode:
electron impact (El) at 70 eV, scan rate: 666 amusfl, mass range: 35-350 m/z

each enantiomer and the cyclodextrin chiral selectors. Separation is thus strongly condi-
tioned by temperature and requires very high chromatographic efficiency. As for F-GC, one
of the commonest approaches to shortening analysis time is to adopt short conventional i.d.
NB columns, which not only increase analysis speed and analyte detectability due to peak
sharpening,®’” but also reduce enantiomer elution temperature, resulting in a gain of
enantioselectivity that compensates (in full or in part) for the loss of efficiency (N).
Fast-ES-GC can thus usually be achieved by acting on flow rate and short NB columns
in combination with rather low temperature rates, which can only be increased at the
expense of the extra base-line enantiomer resolution. This approach can therefore success-
fully be applied using: (@) short conventional and NB columns, (b) mass spectrometry as a
detector to operate in both TIC and extract ion modes, to avoid problems due to coelution
with other components in the ee and er determination, to locate the enantiomers in the
chromatograms and I"s to identify them; (c) temperature rates up to 10°C min " and (d)
fixing a resolution limit of 1.5 to enable correct ee and er determination. The combination
of these conditions decreased analysis time by as much as 85% compared to conventional
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i.d. columns, while keeping a resolution suitable for correct ee or er determination; thus, the
number of samples analysable in a routine laboratory can be increased very markedly. The
validity of this approach was illustrated through a series of experiments carried out on a
series of pesticide and racemate standards and real-world samples in the flavour and
fragrance field analysed with a set of columns consisting of a conventional i.d. column (25 m
length, 0.25 mm i.d., 0.15 um and 0.25 um d.f.) coated with 30% 2,3DE6TBDMS-B-cy-
clodextrin in PS-086. These were taken as a reference, for comparison with those of a
conventional i.d. short column (5 m length, 0.25 mm i.d., 0.15 wm d.f.) and different length
NB columns (1, 2, 5 and 10 m long, 0.10mm.d., 0.10 wm d.f.).*” The NB columns offering
the most effective compromise between separation efficiency and analysis time were shown
to be the 5 and 2 m columns, in combination with mass spectrometry as a detector, they
were applied to lavender and bergamot essential oil analyses and enabled a threefold or
greater reduction of analysis time, while separation of chiral markers remained unaltered.
Figure 3.15 reports 2m NB column ES-GC-MS profiles of bergamot (Citrus bergamia
Risso et Poiteau) EO (top) and an extract ion profile of limonene (bottom).
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Figure 3.15 ES-GC-MS profile of bergamot (Citrus bergamia Risso et Poiteau) EO (top) and
extraction profile of imonene (8, bottom). Peak identification: (a) the (R) enantiomer, (b) the (S)
enantiomer. Analysis conditions: ES-GC-MS system: Shimadzu QP2010 GC-MS system provid-
ed with Shimadzu GCMS Solution 2.51 software (Shimadzu, Milan, Italy). Column: 30%
2,3DE6TBDMS-B-CD in PS086 (25m x 0.25mm i.d. x 0.25 um d.f.; MEGA, Legnano, ltaly).
Temperature programme: from 50 to 220°C (2 min) at 2°Cmin~'. Injection mode: split; split
ratio: 1:50. Temperatures: injector: 220°C, transfer line: 230°C; ion source: 200°C; carrier
gas: He, flow rate: 1.0mlmin~". MS ionization mode: electron impact (El) at 70 eV, scan rate:

666 amu s”, mass range: 35-350 m/z
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However, ES-GC alone is not always sufficient to detect the authenticity of a vegetable
matrix, in particular with racemates of natural origin or when racemization is a consequence
of processing and/or storage of the original product, or, more probably, when blending with
a synthetic enantiomer has occurred. The most effective approach currently available to
prove a vegetable sample authenticity is to combine ES-GC (or even better ES-GC-GC) with
isotope ratio mass spectrometry (IRMS), since enantiomers from the same natural source
can be expected to have the same ratio between stable isotopes (8-'>C), even with partially
racemized chiral molecules since, in a single organism, racemic compounds are generally
formed through the same biochemical pathways. In an online coupled GC-IRMS system,
analytes eluting from the GC column are combusted to carbon dioxide in a specially
designed oven and directly introduced into an isotope ratio mass spectrometer, where the 44
(2C'%0,), 45 (1*C'®0,, 12C'%0'"0,) and 46 (2C'°0'80) mass ions are simultaneously
measured with high precision (<0.3%0) in the nanomolar range, and the peak ratio is
determined by the area ratio of two isotope peaks and compared to a standard value. A
detailed discussion of this technique is outside the scope of this chapter.®®

3.3.5 Multidimensional GC Techniques

The most exhaustive definition of multidimensional (MD) separation was given by Giddings
in 1987,% who defined MD as “an orthogonal two column separation, with complete transfer
of solute from the separation system 1 (column 1) to the separation system 2 (column 2),
such that the separation performance from each system (column) is preserved’. This
definition also stresses the concept of orthogonality of the two dimensions, that is the
need for the phenomena underlying the separation achieved by the stationary phases coating
the two columns to be different in nature.

Until a decade ago, multidimensional techniques were usually adopted to analyse those
components of complex samples not separable by a mono-dimensional chromatographic
system: the first column (first dimension) was used as a sort of ‘sophisticated clean-up’,
producing a preliminary separation of the sample investigated (i.e. isolation of one or of very
few components or fractions) which were then transferred online by dedicated time-
programmable interfaces’® to the second column (second dimension) coated with a different
stationary phase, for further separation. With this approach, known as heart-cut GC-GC,
only critical pairs or selected groups of compounds or markers could be analysed on the
second dimension. In the flavour and fragrance field, heart-cut GC-GC is still widely used in
chiral recognition:®***! the first column, coated with a conventional phase, locates the peak
(s) of the racemate(s) to be transferred; and the second column, coated with a cyclodextrin
stationary phase, separates the enantiomers.

However, heart-cut GC-GC does not fully meet Giddings’ definition, whereby each peak
eluting from the first dimension has to be online and automatically reinjected into the second
dimension. In 1991, Liu and Phillips®? introduced GC x GC, with the aim of also fulfilling
this condition. In GC x GC, each peak eluting from the first dimension is ‘cut’ into thin
slices, each of which takes a fixed time (48 s), determined by cryogenic focusing achieved
by a peak modulator. Each slice is then injected online into the second column, where it is
analysed in a time equal to that of the successive modulation. A conventional GC x GC
system therefore generally consists of a 0.25 mm i.d. column producing peaks at least 6-8 s
wide, combined with a short NB column (less than 1.5-2.0 m) to analyse each peak slice,
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within the time of one modulation. A number of modulators have been proposed, including a
dual-stage heated modulator, a sweeper modulator, a longitudinally modulated cryogenic
system (LMCS), a dual cryogenic jet modulator and a loop modulator, the latter two now
being those most widely used in routine analyses.”® Whichever device is adopted, reliable
results can only be obtained when at least the 99% of the original peak area is modulated
roughly corresponding to four modulations per peak.’* The orthogonality of the stationary
phases of the column set is fundamental, because it is responsible for the optimization of the
separation producing a spreading of the peaks over the chromatographic plane; the
percentage separation space used is one of the parameters employed to evaluate the
effectiveness of a GC x GC separation.””

Comprehensive GC x GC, in particular when combined with MS, is the most powerful
separation technique now available. Since the F-GC separation in the second dimension
produces peak widths never exceeding 200-300 ms, it requires high-speed detectors such
as high-frequency FID, high-speed qMS and TOF MS. The resulting peak widths are at
the limit of the performance of high-speed qMS, and thus it is often necessary to reduce
the mass range so as to obtain a sufficient number of spectra for correct definition of the
peak shape.

This technique was immediately successful for the analysis of ultra-high complex
mixtures, in particular in the mineral oil industry, where it has proved capable of separating
and detecting more than 15000 components in a single run. Comparable success has been
achieved in the flavour and fragrance fields, where very often samples with between 300 and
1000 components (e.g. coffee aroma) must be analysed; many of these components are
highly significant in defining the quality or the sensory properties of the original vegetable
matrix. In chiral recognition, GC x GC has also been successfully used when a high number
of chiral compounds in a complex mixture must be separated but, in this case, the column
‘geometry’ must be inverted, because of the high efficiency required by the columns coated
with cyclodextrins to obtain reliable separations (see above). Thus, the first column, coated
with the enantioselective cyclodextrin stationary phase, and the second column, with a
conventional stationary phase, together provide a complementary analyte separation based
on volatility.®*

The separation power of comprehensive GC x GC is evident when complex volatile
fractions are analysed. Figure 3.16 reports the GC x GC contour plot of the volatile fraction
of a standard roasted sample of hazelnut (Corylus avellana L.) from Piedmont (Italy) with
more than 300 separated components (for further detail see below).”®

3.4 Further Developments

The strategies used to analyse the volatile fraction have been very much conditioned by the
evolution that has taken place in analysis techniques over the past 15-20 years. The online
combination and integration, in a single step, of sample preparation, analysis and data
elaboration, resulting in the TAS, has dramatically changed the approach to analysis,
particularly in routine work. The elaboration of analytical data by chemometric and
statistical methods has made a large contribution to increasing the amount of information
obtainable. Appropriate data mining in combination with statistical elaboration can provide
not only reliable sample discrimination and characterization, but also the ‘identification’ of
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Figure 3.16 2D patterns of the volatile fraction of a standard roasted hazelnut (Corylus avellana
L.) sample from Piedmont obtained with a 1D CW20M column (100% polyethylene glycol;
30.0m x 250 um i.d., 0.25 um d.f.) coupled with a 2D OV1701 (1.0m x 100 um i.d., 0.10 um
d.f.), Temperature programme from 50°C (1min) to 260°C (5min) at 3°C min~"'; modulation
period: 4s. Reprinted with permission from [96]. Copyright 2008 American Chemical Society

compounds, peaks or even diagnostic fragments, within a complex analytical profile
through which it is possible to differentiate between samples within a group.

The in toto chromatographic profile (or MS profiles, see below), defined by the
abundances (better if normalized percentage data) of a selected number of markers
characteristic of the vegetable matrix under investigation, can therefore be considered a
further distinctive parameter of a sample to be processed statistically, in particular for
samples characterized by several uncorrelated components. The most widely used approach
is multivariate analysis, in particular principal component analysis (PCA), a method that can
explain the differences within a set of samples characterized by a suitable number of
components (variables) through the linear combination of those explaining most of the
variability.”’ This method not only provides classification and differentiation among groups
of samples within a set, but can also find those variables (components or MS fragments) that
have the highest statistical significance in sample discrimination. Figure 3.17 reports the
PCA discrimination for quality control of 42 samples of Artemisia umbelliformis belonging
to two different chemotypes (CH-1, CH-2) resulting from the GC-FID analysis of their
headspace sampled by SPME using normalized percentage abundances of 28 components
present in all the samples after their standardization and/or normalization to a single internal
standard. The two chemotypes can be distinguished unequivocally with a total variability
explained by the two principal components of about 74%.”"

These methods have not only increased the importance of the role played by data
processing in the entire analytical process, but have also influenced analysis strategy and
stimulated the introduction of new approaches. A usual online method to analyse the volatile
fraction of a vegetable matrix combines headspace sampling for sample preparation, GC for
separation and MS to identify and quantify as many components as possible (or at least the
characterizing markers). The possibility of using data elaboration as an active analysis tool
has made it possible to avoid one of the above steps (i.e. GC separation or MS component
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Figure 3.17 PCA scores plot of the HS-SPME-GC-FID profiles of 42 samples of Artemisia
umbelliformis Lam. belonging to two different chemotypes (CH-1, CH-2)

identification) depending on the desired results. A typical example has been the develop-
ment of methods in which the GC separation step is omitted, that is in which the headspace
of the vegetable matrix is directly transferred into an MS system that provides an MS profile,
comprising a significant fingerprint of the sample, and data processing acts as a ‘tool’ for
sample discrimination. Specific instrumentation provided with dedicated statistic software
has therefore been developed.98 Figure 3.18 reports (a) the TIC-MS and (b) the MS
fragmentation profiles of the headspace sampled by SPME of a set of wine samples from the
same grapes (chardonnay) but submitted to different fermentation processes and their
discrimination by PCA elaboration of their MS fragmentation profiles. This method can
successfully be applied to the classification of samples or groups of samples within a set, in
particular to discriminate them by origin, chemotype and/or the technological treatments to
which they have been submitted; it can also be used in quantitative analysis, provided that
characteristic markers can be quantified in the SIM-MS mode through specific diagnostic
ions selected to avoid interference with those of other components.

This approach can also be used for in vivo analysis of volatile flavour release’ and to
correlate a biological characteristic with the chemical(s) responsible for it with a one-step
analysis, as in the case, for instance, of the MS analysis of the nosespace (NS).'% It is well
known that volatiles can reach the olfactory epithelium either through the nostrils from the
front via the orthonasal pathway or through the oral cavity and pharynx, via the retronasal
pathway. The nosespace comprises the odorous compounds that are released in the mouth
and can be perceived during eating and drinking, rather than the total content of volatiles in
food products; its composition differs from the source owing to the complex dynamic
processes occurring in the mouth.
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Figure 3.18 (a) HS-SPME-TIC-MS and (b) the MS fragmentation profiles of a set of wine
samples and their discrimination by PCA elaboration of their MS fragment ions m/z. HS-SPME
sampling: Fiber: 2cm DVB/CAR/PDMS. Sample preparation: 5 ml of wine 4 1.5 g of NaCl; vial
volume: 20 ml; temperature: 50°C; sampling time: 20 min. Desorption time: 4 min in the GC
injector. GC-MS system: Agilent GC 6890 — MSD 5973N. Column: empty capillary deactivated
tube: 10m x 0.1 mmi.d. (MECA, Legnano, Italy). Carrier gas: He; flow rate: 0.5 mimin~'. Oven:
150°C. Injection: split mode, split ratio 1:50, temp.: 250°C. MS ionization mode: electron
impact (El) at 70 eV, mass range: 50-200 m/z; ion source temperature: 230°C

A clear example of this approach is the in vivo breath by breath analysis of volatiles
released in the mouth while eating ripe and unripe banana, studied by Mayra et al.'®' to
determine the dynamic aspects of the in-mouth aroma, that is its evolution over time during
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Figure 3.19 Structures of compounds 52-55 analysed in ripe and unripe bananas

mastication, and how it differs from an HS aroma. The experiments were carried out by
introducing a small fraction of the air exhaled through the nose directly into a proton transfer
reaction mass spectrometer (PTR-MS) via a nosepiece and monitoring online the time-
intensity profiles of a series of selected markers, in this case isopentyl and isobutyl acetate
(52, 53) for ripe banana and (E)-2-hexenal and hexanal (54, 55) for unripe banana
(Figure 3.19). Figure 3.20 reports the experimental set-up for breath by breath nosespace
analysis while eating banana. PTR-MS is a soft, sensitive and efficient chemical ionization
MS (CI-MS) technique using protonated water as the reactant gas, thus avoiding the
interference of humidity with ionization, since a fixed volume of gas is continuously
introduced into the chemical ionization cell that contains buffer gas and a controlled ion
density of H;O™. Volatiles with proton affinities above that of water (166.5 kcal mol™") are
ionized by proton transfer from H;O " and analysed by MS.'%* Figure 3.21 reports the breath
by breath, nosespace PTR-MS profiles of six selected masses while eating unripe (left
traces) and ripe (right traces) banana. These results provide a clear example of how
conventional studies to define the markers which characterize the sensory properties of
the matrix under investigation can complement new approaches to evaluate a biological
property effectively.

The performance of data processing becomes increasingly important as the complexity of
the volatile fraction under investigation increases. In particular its role is crucial for
analytical profiles resulting from comprehensive two-dimensional (2D) gas chromatogra-
phy (GC x GC). The high practical peak capacity and the ability to apply two different
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Figure 3.20 Experimental set-up for breath by breath NS analysis while eating banana
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Figure 3.21 Breath by breath, NS-PTR-MS profiles of six selected masses while eating unripe (left
traces) and ripe (right traces) banana. Reprinted with permission from [101]. Copyright Elsevier
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separation principles, one for each chromatographic dimension, enables GC x GC to give
rationalized spatial domains for chemically correlated groups of compounds, and this
provides specific separation patterns useful for component identification and characterizing
a 2D fingerprint of each sample, thus providing more information than is offered by a one-
dimensional (1D) profile.'® Two specific GC x GC approaches, group-type and finger-
print-type analyses, have successfully been adopted in the authors’ laboratory to classify
and characterize samples;96 these approaches were originally developed for the petrochem-
ical field but can be successfully extended to the volatile fraction of vegetable matrices. The
group-type approach can be adopted when identification of all individual components of a
complex fraction is neither necessary nor possible, and the interest is focused on classes of
compounds diagnostic for specific matrices. The 2D fingerprint analysis (i.e. the description
of the specific 2D profile produced by all the separated and detected components of a
sample) is useful as a primary tool to compare samples versus a reference model and to
correlate them without the need to identify all their components. GC x GC coupled with MS
detection (fast-scanning qMS or TOF-MS) can give unique opportunities for data proces-
sing and may be applied in chemical speciation and in the differentiation and correlation of
fractions in complex samples of vegetable origin, based on the analyte distribution of the
sample components over the chromatographic plane (fingerprint), through the different
information it can provide, that is 1D and 2D retention times, detector response and the MS
spectrum.

An interesting example is given by the characterization of roasted hazelnuts (Corylus
avellana L.) from different geographical origins and submitted to different thermal
treatments.

In this case, the group type approach enables the specific patterns of pyrazine series (i.e.
one of the groups of compounds characterizing the roasting process) to be isolated; and the
resulting quali-quantitative profiles enable the study of the effect of the roasting treatments
on samples of different origin. Figure 3.22 shows the effectiveness of HS-SPME-GC x GC-
gMS in reporting the comparison of bubble profiles of the homologous series of pyrazines
56-75 (Figure 3.23) from a Piedmont (Italy) roasted hazelnut and a Turkish sample.
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Figure 3.23 Structures of pyrazines 56-75 of roasted Ackakoca and Piedmont hazelnut
samples
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Further, the fingerprint-type approach enables two plots to be compared without requiring
component identification and can successfully be used to discriminate GC x GC plots on the
basis of peak superposition, in terms of differences in intensity, or by comparison with a
reference template. Figure 3.24 reports the 2D fingerprint (i.e. the differential image)
produced by comparing two Piedmont hazelnut samples submitted to two different thermal
processes, that is standard analysed (i.e. standard Piedmont hazelnut) and over-roasted
reference (i.e. over-roasted Piedmont hazelnut). In the enlarged area of the 2D plot in the
fuzzy difference visualization, brighter spots correspond to analytes that were present in
larger amounts in the over-roasted Piedmont hazelnut sample. Dot-plot circles indicate
pyrazine identification.

Also, fingerprint comparisons can be made by adopting a suitable template from a
reference sample which includes a selection or all the separated peaks. The resulting

2D [s]

2D [s]

1D [min]

Figure 3.24 Resulting 2D fingerprint, i.e. the difference or differential image, produced by
comparing two Piedmontese hazelnut samples submitted to two different thermal processes, that
is standard analysed (i.e. standard Piedmont hazelnut) and over-roasted reference (i.e. over-
roasted Piedmont hazelnut). In the enlarged area of the 2D plot in the fuzzy difference
visualization, brighter spots correspond to those analytes that were present in larger amount
in the over-roasted Piedmont hazelnut sample. Reprinted with permission from [96]. Copyright
2008 American Chemical Society
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Figure 3.25 2D plot and graphical representation of the 231 template peaks chosen from a
standard roasted Roman hazelnut (i.e. arbitrarily considered as reference). Reprinted with
permission from [96]. Copyright 2008 American Chemical Society

reference template can also be used as a term of comparison between samples. Figure 3.25
reports the 2D plot and graphical representation of the 231 template peaks chosen from a
standard roasted Roman hazelnut (i.e. arbitrarily considered as reference) and Table 3.2
shows the results of template matching with the above reference template and a group of
samples (standard and over-roasted Piedmont and Turkish hazelnuts) giving the number of
peaks matched, normalized number of peaks matched and the matching maximum and
minimum absolute distances.”®

3.5 Conclusion

The ever-increasing need to understand the biological and technological significance of
the volatile fraction of a vegetable matrix has resulted in a growing demand for exhaustive
knowledge of its composition. As a consequence, volatile-fraction analysis has evolved
dramatically over the past two decades but, despite the widespread view that everything
has already been done in this field, several topics still remain to be investigated in
depth. In the authors’ opinion, research efforts must be concentrated on developing and
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Table 3.2 Template matching with the standard roasted Roman hazelnut (i.e. arbitrarily
considered as reference) and a group of samples (i.e. standard and over-roasted Piedmont and
Turkish hazelnuts) giving the number of peaks matched, normalized number of peaks matched,
and the matching maximum and minimum absolute 2D peak distances. Reprinted with
permission from [96]. Copyright 2008 American Chemical Society

Template

Roman standard hazelnut Total template peaks: 231

Sample 1

Piedmont standard hazelnut Number of peaks matched: 165
Number of peaks matched (normalized): 0.71
Matching maximum distance: 12.60
Matching minimum distance: 0.62
Matching average distance: 2.37

Sample 2

Piedmont over-roasted hazelnut Number of peaks matched: 176
Number of peaks matched (normalized): 0.76
Matching maximum distance: 11.11
Matching minimum distance: 0.40
Matching average distance: 1.64

Sample 3

Turkish standard hazelnut Number of peaks matched: 157
Number of peaks matched (normalized): 0.68
Matching maximum distance: 11.23
Matching minimum distance: 0.53
Matching average distance: 4.89

Sample 4

Turkish over-roasted hazelnut Number of peaks matched: 187
Number of peaks matched (normalized): 0.81
Matching maximum distance: 12.58
Matching minimum distance: 0.23
Matching average distance: 3.30

adopting total analysis systems, whenever possible, to enable a reliable and standardized
production of data. This goal will only be achieved by acting on all steps of the analytical
procedure:

« Sample preparation: highly effective, fast and easy to automate solvent less techniques
must be developed that are easy to combine online with separation techniques.

¢ Analysis: high-speed, high-efficiency GC separation methods (F-GC, GC-GC, GC x GC)
are required that provide highly reliable qualitative and quantitative data and at the same
time meaningful profiles. This will involve the increased merging of chromatographic and
MS data with their processing, and in particular will need highly effective deconvolution
software. Special attention will also have to be paid to chromatographic data, whose
importance has drastically grown in particular for further data elaboration (see next point)
and whose contribution to component identification and sample profile definition is often
underestimated.

e Data elaboration: ever increasing use of information technology and data mining will be
necessary to achieve the so-called ‘higher level of information’ as a contribution to
understanding the biological meaning of the volatile fraction. Highly effective sample
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preparation and analysis techniques should provide as many data as possible, and data
processing should enable those data concerning the biological property or properties of
interest to be isolated, so as to obtain suitable metabolite profiling through which to
understand the biological phenomenon investigated.
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4.1 Introduction

Plant scents have influenced cultures and myths since ancient times. In Hindu legend, the
Astomi had no need to eat or drink and survived by smelling roots, apples and flowers.' They
died from smelling unpleasant odours. In Greek mythology, the water nymph Mintha was
metamorphosed into a mint plant and emitted an aromatic mint plume when trampled
underfoot by her lover’s jealous wife, the goddess Persephone. An ecological function of
plant odours for a plant’s survival and fitness was long denied. The German botanist
Sprengel was the first to suggest that characteristics of flowers, such as colour, shape and
smell, influence how they reproduce.2 Darwin extended this hypothesis in his book ‘On the
Various Contrivances by which British and Foreign Orchids are Fertilised by Insects, and
on the Good Effects of Intercrossing’ when he suggested that plants and their pollinators co-
evolve and that floral scents evolved to attract pollinators and vector pollen.3

Since Darwin, scientists accepted that floral odours attract pollinator insects; however, it
was only after discovering how to collect and analyse volatile organic compounds (VOCs)
that scientists were able to study the multiple roles VOCs play in mediating interactions
between organisms.*

A number of principles have emerged from research on floral VOCs that built the basis for
our understanding of the signalling function of VOCs in general. First, floral VOC bouquets can
contain tens to hundreds of different compounds,”® but not all compounds in the complex

*Note: corresponding author.
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mixture may have a biological function. Pollinators seem to use only a subset of VOCs in a
flower’s scent to guide their foraging choices. Moreover, the coevolution of plants and their
pollinators and the influence of plant-pollinator interactions on plant fitness has resulted in
some remarkable adaptations. For example, nursery pollination systems, as in Yucca fila-
mentosa,’ Ficus spp.,*? Silene latifolia," Macrozamia lucida'* or Glochidion spp.'* exhibit
interdependent mutualistic interactions with their pollinators. In contrast, plants such as
Chiloglottis and Ophrys orchids'>!* attract pollinators by mimicking food and mates without
providing areward."” In these specialized and highly co-evolved interactions, pollinator insects
seem to use single compounds or distinct combinations of compounds from floral bouquets to
differentiate hosts from nonhosts.”*'?

Second, some compounds in the VOC mixture may have multiple functions including
attracting pollinators,® repelling nectar and pollen robbers'® or increasing antimicrobial
properties of the nectar.'’

Third, while floral scent varies widely among related plant species,'® unrelated taxa can
show convergence in their floral VOC bouquets. This pattern seems to be driven by positive
selection by major groups of pollinators.>>"°

Fourth, floral VOCs contain context-dependent information, so a certain compound might
result in different responses from different flower visitors.*® For example, ground-blooming
carrion-mimicking flowers attract blowflies by producing the foul-smelling dimethyl disul-
fide (1, Figure 4.1) in combination with heat, CO, emission and hair-like trichomes.'® The
same compound presented by flowers with high nectar production in neotropical vines and
trees, attracts bats as pollinators.?' Similarly, the ubiquitous floral and vegetative VOC methyl
salicylate (2, MeSA) can attenuate honey bee visitstoa ﬂower,22 attractorchid bees fromlong
distances,* attract predatory mites when induced by herbivore damage®* and even function
as a pheromone that repels copulation attempts in Pieris butterflies.”

VOC emission in the headspace of vegetative tissues (vegetative VOCs) has been one of
the major foci of the research on chemical plant defences in the past few decades.?® Some of
the volatile secondary metabolites are concentrated in storage organs (e.g. exudating
trichomes, resin ducts) where they are released immediately upon herbivore attack and
compromise insect development, fecundity and survival. Like floral VOCs, vegetative
VOCs can mediate interactions between plants and many organisms in their biotic
environment (tritrophic interactions). Many of the VOCs emitted from vegetative tissues
are inducible in response to herbivore damage and influence herbivorous insects’ ability to
find and select a host plant. Moreover, because the specific induction of VOCs can reveal the
whereabouts of herbivores to their natural enemies (e.g. predators and parasitoids), VOCs
can function as indirect defences by facilitating host/prey finding of natural enemies,
thereby reducing damage by herbivores.”” In addition, herbivore-induced VOCs can
provide signals for neighbouring undamaged plants to ready their inducible anti-herbivore
defences.”® The degree to which these observed ecological consequences of herbivore-

(e}
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Figure 4.1 Examples of VOCs containing context-dependent information



Plant Volatile Signalling: Multitrophic Interactions in the Headspace 97

induced VOC emission are adaptive and drive the evolution of VOC signalling has been
debated because data on the fitness consequences, natural variation and specific signalling
function of VOCs are limited.

Visitor attraction to floral VOCs directly affects a plant’s fitness (positively by
pollinators versus negatively by pollen/nectar robbers and florivores) by influencing
seed yield. In contrast, herbivore-induced vegetative VOCs influence plant fitness
indirectly by repelling herbivores and attracting predators and parasitoids, as these
insects do not typically feed on seeds. Herbivory does not necessarily result in reduced
seed production depending on the plant’s ability to tolerate damage and to invest
resources in direct defences, such as toxic, anti-nutritive and anti-digestive com-
pounds.®® The fitness effect of attracting natural enemies of herbivores to the plant
depends on the degree and timing of the reduction in herbivory.>® This makes
measurements of fitness effects and evaluations of costs and benefits of VOC-mediated
tritrophic interactions difficult and demands a deeper understanding of the underlying
mechanisms.

In order to assume an adaptive function of herbivore-induced VOCs in multitrophic
interactions it needs to be demonstrated that: (a) there is natural genotypic variation in the
production and/or inducibility of VOC emission to allow for natural selection, (b)) VOC
emission provides a specific and reliable signal, (¢) this signal can be perceived, processed
and responded to by another organism (e.g. herbivore, predator, plant) and (d) this VOC-
mediated interaction with other organisms has significant fitness benefits for the plant.
Recent advances in collecting and analysing VOCs,* along with an explosive growth in our
understanding of the biosynthetic and signalling pathways underlying VOC production'”-!
and the physiological mechanism that allow organisms to perceive VOCs>? allow us to
tackle critical questions in VOC signalling co-evolution. Moreover, these advances
generated an awareness of the parallels between plant—pollinator and plant—herbivore
interactions —enabling us to compare the ecological and evolutionary roles played by VOCs
in both of these arenas.>

Here we review recent studies on the mechanisms and ecological functions of herbivore-
induced VOC emission. In particular, we focus on the specificity of herbivore-induced VOC
production and the potential costs and benefits of VOC emission. We also evaluate their
fitness consequences of VOC-mediated interactions with herbivores, natural enemies of
herbivores and neighbouring plants. In light of the behavioural ecology and evolutionary
implications of herbivore-induced VOC emission we discuss the potential applications of
VOC-mediated indirect defences in agriculture.

4.2 The Specificity and Complexity of Herbivore-Induced VOC Production

When attacked by herbivores, plants respond with a bewildering array of changes in primary
and secondary metabolism.>* In general, plants downregulate primary and upregulate
secondary metabolic processes.””> These responses are thought to alleviate the impact of
additional physiological stresses that are associated with the damaged leaf tissue, such as
oxidative stress, photoinhibition or drought stress. Herbivore-induced changes frequently
reduce the quality of the leaf tissue as a food source for herbivores by reducing the
availability of nutritious primary metabolites and by accumulating toxic, anti-nutritive and
anti-digestive secondary metabolites.’*® The latter are referred to as induced direct
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defences because of their direct impact on herbivore performance. VOCs can also function
as indirect defences — plant traits that facilitate the residence, foraging and host-finding
behaviour of natural enemies of herbivores (including predators, parasitoids, parasites,
pathogens).

Interestingly, many plant responses, particularly herbivore-induced VOC emissions,
are specific to the attacking organism and/or the genotype of the attacked plant,
suggesting that both plant genotype and attacker phenotype play a crucial role in the
elicitation of VOC production. There are remarkable species-specific differences in plant
scents that result from a large diversity of odour compounds. So far about 1700 VOCs
from nearly 1000 plant species in 100 families have been described,®!'” and the VOC
blend emitted by a single herbivore-attacked plant contains tens to hundreds of
compounds.*’° This complex blend includes compounds from multiple compound
classes, such as green leaf volatiles (e.g. 3, 4), terpenoids (e.g. 5, 6) and aromatic
compounds (e.g. 2, 7, Figure 4.2). A study of the volatile blends of 31 inbred maize (Zea
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Figure 4.2 Herbivore-induced volatile organic compound emission. (a) Commonly induced
volatile organic compounds of three compound classes. (b) Representative gas chromato-
grams of goldenrod, Solidago altissima, headspace volatile organic compound emission from
plants damaged by larval Trirhabda virgata (upper chromatogram) and undamaged plants
(lower chromatogram). (c) Chrysomelidae beetle larva, Trirhabda virgata. Numbers on peaks
in (b) refer to compound structures in (a), the major peaks are yet unidentified peaks
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Figure 4.2 (continued)

mays) lines induced with caterpillar regurgitant showed enormous variation both in
the total amount of volatiles emitted and in the composition of volatile blends.*® A
comparable diversity in volatile blends was found when comparing different wild
tobacco (Nicotiana attenuata) accessions,”' wild accessions of Datura wrightii** and
a number of Mexican maize varieties.*> Although data on the natural genetic diversity of
herbivore-induced VOC emission are still limited, these examples clearly illustrate that
volatile blends are distinctive for particular genotypes.

The phenotypic plasticity of herbivore emissions and the mechanisms that cause plants to
alter VOC emission in response to herbivory have been more comprehensively studied.
Plant responses to herbivory (including VOC emission) result from specific transcriptional
and metabolic reconfigurations of the plant®* that are triggered by plant endogenous and
herbivore-specific elicitation processes.

4.2.1 Plant Endogenous Wound Signalling

Recent studies show that a number of plant endogenous signalling pathways are activated in
response to tissue damage (Scheme 4.1). Cross-talk between these pathways determines the
downstream activation of genes involved in a metabolic reconfiguration of the plant.**
Herbivore-induced VOC emission is dependent on and influenced by the functioning of
at least three key phytohormones and their derivatives, jasmonic acid (8, JA, octadecanoid
pathway), salicylic acid (9, SA, shikimate pathway) and ethylene (10, ET,
Figure 4.3).****%> Plants deficient in different aspects of the octadecanoid pathway usually
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Scheme 4.1 Theelicitation and ecological consequences of herbivore-induced volatile organic
compound emission. In response to damage and elicitors from herbivores, plants trigger
phytohormone-mediated pathways, transcribe defence-related genes and produce toxins,
anti-digestive and anti-nutritive compounds. During these metabolic changes, plants emit
volatile organic compounds (VOCs) into the headspace that are perceived by neighbouring
plants, herbivores, predators and parasitoids and mediate complex multitrophic interactions.
JA = jasmonic acid; ET = ethylene; SA = salicylic acid; OP = other phytohormones

show dramatically altered induced metabolic changes in response to herbivore damage and
do not show herbivore-induced VOC emission. For example, the silencing of the lipo-
xygenase 3 (LOX3) gene, a specific wound and herbivore-induced lipoxygenase isoform
that catalyses a crucial step in JA biosynthesis in wild tobacco, Nicotiana attenuata, inhibits



Plant Volatile Signalling: Multitrophic Interactions in the Headspace 101

_ OH
o @fLoH = o) HzN‘é
OH OH o—

10 12

(+)-8 9 (#)-1
(JA) (SA) (ET) (MeJA) (ACC)

Figure 4.3 Structures of three key phytohormones 8-10 influencing herbivore-induced VOC
emission and their derivatives or precursors (11, 12)

herbivore-induced responses, including VOC production.*® Similarly, the application of JA
or its methyl ester methyl jasmonate (11, MeJA) usually results in an induction of VOC
emission and reasonably mimics herbivore-induced VOC emission.*'*’

However, the seemingly small differences between JA-induced and herbivore-induced
VOC bouquets can have significant impacts on their signalling function. The VOC blend
induced in JA-treated lima bean plants lacks methyl salicylate (MeSA, 2), which is produced
by plants attacked by spider mites. Without MeSA in the blend, predatory mites are less
attracted to spider mite-infested plants, as compared to JA-treated plants.*’ In contrast,
predatory Geocoris pallens bugs are equally attracted to MeJA-treated and herbivore-
attacked wild tobacco plants in the field because they hone in on single VOCs that are
produced in response to both treatments.?’*®

Despite the fact that JA is necessary and sufficient to trigger plant VOC responses,
repetitive mechanical damage that induces endogenous JA bursts and herbivory still induces
differential VOC emission in most plant species tested.*'*’ Moreover, emissions in
response to wounding frequently lack the increased production of terpenoids that are found
in response to herbivore damage, while exogenous application of JA or MeJA results in
increased accumulation of terpenoids in the headspace. Differential plant responses to
herbivory and JA application have been attributed to differential activation of signalling
molecules and phytohormones, as well as to signalling pathway cross-talk.**° For
example, the exposure of lima bean plants to ET (10) through its precursor 1-aminocy-
clopropane-1-carboxylic acid (ACC, 12, Figure 4.3) enhances VOC induction by JA and
results in an increased attraction of predatory mites to the plants.*’

What mechanisms cause the differential activation and thus allow the complex cross-talk
of plant signalling pathways and, as a consequence, high specificity of the VOC response?
The early events in plant wound recognition were reviewed recently’ and include ion
imbalances along membranes and the modulation of ion channels that differentially trigger
downstream signalling networks of kinases and phytohormones.’> Two major mechanisms
influence the specificity of plant responses and VOC emission — the way herbivores rupture
the plant tissue and the application of herbivore-derived chemical elicitors.*’

First, herbivores tend to feed in bouts over long periods of time and feed on plant tissue in
species-specific patterns, both of which may result in differential endogenous signal
activation compared to standard mechanical damage. Support for this hypothesis comes
from recent experiments using a mechanic caterpillar robot (MecWorm), which allows
manipulation of the physical appearance and duration of wounding to better resemble
herbivore-inflicted tissue damage.® Mimicking herbivore damage duration and area
with the MecWorm resulted in the induction of herbivore-specific VOC emissions from



102 The Chemistry and Biology of Volatiles

lima bean plants that were qualitatively similar to VOC emissions induced by Spodoptera
littoralis caterpillars but showed some quantitative differences. These results suggest that
the way herbivores damage a plant affects the induced VOC emissions.”

Second, while feeding on the plant, herbivores apply chemical elicitor compounds that
alter the endogenous wound response and contribute to the differential VOC emission we
observe in many plant species after herbivore attack.>* Regurgitant from lepidopteran larvae
applied to wounds elicits VOC emission that is comparable to the emission from plants that
are attacked by caterpillars.*'~>° This finding marked a breakthrough in the understanding
of the induction mechanisms of volatile compounds and started a search for herbivore-
derived elicitor compounds.

4.2.2 Herbivore-Derived Elicitors of VOC Emission

Lytic enzymes, such as B-glucosidase from Pieris brassicae caterpillar salivary secre-
tions,”” were the first class of elicitor compounds identified. Additional lytic enzymes have
been isolated from the saliva of other lepidopteran species, such as glucose oxidase in
Helicoverpa zea,”® alkaline phosphatase from piercing/sucking insects such as whiteflies,
Bemisia tabaci,”® and numerous watery digestive enzymes from aphid saliva.®® So far, only
salivary enzymes from lepidopteran caterpillars have been shown to induce VOC emission
similar to actively feeding herbivores.>’

However, bioassay-driven fractionations of lepidopteran and orthopteran regurgitants
and coleopteran oviposition fluids resulted in the discovery of four nonenzymatic elicitor
compound classes (Figure 4.4).

Volicitin [N-(17-hydroxylinolenoyl)-L-glutamine, 13] was the first in a series of fatty
acid—amino acid conjugates (FACs, such as 13, 14) isolated from lepidopteran larval
regurgitant. Extracted from Spodoptera exigualarvae, volicitin (13) induced excised maize
seedlings to release the same odour blend of volatile terpenoids and indole that is released
during caterpillar feeding.®' Additional FACs with similar effects on VOC induction have
been isolated from regurgitant of larval Sphingidae,’ Noctuidae and Geometridae.®"%?
Interestingly, Tumlinson and Lait demonstrated that FACs are synthesized in the larvae by
enzymes embedded in the membranes of the crop and anterior midgut tissue.** Moreover,
the fatty acid moiety of the elicitors is obtained from the plant on which the caterpillar feeds,
whereas the amino acid precursor derives from stores within the insect. FAC elicitation
explains most of the specificity of herbivore-induced responses (particularly induced
VOC emissions) in maize and wild tobacco, N. cztlemtczta,37’39’41’6l but is not sufficient
to explain the responses of lima beans (Phaseolus lunatus) and cotton (Gossypium
hirsutum) to attacking lepidopteran caterpillars.®® Therefore it was hypothesized that any
given herbivore species may produce a variety of elicitor compounds, each of which may
only trigger specific responses in a subset of host plant species.®®

Cowpea plants (Vigna unguiculata) emit specific blends of terpenoids when attacked by
Spodoptera frugiperda caterpillars; however, the FACs present in S. frugiperda regurgitant
do not explain the induction of specific VOCs in the bean plants.®® The search for the active
compounds in the caterpillars’ regurgitant resulted in the isolation and identification of a new
class of elicitor compounds — inceptins. Inceptins (e.g. 15) specifically increase ET, JA and
SA concentrations and elicit direct (cinnamic acid) and indirect defence (terpenoid)
compound production. Inceptins are disulfide-bridged peptides that are proteolytic fragments
of the chloroplastic adenosine-5’-triphosphate (ATP) synthase y-subunit regulatory region.®®
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Figure 4.4 Herbivore-derived elicitor compounds, their chemical structures and origins

Another class of elicitors was isolated from the regurgitant of American birdwing
grasshoppers, Schistocera americana. The compounds, termed ‘caeliferins’, contain satu-
rated and monounsaturated sulfated a-hydroxy fatty acids in which the w-carbonis decorated
with either a sulfated hydroxyl (16) or carboxyl functional group conjugated to glycine via an
amide bond (17).°° The grasshopper regurgitant contains a series of these caeliferin
compounds with fatty acid chains varying in length between 15 and 20 carbon atoms. The
mostcommon and active one has 16 carbon atoms. Crude grasshopper regurgitant or isolated
caeliferins applied to damaged leaves of maize seedlings induce the release of VOCs. The
analysis of the regurgitant of several other orthopteran species indicated that most grass-
hoppers probably produce caeliferins. In contrast to the fatty acid moiety in FACs, the fatty
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acids in caeliferins with 16 carbons do not likely come from the host plant. The fatty acid
composition of caeliferins in grasshopper regurgitant does not change with diet.”®

Like herbivore feeding, insect oviposition triggers specific plant responses,®’ including
VOC emission.®®”"° For example, the oviposition of egg masses of the pine sawfly Diprion
piniinto a slitin pine (Pinus sylvestris) needles results in VOC emission from the whole twig.
The VOC:s attract the eulophid egg parasitoid Chrysonotomyia ruforum, allowing the plant to
defend itself against herbivore attack prior to being damaged by the feeding larvae.”' The
elicitor, which is likely a peptide or protein, is present in the oviduct secretion and coats the
surface of the D. pini eggs.”* Similarly, compounds in the oviposition fluids of elm leaf
beetles, Xanthogaleruca luteola, induce specific VOC emission in held elm, Ulmus minor,
which attracts the egg parasitoid wasp, Oomyzus gallerucae.” The identity and character-
istics of elicitor compounds in oviposition fluids remain largely unknown.®” However, a new
compound class of elicitors has been isolated from pea weevil (Brochus pisorum) oviposition
fluids. The elicitor compounds were named ‘bruchins’ and are long-chain «,w-dioles,
esterified at one or both oxygen atoms with 3-hydroxypropanoic acid (e.g. 18,19, Figure 4.4).
These compounds are potent plant growth regulators and elicit a tumour-like growth of
undifferentiated cells (neoplasm) at the oviposition site, beneath the egg.74

The transcriptional and metabolic reconfiguration of the plant resulting from the interplay
between wound-induced plant endogenous signalling and its alteration by herbivore-
derived elicitors can induce a highly specific VOC signal that includes information about
the plant species attacked and the species and age of the attacking herbivore.*””>~"7 An
investigation of the phylogenetic distribution of elicitor activity revealed that all tested plant
families responded at least to one of the tested elicitor compound classes with significant
increases in ET, JA and sometimes SA production.’® However, the timing and strength of the
phytohormonal responses to similar elicitor compounds were highly variable among
different plant species. Although the mechanisms are unknown, these findings suggest
that specific receptor-ligand interactions mediate herbivore recognition and plant re-
sponses. Moreover, to induce particular VOC blends in response to herbivory, plants
require functional biosynthetic pathways and their regulation under herbivore-inducible
promoters.'” That means that natural genetic variation in VOC induction depends on the
biosynthetic properties of the plant and the signalling pathways regulating the activation of
certain pathways in response to herbivore damage.

In conclusion, VOCs can provide complex and highly specific signals that can potentially
spread information within a plant or inform other organisms about host quality. In the
following sections, we review how emitting plants and other organisms use this information,
and we focus on the ecological functions of herbivore-induced VOCs (within and between
plant signal transduction, herbivore repellence, natural enemy attraction).

4.3 Ecological Consequences of VOC Emission

4.3.1 Within-Plant Defence Signalling

In order to mount successful defences against attacking herbivores, plants must elicit whole-
plant defences and produce toxins, anti-digestive and anti-microbial compounds in most of
the foliar or root tissue.”® To do this, plants use different signalling pathways to spread the
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information of an attack to undamaged plant tissues — enabling them to express systemic
resistance before herbivores reach other parts of the plant. These defence signals include
chemical signals transmitted internally through the xylem and phloem (vasculature) and
volatiles (airborne chemical signals), although it has long been debated whether vascular or
volatile signals are the dominant method of signal transfer.

Scientists have shown that the transport of defence signals can follow the transport of
sugars, nutrients and water through the vasculature, where it will reliably reach its
destination.®**' However, vascular connectivity is not uniform throughout a plant. Rather,
it is limited by phyllotaxy, particularly in plants with complex architecture.®' Vascular
connectivity is high in orthostichous leaves, intermediate in adjacent leaves and absent in
opposite leaves.®*® Moreover, vascular connections are absent between branches in shrubs
with long branches emanating from a basal crown.®* Thus, vascular signals elicit patchy
defences in neighbouring leaves and branches. Moreover, vascular signal transfer is
relatively slow over long distances and may take hours to days to elicit systemic induced
resistance.®' Thus, vascular signalling transport is not sufficient to explain the faster
systemic wound responses that are frequently observed. There is increasing evidence that
plants can use VOC signals to elicit defences in neighbouring leaves and branches — even
when they are not physically connected.®>%¢

Unlike vascular signals, all leaves within air contact of a damaged leaf can detect
volatile signals, and volatiles travel rapidly — providing the opportunity for advanced
warning in distal undamaged plant parts. For instance, volatiles from herbivore-damaged
lima bean leaves elicit extrafloral nectar secretion in neighbouring undamaged leaves.®’
Volatiles also facilitate signal transfer between tomato leaves. When air contact is
eliminated, only leaves with direct vascular connections to the damaged leaf show
significant changes in defence chemistry,®” suggesting that volatiles mediate the interac-
tion. Similarly, volatiles have been shown to elicit defence compound production in
neighbouring branches of cottonwood,®® sagebrush® and blueberry plants®* with long,
distal branches and limited vascular connectivity.

In cottonwood (Populus deltoids), systemic defences deterred feeding by leaf beetles
(Plagiodera versicolora) in orthostichous but not adjacent leaves.’® Similarly, feeding by
Lema trilinea on Solanum dulcamara resulted in leaf position-dependent induction of
systemic defences and larval performance.”’ The induction of systemic defences and larval
performance decreased significantly on leaves connected to the damaged leaf, yet remained
high on leaves lacking vascular connectivity. These experiments show that spatial control of
induction is ecologically relevant and that, to ward off herbivores completely, uniform
systemic responses are needed. By overcoming limitations in vascular connectivity,
herbivory-induced volatiles could provide a signal that makes uniform systemic responses
possible.

4.3.2 Herbivore-Induced VOC Emission as Part of a Metabolic Reconfiguration of
the Plant

The herbivore-induced production of VOCs is only part of a metabolic reconfiguration that
includes the increased production of secondary metabolites and defensive proteins. To
understand the role of herbivore-induced VOC:s as signals for other organisms, one needs to
understand the correlation between VOC emission and the production of other, nonvolatile
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secondary metabolites and the plant’s overall physiology. Direct defence compound
production, herbivore resistance and VOC signalling are frequently correlated, and the
potential physiological and ecological interaction between direct and indirect defences have
been investigated for potential trade-offs.** Plant defence theory predicts trade-offs among
defensive traits because it assumes either that plants have limited resources to allocate to
growth, defences and other vital functions or that there are phenotypic and ecological
pleiotropic effects that link metabolic processes. A plant should optimize the allocation of
resources to maximize fitness, which often involves trade-offs (i.e. between direct and
indirect defences).*® For example, the production of exudating trichomes as direct defensive
traits frequently compromises top-down control of herbivory by predators and parasitoids.”*
Although trade-offs between different types of plant defences have repeatedly been
reported,” there seem to be only a few examples of a physiological trade-off between
the production of direct defensive compounds and VOC emission. For example, different
accessions of lima bean (Phaseolus lunatus) differ in the amounts of toxic hydrogen cyanide
(HCN) that they produce in response to damage — high cyanogenic accessions release low
amounts of VOCs and vice versa.”* Quantitative trade-offs between cyanogenesis and VOC
releases were evident between accessions and ontogenetically, which suggests differential
resource allocation to the two types of defences. The general lack of evidence for trade-offs
between different types of plant defences likely suggests a more complicated relationship of
defensive traits as currently perceived and may go beyond simple resource allocation
models.”

For example, there are studies on herbivore-induced metabolic changes in plants that find
a positive correlation between direct defence compound production, resistance and VOC
emission.*® One likely reason for a positive correlation is a common biochemical origin and
thus a simultaneous regulation of volatile and nonvolatile compounds (e.g. terpenoids,
phenylpropanoids). Another potential reason is that selective forces acting on direct and
indirect defensive chemical traits are similar, which would result from a synergistic
processes of bottom-up and top-down effects on herbivore performance. Such a synergistic
effect of direct and indirect defences has been observed in the wild tobacco Nicotiana
attenuata, where herbivore damage resulted in increased production of toxic secondary
metabolites and VOC emission. The toxic compounds decreased the growth rate of the
voracious pest Manduca quinquemaculata but did not increase mortality.*® Increased VOC
emission resulted in increased attraction of predatory bugs, Geocoris pallens, to the plant.
Because the toxins make Manduca caterpillars grow more slowly, they remain vulnerable to
predators for longer periods of time — thereby increasing their mortality and the fitness of the
plant.37’48 Synergistic effects of chemical direct and indirect defences on herbivore
performance can be viewed as a special case of the slow growth—high mortality principle
and are likely to occur when the direct defence compound production does not compromise
the efficacy of predators and parasitoids.

Many specialized herbivore species can sequester plant toxins and use them for their own
defences. As a result, these herbivores can only be attacked by specialized natural enemies
that themselves can tolerate high amounts of the plant toxins. Moreover, combined physical
and chemical direct defences, such as exudating trichomes, can reduce the recruitment of
bodyguards to the plant.® It is noteworthy that these negative effects of plant defences on
natural enemies come predominantly from constitutively produced direct defences. The
regulation of defence gene expression under a herbivore-inducible promoter could allow the
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plant to specifically orchestrate direct and indirect defences and overcome the compromis-
ing effects of direct defences on top-down control of herbivory. For example, elicitor
compounds in the regurgitant of Manduca sexta hornworms attenuate nicotine production
in wild tobacco (N. attenuata). Nicotine (20, Figure 4.5) is potentially toxic to attacking
parasitoid wasps.”” The herbivore-derived compounds specifically induce an endogenous
ethylene burst that results in the attenuation of gene expression of a key enzyme in nicotine
biosynthesis — putrescine methyl transferase.”® While the toxic nicotine production is
attenuated, VOCs are emitted and other growth-slowing compounds, such as phenolics and
proteinase inhibitors, are strongly induced in response to Manduca damage, allowing the
plant to avoid compromising the positive interaction with parasitoids and predators.”

The links between induced VOC emission and herbivory, and between induced VOC
emission and plant quality, as food for herbivores have some basic implications for how
different organisms respond to VOCs. For example, herbivores can inform their host plant
choice and/or find mating partners on plants damaged by conspecifics. Natural enemies can
potentially extract information about the presence and identity of a potential host/prey
species. Plants can eavesdrop on the VOC signal from a damaged neighbour and gain
information about potential future herbivory.

4.3.3 Herbivores Use VOCs to Select Host Plants

Herbivores consider many qualities when selecting a host plant. Are other herbivores
around?'® Was the plant previously damaged?'®" Is the plant surrounded by conspecifics or
heterospecifics?'%? Does the plant have sufficient light, water and nutrients; and is it young
or old?'® Some studies have shown that VOC blends influence herbivores’ ability to
differentiate between hosts of different food quality. Abiotic factors like photoperiod,
nutrients, soil moisture and temperature influence the intensity and composition of volatile
blends. When conditions are ideal (as in young plants growing in high-nutrient, well-lit
environments), plants release larger quantities of volatiles and are more attractive to
herbivores. Volatiles not only reflect environmental suitability, but they also reflect the
genetic quality of a plant.' Silencing defence genes has been shown to alter herbivore
preference. Jassbi et al. showed how silencing the geranylgeranyl diphosphate synthase
gene in Nicotiana attenuata improves host plant quality, causing tobacco hornworm larvae
to gain weight three times faster on transgenic compared to control plants.'®* Similarly,
oviposition by Pieris rapae decreases on Arabidopsis thaliana with knocked-down indole
glucosinolate production, suggesting that it is an important host-finding cue.'® In this way,
VOCs are reliable indicators of host plant quality.

Studies have shown that many herbivores use VOCs to find quality plant hosts.'°® One key
indicator of quality is prior damage. Damaged plants release different VOC blends than
undamaged plants, and this often deters herbivory.*”'°” In cotton, VOCs from plants with
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high damage deter feeding by Spodoptera littoralis after just three days, and the effects
persist for at least 14 days after damage.'®® Furthermore, the effects are strongest in the
youngest leaves, which are preferred by herbivores. Damage by the chrysomelid beetle
Agelastica alni increases with increasing distance from damaged Alnus glutinosa (black
alder), and this effect is the result of plant communication, not predator recruitment.'®
Although damage aboveground is not necessarily a predictor of belowground herbivory,
damage in one area of the plant may influence the suitability of the entire plant for future
herbivory. For example, in experiments on the rice water weevil (Lissorhoptrus oryzophilus,
a root herbivore) and fall armyworm (Spodoptera frugiperda, a foliage-feeding herbivore)
on rice, severe damage by one herbivore decreases densities and growth rates of the other
herbivore by up to 40%.''°

In some cases, VOCs from damaged plants actually increase herbivore recruitment. This
specific herbivore behaviour could help to find mates''! or host plants in environments
where preferred hosts are sparse (since a bad host is better than no host at all). Though a
number of scientists have commented on plant palatability and the apparency theory,''* only
recent studies showed evidence that VOCs could mediate this interaction. Studies on wild
tobacco plants (N. attenuata) genetically modified to silence green leaf volatile production
in response to damage showed that flea beetles, Epitrix hirtipennis, accumulate on plants
with high damage-induced green leaf volatile emission.'"® Similarly, the attraction of
neonate fall armyworms (Spodoptera frugiperda) to VOCs from damaged cowpea plants
facilitates their host plant search.''* As discussed in the next section, VOCs from damaged
plants do make them more apparent to insects of higher trophic levels — enabling them to
attract beneficial predators and parasitoids. In these cases, apparency is advantageous for the
plant and one should expect plants (and possibly plant communities) to benefit from
apparency to natural enemies. Nonetheless, apparency to herbivores may represent an
ecological cost of VOC emission.

4.3.4 VOCs as Indirect Defences Against Herbivores

VOCs are inducible indirect defences if they function as attractive signals for natural
enemies of herbivores.*® By announcing the presence of prey or host organisms to predators
or parasitoids, respectively, VOCs can facilitate prey and host search behaviour of natural
enemies — effectively employing them as ‘bodyguards’.''® Herbivore-induced volatile
emission, popularly referred to as a ‘plant’s cry for help’,''® has been shown in at least 13
plant families''” and is one of the most efficient ways plants cope with insect attackers.''®
What is the evidence for the defensive function of herbivore-induced VOCs and what are the
fitness effects for the plant and the community consequences of VOC signalling?

A number of carnivorous insect species respond to specific herbivore-induced VOC
emissions, including entomophagous nematodes,''® predacious mites,'?’ Heteroptera
(Figure 4.6)*"*%113 and Coleoptera, as well as a wealth of parasitoid wasps.*>”'?! Classic
examples of VOC-mediated indirect defences are: (@) attracting predatory mites to spider
mite-attacked lima beans,'?* and (b) attracting the parasitoid braconid wasp, Cotesia
marginiventris, to maize seedlings that are attacked by the beet armyworm, Spodoptera
exigua.”® Meanwhile a whole range of folivorous mites''>'?* and insects,*’%4!:124125
stem borers,126’127 seed feeders'?® and root feeders''*'?® have been shown to induce VOCs
and attract predators and parasitoids. Moreover, the microinjuries caused by lepidopteran
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Figure 4.6 Big-eyed bug, Geocoris pallens, attacking a mirid bug Tupiocoris notatus. G. pallens
is a generalist predator that is attracted by herbivore-induced plant VOCs

caterpillars moving across the plant surfaces'*® and oviposition by female beetles®’” and
sawflies'*! increase VOC emissions and induce plant responses. Birds are also attracted to
herbivore-induced plant VOCs and use them to find their prey' 2_ broadening the spectrum
of potential bodyguards responding to plants’ ‘calls for help’.

Most of the examples of VOC-mediated indirect defences come from crop plant systems
studied in laboratory or agricultural settings. Although this may limit scientists’ ability to
apply these results to more complex natural systems, they illustrate the basic mechanism of
predator and parasitoid attraction to herbivore-damaged plants. Moreover, recent experi-
ments on wild systems in their native habitats suggest that the findings from crop plant
systems may be generalisable®’ and some common characteristics of VOC-mediated
defences can be identified.

First, VOC emission has to be inducible to sustainably function as an attractive signal for
natural enemies. Natural enemies have to associate the VOC signal with their phytophagous
prey/hosts, which is impossible when VOC emissions are constitutive and not inducible in
response to herbivory. Second, herbivore-induced VOC emission increases the signal
intensity associated with a feeding herbivore and thus the distances over which bodyguard
carnivores can be recruited. By inducing systemic VOC emission in response to herbivore
attack, plants provide a strong, reliable and highly specific signal that is strongly correlated
with the presence of the herbivore and thus potential prey or hosts.

More importantly, the cue is assumed to be significantly stronger than any cue directly
coming from the herbivore. Herbivores are under strong selective pressure to minimize
signalling that can be associated with their presence and attract natural enemies. Yet
herbivore feeding activity elicits strong VOC emissions, which suggests that plants are
selected, in turn, to utilize cues that are specific yet inevitable for the attacking herbivore. It
remains unknown if VOC-inducing herbivore-derived elicitors, such as FACs, inceptins, or
caeliferins (Figure 4.4), play vital functions for the herbivores themselves or if their
biosynthesis and application to the plant wound simply cannot be avoided. However, recent
examples suggest that herbivores can choose to feed on plants or plant parts that are deficient
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in VOC signalling and defence elicitation*®'¥
induced VOC emission."**

Third, another characteristic of VOC-mediated indirect defences is the high specificity of
induced VOC bouquets and the correspondingly specific attraction of natural enemies. The
specificity is evident in both the de novo production of certain compounds and/or the relative
changes of volume ratios in the entire scent bouquet.*” Carnivorous mites and insects can
often discriminate between VOC blends induced by different herbivore species.”>'!”'% In
particular, specialist parasitoid wasps utilize specific compounds to find their appropriate
hosts. For example, the parasitoid wasp Cotesia kariyai exclusively attacks first and second
instar Mythimna separate caterpillars. Older instar caterpillars have physical defences that
successfully repel the parasitoid. It seems that specific plant VOCs allow the parasitoid to
differentiate between the earlier and later instar Mythimna larvae feeding on the plants.
Interestingly, this response can be elicited by applying regurgitant collected from cater-
pillars of different instars to the plant.”” Moreover, carnivores can learn to discriminate and
associate a particular blend with prey/host organisms, which allows them to respond only to
the most reliable VOC signals.'>!3¢

In contrast to specialists, which seem to rely on a few specific components in VOC
blends,””""*” generalist predators seem to be attracted by basic VOC signalling or even single
compounds out of the VOCbouquet. Generalist big-eyed bugs, Geocoris pallens (Figure 4.6),
are attracted by singly offered terpenoid and green leaf compounds, all of which are generally
part of damaged plants’ VOC blends.*”*''* Moreover, experiments with wild tobacco plants
(N. attenuata) deficient in green leaf VOC or terpenoid production in response to hornworm
(Manduca sexta) damage demonstrated that G. pallens can use both green leaf VOCs and
terpenoids independently for prey location.''® Utilizing general compounds in the VOC
blend could be advantageous for generalist predators by allowing them to find multiple prey
species on alarge number of plant species efficiently. However, this behaviour may also come
with the cost of being attracted to a nonsuitable prey. Karban found G. pallens attracted to
sagebrush plants that were primarily attacked by grasshoppers, which are too large for them
to eat.*® In this case, herbivore-induced VOC emission attracts natural enemies but does not
reduce herbivory. Even if not all predators visiting a plant significantly reduce its herbivore
population, plants may still benefit from an increased predator visitation rate by multiplying
the negative effects of induced defences on the herbivore population and thus the positive
effects on plant fitness.*® Moreover, the mere presence of predatory insects can reduce
herbivorousinsect performance nonlethally by increasing stress-related behaviours—thereby
decreasing the impact of herbivores on the plant.'*

Although there are multiple accounts for the attractiveness of herbivore-induced VOCs to
natural enemies of herbivores and the damage-reducing effects of their attraction, we still
know relatively little about how often VOC-mediated plant—insect interactions actually
improve plant fitness and whether VOCs, as indirect defence traits, truly coevolve with
predatory insects and herbivores. This led to the suggestion of alternative, non-adaptive
hypotheses for why plants produce VOCs.'*® However, the interest in the evolutionary
aspects of indirect defences is high and a growing number of studies use natural varia-
tion™™ or genetic manipulation of herbivore-induced VOC emissions for a functional
analysis.'">"3® Such comparative and integrative experimental approaches will eventually
allow scientists to assess the Darwinian fitness effects of VOC-mediated indirect defences
for the plant.

or actively inhibit signalling that results in
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Moreover, recent field studies illustrate the importance of considering whole-community
effects when assessing the adaptive function of herbivore-induced VOC emission. Plant-
induced responses (VOC emission, defensive chemistry) can mediate interactions between
all organisms associated with the plant and can link the fate of organisms that do not directly
interact in space and time. For example, belowground herbivory may influence shoot
secondary metabolism and, by extension, the performance of aboveground herbivores and
the associated VOC signalling.'*''*> VOC-mediated attraction of predators can be elicited
by multiple herbivore species on a plant, but differential predator preferences may alter the
herbivore community composition and thus the fitness effects of herbivory for the plant.*®
The presence of multiple herbivore or pathogen attackers on one plant can significantly alter
plant VOC signalling, and this has complex consequences for tritrophic interactions and the
plant’s indirect defences.'*"'** Thus, induced plant responses to herbivory in general and
VOC signalling in particular increase the arena in which plant insect interactions are played
out. There are promising new approaches in analysing the role of herbivore-induced VOC
emissions on entire community interaction networks.'**

4.3.5 VOGC:s in Plant-Plant Interactions

In addition to the multiple interactions that VOCs mediate within the plant arthropod
community, VOCs can elicit defensive responses within and between plants.?®87:8%14% At
present, we know that volatile blends vary depending on the plant species damaged, the type
and the developmental stage of an herbivore — providing the opportunity for plants to gain
specific information about herbivores in their vicinity from volatile blends.'*® Although
plants derive fitness benefits from repelling herbivores and attracting predators and
parasitoids (see above), the ecological relevance of VOCs in plant—plant signalling is still
debated, and the extent to which signal propagation between plants influences plant fitness,
arthropod community dynamics and plant community structure remains unclear.”®

Although plants that emit VOCs (‘emitters’) derive clear fitness benefits from inducing
systemic direct and indirect defences, weighing the overall costs and benefits of volatile
emission for an emitter is complicated. This is partially because of the complex interaction
that induced VOC emission can mediate within the arthropod community of the plant.
However, it is also because VOCs are not private signals, so downwind plants (‘receivers’)
may eavesdrop on the signal and benefit from advanced information about their risk of
herbivory — potentially altering competitive interactions between plants. The identity and
relatedness of the receiver likely influences whether VOCs represent a net cost or benefit to
an emitter.*” If VOCs are reliable indicators of impending herbivory and neighbouring
plants share herbivores, then receivers could prime or elicit their defences prematurely —
gaining a competitive advantage.

The fitness of an emitter may be positively affected when kin eavesdrop on the VOC
signal. For example, sagebrush individuals respond more strongly to VOCs from damaged
clones than damaged nonclones, suggesting that VOCs allow self/nonself discrimination
and possibly kin recognition.'*” This could provide a fitness advantage to an emitter,
through inclusive fitness, by amplifying collective defences and increasing a clone’s
chances of repelling herbivores or attracting predators or parasitoids. Premature defence
elicitation after VOC perception could be a key competitive strategy in plant populations
that are clonal and grow in dense monocultures.®’
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However, in complex ecological systems, it is also likely that neighbouring conspecifics
may benefit from responding to VOC:s if they share herbivores. For example, when one lima
bean branch is damaged by herbivores, VOCs are perceived by undamaged lima bean plants
that then induce extrafloral nectar production.® Similarly, sagebrush (Artemisia tridentata)
becomes more resistant to herbivory after exposure to VOCs from damaged neighbours.'*®
Plants within 60 cm of a damaged sagebrush experienced this benefit. Moreover, hetero-
specifics in the vicinity of a damaged emitter can also benefit from responding to VOCs. For
example, wild tobacco (Nicotiana attenuata) responds to VOCs from damaged sagebrush
(Artemisia tridentata) by priming its defences.'*® ‘Priming’ allows a plant to respond more
quickly and strongly to subsequent feeding by an herbivore.'*°

When the predictability of future herbivory via herbivore-induced VOCs is low, then
eliciting defences is a net cost, but if they are attacked and their defences are ready, then
they may experience fitness benefits by minimizing herbivore damage. It is likely that
priming is actually less costly to a plant than defence elicitation, since defence proteins
and metabolites are not produced until a primed plant is attacked.'**'*® If receivers
gain a competitive advantage, emitters might experience a reduction in fitness through
altered competitive abilities. Finally, although scientists have begun to examine the
ecological relevance of VOC signalling between plants, through behavioural assays, it
remains to be seen how eavesdropping shapes the succession of plant communities and
herbivore movement through the population. Does eavesdropping provide net fitness
benefits or costs to emitters and receivers? If eavesdropping benefits receivers, do they
experience enhanced competitive ability and therefore greater abundance in the popula-
tion over time?

4.4 Conclusion

Although vegetative and floral VOCs and the way they structure plant—insect and plant—
pollinator interactions are often considered separately, recognizing the parallels between
these two fields can advance both and possibly facilitate agricultural applications. As we
discussed at the outset of this chapter, there are key parallels between vegetative and floral
VOC blends and their use by arthropods.

First, vegetative and floral VOC blends are complex — they each contain tens to hundreds
of different compounds. Experiments on herbivores, predators/parasitoids and pollinators
show that insects typically use only a subset of the volatiles to identify and evaluate a
potential host plant or find potential prey on it. There seem to be distinct differences in the
proportion of a VOC blend generalists and specialists respond to — while generalist
carnivores are able to use a broad range of wound response VOCs singly to locate hosts,
specialists tend to utilize a smaller subset of compounds in the blend.

Second, many of the components of vegetative and floral VOC blends have multiple
functions, whose relative fitness costs or benefits depend on the ecological context of
the plant—insect interaction. This is evident in genetically transformed wild tobacco
(N. attenuata) plants that cannot synthesize green leaf volatiles and are simultaneously
more attractive to herbivorous flea beetles (which damage it more heavily) and to the
generalist predator Geocoris pallens.''> The outcome of this interaction depends on the
relative damage that flea beetles do to a plant, which is in turn a function of how many new
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herbivores and predators are recruited. This is also true for floral VOCs which provide fitness
benefits for the plant by attracting pollinators, but may result in fitness costs when pollen and
nectar robbers are attracted to the plant by the same signal.

As VOC signals from damaged plants are often correlated with defence compound
production, they enable herbivores to extract information about host plant quality and the
presence of mating partners or conspecific and heterospecific competitors. Predators gain
information about the presence and identity of potential prey/hosts. The diverse functions of
herbivore-induced VOCs increase the complexity of potential interactions and make their
fitness effects context-dependent.

The fact that plants, themselves, can respond to VOC signals from damaged neighbours
adds to the complexity and requires a similarly careful cost-benefit analysis. Within-plant
signalling may benefit plants by overcoming limitations in vascular connectivity. However,
the effect of eavesdropping on the fitness of the emitter likely depends on whether the
competing neighbour is kin or not.

Our knowledge about fitness consequences of herbivore-induced VOC emission is still
very limited but will grow with the increasing use of modern molecular tools in field
studies,''*"!>! the use of comparative approaches*>* and the consideration of community
networks interacting with the plant.**'** These new developments will also allow us to
consider the possibility of harnessing VOC-mediated induced plant defences in agricul-
ture.'>? Genetically manipulating the expression of plant VOC traits facilitates studies
on the function of induced VOC emission and enables scientists to maximize the effects of
VOC-mediated tritrophic interactions.'>*'? Tt seems that breeding programmes have
inadvertently selected againstinduced defences in some crops. For example, North American
maize (Zea mays) lines no longer emit (E)--caryophyllene (21, Figure 4.7) — a compound
that attracts beneficial predatory nematodes and controls western corn rootworm (Diabrotica
virgifera). Restoring this trait resulted in 60% fewer adult beetles emerging'>® and could
presumably enhance yields dramatically as well. Similarly, a comparison of herbivore
performance on wild and cultivated Brassica oleracea revealed distinct differences in
primary and secondary metabolite levels that affected herbivore performance.'>*

One of the most applied examples of utilizing VOC-mediated tritrophic interactions in
agriculture comes from a study of maize (Zea mays) grown in a ‘push—pull’ intercropping
system in Kf:ny21.127’155 Maize plants are grown together with an intercrop species (the ‘push
plants’ Desmodium uncinatum, Melinis miutiflora) that constitutively emits VOCs that
would usually be emitted by herbivore-attacked maize plants. This odour repels ovipositing
adults of two stem borer species (Busseola fusca, Chilo partellus), the major insect pests in
the system, and attracts parasitoids into the field. The emission of damage-indicating VOCs
protects crops by reducing herbivore abundance directly through decreased herbivore
attraction and indirectly by increasing predation pressure. The herbivore repellent effect of

(E)-21
(B-Caryophyllene)

Figure 4.7 Structure of B-caryophyllene (21)
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Desmodium is multiplied by growing hyper-attractive plants, the ‘pull plants’ (e.g. Napier
grass, Pennisetum purpureum) in the circumference of the maize fields to attract the stem
borers away from the fields.'>*

The Kenyan push—pull system is a promising example of how the utilization of natural
VOC-mediated plant defences could help to make agriculture more sustainable. However,
applications like this require a detailed understanding of the community and chemical
ecology of the system as well as detailed assessment of the plant fitness consequences of
herbivore-induced VOC emission. This challenge hopefully drives research in the entire
field that studies multitrophic interactions in the headspace.
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5.1 Introduction

5.1.1 Definition of Pheromones

After the discovery of the first insect sex attractant bombykol (1) by Butenandt and his
coworkers, ' the term ‘pheromone’ was defined by Karlson and Liischer in 1959.2 The term is
derived from the Greek pherein (to carry or transfer) and horman (to stir up or excite).
Pheromones are substances which are secreted to the outside by an individual and received
by a second individual of the same species, in which they release a specific reaction, for
example, a definite behaviour or a developmental process.

As shown in Figure 5.1, pheromones are thought to be one of two groups of biofunctional
molecules to spread information among individuals. Those molecules which spread
information are called semiochemicals. They are divided into pheromones and allelochem-
icals, the latter of which are further divided into allomones, kairomones and synomones.
Definitions of these terms are summarized in Figure 5.1. Pheromones are the topic of this
chapter. Since pheromones are often used as kairomones by the predators of pheromone-
releasing insects, kairomones are also treated briefly.

5.1.2 Classification of Pheromones

Pheromones are classified into two categories: releaser pheromones and primer pheromones
(Figure 5.2). A releaser (or signaller) pheromone causes a change of behaviour in the
receiver, while a primer pheromone has a physiological impact on the receiver.
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[ Pheromones = Biofunctional molecules which are used
for communication between individuals within the same

Semiochemicals = Biofunctional species. Derived from pherein (Greek) = carry, transfer +
molecules which spread information | horman (Greek) = excite, stir up.
among individuals. Derived from Allelochemicals = Biofunctional molecules which are
semio (Greek) = sign. used for communication between individuals belonging
to different species. Derived from allelon (Greek) = of
L each other.

Allomones = Biofunctional molecules which evoke
advantageous reactions for their producers. Derived
from allos (Greek) = other.

Kairomones = Biofunctional molecules which evoke
advantageous reactions for their receivers. Derived
from kairo (Greek) = opportune.

Synomones = Biofunctional molecules which evoke
advantageous reactions for both their producers and
L receivers. Derived from syn (Greek) = together with.

Allelochemicals

Figure 5.1 Classification and definition of semiochemicals, especially pheromones and
kairomones

Releaser pheromones can be further classified as sex pheromones, aggregation pher-
omones, trail pheromones, etc., according to the type of behavioural change. Bombykol (1),
the female-produced sex pheromone of the silkworm moth Bombyx mori, attracts male
B. mori. (1R,5S,7R)-exo-Brevicomin (2), the female-produced aggregation pheromone
of the western pine beetle Dendroctonus brevicomis, attracts both males and females of
D. brevicomis in cooperation with (15,5R)-frontalin (3). (S)-4-Methyl-3-heptanone (4) is

A. Releaser pheromones

(1) Sex pheromone (2) Aggregation pheromones
M 1 OO 5 \@
A OH 7 (6]
1 (1R,5S,7R)-2 (1S,5R)-3
(Bombykol) (exo-Brevicomin) (Frontalin)
(3) Alarm pheromone (4) Trail pheromones
O
O—
e S Y
= H e}
(S)-4 (3S,4R)-5 6
(4-Methyl-3-heptanone) (Faranal)

B. Primer pheromone

)J\/\/\/\/U“OH

7
Queen substance
of the honey bees

Figure 5.2 Typical examples of volatile pheromones
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H : % o
\/\/\/\/\/\/\/\/\[]/ /K/\/\/\/\/\/\/U\ N/\/303H
0 OH H
(3S,11S)-8 9
Sex pheromone of female Oviposition deterring pheromone of
German cockroach the European cherry fruit fly

Figure 5.3 Examples of nonvolatile pheromones

the principal alarm pheromone of the leaf cutting ant Atfa texana to communicate danger to
its neighbours. Trail pheromones inform neighbours about the trails to follow. (3S5,4R)-
Faranal (5) is the trail pheromone of the workers of the Pharaoh’s ant Monomorium
pharaonis. Its detection threshold is about 1 pgem ™ of a trail. Methyl 4-methylpyrrole-2-
carboxylate (6) is the trail pheromone of the leaf-cutting ant A. texana, a well known
farming ant which cultivates mushrooms. Its threshold of detection is about 0.08 pgcm™ or
3.48 x 10® moleculescm™'. Accordingly, only 0.33 mg of 6 can draw a trail by which A.
texana could travel around the world! The queen substance (7) of the honeybee Apis mellifera
is an example of primer pheromones. It is secreted by the mandibular gland of a queen,
inhibits the development of ovaries in worker ants and suppresses queen rearing in queenless
colonies. The queen substance (7) is therefore known as the ‘honeybee retinue pheromone’.

The structures in Figure 5.2 show that pheromones are small and volatile molecules with
diverse functionalities. Only volatile pheromones are discussed in this chapter. Within the
context of pheromones, ‘volatile’ means that a pheromone compound can evaporate and reach
its receptor sites by diffusion. In the case of insects this is via the antennae. In quantities
from < 100 molecules to several hundred, pheromone molecules can cause signal transduc-
tion from the receptor sites in the antennae of insects.” Due to the extremely high sensitivity of
the receptor sites, a less volatile or an almost nonvolatile compound can serve as a pheromone,
although we human beings cannot detect it by our own olfactory system. As shown in
Figure 5.3, there are some pheromone molecules big enough to be nonvolatile. The German
cockroach Blattella germanica employs nonvolatile 8 as the female-produced sex stimulant
pheromone. A male B. germanica perceives 8 by touching the body surface of a female with
his antennae. The ketone 8 belongs to the so-called contact pheromones. Glucosidic sulfonic
acid (9) is the oviposition-deterring pheromone secreted by the females of the European
cherry fruit fly, Rhagoletis cerasi. The female fly lays only a single egg into half-ripe cherries.
As a glucoside with a sulfonic acid functionality, 9 is obviously nonvolatile. One should not
assume that all the pheromones are small and volatile compounds.

5.2 History of Pheromone Research

The French naturalist Fabre (1823—1915) was the first to fully describe the attraction of male
peacock moths, Saturnia pyri, by females. Fabre also noticed that the attractiveness of
the females could not be masked by odoriferous substances such as naphthalene, but when
the antennae of the males were covered with lacquer, they were not attracted to the females.
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Accordingly, the antennae were thought to be the organ responsible for the attraction. As for
the cause of the attraction, various kinds of radiation, such as infrared waves, were once
assumed to be the reason. In 1925, however, Bloor in the United States showed the sex
attractant of the gypsy moth Lymantria dispar to be a relatively stable and unsaponifiable
substance soluble in organic solvents. Butenandt (1903—-1995; Nobel Prize in 1939 for his
hormone works) in Germany was the pioneer who clarified the nature of the female-
produced sex pheromone of the silkworm moth Bombyx mori.

Scheme 5.1 summarizes the isolation and structure determination of the silkworm
moth pheromone, bombykol (1).> Butenandt and his associates worked for 22 years
(1939-1961) to clarify its structure. By extracting half a million scent glands from virgin
B. mori, bombykol derivative A (12 mg) was then obtained as red crystals. The silkworms

extraction ot
. . purification alcohols and
SfOO.OQO ;cenéglands_ —with to;aslohpld —_— residual sterols
of virgin Bombyx mori EtOH / Et,O g 34g

1) OZN—QN:N@—/% 2) purification

CsHsN

O

/©)J\OC16H29
N

o

O,N

A, 12 mg, m.p. 94-96°C

KOH H, / Pd-C
A (4 mg) —_— CleHzgoH e
MeOH HO

1 (Bombykol) Cetyl alcohol
o]
HOP
O
KMnO4 HO
A (1 mg) > \IHLOH
oxidation o)
(e}
/@)LO/\/\/\/\/\H/OH
N (o}

o
02N

Bombykol = Me(CH,),CH=CHCH=CH(CH,)gOH

and bioassay — > MOH

stereoselective synthesis

(10E,122)-1

Scheme 5.1 Structure determination of bombykol (1)
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WOH W
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(6]
(o]
o (7R,8S)-10

° (Gyptol) (Disparlure)

Figure 5.4 Structure of gypsy moth pheromone 10

were commercially available in Germany, Yugoslavia, Italy and Japan. A quantitative
bioassay method to observe the sexual behaviour of male B. mori was developed and
employed to monitor the active principle during the isolation. The availability of a large
number of silkworms was the key to the success of Butenandt’s work.

The carbon skeleton of bombykol (1) was determined by using 4 mg of A (Scheme 5.1).
Alkaline hydrolysis of A afforded an unsaturated alcohol, C,¢H,9OH, whose hydrogenation
gave 1-hexadecanol (cetyl alcohol). Thus, bombykol possesses a C,¢ straight-chain carbon
skeleton. The positions of the two double bonds were determined in 1959 by KMnO,
oxidation of 1 mg of A to give n-butyric acid, oxalic acid and the ester of 10-hydro-
xydecanoic acid. Thus, bombykol must be 10,12-hexadecadien-1-ol (1). Finally, all the
possible cis/trans-isomers of 1 were synthesized, and their pheromone activities were
bioassayed in 1961 on male B. mori to show (10E,12Z)-1 to be as potent as the natural
pheromone at concentrations as low as 1072 ugcm™ in petroleum ether.

In the structure determination of pheromones, one must manipulate extremely minute
amounts of samples, and therefore erroneous results were reported occasionally. Figure 5.4
shows the erroneous and correct structures of the female-produced sex pheromone of the
gypsy moth Lymantria dispar. In 1960, Jacobson reported gyptol as the structure of the gypsy
moth pheromone,” but its true structure was shown to be disparlure (10) by Beroza in 1970.
Although this was an extreme case of incorrect structural proposal, small mistakes took place
frequently, which could be corrected by synthetic works.® Thanks to the development of
microanalytical techniques, a small amount of a pheromone sample is sufficient for the
structure determination. Compounds 1, 11-13 are depicted as examples in Table 5.1.

5.3 Research Techniques in Pheromone Science

Two useful monographs are available concerning the techniques for isolation, purification
and identification of pheromones.'*!!

5.3.1 The Collecting of Pheromones

In the past, pheromones were collected by extracting the whole bodies or abdominal tips of
insects, which contained the pheromonal glands, using organic solvents such as hydro-
carbons, diethyl ether or dichloromethane. This method, however, gives a mixture contain-
ing a large amount of fats and sterols, whose removal is always problematic. It is now
common to use adsorbents to collect volatile pheromones in the air. Porapak Q, an
ethylvinylbenzene-divinylbenzene copolymer, is often employed for the adsorption.
Trapped volatiles are recovered from Porapak Q by elution with pentane or diethyl ether.
Solid phase microextraction (SPME) with special adsorbents is also a popular method for
pheromone collection.’ !
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Table 5.1 Samples (and amounts) employed for the structure elucidation of pheromones

Researchers Name of Structure® Amount
and year of compound of sample
their work [mg]
Butenandt Bombykol (pheromone w 12.0 (as a
etal.,' 1959 of Bombyx mori) NN OH derivative)
1
Persoons Periplanone-B o 0.2
etal.,” 1976 (pheromone o
of Periplaneta ”
americana) X
11
Oliver Pheromone of H 0.075
etal.® 1992 Biprorulus bibax \/\/ij‘"\o
o
H oH
12
Wakamura Posticlure (pheromone N 0.01
et al.,’ 2001 of Orgyia postica) s
13

Note:  The stereostructures (including cis/trans-isomerism) were determined later by synthesis.

5.3.2 Bioassay-Guided Purification

Crude pheromone extracts are usually purified by various chromatographic techniques such
as high performance liquid chromatography (HPLC) and gas chromatography (GC). The
course of purification must be checked by proper bioassays. The traditional way is to observe
the behaviour of the organism caused by chromatographic fractions, and another method is to
carry out electroantennographic assay. Schneider in Germany was the first to use the
electroantennogram (EAG) to study pheromone perception by B. mori. His study revealed
that slow olfactory receptor potentials could be recorded from an isolated antenna placed
between two glass capillary microelectrodes connected to an amplifier and a recording
instrument. When GC separation of a crude extract is coupled with EAG apparatus, one can
readily find any pheromonally active fractions. Every pheromone component elicits an EAG
response. In rare occasions, however, nonpheromonal compounds such as inhibitors may also
evoke EAG responses. By using a GC apparatus connected with EAG and mass spectrometry
(MS), one can identify the known pheromone components by referring to the MS library.

5.3.3 Structure Determination and Synthesis

In the case of a new pheromone, MS is not a sufficient tool to clarify its structure; a nuclear
magnetic resonance (NMR) study will reveal its structure. In the case of a pheromone with
possible stereoisomers, its stereoselective synthesis will be the final proof of the proposed
structure. The absolute configuration of a chiral and nonracemic pheromone can usually be
elucidated by its enantioselective synthesis.
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5.3.4 Field Bioassay

Field bioassay of the synthetic pheromone of a pest insect gives us information about
whether it can be used practically as a population-monitoring agent or even as a mass-
trapping agent. Communication disruption between the males and females of pest insects
can be effected by synthetic pheromones, and this is a particularly useful method for pest
control. For the practical use of pheromones in forests and crop fields, substantial amounts of
pheromones must be synthesized first of all to enable a large-scale test and also to check the
toxicity and environmental fate of the pheromones.

5.3.5 Structure Elucidation of the Male-Produced Aggregation Pheromone of the
Stink Bug Eysarcoris lewisi — A Case Study

Nibbled rice, or rice damaged by pest insects, is a serious economic problem in Japan,
because consumers do not accept such damaged rice. A stink bug Eysarcoris lewisi is known
as one of the major species of rice bugs that cause nibbled rice in northern Japan. E. lewisi
usually lives in meadows and fields and comes into the rice paddy fields where it attacks rice
plants at the time of their grain formation. Its emergence can hardly be surveyed by
conventional means, especially because it cannot be attracted by light traps. The possibility
of using its pheromone for monitoring its population was therefore examined by Takita and
her coworkers. In 2005 Takita proposed the structure of the male-produced aggregation
pheromone of E. lewisi as (E)-2-methyl-6-(4'-methylenebicyclo[3.1.0]hexyl)hept-2-en-1-o0l
(14, Scheme 5.2)."?

The collection, purification and structure elucidation of the E. lewisi pheromone was
executed as summarized below.'? Adult males reared for ten days after emergence were
aerated (1.81min'), and the airborne materials were adsorbed on Porapak Q, which
was eluted with acetone. The acetone solution was concentrated in vacuo at room
temperature. A total of 60200 male equivalents (ME; volatiles obtained from a single
male per day; about 0.51 ug) of the crude extract was purified by HPLC (twice) and
then by preparative GC on two different columns to give a fraction with strong
pheromone activity, as checked by the capture of E. lewisi in pheromone traps. Mass
spectral analysis revealed the molecular weight of the pheromone to be 220.1840
(Cy5H,40). After catalytic hydrogenation, the hydrogenated pheromone possessed the
molecular weight of 224, indicating the presence of two double bonds in the phero-
mone. NMR studies (both 'H- and '*C-NMR, together with proton COSY, HMQC,
NOESY and HMBC analysis) caused Takita to propose 14 as the structure of the
pheromone.'?

Synthesis of the pheromone candidate 14 was achieved by Mori in 2007.'* As shown in
Scheme 5.2, (6R)- and (65)-14 were synthesized from the enantiomers of citronellal.
However, the synthetic 14 showed 'H- and 1*C-NMR data different from those of the natural
pheromone. The (Z)-isomers (6R)- and (65)-15 were then synthesized, whose NMR data
were in accord with those of the natural pheromone. Hence, bioassay proved the activity of
(6R)-15 as the aggregation pheromone of E. lewisi.

The next stage was to determine the absolute configuration at the positions of the ring
fusion, C(1’) and C(5"), of the natural pheromone.15 For this purpose, the diastereomeric
mixture of ketone (6R)-16 (Scheme 5.3) was reduced with L-Selectride to give a mixture
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1 6 Z5 OH
£
14 (proposed structure) 15 (correct structure)

Eysarcoris lewisi pheromone

a, b
WO — WOH —» W

(R)-Citronellal

(6R)-16
: Pz o~ K : Z o_- | : P OH
(¢} — 0 —
o (6R)-14
< > = OH
Similarly: X g —
(S)-Citronellal (6S)-14
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agi=s®
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b (6R)-15 (bioactive)
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: — z
Similarly: X X0 .

(S)-Citronellal
(6S)-15

Scheme 5.2 Synthesis of the possible structures of the male-produced aggregation pheromone
of the stink bug, Eysarcoris lewisi. Reagents: (a) 37% CH,O, EtCO,H, pyrrolidine, iso-PrOH
(90%); (b) LIAIH,, Et;O (91%); (c) MeC(OEt);, EtCO,H, heat (95%); (d) KOH, aq. EtOH
(83%); (e) NaOEt, EtOH, (f) (COCl),, CsHsN, hexane (quant., two steps); (g) CH,N», Et,O
(quant.); (h) Cu, CuSOy,, cyclohexane, heat (58%); (i) OsO,, NalO,, THF, tert-BuOH, H,O
(quant.); (j) Ph3P=C(Me)CO,Et, THF, CH,Cl, (57%); (k) Ph3P(Me)Br, n-Buli, THF (96%); (1)
(iso-Bu),AlIH, toluene (51-55%); (m) NaH, THF (quant.)
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HO 17b

(6R)-16
(diastereomeric mixture)
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(6R,1'S,5R)-16a (6R,1'R,5'S)-16b (1R,5S)-(-)-19 (Sabina ketone)
CD: Ae = +6.2 (282.4 nm) CD: Ae = -9.8 (282.3 nm) CD: Ae = -7.9 (282.6 nm)
-16.3 (204.7 nm) +22.3 (204.8 nm) +17.9 (205.5 nm)

(2Z,6R,1'S,5'S)-15
(natural pheromone)
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(2R,6R)-20 (6R,1'S,4'R,5'R)-21

(6R,1'S,5'R)-16a

(2Z,6R,1'S,5'S)-15

Scheme 5.3 Synthesis of the male-produced aggregation pheromone of the stink bug, Eysar-
coris lewis. Reagents: (a) [1] LiB(sec-Bu)s;H(i-Selectride), THF; [2] 30% H,O,, dil. NaOH
(94%); (b) [1] lipase PS-D (Amano), CH,=CHOAc, room temperature, 10-13 h, repeated three
times; [2] SiO, chromatography; (c) (n-Pr) JNRuO,, NMO, molecular sieves (4A), CH,Cl,, room
temperature, (95% quant.); (d) K;CO3;, MeOH (quant.); (e) MsCl, pentane, =5 °C, 0.5 h; then
pyridine, room temperature, 20 h (85%); (f) Mg, (CH,Br),, THF, room temperature; (g) Cul,
THF,—78°Cto 0°C, 1h (50%); (h) n-Buli, 2,2,6,6-tetramethylpiperidine, tert-BuOMe, —78°C
to room temperature, 12h (95%)
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of two diastereomeric alcohols, 17a and 17b. Asymmetric acetylation of the mixture
of 17a and 17b with vinyl acetate in the presence of lipase PS-D (Amano) was followed
by chromatographic purification to give the recovered alcohol 17a and the acetate 18.
The alcohol 17a was oxidized with tetra(n-butyl)ammonium perruthenate and N-
methylmorpholine N-oxide to give (6R,1’S,5'R)-16a. The acetate 18 was also converted
to the ketone (6R,1'R,5'S)-16b. The circular dichroism (CD) spectra of these two
diastereomers of 16 were then compared with that of the known (1R,55)-(-)-sabina
ketone (19). The ketone (6R,1'S,5'R)-16a, which showed the CD spectrum antipodal to
that of (1R,5S)-sabina ketone (19), yielded the bioactive pheromone with its 'H- and
I3C-NMR spectra identical to those of the natural pheromone. Accordingly, the natural
pheromone of E. lewisi was shown to be (2Z,6R,1'S,5'S)-15. The other stereoisomers
of 15 were biologically inactive.'®

The final work for synthetic chemists was to carry out an enantioselective synthesis of
the natural pheromone (2Z,6R,1'S,5'S)-15. The lower half of Scheme 5.3 summarizes our
recent synthesis of the pheromone.'> Hodgson’s intramolecular cyclopropanation proce-
dure (20 — 21) could be employed successfully.!” The synthetic pheromone amounted to
about 400 mg, which was sufficient to carry out further biological studies. The acetate of
(2Z,6R,1'S,5'S)-15 turned out to be the acetate isolated from an African plant Haplo-
carpha scaposa, and was identified by Bohlmann and Wallmeyer in 1982.'® It sometimes
happens that the same compound is produced by different organisms in different parts of
the world.

5.4 Structural Diversity Among Pheromones

Organisms utilize many different kinds of volatile compounds as pheromones
(Figures 5.5-5.8), which have evolved over the course of millions of years. Their stereo-
chemistry is usually very important for their bioactivity.

Hydrocarbons serve as the pheromones of various insects (Figure 5.5). Alkanes with
methyl branchings are common structures, as can be seen in the cases of (55,95)-22 and 23.
In the case of the fly pheromone muscalure (24), (Z)-geometry of the double bond is
important for its bioactivity. The peach miner moth pheromone (S)-25 is used practically in
Japan for pest control. Terpenes are frequently employed as pheromones. Acyclic tetraene
26, monocyclic triene 27, bicyclic diene 28, spiro-diene 29 and macrocyclic tetraene 30 are
all known as pheromones.

Epoxides, generated by the epoxidation of alkenes, are also common structures among
pheromones (Figure 5.5). The epoxide 31 is practically useful in monitoring the population
of the fall webworm moth, a pest of ornamental trees. Leucomalure (32) is a rare bis-
epoxide. The green stink bug Nezara viridula uses bisabolene epoxide (33) as its
pheromone.

Aliphatic alcohols as well as terpene alcohols are frequently employed components of the
pheromone (Figure 5.5). The codling moth pheromone (34) is widely used in the United
States to decrease the moth population in apple orchards. Beetles and weevils employ
terpene alcohols 35, 36 and 37 as pheromones. The use of 35 and 37 was studied for the
control of forest pests.
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A. Hydrocarbons

(5S,9S5)-22 23 (unknown stereochemistry) (2)-24
Leucoptera scitella (9) Leucoptera coffeella (9) Musca domestica (%)
pest moth against apples coffee leaf miner moth sex stimulant for house fly
/\/\/\/\/L/\/ /I\/\/k/\/u\/
= X X (;i')ﬁ/
(S)-25 (E)-26 (B-Farnesene ) (S)-27 (9-Methylgermacrene-B)
Lyonetia clerkella (%) _Aphis gossypii . Lutzomyia longipalpis (J")
peach miner moth alarm signal of the cotton aphid sandfly in Lapinha, Brazil
H : p

(1S,3S,7R)-28 (3-Methyl-o-himachalene)  (1R,4R,5S)-29 (Acoradiene) (E,E,E)-30 (Neocembrene)

Lutzomyia longipalpis (J") Gnatocerus cornutus (3") Nasutitermes exitosus
sandfly in Jacobina, Brazil broad-horned flour beetle termite trail pheromone
B. Epoxides
O
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(®) (0]
(32,62,9S,10R)-31 (3E,6R,7S,9R,10S)-32 (Leucomalure) (1'S,3'R,4'S,2)-33
Hyphantria cunea () Leucoma salicis (%) Nezara viridula (")
green stink bug

fall webworm moth satin moth

C. Alcohols and their Esters
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(8E,10E)-34 (S)-35 (Ipsenol) (1R,2S)-36 (Grandisol)
Cydia pomonella (9) Ips paraconfusus (d") Anthonomus grandis ()
codling moth California five-spined ips cotton boll weevil
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(2)-38 (2)-39 (R)-40
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Adoxophyes honmai (%)
smaller tea tortrix moth

(1S,4R)-37 (Quercivorol)
Platypus quercivorus ()
ambrosia beetle

o o
o)J\ OJ\
X X
(72,112)-41 (72,11E)-42

e

Pectinophora gossypiella (¥)
pink bollworm moth (cotton pest)

Figure 5.5 Structural diversity of pheromones (part 1 of 4)
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C. Alcohols and their Esters (continued)
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(e}
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(38,5E)-52 (1R,3R 5R,7R)-53 (Lardolure) 55(n=p) 95501
Aonidiella citrina (%) Lardoglyphus konoi Bucculatrix thurberiella ($)
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D. Aldehydes, Ketones and Esters
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Carposia niponensis (9)
peach fruit moth

Figure 5.6 Structural diversity of pheromones (part 2 of 4)
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D. Aldehydes, Ketones and Esters (continued)

OH O

(4S,5R)-63 (Sitophilure)
Sitophilus oryzae (J")
rice weevil
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66 (Blattellaquinone)
Blattella germanica (%)
German cockroach
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(2S,3R)-69 (Sitophilate)
Sitophilus granarius (J")
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(3R,5R,6S,1'R)-75 (Invictolide)
Solenopsis invicta
red imported fire ant

(32,62)-76 (Cucujolide IX)
Oryzaephillus surinamensis
sawtoothed grain beetle

(S)-77 (Mellein)
Lasius fulginosus
ant trail pheromone

Figure 5.7 Structural diversity of pheromones (part 3 of 4)

Figures 5.5 and 5.6 show representative pheromones as esters of alcohols. Acetates are
most common as the pheromones of lepidopteran insects (butterflies, moths). There are
a number of pest species among them, and therefore the acetate pheromones have been
studied extensively. The smaller tea tortrix moth, a pest in tea orchards, uses a mixture of 38,
39 and 40 as its pheromone. This pheromone is widely used in Japan to reduce the
population of that moth. In American cotton fields, the pink bollworm moth pheromone,
a blend of (7Z,117)-41 and (7Z,11E)-42, is employed to prevent cotton boll infestation by
the moth. Another cotton pest, the cotton leafworm moth, employs 43 as its pheromone. The
grape vine moth pheromone (44) is successfully used in Italy to decrease the moth
population. Pine sawfly pheromones such as 45 have been extensively studied to monitor
the population of the sawflies, which are harmful to the pine forests in northern Europe.
Mealybugs employ the acetates 46—48 of terpene alcohols as their pheromones, and scale
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F. Acetals

(1S,5R)-3 (Frontalin) (1S,2R,4S,5R)-78 (Multistriatin) (2S,6R,8S)-79
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Figure 5.8 Structural diversity of pheromones (part 4 of 4)

insects use the acetates 49—52 of sesquiterpene alcohols as their pheromones. Mealybugs
and scale insects are pests which are hardly detectable by ordinary methods, and their
pheromones are considered excellent agents for monitoring their populations. The formate
53 is the pheromone of a mite. The cotton leaf perforator moth uses a mixture of nitrate esters
54 and 55 as its pheromone.

Aldehydes, ketones and esters are also common members of the pheromones group, as
shown in Figure 5.6. The pheromone of the rice stem borer, which is a severe pest in Asian
countries, is a mixture of three aldehydes: 56, 57 and 58. A mixture of two aldehydes (Z2)-59
and (E)-60 provides the pheromone of the khapra beetle. The peach fruit moth uses a mixture
of 61 and 62 as its pheromone. The rice weevil employs 63 (Figure 5.7) as its pheromone.
The pheromone of the Colorado potato beetle is a unique dihydroxy ketone (64).
The longhorn beetle, a pest in French vineyards, uses vesperal (65) as its pheromone.
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Blattellaquinone (66) is the long-range sex attractant of female German cockroaches. The
boar smell of Sus scrofa produced by males works on receptive females (sows) as a sex
attractant, and consists of 67 and 68. These steroids presumably affect the females of other
higher animals, too. The granary weevil employs ester 69 (sitophilate) as its pheromone,
while the pheromone of a scarab beetle is (S)-valine methyl ester (70). Another scarab beetle
uses a sulfur-containing ester (71) as its pheromone.

Lactones also work as pheromones. Japonilure (72) is the pheromone of the Japanese
beetle. The pheromone of the brown-banded cockroach is supellapyrone (73). Acetox-
ylactone 74 is the major component of the oviposition attractant pheromone from the eggs of
the southern house mosquito. Invictolide (75) is the queen-recognition pheromone of the red
imported fire ant. Macrolide 76 is the aggregation pheromone of the sawtoothed grain
beetle. (S)-Mellein (77) is an ant trail pheromone.

Acetals are pheromones used by beetles, bees and higher animals. Frontalin (3,
Figure 5.8) is the aggregation pheromone of bark beetles and the sex pheromone of the
male Asian elephant. a-Multistriatin (78) is the pheromone of the smaller European elm
bark beetle. Several bees and wasps, as well as fruit flies, use 79 as their pheromone. Lineatin
(80), a unique cage-shaped molecule, is the pheromone of the striped ambrosia beetle. The
swift moth employs 81 and 82 as its pheromone.

Oxygen heterocycles, nitrogen heterocycles and sulfur-containing compounds are also
used as pheromones. Pityol (83) is a bark beetle pheromone, while stegobinone (84) is the
pheromone of the drugstore beetle. Monomorine 1 (85) is a component of the trail
pheromone of the Pharaoh’s ant. African monarch butterflies use 86-88 as pheromones.
The papaya fruit fly employs 89 as its sex pheromone. A danaine butterfly uses geranyl
methyl sulfide (90) as its pheromone. The male house mouse employs (5)-91 as its
pheromone component.

As we have seen in Figures 5.5-5.8, diverse small molecules with different functionalities
are used as pheromones. Their common feature is their volatility. Nonvolatile compounds
such as sugars cannot be long-distance pheromones.

5.5 Complexity of Multicomponent Pheromones

In 1959 when the first pheromone bombykol [(10E,12Z7)-10,12-hexadecadien-1-ol (1)] was
identified as the female-produced sex attractant of the silkworm moth B. mori, the
pheromonal activity was thought to be totally due to that single compound.’ Now, it is
generally believed that a pheromone is composed of plural pheromone components. This
resembles the present situation in flavour and fragrance chemistry to regard a mixture as
a whole as being responsible for the particular sense of smell. Some examples of
multicomponent pheromones were already given in Figures 5.5-5.8. Two examples are
examined in detail in this section.

The fall webworm moth (Hyphantria cunea) is a troublesome pest in Eastern Europe
and Japan, where its larvae attack fruit trees and ornamental trees such as grape, peach,
pear, apple, cherry, poplar and platan. Its female-produced sex pheromone was first studied
by Roelofs and coworkers, who identified three pheromone components (31, 92, 93;
Figure 5 .9).19 A blend of 31, 92 and 93, however, was pheromonally inactive when tested
against H. cunea. Two additional pheromone components (94, 95) were subsequently
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Figure 5.9 Pheromone components of the female fall webworm moth, Hyphantria cunea

identified by Toth et al., and a mixture of these five components (31, 92-95) attracted
H. cunea males.”’ Later, Senda et al. found that a blend of 31, 93 and 95 could attract the
males, and this blend was commercially developed as a lure to monitor the population of
H. cunea.®" In the practical use of pheromones, it is essential to clarify the minimal
requirement of pheromone components for attractiveness.

Recently, in 2008, Lacey et al. reported a typical example to show the complexity of
a multicomponent pheromone.?” A male-produced aggregation pheromone of the ceram-
bycid beetle Megacyllene caryae contained as many as eight male-specific compounds, as
shown in Figure 5.10. These are (2R,35)-2,3-hexanediol and its enantiomer (2S5,3R)-2,3-
hexanediol (96), (S)-limonene (97), 2-phenylethanol (98), (S)-a-terpineol (99), nerol (100),
neral (101) and geranial (102).%*> None of these were attractive as a single component. Both
sexes of M. caryae were attracted to the complete blend of these eight compounds, but the
elimination of anyone of them resulted in a decreased trap capture. Blends that were missing
(25,3R)-96, (2R,35)-96, or a mixture of 101 and 102 (1: 1) were pheromonally inactive.
Modern studies on semiochemicals revealed the importance of a proper mixture to evoke
a biological reaction.
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Figure 5.10 Pheromone components of the male cerambycid beetle, Megacyllene caryae
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5.6 Stereochemistry and Pheromone Activity

The relationships between stereochemistry and bioactivity have been studied extensively
with regard to pheromones since the early 1970s, when their pure enantiomers became
available by synthesis. A detailed review with full references is available on this subject.>
These relationships are far from straightforward. Organisms utilize chirality to enrich and
diversify their communication system. The stereochemistry—pheromone activity relation-
ships are classified into ten categories, as explained in Figure 5.11. It must be emphasized
that these ten categories were found only through experiments using pure pheromone
stereoisomers of synthetic origin.

5.6.1 Only a Single Enantiomer is Bioactive and its Opposite Enantiomer Does Not
Inhibit the Response to the Active Isomer

This is the most common relationship, and the majority (about 60%) of the chiral
pheromones belong to this category. (1R,5S,7R)-exo-Brevicomin (2), the aggregation
pheromone of the western pine beetle, and (35,4R)-faranal (5), the trail pheromone of the
Pharaoh’s ant, are typical members of this group. Pheromones in this category can be used as
their racemates in practical applications.

5.6.2 Only One Enantiomer is Bioactive, and its Opposite Enantiomer Inhibits the
Response to the Pheromone

Electroantennographic and behavioural responses of the gypsy moth to the enantiomers of
disparlure (10), the gypsy moth pheromone, showed that (7R,8S)-10 was bioactive, while
(75,8R)-10 inhibited the activity of the (7R,8S)-isomer. Very strong inhibitory action of the
opposite (S)-isomer of japonilure (R)-72, the sex pheromone of the Japanese beetle, is
remarkable: (R)-72 of 99% enantiomeric excess (ee) was about two-thirds as active as pure
(R)-72, that of 90% ee was about one-third as active, that of 80% ee was about one-fifth as
active, and both (R)-72 of 60% ee and (4-)-72 were inactive. In the practical application of
these pheromones, pure enantiomers of the pheromones have to be synthesized. Indeed,
pure (7R,8S)-disparlure (10) and pure (R)-japonilure (72) are manufactured and used
practically in pest control.

5.6.3 Only One Enantiomer is Bioactive, and its Diastereomer Inhibits the
Response to the Pheromone

(45,6S,78)-Serricornin (103) is commercially important for the population-monitoring and
mass-trapping of the cigarette beetle, Lasioderma serricorne. Since its (4S,6S,7R)-isomer is
inhibitory, the commercial pheromone lure must be manufactured without contamination of
the (45,6S,7R)-isomer.

(2S,3R,1'R)-Stegobinone (84) is the sex pheromone component of the female drug-
store beetle, Stegobium paniceum. A synthetic sample of 84 as a racemic and
diastereomeric mixture showed only very weak activity. It was later shown that the
addition of the (2S,3R,1’S)-isomer of 84 significantly reduces the response of the male
drugstore beetle.
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Figure 5.11 Stereochemistry—pheromone activity relationships

5.6.4 The Natural Pheromone is a Single Enantiomer, and its Opposite Enantiomer
or Diastereomer is Also Active

The male-produced pheromone of the spined citrus bug, Biprorulus bibax, is (3R,45)-12,
but its opposite enantiomer (35,4R)-12 is as active as the pheromone itself.
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Females of the maritime pine scale, Matsucoccus feytaudi, use (3S,7R)-104 as a sex
pheromone. Its (3R,7R)-isomer also showed bioactivity similar to the natural pheromone,
while M. feytaudi males responded very weakly to the other two stereoisomers. It therefore
seems that only the stereochemistry at C(7) is important for the expression of bioactivity.

5.6.5 The Natural Pheromone is a Mixture of Enantiomers or Diastereomers, and
Both of the Enantiomers, or All of the Diastereomers are Separately Active

Females of the Douglas fir beetle, Dendroctonus pseudotsugae, produce an average of
a 55:45 mixture of (R)- and (S)-105. The combined effect of the enantiomers is additive
rather than synergistic, and both enantiomers are required for maximum response.

The adzuki bean beetle, Callosobruchus chinensis, uses callosobruchusic acid (106) as
its pheromone. Although (R)-106 is the major component of the natural pheromone (R/
§S=3.1-3.4:1), (R)-106 is only half as active as (S)-106.

5.6.6 Different Enantiomers or Diastereomers are Employed by Different Species

Ipsdienol (107) plays a pivotal role in the communication systems of bark beetles belonging
to the genus Ips. (R)-Ipsdienol (107) is the aggregation pheromone of the bark beetles Ips
calligraphus and Ips avulses, and (S)-107 is the pheromone component of the California
fivespined ips, Ips paraconfusus. Ips piniin New York employs a mixture of (R)-107/(S)-107
at32: 681056 : 44, while the same species in California uses a mixture of (R)-107/(S)-107 at
89:11t0 98:2.

The chirality of pheromones is important to discriminate between two species of the
winter-flying geometrid moths in central Europe. Thus (6R,75)-108 is the pheromone of
Colotois pennaria, while Erannis defoliaria uses (6S,7R)-108 as its pheromone.

5.6.7 Both Enantiomers are Necessary for Bioactivity

Sulcatol (109) is the aggregation pheromone of male Gnathotrichus sulcatus, an economi-
cally important ambrosia beetle in the Pacific coast of North America. The natural
pheromone was known to be a 35:65 mixture of (R)-109 and (S5)-109. When Mori’s
synthetic enantiomers of 109 were bioassayed in Canada in 1976, neither (R)- nor (5)-109
was bioactive. The maximum response of the beetle was to a racemic mixture (50 : 50) of the
enantiomers, and the response to (£)-109 was significantly greater than that to a 35: 65
mixture. It thus became clear that the beetles must produce a mixture of enantiomers of 109
if they are to communicate with each other.

The tussock moth Orgyia detrita uses a 1.0:3.5 mixture of (R)-110 and (S)-110 as its
pheromone. It is also known that (4)-110 is more bioactive than the naturally occurring
1.0: 3.5 mixture.

5.6.8 One Enantiomer is More Active Than the Other, but an Enantiomeric or
Diastereomeric Mixture is More Active Than the Enantiomer Alone

Tribolure [(4R,8R)-111] is the male-produced aggregation pheromone of the red flour
beetle, Tribolium castaneum. It was found that (4R,8R)-111 was as active as the natural
pheromone, while a mixture of (4R,8R)-111 and its (4R,8S)-isomer in a ratio of 4:1 was
about ten times more active than (4R,8R)-111 alone.
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The smaller tea tortrix moth, Adoxophyes honmai, uses (R)-40 as a minor component of
its pheromone bouquet (Figure 5.5), and (R)-40 was found to be slightly more active than
(5)-40. Further field tests suggest that there is an optimum R/S ratio of 95 : 5 for the trapping
of males.

5.6.9 One Enantiomer is Active on Males, While the Other is Active on Females

In the case of olean (112), its (R)-isomer is active against the male olive fruit fly, Bactrocera
oleae, while (S)-112 activates the female, which produces (£)-112 as the sex pheromone.

Another example is 5-methyl-3-heptanone (113), which has been isolated as a pheromone
in the coelomic fluid of gravid specimens of nereid marine polychaetes. It is responsible
for the induction of nuptial dance behaviour prior to the release of gametes in
Platynereis dumerilii, and the female-produced (S)-113 attracts the males, while the
male-produced (R)-113 is active on females.

5.6.10 Only the meso-Isomer is Active

There are some alkane pheromones with methyl branchings, whose meso-isomers
are bioactive. (13R,235)-13,23-Dimethylpentatriacontane (114) is the sex stimulant pher-
omone of the female tsetse fly, Glossina pallidipes. Neither its (13R,23R)- nor (135,235)-
isomer is bioactive.

Female-produced sex pheromone components of the spring hemlock looper moth,
Lambdina athasaria, are 7T-methylheptadecane and 7,11-dimethylheptadecane (115). After
the synthesis of all of their stereoisomers, a mixture of (S)-7-methylheptadecane and
(7R,115)-115 (meso-isomer) was found to be bioactive.

Extensive joint work by biologists and chemists has revealed that diversity is the key of
pheromone response. At present this diversity can be clarified only through experiments. It
is therefore a prerequisite to study the relationship between stereochemistry (including cis/
trans-isomerism) and bioactivity if one wants to use pheromones practically.

5.7 Pheromones With Kairomonal Activities

It has been believed that pheromones act only as pheromones to certain species. Recent
studies have revealed that pheromones act also as kairomones for predators of the
pheromone releasers. Two examples are given below.

The scarab beetle Osmoderma eremita and its larval predator, the click beetle Elater
ferrugineus, are known as indicators of the species richness of the insect fauna of hollow
deciduous trees in northern Europe. (R)-4-Decanolide (116, Figure 5.12) is the male-
produced sex pheromone of O. eremita.®* This lactone 116 is also employed by
E. ferrugineus as a kairomone for the detection of tree hollows containing the larvae of
0. eremita.**

Dunkelblum and coworkers, in cooperation with Mori’s group, studied both the phero-
monal and kairomonal activities of three female-produced sex pheromones (117, 104, 118)
of the pine bast scales of Matsucoccus species together with their analogues (119, 120).%%-2
The Israeli pine bast scale, M. josephi, employs (2E,5R,6E,8E)-117 as its sex pheromone,
whereas (3S,7R,8E,10E)-104 is used by M. feytaudi and (2E.4E,6R,10R)-118 by M.
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Figure 5.12 Pheromones with kairomonal activities

matsumurae. The pheromone 117 was found to be a potent kairomone for Elatophilus
hebraicus adults, the major predatory bug against M. josephi. Strangely enough, the Israeli
predator E. hebraicus was also attracted by 104 and 118, although both M. feytaudi and M.
matsumurae are absent in Israel. It seems as if the presence of the diene moiety of 117, 104
and 118 is sufficient to attract the adult E. hebraicus. The kairomonal activity of 117, 104
and 118 is a general phenomenon, and the M. feytaudi pheromone attracts such predators
as Elatophilus crassicornis and Hemerobius stigma in Portugal and E. nigricornis and
H. stigma in Italy and France.

The pheromone analogues 119 and 120 showed interesting biological properties. The
nor-analogue 119 of M. josephi pheromone 117 preserved the pheromonal activity but
eliminated its kairomonal activity.”> Similarly, removal of the terminal methyl group from
the diene moiety of 104, producing the nor-analogue 120, again preserved its pheromonal
activity but eliminated the kairomonal activity.?® Thus, subtle and designed alterations in the
structure of the diene system change the mode of the kairomonal activity markedly. The two
mimics 119 and 120 may be useful to capture only the pest pine bast scales without
disturbing their predators.

5.8 Mammalian Pheromones

Since insect pheromone science has become a mature field, studies on the pheromones of
mammals and aquatic organisms are now becoming attractive areas to work in. In 1996
Rasmussen et al. found that female Asian elephants, Elephas maximus, use a 97:3 mixture
of (2)- and (E)-7-dodecenyl acetates (121, 122; Figure 5.13) as their sex pheromone to show
their readiness to mate. The acetates 121 and 122 are employed by the females of 126 species
of insects, including the moth Trichoplusia ni.?” Thus, as different as elephants are from
moths, they share a mating ritual.

According to Rasmussen’s recent study, male Asian elephants Elephas maximus release
frontalin (3) from the temporal gland on the face during musth, which is an annual period of
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Figure 5.13 Mammalian pheromones

sexual activity and aggression.”® The ratio of frontalin enantiomers enables other elephants to
distinguish both the maturity of male elephants in musth and the phase of musth. In young
males, significantly more (1R,55)-(+)-3 than (1S,5R)-(—)-3 is released. As the elephant
matures, the ratio becomes almost equal to emit (3)-frontalin. Musth periods get longer as
males age. Secretions containing a high concentration of 3 at racemic ratios attract follicular
phase females, whereas the secretions repulse males, as well as luteal phase and pregnant
females. The importance of the enantiomeric composition of frontalin (3) in the behaviour of
Asian elephants could be noticed only after the advent of enantioselective (chiral) GC. [t must
be added that bark beetles employ (1S,5R)-(—)-frontalin (3) as their pheromone component.

Genes in the major histocompatibility complex (MHC), known for their role in immune
recognition and transplantation success, are involved in modulating mate choice in mice and
perhaps also in humans.?” Volatile body odours of mice are regulated by MHC genes, and it
is these odour differences that underline mate choice and familial recognition. An
individual’s olfactory identity is coded in part by a pattern of volatile semiochemicals,
which is regulated by genes in MHC.?° In this connection, effects of mouse pheromone
components on attractiveness of a male mouse evolved as an interesting research subject.
For this study, previously synthesized mouse pheromone components (123, 91),*!*? as well
as newly synthesized ones (124, 125),>* were employed.

In many wild animals, older males are often preferred by females, because they carry
‘good’ genes that account for their viability. In the case of the house mouse Mus musculus,
higher levels of (1R,5S,7R)-dehydro-exo-brevicomin (123; exo-brevicomin is a bark beetle
pheromone), (S5)-2-sec-butyl-4,5-dihydrothiazole (91) and 2-isopropyl-4,5-dihydrothiazole
(124) were detected in the urine of aged male mice than in that of normal adult males, while
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a lower level of 6-hydroxy-6-methyl-3-heptanone (125) was observed.”* When 123, 91
and 124 were added to the urine of normal adult males, their urine showed an enhanced
attractiveness for female mice. The addition of 125 had no effect at all. Accordingly, it is
established in the case of the house mouse that semiochemicals control the mate-selection
process.>* The search to clarify the roles of semiochemicals in higher animals including
humans will continue to be an interesting area of pheromone science, with potential impacts
on perfume industries.

5.9 Invention of Pheromone Mimics

There are practical demands for the invention of pheromone mimics, because pheromones
are often too labile to be used in pest control. Various mimics have been prepared to date, and
some of them are described in this section.

Tacke et al. synthesized the enantiomers of sila-linalool (127) by the method shown in
Scheme 5.4.%° The starting material (126) was converted to (£)-127, which was resolved by
GC to give both (+)-127 and (-)-127. They were both bioactive as tested by electro-
antennographic detection (EAD) on the males of the vernal solitary bee, Colletes cunicu-
larius. The bioactivity of the sila-pheromone (127) was not significantly different with that
of the natural linalool, although 127 must be slightly less volatile than linalool due to the
atomic weight of silicon being heavier than that of oxygen. A silicon atom can substitute
a carbon atom. This is a good example of bioisosterism.

(18,5R)-Frontalin (3) is the aggregation pheromone of bark beetles such as Dendroctonus
brevicomis and D. frontalis. Strunz et al. synthesized its isomer 128, which was shown to
be pheromonally active.*® Bravo er al. synthesized the trifluoro analogue of frontalin
(129, Figure 5.14).%" Its bioactivity, however, was not reported.

(4S,5R)-Eldanolide (130) is the male-produced sex pheromone of the African sugarcane
borer, Eldana saccharina. Itoh et al. reported the synthesis and pheromonal activity of its
fluorinated analogues (131—133).38’39 Both enantiomers of 131 were bioactive, while the
other four analogues showed no activity, as revealed by EAD.

(7R,8S)-Disparlure (10) is the female-produced sex pheromone of the gypsy moth,
Lymantria dispar. Plettner and her coworkers synthesized and bioassayed its 5-oxa
analogues (134).*° GC-EAD bioassay revealed both enantiomers of 134 to be bioactive.
The dose-response for (7R,85)-134 and that for (75,8R)-134 were similar. Interestingly,

-0, )\/\/Mgl .\ O— LiAIH, H
o’Si\% /I\/\/Si\/ )\/\/SiJ

126
enantioselective
KOH \ OH GC-separation
E— i — > (+)-127 and (-)-127
tert-BuOH X Siz (B-cyclodextrin
(#)-127 derived column)
(Sila-linalool)

Scheme 5.4 Synthesis of sila-linalool 127 as pheromone mimic
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Figure 5.14 Pheromones and their mimics

pheromone-binding protein 1 (PBP1), which binds (75,8R)-10 strongly, binds the two
enantiomers of 134 with nearly the same affinity as (75,8R)-10. The affinity of PBP1 for
naturally occurring (7R,8S)-10 is known to be much weaker than for its enantiomer. Neither
(7R,85)-134 nor (75,8R)-134 worked as a pheromone inhibitor. The concept of bioisoster-
ism works in this case, too, although with a subtle difference. Two disparlure mimics with
unusual structures were reported by Solari et al.*' 2-Decyl-1-oxaspiro[2.2]pentane (OXP-
01, 135) works as an inhibitor against the action of disparlure (10), and 2-(4-hydroxybutyl)-
1-oxaspiro[2.2]pentane (OXP-04, 136) is more pheromonally active than 10 and has an
additive effect in the blend with 10.*'

(4R,8R)-4,8-Dimethyldecanal (111, tribolure) is the aggregation pheromone of the flour
beetle, Tribolium castaneum and T. confusum. Due to the air-sensitivity of 111 as an
aldehyde, the more stable formate ester (137) was synthesized, found to be bioactive and
practically used for commercial pheromone traps.** This is another example of bioisoster-
ism to replace a carbon atom with an oxygen atom.
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(2S,3R,1'R)-Stegobinone (84) is the female sex pheromone of the drugstore beetle,
Stegobium paniceum. Tts (25,3R,1’S)-isomer is a strong inhibitor of the pheromone action.
The methyl group at C(1”) of 84 is so readily epimerisable that the natural 84 soon becomes
biologically inactive, and 84 cannot be used practically. Scientists at Fuji Flavor Co.
synthesized stegobiene (138), which showed pheromone activity and could be used
commercially to monitor the population of the drugstore beetle.

5.10 Conclusion

Recent progress in pheromone science has been so rapid that it is rather difficult to
summarize all the topics of pheromone research in this chapter. I did not discuss biological
issues such as the molecular biology of pheromone perception and the biosynthesis of
pheromones. Those who want to learn the biological aspects should refer to the two-volume
reference work of Schulz.** All the known pheromones are listed on the internet web sites
‘Pherolist’** and ‘The Pherobase’.*> Pheromones discovered prior to 1990 are listed in the
encyclopaedic work by Mayer and McLaughlin.*® Hardie and Minks edited an excellent
monograph on the pheromones of nonlepidopteran agricultural pests.*” Pheromone chapters
by Francke and Schulz, and also by others, are good sources of information in pheromone
science.*®

In order to preserve our global ecological system, we need a knowledge of chemical
ecology to understand more about the roles of bioactive natural products, including
pheromones, in the environment. We must both discover and solve many problems which
still remain unexplained. Pheromone science is an interdisciplinary science between
chemistry and biology. No one can be an expert in both of these areas unless he or she
is satisfied to remain with a superficial understanding. Thus we have to remember the
following words of Paul the Apostle: ‘The person who thinks he knows something really
does not know as he ought to know’ (I Corinthians §: 2).
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6.1 Introduction

Volatile compounds that are used in the management and/or control of pest species are
extensive in their chemistry, formulation and mode of action. They include vapour active
synthetic insecticides that are directly toxic to target organisms, repellents that deter feeding
by pests, pheromones that alter the behaviour of pests and various botanical volatiles that
can be used to manipulate the behaviour of beneficial species that can also contribute to pest
control, for example predators and parasitoids. Many of these volatile compounds are used
as synthetic versions of naturally occurring botanical products while others exist solely as
synthetic chemicals. In this chapter we attempt to provide a basic review concerning the use
of volatile compounds for the management of pest species. We begin by considering the use
of volatile compounds as pest deterrents.

6.2 Repellents (DEET, Neem, Essential Oils)

Insect repellents are volatile compounds that cause insects to make orientated movements
away from the source.' Historically, smoke, plants, plant oils applied to skin and even camel
urine, have all been used to repel pest species.” Even today, many individuals throughout
Asia plant a neem tree in their gardens to deter biting arthropods. Examples of volatile
compounds that are now known to repel crop pest species include monoterpenes from
Chrysanthemum that repel diamondback moths® and isoprenes from tobacco that deter the
tobacco hornworm.* Many other examples of such deterrence now exist, although in the vast
majority of cases the exact mechanisms involved remain to be elucidated.’

The Chemistry and Biology of Volatiles Edited by Andreas Herrmann
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Figure 6.1 Commercially available compounds for personal protection against insect bites

In the case of human exposure to biting arthropods and our attempts to deter such attacks
research is more advanced. Commercially, there are at present a number of over the counter
products available for personal protection against insect bites. These include the insecticide
permethrin (1), IR3535 (ethyl N-butyl-N-acetylaminoproprionate, 2), picaridin (icaridin, 3)
and the most extensively used volatile for this purpose DEET (N,N-diethyl-2-toluamide, 4;
Figure 6.1).° DEET has been in use since 1956 and is the product of choice for more than
30% of the United States population for protection from biting insects.”®

It is known that biting arthropods, such as mosquitoes, are attracted to the mammalian
epidermis by the presence of carbon dioxide, lactic acid, perspiration, moisture, odour,
warmth, hormones including oestrogen and kairomones such as ammonia.® Topical
repellents provide the wearer with a vaporous chemical layer that is offensive to pest
species. For example, olfactory receptors in antennal sensilla of mosquitoes are activated by
DEET (4) as well as by other known insect repellants such as eucalyptol (5, Figure 6.2) and
linalool (6). This activation of olfactory receptors deters feeding/biting by insects.*’

The importance of using volatile compounds to protect against arthropod bites should not
be underestimated. Although in so-called developed countries biting arthropods are mostly
anuisance, in developing countries biting arthropods vector the pathogens that cause major
diseases such as dengue fever, yellow fever and malaria. The World Health Organization
estimates that such pathogens pose a threat to more than 2.4 billion people in 92 countries.
Malaria alone is responsible for more than 1 million deaths per year.'®

In addition to synthetic products there are a number of volatile plant extracts that are
commercially available and are marketed as products that are able to repel biting insects.
Many of these extracts are essential oils with the most well known compound being
citronella, an essential oil extracted from the grass Cymbopognon nardus.*> The main active
ingredients in these extracts appear to be (3R)-(4)-(B)-citronellol (7) and (3R)-
(+)-(B)-citronellal (8). 1 Although citronella based products are widely available the utility
of these extracts has been questioned. For example, research has indicated that the oil of C.
nardus is only effective as a repellent for 40 min, compared with a maximum duration of

2 H
X Z HO™ % o° = X
H
5 6 (R)-7 (R)-8 9
(Eucalyptol) (Linalool) (Citronellol) (Citronellal) (Nepetalactone)

Figure 6.2 Structures of typical insect repellents in essential oils
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16-20 h for DEET (4). While other research on burning candles containing 3% citronella oil
indicated that there was very little effect in decreasing the landing rate of Culex
mosquitoes.’

In addition to citronella extracts there are a number of other plants with essential oils
which have been identified as possessing insect repellent properties. These include basil,
bog myrtle, catnip, cedarwood, eucalyptus, geranium, keffir lime, lavender, mountain mint,
mugwort, neem osage orange, pennyroyal, peppermint, rosemary, sweet orange, syringa
tree, thyme, turmeric, turpentine, vetiver and wintergreen.z’lz’13

Of these, there are numerous studies indicating that it is the essential oils of Lamiaceae
species that possess the most effective arthropod-deterring properties.14 Examples of
common plants in this family include catnip, lavender, peppermint and spearmint, all of
which are known to have varying degrees of insect toxicity. For example, the oil of Nepeta
cataria or catnip as it is more commonly known has a well documented effect on feline
species and research has shown that it is nepetalactone (9) that is the active component of
catnip, with the cis,trans- and trans,cis-isomers being present in its essential oil.'>'® Hot
water extracts of Nepeta cataria repel flea beetles and fresh catnip repels black ants. Other
studies have shown that nepetalactone obtained from Nepeta cataria may be ten times more
effective than DEET at repelling mosquitoes. '

The fresh and dried leaves of Eucalyptus globulus are commonly used across the African
continent to reduce arthropod biting activity'>'” and to reduce feeding on crops. For
example, eucalyptus leaves are frequently used in grain stores in Brazil to deter feeding by
Sitophilus zeamais and Rhyzopertha dominica.'® Indeed, research has indicated that this
and other closely related species displayed high levels of repellency towards a variety of
invertebrates. For example, in a study of the repellency, toxicity and chemical composition
of extracts of Eucalyptus saligna the eight major constituents were identified as 1,8-cineol
(eucalyptol, 5), a-pinene (10), limonene (11), terpinene (12, a-isomer shown), p-cymene
(cymol, 13), terpinen-4-ol (14), terpineol (15, a-isomer shown) and carvacrol (16). Overall,
crude eucalyptus extracts were the most effective against the grain pests Sitophilus zeamais
and Tribolium confusum however individual constituents were still both repellent and toxic
in their own right (Figure 6.3)."

5O« O+ O

10 1 12 13
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14 15 16
(Terpinen-4-ol) (e-Terpineol) (Carvacrol)

Figure 6.3 Major components of Eucalyptus globulus essential oil
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In addition to the use of essential oils from plants as insect repellents there are a number of
plant species that produce volatile compounds that are insecticidal and/or behaviour-
modifying in nature. Many of these compounds were discovered as a result of European
explorations of the New World in the fifteenth to seventeenth centuries. They include
various alkaloids, terpenoids and phenolics and, collectively, are phytochemicals that are
often regarded as examples of secondary plant substances. Perhaps the most well known
examples today comprises extracts from neem the tree Azadirachta indica and extracts of
natural pyrethoids from the chrysanthemum Chrysanthemum cinerariaefolium but there are
others including nicotine and various isobutylamides (both of which can be volatilized and
used as fumigants).

Research into the insecticidal activity of extracts from the neem tree Azadiracta indica
has been wide ranging over the past 40 years.”’ By 2009, it had been reported that over 500
arthropod species were susceptible to extracts from this tree and to extracts from the related
plants Azadirachta excelsa and Melia azaderach.*' The effects of exposure to extracts
from these species appear to be related to their hormone like activity and more specifically
to antifeedant effects. The exact mode of action of the principle active ingredient,
azadirachtin, is still to be determined but it seems clear that some of these effects derive
from the volatile components released by these plants. In the Indian subcontinent it is
common for a tree to be planted outside a house to reduce problems associated with
dipterous pests.

Overall, DEET (4) remains the most widely used repellent of arthropods in developed
countries. In developing countries however, there is still substantial reliance on extracts
from various plants, notably the neem tree. DEET of course is a synthetic product. In the next
section of this review we consider another type of volatile chemical used to manage pest
species: the use of volatile synthetic pesticides.

6.3 Volatile Synthetic Chemicals and Fumigants

As of 2009 there were over 450 different insecticidal formulations approved for pest control
use in the United Kingdom (UK). Many of these approvals were for the use of volatile
compounds for the management of pest species. For example, one of the simplest uses of a
synthetic volatile compound for pest control comprises the use of naphthalene (17,
Figure 6.4) or more commonly dichlorobenzene (18) in mothballs. Both of these com-
pounds transition directly from a solid to a gas and they are meant to be used in enclosed
situations where the gas can build up and kill pest species.

Cl
O
17 18

(Naphthalene) (Dichlorobenzene)

Figure 6.4 Structures of synthetic volatiles naphthalene (17) and dichlorobenzene (18) used in
mothballs
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Figure 6.5 Structures of compounds for pest control approved for use in food storage

The most extensive use of volatile compounds for pest control in the UK however
comprises the control of storage pests. Compounds that are approved for the control of
storage pests include pirimiphos methyl (19) and chlorpyrifos methyl (20; organopho-
sphates), pyrethrins (21, 22) and aluminium or magnesium phosphide (AIP or Mg;P»,
phosphine; Figure 6.5). Table 6.1 lists the compounds which were approved for use in UK
food storage in 2009.>* Of these, phosphine is widely used to control pests within grain

Table 6.1 Compounds approved for use in UK food storage 2009. Data collated from the
website of the Pesticides Safety Directorate (UK),?? (see also Figure 6.5)

Active ingredient

Use

Trade names

Pirimiphos methyl (19)

Chlorpyrifos methyl (20)

Aluminium phosphide

Aluminium phosphide

Deltamethrin

Methy! bromide

Sulfuryl fluoride

Food and grain storage areas 1.

Crop handling and storage
structures
Space fumigation

Crop handling and storage
structures

Crop handling and storage
structures
Food storage areas

Crop handling and storage
structures

2.

—_

—WNh=hwh =
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Actellic Smoke Generator
No 10
Actellic Smoke Generator
No 20

. Reldan 22

. Degesch Fumigation Pellets
. Detia Gas Ex-P

. Detia Gas Ex-T

. Phostoxin |

. Degesch Fumigation Tablets
. Detia Gas-Ex-B

. Detia Gas-Ex-B-Forte

. K-Obiol EC25

. Mebrom 100

. Methyl Bromide 100%
. Methy! Bromide 98%
. ProFume
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stores because, while it is highly toxic to organisms that are respiring (i.e. pests in grain
stores), it has no impact on the viability of dormant grain. There is now evidence of
resistance development in storage pests to phosphine but the exact mechanism of this
resistance is as yet unknown.

Worldwide, fumigation is used either in bulk grain to control pests of stored products or
for fabric treatment of buildings and empty bins to remove residual insect populations.
Fumigants are gaseous pesticides that (at a given temperature, concentration and long
enough exposure) kill all insect life stages.”>** Fumigants are most effective when
fumigation follows a hygiene practice that has removed the potential sources and routes
of reinfestation (e.g. grain residues and harbourage sites such as birds’ nests, animal feed,
grain spillages, debris).?> The gas can be distributed using an air circulation system (i.e.
closed-loop fumigation) to ensure even distribution throughout the grain and store.>* Solid
formulations (aluminium phosphide) can be added by hand, on trays under fumigation
sheets, using a probe or with an automatic dispenser delivering a designated dosage as grain
is loaded into the bins.*?

A survey of pesticide use on UK farms (# =335) during the period 2002 to 2003
indicated 60% of grain was treated by fumigation. The most commonly used pesticide by
farmers for fabric treatment (82% by weight) was pirimiphos methyl (19). The main grain
fumigants used and applied by contractors were aluminium phosphide and methyl
bromide (23).%° The latter compound however is currently being phased out as it depletes
ozone, and it will be withdrawn from use worldwide by 2015 in agreement with the
Montreal protocol.?’

Historically, the use of fumigants for pest management has often produced resistant
strains of pests. As a result, a longer period of fumigation is usually needed under gas-tight
conditions to prevent leakage (leading to under-dosing), to achieve effective control. The
exposure time varies with species and whether they are susceptible or resistant strains. For
example, laboratory tests indicate a resistant strain of Rhyzopertha dominica, originally
from Bangladesh, survived phosphine at a dosage of 1.45 mg1™", with death only occurring
after 72h exposure.28

Over-exposure to fumigants can lead to death and these products should only be applied
by certified licensed personnel trained in the use of respirators, gas detectors and first aid.*
For health and safety reasons fumigation should be carried out by a minimum of two people,
in sealed leakproof environments and the area has to be well ventilated after the designated
period of fumigation.

The most effective fumigant used in the world today is phosphine (PH3). This volatile has
been used since the 1930s.”® The gas is produced from pellets, sachets or tablets of
aluminium or magnesium phosphide when in contact with moisture in the air.° It is a
colourless, odourless, toxic gas (impurities produce a garlic-like smell) that attacks the
respiratory system.?® It reacts with copper, copper salts and precious metals found in
electrical equipment so these need to be removed or covered during fumigation.”
Phosphine is most effective when used at low concentrations over long periods (minimum
5-16 days) at 15-20°C to ensure all life stages are killed. Three grams of aluminium
phosphide releases 1 g of phosphine gas and a dosage of 2 g gas t ' produce or 1.5 gm™ has
been recommended.?

Phosphine spontaneously combusts when in contact with liquid water due to a rapid
release of gas, at temperatures above 100 °C, reduced pressures or when concentrations
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exceed 25mgl™ in air.>>?® Death due to phosphine poisoning of humans, through
ingestion and inhalation, occurs at a concentration of 2.8 mg1™". A full recovery from
mild poisoning is obtained after exposure to fresh air, complete rest and abstinence from
alcohol consumption for 48 h. A maximum threshold level of 0.3 ppm day ™ for indivi-
duals working 8-h daily shifts during a 5-day week is recommended.?® The United States
Food Quality Protection Act (FQPA) of 1996 indicates a tolerance limit of 0.01 ppm
phosphine residues in f00d.?> When well aerated, little residue (aluminium hydroxide,
nondecomposed aluminium phosphide) is left on the grain, even after repeated
fumigations.”?

When phosphine is used frequently, in poorly sealed structures and at alower exposure
time, resistance builds up in the insect population. Insect resistance to phosphine has
occurred since the 1970s and has spread throughout the world, including the UK. Of the
849 strains of insect collected from 82 countries, 20% were recorded as resistant to
phosphine.?® Resistant insects include Cadra cautella (almond moth), Cryptolestes
ferrugineus (flat grain beetle), Oryzaephilus surinamensis (saw-toothed grain beetle),
Plodia interpunctella (Indian meal moth), Rhyzopertha dominica (lesser grain borer),
Sitophilus granarius (granary weevil), Sitophilus oryzae (rice weevil), Tribolium
castaneum (rust-red flour beetle), Tribolium confusum (confused flour beetle) and
Trogderma granarium (Khapra beetle).”®?°? Eggs and pupae are more resistant to
phosphine, although the former become less so with age.”® Resistance relates to a low
level uptake of phosphine, detoxification processes within resistant strains and the
presence of resistance genes. The current recommendation to deal with resistance
development is to expose pests for a longer time at a lower concentration, as resistant
strains can survive high concentrations (due to a protective narcosis effect) when
exposed for too short a period.?*"***° Methyl phosphine, a phosphine analogue, is being
developed as a fumigant to control phosphine-resistant insects.>’

Pirimiphos methyl (19) is another volatile that can be used as a spray, fog, smoke and dust
for fabric treatment and as a grain protectant.’*>> It is typically sprayed on grain as it is
loaded into storage facilities and is effective against immature stages of insects.>> Some
resistance has been recorded in Brazil for Sitophilus oryzae (L.), Oryzaephilus surina-
mensis, Rhyzopertha dominica, Tribolium castaneum and Cryptolestes species.>* In New
South Wales, Australia, populations of S. granarius (L.), O. surinamensis, R. dominica and
T. castaneum all contained resistant individuals.*

Chlorpyrifos methyl (20) is a broad-spectrum organophosphate used as a spray to treat
empty bins and as a grain protectant. It is most effective against insects when farm-stored
wheat is cooled by aeration compared to uncooled grain. However this is an expensive
treatment which has little effect on Rhyzopertha dominica, a major wheat pest in many
countries, and resistant strains of Oryzaephilus surinamensis have been recorded in
Australia and the UK.**

Many insecticides that are not naturally volatile can also be made to volatilize and can
then be applied for the purpose of fumigation. Typically the equipment involved in the
application of these compounds would be some type of fogging machine. Fumigants are
used in enclosed spaces such as greenhouses and storage facilities (e.g. grain stores;
discussed above). They are also used at ports and for treatment of ships and aeroplanes. With
fogging machines thermal energy nozzles use a stream of hot gas to vaporize a liquid
pesticide which then condenses as it leaves the sprayer, forming a cloud of aerosol droplets.



158 The Chemistry and Biology of Volatiles

When these droplets are less than 15 um in diameter a fog is produced. The hot gas is the
exhaust from a petrol engine that is expelled through a long pipe (0.5-1.0 m in length). The
liquid pesticide is fed into the hot gas stream at a rate controlled by a restrictor. Only
pesticides that are heat-stable are suitable for use with fogging machines. These machines
have found widespread use for pesticide application in enclosed environments like green-
houses, food storage facilities and buildings. They have also been used successfully in
plantation crops with very dense canopies.

Aerosols are widely used in household pest control. The active ingredient is dissolved
in a petroleum solvent and pressurized in a container with a propellant gas such as carbon
dioxide. When sprayed, the petroleum solvent quickly evaporates to leave a fog of
microscopic droplets that are suspended in air. The droplets produced are typically less
than 10um in diameter and because there is a danger associated with inhaling
these droplets, most aerosols have a very low concentration of active ingredient. This
makes aerosols expensive to use. In agricultural situations, fogging machines can be
used to produce aerosols, by using thermal energy to vaporize the active ingredients.
As stated above, for these to work successfully the active ingredient must obviously be
heat-stable.

Although there are a significant number of synthetic insecticides that are vapour-active
and have been, and continue to be used in pest management programmes, many of these
compounds are not without problems. Indeed, many active ingredients continue to be
withdrawn from the market as a result of tougher regulatory regimes. For example, in
March 2009 the European Commission adopted a new approach to the registration of
products for pest management, moving from a risk-based assessment to a hazard-based
system. The upshot of this change is that many products currently used in pest manage-
ment in Europe will no longer be available in the future. There is clearly a will at the
political level to move towards the use of far more environmentally friendly products for
pest control. One type of product that falls within this area comprises pheromones. These
are discussed in the next section. Pheromones, of course, are extremely volatile organic
molecules.

6.4 Pheromones

Pheromones are volatile chemicals that mediate intraspecific interactions within species.™
The very first pheromone to be identified was the sex pheromone of the silkworm moth
Bombyx mori. This identification of bombykol [(10E,12Z)-hexadecadienol (24), Figure 6.6]
was undertaken in the late 1950s and involved the dissection of ca. 500000 female moths.
The first trials that involved assaying pheromones for pest control occurred in the mid-1960s.
Since then, hundreds of other pheromones for over 1500 insect species have been identified*®
and there are now more than 50 available on a commercial basis.*” In relation to arthropod
pest control, pheromones have been developed that can be used in the control of Coleoptera,
Diptera, Lepidoptera and Acarina. Compounds 25-61 in Figure 6.6 and Table 6.2 show the
great diversity of pheromones that have been registered for use in pest management in the
United States.>® The figure also makes reference to volatile compounds that act as
kairomones. These are discussed later in the chapter.
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Figure 6.6 Structures of selected pheromones and kairomones



Table 6.2 Selected pheromones and kairomones (volatile compounds) approved for use by the Environmental Protection Agency (EPA) in the

United States®®

Active ingredients

Type of pheromone and use?

2-[(1R,25)-1-Methyl-2-(1-methylethenyl) cyclobutyl] ethanol (25),
(22)-(3,3-dimethylcyclohexylidene) ethanol (26), (2E)- and (22)-
(3,3-dimethylcyclohexylidene) acetaldehyde (27)

(35,6R)- and (3S,65)-3-methyl-6-isopropenyl-9-decen-1-yl acetate (28)

(112)-Hexadecenal (29)

(9E,122)-Tetradecadieny! acetate (30), (92)-tetradecen-1-ol (31)

(112)-Tetradecenyl acetate (32)

(11E)-Tetradecenyl acetate (32)

(11E)- and (112)-tetradeceny! acetate (32)

(112)-Tetradecenyl acetate (32), lauryl alcohol (33), myristyl alcohol
(34), (8E,10E)-dodecadien-1-ol (35)

(112)-Hexadeceny! acetate (36)

(62)-Heneicosen-11-one (37)

(9E)-Dodecenyl acetate (38)

(92)-Dodecenyl acetate (38)
(75,8R)-Epoxy-2-methyloctadecane (39)

(82)- and (8E)-dodecenyl acetate (40), (82)-dodecen-1-ol (41)

(9E,11E)-Tetradecadienyl acetate (42)

(11Z,132)-Hexadecadienal (43)

(82)- and (8F)-dodeceny! acetate (40), (82)-dodecen-1-ol (41),
(5E)-decenyl acetate (44), (5F)-decen-1-ol (45)

(7Z,11E)- and (7Z,112)-hexadecadienyl acetate (gossyplure; 46)

Boll weevil aggregation pheromone. Used in lure and kill traps with
the insecticide malathion.

California red scale sex attractant. Used for mating disruption.

Artichoke plume moth sex pheromone.

Beet armyworm sex pheromone.

Black headed fire worm moth sex pheromone and leaf rollers
(various).

Sparganothis fruitworm moth sex pheromone.

Omnivorous leaf roller moth sex pheromone.

Codling moth sex pheromone, hickory shuckworm moth sex
pheromone, oblique-banded leaf roller moth sex pheromone
and pandemic leaf roller moth sex pheromone.

Diamondback moth sex pheromone.

Douglas fir tussock moth sex pheromone.

Eastern pine shoot borer moth sex pheromone.

Grapeberry moth sex pheromone.

Gypsy moth sex pheromone.

Koa seed worm moth sex pheromone and macadamia nut borer
moth sex pheromone.

Light brown apple moth sex pheromone.

Navel orangeworm moth sex pheromone.

Oriental fruit moth sex pheromone and peach twig borer moth sex
pheromone.

Pink bollworm moth sex pheromone.
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(46)- and (42)-tridecenyl acetate (47)
(3E,1327)- and (3Z,13Z)-octadecadien-1-ol (48)
1-Octen-3-ol (octenol) and (R)-(-)-1-octen-3-ol (roctenol; 49)

,7-Dioxaspiro-[5,5]-undecane (50)

-Hydroxy-3-methyl-2-cyclopenten-1-one (51)

-Phenylpropenal (cinnamaldehyde; 52)

2-Methoxy-4-(2-propen-1-yl)-phenol (Eugenol; 53)

(E)-3,7-Dimethyl-2,6-octadien-1-ol (geraniol; 54)

1,1-Dimethylethyl 4-(or 5-)chloro-2-methylcyclohexanecarboxylate
(trimedlure; 55)

4-[4-(Acetyloxy)phenyl]-2-butanone (cuelure; 56)

4-Allyl anisole (estragole; 57)

3,7,11-Trimethyl-2,6,10-dodecatriene-1-ol (farnesol; 58), 3,7,11-tri-
methyl-1,6,10-dodecatriene-3-ol (nerolidol; 59)

3-Methyl-2-cyclohexene-1-one (MCH; 60)

4,6,6-Trimethylbicyclo[3.1.1]hept-3-en-2-one (Verbenone) (61)

1
2
3

Tomato pinworm moth sex pheromone.

Western polar clearwing moth sex pheromone.

Used as a kairomone in traps to attract mosquitoes and other
biting flies.

Olive fly sex pheromone.

Kairomone attractant for cockroach management.

Kairomone attractant for corn rootworms.

Kairomone attractant for Japanese beetles.

Kairomone attractant for Japanese beetles.

Mediterranean fruit fly sex pheromone.

Melon fly sex pheromone.

Bark beetle anti-attractant for use in forestry.

Spider mite sex pheromones that are used in combination with
insecticides for mite control.

Bark beetle anti-attractant for use in forestry.

Bark beetle anti-attractant for use in forestry.

Note: “Used for mating disruption and for lure and kill if not stated otherwise.
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Pheromones are used by arthropods to locate mates, for dispersion, for trail formation, to
signal alarm and for maturation.>® Of these, the pheromones that are used for mate location
have probably received the most attention in relation to pest control. The pheromones that
fall into this category comprise both sex pheromones and aggregation pheromones. The best
studied sex pheromones are those produced by Lepidoptera. In most cases it is females who
release the pheromone in order to attract males. The pheromone disperses downwind and
receptive males then respond via a process known as chemoanemotaxis (i.e. chemically
mediated, wind-mediated movement). The concentration of pheromone required to elicit a
response varies with circumstances and species. Laboratory studies have shown that just one
molecule of pheromone may be enough to elicit a neurological response (a receptor to fire)
in a receiving species while field experiments with bombykol (24, sex pheromone of B.
mori) have shown that 200 molecules mI™" air are enough to elicit a behavioural response
in a downwind, receptive male. Pheromones are therefore active at very low concentrations.
In pest control, these pheromones have been used extensively to monitor pest species in
order to improve the timing of other control measures such as pesticide applications.
Aggregation pheromones also bring individuals together to mate. However, they may also
serve to overcome host defences. They have been most extensively used in pest control with
various species of bark beetle. Alarm pheromones are produced in response to attack by
predators. They therefore serve as a warning and generally elicit an escape response in
receiving and responsive individuals.

Chemically, most pheromones are comprised of single or multiple, low molecular weight,
volatile molecules. This makes sense because pheromones function to elicit specific
responses that are time-limited. To date, most of the pheromones that have been chemically
characterized are produced by lepidopterous pests. Typically, these pheromones are
C0—-C,; unsaturated aliphatic alcohol, acetate, aldehyde or ketone derivatives. Most insects
synthesize pheromones via specific biochemical pathways in which geometrical and optical
isomerisms are strictly controlled. The result of this is that most insects only respond to
specific isomers and many insects also require specific ratios of different compounds within
a pheromone formulation. For example, the moths Clepsis spectrana and Adoxophyes
orana have an identical sex pheromone that is composed of (11Z2)- and (92)-tetradecenyl
acetates (32 and 62, respectively, Figure 6.7). However, it is the precise ratio of these two
components that determines which species will respond.

Because pheromones are volatile compounds specific formulations have been developed
for their release. Collectively, these are called controlled release formulations. The aim is to
control the release rate per se, the uniformity of the release rate and the period of time during
which the pheromone is active. Where pheromones are blends of more than one compound,
it is also important that the pheromone dispenser releases each compound in the correct
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(112)-32 (9E)-62

Figure 6.7 Sex pheromone of Clepsis spectrana and Adoxophyes orana, both composed of
(117)-32 and (92)-62 at different ratios
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proportions. The main formulations developed over the past 40 years are plastic fibres,
laminate flakes, microcapsules and pheromone-impregnated rubber septa. If these specific
formulations were not used then a pheromone applied across a crop would rapidly
evaporate.

Pheromones can be used in a number of different ways in pest control. First, they can be
used to monitor pest species numbers. Second, they can be used to mass-trap pest species.
Third, they can be used to disrupt mating. Fourth, they can be used to attract species to a
poisoned bait. This approach is known as ‘lure and kill’. Finally, pheromones can be used to
deter pest species from attacking host plants (i.e. as anti-attractants). Of these uses, by far the
most successful application of pheromones has been in monitoring.

In monitoring systems the number of individuals trapped (usually males) is used as an
indicator of pest presence. Such information is then used to guide the targeting of other
control measures, such as a pesticide application. However, such data can also be useful
for detecting changes in long-term population dynamics and/or in recording the spread of
a novel pest imported from elsewhere. It is this approach that has been used to track the
spread of the gypsy moth Lymantria dispar across North America.*® Monitoring of pest
species can also be used to assay the presence of exotic species. For example, such an
approach was taken during 2002-2005 in a national survey in New Zealand to determine
the presence of beetles that might pose a threat to the countries’ trees and forests. The
approach taken was to use traps baited with combinations of the volatiles a-pinene (10),
B-pinene (63), ethanol (64), frontalin (65) and ipsdienol (66, Figure 6.8). The latter two
volatiles are bark beetle aggregation pheromones, while the former are kairomones that
beetles use to locate suitable host trees. This study trapped over 27000 beetles and
highlighted the usefulness of such an approach in detecting the presence of potentially
inimical species.*!

Mass trapping involves population reduction by collection of a large proportion of the
pest population. Because sex pheromones generally only attract males this technique has
been exploited most efficiently with aggregation pheromones that attract both sexes. The
opposite approach to mass trapping is to use pheromones that deter further colonization of
host plants. Within this context one of the most well studied compounds comprises the anti-
attractant pheromone verbenone (61, Figure 6.6). This pheromone deters bark beetles from
colonizing coniferous trees. This compound has been used both for individual tree
protection and for area-wide bark beetle control over a number of years.**

Mating disruption involves swamping an area with a sex pheromone so that males are
unable to locate females because of sensory adaptation (habituation) or competition. It is an
approach that has been successfully commercialized for a number of major lepidopteran
pest species, such as the pink bollworm Pectinophora gossypiella, the rice stem borer Chilo
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Figure 6.8 Structures of volatiles used to determine the presence of beetles that might pose a
threat to native trees and forests in New Zealand
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suppressalis, the codling moth Cydia pomonella, the gypsy moth Lymantria dispar and the
diamondback moth Plutella xylostella.*® In total, there are more than 30 different phero-
mone formulations that are currently marketed for the management of pest species via the
process of mating disruption. In the case of the pink bollworm, the pheromone marketed as
‘gossyplure’ (46) has now been used for monitoring and mating disruption of this pest for
more than 30 years.**

The ‘lure and kill’ approach involves attracting individuals to a source that is treated with
a poison, usually a pesticide. The pest picks up a lethal dose and subsequently dies. This
approach has been used successfully with a number of orchard pests, including the codling
moth Cydia pomonella,*® the light brown apple moth Epiphyas postvittana,*® the olive fly
Bactrocera oleae, the plum fruit moth Cydia funebrana, the tufted apple bud moth
Platynota idaeusalis and the European elm bark beetle Scolytis multistriatus.*’

In addition to the uses described above, attempts have also been made to exploit
oviposition and alarm pheromones in pest control. For example, many pest species mark
where they have laid eggs with a pheromone to deter other females of that species from
laying eggs nearby. In theory, these pheromones could be used to reduce egg laying in a crop
or to redirect egg laying elsewhere. For example, field trials with the oviposition-deterring
pheromones of both the cherry fruit fly Rhagoletis cerasi and the apple maggot fly
Rhagoletis pomonella indicated that these chemicals were effective in reducing egg laying
on treated fruit. Alarm pheromones cause pest species to move. They are produced when
pests become aware of predators. At present, there is one commercially available formula-
tion: the spider mite Tetranychus urticae alarm pheromone. These pheromones are intended
to be used as mixtures with pesticides. The aim is to get the pest species to increase its
movement and so enhance its exposure to the pesticide. Increased movement is clearly of
most relevance where contact pesticides are used. However, alarm pheromones can also
increase the toxicity of systemic products, permitting reduced doses of pesticide to be
applied. Trials with the aphid alarm pheromone farnesene (67, Figure 6.9) have shown that
combinations of reduced-rate insecticide and pheromone are effective at controlling cereal
aphids. This pheromone however is not yet commercially available.

One novel approach to the use of pheromones however that has been commercialized
comprises the use of a predator aggregation pheromone. The idea is to improve the efficacy
of a biological control agent. The aggregation pheromone of the spined soldier bug Podisus
maculiventris is marketed in the United States as a product to enhance biological control in
the home garden market.*®*

In addition to using volatile compounds that mediate intraspecific interactions (i.e.
pheromones) there are also a number of volatile compounds that mediate interspecific
interactions between species. These compounds and their use in pest management are
discussed in the next two sections of this review.

(E)-67
(B-Farnesene)

Figure 6.9 Structure of aphid alarm pheromone farnesene (67)
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6.5 Volatile Allelochemicals

Chemicals that mediate interactions between different species are called allelochemicals.
These interactions may benefit both equally, the emitting organism or the receiving
organism. Technically, they are referred to as synomones, allomones and kairomones.
Among these, it is kairomones that have received the most attention in relation to
arthropod pest control. These are volatile chemicals that insects use as attractants (benefit
to receiver). For example, recent trials with an attract and kill formulation based on host
plant volatiles and an insecticide have looked at improving the management of the
Colorado potato beetle Leptinotarsa decemlineata. In this work the volatile compounds
(8)-(4)-linalool (6), (Z)-3-hexenyl acetate (68) and methyl salicylate (69, Figure 6.10)
were used to attract adults and larvae to the pyrethroid insecticide permethrin. Overall the
data indicated that substantial reductions in insecticide use may be possible, particularly
in the management of early instars.>

It has been suggested that host kairomones could also be used to disrupt the location of
food crops by pests. However, by far their greatest use has been in trapping programmes. For
example, the essential oil constituents eugenol (53) and geraniol (54, Figure 6.6) have been
used as lures to trap the Japanese beetle Popilla japonica, while methyl eugenol (70,
Figure 6.10) is attractive to the oriental fruit fly Dacus dorsalis.”"

At the agricultural level probably the single most extensive use of an attractant
allelochemical comprises the use of ‘trimedlure’ (55) to attract the Mediterranean fruit
fly Ceratitis capitata. This chemical compound is not a pheromone, but a synthetic
attractant which can be used to lure insects either to sticky traps or to pesticide-treated
traps. Baited traps were first developed in the 1970s and they are still in use in many
countries today. The lure has proven particularly useful for monitoring pest presence within
export/import crops at airports and seaports.

More recently, a number of chemicals that act as kairomones have been exploited to
improve the efficacy of beneficial species. Examples include spraying crops with honeydew
to attract lacewings > and the commercial development of 2-phenylethanol (71) as an
attractant for a range of predatory species.**">

One of the more novel uses of volatile kairomones to manage pest species that has been
developed in the past decade comprises the development of machines called ‘midge
magnets’. Studies by Bhasin ez al.>* indicated that midges respond positively to the volatile
compounds carbon dioxide (72, Figure 6.11), 1-octen-3-ol (49), acetone (73), butanone (74)
and lactic acid (75) and that these volatiles are important in host location. Acetone and 1-
octen-3-ol in particular appear to act synergistically. As of 2009, there are a variety of traps
available on a commercial basis worldwide. All these traps use slightly different combina-
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Figure 6.10 Volatile compounds used as attractants for different species
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Figure 6.11 Volatile compounds used as midge attractants

tions of the volatiles mentioned above to attract dipterous pest species — most often they are
marketed for mosquito or midge control.

6.6 Plant Volatiles and Behavioural Modification of Beneficial Insects

It is known that many predators and parasitoids are attracted to host pests by pheromones
and by volatiles released from damaged plants.’>® For example, bean plants attacked by
phytophagous mites release volatiles to attract predatory mites while corn plants attacked by
caterpillars and bean plants attacked by aphids both release compounds that are attractive to
hymenopterous parasitoids.>’ More recently, it has been reported that such responses are not
limited to invertebrate species. For example, the number of passerine birds feeding on
caterpillars has been reported to be correlated with the emission of terpenoids from trees
that were under attack.’

The volatile chemicals produced by plants when damaged have been called ‘herbivore-
induced plant volatiles’ (HIPVs) and, at present, a great deal of research has therefore
focussed on the manipulation of these volatiles to improve the efficacy of beneficial species
within pest control.**®

The production of HIPVs appears to be extremely complex. Compounds in the oral
secretions of pest species appear to trigger the synthesis and release of HIPVs, as does egg
deposition in some species and root feeding for others.>® Furthermore, it is now clear that
plants can perceive and respond to volatiles released by pest-infested neighbouring plants in
a priming process.60 One of the more important compounds in the process appears to be the
plant hormone jasmonic acid (76, Figure 6.12),°" although research indicates that this is not
the only chemical involved in the priming process.’® Studies at the molecular level are
currently attempting to identify the genes involved in the priming process. Research with
methyl jasmonate (77) and conifer trees has shown that this compound increases the activity
of monoterpene synthetases, causing increased titres of terpenoid and phenolic defensive
compounds.®® As a result preliminary studies are being undertaken to investigate whether
this defence-inducing plant hormone product could be used in combination with pher-
omones and kairomones to protect trees from attack by bark beetles.®?
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Figure 6.12 Structures of jasmonic acid (76) and methyl jasmonate (77)
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Chemically the HIPVs that attract predators and parasitoids include various terpenoids as
well as products from the lipoxygenase, shikimate and tryptophan biochemical pathways.
Two of the first synthetic HIPVs to be used in a field situation comprised (Z)-3-hexenyl
acetate (68) and methyl salicylate (69).°* These synthetic HIPVs attracted a range of
predatory species, including predatory hemipteran, coleopteran, neuropteran and dipteran
species.®® Associated with this increased recruitment of predatory species were reductions
in pest populations. Interestingly, predatory species do not appear to respond to these
synthetic volatiles directly®® and it has been suggested that these compounds act as elicitors
that stimulate plants to produce further volatile compounds that then serve to recruit
predators and parasitoids.*’

Recent research has attempted to combine 68 and 69 with botanical insecticides. The idea
is to use chemical products that target species directly in combination with biological
control agents recruited by attraction to the HIPV. Evidence that such an approach may work
is provided by Charleston et a.°® and by Khan et al.** In the case of the latter, trials in hops
and grapes in which plants were sprayed with botanical pesticides in combination with
HIPVs clearly attracted greater populations of predatory and parasitic beneficial species.

Overall, the interactions that take place between host plants, pests and predatory species
are complex and situation-speciﬁc.(’7 For example, in laboratory studies Reddy reports that
the predator Chrysoperla carnea responded positively to volatiles emitted by eggplant, okra
and pepper infested with red spider mite.°® However, such a behavioural response was not
detected in tomato plants infested with the same pest species. The authors suggest that this
may be associated with the impacts of trichomes and trichome exudates on the attractiveness
of plants but this was not measured. Whatever the exact mechanism behind predator/
parasitoid orientation to plants infested with pest species, it is clear that this is an area of
chemical ecology that may be extremely fruitful in relation to the manipulation of volatile
compounds for environmentally benign pest control strategies.

6.7 Concluding Comments

The aim of this review has been to highlight the extensive range of uses of volatile organic
compounds in pest management programmes. Many of the applications discussed comprise
commercially successful products (i.e. volatile synthetic insecticides, biorational phero-
mones). In contrast, other uses of volatile compounds are restricted to the manipulation of
plant parts (and the associated volatiles) by people at the local level in many African, Asian
and South American cultures. One of the greatest areas of research activity at present
comprises developments in our understanding of plant phytochemistry and the manipula-
tion of various volatiles for pest control purposes, whether it be to attract or deter pest
species and/or their associated natural enemies. At the molecular level, studies are
beginning to unravel the key genes involved and it is already the case that genetically
engineered plants have been produced with altered abilities to express volatile compounds.
One novel example of this comprises the production of genetically engineered crop plants
that are able to produce pest species pheromones.69 Such plants could be used as a source for
pheromone extraction that may be economically superior to conventional pheromone
production methods (‘molecular farming’) or they could be used directly in the management
of pest species (e.g. if they were able to produce alarm pheromones).
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The above said and given that arthropods are numerically the most successful group of

species on our planet, it is highly likely that pest species would to be able to develop and
evolve in response to anything we can use to suppress their populations. However, these new
studies do point to novel ways to manage pest species while minimizing our reliance on
more environmentally damaging products.
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7.1 Introduction — The Art of Organic Synthesis

Since the birth of synthetic organic chemistry, organic chemists have been intrigued by
nature’s ingenuity, evident in the wealth of interesting structural motifs found in natural
products and have strived to replicate many of nature’s most beautiful creations. In this
quest, the synthesis of natural and non-natural volatile molecules presents a fascinating set
of challenges for the fragrance chemist. Following the isolation and structural elucidation of
a natural product, teams of organic chemists around the world start postulating synthetic
approaches with the aim of confirming the often complicated structures, developing novel,
exciting synthetic methodologies, or discovering new chemical reactions. The constant
improvement in the selectivity of reagents, catalysts and organic synthesis techniques since
the first synthesis of vitamin B12 in the 1970s by Woodward and Eschenmoser,' to more
recent successes such as palytoxin by Kishi,? or azadirachtin by Ley,? has meant that the
successful construction of extremely complex natural product skeletons is now merely a
matter of time and resources.* The tremendous advances in spectrometers and purification
techniques have also meant that structural elucidation of complex intermediates in pure
form is now routine, which enables the unambiguous synthesis of larger, more complicated
structures to be tackled by organic chemists. Nature herself is a formidable chemist,
employing reactions that display exquisite selectivity under very mild conditions and whilst
nature’s chemistry may sometimes suffer from a finite number of biosynthetic pathways,
this does not in any way limit the structural diversity present in natural products.’

The Chemistry and Biology of Volatiles Edited by Andreas Herrmann
© 2010 John Wiley & Sons, Ltd
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This chapter concentrates on those volatile organic molecules, between six and 18 carbon
atoms in size, which have a sufficient vapour pressure at ambient temperature and pressure
to ensure the quantity of molecules in the vapour phase necessary to elicit an olfactory
system response. The chapter does not treat inorganic volatiles like ammonia despite the
considerable challenges in their synthesis. For evidence of the stimulation of the mammali-
an olfactory system by nonvolatile peptides and proteins in aerosol form the reader is
directed to relevant publications.6 Taste too, involves both volatile molecules via retronasal
sampling and nonvolatile molecules in aqueous solution. Smell and taste are thus intimately
linked. The focus of this chapter, however, is on volatile fragrance molecules rather than
volatile taste molecules, although by virtue of their interrelatedness, some overlap may
occur. Described below are two of the landmark syntheses of volatile natural products from
more than 30 years ago, which illustrate the state of the art at the time and have served as
inspiration for the next generation of fragrance chemists.

7.2 Overcoming Challenges in the Small-Scale Synthesis
of Natural Volatile Compounds

7.2.1 p,L-Caryophyllene (1964)

In their synthesis of b,L-caryophyllene (1), a volatile sesquiterpene isolated from clove oil,
Corey and coworkers employed state of the art synthetic methodology and an ingenious
retrosynthetic route to overcome the considerable challenges.” The ring junction stereo-
chemistry, the strained four-membered ring and the non-trivial nine-membered ring with the
correct double bond geometry were all achieved by careful choice of the synthetic route
(Scheme 7.1).® The four-membered ring was constructed in one step using a [2+ 2]
photochemically mediated reaction between cyclohexenone and excess isobutene which
gave the desired regiochemistry in the cis-fused cyclohexanone 2. Although the trans ring
junction is present in the natural product this was corrected in the penultimate step of the
synthesis. Functional group manipulation proceeded in selective fashion to install the
carbon skeleton ideally setup for the key fragmentation reaction to transform the fused
4,6,5-membered rings into the desired 4,9-fused system.8

Regioselective introduction of the carboxymethyl and methyl substituents followed by
the nucleophilic addition of the protected propargylic aldehyde derivative gave compound 3
which had installed all of the carbon atoms present in the natural product (Scheme 7.1).
Exhaustive hydrogenation, deprotection, cyclisation and oxidation gave the spirolactone 4.
Base mediated lactone opening followed by Dieckmann ester condensation gave the
required ketoester 5 which, after hydrolysis and decarboxylation, furnished the ketone
6. Reduction of 6 gave the secondary alcohol as a mixture of epimers, selective activation of
which gave the required fragmentation precursor 7. Grob fragmentation of hydroxy
tosylate 7 cleaved the fused five- and six-membered rings to form the desired nine-
membered ring and installed the frans double bond geometry.8 Although the cis ring
junction present in the starting material could be preserved, prolonged exposure to the basic
reaction conditions effectively epimerised the a-hydrogen giving the zrans junction present
in the natural product. The conversion of the ketone via a Wittig reaction into the required
exo-methylene group was straightforward and yielded p,L-caryophyllene (1). The relative
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Scheme 7.1 Corey synthesis of p,i-caryophyllene (1). Reagents and conditions: (a) NaH,
dimethyl carbonate; (b) methylation; (c) propargy! aldehyde dimethyl acetal, base; (d) H,
Pd/C (cat.); (e) chromic acid; (f) NaH, DMSO; (g) aqueous base, then pyridine AH; (h) LIAIH ;
(i) H,, Raney-Nickel; (j) Tosyl chloride, pyridine; (k) NaH, DMSO, tert-butanol; () NaH,
DMSO, triphenylphosphonium bromide

stereochemistry of the alcohols, from the reduction of ketone 6, determined the double bond
geometry present in the nine-membered ring and similar treatment of the epimeric hydroxyl
tosylate 8 furnished iso-caryophyllene (9).

7.2.2 [B-Vetivone (1973)

Nearly a decade later, a concise stereoselective synthesis of B-vetivone (10), a key odour
compound found in vetiver oil, was reported by Stork and coworkers (Scheme 7.2).°
Applying his newly developed alkylation of kinetic enolates, this synthesis elegantly
installed the extremely challenging quaternary spirocentre, relative to the methyl group,
in a stereoselective way. This was achieved by the stepwise dialkylation of the cyclohex-
enone 11 relying on the greater reactivity of the allylic chloride moiety in compound 12
relative to the alkyl chloride portion to set up the correct relative stereochemistry between

Cl o o
~
o) O\/ Cl
a b
r?/ + = Cl —— E—
/
11 12 13

Scheme 7.2 Stork synthesis of B-vetivone (10). Reagents and conditions: (a) LDA, HMPA,
THF,—78°C; (b) LDA, —78°C, then room temperature (r.t.); (c) methyl lithium, 0°C, then TN
HCl r.t., 60%

10
(B-Vetivone)
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the spirocyclic carbon and the adjacent methyl group during the second alkylation step of
enone 13.

The challenging exocyclic double bond in the five-membered ring was then already
installed in intermediate enone 14. Addition of methyl lithium to 14 followed by acidic
enol ether deprotection and subsequent B-elimination furnished -vetivone (10) in good
overall yield.

These two landmark syntheses were capable of producing from milligrams to multigram
quantities of material. The large-scale manufacture of either b,L-caryophyllene (1) or
B-vetivone (10), employing the published synthetic routes, would however be highly unlikely
due to the costs involved, the reagents used and the quantity of waste generated per
kilogramme of product. The next four examples will examine the synthesis and manufacture
of three natural volatile molecules, followed by one non-natural volatile molecule, displaying
ever increasing complexity and posing ever increasing synthetic challenges.

7.3 Overcoming Challenges in the Large-Scale Synthesis of Nature Identical
and Non-Natural Molecules

7.3.1 (Z)-3-Hexenol

The odour of (Z)-3-hexenol (15) is highly reminiscent of freshly cut grass and is released via
the rapid enzymatic breakdown of unsaturated fatty acids in many flowers and fruits. The
original synthesis of 15 by Bedoukian, in 1963, employed 1-butyne (16), a readily available
petrochemical feedstock (Scheme 7.3).10 Deprotonation with lithium amide in liquid
ammonia followed by alkylation with ethylene oxide gave alkyne 17. Selective reduction
of 17 to the desired (Z)-3-hexenol (15) was achieved via hydrogenation over a Lindlar
catalyst."!

The exponential advances in the catalytic technologies and the discovery of new reactions
have meant that molecules essential to the perfumer’s palette are increasingly being produced
from nonpetrochemical feedstocks using cleaner and less waste-generating processes. The
trimerisation of acetaldehyde (18) to give sorbic acid (19) and sorbol (20) derivatives is
readily achieved under mildly basic conditions (Scheme 7.4). In pioneering work by
Driessen-Holscher and coworkers, the mild 1,4-hydrogenation of either acid 19 or alcohol
20 over a ruthenium cyclopentadienyl (Cp*) catalyst gave (Z)-3-hexenoic acid (21) in
excellent yield and with excellent double bond isomer selectivities (Z/E > 98:2) or in the
case of sorbol (20), 1,4-hydrogenation gave (Z)-3-hexenol (15) directly.12 Reduction of the
carboxylic acid functionality in the presence of the (Z) double bond in 21 could be readily
achieved with a suitable hydride reducing agent. This synthesis of (Z)-3-hexenol (15) may
soon become competitive on an industrial scale.

Scheme 7.3  Synthesis of (Z)-3-hexenol (15). Reagents and conditions: (a) Li, NH5 (1), ethylene
oxide; (b) H,, Lindlar cat.
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Scheme 7.4 Selective 1,4-hydrogenation giving (Z)-3-hexenol (15). Reagents and conditions:
(a) Hy, Ru Cp* cat.; (b) PMHS, Zn cat.

7.3.2 Citral

Citral (22) is another large volume fragrance ingredient produced by state of the art catalytic
technology, and BASF’s continuous manufacture of 22 employs two consecutive [3,3]-
sigmatropic rearrangements. The synthetic viability of the pivotal tandem [3,3]-Claisen—
Cope rearrangement was amply demonstrated by Thomas of Firmenich in 1967 in his
synthesis of a-sinensal (23, Scheme 7.5).14

Citral is the common name given to the mixture of geranial (22a) and its regioisomer neral
(22b), which gives the characteristic zest odour to lemon. The BASF continuous synthesis of
citral starts from isobutylene (24) and is widely regarded as the epitome of atom economy
and engineering efficiency.'” The key advantage of the BASF continuous process is the
convergent manufacturing route. A Prins reaction between formaldehyde and isobutylene
(24) yields isoprenol (25; Scheme 7.6). Isomerisation of 25 to prenol (26) and subsequent
allylic oxidation yields prenal (27). Thus, the two five-carbon precursors are synthesised
from the same feedstock. Combining prenol (26) and prenal (27) under acidic conditions
to form the transient mixed acetal sets the chemistry in motion, elimination and recycling
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Scheme 7.5 Synthesis of a-sinensal (23) via tandem [3,3]-Claisen then [3,3]-Cope
rearrangement
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Scheme 7.6 BASF continuous citral manufacture. Reagents and conditions: (a) formaldehyde,
Prins reaction; (b) isomerisation; (c) Ag/SiO»/O, 300-600°C, 0.001s”'; (d) H', heat;
(e) 100-200°C, recycling of 26 by distillation
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of 26 followed by [3,3]-sigmatropic Claisen rearrangement gives an intermediate which
then undergoes a further [3,3]-sigmatropic Cope rearrangement to yield citral (22). The fact
that citral (22) itself is not stable under acidic conditions makes this synthesis even more
remarkable.

With multithousand tonne volumes currently being manufactured, several challenges
were elegantly overcome by clever engineering and an innovative synthesis. Citral (22)
benefits from the advantage of being a key starting material for the synthesis of both
large volume vitamins and ionones used in the fragrance industry. Whilst more than
1000t year™ of citral itself is consumed by the flavour and fragrance industry, approxi-
mately 40 times that quantity is consumed in the manufacture of vitamin E.'® Having the
necessary infrastructure in place and this quantity of citral available, BASF have subse-
quently extended the use of citral as a starting material towards the manufacture of several
closely related terpenes. The enzymatic conjugate reduction of citral (22), yields optically
active (R)-(+)-citronellal (28), which is the principal odour vector for lemongrass and a key
precursor in the synthesis of (1R,2S,5R)-(—)-menthol (29, see below).!” Alternatively,
selective 1,4-hydrogenation of citral (22) yields citronellal (28) in racemic form.'®
Additionally the 1,2-reduction of citral (22) yields geraniol (30), which is an industrially
important rose smelling alcohol ingredient in the perfumer’s palette.'® This alcohol (30)
then becomes the starting material for a recently reported allylic rearrangement yielding
another appreciated floral alcohol linalool (31; Scheme 7.7).%° This transformation patented
by BASF is the intriguing rearrangement of geraniol (30) into linalool (31) via the reactive
distillation over a tungsten catalyst, which appears to be counter intuitive in the sense that
primary allylic alcohols are transformed into a tertiary allylic alcohol (31; linalool).
Linalool (31) is important in both lavender and bergamot reconstructions and is most
associated with fresh and floral facets. The competitive strength that BASF have developed
in their continuous citral process has now been further exploited in the synthesis of closely
related terpene alcohols and aldehydes.

Both (Z)-3-hexenol (15) and citral (22) are challenging molecules to synthesise on
industrial scale, and both contain double bonds able to display two isomeric forms (E/Z or
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Scheme 7.7 Terpenoid synthesis from citral (22). Reagents and conditions: (a) enzymatic
reduction; (b) H,, cat.; (c) reactive distillation over tungsten cat.

cis/trans) and different odour properties. In the next example we examine how the increased
challenge, present in the form of stereoisomeric control, is overcome.

7.3.3 (-)-Menthol

(1R,25,5R)-(—)-Menthol (29) gives the characteristic mint odour and cooling effect to
peppermint oil (Mentha piperita sp.). Both the cooling effect and the odour are dependent on
the absolute and relative configuration of the three stereocentres. Thus, for a feasible
industrial synthesis the near complete control of both relative and absolute stereocentres is
essential. Fortunately in the case of (1R,2S,5R)-menthol (29), once the absolute configura-
tion of methyl group in (R)-citronellal (28) has been established, the Prins cyclisation occurs
in highly diastereoselective fashion giving all of the substituents in the equatorial position
around the cyclohexyl ring. The industrial synthesis by Takasago starts from myrcene (32)
and employs the asymmetric isomerisation of the achiral allylic amine 33 to the enamine
34 (96-99% enantiomeric excess; ee) that has been performed on a 9 t scale {turnover
number of the ruthenium 2,2'-bis(diphenylphosphino)-1,1’-binaphthyl [(S)-BINAP] cata-
lyst approx. 8000, which with catalyst recycling reaches 400000}.>' Enamine 34 is
subsequently hydrolyzed under acidic conditions to yield (R)-citronellal (28; 96-99% ee,
Scheme 7.8).""** Prins cyclisation of 28 under catalytic Lewis acidic conditions gives
(1R,2S,5R)-(—)-isopulegol (35) in excellent stereoselectivity which, upon hydrogenation,
yields 29 in excellent overall yield. This highly efficient catalytic isomerisation process
results in the manufacture of 1000 t yearﬁl of (1R,2S,5R)-menthol (29), 1100t yearfl of the
precursor (1R,2S,5R)-isopulegol (35) and lSOOtyearﬁl of (R)-citronellal (28).%!

Rh (1) catalysed
1,3 suprafacial
hydrogen shift

H
T T @ EEL
o
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32 33 (R)-28 (1R,2S,5R)-35 (1R,2S,5R)-29
(Myrcene) (Citronellal) (Isopulegol) (Menthol)

Scheme 7.8 Takasago (—)-menthol (29) process. Reagents and conditions: (a) lithium
diethylamide; (b) (S)-BINAP Rh (I) cat., 96-99% ee; (c) H*, H,O; (d) ZnBr, cat.; (e) H,,
Raney-Nickel cat.



180  The Chemistry and Biology of Volatiles

ijl ) &Q == &@ : &O : &m
— - — —_—
O s
[0} O OH O OOH [0 6]
37 38 39 40 36

(Habanolide®)

Scheme 7.9 Industrial manufacture of habanolide (36). Reagents and conditions: (a) allyl
alcohol, DTBP, AH; (b) H"; (c) H-O.,, acetic acid; (d) AH, Fe/Cu cat.

Many non-natural menthol analogues are highly sought after as non-odorous physiolog-
ical coolants.”?

7.3.4 Habanolide

So far we have looked at examples of natural volatile molecules. Habanolide (36,
Scheme 7.9) from Firmenich is a highly appreciated unsaturated macrocyclic musk lactone
manufactured on a large scale that has not yet been found in nature.?* The corresponding
saturated analogue, however, has been isolated from Angelica root 0il.>> The challenge of
constructing the entropically disfavoured 15-membered macrocyclic ring was overcome via
the addition of a unit containing three carbon atoms to cyclododecanone (37), followed by
cyclisation and ring expansion. The radical addition of cyclododecanone (37) to allyl
alcohol yielded hydroxyl ketone 38, which upon acidic treatment underwent ring closure
and dehydration to afford dihydropyran 39. Oxidation of the dihydropyran with acidic
hydrogen peroxide gave the intermediate hydroperoxide 40, which upon pyrolysis over a
suitable mixed iron/copper catalyst underwent ring enlargement, producing the musk
smelling unsaturated lactone 36 as a mixture of double bond isomers.

In the above four examples we have seen how, by overcoming considerable challenges,
the efficient manufacture of natural or a non-natural volatile molecules has been achieved.
These syntheses vary from two to five synthetic steps and each product costs less than
50$ kg, which is a tribute to the implementation of constant process improvements. In
each case, the molecular structure was known, as was the financial and olfactory value of the
odorant. The manufacture of such successful novel fragrance molecules is often undertaken
by third parties following the expiry of the patent protecting them.

What if the structure and value of a fragrance molecule was not yet known, either because
it had not been discovered or because it was a natural molecule of known structure but had
not yet been synthesised via an industrially feasible route?

7.4 Remaining Challenges in the Large-Scale Synthesis of Natural
and Non-Natural Volatiles

The exquisite sensitivity and power of discrimination present in the human olfactory system
helps explain why no two identically smelling odorants have yet been discovered. The
implication of this is that new molecules may display improved molecular properties or
offer other advantages but their odour will always be non-identical to highly appreciated
fragrance ingredients. The design of such novel fragrance molecules could typically follow
two interrelated pathways.
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Figure 7.1 Structures of patchoulol (41) and B-santalol (42)

First, one could envisage employing a readily available starting material, applying
appropriate industrial catalytic technologies to make interesting structures in the hope that
the odours will be sufficiently interesting to perfumers, the molecules will show good cost/
performance, a favourable safety profile and the cost of production will allow the
manufacture of such a molecule. This strategy would apply mainly to non-natural volatile
molecules and could be seen as the industrial route already in place awaiting an appreciated
odorant to be discovered.

An alternative strategy would be to design, then synthesise fragrance molecules with
highly appreciated odours and favourable molecular properties, and then try to develop
industrially feasible chemical reactions for their manufacture at an acceptable cost. In such
cases, the molecule and odour could be described as already defined, but awaiting a
manufacturing route. As we see in several examples below, this can apply to both natural, for
example patchouli alcohol (patchoulol, 41), B-santalol (42; Figure 7.1), or non-natural
fragrance molecules (e.g. musks).

Every year, significant effort is dedicated to constantly improving catalytic methodolo-
gies and increasing the palette of reactions that can be utilised on an industrial scale. Despite
this, many thousands of odorant molecules are synthesised every year and only a very small
fraction of these are deemed worthy additions to the perfumer’s palette and subsequently
commercialised. Not surprisingly, tremendous effort has been dedicated to trying to
correlate structure with odour and yet most attempts towards the accurate prediction of
odour from molecular structure have met with disappointment.”® Novel odorants of the
future need to be designed, synthesised and evaluated, then undergo safety testing and be
manufactured using a safe, cost-efficient and environmentally acceptable process, each of
which poses interesting challenges.

In the initial phase of designing future novel non-natural volatile molecules as perfumery
ingredients, chemists face the question of whether greater understanding of the olfactory
system is an advantage. The interaction of volatile molecules with the olfactory system is
extremely complex. Both the immune system and the olfactory system rely on a huge
number of possible combinations of receptors to recognise and interact with both self and
nonself molecules, and both play an essential role in the detection of molecules present in
the environment surrounding the organism. We know, for instance, that the odour of an
individual is related to their major histocompatibility complex (MHC) and that this cluster
of genes plays a pivotal role in the immune system and has implications in the choice of
mate.”” The human olfactory system is able to discern odours from a wide variety of
functional groups and molecular shapes. The environment immediately surrounding the
binding domain in odour receptors or odour binding proteins is made up of L-amino acids
linked via peptide bonds; thus, the binding sites are chiral environments and are capable of
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interacting differently with enantiomers and diastereoisomers that may be present in
odorants.”®?° We know that humans perceive odour in a combinatorial way; that is, an
odorant molecule binds to multiple odorant receptors and odorant receptors bind to multiple
odorants.*® It is the electrical signal resulting from this pattern of binding interactions that is
interpreted by the brain as an odour. Sandalwood may be an exception to this, as the
structural prerequisites for sandalwood odour appear to be more specific.*'

The sense of smell is able to discern functional groups in fragrance molecules. In addition,
shape can be discerned via interaction with the chiral peptide backbone of the olfactive
receptor (OR) protein. Indeed, systematic mutation studies have provided evidence of
specificity being achieved by a single amino acid residue.*” If we can discern the functional
groups in fragrance molecules and we can discriminate shapes, where should we start when
attempting to design a novel fragrance molecule? To help investigate this conundrum, the
following example of cassis (or blackcurrant) is discussed.

7.5 Design and Synthesis of Novel Odorants and Potential Industrial
Routes to a Natural Product

7.5.1 Cassis (Blackcurrant)

For many people thiol 43 (Figure 7.2) is instantly recognisable as cassis or blackcurrant and
yet for others it is highly reminiscent of cat urine.* The closely related cyclic ketone 44 is
the major odour contributor found in Buchu oil and also evokes a cassis type odour.>* The
hindered oxime Labienoxime (45, from Givaudan) and Buccoxime (46, from Symrise) also
display cassis odours and are commercially successful fragrance materials.>

As we can see, many functional groups can evoke recognisable cassis odours. A further
class of cassis odorants are the spiro ether class exemplified by Etaspirene (47), the molecule
responsible for the fruity cassis twist in the perfume Pleasures (from Estée Lauder).>® The
synthesis of Etaspirene (47) employs the addition of the protected propargylic Grignard
reagent to enone 48 which yields tertiary alcohol 49 (Scheme 7.10). Acidic deprotection
followed by Lindlar reduction of 49 furnishes selectively the (Z)-alkene 50, then subsequent
cyclisation yields 47 as a mixture of diasteroisomers.

The structurally related unsaturated spiroether 51 and novel seco analogue (52,
Figure 7.3) were prepared using similar chemistry and also display cassis odours.>’ The
dihydrofuran ring in 47, 51 and 52 is not a prerequisite for cassis odour, as the saturated ether
537 and Cassifix (54, from IFF)*® also display similar odours. The tetracyclic saturated
ether 55, isolated as a byproduct in less than 1% yield, was also claimed as an intense and
substantive cassis odour.*

(e} (6] H
43 44 45 46
(Labienoxime®) (Buccoxime®)

Figure 7.2 Structures of selected cassis odorants



Challenges in the Synthesis of Natural and Non-Natural Volatiles 183

PGO
Y —
0 a 4 b, c  »OH d
— OH — OH — O
48 49

50 47
(Etaspirene®)

PG = protecting group

Scheme 7.10 Synthesis of etaspirene (47). Reagents and conditions: (a) protected propargylic
alcohol, base; (b) deprotection; (c) H,, Lindlar cat.; (d) acid cat.
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Figure 7.3 Structures of further cassis odorants

Further variation in the functional group with alcohols 56* and 57*' also evokes the
cassis odour. Alcohol 56, claimed as a powerful cassis, passionfruit odorant, is readily
synthesised from methyl pentadiene (58) and readily available enone 59 in a Diels—Alder
reaction followed by hydride reduction (Scheme 7.11).*

Finally, the 2-substituted pyridine 60 (Scheme 7.11)** also displays a cassis, tomato leaf
odour and indicates that a huge variety of functional groups are tolerated whilst maintaining
a similar odour character. Although hindered thiols, oximes, spiroether, trisubstituted
dihydrofurans, alcohols and even pyridine-containing molecules display cassis type odours,
all are distinct cassis odorants with different facets; it seems that the steric odour
environment is more important than the functional group to evoke the cassis odour.
Cassis and patchouli odour classes both seem to require a very hindered functional group
hidden within a small compact structure. For instance, the inclusion of a tertiary alcohol

i@ﬁbﬁ
w&

Scheme 7.11  Synthesis of decalin derivative 56 and structures of cassis odorants 57 and 60.
Reagents and conditions: (a) Lewis acid or heat; (b) LiAIH,
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Scheme 7.12  Cassis versus patchouli odour

functionality to the cassis-like tetrahydrofuran skeletons of compounds 47 and 53 results in
compounds 61 and 62 (Scheme 7.12), for which a shift from the cassis note to an earthy,
woody and camphoraceous odour reminiscent of patchouli oil is observed. It is also
interesting to note that both the ether and the tertiary functional groups are adjacent to
each other,>”*3 However, not all hindered alcohols have cassis or patchouli odours, and the
relationship between the two notes is unclear.

7.5.2 Patchouli

The steam distillation of the fermented leaves of Pogostemon cablin (Blanco) Benth.
(Laminaceae), yields patchouli oil, a highly popular and substantive perfumery ingredient
that finds widespread use in many product areas, particularly in laundry applications. This
highly appreciated odour of patchouli oil has three important facets (woody/amber, earthy
and camphoraceous odours) present together in complete harmony. The worldwide
production of this oil is currently more than 1200tyear ', although seasonal supply
variations often result in wide fluctuations in price (between 30 and 200 $ kg').** The
structure of patchouli alcohol (patchoulol, 41), that accounts for over 40% of the essential
oil, was published erroneously in 1961.*> Of the large number of syntheses of 41 that have
been published to date, many employ either an intra- or intermolecular Diels—Alder reaction
between a trimethyl cyclohexadiene derivative 63 and an alkene as the key retrosynthetic
disconnection (Scheme 7.13).*® A concise synthesis of racemic patchoulol (41) was
published in 1974 by Naef and Ohloff, and the corresponding asymmetric version followed
several years later (Scheme 7.13).47

The addition of the organolithium reagent derived from the optically active bromide 64 to
the dienone 63 gave the required tertiary alcohol as a 1:1 mixture of diasteroisomers (65,
66). Despite the directness of this approach the major disadvantage was the generation of
two diastereoisomers of which only 65 undergoes the desired Diels—Alder reaction to yield
(—)-patchoulol (41). Severe steric interactions between the sidechain methyl and the
bridgehead methyl disfavour the cycloaddition in diastereoisomer 66, thus effectively
limiting the yield. The search for non-natural patchouli odorants has focused mainly on how
to reduce complexity, and most studies have looked at sterically hindered tertiary alcohols
buried within compact cyclic structures.*®> However, hindered tertiary alcohols such as
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Scheme 7.13  Synthesis of (—)-patchoulol (41). Reagents and conditions: (a) Liand bromide 64
gave a 1:1 mixture of diastereoisomers; (b) 280-300°C, 24 h, cat. base, 25 % yield or 50% based
on 65; (c) H,, Pd/C

geosmin (67, Scheme 7.14) also display very earthy odours and hindered secondary alcohols
such as borneol (68) display very camphoraceous odours.*’ Recently, several interesting and
industrially feasible spirocyclic patchouli-like odorants were reported.50 Diels—Alder
reaction of the readily available enone 69 with either butadiene or isoprene yielded ketones
70 and 71, respectively. Ketone 70 itself was developed and launched due to its interesting
herbal note. Reduction of ketone 70 gave the patchouli odorant 72 which is noteworthy due
to the secondary alcohol functionality rather than the more typical tertiary alcohol
functionality. Reduction of ketone 71 under similar conditions followed by acetylation
furnished 73, an extremely powerful and elegant amber odorant (Scheme 7.14).
Bifunctional patchouli alcohol-like odorants 74, 75 and 76 (Scheme 7.15) were disclosed
in 1987 by Barton and coworkers, following the oxidation, under ‘gif’ conditions, of
patchouli alcohol (41) in an attempt to mimic in vivo metabolism through the agency of
cytochrome P450 enzymes.”" Intriguingly, it was ketone 76 with the closely positioned
ketone and alcohol functional groups that maintained a rich patchouli odour, whilst
ketone 74 was deemed the most interesting odorant, with an orris concrete-like note.
Further bifunctional patchouli odorants 77-80 and the related tertiary alcohol 81
(Figure 7.4) were recently published by Kraft and coworkers, as part of detailed struc-
ture—odour relationship studies on spiro tertiary alcohols and hydroxyl ketones.’>>> All
four bifunctional molecules displayed a patchouli and or camphoraceous odour, often with

SOIP S ° e ”
X N e o
67 (1S,2R)-68 69 \;\ 0 b e o
(Geosmin) (Borneol) —

Scheme 7.14  Spirocyclic patchouli, amber and herbal odorants. Reagents and conditions: (a)
Lewis acid or AH; (b) LiAlH,; (c) acetic anhydride, cat., AH
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41 74 75 76

Scheme 7.15 Oxidation of patchoulol (41) under ‘gif’ oxidation conditions. Reagents and
conditions: (a) Fe(ll), H,O,, pyridine, acetic acid
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Figure 7.4  Further spirocyclic patchouli odorants

additional interesting tobacco or animalic facets with varying detection thresholds. Slight
changes in structure gave large changes in odour, and the ‘ring reversal’ transition from the
spiro hydroxyl ketone 77 (with a rich patchouli odour) to the related hydroxyl ketone 78
(which displayed a camphoraceous minty, slightly patchouli) reinforced the difficulties
encountered in trying to predict odour from structure.”®

The synthesis of analogues 79 and 80 employed an elegant intramolecular Prins
cyclisation of decalin 82 to form the bicyclo[2.2.2]octane ring system (Scheme 7.16). The
gem dimethyl motif in patchouli alcohol (41) was replaced with a carbonyl functional group
and both 79 and 80 maintained appreciated patchouli odours.””

The secondary alcohol 83 was synthesised in three steps as part of a series of interesting
and powerful woody odorants and patented for its appreciated patchouli odour with ambery
nuances (Scheme 7.17).>* Even more recently, alcohol 84 was patented for its extremely
natural patchouli odour.>

A Diels—Alder reaction between methyl pentadiene (85) and methyl cyclohexenone (86)
gave the fused bicyclic ketone 87 in good yield. Hydrogenation followed by carbonyl
reduction furnished alcohol 84 in good overall yield.”> From sterically hindered tertiary and
secondary alcohols, we next investigate the wide variety of molecular structure that
represent the musk odour class.

an T e n, im0 M g m g
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Scheme 7.16 Prins cyclisation to form patchoulol skeleton. Reagents and conditions:
(a) enamine formation; (b) oxygen, Cu(l); (c) base, 1,4-dimethoxy-2-butanone; (d) LiAIH,;
(e) acetic anhydride, base; (f) Li, NH3; (g) oxalic acid, aq. methanol; (h) base, ethyl formate;
(i) p-TSA, AH; (j) thiocarbamate formation; (k) radical deoxygenation; (I) base, oxidation;
(m) H,, Pd/C
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Scheme 7.17 Three-step syntheses of patchouli-like odorants 83 and 84. Reagents and con-
ditions: (a) Lewis acid or AH; (b) H,, Pd/C cat.; (c) LiAIH,

7.5.3 Musk

Many classes of musk odorants exist, including nitromusk, macrocyclic and polycyclic,
containing many varied and interesting structures.’® Macrocyclic musks in a pure form such
as muscone (88) have been used in perfumery virtually since their structural determination
by Ruzicka in 1926 and despite their high initial price.’® The efficient synthesis of these
large macrocyclic rings has been the subject of constant research and, in a novel three-step
synthesis of racemic muscone (88), the radical mediated addition of acetone to 1,9-
decadiene (89) gave the diketone 90 (Scheme 7.18).%7 Intramolecular aldol condensation
of the diketone 90 followed by hydrogenation gave racemic muscone (88). The asymmetric
hydrogenation of the pure (E)- and (Z)-isomers of enone 91 had previously been applied to
the synthesis of (R)-muscone (88).5 8

Using another related aldol approach, non-natural unsaturated analogues such as (52)-
muscenone (92) have been synthesised in stereoselective and enantioselective fashion
(Scheme 7.19) confirming their highly appreciated nitro musk aspects.>

In a novel approach to the macrocylic musk 92, Fehr and coworkers demonstrated the
feasibility of the intramolecular aldol condensation of the meso-diketone 93 to furnish the
optically active enone 94, followed by Eschenmoser fragmentation giving alkyne 95 and
Lindlar hydrogenation to yield (5Z)-92, as shown in Scheme 7.19.°° In subsequent
developments towards the synthesis of scalemic (5Z)-muscenone (92), Knopff and co-
workers first reported the chiral aminoalkoxide-mediated condensation of the meso-
diketone 93 and B-elimination of the transient aldol adduct, which gave enone 94 in
56-76% ee, and they more recently reported an amino acid catalyzed version of this aldol
addition/dehydration sequence.®

(@] (@] (@]
SO Lw*@
E—
N
O
89 90 91 88

(Muscone)

Scheme 7.18 A radical approach to muscone (88). Reagents and conditions: (a) Mn(ll),
acetone; (b) base, aldol; (c) H,, cat.
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Scheme 7.19 Asymmetric synthesis of (5Z)-muscenone (92) and structure of its lower homo-
logue Cosmone (96). Reagents and conditions: (a) KOH, asymmetric reduction, separation; (b)
ephedrine base, or amino acid cat.; (c) Eshenmoser fragmentation; (d) H,, Lindlar cat.

A lower homologue of (5Z)-muscenone (92) was recently released onto the market as
Cosmone (96, from Givaudan)61 and the synthesis of unnatural unsaturated, ether-contain-
ing and methyl-substituted macrocyclic ketones and lactones has been a very rewarding
field of investigation®®?, even 100 years after the isolation of the first macrocyclic musk.

Examples of yet another class of musks are shown in Figure 7.5. One of them, cyclomusk
(97), was patented by BASF in 1976.%* The structurally related Helvetolide (98) was
patented in 1991 and has found widespread use as a top note musk in many commercially
successful fragrances.®® The replacement of the gem dimethyl group with a carbonyl
functionality maintained the musk odour and gave rise to another successful odorant,
Romandolide (99),°® and subsequently the epoxyester 100.%” Further related members of the
Helvetolide class of musk including 101-104 have been reported.®*’

Another interesting structural class of musk was discovered, patented and named
Klauscenone (105, Figure 7.6).70 Although Klauscenone (105) was never commercialised,
during the synthesis of analogues, Moxalone (106) was discovered, developed and later
launched on the market.”" The related polymethylated bicyclic ketone Cashmeran (107,
from IFF)’%, a commercially successful musk displaying woody aspects has been on the

L o o
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97 98 99

100
(Cyclomusk) (Helvetolide®) (Romandolide®)
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Figure 7.5 A selection of cyclomusk analogues
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Figure 7.6 Further novel musk skeletons

market since the 1970s, and the more substantive and more powerful higher homologue 108
has been recently patented.73

Aromatic lactonic musks are yet another interesting structural class of musks, and six-
(109)74 and five-membered (110)75 versions have been claimed. Novel indenone 111
displayed a strong musky odour and served as a novel lead for yet another structural class of
musks.’® In studying the interface between ionone (violet), woody and musk odour families,
Kraft and coworkers synthesised both seco analogues typified by 112 and later monocyclic
versions of five- (113) and six-membered rings (114), which further extended this exciting
class of novel musk odorants (Figure 7.6)."7

Many of these analogues show interesting nuances in addition to the musk odour
descriptors. From this veritable wealth of structural diversity that evokes the musk odour
as their primary descriptor, trying to accurately predict odour from structure is far from
reliable. From an odour class where structural promiscuity is evident, we pass to an odorant
class where the majority of members are either primary or secondary alcohols with a very
well defined shape and functional group spacing: the sandalwood odorants.

7.5.4 Sandalwood

The slow growing and highly prized East Indian sandalwood (Santalum albumL.), which
is now under severe threat from overexploitation and made worse by its increasing
scarcity, has always been subject to supply variations and therefore suffers from constant
price fluctuations.”® The current market price for the essential oil is approximately
1000 $ kg ' and represents a very attractive and extremely challenging target for fragrance
chemists. The constant volatility of the East Indian sandalwood oil price has driven the
search for synthetic sandalwood smelling compounds. Since the 1940s a number of these
molecules have been manufactured and are available on the market. Two of the most
recent additions to the synthetic sandalwood odorants are Firsantol (115)”° and Javanol
(116;*° Figure 7.7).
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(Firsantol®) (Javanol®)
Figure 7.7 Structures of selected synthetic sandalwood odorants

Even more recently the saturated monocyclopropanated sandalwood odorant 117%! and
the extremely natural and substantive sandalwood odorant alcohol 118** were synthesised
and patented.

As East Indian sandalwood oil itself is a highly appreciated perfumery ingredient already
found in many prestigious perfumes, a synthetic replacement would be very desirable. (Z)-
(—)-B-Santalol (42, Figure 7.8) is the key odour compound responsible for the creamy
lactonic sandalwood character of the oil. The level of this compound in East Indian
sandalwood oil is 20-25% and in the related Australian sandalwood oil (S. spicatum) is
3-8%. The closely related (Z)-(+)-a-santalol (119) which makes up 50-60% of the East
Indian sandalwood oil has a less appreciated cedar-like sandalwood character.®> The
presence of the (Z)-configured allylic alcohol is also essential for the highly appreciated
odour, as the (E)-(—)-B-santalol (120) has been described as weakly sandalwood, woody,
medicinal and phenoli(:.84 As the (+)-enantiomer of 42 has been shown to be odourless,
clearly an industrially feasible asymmetric synthesis of the (Z)-(—)-3-santalol (42) would be
even more desirable.®> The corresponding endo isomer, epi-(Z)-(+)-B-santalol (121), has
already been synthesised in racemic form and was found to be weak and uninteresting.*® For
the industrial synthesis of the more appreciated (Z)-(—)-B-santalol (42) several challenges
must be overcome, including the selective synthesis of the (Z)-allylic alcohol, the installa-
tion of the exo sidechain and the exo methylene functional group, whilst avoiding the facile
rearrangement of the norbornane skeleton under acidic conditions.

Despite many racemic, academic syntheses,®” an asymmetric synthesis®> and two
theoretically industrially feasible racemic syntheses of (Z)-(—)-B-santalol (42) by Chris-
tenson and Willis (1979)® and Baumann and Hoffmann (1979),*" neither synthetic (4)-(2)-
a-santalol (119) nor (3)-(Z)-B-santalol (42) are available commercially. Christenson and
Willis described the racemic synthesis of 42 via buffered epoxidation of racemic camphene
(122) followed by epoxide opening with the dianion of acetic acid and ring closure giving
the spirolactone 123 (Scheme 7.20).%® Sulfuric acid mediated rearrangement gave the fused
lactone 124 containing the three carbon atom-containing sidechain with the required exo-
configuration. Heating under acidic alcoholic conditions cleaved the lactone and generated
the exo-methylene functionality in ester 125. Reduction, followed by modified Wittig
reaction gave racemic (Z)-(-santalol (42).

(2)-42 (2)-119 (E)-120 epi-(2)-121
(B-Santalol) (o-Santalol) (B-Santalol) (B-Santalol)

H

Figure 7.8 Structures of (Z)-B- and (Z)-a-santalol (42 and 119) and some of their less
olfactively appreciated isomers
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Scheme 7.20 Synthesis of (Z)-B-santalol (42). Reagents and conditions: (a) peracetic acid,
sodium acetate; (b) LDA, acetonitrile; (c) KOH, ethanol, AH; (d) conc. H,SO,, —10°C; (e) p-
TSA, ethanol, AH; (f) DIBAL-H; (g) n-Buli, ethylidene triphenyl phosphorane, then formaldehyde

Around the same time, Baumann and Hoffmann, chemists at BASF, published a lengthy
route to B-santalol (42) employing industrially feasible reactions, but unfortunately giving
no control over the double bond geometry in the penultimate step and furnishing only (E)-
B-santalol (120).89

Nearly 30 years after these syntheses, the combination of two recent breakthroughs in
catalytic technologies may result in the more efficient, industrially feasible synthesis of pure
(Z)-(—)-B-santalol (42; Scheme 7.21). The first challenge presented by 42 is the efficient
installation of the three carbon atom-containing sidechain to the bicyclo[2.2.1]heptane core
in exo-fashion. The exo challenge has been elegantly overcome via a novel copper(I)-
catalyzed fragmentation reaction observed initially as a side reaction by Fehr and
coworkers.””

Preparation of the required olefin 126 was straightforward, by employing the recently
reported asymmetric Diels—Alder reaction of crotonaldehyde and cyclopentadiene in water
to give the aldehyde 127 with good exo selectivity and in 95% ee (Scheme 7.21).°!
Exhaustive hydrogenation of both the aldehyde carbonyl and the double bond afforded the
corresponding alcohol, activation as the methyl carbonate and pyrolysis yielded the desired
endo-methyl methylene [2.2.1]bicycloheptane 126, with a slight erosion in ee (to 91%).
Then the key ‘ene’ reaction with a silyl-protected propargylic aldehyde derivative followed
by deprotection produced alcohol 128.°° Alcohol 128 is an ideal substrate for a cyclisation/
fragmentation reaction to give the desired unsaturated aldehyde 129 in excellent yield,

I
e i e e !
4 OH
127 126 128

K
PPN PPN
(ZHZLWO‘L@\AO
130 129

Scheme 7.21 Synthesis of (Z)-(—)-B-santalol (42) via a copper (1) catalysed fragmentation.
Reagents and conditions: (a) exo/endo 72:28 (% ee ratio 95:76); (b) H,, Raney-Nickel cat.;
(c) activation, pyrolysis; (d) TMS propargylic aldehyde, dimethylaluminium chloride; (e) K,CO3,
methanol; (f) Cu(l) cat., dichloroethane, 50°C, 98%; (g) H, Pd/CaCOj; cat.; (h) n-Buli,
ethylidene triphenyl phosphorane, then formaldehyde

88,89
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Scheme 7.22  Extension of 1,4-hydrogenation of dienes to dienyl esters to give the (Z)-allylic
alcohol motif in 132

installing simultaneously the exo-methylene motif and the three carbon atom-containing
sidechain in exo-fashion. One recrystallisation from pentane at low temperature improved
the ee to 97%. Selective hydrogenation of the conjugated double bond followed by a Wittig
reaction modified by Corey and Yamamoto®? furnished (Z)-(—)-B-santalol (42; Z/E 97:3,
97% ee) in reasonable overall yield.go It was the (Z)-allylic alcohol motif®® that had plagued
the two previous industrially feasible syntheses. Although Wittig reactions are indeed
utilised on an industrial scale in the multitonne manufacture of vitamins, the conversion of
the aldehyde 130 into (Z)-42 via a catalytic process would be required. It could be shown that
the same 1,4-hydrogenation conditions developed for the synthesis of (Z)-3-hexenol (15)"?
when applied to a suitably substituted dienyl acetate such as 131 would result in the acetate
protected form of the (Z)-allylic alcohol motif in 132 found in both (Z)-a-santalol (119) and
(Z)-B-santalol (42; Scheme 7.22).94 This has now been shown to be a viable approach for the
large-scale preparation of (Z)-42.%

Aldol condensation of aldehyde 130 with propanal occurred smoothly to yield the enal
133, requiring only double bond isomerisation and aldehyde reduction to yield (Z)-
(—)-B-santalol (42; Scheme 7.23). Generation of dienyl acetate 134 occurred smoothly
and the key transformation, the selective 1,4-hydrogenation, gave the (Z)-double bond with
excellent selectivity (Z/E 98:2) to yield the allylic acetate 135. Acetate 135, after treatment
under transesterification conditions, furnished (Z)-(—)-3-santalol (42) in good overall yield
and in 97% ee from aldehyde 130.°*

As we can see, using a combination of innovative catalytic technologies may enable
the efficient industrial synthesis of (Z)-B-santalol (42), one of the last classic synthetic
challenges for fragrance chemists.

130 133 134 135 o™

Scheme 7.23 Synthesis of B-santalol (42) using (Z)-selective catalytic 1,4-hydrogenation.
Reagents and conditions: (a) propanal, cat.; (b) acetic anhydride, triethylamine, AH; (c) H,,
RuCp* cat.; (d) K;CO3;, methanol
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Table 7.1 Challenges compared between pharmaceutical, agrochemical and fragrance
industries

Typical molecular Pharmaceuticals®’ Agrochemicals®® Fragrance
properties guidelines
Molecular weight 300-500 amu 250-400amu 100-300 amu
H-bond donors per 5 <3 <1
molecule (OH, NH, etc.)
H-bond acceptors 10 2-12 <2
per molecule (C=0, etc.)
log Pos® <5 <5 <5
Charged salts Yes Yes No
Crystals Yes Yes Rare
Purification processes Crystallisation or Crystallisation Distillation
chromatography
Protecting groups Common Rarely used Rarely used
Typical cost [$ kg '] 10000150 000" 10-100 10-500
Length of synthesis 5-12 steps <5 steps 2-7 steps
Chiral syntheses Common 15-20% of market ~ Rare®”

Note: ?Logarithm of the octanol/water partition coefficient as a measure of hydrophobicity.
b Aspirin (Bayer), being a cheap pharmaceutical drug synthesized in one step from salicylic acid, would be an
exceptionto this. Monoclonal antibodies costing many times this amount would also be exceptions. Lipitor (Pfizer) a
representative large volume drug retails for 2 $ per 10 mg tablet, equivalent to approximately 200000 $ kg ™.

7.6 Other Challenges

The synthetic challenges posed by both natural and non-natural volatile molecules have
occupied the world’s synthetic chemists for many decades. Despite the significant advances
that have been made in the areas of selective catalysis, the discovery of novel chemical
reactions and the use of known technology in novel applications, formidable challenges still
exist. Additional challenges are becoming significant along the pathway from the discovery
of a novel fragrance molecule to its eventual launch onto the market. These additional
challenges come in the form of ever tighter price constraints, together with a favourable
ecological and safety profile. The ultimate challenge in synthesis of a novel fragrance
molecule, however, is achieving the desired organoleptic purity in the final product.
Organoleptic purity is sometimes very different to chemical purity, and odour quality is
most often be achieved by distillation, which presents further unique challenges to the
fragrance industry. Table 7.1 illustrates how these challenges vary across several chemical
industries.”>"7

7.7 Conclusion

This chapter focuses on a small selection of the very elegant solutions that chemists have
devised to overcome considerable challenges in the synthesis of natural and non-natural
volatile compounds. Whilst the processes involved in the olfactory system are more and
more studied, their complexity became more and more evident, in particular when it comes
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to anticipating odours and hedonic effects. Therefore, serendipity and a certain touch of
magic still play an important role in the design, synthesis and eventual production of novel
fragrance molecules. We will continue to be dependent on the creativity and imagination of
observant chemists. Despite many beautiful smelling molecules being isolated from natural
sources or discovered by design (and by chance) every year within the research departments
of fragrance companies, only a small fraction will be launched on the market to eventually
find their way into a successful fragrance. Actually launching a successful fragrance
ingredient on the market requires combining the cost-efficient synthesis of ingredients
displaying desired molecular properties. These desirable molecular properties increasingly
include considerations such as the metabolic fate of fragrance molecules within the
olfactory system®® and the environment.

To conclude this review, it is useful to set out some of the specific issues and challenges
that arise for organic chemists from the growing concern for environmental biodegradability
and interest in how the olfactory system recognises fragrance molecules. At present, high
odour strength has been suggested to be due to odorant molecules inhibiting their own
metabolism by being good inhibitors of the cytochrome P450 enzymes that occur within the
nasal mucosa.”” Both in vertebrates and in worms odorant receptors are G protein-coupled
receptors, and it has been proposed that they are metalloproteins, implicating copper or zinc
in odorant binding.'® Insect odorant receptors however, can also act as gated ion
channels.'®' As the olfactory system is able to recognise a huge variety of different
functional groups from aldehydes, carboxylic acids, amines, thiols, alkenes, alkynes,
ethers, aromatic rings through to alcohols and nitriles, a question for organic chemists is
whether fragrance molecules are simply acting as Lewis basic ligands for a Lewis acidic
metal(s) buried within an odorant receptor. In seminal work by Ohloff and coworkers of
Firmenich, a distance of <3 Abetween hydrogen bond acceptor and donor, in bi-functional
odorants, was shown to be important for a muguet odour.'® A further question for chemists
is whether this is due to the proximity of both functional groups allowing their interaction, as
a bidentate ligand, with a single metal ion? Could a larger distance between the hydrogen
bond donor and acceptor imply more than one metal ion or simply a mixed message to the
brain that is not interpreted as an odour? On this point, it has already been shown that
odorants can act as both agonists and antagonists to odour receptors and that oxidation of
odorants can produce antagonistic compounds.'®® Further, the metabolism of odorants is
frequently mediated by oxidative cytochrome P450 enzymes which may be a closely related
process to the antagonism of the interaction of odorants to odorant receptors. Greater
understanding of these processes and answers to the questions outlined above will have
important implications for how chemists approach to efficient design of future fragrance
molecules.
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