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1.1 Introduction and overview

The first half of this book deals with the production of pheromones, primarily in
female insects, and the second half deals with reception of pheromones and
other odorants, the former primarily in male insects and the latter in males,
females and juveniles. Most of the work on pheromone production and reception
is recent, all occurring in the past three decades. The emphasis in this book is on
work done since 1987, when Pheromone Biochemistry (Prestwich and Blomquist,
1987) was published. From the work presented in this edition, it can readily be
seen that the field has undergone tremendous advances in the last one and a half
decades.

Our understanding of pheromone production has evolved from identifying
biochemical pathways towards unraveling the molecular biology of key regulatory
enzymes, and in one system, a genomics approach has been initiated. Our
understanding of the regulation of pheromone production has similarly advanced
from simply knowing that a particular hormone increased pheromone production
in a few species to developing an understanding of which enzymes are regulated
at the molecular level.

Our understanding of pheromone reception had undergone dramatic change
just prior to 1987 with the proposal that Pheromone Binding Proteins (PBPs)
and pheromone degrading enzymes transported and inactivated pheromonal signals
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within the sensilla (see Figure 1.2B). The general framework of this process is
now known to be widespread for most insects and for the reception of pheromones,
plant volatiles and other odorants. Biochemical transduction pathways have been
identified, including the all important olfactory receptor proteins. A marriage of
molecular genetics and genomics with biomechanics, behavior, anatomy and
physiology is giving new understanding of how pheromones are detected, and
raising many new questions in the process.

1.2 Pheromone production: biosynthesis of pheromones

The first insect sex pheromone identified was bombykol, (E, Z)-10,12-
hexadecadien-1-ol (Butenandt et al., 1959) from the silkworm moth, Bombyx
mori (L.). The elucidation of the structure spanned 20 years and required 500
000 female abdomens. A few years later, (Z)-7-dodecenyl acetate was identified
as the sex pheromone of the cabbage looper, Trichoplusia ni (Berger, 1966). By
1970, following the pioneering work by Silverstein on bark beetles, in which
three terpenes were identified as a synergistic pheromone blend for Ips paraconfusus
(Silverstein et al., 1966), it became recognized that most insect pheromones
consisted of multicomponent blends. This has since been shown to be true for
most insects, and single-component pheromones are rare. Over the past four
decades, extensive research on insect pheromones has resulted in the chemical
and/or behavioral elucidation of pheromone components from several thousand
species of insects, with much of the work concentrating on sex pheromones from
economically important pests.

One of the early issues addressed in pheromone production was the origin of
pheromone components. Ultimately, all precursors for pheromone biosynthesis
can be traced through dietary intake. A question asked in several systems was
whether pheromone components were derived from dietary components that
were altered only minimally or whether they were synthesized de novo. This
simple question proved surprisingly difficult to answer, and different answers
were obtained for different groups of insects. By the mid – 1980s, isotope
studies had demonstrated that in the Lepidoptera, most of the sex pheromone
components were synthesized de novo (Bjostad et al., 1987), with some exceptions
(see Eisner and Meinwald Chapter 12,). Early studies in the boll weevil,
Anthonomus grandis, gave evidence that the monoterpenoid pheromone
components could arise both from modification of dietary precursors (Thompson
and Mitlin, 1979) and from de novo biosynthesis (Mitlin and Hedin, 1974). The
relative contribution of each has still not been fully resolved (Tillman et al.,
1999). Early studies in bark beetles yielded convincing evidence that aggregation
pheromone components such as 2-methyl-6-methylene-7-octen-4-ol (ipsenol),
2-methyl-6-methylene-2,7-octadien-4-ol (ipsdienol) and cis- and trans-verbenol
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were synthesized by the slight modification, usually hydroxylation, of host tree-
derived monoterpenoid precursors (Hughes, 1974 Byers et al., 1979; Byers,
1981). Indeed, Hendry et al. (1980) convincingly demonstrated that deuterium
labeled myrcene was directly converted to ipsenol and ipsdienol. This led to the
widely accepted dogma that bark beetles obtain their pheromones differently
than most other insects, where de novo biosynthesis is the norm. Not until the
last decade did it become apparent that the situation in bark beetles was more
complicated, and radiotracer studies demonstrated that some bark beetle pheromone
components are synthesized de novo (Seybold et al., 1995). This led to renewed
interest in both the biochemistry (Seybold and Vanderwel, Chapter 6) and molecular
biology (Tittiger, Chapter 7) of bark beetle pheromone production.

By 1987, when Pheromone Biochemistry (Prestwich and Blomquist, 1987)
was published, the biosynthetic pathways of pheromones for a number of species
had been determined, and work was progressing toward the characterization of
some of the unique enzymes involved. It became apparent that the products of
normal metabolism, particularly those of the fatty acid and isoprenoid pathways,
were modified by a few pheromone gland-specific enzymes to produce the myriad
of pheromone molecules. The elegant work of the Roelofs laboratory (Bjostad et
al., 1987) demonstrated that many of the lepidopteran pheromones could be
formed by the appropriate interplay of highly selective chain shortening and a
unique delta-11 desaturase followed by modification of the carboxyl carbon.
This work has been extended, and a clear understanding of the biosynthetic
pathways for many of the lepidopteran pheromones is now known (Jurenka,
Chapter 3). Also, the delta-11 and other pheromone-specific desaturases in
Lepidoptera have been characterized at the molecular level (Knipple and Roelofs
Chapter 4). Chain shortening of fatty acids is also involved in producing the
queen pheromone in honeybees (Plettner et al., 1996, 1998) and this is reviewed
in Chapter 11 (Blomquist and Howard). In some insects, fatty acid elongation
followed by decarboxylation produce the hydrocarbon pheromones, and these
include examples of lepidopterans (Jurenka, Chapter 3), dipterans (Blomquist,
Chapter 8; Jallon and Wicker-Thomas, Chapter 9), the German cockroach (Schal
et al., Chapter 10) and the social insects (Blomquist and Howard, Chapter 11).
More recent work in bark beetles has shown that Ips and Dendroctonus spp.
produce their monterpenoid-derived pheromones ipsenol, ipsdienol and frontalin
by modifications of isoprenoid pathway products (Seybold and Vanderwel, Chapter
6). Until that work, it was considered very rare for animals to produce
monoterpenoids (C10 isoprenoids).

Sex pheromone gland cells can be individual cells or clusters of cells forming
glandular tissue, and these structures can be located almost everywhere externally
on insects, including antennae, the head, thorax, legs and abdomen (Ma and
Ramaswamy Chapter 2). Recent work at the molecular level has shown that
midgut tissue (Hall et al., 2002a, 2002b; Nardi et al. 2002) in I. pini and
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Dendroctonus jeffreyi upregulate key mevalonate pathway enzymes during the
induction of pheromone biosynthesis.

The powerful tools of molecular biology have recently been applied to studies
on pheromone production. Knipple and Roelofs discuss their work on these
unique desaturases involved in lepidopteran pheromone production in Chapter 4,
and Tittiger reviews the work on the characterization of the mevalonate pathway
enzymes in bark beetle pheromone production in Chapter 7. The sequencing of
the Drosophila genome has resulted in advances in our understanding of the
genetics in Drosophila and, combined with biochemical and molecular approaches,
has led to new insights in a host of areas, including pheromone production
(Jallon and Wicker-Thomas, Chapter 9).

1.3 Endocrine regulation of pheromone production

The production and/or release of sex pheromones is influenced by a variety of
environmental factors (Shorey, 1974). In general, insects do not release pheromones
until they are reproductively competent, although exceptions occur. Pheromone
production is usually age related and coincides with the maturation of ovaries or
testes, and in some cases with feeding. The observation that females of certain
species have repeated reproductive cycles and that mating occurs only during
defined periods of each cycle led to the proposal that pheromone production
might be under hormonal control (Barth, 1965). Early work on cockroaches
established that females require the presence of functional corpora allata in
order to produce sex pheromones. Allatectomized females produce no pheromone
and this prevents successful mating (Barth, 1961, 1962). Within a few years, the
role of juvenile hormone (JH) in regulating pheromone production was established,
and JH was shown to regulate pheromone production in a number of cockroach
and beetle species (Hughes and Renwick, 1977a, b; Vanderwel and Oehlschlager,
1987; Vanderwel, 1994; Blomquist and Dillwith, 1983; Schal, Chapter 10; Seybold
and Vanderwel, Chapter 6).

A unifying theme of this work was that the same hormone that regulated
ovarian maturation (JH) also regulated pheromone production, coordinating sexual
maturity with mating. Thus, in retrospect, it was not surprising that ovarian-
produced 20-hydroxyecdysone, which plays an important role in reproduction in
female Diptera, was shown to be the key hormone inducing sex pheromone
production in the female housefly, Musca domestica (Adams et al., 1984; Dillwith
et al., 1983; Blomquist et al., 1987). This work has been extended to show that
20-hydroxyecdysone regulates the fatty acyl-CoA elongase enzymes to induce
muscalure production (Blomquist, Chapter 8).

It was recognized by the mid-1980s that Lepidoptera regulated pheromone
production through a different mechanism than flies, cockroaches and beetles
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(Raina and Klun, 1984), but it wasn’t until 1989 that the structure of the pheromone
biosynthesis activating neuropeptide (PBAN) was elucidated (Raina et al., 1989).
The rapid advances in this area in the last decade are chronicled by Rafaeli and
Jurenka (Chapter 5).

The three hormones that regulate pheromone production in insects are shown
in Figure 1.1 PBAN alters enzyme activity through second messengers at one or
more steps during or subsequent to fatty acid synthesis during pheromone
production (Rafaeli and Jurenka, Chapter 5). In contrast, 20-hydroxyecdysone
and JH induce or repress the synthesis of specific enzymes at the transcription
level (Tittiger, Chapter 7; Blomquist, Chapter 9).

Figure 1.1 The three major types of hormones that regulate pheromone
production in insects. A Juvenile Hormone III (C16 JH), B 20-
Hydroxyecdysone and C PBANs from the corn earworm, Helicoverpa zea
(Raina et al., 1989), the silkworm moth Bombyx mori (Kitamura et al., 1989)
and the gypsy moth, Lymantira dispar (Masler et al., 1994). The minimum
sequence (pentapeptide) required for activity is indicated.
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In no model pheromone biosynthetic system is the molecular mechanism of
hormonal regulation completely understood. The mechanism of action of JH and
the nature of its receptor remain one of the mysteries of insect science, and the
clear-cut action of JH by itself in inducing specific genes in pheromone production
in bark beetles offers an excellent model for study. A better understanding of the
PBAN receptor and the second messenger system it triggers as well as the steps
regulated in pheromone biosynthesis is also needed. The next several years
should see some of the key questions answered in model insects.
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1.4 Detection of pheromones and plant volatiles

One reads that olfaction is the oldest sense, although this is generally stated from
a human/vertebrate perspective and with the implication that olfaction was invented
in fish. Chemoreception is certainly one of the oldest senses, present in bacteria
and presumably one of those life essentials that was required of the earliest of
chemotrophic single celled organisms. Life would be quite irrelevant in the
absence of sensory input: no food, no escaping those who want to eat you, and
no sex. There would be no learning since there would be no input through which
one could learn anything, and no memory since there would be no means of
experiencing. Chemoreception presumably became established in prokaryotes
near the onset of life on earth, and became increasingly diversified and specialized
through the evolution of eukaryotes. Plant, fungus and animal lineages diverged
when organisms were still single celled; multicellularity developed independently
within each of these lineages. Animals developed unique means to communicate
between cells (cell–cell interactions and endocrine systems) and to coordinate
their body movements and behaviors (nervous systems and endocrine systems).
The detection of chemicals external to the animal body presumably became
transformed into what we now think of as taste and smell. Chemoreception is not
necessarily neuronal, but what we consider as smell and taste are clearly neuronal
processes. The mechanisms underlying smell and taste are those common to the
nervous system: neurons respond to external chemical stimuli (neurotransmitters
and neuropeptides) via receptor proteins in their membranes which activate ion
channels either directly (many receptors are themselves ion channels) or via
second messenger transductory systems (e.g. G-protein coupled receptors). These
processes are common to all those organisms that we consider animals, except
for sponges, which are somewhat transitional between single and multicellularity
and lack nervous systems. But even jellyfish have nervous systems that perform
the same cellular functions as our own.

So, at the onset of this new millennium, we quite readily accept that olfaction
and taste work via sensory neurons and that odor and taste molecules stimulate
these neurons by binding to receptor proteins. But this is a remarkably recent
view, certainly not preceding the experiments which elucidated the mechanisms
underlying acetylcholine stimulation of nerve-muscle synapses (Eccles et al.,
1941; Fatt and Katz, 1951, 1952; del Castillo and Katz, 1954). It is perhaps,
then, not surprising that Vincent Dethier (e.g. Dethier, 1962) and Dietrich Schneider
(e.g. Schneider, 1969) should have been in the positions to establish insect taste
and olfaction as neurobiological systems. There is no doubt that Schneider and
his colleagues are responsible for establishing the basics of how pheromones
and other odors are detected by insects (e.g. Schneider, 1957; Boeckh, 1962;
Schneider et al., 1964; Boeckh et al., 1965; Kaissling and Priesner, 1970;
Steinbrecht and Kasang, 1972; Kaissling 1974a).



Biosynthesis and detection of pheromones and plant volatiles 9

In 1980, there were no identified gene products that functioned in the detection
of odors, pheromone or otherwise. This is not to say there had been no efforts to
identify olfactory proteins. The degradation of pheromone molecules had been
characterized in. B. mori (e.g. Kasang, 1971, 1972, 1974; Kasang and Kaissling,
1972) and T. ni (Mayer, 1975; Ferkovich et al., 1973a, b, 1980). Structure–
activity studies suggested pheromones were detected by receptor proteins (e.g.
Kikuchi, 1975; Kafka and Neuwirth, 1975), and chemicals that disrupt protein
structure had been used to uncouple odor response pathways (e.g. Villet, 1974;
Frazier and Heitz, 1975). Other studies suggested roles of second messengers in
olfactory transduction (e.g. Villet, 1978; see Wieczorek and Schweikl, 1985).
But these studies yielded no actual proteins or genes. In 1974, Karl-Ernst Kaissling
(Kaissling, 1974b) proposed a model for pheromone detection in silk moths in
which pheromone molecules were transported to neuronal receptor proteins via
pore-tubules (after Steinbrecht and Müller, 1971; also see Steinbrecht, 1997)
and were subsequently inactivated by some rapid but non-enzymatic process
(after Kasang, 1973) (see Figure 1.2a). But in 1980, matters were about to
change.

Figure 1.2 Historical models of insect odor detection. “A” is taken from a
figure in Slifer et al. (1959) and depicts neuronal cilia making contact with air
through a pore penetrating the cuticle hair wall. In 1969, K. D. Ernst published
images showing that these “cilia” were not neuronal but rather were tubular
extensions from the cuticular pores (pore-tubules) (Ernst, 1969; Steinbrecht,
1997). “B” is taken from a figure of Kaissling (1974a or b) and depicts pore-
tubules serving as conduits to transport pheromone molecules from the air to
the neuronal membrane. “C” is after Vogt et al. (1985) and depicts OBPs
serving to transport odor molecules from pores to ORs, and ODEs as odor
inactivators (see Chapter 14 for more information). “20??” is to imply the
coming emergence of new understanding of the mechanisms underlying odor
detection.
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In 1981, the pheromone binding protein (PBP) and sensilla esterase (SE) of
Antheraea polyphemus were identified (Vogt and Riddiford, 1981); and in 1985
a new model for pheromone detection was proposed. In this model, PBPs
transported pheromone to receptor proteins (replacing pore-tubules in this role)
and SE rapidly inactivated pheromone by enzymatic degradation (Vogt et al.,
1985) (Figure 1.2b). In 1987, when the previous edition of this book was published,
not a great deal more was known. PBPs had been characterized in the gypsy
moth, Lymantria dispar (Vogt, 1987; see Vogt et al., 1989), and Glenn Prestwich
was designing pheromone analogs to chemically dissect the biochemical pathways
of pheromone detection (Prestwich, 1987a, b). In retrospect, this new model for
pheromone reception (Vogt et al., 1985) was somewhat of a watershed for
biochemical studies of insect olfaction, and the previous edition of this book a
description of the calm before a coming storm that has yet to show any sign of
letting up.

Much has occurred since 1987. PBPs have become established as only a
subclass of a much larger family of insect OBPs that are represented at least
throughout the neopterous insects, from cockroach to honeybee. The SE of A.
polyphemus is known to be only one type of odor degrading enzyme (ODE) (and
has recently been cloned: Ishida and Leal, 2002); a variety of ODEs are now
known from diverse species. Odor receptors (ORs) have been characterized
from D. melanogaster, Anopheles gambiae and Heliothis virescens, and the
transductory processes that follow OR activation have been characterized. The
differential expression of many olfactory genes has been described, providing
explanations for the diverse functional phenotypes of olfactory sensilla. And
Drosophila has become the “new kid on the block,” contributing its genome and
genetic manipulations as important new tools for elucidating olfactory mechanisms
and interpreting the olfactory genomes of other insects.

The chapters of Part 2 reflect well the expansion of molecular genetic studies
in insect odor detection that has occurred since 1987. The part is introduced
(Chapter 13) with a thought-provoking review of the current state and future
opportunities of the field. This part then presents discussions about several pre-
receptor proteins, including odor degrading enzymes and odorant binding proteins
as well as proteins we refer to as if in some secret code as CSPs and SNMPs
(Chapters 14–18), followed by discussions of odor receptors and olfactory
transduction mechanisms (Chapters 19, 20). The part closes with chapters providing
critical context in which to view olfactory biochemistry, including discussions of
antennal form and function (Chapter 21), the biosynthesis and ecology of plant
volatiles that serve as pollination cues (Chapter 22), and the physiology and
genetics underlying olfactory behaviors (Chapters 23, 24).

The contributing authors represent considerable expertise for the subject.
Larry Zwiebel (Chapter 13) has opened the malaria mosquito A. gambiae to
studies of olfactory molecular genetics, with profound implications for human
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health (e.g. Fox et al., 2002; Hill et al., 2002). Richard Vogt (Chapter 14)
identified the first OBPs and ODEs and continues to provide the odd tidbit now
and then (e.g. Vogt and Riddiford, 1981; Rogers et al., 1999, 2001; Vogt et al.,
2002). Walter Leal (Chapter 15) and Erika Plettner (Chapter 16) continually
make ground-breaking advances in our understanding of the mechanisms
underlying OBP function (e.g. Wojtasek and Leal, 1999; Sandler et al., 2000;
Plettner et al., 2000; Kowcun et al., 2001). Patricia Nagnan-Le Meillour and
Emmanuelle Jacquin-Joly (Chapter 17) have focused on the olfactory biochemistry
of Mamestra brassicae, providing important insights into a lepidopteran family
(Noctuidae) of profound agricultural importance (Maïbèche-Coisné et al., 1997;
Bohbot et al., 1998; Campanacci et al., 2001). Jean-François Picimbon (Chapter
18) has expanded our understanding and appreciation of the CSP/SAP family of
proteins, some of which may have OBP-like functions, and is as well exploring
the evolution of PBPs in noctuiid moths (Picimbon and Leal, 1999; Picimbon et
al., 2000; Picimbon and Gadenne, 2002).

Leslie Vosshall (Chapter 19) was among the first to identify and characterize
OR genes in insects, using Drosophila, and has provided important insights into
the mechanisms underlying the conveyance of olfactory information from ORs
to the brain (Vosshall et al., 1999, 2000; Vosshall, 2000, 2001). Vosshall has
additionally made significant contributions to the field of circadian behavior
(Vosshall et al., 1994; Vosshall, and Young (1995), a subject of historical importance
to insect olfactory biology (e.g. Rau and Rau, 1929). Jürgen Krieger and Heinz
Breer (Chapter 20) were among the first to clone insect OBPs, and have made
major contributions to our understanding of pre-receptor, receptor and transductory
mechanisms in both insects and vertebrates (Raming et al., 1989; Freitag et al.,
1995; Krieger and Breer, 1999; Bette et al., 2002). Recently, they were the first
to characterize OR genes in Lepidoptera (Krieger et al., 2002).

Catherine Loudon (Chapter 21) is renewing studies of the how the design of
an insect’s antennae relates to its ability to capture odor molecules (Loudon and
Koehl, 2000). This subject has been kicked around several times in our history
(e.g. Adam and Delbrück, 1968; Vogel, 1983) but until Loudon’s work not fully
addressed. Robert Raguso (Chapter 22) has been a student of floral scent chemistry
and insect pollination behavior. His studies are informing us that plant volatiles
contain olfactory signals as specific as pheromones in eliciting behavioral responses
from insects (Raguso and Pichersky, 1995; Raguso et al., 1996; Raguso and Roy,
1998; Levin et al., 2001). Marien de Bruyne (Chapter 23) has made important
contributions to olfactory coding in Drosophila at the periphery, characterizing
odor responsiveness and sensitivities of specific classes of olfactory sensilla,
with a strong orientation towards genetics and genomics (de Bruyne et al., 1999,
2001; Clyne et al., 1999; Warr et al., 2001). Mikael Carlsson and Bill Hansson
(Chapter 24) have an extensive history with olfactory coding in moths and
orthopteroids, and are in a unique position to understand olfactory coding in the
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brain in a manner that relates across the neopterous insects (Anton and Hansson,
1995; Carlsson et al., 2002). Hansson in particular was the first to characterize
the topographic organization of the interface between primary and secondary
olfactory neurons in any animal (Hansson et al., 1991, 1992).

This book is designed as a sourcebook for the next decade of research, and we
hope it fills this expectation. Chapters have been assembled from experts who
are at the frontiers of pheromone physiology, biochemistry, morphology,
neurobiology and molecular biology. Ultimately, just as behavioral chemicals
themselves have been extended to pest management, research on pheromone
biosynthesis, hormonal regulation and reception may be directed toward application
and ultimately used in insect control.
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