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Preface

Our objective in compiling a series of chapters on the chemical ecology of
insects has been to delineate the major concepts of this discipline. The fine line
between presenting a few topics in great detail or many topics in veneer has been
carefully drawn, such that the book contains sufficient diversity to cover the
field and a few topics in some depth.

After the reader has penetrated the crust of what has been learned about
chemical ecology of insects, the deficiencies in our understanding of this field
should become evident. These deficiencies, to which no chapter topic is immune,
indicate the youthful state of chemical ecology and the need for further
investigations, especially those with potential for integrating elements that are
presently isolated from each other. At the outset of this volume it becomes
evident that, although we are beginning to decipher how receptor cells work,
virtually nothing is known of how sensory information is coded to become
relevant to the insect and to control the behavior of the insect. This problem is
exacerbated by the state of our knowledge of how chemicals are distributed in
nature, especially in complex habitats. And finally, we have been unable to
understand the significance of orientation pathways of insects, in part because of
the two previous problems: orientation seems to depend on patterns of distri-
bution of chemicals, the coding of these patterns by the central nervous system,
and the generation of motor output based on the resulting motor commands.

Studies of insects searching for food, mates, refugia and other resources
point out the problem of investigating the modification of behavior by
chemicals without providing potential cues of other modalities. It has been
necessary to isolate the effects of chemicals on the insect’s behavior, but further
investigation should re-insert the other relevant factors, so that we can



xiv  Preface

determine the extent to which insects rely solely on chemical signals and to what
degree information derived through the other senses is important in locating
resources or avoiding stress. Chapters on location of host plants and prey
illustrate interesting parallels in the sequence of information from long-range
cues that are utilized by an herbivore, predator or parasitoid to initiate search,
to close-range information required to home in on the resource, to information
that is derived from tasting and touching the potential resource. Studies are
needed that examine in detail each step in this sequence. An important concept
that is revealed in several places throughout the book is that the pattern of
resources is related to the behavior of the insect searching for those resources.
Some writers have gone further to suggest that the searching of insects is
optimally related to these distributions, but authors of chapters in this volume
have tempered this view and offered more mechanistic explanations for how
insects obtain resources with minimum energy expenditure. Although equal
time is not given to repellants and attractants, two chapters deal specifically
with chemicals that reduce predation either directly or indirectly. Potential prey
and hosts have evolved chemical means of signalling their inappropriateness. A
third chapter discusses more subtle chemical signals that lead to partitioning of
resources, a topic that easily could have been the theme of the book: when
resources are limiting the success of a species depends on division of resources.
The bark beetle chapter is a special case of complexity: intraspecific and inter-
specific chemical communication that encompasses every one of the concepts
developed in the entire book. If the bark beetle example represents conceptual
complexity, the social Hymenoptera offer the most complete catalogue of
chemicals that can be produced and employed as informational signals.
Evolution of sociality seemed to spawn a chemical language that is equivalent to
the visual and auditory repertoire of higher vertebrates.

An important issue that is dealt with by several authors in this volume is that
of developing appropriate terminology for chemical ecology. The consensus,
with a few exceptions, seems to be toward more practical, functionally related
terms, rather than classic Greek stems or teleogical terms. This emphasis, if
widely adopted, should lead to more efficient communication among
researchers. Nothing can inhibit progress in this field more effectively than
terms that are teleological, poorly defined, non-mechanistic, non-probabilistic
and difficult to spell.

Finally, chemical ecology as a discipline should not be allowed to detach itself
from visual or auditory ecology. Already these categories look and sound
artificial, and the danger is that the vast quantity of information available to
insects through these latter modalities will be ignored or surpressed by the
growing field of chemical ecology. Researchers in chemical ecology need to
keep abreast of these homologous topics to profit optimally from their findings
that relate chemicals to the ecology of insects.

William J. Bell, Ring T. Cardé
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Perceptual Mechanisms



Contact Chemoreception

Erich Stddler

1.1 INTRODUCTION

In insects the chemistry of the environment is a dominant modality mediating
adaptive behavior, including the choice of food and feeding, avoidance of
danger, location of a sexual partner and the choice of a habitat for the progeny.
However, it is important to recognize that other environmental stimuli such as
visual, tactile, temperature and humidity also are part of the total sensory input
to the central nervous system (CNS). These perceptual mechanisms together
with the internal state of the CNS, as influenced by earlier sensory perception or
developmental processes, determine the insect’s behavior. ‘

Chemoreception and its role in the ecology of insects have been reviewed by
Chapman and Blaney (1979), Dethier (1970), Hansen (1978), Schoonhoven
(1981) and Stidler (1976, 1980). The topic of chemical perceptual mechanisms
has been divided into contact chemoreception and olfaction, based on the
characteristics of the stimuli (volatility), the transport medium (water versus
air) and the morphology of the sensory organs. In insect chemoreception, this
division is not as clear-cut as it may appear, as has been pointed out and sub-
stantiated by studies of smell in water and air in the diving beetle Dytiscus
marginalis (Behrend, 1971). A relatively minor difference between taste and
smell also is suggested by one discovery of ‘gustatory’ sensilla with receptor
cells sensitive to different odors (Dethier, 1972; Stédler and Hanson, 1975).
However, these authors point out that the olfactory capability of ‘gustatory’
sensilla may not be a general phenomenon because other sensilla failed to react
to odor stimulation.

The results of Stddler and Hanson (1975) did not rule out the possibility that

Chemical Ecology of Insects. Edited by William J. Bell and Ring T. Cardé
© 1984 Chapman and Hall Ltd.



Fig. 1.1(a) Sidewall recordings from a lateral sensillum styloconicum of a larva of
Manduca sexta (tobacco hornworm). Stimulation with an airstream (0.8 m s7!) carrying
water vapor.

(b) Sidewall recording from the same sensillum. Stimulation with odor of a crushed
tomato leaflet.
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humidity or a cooling effect were responsible for the olfactory response of the
lateral sensillum styloconicum of larval Manduca sexta, phenomena observed
in other sensilla (Dethier and Schoonhoven, 1968; Schoonhoven, 1967). To
resolve this question the lateral sensillum styloconicum was stimulated with an
air stream (0.8 ms™') carrying water vapor or the odor of freshly crushed
tomato leaf pieces. Examination of the data in Fig. 1.1(a), (b) suggests that the
responses to tomato leaf odor and water vapor are identical. However, a close
analysis of the frequencies of impulses with different amplitudes reveals that an
additional receptor cell with larger impulses, not present in the water response,
is firing in response to tomato. This shows that these ‘gustatory’ receptor cells
can ‘smell’ at a close range (0.5 mm) (see Stiddler and Hanson, 1975). We
propose to use the term ‘contact chemoreception’ to include taste or gustation,
and close-range olfaction.

This review will stress the ecological point of view of contact chemo-
reception. Morphological and strictly physiological aspects will be omitted if
they are not related directly to the behavior and ecology of insects.

1.2 MORPHOLOGY OF SENSILLA

Contact chemoreceptive sensilla can have very different external shapes
(Fig. 1.2). The common characteristics are a single pore at the tip of the sensillum
(Altner, 1977; Altner and Prillinger, 1980; Zacharuk, 1980) and unbranched
dendrites from 2 to 10 cells reaching to the tip. Often a mechanoreceptive cell is
associated with the chemoreceptor cells, monitoring movements of the whole
sensillum or its tip. Other cells are associated with these sensory neurons. The
trichogen, tormogen and sheath cells play a role in the ontogeny of the
sensillum, forming respectively the hairshaft, hairsocket and the sheath sur-
rounding the dendrites. After the formation of the sensillum these associated
cells have physiological functions: electrogenic pump, production of the fluid
bathing the dendrites, and isolation and nutrition (?) of the receptor cells (for
more details see Hansen, 1978; Thurm and Kiippers, 1980; Zacharuk, 1980;
Mustaparta, Chapter 2).

Mclver et al. (1980) have recently observed a unique contact chemoreceptive
sensillum, the bifurcate sensilla on the tarsi of the female black fly (Simulidae).
This type of sensillum has characteristics of a contact chemoreceptor, although
a sieve-like structure in the pore region, which increases the absorptive surface
area at the tip, suggests a secondarily acquired olfactory function.

Contact chemoreceptive sensilla have been identified on the major parts of the
body including the wings (Wolbarsht and Dethier, 1958) and the ovipositor of
flies (Rice, 1976; Wallis, 1962; Wolbarsht and Dethier, 1958). This redundancy
of receptors is probably a way to avoid unsuitable environments. Most sensilla
are located on the proboscis, the tarsi and palpi. Contact chemoreceptors in the
food channel have been described for flies (Stocker and Schorderet, 1981),



Fig. 1.2 Scanning electron micrographs of contact chemoreceptive organs and sensilla.
(a) Tip of the prothoracic tarsus of a female of Delia brassicae (cabbage root fly).
Contact chemoreceptive hairs are marked.

(b) Proboscis (Labellum) of Psila rosae (carrot rust fly) with sensory hairs which all
contains contact chemoreceptor cells.

(c) Sensillum styloconicum on the proboscis of the moth Choristoneura fumiferana
(spruce budworm moth).

(d) Pair of sensilla styloconicum (medial and lateral) of the larva of Malacosoma
americana (eastern tent caterpillar) in relation to a leaf surface (courtesy of Dr V. G.
Dethier, 1975).
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caterpillars (De Boer ef al., 1977), moths (Eaton, 1979; Stidler ef al., 1974),
true bugs (Wensler and Filshie, 1969; Smith and Friend, 1972), cockroaches
(Moulins and Noirot, 1972) and locusts (Louveaux, 1976). Many insects are
known to ‘inspect’ food, conspecific insects and potential hosts with their
antennae by contact, and although the antennae bear contact chemoreceptive
sensilla, these organs have attracted only limited interest (Rence and Loher,
1977; Riith, 1976).

The question of the phylogeny of contact chemoreceptive sensilla has been
addressed by Altner and Prillinger (1980) and Bassemir and Hansen (1980).
These authors studied four single-pored sensilla on the maxillary palp of a
damselfly naiad which could be a phylogenetically old contact chemoreceptor
sensillum. These sensilla lack any outer cuticular differentiation, the pore open-
ing into an area of flat cuticle. These morphological studies are a beginning to
the comparison of single-pored sensilla of insects of different phylogenetic
orders.

1.3 METHODS OF INVESTIGATION

1.3.1 Ablation of sensory organs

An important method for ascertaining the role of specific contact chemical
sensory input is the elimination of the sensory organ. Various techniques in
conjunction with appropriate controls, such as unilaterally or sham-operated
insects, have been used to monitor the possible negative effects of operations.
Elimination of the sensory organs by removing sensilla or sensilla-bearing
organs can be employed relatively easily, but many organs such as legs, ovi-
positor or proboscis obviously can not be removed without interfering with
normal behavior. Several workers have employed acids to cauterize the sensory
structures. For example, 5 N HCI effectively destroys the chemosensory cells in
the tarsal sensilla of Psila rosae within five seconds (Stédler, 1977) or individual
sensilla can be destroyed with electro-coagulation (Blom, 1978; Clark, 1980).
An elegant but difficult approach is to sever the sensory nerves as performed by
Louveaux (1976) on Locusta.

1.3.2 Electrophysiology

Most investigations of contact chemoreceptive sensilla have used the tip-
recording technique (Hodgson et al., 1955; for a detailed description see
Dethier, 1976). In this method, the stimulating solution in a glass capillary
acting as an electrolytic bridge is used also as the recording electrode linked via
an Ag/Ag Cl junction to the amplifier. An advantage of this technique is its
simplicity. Since chemoreceptor responses are inherently variable due to differ-
ences between animals and sensilla, an important advantage of this technique
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is that it allows recording from different sensilla of a preparation in a relatively
short period of time. The disadvantages of the technique are the following: (i)
the nerve cell activity is recorded only during contact, which means that back-
ground activity before and after effects (rebound inhibition) following the
removal of the stimulus can not be recorded; (ii) at the beginning of the record-
ing artifacts can block the amplifier and, as a consequence, the first 100 ms or
more of the recording may be lost. The first 100 ms of stimulation may contain
enough information to trigger an adequate behavioral response (Dethier, 1968);
(iii) the stimulating compounds have to be in a water phase, a serious limitation
for the study of nonpolar chemicals (Blaney, 1974; Dethier, 1972); and (iv) both
electrolytes and non-electrolytes influence the electrical conductivity of the
stimulating and recording solution (Wolbarsht, 1958). This may result in a
change in the amplitude of the nerve impulses which is a typical criterion for
their identification (see examples in Fig. 1.1(a), (b)). When more than one cell
of the sensillum is firing and when recordings of the stimulation with different
compounds and extracts are compared this is especially troublesome.

Several solutions to the above difficulties have been proposed. To limit the
contact artifact, special amplifiers have been designed (for example de Kramer
and van der Molen, 1980a) and the use of a bucking voltage has been introduced
by Wolbarsht (1958). Since chemoreceptors are sensitive to small electric
currents, amplifiers with small bias currents should be used (<10pA: de
Kramer and van der Molen, 1977; Maes, 1977, Morita and Takeda, 1959;
Wolbarsht, 1958).

Fig. 1.3 Tip recordings from a tarsal D-hair of Delia brassicae (cabbage root fly) in
response to stimulation with the glucosinolate sinigrin and its aglycon allylisothiocyanate
which is not stimulatory.
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To solve the problem of non-polar chemicals in water, Blaney (1975) used a
suspension of leaf surface waxes in a 50 mM NaCl solution. Since our attempts
to use this technique gave unclear results in the carrot rust fly, Psila rosae, we
tested additional methods. The most promising results were obtained using
10% methanol extracts of leaf surfaces in a 100 mM NacCl solution as rep-
resented in Fig. 1.4 (Stddler, unpublished). We found no indication of damage
or stimulation by methanol in different fly species. These results are in agree-
ment with those of Dethier (1951): the 50% behavioral rejection threshold for
methanol is about 5 to 10 molar for the blowfly, Phormia regina, and the
cricket, Gryllus assimilis.

Some of the recording and stimulating difficulties can be avoided by the side-
wall recording technique (Dethier, 1976; Hanson, 1970; Morita and Yamashita,
1959; Rees, 1968). Examples of such recordings are given in Fig. 1.1. The
problem with this method, which has prevented its wider use, is a technical one:
(i) since normally only one sensillum of a preparation can be investigated, the
variability between insects and sensilla cannot be separated; (ii) the technique
itself creates inherent variability (Blaney, 1974).

The impulse activity of sensory neurons can be analyzed using computers.
Different systems have been devised to simplify the task of discriminating
between nerve impulses of different amplitudes and to produce spike frequency
time histograms (van der Molen ef al., 1978). A simpler device modified from
the design of McCook et al. (1975) was used to generate the histograms in
Fig. 1.1. The question remains as to whether spike amplitude is the only useful
parameter to discriminate between the nerve impulses of different cells (Frazier
and Hanson, unpublished in Stidler, 1982).

Because most receptor cells are not narrowly responsive to specific chemicals
and more than one cell is located in a sensillum, the interpretation of recorded

Methanol 10°%, NaCl 100 mM (extract solvent) 1 mV

MMWMMWMW Pttt

Carrot |leaf surface extract

“.‘ MWWM*MM%’*’PW*WWW T ——"

Cabbage leaf surface extract

LA A 0 A B A

Fig. 1.4 Tip recordings from two tarsal D-hairs of Psila rosae (carrot rust fly) in
response to methanolic leaf surface extracts (10% methanol in water with
100 mM Nacl).
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responses, even to pure chemicals and especially to natural stimuli, is not
always obvious. The differences in amplitude of the nerve impulses can some-
times, but not always, be used to distinguish between the activity of the differ-
ent cells. Stimulation with pure compounds and mixtures of pure compounds
have been used to identify different cells in terms of individual sensitivity
spectra and to differentiate between them (for recent examples see Wieczorek,
1976; Stiddler, 1978). In addition, selective adaptation with one chemical
followed by the stimulation with another compound (cross-adaptation) in a
separate capillary can be used effectively as shown by Wieczorek (1976).

The use of interspike interval histograms and auto-correlations for the
detection of temporal patterns in recorded responses of single cells has been
described by Perkel et al. (1967) and has recently been applied by Dethier and
Crnjar (1982) to the analysis of recordings from contact chemoreceptor cells of
Manduca sexta.

1.4 PHYSIOLOGY

1.4.1 General sensory physiology

Our present knowledge of the physiological processes in chemosensory sensilla
has been described in detail by Hansen (1978). In brief, the stimulating
molecules reach the dendrites of sensory cells through the tip opening. This
pore is filled with a viscous fluid which may also cover the tip of the sensillum.
Bernays et al. (1975) found an acid mucopolysaccharide (hyaluronic acid) in the
tip of the sensilla pores of the palps of Locusta. Both this viscous tip fluid
(varying in quantity and quality) and presumed mechanical effects causing
opening and closing of the pore (de Kramer and van der Molen, 1980b) may
influence the diffusion of the stimulants to the dendritic membranes. The
biological significance of these effects, which can be correlated with anincreased
electrical resistance and decrease of the sensory cell activity, was first shown by
Bernays et al. (1972). Bernays and Chapman (1972) and Bernays and Mordue-
Luntz (1973) showed that this mechanism causes a decrease of sensitivity lasting
for up to 2 hours after feeding, is under hormonal control of the corpora
cardiaca and is brought about by distension of the foregut. Changes of resist-
ance and sensitivity in the blowfly (Phormia regina) sensory hairs owing to
feeding with sucrose have also been reported by Angioy et al. (1979). However,
Rachman (1979) found no changes in the sensitivity of labellar contact chemo-
receptors or the behavioral threshold of the blowfly. Hall (1980) observed also a
decrease in behavioral responsiveness after feeding but no decline in the periph-
eral sensitivity of the tarsi. Evidently, this sensitivity change is brought about by
an inhibition of the feeding response in the CNS.

The dendritic outer segments are believed to contain receptor molecules
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which interact with appropriate stimulants. Attempts have been made to isolate
the sugar receptor molecules (for recent progress see Hansen and Wieczorek,
1981; Kijima et al., 1977; Tanimura and Shimada, 1981). Proteins with an
enzymatic activity matching the characteristics of the sensitivity of the sugar-
sensitive receptor cells are believed to be receptor proteins. The interaction of
the stimulant with the receptor site(s) is currently thought to open ion channels
(channel proteins), which allow a receptor current to flow as inferred from the
measured receptor potentials (Hansen, 1978). The special cases of H,O and salt
receptor mechanisms are still open to debate (Wieczorek, 1980). The nerve
impulse (spike) frequency produced by the generator, assumed to be located in
or near the cell body, is a function of the receptor potential and thus of the
stimulus strength (Fig. 1.3). The impulses are generated after a latency of a few
milliseconds following the stimulus onset. The spike frequency reaches usually
its maximum within the first 50-100 ms and declines rapidly to a constant
discharge rate (Fig. 1.3). This adaptation to prolonged stimulation may last
from several seconds to minutes after the stimulus has been removed, depend-
ing on the receptor cell type and the duration of the adaptation period (for
further details see Thurm and Kiippers, 1980).

The axons of the sensory receptor cells conduct the nerve impulses to the
central nervous system. In the thoracic ganglion some second-order neurons
connecting via synapses with the axons of tarsal receptor cells have been ident-
ified (Dethier, 1976; Rook et al., 1980). The corresponding second-order
neurons for the labellar sensory neurons are located in the suboesophagal
ganglion (Dethier, 1976; van Mier et al., 1980; Stocker and Schorderet, 1981).

1.4.2 Contact chemoreceptor perception of environmental chemicals

The receptor cells identified electrophysiologically (Table 1.1) can be compared
with the chemical environments (sources of stimuli). The cells have been named
according to the identified stimulus or stimuli to which the cell showed highest
sensitivity. Such categorization is not without limitations because usually only a
limited number of compounds can be tested on a single sensillum. Obviously,
the narrower the sensitivity spectrum, the more precisely a cell can be labelled.
The ideal description of the sensitivity of a cell would include not only the
spectrum of compounds perceived but also a description of the stimulus-
response or dose (concentration)-response curve (Wieczorek, 1976; Mitchell
and Gregory, 1981). The interesting values are not only threshold concen-
trations but also the concentration for maximal receptor cell response, the
concentration for half maximal response (K,) and the slope of the curve at K,
(Hill coefficient). Such detailed descriptions of response curves are known for
only a few chemoreceptor cells. Interesting examples have been provided by
Wieczorek (1976) for the glucoside receptors of two different Mamestra
brassicae strains.
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(a) Chemicals of general occurrence

Sugars

Sugar receptor cells have been identified in almost all contact-chemoreceptive
sensilla. Exceptions are the tarsal hairs of different flies (Shiraishi and Tanabe,
1974; Stidler, 1978) and Pieris brassicae (Ma and Schoonhoven, 1973).
Another example is the epipharyngeal organ of Manduca sexta (De Boer et al.,
1977) which lacks a specific sugar receptor cell. However, in Manduca it has
been shown that two cells sensitive to salts and presumably also to deterrents
are inhibited by sucrose. In behavioral tests with maxillectomised larvae, the
inhibition of the deterrent cells of the epipharyngeal organ correlated with an
increased feeding response.

Hansen (1978) and Hansen and Wieczorek (1981) compared the sugar
receptor cells of various insect species in detail. Most cells were found to be
sensitive to glucose and sucrose (with the exception of lepidopteran larvae), and
seem to have at least two receptor sites for pyranoses and furanoses. A closer
examination of the sugar cells reveals remarkable differences between cells of
different insects and even closely related species (Hansen and Wieczorek, 1981;
Jakinovich et al., 1981; Mitchell and Gregory, 1979). An explanation for these
differences could lie in the adaptations to specific food sources and feeding
behaviors. However, this is not evident in Pieris rapae when stimulatory
activity and nutritive values are compared (Kusano and Sato, 1980; Mitchell,
1981). The classical blowfly water receptor also reacts to sugars. The receptor
site in this cell is similar to the furanose site of the sugar receptor cell
(Wieczorek, 1980).

Salts and water

Salt (cation)-receptive cells seem to be almost as common as sugar receptor cells
(see Dethier, 1977a). The electrophysiological sensitivity thresholds to salt are
usually about 100mM, and in most insects higher concentrations are
inhibitory. The question arises whether or not these cells (cation and anion
receptor cells) are all really ‘salt cells’ in view of the fact that the role of salt
recognition is not clear (Dethier, 1977a; Schoonhoven, 1968). Dethier (1977a)
suggested that salt sensitivity may be an evolutionarily ancient common
sensitivity for prevention of hypersalinity. Monitoring salt concentrations may
also give information on the water content for plant feeding insects. High water
content has proved advantageous for leaf-feeding lepidopteran larvae in terms
of consumption and utilization of plant biomass (Scriber and Slansky, 1981; see
also Scriber, Chapter 7). In mammalian parasites, salt perception may be
involved in the localization of skin and initiation of probing.

A specific ‘water’ receptor cell has long been known to exist in the labellar
hairs of different flies (Dethier, 1976). Although the activity of this cell releases
drinking behavior in thirsty flies, the previously mentioned discoveries of
Wieczorek (1980) question this designation.
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Amino acids and proteins

As pointed out by Bernays and Chapman (1978), Dethier (1976), and McNeil
and Southwood (1978) it has long been known that nitrogen is important for
nutrition, especially for egg development. Thus it is surprising that only in
phytophagous larvae have specific amino acid receptors been found. In
contrast, in arthropods other than insects, receptor cells very sensitive to amino
acids have been located (Bauer and Hatt, 1980). Specific protein receptors have
not been identified, although Wallis (1961) recorded responses of labellar hairs
of Phormia regina in response to hemoglobin and brain—heart infusions. The
complex stimuli employed, however, do not allow a finite conclusion on the
sensitivity to protein. Later Shiraishi and Kuwabara (1970) discovered that the
classical sugar receptor cell is sensitive to some amino acids. Gritsai (1978)
showed that the sugar cell in some sensilla responds to albumin. This protein
also stimulated some of the ‘water’ receptor cells. These two cells enable Musca
domestica to identify albumin as a protein source. In Phormia regina, the
sensitivity of the water cell to water is inhibited by some amino acids (Gold-
rich = Rachman, 1973) thus contributing to the fly’s discriminatory ability.
Rachman (1980a, b) recently showed that the salt (cation) cell responds to yeast
extract and mediates a feeding response in flies fed only with sucrose which
need protein for egg development. This correlation between feeding behavior
and the chemosensory activity proves that highly specific receptor cells are not
necessary for adapted feeding responses (protein intake).

Fatty acids and alcohols

In addition to the mechanoreceptor and the sugar-, water- and salt-sensitive
cells, the chemoreceptive sensilla of the blowfly labellum contain a ‘fifth’ or
‘anion’ cell. The sensitivity spectrum of this cell is not well defined. Dethier and
Hanson (1968) found that this cell responds to salts of fatty acids of C; to C,,
chain length. Since natural foods like honey and apple also strongly stimulated
this cell (Dethier, 1974a), it is evident that more investigation is required to
characterize its sensitivity spectrum.

Some of the antennal contact chemoreceptive sensilla of Periplaneta ameri-
cana contain cells sensitive to alcohols and fatty acids (Riith, 1976); fruits
stimulated the sugar and alcohol cell, whereas meat was perceived by the fatty
acid cell.

(b) Undamaged plant surfaces

After phytophagous insects have located a potential host plant using visual and
olfactory cues, contact with the plant surface seems to be essential before
feeding or oviposition are initiated (Alfaro ef al., 1980; Blaney and Duckett,
1975; Calvert, 1974; Calvert and Hanson, 1981; Chapman, 1977; Ma and
Schoonhoven, 1973; Rottger, 1978; Stidler, 1976, 1977, 1980; see also Scriber,
Chapter 7). Chemical analysis of the leaf surfaces with the exception of cuticu-
lar waxes (n-alkanes) are sparse (Chapman, 1977). Although the chemistry of
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the leaf surface is less complex than the interior, thus providing less infor-
mation, many phytophagous insects can choose their host plants without the
perception of the leaf interior. In host selection by phytophagous insects the
nutritional quality and presence of secondary plant chemicals, as indicators of
potential toxicity, are essential (Miller and Strickler, Chapter 6). It is unlikely
that the plant surface contains enough information about the nutritional
quality of the potential host plant, although there could be a correlation
between the content of nutrients and allelochemicals. It seems likely, therefore,
that the main chemical information derived from contact with the undamaged
plant is the occurrence of secondary plant metabolites. This is exemplified by
the tarsal chemoreceptor cells for mustard oil glucosides in Pieris brassicae and
Delia brassicae (Fig. 1.3) and the receptor cell found in the tarsal hairs of the
beetle Chrysomela brunsvicensis (Table 1.1). The special role of these receptor
cells for host selection of the three species is indicated by Rees’s (1969) finding
that ‘hypericine’ cells do not occur in other Chrysomela species and that the
male cabbage root fly in contrast to the female apparently has no receptor cell
for mustard oil glucosides (Stédler, 1978). In all three examples the sensitivity
threshold is very low (~10-°M). Unfortunately, no data on the concentration
of these chemicals on the leaf surfaces are available. Blaney’s (1975) recordings
of differential effects of leaf waxes from host and non-host plants are in
accordance with the ability of locusts to differentiate during palpation.

Stiirckow and Quadbeck (1958) and Stiirckow (1959) recorded responses of
contact chemoreceptor cells in tarsal hairs of the Colorado beetle, Leptinotarsa
decemlineata, to host- and non-host plant extracts, alkaloid glucosides and
salts. The observed reactions lack the typical phasic—tonic response which is,
according to our present knowledge, typical of the functioning of most chemo-
receptive cells. This raises the question whether or not the published recordings
do show physiologically meaningful chemosensory reactions or if the observed
volleys of nerve impulses occurring some time after contact were not signs of
damage to the receptor cells.

Contact chemoreception of the dry plant surface is basically different from
the well-studied perception of aqueous solutions. Since the stimulating com-
pounds are in a dry state it may be that their distribution is not continuous
and/or at a very low concentration. Thus not every contact between a sensillum
tip and the plant would result in a stimulation. Although speculative, this may
explain the specific behavior of various insect species after contacting plant
leaves: two female flies (P. rosae, D. brassicae) perform so called ‘oviposition
runs,’ on host leaves of about 20—30s duration (Stédler, 1977, 1978). Locusts
make rapid vibrations (10—15 times per second) with the palps contacting the
potential food plant surface. Blaney and Duckett (1975) showed that this pal-
pation increases the amount of sensory input to the CNS by allowing disadap-
tation of chemoreceptors between contacts. This must also be true for the tarsal
hairs of two flies mentioned above. Some butterflies use the fore tarsi to drum
or tap the plant surface prior to oviposition (Ma and Schoonhoven, 1973;
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Calvert, 1974; Calvert and Hanson, 1981; Feeny et al., 1983). Again the
function of this behavior may be analogous to palpation in the locust or ‘run-
ning’ in the flies.

Figure 1.4 shows examples of recordings from the tarsal, D-hairs of the
carrot rust fly (P. rosae) in response to leaf surface extracts. The spike patterns
show clear differences which may allow this fly to discriminate between its
respective host and non-host plant. The same extracts also allow discrimination
in an oviposition bioassay in the carrot rust fly (Stidler, 1977). Although the
non-host leaf extracts are not repellent or deterrent (compared with solvent),
these extracts are also perceived. The different cell types observed in the record-
ings remain to be identified using isolated compounds.

(c) Plant interior (plant saps)

In contrast to the leaf surfaces much more is known about the chemistry of the
leaf interior, which is probably considerably more complex. These compounds
representing nutrients, toxic allelochemicals and allelochemicals with a host
plant sign character, influence feeding behavior (see Scriber, Chapter 7). As can
be seen from Table 1.1, contact chemoreceptors for all types of compounds
have been identified in a variety of insect species. With the exception of the two
beetle larvae and the locust, all of the examples are lepidopteran larvae mainly
because the two pairs of sensilla styloconica on the galea (maxilla) of these
larvae can be investigated easily (Schoonhoven and Dethier, 1966). The
relatively small number of contact chemoreceptors (four sensilla with four
neurons) and their importance for food plant discrimination (Hanson and
Dethier, 1973) make them ideal for the study of contact chemoreception in
relation to host plant selection.

Nutrients

The role of nutrients in inducing feeding is indicated by the presence of sugar
and amino acid receptors. Receptor cells for lipids (sterols, phospholipids) have
not yet been identified despite their réle in nutrition (Beck and Schoonhoven,
1980; House, 1974) and host plant selection (St4dler and Hanson, 1976, 1978).
This is probably the result of the methodology (see Section 1.3) and not a
general lack of sensitivity of contact chemoreceptors.

Nucleosides

A recently discovered specific receptor for the nucleoside adenosine and
adenine by Ma (1977a) and Ma and Kubo (1977) was not unexpected, as Hsiao
(1969) identified both compounds as feeding stimulants for the alfalfa weevil,
Hypera postica. This receptor cell, identified in the lateral sensillum stylo-
conicum of Spodoptera exempta larvae, perceives adenosine that occurs in host
plants and its activity is correlated with feeding. Adenosine is known to occur in
all living tissues and presumably Spodoptera larvae, as other insects, have no
specific nutritional requirement for this compound. The question arises if this
sensitivity is unique to Spodoptera larvae and why such a chemoreceptor has
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evolved. Since nucleotides and nucleosides occur at relatively high concen-
trations in growing tissue it may be speculated that such receptor cells could
influence the preference for such tissue which is certainly also rich in nutrients.

Inositol

Another chemoreceptor cell with a sensitivity which cannot be easily explained
is the inositol receptor found in many lepidopteran larvae (Schoonhoven,
1972a). Most insects appear to synthesize myo-inositol from glucose, thus
having no nutritional requirement for this compound. One known exception is
the larva of the moth, Heliothis zea, which is dependent upon dietary inositol
(Chippendale, 1978). For some larvae inositol in pure form is a feeding
stimulant (Blom, 1978, Stiddler and Hanson, 1978) but others such as S.
exempta show no behavioral response, despite the fact that inositol occurs in its
food plants and that it has a receptor cell for the compound (Ma, 1976a).

‘Host-plant sign stimuli’

The first known example of a contact chemoreceptor cell sensitive to a sign or
token stimulus was the mustard oil glucoside receptor cell of P. brassicae dis-
covered by Schoonhoven (1967). These glucosides stimulate biting and
synergize feeding stimulation with sucrose at a low concentration (Ma, 1972;
Blom, 1978). Sensory and behavioral thresholds have been found to be in the
same order of magnitude (~10°M, sinigrin).

Receptor cells sensitive to host plant compounds that stimulate feeding have
also been identified in several species of Yponomeuta moths. Y. cagnagellus
feeding on Euonymus has one dulcitol (sugar)-sensitive cell in the medial and
one in the lateral sensillum styloconicum (van Drongelen, 1979, 1980). Another
species, Y. evonymellus, is also stimulated by dulcitol at the sensory and
behavioral level even though the compound does not occur in its host plant.
This contradictory result may be explained by the possible presence of dulcitol
in an ancestral host plant (van Drongelen, 1979, 1980).

The correlation of sensivity to sorbitol (occurring in Rosaceae) and feeding
on plants of the Rosaceae in the different Yponomeuta species suggests that this
compound is also a feeding stimulant with a ‘chemical host-plant sign stimulus’
value (Table 1.1; Schoonhoven, 1981).

Deterrents from host plants

Inhibitory compounds may be at first unexpected in host plants, but such
examples are known (Schoonhoven and Jermy, 1977; Schoonhoven, 1981).
Stéddler and Hanson (1978) isolated fractions from tomato leaves which were
deterrent to M. sexta although tomato is a preferred host plant. The compound
or compounds for this deterrency and the corresponding receptors have not yet
been identified. Further indirect evidence for inhibitory compounds occurring
naturally in host plants may be found in examples of successful breeding of
plants showing a non-preference type of resistance (Beck and Schoonhoven,
1980; Schoonhoven, 1981).
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Some species possess contact chemoreceptors sensitive to specific host plant
components which, at natural concentrations, release no behavioral reaction.
For example, Y. evonymellus does not respond behaviorally to prunasin
(cyanogenic glycoside) which occurs in its host plant. This glycoside can have a
host-plant sign value, however, for other Yponomeuta species not feeding on
Prunus, as they are both sensitive and deterred by this compound. Another
example is the receptor cell of M. brassicae with a threshold close to the highest
concentration of glucosinolates found in one of its host plants, the Cruciferae.
No behavioral response occurred at the concentration found in most leaves of
Brassicas (Blom, 1978). Since the same cell is sensitive to typical, toxic
deterrents, the specifically low sensitivity to glucosinolates can contribute to
some host-plant specificity in this species. The sensitivity to host plant deter-
rents may further allow phytophagous insects to choose leaves with a low
content of these toxic allelochemics.

Deterrents from non-host plants

In many phytophagous insects the host plant spectrum is decisively determined
by the botanical distribution of chemicals acting as feeding or oviposition deter-
rents (Dethier, 1980a; Jermy, 1966; Jermy and Szentesi, 1978; Schoonhoven
and Jermy, 1977). Contact chemoreceptors sensitive to a wide variety of com-
pounds have been identified in all species of Lepidoptera where such cells have
been looked for (Schoonhoven, 1972a). Often more than one cell in various
organs (sensilla styloconica, epipharyngeal organ) has been identified.

A special type of deterrent effect was shown by Ma (1977b). A sesquiterpene
dialdehyde isolated from the warburgia plant blocks the sugar receptor cell of
S. exempta for 10—20 min after two contacts of 3 min. This inhibitory effect on
the sensory neuron has been correlated with a suppression of the feeding
response to sucrose. Similarly, Kennedy and Halpern (1980) showed that
ziziphin, a cyclic peptide alkaloid of Rhamnaceae, also temporarily inhibits the
fly sugar (but not the salt) receptor.

The adaptive value of deterrent receptor cells in preventing toxication by
allelochemics in non-host plants seem to be evident. Other examples which, in
terms of our present knowledge, are more difficult to explain on the basis of
selective value, are deterrent cells sensitive to allelochemics that do not occur in
the insects’ normal habitat (Schoonhoven, 1981). Possible explanations could
be (i) a redundancy from earlier phylogeny; and, (ii) a still unknown chemical
similarity of the used stimulating deterrent with compounds present in the
insect’s natural environment,

(d) Animal hosts

The few studies of contact chemoreceptors of arthropod parasites of mammals
have led to the identification of receptors predicted from behavioral obser-
vations (reviewed by Galun, 1976). The most significant discovery in this regard
was the localization of an ATP receptor in the labellar sensilla of the tsetse fly
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by Mitchell (1976). ATP, ADP and UTP have long been known to be a phago-
stimulant for different hematophagous insects (Smith and Friend, 1972; Galun,
1976). Many behavioral studies revealed the importance of chemicals in the
location and recognition of hosts or their environment. The role of contact
chemoreceptors for the selection of mammalian hosts has not yet been investi-
gated. Galun (1976) believes that the olfactory sense is much more important in
this respect.

The chemoreceptors of insect parasites and predators have not as yet attracted
much attention. The first chemoreceptors sensitive to the hemolymph of the
host insect have been identified by Lammers (cited in van Lenteren, 1981) on
the ovipositor of a parasitic wasp (Table 1.1). Many behavioral observations
show in addition that contact chemoreceptors must be involved in the host
selection of highly specialized parasites (Rotheray, 1981; further examples are
given by Vinson, Chapter 8).

(e) Conspecific animals

Research on pheromone chemoreception in general has been dominated so far
by the study of volatile signals (see Chapters 9, 12 and 13) and the correspond-
ing receptors. It is only in recent years that the role of the non-volatile chemical
‘markings’ and contact sex pheromones (Huyton ef a/., 1980; Rence and Loher,
1977; Schlein et al., 1981) have received attention.

Non-volatile pheromones exist, but their chemical isolation and identifi-
cation has largely just begun. Consequently, few specific receptor cells have
been characterized. Using behaviorally active extracts, contact chemoreceptive
sensilla with sensitive cells have been identified (Table 1.1). In Fig. 1.5, rep-
resentative recordings from a tarsal D-hair of Rhagoletis cerasi are presented.
Only artificial fruits which were contacted by females can stimulate a receptor
cells, and thus activity due to food residues can be excluded. Similar recordings
were also obtained from D-hairs of Ceratitis capitata (Stadler and Boller,
unpublished).

Fig. 1.5 Tip recordings from a tarsal D-hair of Rhagoletis cerasi (cherry fruit fly) in
response to surface extracts of fruits with female pheromone markings and of fruits
which had only contact with an equal number of males.



22 Chemical Ecology of Insects

Prokopy et al. (1982) used both electrophysiological and behavioral tech-
niques to identify the source of production of a fruit-marking pheromone in
female Rhagoletis pomonella. This seems to be the first case in which electro-
physiological techniques have been used to monitor the activity of different
extracts of a non-volatile pheromone. Provided the correlations with the
behavioral bioassays have been established, this approach seems very promis-
ing since the activity of small amount of extracts or fractions can be determined
in a short time. This technique is analogous to the electroantennogram record-
ings performed in conjunction with gas—liquid chromatographic analysis of
volatiles (see Mustaparta, Chapter 2).

Since the contact pheromones are spread as small droplets over the fruit
surface, the contact chemoreception process is similar to the earlier mentioned
perception of leaf surfaces. Females have also been observed running over the
fruit surface for some time before oviposition occurs (Prokopy, 1981; see also
Chapter 11). It can be assumed that this sampling of the dry surface does
increase the sensory input to the CNS by the multiple contacts of the tarsal hairs
during these inspection runs. Presumably, this type of multiple stimulation
over time is comparable to the simultaneous perception of volatile pheromones
with multiple sensory hairs on the antennae. Both the multiple stimulation of a
limited number of sensilla and the multitude of sensitive sensilla will result in a
low perception threshold for chemical signals occurring at a low concentration
in the environment.

1.5 SENSORY CODING — CENTRAL PROCESSING

The generated spike activity of the-different sensory cells in response to stimuli
is decoded by the central nervous system (CNS). To investigate the sensory code
of the receptor cells of a sensillum or several sensilla, different approaches can
be used. The most direct method is to record from central neurons. In contrast
to the investigation of central neurons responding to olfactory stimulations
(Chapter 2), such recordings have been performed only recently from inter-
neurons of the thoracic ganglion of the blowfly in response to the stimulation of
tarsal contact chemoreceptive sensilla (Rook ef al., 1980).

A second possible method for investigating the decoding mechanisms of the
CNS is the simultaneous recording from sensory and motor neurons or
muscles. Using this technique with P. regina, Getting (1971) and Fredman
(1975) studied the proboscis extension reflex and Pollack (1977) the labellar
lobe spreading in response to the stimulation of the labellar hairs. The authors
were able to confirm and extend earlier behavioral studies of the adaptation in
the periphery and the CNS, the interaction (summation and inhibition) of the
sensory input from different sensilla and receptor cells, and also the influence
of the condition of the CNS (excitation, hunger; for more details see Dethier,
1976).
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A third approach for elucidating the coding of sensory qualities and quan-
tities is to correlate responses of sensory neurons and the behavioral reactions
released by the same chemical stimuli. But correlations do not prove causative
relations and they cannot replace studies of the CNS and its decoding mechan-
isms. Such attempts will have to be based on a thorough understanding of the
inputs (sensory nervous activity) and the outputs (motor programs as units of
behavioral reactions) of the central nervous structures.

Our understanding of sensory coding is far from complete. The main diffi-
culties have been that the chemistry of natural stimuli remains unknown and thus
the essential chemical components are unavailable. An additional problem is the
variability of the sensory responses between animals and sensilla (Blaney, 1974;
Nederstigt and van der Molen, 1980; Schoonhoven, 1977c). Successive stimu-
lations of the same sensillum (Dethier, 1974b), should allow us and presumably
the insect’s CNS, to recognize sensory codes (Dethier and Crnjar, 1982).
Additional sources of sensory variability such as age and feeding history have
beenidentified and discussed by Dethier (1974b), Schoonhoven (1976, 1977a, b,
¢), Stéddler (1976) and Stéddler and Hanson (1976, 1978) (see also Section 1.3). The
evidence for individually different sensory codes in animals of the same age and
feeding history raises the question of the causal mechanisms (Schoonhoven,
1977b). The existence of strains with different sensitivities for glucosinolates in
M. brassicae (Wieczorek, 1976) points to genetic determination. The genetics of
chemoreceptive sensitivity may be a new insight into sensory physiology, as has
been shown by crossing two Yponomeuta species with different sensitivities (van
Drongelen and van Loon, 1980). Another promising approach seems to be the
analysis of contact chemoreception in different strains and mutants of
Drosophila melanogaster (Falk, 1979; Isono and Kikuchi, 1974; Siddiqgi and
Rodrigues, 1980; Tanimura and Shimada, 1981).

Boeckh (1980) and Dethier and Crnjar (1982) have discussed currently pro-
posed and identified sensory coding mechanisms. Three basic types of systems
have been distinguished: (i) labelled lines; (ii) temporal patterns, and (iii) across
fiber patterns. Possibly combinations of these coding systems may exist as well.

Specific receptor cells with a narrow well-defined sensitivity spectrum are
prerequisite for labelled lines. This spectrum of perceived compounds defines
the quality of the sensory message. The quantity or intensity is coded in the
firing rate of the sensory neuron. Impressive examples using feeding behavior
to understand the sensory coding in labelled lines (deterrent, sugar, phago-
stimulant) have been documented in the blowfly by Dethier (review, 1976) and
Rachman (= Goldrich, 1973; 1980a, b) and in caterpillars by Ma (1972), Blom
(1978), and van Drongelen (1980). Further examples are represented by tarsal
chemoreceptor cells that perceive identified compounds of host plants which
stimulate oviposition (Ma and Schoonhoven, 1973; Rees, 1969; Stidler, 1978).
The identification of these ‘labelled line’ contact chemoreceptors has been
based on pure chemicals and mixtures which are known to influence the
behavior of the insect studied.
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A remarkable difference between the sensory coding of individual olfactory
and contact chemoreceptor cells is the much lower spontaneous activity in the
unstimulated state of contact chemoreceptors (Fig. 1.1 a, b). As a consequence
the contact chemoreceptor neurons can only increase the firing rate in response
to a stimulus, whereas in olfactory neurons the firing rate can be both increased
and inhibited by different chemicals (see also Mustaparta, Chapter 2). The
reason for this difference is not known, but it may be that this limit in the
coding ability of contact chemoreceptors is not as important as it may appear.
In fact, evidence presented earlier for the inhibition of sugar receptor cells by
deterrents and vice versa shows that a background activity could be generated
by a universally occurring compound which could be modulated by other com-
ponents of natural stimuli.

Temporal patterns within a single labelled line can be viewed as a stimulus-
specific sequence of spike intervals during the tonic portion of the response of
the sensory neuron (for further explanation see Perkel ef al., 1967). Dethier and
Crnjar (1982) have presented evidence for such patterns in the response of a
contact chemoreceptor cell of M. sexta larvae. An alternative to temporal
coding may exist in a stimulus-specific length of the phasic portion of the spike
train after stimulation, as has been suggested by Stddler and Seabrook (1975)
and Maes (1980). Since together with these temporal patterns other coding
mechanisms have been discovered, it cannot be decided which of the identified
codes are used by the CNS for the decoding process.

The concept of across-fiber patterns in sensory coding was first recognized by
vertebrate sensory physiologists who found that, in many preparations, the
responses of chemoreceptor cells were non-specific. This means that the
individual neurons were found to have widely overlapping reaction spectra.
Further, the activity of individual cells could not be readily linked to a defined
behavioral reaction. Across-fiber patterns and the corresponding decoding
process in the CNS can be viewed as an evolutionary solution to the problem of
perceiving the very complicated chemical stimuli using a limited number of
chemoreceptor cells. This coding mechanism is probably the physiological basis
of the principle of ‘Gestalt’ perception as postulated long ago by ethologists
(Tinbergen, 1951) for the integration of different environmental key stimuli in
the CNS. Atema et al. (1977) used the appropriate term ‘chemical searchimage’
to describe chemoreception of food odors in fish. Schoonhoven (1977a) com-
pared the across-fiber pattern with a complex multidimensional key and the
central decoding mechanism with a complementary complex lock. Theories and
experimental evidence for across-fiber patterns in insect contact chemo-
reception have been presented by Blaney (1975, 1981), and Blaney and Win-
stanley (1980) for locusts by Riith (1976) in the cockroach and by Dethier (1973,
1974a, 1977b), Dethier and Crnjar (1982), van Drongelen ef al. (1978), and
Schoonhoven (1972a, b, 1977a) for lepidopteran larvae.

An important function of across-fiber patterns in lepidopteran larvae is the
coding of quality Dethier and Crnjar (1982). Quality does not represent
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‘acceptable or unacceptable’ but instead is a characteristic sensory impression
of a particular plant sap. This has been concluded from the fact that the across-
fiber patterns of different acceptable and unacceptable plant species are typical
but not identical. The concentration (quantity) of the stimuli appeared to be of
secondary importance since diluted saps evoked across-fiber patterns indis-
tinguishable from those of the original plant saps.

The question arises whether the behavioral and physiological adaptations of
insects to their chemical environment are reflected in different ways of process-
ing sensory information. Part of this question has been answered by the attempt
in Table 1.1 to classify the identified receptor cells according to the ecological
environment. It seems that the more important a single pure chemical is, the
more likely it is that a labelled line for this stimulus exists. If the important
‘chemical message’ is complex (as in leaf saps) it seems that across-fiber
patterns prevail, However, this conclusion is tentative since we do not yet have
enough data on both the chemistry of natural stimuli influencing insect
behavior and the corresponding sensory physiology.

1.6 EVOLUTION OF CONTACT CHEMORECEPTION

The accumulated knowledge about insect chemoreceptors raises questions
about the causes of the observed distribution and function of chemoreceptors.
These questions focus on the problem of the evolution of the sensory organs
and the corresponding central brain structures.

Hypotheses on possible evolutionary developments have been based on three
aspects: (i) Chapman (1980) compared 25 insect species, using species of differ-
ing evolutionary age and known feeding habits; (ii) Dethier (1973, 1980b) and
Dethier and Kuch (1971) compared insects with different and similar food
preferences (phytophagous larvae and flies) with special reference to deter-
rence; and (iii) Schoonhoven (1981) discussed comparative investigations of
host selection and chemoreception in lepidopteran larvae in general and the
closely related Yponomeuta species in particular (Gerrits-Heybroek et al.,
1978; van Drongelen, 1979; van Drongelen and Povel, 1980).

Chapman (1980) found that there are fewer chemoreceptor sensilla and
neurons in evolutionarily ‘younger’ orders of the Endopterygota and Hemi-
pteroidea than in the ‘older’ orders of the Apterygota and Orthopteroidea. This
reduction in numbers is probably also reflected in a reduction in the complexity
of the neuronal architecture of the CNS. In the British Orthopteroidea
relatively few species with specialized feeding habits (number of plant familes)
have been found. In contrast, 38—60% of the British Hemipteroidea and
Endopterygota feed on a single genus. Further evidence for Chapman’s sup-
position comes from studies of Blaney (1981) and Blaney and Winstanley (1980)
on sensory coding in the contact chemoreceptors of locusts: labelled line coding
seems to be largely lacking and a more quantitative type of coding seems to



26 Chemical Ecology of Insects

occur. This is remarkably different from what has been observed in the Endo-
Dpterygota species.

Schoonhoven’s conclusion can be viewed as a micro-evolutionary comp-
lement to macro-evolutionary traits as pointed out by Chapman (1980).
Schoonhoven (1981) found that the diversity of chemoreceptors of closely
related Yponomeuta species correlated with the shift in food plants, which can
be an important step in speciation (Bush, 1975). Both Dethier (1980b) and
Schoonhoven (1974) assume that the present chemoreceptor cells which are
sensitive to a wide variety of compounds evolved from a basic type of chemo-
receptor. It is tempting to believe that the early arthropods had one basic type
of cell which, like unicellar organisms, had the ability to react both to attract-
ive food components and to toxic deterrents. This would include the possi-
bility that the same chemical could release opposite reactions depending on
the concentration. If the epipharyngeal sensilla of caterpillars (M. sexta — de
Boer et al., 1977) and the sensilla on the palp of Schistocerca (Blaney, 1981)
are viewed as primitive, evolutionarily old sensory organs, it could be inferred
that the original receptors were excited (depolarization, increase of spike
frequency) by deterrents and inhibited by sugars. Unfortunately, this
assumption cannot readily explain how such cells could develop into specific
sugar receptor cells which are excited with increasing sugar concentrations.
However, the observation of Morita et al. (1977) that the fly sugar receptor
cell is inhibited by the universal deterrent quinine seems to support the idea
that this sugar receptor retained a sensitivity to deterrents during the evol-
ution,

As pointed out by Schoonhoven (1981), it remains to be investigated to what
extent the evolutionary changes in the discriminatory ability are based on the
chemosensory organs and to what extent on the capability of the CNS.
Answers to these questions may be found by further studies of the chemo-
reception of host races and comparative investigations on the genetics of
behavior and receptor physiology. If the ‘Gestalt’ concepts for sensory
perception is accepted, it has to be concluded that all types of sensory input,
not only contact chemoreception, should be considered for such investi-
gations. This emphasizes the need for a multidisciplinary and comparative
approach to the study of the chemistry of natural stimuli, chemoreception and
its evolution.
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Olfaction

Hanna Mustaparta

2.1 INTRODUCTION

A well-developed olfactory system is of fundamental importance for most
insect species. Odors from host plants or host animals mediate availability
of food, oviposition sites, egg-laying and other functions. Pheromones ful-
fill a variety of important missions in intraspecific communication, such as
mate-finding, aggregation and alarm. The same compounds may also ex-
change information between different species, acting as allomones or kairo-
mones.

Comparison of the pheromone systems of closely related species, has revealed
that the attraction and the pheromone—receptor interaction found between
them correlates with the degree of relatedness (Lanier and Wood, 1975;
Priesner, 1979a, b). However, such a cross attraction could be disadvantageous
for related species living in the same area, and under such circumstances an
additional interspecific mechanism — interruption — is found which serves to
maintain the isolation between sympatric species (Birch, Chapter 12). Thus,
one species may produce an additional pheromone compound which inter-
rupts the attraction of the other species. Chemical compounds which function
as pheromones may also serve as cues for predators, parasitoids and
prey (Vincent, Chapter 8). In these cases the predator or parasites have de-
veloped capabilities for recognizing the pheromones of their prey or host
insects. Predators may also produce the attractants of their prey (Weaver,
1978; Eberhard, 1977). Conversely, some insect species have developed
defensive compounds which are avoided by both insect and vertebrate
predators, (cf. Eisner, 1970; Blum, 1978; Huheey, Chapter 10). Finally, during
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co-evolution of insects and plants, some plants have mimicked the odors of
insect pheromones to lure pollinators (Kullenberg and Bergstrém, 1974). On
the other hand, some insects utilize compounds produced by the host plants as
precursors for their own pheromones (Schneider et al., 1975; Boppré et al.,
1978; Hughes, 1973, 1974).

All of these behaviorally mediated interactions are dependent on precise
chemical messages (semiochemicals) in a species (pheromones), or between
species, (allelochemicals) and on a well-developed olfactory sense. In trying to
understand the underlying olfactory mechanisms it is important to consider
some general features of the olfactory signals. The term multicomponent
applies to most of them. Most extensively studied are the pheromone blends
that elicit specific behavioral reactions in the receiver and thereby make the
system easiest to decipher. It has been shown that the concentration of the
pheromone blend, the ratio between its compounds, the compound isomers
(geometrical, positional, and optical forms), as well as the terminal groups, can
be decisive for specific behavioral responses. In many cases the effect of a
chemically identified pheromone mixture has been tested by its ability to attract
insects to traps, and has subsequently been compared to the corresponding
attractive effect of a natural blend. Such studies have revealed that unsolved
problems remain regarding the identification of a complete pheromone blend,
and the behavioral effect of each compound in the blend. Different compounds
in a pheromone mixture, for example, may amplify the effect of each other.
However, although such a synergism has been disclosed by comparing the
number of insects caught in different traps, the underlying interaction of the
synergists remains largely unknown. The synergist may either (i) amplify a
specific behavioral response elicited by another compound, (ii) be necessary for
the other compound to elicit the particular behavioral response, or (iii) elicit
another behavioral response necessary for the finding of an odorous source
(Cardé et al., 1975).

Concomitant with behavioral investigations of odor signals, work on the
physiology of the olfactory system has progressed, and these two approaches
have been mutually stimulating. However, detailed information on the behav-
ioral significance of the investigated chemical signals has not been available
for many physiological studies. For this and other reasons, the data from the
various studies are in many respects fragmentary. It is dirficult to formulate
unifying concepts because the characteristics of olfactory receptor cells may
vary considerably from one species to the other. As pointed out by Boeckh et
al. (1976), a future detailed analysis of the olfactory mechanism ought to be
based on studies of the same species at different levels (receptor cells, higher
order neurons and behavior). The primary aim of this chapter is to summarize
the results of studies on the morphology and the physiology of the olfactory
system which have elucidated the perception of biologically significant odor
signals in insects, and to develop unifying principles when it is possible to do
SO.
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2.2 MORPHOLOGY

The olfactory receptor cells in insects are usually found on the antennae
(Schneider, 1964). These primary sensory cells receive the information from the
odor signals and transfer it via their own axons to the second order neurons
in the antennal lobe (Fig. 2.1). The receiving part of the receptor cell is located
within the olfactory organ or sensilla, whose outer structure can be seen on the

Fig. 2.1 Outline of the insect olfactory system, showing separate pathways for infor-
mation from pheromones (thicker lines) and from other olfactory stimulants (thinner
lines). As in moths, s. frichodea mediate the pheromone information and s. basiconica
the information from other odors. Some second order neurons (local interneurons) make
connections between glomeruli, while others (output neurons) project to the calyces and
lateral lobe in protecerebrum (mofidied after Masson, 1981).
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Fig. 2.2(a) Scheme of a hair-shaped sensillum, showing one sensory cell, embraced by
the three auxiliary cells. The dendrite of the sensory cell is divided into a branched outer
segment and an unbranched inner segment (containing mitochondria). The conduction
system for the odor molecules (pore and pore tubules) makes contact with the dendritic
membrane.

surface of the antenna as hairs, plates or pores (cf.Kaissling, 1971). The
information conveyed by the axons of the primary cells is transferred to second-
order neurons in the antennal lobes via synapses which are confined to charac-
teristic glomerular structures (Boeckh et al., 1970; Pareto, 1972; Masson, 1973,
1977; Ernst et al., 1977; Boeckh and Boeckh, 1979; Hildebrand et al., 1980;
Matsumoto and Hildebrand, 1981). After integration processes in the antennal
lobe (involving convergence, divergence and connections via interneurons), the
information is conveyed further via tractus olfactorio-globularis to higher
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Fig. 2.2(b) Transmission electron micrographs of Bombyx mori sensilla trichodea
(above, x 20000 and 40 000) and s. basiconica (below, x 20 000). Fixation by freeze
substitution results in almost round cross-sectional profiles of the dendrites, containing a
regular array of microtubules. Pore tubules are well fixed in the outer parts of the hair
(courtesy of Steinbrecht, 1980).

order neurons in the protocerebrum (Fig. 2.3). Terminations are found in the
calyces of corpora pedunculata (mushroom bodies) and in the lateral protocere-
bral lobe (cf. Hanstr6m, 1928; Jawlowski, 1958; Weiss, 1974; Strausfeld, 1976).

Morphological and physiological studies of the olfactory system in insects
have so far mainly concerned the sensory organs and antennal lobe. The
majority of these studies have been carried out on the sensory cells, which are
relatively easy to approach. Nonetheless, results of investigations on the central
processes of the antennal lobes are available, and further research in that area
seems promising.

2.2.1 Antennae and olfactory sensilla

When considering antennae of different species, the variation in shape is strik-
ing. To understand the evolutionary development of variations in size and
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shape one must consider all of the different functions the antennae may serve
(e.g. olfaction, taste, touch, perception of air-movement, heat and CO,), which
vary considerably between species (cf.Schneider, 1964). Antennae with
featherlike shapes (e.g., in saturniids, lymantriids) seem most advanced as
‘odor filters’. The surface is greatly increased by thousands of long vertically
oriented hair sensilla on the antennal branches. The large surface area and
characteristic geometry enable the antennae to sieve out odorous molecules
effectively from the air passing through it (Kaissling, 1971).

Olfactory sensilla have been classified on the basis of size and shape as sensilla
trichodea, s. basiconica, s. coeloconica, s. placodea (Schneider and Steinbrecht,
1968). Other types were later described in a number of species (Altner and
Prillinger, 1980; Steinbrecht and Miiller, 1976) The first two types, s. trichodea
and s. basiconica, are hair-shaped sensilla. The s. coeloconica type, also called a
pit-peg, consists of a peg embedded in a cavity of the cuticle which opens to the
surface. S. placodea, or pore plates, consist of a circular cuticular structure which
is perforated by pores. However, a classification of sensilla cannot be made ex-
clusively on the basis of external morphology. Internal morphological properties
revealed by studies of fine structure do not always correlate with the outer shape.
For example, s. trichodea and s. basiconica usually differ in their long and short
hairs respectively, but not always, and in this case the character of their fine
structure is the principal difference between the two types (Schneider and
Steinbrecht, 1968). Furthermore, intermingled with s. frichodea and s. basi-
conicain B. moriare found sensilla which show a fine structure of anintermediate
type (Steinbrecht and Miiller, 1971). The limited value of using the external mor-
phology for classifying sensilla is discussed by Altner and Prillinger (1980).

One sensillum type for which the fine structure is well studied is s. trichodea
of the silk moth B. mori (Steinbrecht and Miiller, 1971; Steinbrecht, 1980). This
hair-shaped sensillum (Fig. 2.2) can be characterized as a thin-walled (0.3 um at
half length) cuticular protrusion (10 um long, diameter ca. 2 um). The wall is
penetrated by numerous pores (ca. 2500) over the entire surface, except at the
most proximal part of the hair. The hair is innervated by one or more sensory
cells, with dendrites penetrating the hair lumen and reaching out to the tip.
Each dendrite is divided into an inner and outer segment, separated by a special
ciliar structure which is short and ‘neck-like’ and contains the typical concentric
doublets of tubules found in other sensory cilia. It is only the outer dendrite
segment which resides within the hair lumen. The two segments also differ with
respect to the contents of cell organelles. Whereas the outer segments mainly
contain microtubules and no mitochondria (Fig. 2.2(b)), the latter are
abundant within the inner segment. The outer segment is usually divided longi-
tudinally into branches, relatively few in s. trichodea, but up to 50 in others,
e.g. s. basiconica (Fig. 2.2(b)). The inner segment and the cell bodies are
surrounded by three auxiliary cells (the thechogen, tormogen and trichogen)
which form a sheath around the sensory cells. Thus an olfactory sensillum
consists of at least four cells. The auxiliary cells, which carry out an important
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secretory function during the ontogenetic development of the sensillum,
forming hair cuticle and the microtubules (Ernst, 1972), may have another
important function during adult life. They apparently maintain the electrical
potential (ca. +50mV) between the haemolymph and the receptor lymph
(Kaissling and Thorson, 1980). The receptor lymph fills the hair lumen around
the outer segment of the dendrites and is separated from the haemolymph by
tight junctions formed between the auxiliary cells just below the ciliary structure.
The potential of the receptor lymph, which has relatively high K* content, is
probably maintained by an electrogenic K*-pump located in the folded
membranes of the trichogen and tormogen cells. The membrane folds are only
present on the side facing the receptor lymph. The sensory and auxiliary cells are
located within the epithelium which is separated from the haemolymph by the
basal membrane. An axon (0.3 um) leading from a sensory cell to the brain is
surrounded by glial cells, and does not interconnect with other axons, either by
fusions or synapses, before reaching the brain (Steinbrecht, 1969).

The conduction system through which the odor molecules reach the dendrite
membrane of the sensory cell occur in two principally different types (Stein-
brecht and Schneider, 1980; Altner and Prillinger, 1980). The first type consists
of a cuticular spoke channel, leading from longitudinal grooves on the hair
surface to an inner cylinder that contains the dendrites (Steinbrecht and Miiller,
1976). However, the conduction system has been mainly studied in the other
type (Steinbrecht and Miiller, 1971). Here, the molecules are adsorbed on the
cuticle of the hair wall and diffuse through the pore openings (funnel 100 nm
wide) which often lead into a fine (8 nm) and short (25 nm) pore channel. This
widens into a cavity (50—100nm). The inside of the cavity faces the receptor
lymph of the liquor channel (200—400nm in length) which penetrates the
remainder of the hair wall. From the inside of the cavity 3—7 fine, pore tubules
pass through the liquor channel and the hair lumen to the dendrite membrane.
Electron microscopical studies have established that contact exists between
these tubules and the dendrite membrane (Steinbrecht and Miiller, 1971).
Furthermore, Ernst (1969) has shown that tracer substances penetrate from the
outside through the pores into the pore tubules, a route by which odorous
molecules can evidently reach the dendrite membrane. Calculations by Adam
and Delbrtick (1968) suggest a two-dimensional surface diffusion of the odorous
molecules through the pore-tubule conduction system. Pore tubules were earlier
thought to be formed by the dendrite membrane, but were later shown to
emanate from the trichogen cell (Ernst, 1972). This apparently excludes the
possibility that receptor specificity is confined to the conduction system, as
different receptor cells within the same sensillum (i.e., sharing the same con-
duction system) are usually keyed to different compounds (see Section 2.3.2).

2.2.2 Antennal lobe

Axons from olfactory receptor cells, forming a part of the antennal nerve, enter
laterally or dorso-laterally into the ipsilateral antennal lobe and terminate in the
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glomeruli (Fig. 2.3). These synaptic structures consist of particularly fine and
dense neuropil. The organization of the glomeruli in the cockroach, Blaberus
craniifer, is uniform between individuals, both in the number per hemideuterum
(109) and in contributions to the two sides (Chambille and Masson, 1980). Like
the olfactory bulb in vertebrates, the glomerular structures occupy a large part
of the lobes, surrounding a central region which in insects consists exclusively
of coarser nerve fibers. The cell bodies are located cortically, usually in large
clusters (Boeckh et al., 1976). The low number of neurons in the antennal lobe
compared to the number of receptor cells, suggests a strong convergence of
primary axons onto these neurons (Boeckh and Boeckh, 1979).

Two main types of neurons have been identified in the antennal lobe of
several insect species (Ernst et al., 1977, Matsumoto and Hildebrand, 1981).

Fig. 2.3 Olfactory pathways in the antennal lobe. Axons from ‘pheromome sense cells’
terminate in the ‘macroglomerulus’ whereas axons from other olfactory cells project to
numerous ‘ordinary glomeruli’. Second-order cell bodies are located in the medial and
lateral neuronal clusters of the antennal lobe. Axons from output neurons in these
clusters form the tractus olfactorio globularis, which project to the calyces and lateral
lobe of protocerebrum. The diagram is modified after Boeckh and Boeckh (1979) who
found that second-order neurons in Antherea sp., responding to pheromones, were
located exclusively in the medial clusters. However, in Manduca sexta, Matsumoto and
Hildebrand, have revealed that output neurons with dendritic arborizations in the
‘macroglomerulus’ are located in both clusters.
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The local anaxonic interneuron (Fig. 2.1) is multiglomerular (makes con-
nections between different glomeruli). The other type, the output neuron, is
uniglomerular and sends one axon through the deutocerebral bundle of the
tractus olfactorio-globularis to the protocerebrum. In Manduca sexta, the local
interneurons have been further divided into (i) a male-specific type with
dendritic arborizations in the ‘macroglomerulus’ (see below), (ii) a female-
specific type with asymetrical arborizations, and (iii) a type found in both sexes
with dendritic arborizations exclusively in ‘ordinary glomeruli’ (Matsumoto
and Hildebrand, 1981). A further classification of antennal lobe neurons has
been achieved by combined electrophysiological and morphological studies, as
discussed in the following section.

Studies of the ultrastructure of glomeruli in M. sexta have revealed pre- and
postsynaptic profiles, where one pre-synaptic region is commonly associated
with several postsynaptic (Tolbert and Hildebrand 1981). Pre-synaptic profiles
are not only present in terminals of primary axons. Identification of second-
order neurons filled with horseradish peroxidase, have shown that local inter-
neurons also possess pre-synaptic profiles. Similar indications that information
is not only received by second-order neurons but also transmitted, were pre-
viously provided by degenerating studies in Periplaneta americana and Calli-
phora erythrocephala (Boeckh et al., 1970). One of three types of pre-synaptic
profiles is most common in M. sexta and seems to be the predominant type in
the primary axon terminals (Tolbert and Hildebrand, 1981). These are charac-
terized by their numerous small round and clear vesicles, resembling cholinergic
terminals in vertebrates, that use acetylcholine as a transmitter (Sanes et al.,
1977).

2.3 ELECTROPHYSIOLOGY

2.3.1 Techniques

Electrophysiological recordings from receptor cells and from second-order
neurons in the antennal lobe have led to a better understanding of the olfactory
system. The first recordings from olfactory receptor cells in insects were
performed by Schneider (1957) who obtained a slow, graded, summated
receptor potential, the electro-antennogram or EAG. Besides being a valuable
tool for studying the olfactory mechanisms, EAG-recordings have been used
successfully in the identification of pheromones and host attractants. Fractions
from female gland contents, separated by gas-liquid chromatography, have
either been collected and tested on male antennae (Roelofs, 1979), or the EAG
technique has been linked to the GLC-separation system by recording simul-
taneously from the gas chromatograph and the antenna detector (Moorhouse et
al., 1969; Arn et al., 1975). By using both endogenous and synthetic
pheromones and analogues, EAG recordings have also been used to suggest
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taxonomical relationships of pheromone—receptor systems between species of
Lepidoptera (Priesner, 1979b).

In 1962, Boeckh reported the first quantitative recordings from single olfac-
tory receptor cells in the carrion beetle, Necrophorus vespilloides. Tungsten
micro-electrodes, with a tip diameter of about 1 um, were inserted into the hair
base, contacting the dendrites, thus picking up the nerve impulses extracellu-
larly. This technique turned out to be well-suited for recordings from sensilla of
short hairs of coeloconic and placodaic type in several species. Another tech-
nique, more suitable for recording from single cells of the long hair sensillum,
s. trichodea, was introduced by Kaissling (1974). The tip of the hair was cut off
and a glass capillary micro-electrode was brought into contact with the sensory
cell by covering the cut end of the hair with the electrode tip. In that manner, it
was possible to record nerve impulses and the slow receptor potential of the
innervating cells. This is in principle the same technique used earlier for record-
ing from contact chemosensilla where a natural pore opening exists at the tip of
the hair (see Stidler, Chapter 1). When recording from a single sensillum,
impulses from one or from several cells may be obtained. In the latter case the
spikes of the various cells are distinguished by differences in amplitudes. How-
ever, when three or more cells are present in one sensillum the size differences of
the amplitudes may be unreliable for distinguishing among the cells. In these
cases the spikes from different cells must be identified by using selective adap-
tation techniques (Vareschi, 1971; Kaissling, 1979; Priesner, 1979a, b). A cell is
selectively adapted by stimulation with a ‘key compound’ for this cell; a second
stimulus, acting on the same cell, applied immediately after the adaptation
stimulus, will elicit a lower response than if it was applied alone. Any test
compound which shows a reduced effect when applied immediately after the
adaptation stimulus is thus assumed to have activated the same cell. However,
if a compound when applied as a second stimulus, elicits the same response as
when applied alone, it must have activated another cell which was unaffected by
the adaptation stimulus. Thus far, intracellular recordings from olfactory
receptor cells have not been reported.

Recordings from neurons in the antennal lobe were performed by Yamada
(1968), who recorded extracellular nerve impulses from single neurons in
P. americana. The neurons responded when odors were blown over the
antennae. Later, similar recordings were carried out in other species, allowing
the determination of second-order neuron response spectra in P. americana
(Yamada, 1971; Boeckh, 1974; Boeckh et al., 1976; Waldow, 1975), Locusta
migratoria (Boeckh, 1974) and Camponotus vagus (Masson, 1973). Further-
more, extracellular recordings from neurons of the antennal lobes in two
species of Antherea were performed during exposure to pheromone compounds
of one of the species (Boeckh and Boeckh, 1979). Subsequent to the recordings,
cobalt staining was performed which visualized the widely branching arboriz-
ations of certain pheromone-responding units in the ‘macroglomerulus’.
Recently, intracellular recordings from antennal lobe neurons were also
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performed in M. sexta, followed by intracellular injections of cobalt or horse-
radish peroxidase (Matsumoto and Hildebrand, 1981).

The stimulation techniques chosen for studies of insect olfaction have to be
considered with respect to the small quantities of pheromone compounds that
are sometimes available. One technique, employed in studies of lepidopteran
pheromones, is the use of cartridges (Kaissling and Priesner, 1970). A specific
amount of a compound is applied on a piece of filter paper inside a glass tube
(cartridge) through which a constant air stream (puff) is blown over the
antennae. Another technique (employed in studies of bark beetle pheromones)
involves the use of a syringe, inside of which is placed a vial, containing the
odor solution (Kafka, 1970). After saturation, the piston of the syringe can be
depressed by a motor-driven device at a constant velocity, while directed
toward the antenna. In both cases a stream of pure air is blown over the antenna
between each stimulation period. In other techniques the odor is introduced as a
puff into an air stream, continually blowing over the antennae (Roelofs and
Comeau, 1971).

2.3.2 Receptor cell responses

(a) General

The receptor cells are either activated, inhibited or unaffected when an odor is
blown over the antennae. When activated, a negative slow deflection is recorded
between the receptor lymph of a single sensillum and the haemolymph (Kaiss-
ling and Thorson, 1980). This deflection is assumed to be the summated
receptor potential of the innervated olfactory cells of a particular sensillum,
The sum of deflections from all olfactory sensilla is assumed to constitute the
EAG recorded with relatively large diameter glass capillary electrodes. When
recording from a single sensillum with glass capillary micro-electrodes during
stimulation with a low pheromone concentration, small elementary potentials
(0.5 mV) are observed 10—40 ms before a spike occurs. These potentials have
been interpreted as the result of opening of single ion channels involved in the
transduction process. The extracellularly recorded spikes consist of an initial
positive deflection (2 ms) followed by a negative one (Kaissling and Thorson,
1980). In some cases, responses to odors may also be recorded as an inhibition
of receptor cells, which then show a slow hyperpolarization and reduced firing
rate (Boeckh, 1967a).

The specificity of an olfactory cell reflects the specificity of membrane
receptors, also called acceptors, which are assumed to be located in the den-
dritic membranes. The possibility that the specificity might be confined to the
conduction system, e.g., microtubules, was excluded by the observation that
two sensory cells innervating the same sensillum, and sharing the same con-
duction system, could be activated by different ‘key’ substances. In activating a
cell, the odor molecule is thought to bind to a membrane receptor protein
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(Hansen, 1978; Stidler, Chapter 1), whereby a conformational change to an
active stage of the receptor occurs, leading to the opening of ion channels and
depolarization of the cell membrane (Kaissling and Thorson, 1980). So far,
different olfactory cells have been shown to possess varying degrees of special-
ization, some responding only to one of the test compounds, while others may
respond to many different odors. Varying composition of different types of
membrane receptors within each cell has been postulated as a model to explain
the degree of specialization possessed by different olfactory cells (Kafka, 1974).

In an early study in the saturniid moth, Antherea pernyi, the term ‘special-
ists’ was introduced to describe cells responding most selectively to the phero-
mone compound, in contrast to the term ‘generalists’ for those cells responding
less selectively to many different host compounds (Schneider ef al., 1964). So
far, it seems that the cells activated by pheromones are specialized for one
compound of a pheromone mixture (Kaissling, 1979; Priesner, 1979a; Den
Otter, 1977; Mustaparta, 1979; Angst, 1981; Wadhams et al., 1982). On the
other hand, odors with other functions, such as food attractants, usually seem
to activate cells which have broader response spectra. However, the term
‘generalists’ can be misleading since it may mean either cells which all respond
differently (individual response spectra) or cells which belong to a certain
response group, where the response spectra within a group is identical (Vareschi,
1971). Furthermore, these groups may either overlap or be non-overlapping
(see Section 2.3.2(d)).

(b) Pheromones

Moths

In lepidopteran species the sex pheromones produced in the female abdominal
gland specifically activate s. trichodea receptor cells on the male antennae,
eliciting attraction and sexual behavior in the males (Kramer, 1978). The
pheromone components of numerous lepidopteran species have been identified
by chemical analysis, often in connection with electrophysiological tests and
field observations. The molecular structures of these compounds are related in
investigated species of Noctuidae, Tortricidae, and several other moth families.
Most are straight-chain unsaturated hydrocarbons with acetate, aldehyde or
alcohols as one terminal group. The availability of synthetic lepidopteran
pheromones makes this stimulus—receptor system most suitable for studying
the structure-activity relationship of the olfactory system (Kaissling, 1971,
1979; Priesner, 1979a, b; Schneider et al., 1977; Den Otter, 1977) and for test-
ing various hypotheses on molecular—receptor (acceptor) interaction (Kafka
and Neuwirth, 1975) and transduction processes (Kaissling, 1974).

The number of s. trichodea sensory cells varies from one to five, depending
on the lepidopteran species (Priesner, 1979a). In some species the cell generat-
ing the largest spike amplitude in each sensillum consistently belong to the same
cell type, i.e. maximally responds to the same ‘key’ substance, which is the
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major pheromone component. This cell type (A) seems to be generally present
in all s. trichodea of a species, while the other cell types, each keyed to a minor
component, may be less frequently found. Since morphological studies in
B. mori have revealed that s. trichodea contain two cells, one considerably
larger than the other (Fig. 2.2(b)), it seems likely that the largest spikes, elicited
by bombycol, originate from the large cell (Kaissling and Thorson, 1980).
Similar relationships between spike amplitudes and specificities of s. frichodea
sensory cells seem to exist in many Lepidoptera (Priesner, 1979a; Kaissling,
1979; Den Otter, 1977; O’Connell, 1975). Thus, even though most species use
multicomponent pheromones, the receptor cells detecting these signals are
‘specialists’ for one ‘key’ substance.

Other questions of interest include the sensitivity and the specificity of the
cells for their respective ‘key’ compounds. The pioneering experiment leading
to the conclusion that one or two molecules of bombycol hitting the receptor
cell is enough for eliciting a spike, was performed using electrophysiological
recordings combined with measurements of adsorption of labelled bombycol
on the antennae of B. mori (Kaissling and Priesner, 1970). In other species, the
relative sensitivity of the cells to their respective ‘key’ compound has been
determined by measuring the amount of the unlabelled compound needed to
give a certain response at low levels. In that manner, it was found in B. mori,
A. polyphemus (Kaissling, 1979) and various noctuids and tortricids (Priesner,
1979a; Den Otter, 1977) that approximately the same degree of response of the
respective cells was elicited by equivalent amounts of their ‘key’ substances.
Further determination of the specificity of a particular pheromone cell has been
carried out by measuring the dose—response relationship for the ‘key’ sub-
stance and its derivatives. Studies of the pheromone cell specialized to cis-7,
8-epoxy-2-methyl-octadecane in Lymantria dispar showed that this cell also
responds to the related derivatives, but only at higher concentrations (Kafka,
1974; Schneider et al., 1977). The parallel dose—response curves which were
obtained for the pheromones and several analogues indicate that a single type
of membrane receptor is involved. In addition, the relative effects of numerous
derivatives were determined by measuring the amount of compound necessary
for eliciting equivalent responses. Thus the cis-isomer and the position of the
epoxy group were found to be most important for the stimulatory effect.
Recent studies of the effect of optical isomers of disparlure, have revealed that
the two s. trichodea sense cells in L. dispar are each specialized to one of the
enantiomers (Hansen, unpublished).

In several noctuids and tortricids, Priesner (1979a, b) determined the speci-
ficities of the various pheromone cells within s. trichodea by measuring their re-
sponses to four doses of each test compound, including the ‘key’ compound. In
Table 2.1 examples are given for five cells (A—E) within the trichodeal sensillum
of Pseudaletiaunipuncta. The function of the components appears to be (A) main
pheromone component, (B and D) interspecific inhibitors, (E) synergist, and (C)
unknown (Hill and Roelofs, 1980; McDonough et al., 1980; Farine et al., 1981).



Table 2.1 Responses of five receptor cells (A to E) in male sensilla trichodea of
Pseudaletia unipuncta to indicated amounts of test chemicals. Size of filled circles
symbolizes frequency of nerve impulse response; open circles indicate lack of response
(courtesy of Priesner.)
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All cells having approximately the same threshold for their ‘key’ substances,
also responded to other compounds, but only at higher concentrations, It is
obvious from these data that the terminal group is most important; the acetate
cells (A, B and C) were almost insensitive to aldehydes and alcohols, and the
aldeyde cell (D) and alcohol cell (E) were almost insensitive to acetates. Further-
more, an increase or decrease of chain length from that of the ‘key’ substance,
generally caused a decrease of the stimulatory effect. However, it does not seem
to be the total chain length, but rather the length of a particular section of the
chain, that is most important. With respect to this, it is of further interest that
the receptors in the two families Noctuidae and Tortricidae differ; the part of
the chain between the apolar alcyl group and the double bond being most
critical for the stimulatory effect on receptor cells in noctuids and the other part
of the chain most critical in tortricids (Priesner, 1979a, b). In this connection it
is important to realize that the receptor specificity of a particular cell type
generally remains consistent within closely related species. Thus, Priesner
(1979a, b) found identical response spectra and dose-response relationships for
cells keyed to the same compound within a species as well as in closely related
species. This in contrast to the receptor cells of taxonomically distant species,
e.g. noctuids and tortricids, for which the specificities differed as described
above. These findings of constant specificities of pheromone cells belonging to
one type, differ from the results of the early study of the red-banded leafroller
moth, Argyrothenia velutinana (O’Connell, 1975). Here, two s. trichodea
receptor cells were each found to be most sensitive to one of the pheromone
components, (Z)11-14:Ac or (E)11-14: Ac, but individually the cells differed
both in respect to absolute and relative sensitivities for the pheromones and
other related compounds. In recent studies of the same species, however, the
same cell types and two additional types of s. trichodea have each been found to
possess the same sensitivities, response spectra and dose—response relation-
ships, according to results of other tortricids (Priesner, unpublished).

These data provide substantial evidence that each type of pheromone cell in
lepidopteran species possesses only one membrane receptor type, a specialist
for the ‘key’ substance, and that pheromone constituents in these species can
indeed be identified electrophysiologically be screening the effect of various
derivatives on single trichodeal cells. Screening tests of this kind have been
carried out in many species using single cell recordings as well as recordings of
EAGs (Priesner, 1979a, b; Kaissling, 1979). Demonstration of these uniform
receptor systems has stimulated studies of the physicochemical interaction
between a stimulatory agent and the receptors. Based on electrophysiological
data, a physicomathematical model has been proposed and tested, suggesting
that three to five subsites within the pheromone bind to corresponding subsites in
the membrane receptor (Kafka and Neuwirth, 1975). It appears that the spatial
distribution of these subsites of high electron density (e.g., double bond,
terminal groups, etc.) are important for the stimulatory effect of the chemical
agent. This concept about the nature of the membrane receptor is interesting
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also in terms of the evolution of the pheromone receptors. Priesner (1977) has
suggested that for certain related species the receptors have undergone a step-
wise change. The idea was based mainly on electrophysiological studies of
numerous moth families, demonstrating a gradual change in receptor responses
(EAGs) of male antennae with the degree of taxonomic separation (Priesner,
1979a). In addition, the distinct difference in taxonomic neighbors (mentioned
above for noctuids and tortricids) suggests evolutionary steps which have
become preserved in these species. With respect to speculation on the evolution
of the specific stimulus—receptor system, there appears to be substantial
plasticity in both the produced compounds and the receptor cells. Thus, female
pheromone glands contain compounds for which the conspecific male has no
specific receptors, and the male antennae possesses specific receptor cells for
which the conspecific female does not produce the ‘key’ compound (Priesner,
1979a). That kind of reserve capacity may be important in the evolution of the
pheromone and its receptor.

Bark beetles

Several species of the genera Ips, Scolytus and Dendroctonus have been electro-
physiologically investigated with respect to pheromone detection. Bark beetles
use volatiles of the host tree as precursors for their pheromone components
(Hughes, 1973, 1974). These are ingested when beetles bore into the bark and
are at least in some instances modified by intestinal bacteria (Brand et al., 1975)
or fungi (Brand ef al., 1976). They are then released through the frass (boring
dust and fecal material). The modified compounds have a strong attractive
effect upon both sexes and are therefore called aggregation pheromones. In
some cases the effect of the pheromones is increased when host tree volatiles are
added. In Dendroctonus, the boring beetles are females and in Ips males, while
in Scolytus the sex boring depends on the species (see Birch, Chapter 12 on bark
beetles).

A few pheromones in various species (Silverstein, 1979; Blight et al., 1979a, b)
illustrate the characteristic differences between the pheromone structures used
in the three genera (Fig. 2.4). In Ips, most components are monoterpenes of
which ipsdienol, ipsenol, amitinol and perhaps also cis-verbenol are genus-
specific. The prominent pheromones in species of Dendroctonus are brev-
icomin and frontalin. In species of Scolytus two structures have been identified
as pheromones, multistriatin and 4-methyl-3-heptanol. Structure—activity
relationships have so far not been systematically investigated for the above
pheromone compounds. Rather, in these insects, studies have mainly con-
cerned the specificities of the receptor cells for known pheromone components,
with the aim of elucidating the reception of the multicomponent aggregation
pheromones. Electrophysiological studies have stressed the importance of
optical forms (Fig. 2.4) as behavioral studies demonstrated that these are
decisive for communication in bark beetles. All of the pheromone compounds
mentioned are produced by the beetles as specific optical configurations, and
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Fig. 2.4 Molecular structure of pheromones characteristic of three genera of bark
beetles.

the receiving insects discriminate behaviorally between the enantiomers in the
field (Lanier et al., 1972; Lanier et al., 1980; Birch et al., 1980a, b; Blight et al.,
1979a; Light and Birch, 1979; Payne et al., 1982).

Olfactory sensilla in bark beetles have been classified as s. trichodea and
s. basiconica as in species of Lepidoptera. Because of high hair density, how-
ever, it has not been possible in most cases to identify the type of sensillum from
which electrophysiological recordings have been made. The olfactory receptor
cells responding to pheromones of Ips and Scolytus were shown to be special-
ized to one ‘key’ substance. Thus, in females of Ips species, separate groups of
cells keyed to ipsenol, ipsdienol, amitinol, verbenone/verbenol, methyl-
butanol, phenylethanol (the two latter also isolated from males of Ips) and host
volatiles were identified electrophysiologically (Mustaparta, 1979). In addition,
various cell groups were shown to be optically specific. In fact, the optical
isomers seems to act as independently as any other pheromone component. For
example, the ipsdienol cells consist of two distinct types; one keyed to (+ )-(Fig.
2.5) and the other to (—)-ipsdienol (Mustaparta et al., 1980). On the other hand
exclusively (—)-ipsenol cells are present in the investigated species of Ips (Mus-
taparta, 1980), which corresponds to their produced compound (Fish ef al.,
1979).

It is difficult to compare the absolute sensitivities of the pheromone cells of
bark beetles and moths on the basis of available experimental results, because
different stimulation techniques have been used, and because the two classes of
compounds have different vapor pressures. However, with cartridge-techniques,
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Fig. 2.5 Dose—response curves of a ‘pheromone sense cell’ in Ips pini (N.Y.)
specialized to (S)-( +)-ipsdienol. The effect (ca. 10 times lower) of the opposite enantio-
meric sample ((R)-(—)-ipsdienol) can be ascribed to the contamination (ca. 8%) of
S-(+)-ipsdienol. Adding (R)-(—)- to S-(+)-ipsdienol did not increase the response to the
latter, indicating no interaction at the receptor level.

the threshold dosage for the cells in Ips species was found to be in the range of
10%—107* pg of the ‘key’ substance on filter paper (Mustaparta et al., 1979).
This is roughly the same threshold found in moths for their ‘key’ substances.
Comparisons of the number of molecules reaching the antennae in the two
insect groups can, however, not be made. The specificities as well as the relative
sensitivities of the receptor cells in Ips have been determined by measuring the
dose-response relationship to six stimulation intensities using the syringe stimu-
lation technique (Fig. 2.5). All cells with ‘key’ compounds of monoterpenes
showed the same dose—response relationship. A linear increase of responses to
logarithmic increase of the stimulation intensity occurred in the same concen-
tration range. Above this level (about 100 ug inside the syringe) all
dose—response curves levelled off, reaching a plateau, which probably rep-
resented maximal engagement of cell responsiveness (Mustaparta, 1980).
Recordings of olfactory receptor cells in Scolytus multistriatus and S. scolytus
revealed the same degree of specialization as that found for Ips species. In males
of S. multistriatus (attracted to the three-component mixture, multilure) the
majority of receptor cells were keyed to either of the two compounds produced by
females, (— )-a-multistriatin and (—)-threo-4-methyl-3-heptanol (Angst, 1981).
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However, no cells in the males were keyed to the third compound ( — )-cubebene
which is produced by the host tree. Both sexes of S. scolytus possess a majority
of receptor cells keyed to either of the two male-produced compounds,
(—)-threo-4-methyl-3-heptanol and the ( —)-erythro-stereo-isomer, and in this
species some cells were keyed also to (—)-a-multistriatin (Wadhams et al.,
1982). The relative sensitivities and specificities of these cells were determined
in the same way as described for Ips species. Each cell was minimally activated
by pheromone components other than its own ‘key’ substance. The functional
types of olfactory receptor cells discussed here for Scolytus, as with the cells of
Ips, apparently are all keyed to the specific isomer of the pheromone com-
pounds. The cells specialized to (— )-a-multistriatin are 1000 times less sensitive
to the geometrical isomer é-multistriatin. However, the discrimination of the
optical form of multistriatin seemed to be less pronounced. The substantially
lower effect of the (+ )-stereo-isomer (optical purity 99.5%), cannot be solely
ascribed to contamination with the (— )-enantiomer. It implies that these cells in
fact may also respond to ( + )-multistriatin, although to a lesser extent. The cells
keyed to methyl-heptanol are, however, highly optically specific in both
species.

The findings in Ips and Scolytus are different from those obtained in species
of Dendroctonus. Recordings of EAGs and responses of single cells (both
combined with adaptation techniques) has led to the conclusion that reception
of the multicomponent pheromones in species of Dendroctonus reflects inter-
action of different compounds on one and the same receptor cell, i.e., a single
cell containing different types of membrane receptors, each interacting with a
certain pheromone component. This idea is supported by observations that the
prominent female-produced pheromone compound, frontalin, the synergistic
host volatile, a-pinene, and the interspecific inhibitor, endobrevicomin, all
activate the same receptor cell (Payne, 1975; Dickens and Payne, 1977). It has
also been suggested that the receptor cells in Dendroctonus discriminate
between optical configurations of frontalin by a similar mechanism, involving
two types of optically specific membrane receptors located in the same cell
(Payne et al., 1982). However, what obscures the conclusion drawn from the
experiments in Dendroctonus is that relatively high concentrations (100 ug) of
thetest substances wereused. Cells of Ips and Scolytus exhibit maximal responses
at this concentration level of a ‘key’ substance, and compounds other than the
‘key’ substance may elicit some response at this concentration. Therefore, a
dose—response relationship should also be determined for the pheromone cells
in species of Dendroctonus to substantiate that this species possesses single cells
specifically responding to more than one ‘key’ substance.

Other insect species

Receptor cells specialized to pheromones have also been studied in other insect
groups. In the honey bee, Apis mellifera, two separate cell types have been
observed, one for queen substance and another for the alarm pheromone
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(Vareschi, 1971). The response spectra of these cells do not overlap. Further-
more, the cells keyed to the queen substance possess optical specificities (Kafka
et al., 1973). The ant, Lasius fuliginosus, has a highly specialized cell type for
the alarm pheromone, undecane (Dumpert, 1972); the cell was 1000 times less
sensitive to decane and to dodecane (Kafka, 1974).

The data presented above for most species investigated provide substantial
evidence for specialized olfactory cells that receive information from a single
component of a blend of sex pheromones, aggregation pheromones and others.
This implies that the synergistic effects of the components in the mixtures upon
behavioral responses are due to integration within the CNS of signals from
separate primary axons, rather than to interaction of compounds on the
receptor cells. It seems to hold true for most synergistic interactions, whether
the substances are acting in sequence or together when eliciting identical behav-
ioral responses. In a few cases, it has been proven electrophysiologically that
behavioral synergists do not interact on the receptor cells. Thus the two syn-
ergists, ipsenol and ipsdienol, were tested separately and combined on both
‘ipsenol-’ and ‘ipsdienol cells’ of I. paraconfusus (Mustaparta, 1979). The cell
responses did not increase when the mixture was applied. Neither did en-
antiomers, acting as behavioral synergists, interact on the receptor cells
(Fig. 2.5).

(c) Inhibitors

Most compounds which interfere with a behavioral response elicited by another
compound are interspecific interruptants and are also pheromone components
of sympatric species (see Birch, Chapter 12; Cardé and Baker, Chapter 13).
They interrupt the attraction of closely related sympatric species, which may
otherwise be cross-attracted by other pheromone components or host volatiles.
In some instances the interruption is mutual, (Light and Birch, 1979; Lanier et
al., 1980; Birch et al., 1980a, b), and it might well be that this is a general
phenomenon.

Two different mechanisms for interruption have been discussed: (i) inter-
action of the inhibitor and the pheromone on the same receptor cell (com-
petitive blocking), and (ii) activation of separate cells by the two compounds,
causing interruption of response at a central level. The presence of specialized
receptor cells for behavioral inhibitors has been demonstrated in many species
by electrophysiological recordings from single receptor cells. Priesner (1979a, b)
found that a particular s. frichodea receptor cell in some noctuids and tortricids
is specialized for the compound causing interruption of pheromone attraction
in these species, (exemplified in Table 2.1). Furthermore, in studies of the
tortricid moth, A. orana, behavioral inhibitors for pheromone attraction did
not show any significant inhibitory effect on the pheromone receptor cells (Den
Otter, 1977). The mechanism of interspecific interruption was studied in more
detail in bark beetles, where separate cells for inhibitors produced by a
sympatric species were identified (Mustaparta et al., 1977). Additional tests
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showed that the inhibitor does not influence the responses of pheromone
receptor cells to their key substance. This applies to pheromone cells in 1. pini
and I. paraconfusus, where mutual interruption take place (Birch, Chapter 12,
Fig. 12.2). In western I. pini, the interruptants ( — )-ipsenol and (+ )-ipsdienol
produced by I. paraconfusus did not reduce the response of the pheromone cells
keyed to (—)-ipsdienol (Mustaparta, 1979; Mustaparta ef al., 1980). Con-
versely, the response of (+ )-ipsdienol cells in I. paraconfusus were not reduced
by adding the interruptant ( —)-ipsdienol. There was no observable difference
between cells keyed to the same substance, whether they mediated inhibition in
one species or attraction in the other. These results seem to justify the con-
clusion that the mechanism for interspecific interruption is not due to inter-
action of compounds on the receptor cells, but to activation of separate cells,
the signals of which interfere with those from pheromone cells in the CNS. Such
a system seems more efficient for blocking a behavioral response, as in the case
of competitive blocking, the inhibitor would need to be present in a much
higher concentration than the pheromone to prevent the latter from affecting
the cell.

Competitive blocking of single membrane receptors is a well-established
phenomenon (e.g., in synaptic and neuromuscular transmission), and it has
been suggested that the same might hold true for the olfactory receptors of
insects (Roelofs and Comeau, 1971). However, in the case of the established
mechanisms for blocking effects, the chemical agent is disadvantageous to the
‘receiving’ individual and, therefore, specialized receptors for such an agent
would not be predicted. The pheromones and interspecific inhibitors are
important in conspecific mate finding. Here, the development of particular
receptor cells for interspecific interruptants appear to be advantageous. No
case is known where a compound is produced by one species with the sole
function of blocking the attraction of another species to another volatile com-
pound. If such a case exists the inhibitory mechanism is probably by competi-
tive blocking. Other protective mechanisms are the production of repellents
which may activate specific receptor cells, host plant compounds (e.g.,
geraniol) which hyperpolarize pheromone cells, and compounds with general
irritating properties (defense compounds).

Inhibition also occurs between individuals of the same species. In B. mori,
the secondary pheromone component, bombycal, acts as an inhibitor on the
attraction caused by the main pheromone component, bombycol. For each
component there are separate receptor cells as described above.

(d) Host volatiles

Although the reception of pheromones in many respects has now been
elucidated, it remains to be shown conclusively how behaviorally important
volatiles from host and food materials are discriminated by the receptor cells.
There is probably not one single system for receptor cell specialization to these
compounds. Volatiles released from host and food materials constitute a much
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more complex mixture than do pheromone blends. Various kinds of host and
food materials have been classified by Stddler (1980), as decaying organic
materials, stored products, plant roots, undamaged plant surfaces, flowers,
plant interior and animal hosts. In this section studies of the specificities of
single receptor cells are discussed suggesting innate abilities of receptor cells to
discriminate volatiles originating from these kinds of odors.

Pheromones and odors of other environmental sources are generally received
by separate receptor populations. Thus, in most investigated species, cells
keyed to pheromones are not activated by food or host odors, and as a rule the
reverse holds true for cells strongly activated by host volatiles with the excep-
tion of Dendroctonus (see above). The only cross-effect sometimes observed is
inhibition. Geraniol, a common substance in plants, inhibits the responses of
cells keyed to the pheromone in two species of moths (Schneider ef al., 1964;
Den Otter ef al., 1978). Similarly, inhibition of the spontaneous discharge of
‘pheromone cells’ in bark beetles of Ips is common when stimulating with vapor
of bark from the host tree (Mustaparta, unpublished). In moths, the cells
activated by pheromones and host odors are located in different sensilla
s. trichodea and s. basiconica/s. coeloconica, respectively (Schneider et al.,
1964; Den Otter et al., 1978; Van der Pers, 1978; Van der Pers and Den Otter,
1978). Similarly, in species of Coleoptera possessing s. basiconica and
s. trichodea, the receptor cells of the former respond to host odors, whereas
those of s. trichodea seem to be pheromone specialists (Mustaparta, 1975; Ma
and Visser, 1978).

One of the main problems in studies of host volatiles is to find the important
components of the mixture which elicit the specific behavior, such as attrac-
tion of the particular insect species. An interesting approach in the search for
important host compounds is the investigation of the head space odors of
carrot leaves, using linked GC-separation technique and EAG-recordings from
the carrot fly, Psila rosae (Guerin et al., 1983). Preliminary observations
suggest that the antennae respond mainly to methylisoengenol and asarone,
giving no signal or only a minor signal in the GC-flamedetector. Hence, the
results obtained so far, illustrate the difficulties in finding the effective host
and food volatiles, problems also adherent to the identification of phero-
mones.

In several electrophysiological studies of single receptor cells important com-
pounds of host and food materials could be predicted and were in some
instances shown to elicit behavioral responses. The results of these studies have
demonstrated a large variety in the degree of receptor cell specialization to host
and food volatiles. In bark beetle species Ips the vapor of bark was used as an
indication stimulus for finding cells tuned to host odors (Mustaparta, 1979).
Some cells, strongly activated by this vapor, responded maximally to a single
component present in the host. In studies of other species a variety of com-
pounds have been tested, some naturally occurring in the respective hosts and
some with structural similarities. On the basis of the compounds to which the
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cells respond (response spectrum) and dose—response relationships, attempts
have been made to classify the cells. Thus, studies of ‘grass odor’ receptor cells
of s. coeloconicae in the grasshopper, L. migratoria (Boeckh, 1967b; Kafka,
1970), ‘food receptor’ cells of s. basiconicae in the cockroach, P. americana
(Sass, 1978) and ‘host odor’ receptor cells of s. placodea in the honey bee,
A. melifera (Vareschi, 1971), have revealed different systems for the reception
of the respective test compounds. The grass odor receptor cells, strongly
activated by short-chained (C,—C,) fatty acids, alcohols and aldehydes, could
not strictly be placed in groups, with respect either to the ‘key’ substance or to
dose—response relationships (Kafka, 1970). Thus, these cells seem to possess a
specialization to certain hydrocarbonesters, but with individually specificities,
suggesting that several membrane receptors are involved in the same cell. In
contrast to these results, cell groupings could be made in the two other studies.
In P. americana the cells of a particular ‘food receptor type’ were classified
according to the most potent compound as pentanol, hexanol, octanol and
butyric acid types. Furthermore, the cells within a group showed identical speci-
ficities. Between groups, however, there was consistent overlap for the same
substances. In the honey bee, the host odor receptor cells were grouped in
distinct ‘reaction groups’, without overlap between the groups. On the other
hand, cells within one group, i.e., responding to the same substances, did not
show identical dose—response relationships to these compounds. Further con-
ditioning experiments showed that bees discriminate behaviorally among odors
which differentially activate the same cells (i.e., odors belonging to the same
reaction group). However, the frequency of errors was higher for these com-
pounds than for those of different groups.

Studies of two species, the carrion beetle, Necrophorus vespilloides (Boeckh,
1962; Waldow, 1973) and the blowfly, Calliphora vicina (Kaib, 1974), both
dependent on the odor of meat for finding food and breeding material, demon-
strate variations in receptor cell specificities for the same odor. Both species
possess numerous receptor cells mediating these chemical messages and, in
Calliphora, these were separate cells from those mediating messages from
flowers. Although the quality of meat-specific volatiles are largely unknown,
certain known components activated particular cells as strongly as meat odor.
Responses of these cells in Necrophorus and Calliphora were different as were
cells within each species. In Calliphora, six groups of cells differ in their
responses to various stages of meat decomposition, which apparently enables
the fly to detect the condition of meat. One group, most sensitive to short-
chained hydrocarbon esters, gradually increased its response in relation to the
age of meat (from 1 to 20 days). Like the grass odor cells, in Locusta the meat
odor cells in Calliphora showed individual specificities.

The results of these studies suggest that the receptor cells responding to host
and food volatiles possess a relatively low degree of specialization, and thus
respond to many compounds and with individual differences of their relative
sensitivities. However, in some instances a higher degree of specialization,
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including identical cells, seems to be present. It may even be that some host
compounds should be regarded as specific ‘key’ substances for olfactory cells.
Further studies involving screening of the effects of all components of host and
food volatiles may provide further insight into this possibility.

(e) Kairomonal action of pheromones

A variety of chemical signals may directly or indirectly mediate important
messages between predator and prey or parasite and host (Vincent, Chapter 8).
Pheromones of one species may function directly as kairomones: odors of prey
or host species may be attractive to the predator or parasite respectively. Con-
versely, recognition of the pheromones of enemies by the prey or host insect has
also been demonstrated. For example, the attractant mixture of ipsdienol, cis-
verbenol and 2,3,2-methylbutenol, which is used for trapping I. typographus, is
also attractive to its predator, Thanassimus formicarius (Bakke and Kvamme,
1978). EAG responses showed that the predator possesses olfactory receptor
cells responding to bark beetle pheromones; by comparing the dose—response
relationships (EAG responses obtained for different pheromone dosages in
predator and prey), it was found that the curves roughly covered the same
dosages in the two species (Hansen, 1983). This suggests that the predator,
T. formicarius, possesses receptor cells with the same sensitivities as those of the
prey to the prey’s pheromones, and therefore may recognize these compounds
(kairomones) at the same concentrations that the prey uses for aggregation. In
recent studies of single olfactory cellsin 7. formicariusand I. typographusit was
found that the olfactory receptor cells of the predator and prey, responding to
the prey’s pheromones, possess the same specificities as those described above
for other Ips species (Tommerds and Mustaparta, unpublished). The two distant
relative species of beetles have apparently developed specialized receptor cells
with the same specificities for compounds which, however, give different
messages (food volatiles vs. pheromones) for the two insect groups.

Another kairomonal action of pheromones is suggested to exist between bark
beetles of different genera (Byers and Wood, 1981; Tommera3s ef al., 1983).
Here, a pheromone component of one genus may be used as a cue by beetles of
the other genus for finding suitable host materials. Temmeras et al., found that
I. typographus and Dendroctonus micans have specific receptor cells for
pheromones of the other genus.

2.3.3 Antennal lobe responses

The results discusssed above suggest that information about pheromones and
about host- and food volatiles is generally detected and transmitted via differ-
ent primary neurons to the CNS, and in principle by the use of two different
mechanisms. In most insect species, it appears that pheromone receptor cells,
each containing one type of membrane receptor, transfer information about a
particular compound to CNS via a ‘labeled line system’ (Boeckh, 1980). This
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means that information from different pheromone components is transmitted
via separate, non-overlapping primary axons. Thus, the presence of activity in
any single primary axon in this system encodes for (is labeled to) the quality of
one particular compound. Different pheromone compounds acting synergisti-
cally, or pheromone and inhibitors acting antagonistically, elicit activation in
differently labeled lines. In the first step of integration, terminals of equally or
differently labeled lines may converge on identical second-order neurons, either
directly or via interneurons.

In the case of host and food volatiles another mechanism (across-fiber pat-
tern) is suggested (Boeckh, 1980). Here, the ‘key’ information about the quality
of a single host volatile is apparently transmitted to the CNS via over-lapping
lines. However, it is also possible that information about certain host volatiles
(as about pheromones) may be mediated via specialized cells and the labeled
line mechanism. In addition to these two mechanisms, temporal response
pattern may also modify the coding process (Boeckh, 1980).

The axons of sex pheromone receptor cells terminate in one specific glomeru-
lus, the macroglomerulus, which is significantly larger than the other ordinary
glomeruli (Figs 2.1 and 2.3). The morphology of the macroglomerulus is des-
cribed in males of several species, and demonstrates the sexual dimorphism of
the antennal lobes (Jawlowski, 1958; Boeckh ef al., 1977; Boeckh and Boeckh,
1979; Chambille and Masson, 1980; Matsumoto and Hildebrand, 1981). The
termination of pheromone cells at the macroglomerulus has further been
verified by staining techniques following electrophysiological recordings in
some lepidopteran species. The use of extracellular cobalt staining in males of A.
pernyi and A. polyphemus revealed that antennal lobe neurons, responding to
pheromones, have arborizations in the macroglomerulus which is located
dorsally at the entrance of the antennal nerve (Boeckh and Boeckh, 1979). In M.
sexta, intracellular recordings from neurons in the antennal lobe followed by
staining with cobalt and horseradish peroxidase, demonstrated that those
neurons which respond to sex pheromones all have arborizations in the macro-
glomerulus (Matsumoto and Hildebrand, 1981), whereas neurons which did not
respond to pheromones projected to ordinary glomeruli. In both species the cell
bodies of antennal lobe neurons are located in two main cortical clusters, a larger
lateral and a smaller medial one (Fig. 2.3). In M. sexta, a few neurons were also
found, concentrated in a third small cluster anterior to the glomerular neuropil.

Recordings from antennal lobe neurons of Antherea sp. demonstrated that
neurons responding to pheromones were located in the medial cluster, while no
neurons studied in the lateral cluster responded to these compounds (Boeckh
and Boeckh, 1979). Responses to pheromones were exclusively excitatory with
a phasic—tonic pattern imposed upon a low resting activity (calimps™).
Responses were elicited exclusively by stimulation with sex pheromones on the
ipsilateral antennae. All central neurons responding to pheromones were
activated by both components of their respective pheromone blends in the two
Antherea species. Only a quantitative difference in the effect on the neurons
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was observed between the major and minor pheromone components. In
A. polyphemus the major component (E)-6-(Z)-11-hexadecadienyl acetate had
a threshold effect at 107 ug while the aldehyde had to be applied at a much
higher concentration, 10~° or 10~ ug, before eliciting a response. Correspond-
ing results were obtained in A. pernyi. Comparison between the sensitivities of
receptor cells and central neurons showed that the central neurons had a lower
threshold for the major component than the receptor cells, whereas the opposite
was the case for the minor component. In addition, the major component was
found to dominate the responses of the central neurons. Adding various
amounts of the minor component to the major one at low concentrations, did
not cause increased response. Neither did the (behaviorally) most important
mixture 9:1 (major : minor) show a higher activity than the major component
alone. These findings clearly demonstrate that receptor cells, keyed to different
pheromone components, converge on the same second order of antennal lobe
neurons. However, the studies do not reveal how the minor component, via
central pathways, increases the behavioral response to the major component,
and how the pheromone ‘profile’ (i.e., simultaneous information from all of
the pheromone receptor cells) is coded. Boeckh and Boeckh (1979) have
suggested that additional neurons in the antennal lobe, responding in a differ-
ent way to the two pheromone components, might also be involved. Discrimi-
nation between two other pheromone components by most antennal lobe
neurons have, however, been demonstrated in recent studies with B. mori
(R. Ohlberg, unpublished). Some neurons were activated by the major com-
ponent, bombycol, and inhibited by the minor component, bombycal whereas
other neurons were activated only when both components were applied. In
addition, other excitatory and inhibitory types of response to these pheromone
components were observed. Most of the antennal lobe neurons responding to
pheromones were also influenced by odorless air puffs, which indicated that
information about wind mediated by mechanosensitive receptor cells is also
integrated at this level (Waldow, 1975; Pareto, 1972).

As mentioned in Section 2.2, histological studies have revealed the presence
of two types of neurons, anaxonic interneurons and output neurons in the
antennal lobe of several insect species (Fig. 2.1). Intracellular recordings fol-
lowed by staining have resulted in a more detailed classification in M. sexta
(Matsumoto and Hildebrand, 1981). One type of local interneuron, with arbor-
izations in the macroglomerulus, responded to pheromones in two distinct
patterns, either a longlasting excitation (‘on’ response) or an inhibition fol-
lowed by excitation (‘off—on’ response). Cells exhibiting the latter response
were also activated by the ‘green odor’, (E)-2-hexenal, which elicited a simple
‘on’ response. Thus the first integrative step of lines mediating pheromone and
‘green odor’ reception seems to take place in local interneurons making con-
nections between the macroglomerulus and ordinary glomeruli. This inte-
gration seems to result in increasing the contrast between the two classes of
stimuli, pheromone and ‘green odor’. In M. sexta, recordings were obtained
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more frequently from local interneurons than from output neurons (about 8: 1)
and, to date, output neurons responding to pheromones have not been reported.
It is hoped that future electrophysiological characterization of output neurons
with arborizations in the macroglomerulus will elucidate the coding processes
of pheromones and other odors in M. sexta, as well as in other species.

Responses of antennal lobe neurons to food and host volatiles have been
studied in several insect species (Boeckh et al., 1976). Except in one ant species
(Masson, 1973), the neurons were found to respond only to stimulation of the
ipsilateral antennae and to react with both excitatory (‘on’) and inhibitory
(‘off’) responses. In a more recent study on M. sexta (Matsumoto and Hilde-
brand, 1981), the local interneurons reacting exclusively to ‘green odors’ were
found to exhibit either an ‘off—on’ response or an ‘on’ response. Output
neurons, reacting to the ‘green odor’, showed either a long-lasting excitation
(‘on’ response) or an inhibition (‘off’ response). Both the local interneurons
and the output neurons have dendritic arborizations in ‘ordinary’ glomeruli.
Special attention has been paid in two species (L. migratoria and P. americana)
to the importance of across-fiber pattern in central coding. Here, physiological
data on specificities of receptor cells (Boeckh, 1967b; Sass, 1978) and of central
neurons (Boeckh, 1974) were compared with morphological data (Ernst ef al.,
1977). Recordings from central neurons demonstrated both convergence and
divergence of receptor cells on to the antennal lobe neurons. Studies of the
cockroach indicate that no response spectrum of a central neuron simply
reflects the activity of one receptor cell type. Different receptor cells all respond
to a series of fruit odors (apple, banana, lemon, orange) but to a different
degree (Sass, 1978). The central neurons, however, respond either to lemon or
to orange or to both, but not to the whole series of fruit odors (Boeckh, 1975).
As suggested by Ernst ef al. (1977), this implies that the processes involved are
not simply convergence or divergence of receptor cells into second-order
neurons, but a rather more complicated network of integration.

2.4 CONCLUDING REMARKS

Present knowledge about insect olfaction is largely based upon the integrated
results of behavioral, morphological, and electrophysiological investigations
performed over the past 25 years. All-important for the progress of these inves-
tigations have been the concomitant isolation, identification, and synthetiz-
ation of relevant chemical signals. Two general conclusions can be drawn
concerning the olfactory mechanisms underlying behavioral responses, based
on the majority of electrophysiological investigations discussed in this chapter:

(i) Pheromones as a rule are perceived via ‘specialist-type’ receptor cells and
via a labeled line mechanism. Consequently, behavioral synergism caused by
different pheromone compounds reflects the interaction at the CNS level of
information carried via different pheromone-labeled lines. In contrast, host
and food volatiles are perceived via less specific receptor cells and via an
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across-fiber mechanism. However, the possibility remains that the latter
mechanism is utilized also for pheromone perception in some species
(Dentroctonus sp. and A. velutiana).

(ii) Interspecific interruption is due to convergence of information reaching
the CNS via different (pheromone vs. inhibitor) labeled lines. This concept is
founded on demonstrations of ‘specialist-type’ receptor cells for interspecific
interruptants, the stimulation of which does not affect the response of the
pheromone receptor cells.

The studies discussed in this chapter do not completely explain why the ratio
of compounds in a pheromonone blend is of such critical importance for
behavioral responses as shown in many species of moths. However, the demon-
stration of ‘specialist-type’ receptor cells for the single pheromone com-
ponents, and the observed lack of interaction of the components at the receptor
level, implies that it is the ratio of activity between differently labeled lines that
informs about the quality of the pheromone blend and triggers the behavioral
response. Furthermore, differences in activity along a particular labeled line
provide an explanation for the fact that a single compound may act as a
synergist at a low concentration and as an interspecific interruptant at a high
concentration (Byers and Wood, 1981). Thus, increased activity in one labeled
line may change the behavioral meaning of the information from attraction to
no attraction. This may also explain the seeming paradox that the only electro-
physiological effect observed in response to some compounds reducing catches
of insects in traps is an activation of pheromone receptor cells (Priesner,
1979a). Here, it appears likely that the additional stimulus changes the ratio of
labeled line activity elicited by the pheromone blend in a manner reducing the
attraction. The ultrastructure of the antennal lobe leaves many possibilities
open as to how the CNS may integrate the information carried via differently
labeled lines. Further investigations are needed before any firm conclusions can
be drawn about the manner in which the insect CNS transforms semiochemical
information into purposeful behavioral responses.

Finally, pheromone communication may be important in the evolution of
insect species (see Section 2.3.2(b)). In two species the responsiveness of the
pheromone receptor cells varies between populations according to variations in
the produced pheromone compounds (Priesner, 1979a, Mustaparta et al.,
1980). Hybrids of the respective populations possess either three phenotypes of
receptor cells (the two parental and one intermediate) (Priesner, 1979a), or
exclusively the two parental types (Mustaparta et al., unpublished). Further
investigations along these lines may provide valuable information concerning
evolutionary events in insects.
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Odor Dispersion

Joseph S. Elkinton and Ring T. Cardé

3.1 INTRODUCTION

The transfer of chemical information from an emitting to a receiving organism
can occur directly by way of contact chemoreception or by dispersion through
a transport medium. In this chapter we focus on transport of odor signals in
the air. The various mathematical models discussed here have been used to
describe the dispersion of pheromones in still air (Bossert and Wilson, 1963;
Mankin ef al., 1980a) or moving air (Wright, 1958; Bossert and Wilson, 1963;
Aylor et al., 1976; Miksad and Kittredge, 1979; Fares et al., 1980). They can be
applied to the dispersion of any airborne odor such as plant volatiles inducing
host finding. An understanding of odor dispersion is requisite for an accurate
interpretation of odor-induced behaviors. (See Bell, Chapter 4, and Cardé,
Chapter 5).

As odor molecules disperse from a source the odor concentration in the air
declines with increasing distance. The active space is defined as the volume of
air inside which the odor concentration is above threshold, i.e., the level suf-
ficient to produce a behavioral reaction in the receiving organism. The active
space concept may be refined to include an upper response threshold as well. If
odor concentrations close to the source are sufficiently high to suppress the
behavior (as could be produced by artificial sources) then the active space will
occur at distances further from the source (Baker and Roelofs, 1981).

The various dispersion models discussed below have been used to estimate
the size of the active space and the maximum distance of communication. Such
descriptions depend upon an accurate knowledge of the odor emission rate and
the behavioral threshold. Alternatively, the emission rate and maximum
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communication distances are measured and the dispersion models used to
estimate the behavioral threshold. Unfortunately, neither emission rates nor
behavioral thresholds are well defined for most organisms. The emission rates
of pheromone from natural sources have been measured in relatively few
species.

The behavioral threshold is certainly a more complicated phenomenon than
that implied by the usual practice of assigning it a single and constant value (X).
The same odor compounds may elicit different behaviors in the same organism
at different concentrations (e.g., Rust, 1976; Baker and Cardé, 1979), or the
threshold for a particular behavior may vary with the ratio of the compounds
that comprise the odor (Roelofs, 1978). Furthermore, the process by which an
odor signal elicits a behavioral response involves temporal summation of the
signal over a short time interval at sensory receptor surfaces and within the
central nervous system. Consequently, odor concentrations insufficient to
produce a response upon brief exposure may elicit the response when exposure
is sustained (Cardé and Hagaman, 1979). The response latency (the time
interval between the arrival of the stimulus and response) increases with
decreasing concentration. On the other hand, prolonged exposure to odor may
produce either sensory adaptation or habituation, thus increasing the threshold
level of the organism in subsequent exposures (Shorey 1976). Pulsed signals in
theory may have a lower threshold than continuous signals because of an
improvement in the signal to noise ratio, which comes about as the number of
comparisons of signal to background is elevated (Murlis and Jones, 1981;
Cardé et al., 1983). Ambient temperatures influence the responsiveness of
organisms (Mankin et al., 1980b; Cardé and Hagaman, 1983) with attendant
changes in the size of the active space (Baker and Roelofs, 1981). Thresholds
for each species may vary with diel and annual fluctuations in responsiveness,
and substantial differences in responsiveness may occur between individuals.
Finally, threshold is usually expressed in terms of concentration in the atmos-
phere (e.g., gcm™). However, perception of the odor signal is governed by the
rate of adsorption of odor molecules upon the olfactory sense organs. In
moving air the rate of adsorption may relate more closely to odor flux
(gcm™?s") than odor concentration.

The theoretical problems of defining thresholds are compounded by the
practical difficulties of measuring them. In general, thresholds occur at concen-
trations or fluxes too low to measure directly by sampling the air and by
quantifying the odor compounds collected. Instead, concentrations must be
inferred from known emission rates (or dilutions thereof) and the assumptions
of a particular dispersion model. The behavioral thresholds to pheromones
have thus been estimated for only a few insects (Kaissling, 1971; Sower ef al.,
1971; Shapas and Burkholder, 1978; Aylor ef al., 1976; Mankin et al., 1980b;
Hagaman and Cardé, 1983). Despite the theoretical and practical difficulties
involved, the concept of a behavioral threshold is nevertheless a useful and
necessary prerequisite for delineating the size and shape of an active space.
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Bossert and Wilson (1963) showed that the ratio of the natural pheromone
release rate to the behavioral threshold (Q/K) is a fundamental characteristic of
different communication systems. In some communication functions such as
with alarm pheromones it is imperative that the signal fade quickly. Organisms
producing alarm pheromones generally have a high value of Q/K. Other
chemical communication systems such as sex pheromones utilize a relatively
persistent signal, characterized by low Q/K ratios. Q/K ratios in different
organisms and communication systems are summarized by Matthews and
Matthews (1978).

3.2 DISPERSION IN STILL AIR

In completely still air, odor dispersion is governed by molecular diffusion.
The flux or rate of transport of a gas through a reference plane (gcm2s7)
perpendicular to a given direction is equal to the product of (D), the diffusion
coefficient (cm?s™'), and the concentration gradient. The diffusion coefficient
is a property of the gas at a given temperature and is a function of molecular
weight and intermolecular forces. Heavier molecules move at slower speeds at
a given temperature and thus have lower diffusion coefficients than lighter
molecules. Most pheromone molecules have diffusion coefficients in the range
of 0.03—0.07 cm?s™' (Wilson et al., 1969; Mankin ef al., 1980a). However the
effective values of diffusion coefficients are often greatly increased by the
presence of air currents that exist even in most enclosed environments. The
rate of diffusion driven by air currents is independent of the molecular
species.

Bossert and Wilson (1963) were the first to use diffusion equations to esti-
mate pheromone concentrations and active space dimensions in still air. They
derived equations for three still air situations: (i) an instantaneous puff, (ii) a
point source emitting at a continuous rate, and (iii) a moving point source such
as an ant depositing a trail pheromone. For an instantaneous puff on the
reflecting plane surface, such as an ant releasing a momentary burst of alarm
pheromone, the active space is a half sphere with a radius (R) at (f) seconds after
release of the puff given by:

2 1/2

R®) = [4D’I°g(m?t)W)]
2/3

for0 < 1 Z:—D(%)

= 0 otherwise,

3.1
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where Q is the amount released (g), K is the behavioral threshold and D the
diffusion coefficient. For a continuously emitting source the radius tends to a
maximum (R,,,,) given by:

__9
Rmax - 2KTID (3'2)

These equations combined with known values for Q and D provide a simple
way to estimate the behavioral threshold for any organism based upon the time
it takes the active space to attain a given radius and elicit the response in a still
air environment (Wilson et al., 1969).

Bossert and Wilson’s model applies to a source resting on a non-adsorbing
plane surface with no adjacent boundaries. Mankin et al. (1980a) present a still
air dispersion model expanded to include the effects of boundaries with various
degrees of odor adsorption at various distances from the source.

3.3 DISPERSION IN THE WIND

3.3.1 Sutton model

In nature, most odor signals are carried downwind and are dispersed by
turbulent eddies. The transport of airborne material has been studied for many
years, particularly with reference to dispersion of chemical warfare agents and
more recently for air pollutants. The theoretical treatments have proceeded
along several lines including atmospheric analogues of the equations for
molecular diffusion (e.g., Roberts, 1923). However, most treatments of dis-
persion stem from the ‘statistical approach’ originating in the work of Taylor
(1921) which focuses on the average trajectory of individual particles moving in
the wind. Long-term studies conducted by O. G. Sutton (1947, 1953) cul-
minated in his well-known equation for dispersion from a single, continuously
emitting point source:

C,.,.is the concentration at any point (x,y,z) with the axes aligned so that xis the
mean downwind direction, yis crosswind, zis vertical and with the source located
atthepoint (0,0,0) at the surface of areflecting plane. Theconstant Qistherelease
rate, Zisthemean wind speed, nisanindex (0 < n < 1)that varies with the vertical
wind speed profile and C, and C, are the respective horizontal and vertical
dispersion coefficients. The dispersion coefficients are measures of the amount
of turbulence and are functions of n, wind speed, and ‘macroviscosity’ whichisa
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measure of the roughness of the surface (Sutton, 1953; Wright, 1958). How-
ever, Sutton suggests (1953, p.292) that the following ‘typical’ values of
C,=0.4C,=0.2and n = 0.25 can be used to estimate dispersion in a moderate
wind over level ground under neutral atmospheric conditions.

The Sutton equation belongs to a class known as Gaussian dispersion models
in which the concentration of odor along any axis perpendicular to the down-
wind (x) direction is assumed to follow a normal or Gaussian distribution
(Fig. 3.1). The dispersion coefficients determine the width of the plume and
thus are related to the standard deviation of the concentration along the cross-
wind and vertical axes.

Wright (1958) and Bossert and Wilson (1963) independently introduced the
use of Sutton’s equation to analyze pheromone dispersion in the wind. Bossert
and Wilson solved the equation for the maximum distance of communication:

_ 2Q 1/(2—n)
Kinex = [KnCyCzl_l] 34)

They estimated a Q/K for the gypsy moth (Lymantria dispar) using this
equation with the ‘typical values’ suggested by Sutton (1953 p. 292) combined
with an approximation of X,,,, based on a report by Collins and Potts (1932)

Fig. 3.1 The normal or Gaussian distribution of concentration along any axis perpen-
dicular to the mean wind direction assumed by all plume models of the Gaussian type.



78 Chemical Ecology of Insects

that gypsy moth females could attract males over a distance of 4 km. Unfortu-
nately, there is no way of knowing what proportion of the 4 km distance was
flown by the males prior to contacting the pheromone.

The work of Wright (1958) and Bossert and Wilson (1963) implanted the
Sutton equation in the pheromone literature, despite the fact that most
atmospheric scientists have long since adopted other Gaussian models (Mason,
1973; Fares et al.; 1980) and despite the theoretical objections to the use of time
average models (Wright, 1958; Aylor, 1976; Aylor et al.; 1976). Furthermore,
the ‘typical values’ for n, C, and C, have been used, regardless of the fact that
the conditions under which they apply seldom prevail.

Various investigators have used Bossert and Wilson’s equation (3.4) to esti-
mate the maximum distance of communication or the behavioral threshold.
Sower et al. (1971, 1973) used previous estimates of threshold and emission rate
to calculate the maximum distance of communication for the noctuid moth
Trichoplusia ni. Shapas and Burkholder (1978) used the same equation to
estimate the theoretical maximum distance of communication of the dermestid
beetle Trogoderma glabrum in a wind tunnel using known rates of release and
thresholds estimated from experiments conducted in enclosed laboratory con-
tainers. Discrepancies between the theoretical and observed values of X,
prompted them to suggest modified values for C, and C, in a wind tunnel. Baker
and Roelofs (1981) used equation (3.4) to estimate a lower and upper threshold
for upwind flight in the Oriental fruit moth, Grapholitha molesta. The
equation predicted a 3000-fold concentration difference between these two
thresholds.

Hartstack et al. (1976) utilized the Sutton equation (3.3) to estimate the size
of a pheromone active space as part of an effort to simulate the capture of
moths in pheromone traps. Nakamura (1976) and Nakamura and Kawasaki
(1977) estimated the size of the active space of the noctuid Spodoptera litura
using Sutton’s equation in conjunction with a function that modified the
release rate to account for pheromone ‘deposition’ or adsorption to the surface.
Hirooka and Suwani (1976) derived an equation similar to that of Sutton for
diffusion of the pheromone of the arctiid moth Hyphantria cunea using a
variable called ‘gustiness’ in place of the dispersion coefficients. They report
that the size of the ‘pheromone-effective sphere’ defined by the maximum
downwind distance of communication does not change very much with changes
in wind velocity and ‘gustiness’. However the width of their plume changes
drastically with gustiness as it does with other Gaussian models.

3.3.2 Gaussian plume models

The typical values suggested by Sutton for ‘n’ and the dispersion coefficients in
equation (3.3) only apply under conditions of neutral atmospheric stability.
Neutral stability occurs when air temperature decreases with height above
ground at a rate close to 1°C per 100 m, which is known as the adiabatic lapse
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rate. However, atmospheric conditions are often not neutral. Unstable or
super-adiabatic conditions predominate on sunny days when the radiant heat
absorbed by the ground is transmitted to the air at ground level. The warm air
rises into the cooler, denser air above causing a maximum amount of turbulence
and mixing of airborne odors. At night, particularly on clear nights, radiant
heat loss from the ground cools the air at the surface relative to the warmer air
above, establishing inversion or stable conditions in which turbulence and dis-
persion rates are at a minimum. This general pattern is modified by cloud cover
which increases stability during the day and reduces stability at night. In forests
with a closed canopy, sunlight absorbed by the foliage may cause an inversion
with cooler layers of air beneath the canopy.

Sutton’s model can be extended to stable or unstable conditions by using
different values for ‘n’ and different dispersion coefficients (Sutton, 1953,
p. 291). However, theoretical objections to Sutton’s model (see Gifford, 1968,
p. 88) have led atmospheric scientists to utilize the following more general
Gaussian plume equation:

Corn = Q exp [—% ({? + (z;—;l)z)] (3.5)

2no,0.u

where C, ., Q, and # are defined as in the Sutton equation and ‘H’ is the height
of the source above ground. The dispersion coefficients o, and o, are equal to
the standard deviation of the Gaussian distribution of odor concentration
along any horizontal (6,) or vertical (o,) axis perpendicular to the mean down-
wind direction. The dispersion coefficients depend upon the atmospheric
stability and they vary with the downwind distance (x) in contrast to the Sutton
equation in which the dispersion coefficients (C,, C,) are constants at any
distance under a given set of terrain and atmospheric conditions. In the
Gaussian plume equation, the change in concentration over downwind distance
depends on the changing value of the dispersion coefficients. The downwind
distance (x) does not appear explicitly in the equation as it does in Sutton’s
model. Differences between various applications of the Gaussian plume model
depend on the values chosen for the dispersion coefficients which are derived
empirically from tracer experiments, in contrast to the theoretical derivation
attempted by Sutton.

Fares et al. (1980) were the first to apply a general Gaussian plume model
(3.5) to pheromone dispersion -and the first to emphasize the importance of
atmospheric stability on pheromone communication. They used dispersion co-
efficients derived from tracer experiments conducted in a pine forest. They
hypothesized that the diurnal pattern of bark beetle responses to pheromone
may relate to diurnal changes in stability. (For further discussion of the selec-
tive forcesinfluencing diurnal activity patterns see Cardé and Baker, Chapter 12.)

Elkinton ef al. (1984) used probit analysis to test the predictions of the Gaus-
sian plume model using the dispersion coefficients suggested by Pasquill
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(1961); Gifford (1968, p. 102); Mason (1973) and Fares ef al. (1980) as well as
the Sutton model. Model predictions were compared against observed gypsy
moth active spaces which were mapped downwind of a pheromone source using
male wing-fanning activity as an assay (Fig. 3.2). None of the models gave
statistically significant predictions as to where gypsy moth wing-fanning would
occur in relation to the mean wind direction. A peculiar feature of the Fares
model was that it predicted higher concentrations of pheromone at 80 m than at
20 m along directions offset by more than a few degrees from the mean wind
direction.

3.3.3 Instantaneous versus time-average dispersion models

The Gaussian dispersion models discussed so far all predict the average concen-
tration of odor in space over a fixed time interval. The models are derived from

; . Isopleths
Percentage wing fanning i .
100 110 g cm ™ o
-20 -3
1x100gem’ ——==.
50 x10 g
0 Source: 10 ug
40m
60 m

Fig. 3.2 Predicted concentration isopleths of airborne material utilizing the Gaussian
plume model and the Pasquill ‘Prairie Grass’ dispersion coefficients versus the occur-
rence of male gypsy moth wing-fanning behavior over a 10-minute interval following
pheromone release from a point source. The 1 x 1078 isopleth approximates the
minimum concentration that produces a similar wing-fanning response in the wind
tunnel.
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experiments in which tracer chemicals are released from a source and adsorbed
by collectors arrayed downwind for the duration of that interval. The width or
standard deviation of the Gaussian plume predicted from such experiments
increases and the odor concentration at any point in space decreases with the
duration of the sample interval (Fig. 3.3). Sutton’s model, for instance, applies
to a 3-minute sample interval. The dispersion coefficients utilized by Pasquill
(1961; Gifford, 1968 p. 102) were derived from studies with a 10-minute sam-
pling interval. The models predict average odor concentrations only for the
same sample intervals as those from which the dispersion coefficients are
derived. For example, to test the Sutton model, Elkinton ef al. (1984) examined
the wing-fanning behavior of male gypsy moths during a 3-minute sample
interval. Pheromone biologists have generally used these models without
considering the sample interval to which they apply.

Wright (1958), Shorey (1976), Aylor (1976) and Aylor et al. (1976) observed
that the concentration of pheromone perceived at any instant in time is quite
different from the concentration predicted by a time-average model. The
instantaneous plume is a narrow swath of disjunct odor filaments that
meanders downwind with the large-scale turbulent eddies. The time-average
concentrations are obtained from collectors that experience little or no odor
most of the time interspersed by bursts of high concentration. Consequently, an
insect located downwind of an odor source will experience bursts of odor at
concentrations well above the predicted average concentrations. According to
Gifford (1960) the ratio of peak/average concentrations is small (1-5) along the
mean plume centerline but increases to values above 100 away from the plume
axis. Aylor et al. (1976) estimated a peak/average ratio of the order of 25 within
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Fig. 3.3 Diagrammatic representation of a concentration isopleth of an instantaneous
plume and time-average Gaussian plumes with 3-minute and 10-minute averaging times
(redrawn from Slade, 1968).
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a few meters of the pheromone source. They distinguished between the small
peak/average ratio (2—3) that occurs within the instantaneous plume due to its
disjunct, filamentous nature and the large peak/average ratio (ca. 50) that is
caused by plume meander. The determination of peak/average concentrations
depends upon the sampling time used to determine the average and the peak
concentrations (Gifford, 1960). Odor receptors can respond to odors within a
fraction of a second, an interval shorter than the sampling time used to measure
peak concentrations in most experiments. However, using an ion generator
Murlis and Jones (1981) measured ion concentrations at locations 2—15m
downwind with very short sample intervals (a few ms). At these distances they
found peak/average concentration ratios around 20.

The occurrence of peak pheromone concentrations at levels well above those
predicted by time average models may explain why Elkinton et al. (1984)
observed wing-fanning responses at locations well outside the range predicted
by the Gaussian models they examined. The median concentration predicted by
these models for locations where a wing-fanning response occurred was several
orders of magnitude below the threshold known to produce such wing-fanning
in a wind tunnel (Hagaman and Cardé, 1983).

The work of Murlis and Jones (1981) illustrates the discontinuous, filamen-
tous nature of the instantaneous odor plume. The continuous stream of ions
they released arrived at samplers downwind in discrete bursts. The disjunct
nature of the plume is also evident in the ‘instantaneous’ (1 minute) pattern of
wing-fanning onset in the data of Elkinton et al. (1984, unpublished) along a
continuous cross-section of the plume 20 m downwind of the source (Fig. 3.4).

The turbulent eddies that cause an odor plume to disperse occur simul-
taneously over a range of sizes in the atmosphere. Energy derived from the
largest eddies is passed down into smaller and smaller eddies until it dissipates
as heat. As pointed out by Slade (1968), Mason (1973), Aylor (1976) and Aylor
et al. (1976) the dispersion of an instantaneous odor plume is driven by eddies
that are about the same size as the plume. Eddies that are smaller than the
plume redistribute the pheromone within the plume whereas the larger eddies
cause the plume to meander downwind intact. At the small end of the spectrum
there exists a lower eddy size limit below which molecular viscosity causes the
eddies to break down and dissipates their energy as heat. Typically, the
minimum eddy size is in the order of 1 mm.

Aylor (1976) and Aylor ef al. (1976) adapted a model of the instantaneous
odor plume originally developed by Batchelor (1952) based upon the notion of
dispersion relative to the plume centerline which meanders downwind with the
large-scale eddies. As the plume expands, the rate of expansion changes,
depending on the size of the plume in relation to the abundance of eddies that
exist in that size range. There are three phases of plume growth in Aylor’s
model. During the first phase, which lasts at most a few cm, the plume is
smaller than the smallest eddies and expands slowly by molecular diffusion
alone. The second phase begins when the plume attains a diameter equal to that
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Fig. 3.4 The onset of wing-fanning behavior (solid circles) over a 1-minute period
following pheromone release among 390 male gypsy moths deployed in wire mesh cages
along a continuous 30° arc at a distance of 20 m from a pheromone (+ disparlure)
source. The height of the source was 1.5 m. Moths that were already fanning at the time
of pheromone release and therefore could not initiate fanning are indicated by circles
with a slash.

of the smallest eddies and the expansion of the plume accelerates rapidly.
During the final phase when the plume has expanded to the size of the large
eddies the rate of expansion slows.

Miksad and Kittredge (1979) proposed an instantaneous plume model similar
in many respects to that of Aylor ef al. The principal difference is that Miksad
and Kittredge believe that a pheromone plume is initially much smaller than the
smallest eddies and the initial molecular diffusion stage lasts much longer,
producing a narrow ‘filament’ that is carried downwind over a distance of
many meters. The length of the molecular diffusion phase depends upon the
size of the pheromone source, its height above ground and the wind speed.
During a second phase of molecular diffusion the smallest eddies begin to chop
the filament into fragments, each of which continues to expand by molecular
diffusion. The third and fourth stages of plume expansion correspond to the
last two stages of the model of Aylor et al.: an explosive phase of plume growth
during which the plume is torn apart by eddies in the ‘inertial subrange’ (see
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Pasquill 1974, p. 46) followed by a final phase of slower growth. In contrast to
Aylor’s model, the explosive growth phase in Miksad and Kittredge’s model
occurs many meters downwind of the source. The length of the initial filament
stage (up to 40 m) rests upon the assumption that the size of the typical phero-
mone source is much smaller than the smallest eddies. The size of the typical
pheromone source they cited (0.1 to 1 mm) is smaller than that typical for most
insects. Consequently, the initial filament stage may only be a few cm as in
Aylor et al. (1976).

Attempts to verify these instantaneous plume models or apply them to
predicted pheromone active spaces in the field are hampered by the fact that
they consider only dispersion relative to the plume centerline. The meandering
centerline would cause even the narrow filament stage of Miksad and Kittredge
to cut a wide swath within a few seconds. Aylor ef al., (1976) used a wing-
fanning assay of caged male gypsy moths, attempting to keep the moths within
the meandering plume by moving them continuously in the track of a visual
tracer. For unexplained reasons they failed to observe a wing-fanning response
beyond 2.5 m. The intermittent occurrence of odor at samplers fixed in space as
in the experiments of Elkinton ef al. (1984) and Murlis and Jones (1981) is
caused by a combination of plume meander and the disjunct occurrence of odor
within the plume. Only fixed samplers with extremely fast response times such
as those utilized by Murlis and Jones (1981) could distinguish between these two
sources of odor discontinuity.

Predictions of instantaneous odor concentration at locations fixed in space
using a model for dispersion relative to the meandering plume centerline require
that we describe plume meander as well. Miksad and Kittredge (1979), for
example derived a probability density function that specifies the probability
that a given location will be within the plume. Similar probabilities can be
derived from the ion concentration studies of Murlis and Jones (1981). An
entirely different approach is suggested in David ef al. (1982) who adapted the
ideas of Davidson and Halitsky (1958) to odor dispersion. They suggest that
over short distances the speed and direction of any individual ‘parcel’ of air will
be approximately constant even though the speed and direction of sequential
‘parcels’ as monitored by a windvane is changing continuously. If we conceive
of the odor plume as a continuous series of puffs, each puff will thus travel in
an approximate straight line at constant speed after it leaves the source. By
monitoring the changing wind speed and direction at the source we could
predict the location of each puff at each subsequent instant and thus map the
plume meander. Davidson and Halitsky (1958) applied this simple model to dis-
persion in the vertical plane under strong winds from sources elevated 100 m
above ground. Whether this idea can be usefully coupled with models that
describe plume expansion relative to the meandering centerline to provide an
accurate description of odor dispersion near the ground remains to be seen.
Undoubtedly vegetation or objects on the ground will affect the trajectory of
odor puffs (see Wall ef al., 1981).
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3.4 EFFECTS OF WIND SPEED AND AIR TEMPERATURE ON
DISPERSION

3.4.1 Wind speed

A major prediction of the Sutton equation and subsequent Gaussian models is
that the size of the odor active space and the maximum distance of communi-
cation decrease with increasing wind speed. The instantaneous plume model of
Aylor et al. (1976) and Miksad and Kittredge (1979) also predict shrinking
active spaces at higher wind speeds. The principal cause of this effect is that, at
higher wind speeds, a given amount of odor is entrained into a larger ‘initial
volume’ (e.g., the volume attained by the plume in the first second after release)
thereby diluting the plume at all subsequent locations downwind. In addition,
the ‘turbulent intensity’ as measured by the standard deviation of the wind
speed increases at higher wind speeds (R. Shaw, personal communication) caus-
ing more rapid expansion of the odor puff. However, the puff is also being
transported more rapidly downwind at higher wind speeds. This usually results
in a narrower plume as indicated by a smaller value of the dispersion coef-
ficients (o,, 0,) at higher wind speeds which can be related to smaller values for
the standard deviation of wind direction at higher wind speeds.

Various studies have documented a decline in the communication distance at
increasing wind speeds. Nakamura (1976) reported that the active space of
S. litura, as defined by male wing-fanning responses, decreased at higher wind
speeds but also at the lowest wind speeds as well. He attributed the latter trend
to increased pheromone ‘deposition’ at the lowest speeds.

The effect of wind speed on the size of the active space is compounded by
possible effects on the rate of odor release. The rate of odor release from many
synthetic or natural sources is governed by the rate of transport to the surface of
the releasing substrate and would therefore be independent of wind speed.
Hirooka and Suwani (1976) argued on theoretical grounds that the release rate
from any small dispenser would be unaffected by wind speed. However, Elkin-
ton et al. (1984) demonstrated that release rates of disparlure from cotton wick
dispensers increase with increasing wind speed.

The dispersion models discussed in this chapter are all expressed in terms
of odor concentration in space (g cm™). Odor receptors, however, respond to
the rate of odor adsorption per unit time which is more directly related to the
flux (gem™ s7') of odor molecules over the receptor organ than to odor
concentration. The rate of flux through a stationary receptor increases in
direct proportion to the wind speed offsetting the inverse decline in concen-
tration. The efficiency of adsorption, however, may decrease at higher wind
speeds.

Wind speed may also directly affect the response and pheromone release
behavior of organisms. For example, Kaae and Shorey (1972) reported that the
persistence of the calling behavior of T. ni was greatest at intermediate wind
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speeds which they suggest were optimal for successful mate finding. Various
studies have shown that higher wind speeds suppress the flight behavior of
various male Lepidoptera (e.g., Sower ef al., 1973). Wind speeds vary with time
of day and thus may affect the diel pattern of trap catch or pheromone respon-
siveness (See Cardé and Baker, Chapter 12).

3.4.2 Air temperature

Air temperature may affect the size of the active space in several ways. As
discussed above the vertical gradient in air temperature determines the stability
of the atmosphere and thus the rate of dispersion. Air temperature will affect
the rate of odor release from synthetic dispensers and natural odor sources. It
may affect the ‘calling behavior’ of pheromone-producing organisms (see
Cardé and Baker, Chapter 12) and determine the response threshold of odor-
receiving organisms (Cardé and Hagaman, 1983). Baker and Roelofs (1981)
document the changing size of an active space as a function of air temperature.

3.5 DEPOSITION AND VERTICAL DISTRIBUTION OF
ODORS

The belief that pheromone molecules sink as they leave the source because they
are heavier than air has been invoked to explain the common observance that
many insects follow odor plumes near ground level or that they approach an
odor source from below. However, this belief is a misconception because the
gravitational fall of individual molecules in the air is overwhelmed by collisions
with other molecules. The pheromone released from a source will only sink if
the pheromone-laden air as a whole is significantly more dense than surround-
ing air. Mankin ef al. (1980a) argued convincingly that under most conditions
pheromone-laden air will not sink because the pheromone concentrations are
sufficiently low to cause a negligible increase in air density. The observed
ground-level flight of insects orienting to an odor source is more likely to be
caused by the requirements of the optomotor orientation mechanism (Kennedy,
1940; Kuenen and Baker, 1982; Elkinton and Cardé, 1983; Cardé, Chapter 5).

Nevertheless, various odor dispersion models predict that highest concen-
trations occur at ground level. This prediction depends upon the height of the
odor source and assumptions concerning the reflection or adsorption of odors
at the surface. The simplest case, as in the model of Bossert and Wilson (1963),
occurs when the source is located on the surface and odor adsorption on the
surface is negligible. Complete reflection of the plume results in a simple
doubling of the concentration at all points downwind which accounts for the
factor ‘2’ in the numerator of the first term. The same result occurs in the
Gaussian plume model for ground level sources and no adsorption. For a
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source above ground level an additional term is added to the Gaussian plume
equation (Gifford, 1968 p. 99; Fares et al., 1980):

2 2
Coran = 2ncgazl7 €Xp [_ ZyTyZ] [exp (— (220;12) +aexp (— (z;ofl)z ]’ 3.6)
where «a is a constant that depends upon the degree of adsorption of pheromone
at the surface. The physical analogy of this third term is a mirror image of the
source an equal distance below the surface (Fig. 3.5). When adsorption at the
surface is complete equation (3.6) reduces to (3.5). When the source is located
on a surface with complete reflection, equation (3.6) reduces to the Gaussian
plume analogue of the Sutton equation (3.3). At any rate, all these models
predict that, given a certain amount of reflection from the surface, maximum
concentrations occur at ground level beginning at some point downwind from
an elevated source. The same prediction is obtained by Miksad and Kittredge
(1979) from their instantaneous plume model. These results occur despite the
fact that pheromone-laden air does not sink. It is doubtful that a simple
doubling of concentration is a sufficient increase to alter behavior.

The results of the male gypsy moth wing-fanning experiments of Elkinton et
al. (1984) did not support the conclusion that pheromone concentrations were
highest at ground level downwind from an elevated point source. At a distance
of 20m from the source they found that a significantly higher proportion of
males initiated wing-fanning at the same height as the source (1.6 m) compared
to moths near ground level (0.5m). The same trend was evident at 60m
although the difference between the proportions responding at the two heights
was not statistically significant. At both distances the response of moths near
ground level was delayed ca. 48s at 20m and 19s at 60 m compared to the

4 Ground

Fig. 3.5 Diagram of the mirror image analogy incorporated in the Gaussian plume
model to account for the reflection of airborne material from the ground surface after
release from an elevated source.
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moths at the source height indicative of slower wind speeds near ground level.
Wind direction data from a bi-directional wind vane at the site gave no evidence
for net vertical movements of the wind.

Very little work has been done on the rate of pheromone adsorption and re-
entrainment by vegetation and other objects in nature. Various studies have
documented reduced trap catch of insects to pheromones in heavy vegetation.
These results, however, may have easily been caused by disruption of the flight
behavior by the vegetation rather than pheromone adsorption. Adsorption to
vegetation may be substantial (Wall ef al., 1981).

An additional aspect of the vertical distribution of pheromone has been
considered by Schal (1982). The odor dispersion models discussed in this
chapter all assume that the mean wind flow is horizontal. The occurrence of
buoyant or convective transport of odors is treated by increasing the rate of
dispersion to that characteristic of unstable conditions. On the relatively small
scale of odor communication this description may not be adequate. Schal
demonstrated that air currents at night beneath a Costa Rican rain forest move
predominantly upward in response to a substantial lapse rate. He found that
male cockroaches of various species positioned themselves in trees at levels
above that of pheromone producing females of the same species.

3.6 CONCLUSION

Except for odor dispersion in still air which has been treated theoretically by
Bossert and Wilson (1963) and Mankin et al. (1980a), the analysis of odor
dispersion has been dominated by the use of the Sutton equation ever since it
was introduced to the pheromone literature by Wright (1958) and Bossert and
Wilson (1963). It has been widely used to calculate behavioral thresholds and
maximum distances of communication of various pheromone emitting organ-
isms. Atmospheric scientists have turned to the more general Gaussian plume
model to describe the average concentration of airborne material dispensing
from a point source. This latter model has the advantage that it can be applied
to a range of atmospheric stabilities and depends upon dispersion coefficients
that are determined experimentally for a given situation.

The Sutton model has persisted despite the fact, first observed by Wright
(1958), that the odor plume encountered by an organism at any instant in time is
very different from the plume predicted by the Sutton equation or any other
time-average model. The validation experiments of Elkinton et al. (1984) have
underscored the inadequacies of various time-average Gaussian models for
predicting the dimensions of the active space. Aylor ef al. (1976) and Miksad
and Kittredge (1979) developed instantaneous plume models for dispersion
relative to an instantaneous plume centerline which meanders downwind. It is
difficult to use these models to predict concentrations at fixed locations down-
wind because they do not predict the meander of the plume centerline. Indeed a
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major reason for the continued use of the Sutton equation is the ease of the
calculations involved. Perhaps the best approach for a replacement for the
Sutton equation will be a model which couples instantaneous dispersion relative
to a meandering plume centerline (Aylor ef al., 1976) with a description of the
plume meander (Davidson and Halitsky, 1958; David et al., 1982) or with a
probability density function that assigns a likelihood that a fixed point
downwind of a source will at a given moment lie within the instantaneous plume
(Miksad and Kittredge, 1979; Murlis and Jones, 1981). The key to either
approach will be understanding the meandering of the plume under various

atmospheric and terrain conditions.
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Chemo-orientation in
Walking Insects

William J. Bell

4.1 INTRODUCTION

This section on walking insects, together with the following on flying insects,
defines and illustrates mechanisms by which insects utilize chemical infor-
mation available to them for purposes of locating mates, food and other
resources or for avoiding repellents or stress sources. This discussion follows
Stidler, Chapter 1, and Mustaparta, Chapter 2 on the acquisition and process-
ing of chemical information through peripheral receptors and the central
nervous system, Elkinton and Cardé, Chapter 3, on airborne dispersal of
chemicals, and is an introduction to the remaining chapters in this volume on
ecological implications of resource localization and stress avoidance.

4.2 CLASSIFICATION OF ORIENTATION MECHANISMS

The first attempt to treat animal orientation in mechanistic terms was published
by Loeb (1918). This was followed in 1919 by Kiihn’s comprehensive frame-
work of animal orientation, and then much later by the compilation of Fraenkel
and Gunn (1940). The following definitions of orientation mechanisms are
from Kiihn (1919) and Fraenkel and Gunn (1940).

Orthokinesis: Speed or frequency of locomotion is dependent on the intensity of stimu-
lation.

Kilinokinesis: Responses in which the rate of random turning, or angular velocity,
depends on the intensity of stimulation.

Klinotaxis: Directed orientation made peossible by means of regular deviations and
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involving comparison of intensities at successive points in time. Later, Ewer and Bursell
(1950) expanded klinotaxis to include longitudinal temporal processing along the axis of
movement, as well as transverse (lateral) deviations to the axis of movement.
Tropotaxis: Symmetrical orientation. The animal turns so that symmetrically positioned
lateral sense organs are equally stimulated; asymmetry of stimulation leads to turning
toward one of the two symmetrical positions.

Telotaxis: Goal orientation. Locomotion along the line joining the animal to a point
source of stimulation; maintenance of a certain part of the field of stimulation on a
particular point of the sensory apparatus — the fixation point.

Menotaxis: Maintenance of a given direction of the body axis by preserving a certain
distribution of stimulation over the sensory surface, using compensatory movements
(=compass orientation).

The problems with this system of classification have recently been sum-
marized by Bell and Tobin (1982): (i) the terms are inconsistent, some based on
sources of external sensory input or mechanisms of information processing,
and some on the geometrical structure of locomotory pathways, (ii) integration
of different mechanisms is neglected, even though it is theoretically possible,
for example, for an animal to utilize klinotaxis and tropotaxis at the same time
and to select the strongest difference obtained, (iii) the role of internally stored
directional information is not considered, thus mistakenly referring to orien-
tation that is made relative to the previous direction as ‘random’ orientation,
(iv) data are not always sufficient to use these definitions, leading investigators
to simply pick the most likely one instead of publishing an accurate description
of the behavior observed; for example, most citations of ‘chemotaxis’ would be
more accurate labeled as ‘chemo-orientation’ until critical tests are performed
to determine which type of mechanism is involved, (v) the system, with a few
exceptions, does not account for orientation based on more than one sensory
modality, even though orientation in the real world is undoubtedly based on
more than one modality.

To utilize the data available on chemo-orientation for a better understanding
of principal internal mechanisms involved, Bell and Tobin (1982) have suggested
that researchers describe, instead of or in addition to invoking the above terms,
(i) the information available to an organism, (ii) the type of information pro-
cessing employed, (iii) the motor output (e.g., search patterns) elicited by a
stimulating chemical, and (iv) the nature of the guidance system, based on pro-
cessing of the available sensory information. These components of orientation
are expanded in the following paragraphs.

4.2.1 Information available

There are two general categories of information available to an organism for
chemo-orientation: (i) Externally derived sensory information (= allothetic,
Mittelstaedt and Mittelstaedt, 1973; =exokinetic, Jander, 1970, 1975), and (ii)
internally-derived information, termed endokinetic if genetic or otherwise
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Table 4.1 Types of external chemosensory information

Contact chemoreception Example
Single contact chemical stimulus Feeding deterrent
Trails or patches on a substrate Nectar patch

Olfactory chemoreception
Single olfactory chemical stimulus Alarm pheromone pulse
Airborne trail or patch Prey odor patch
Gradient Sex pheromone

stored (Jander, 1970, 1975) or idiothetic if stored through proprioreceptors or
otherwise learned (Mittelstaedt and Mittelstaedt, 1973).

Chemical sensory information falls into two broad, sometimes overlapping
categories of mediation by contact and olfactory chemoreception. As shown in
Table 4.1, these categories can be subdivided into single events, as when an
insect discovers a single resource, and multiple events as when an insect enters a
continuum such as an odor trail, patch or gradient.

Internally derived or stored orientation information is as necessary as
externally derived information (Table 4.2). The sign (positive or negative) of
the response to a chemical that is perceived is often learned, but with infor-
mational chemicals produced by the insects themselves or their prey, predator
or host plant, the sign of response is usually genetically fixed. For example,
alarm pheromones elicit a negative response and sex pheromones elicit a posi-
tive response. Spatial information can be genetically specified, as with com-
ponents of search patterns, one form of endokinetic orientation (Jander, 1970),
or derived from proprioreceptors and stored in memory as a kind of locomotory
history (track memory) for use in subsequent idiothetic orientation (Burger,
1972). When an insect is caused to turn by an external directional stimulus, for
example, it will probably swing back toward its original direction when the
stimulus is removed. Such compensatory responses, which in a general context
are sometimes called counterturning or alternation behavior, are controlled by
internally stored information about the previous course direction of the insect.

Table 4.2 Types of internally stored orientation information

Short-term memory
Track memory (proprioreception)

Long-term memory
Sign of response (+ or —)
Turn angle selection (reduction in circular variance)
Direction (left or right)
Directional constancy (generating loops or zig-zags)
Pattern generator (turning rate, stops schedule)
Terminator (timer in energy units, steps, sensory adaptation)
Sequence (of patterns)
Noise (variation)
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4.2.2 Information processing

At the level of the chemoreceptor, differences in stimulus intensity result in
differences in the rate of impulses transmitted to the central nervous system.
As an insect moves in space or remains in one place, this information alone
can potentially provide for a temporal comparison, and thus an interpretation
of the stimulus pattern that is changing in its vicinity or that it is passing
through. If an insect has a multiple receptor system with receptors spaced at
sufficient distances to perceive a detectable difference in stimulus intensities,
an instantaneous comparison can be made to interpret the nature of the
stimulus pattern at one point in time. As summarized by Stiddler, Chapter 1
and Mustaparta, Chapter 2, nothing is known as yet about the neural mechan-
isms responsible for integration through temporal and instantaneous com-
parisons.

4.2.3 Motor output patterns

Triggered by chemical stimuli, an insect may terminate active (moving) or
passive (non-moving) ranging, during which chemical stimuli are unavailable,
and initiate species-specific motor output, which can be referred to as guided
search. Locomotory patterns of guided search can fit anywhere in a continuum
from seemingly random locomotion to highly structured patterns of repeating
loops, zig-zags, spirals or sine waves. In other cases the pattern is referred to a
second modality (e.g., wind currents). Where a second modality is not
involved, an insect must rely on internally-stored information; where a second
modality is involved, orientation is based on externally-derived non-chemical
sensory information.

4.2.4 Guidance systems

Motor output, controlled by internally stored information, can be guided by
changes in chemosensory information in at least three distinct ways: (i) the basic
motor pattern persists, but with modulation of one specific parameter, such as
changes in turning velocity, zig-zag amplitude or turn dimension, (ii) the basic
pattern persists, but with a change in the directional vector, (iii) one pattern of
motor output is replaced by another, as in a shift from circling to zig-zags to
straight locomotion. Two useful descriptive terms pertaining to guidance are
direct and indirect orientation. Turns executed during guided search are
directly related to the polarity of the chemical gradient in direct orientation.
Turns are not necessarily related to the chemical gradient in indirect orien-
tation, and the chemical source is localized indirectly through a pattern of turn-
ing, looping, zig-zagging, or through non-chemical directional information,
such as wind currents.
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4.3 INDIRECT CHEMO-ORIENTATION BASED ON
INTERNALLY STORED INFORMATION

Insects probably ‘range’ as do other organisms in a relatively straight line;
‘ranging’ switches to ‘searching’ when the odor of a resource is detected but
cannot be localized and when one resource item is discovered and others are
sought (Jander, 1975). Some species range by following a menotactic angle over
relatively long distances with respect to a visual stimulus or to the direction of a
wind current, thereby maintaining a straight walking course (e.g., Linsenmair,
1970, 1973; Bell and Kramer, 1979); when a pheromone is perceived, the animal
may initiate upwind, zigzag orientation. Other species ‘perch’ while seeming to
‘wait’ for information about resources in the vegetation with only the antennae
moving, prior to searching if a relevant odor is perceived (Schal ef al., 1983a).

A common type of indirect chemo-orientation is a species-specific search
pattern that is released by perception of an odor, but where. the insect cannot
obtain sufficient information to execute orientation relative to a boundary or to
a gradient. A walking insect can potentially control its rate of locomotion, turn
direction constancy (left or right), frequency of discrete turns, dimensions of
discrete turns or turn velocity (e.g., degree s™!) in response to a perceived chemi-
cal stimulus. These alterations in locomotory mode, which generate a search
pattern, need not be directly related to the spatial configuration of the stimulus
pattern. Search patterns were first pointed out as such by Dethier (1957) in
blowflies fed on a drop of sucrose solution (Fig. 4.1(a)). Subsequently, Murdie
and Hassell (1973) revealed how the search pattern of the hungry fly correlates
with localization of other sucrose drops (resources) in a patch. A similar
example is the search pattern of the enticed cockroach Blattella germanica,
stimulated by contact sex pheromone (Fig. 4.1(b)). The cockroach exhibits
courtship turning (Bell and Schal, 1980), and if no female stimuli are encoun-
tered, it engages in local search (Schal ef al., 1983b). Search patterns of this
kind rely to a large extent on genetically stored information that dictates the
turning velocity, frequency of changes in direction and duration of search. As
depicted in Fig. 4.1(a) and (b), paths are never identical, indicating the injection
of variation (noise) at some level in the CNS and that search patterns are not
dictated as are fixed action patterns. The paths of many parasitoid species
searching for prey consist of a series of components, each serving to contract
the area searched (Vinson, Chapter 8). This mechanism is exact<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>