CHAPTER 6

Host-plant selection: how to find a

host plant

6.1 Terminology .......coviiiiiiiiii i,
6.2 Host-plant selection: a catenary process ...........
6.3 Searching mechanisms ...............c.ccooieiinnn.
6.4 Orientationto hostplants ........................
6.4.1 Optical versus chemical cues................
6.4.2 Visual responses to host-plant characteristics
6.4.3 Olfactory responses to host plants ..........
6.4.4 Flying moths and walking beetles: two cases

of olfactory orientation ....................

6.5 Chemosensory basis of host-plant odour detection
6.5.1 Morphology of olfactory sensilla ...........
6.5.2 Olfactory transduction .....................

6.5.3 Olfactory electrophysiology and sensitivity

6.5.4 Olfactory specificity and coding.............
6.6 Host-plant searchinginnature....................
6.7 Conclusions ....... ... . i
6.8 References ...

One of the most notable features of herbivorous
insects that has emerged from the previous chap-
ters is that most species are very selective feeders
and meticulously choose the plants on which they
deposit their eggs. Recent research on several spe-
cies has shown that they select not only certain
plant species but also specific plant organs. At
the outset of this chapter on selection behaviour it is
important to note that the host-plant range of a
certain insect species does not necessarily include
all plant species that appear under laboratory
testing conditions behaviourally acceptable or nutri-
tionally adequate; under natural circumstances it
is often more restricted. Also, host selection behavi-
our may change with the developmental phase of
the insect, and different life stages often differ in
their host-plant preference or their ability to use a
plant species as a host. Despite the fact that neonate

insect larvae have a small body size and con-
sequently possess limited energy reserves, they are
capable of leaving the plant on which they hatched
if they judge it unsuitable.

There are several situations that make it neces-
sary for a herbivorous insect to search for a host
plant. For instance, eclosion of adults from pupae
that overwintered in the soil may occur far from
potential food or oviposition plants if these are
annuals. Arrival in a novel habitat after migration
or dispersal, and local exhaustion of food plants,
are other examples of such circumstances. In nat-
ural habitats, host plants commonly grow together
with non-host plants in mixed and complex vegeta-
tions. For host-plant specialists, the ability to find
and recognize host plants in these habitats is cru-
cial, and this ability constitutes the focus of this and
the next chapter.
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136 INSECT-PLANT BIOLOGY

6.1 Terminology

It is useful first to define terms that are generally
used to describe or categorize host-plant selection
behaviour.

Searching

Whenever an insect is remote from a potential
foodplant, it needs to search for and find that plant.
To locate a host plant, the insect needs to move
towards it and contact it, or at least to arrive and
stay in the proximity of it in order to examine
its characteristics further. The observation that
the insect contacts the plant, however, gives no
information on the mechanism used in establishing
this contact. The term ‘searching’ means ‘to
look carefully in a place in an effort to find some-
thing’. ‘Finding’ (sometimes unfortunately used as
a synonym'®") may rather be the end result of
searching—hence the subtitle of this chapter. As
searching has a connotation of directionality, it is
important to note that the movement pattern of an
insect may vary from random, resulting in contact
by chance, to oriented and strongly directed
movements (see below).

Selection

In the strict sense of the word, ‘to select’ means to
choose from among alternatives. In order to do this,
it is necessary that differential sensory perception
of alternative food plants occurs. Selection thus
implies a weighing of alternatives. From a meth-
odological point of view, it is difficult to prove that
comparison of alternatives is being made during
selection behaviour, especially if contacts with
potential hosts occur sequentially. Sequential con-
tacting of different host-plant species occurs more
frequently than simultaneous contacting and this
implies that a short-term memory must be invoked
to enable comparisons over time. In cases in which
alternatives have been assessed before final accept-
ance occurs, either at a distance by approaching and
turning away again or by actual contact-testing, the
term ‘selection behaviour’ is appropriate.

Acceptance
Acceptance of a plant is said to occur when
either sustained feeding or oviposition occurs.

‘Acceptance’ is a term devoid of the assumptions
implied by the term ‘selection’. For example, when
a beetle is released in the middle of a monoculture
of beans and is observed to initiate sustained
feeding after climbing a bean plant, it cannot be
concluded that the beetle selected the bean plant as
a host plant, as no alternatives were available. It can
only be said that the bean plant has been accepted
by the insect. Acceptance is affected by motivation,
the general willingness to feed or oviposit, which
itself results from the integration of internal
physiological state parameters (e.g. level of sati-
ation, maturation state of eggs) of the insect.
Acceptance is a term distinct from acceptability,
which is a plant trait and defined as the likelihood
that a particular plant species is selected for feeding
or oviposition.

Preference

When, in dual or multiple choice assays, an insect
consistently feeds or oviposits more often on one of
the alternative plants, it is said to ‘prefer” that plant
over the others. This may also be observed under
field conditions when the degree of feeding or
oviposition on a certain plant species is higher than
would be predicted from its relative abundance.
Clearly, preference is a relative concept and
applicable only to the set of plant species or geno-
types that were actually available to the insect.

Recognition

This term is often used in connection with accept-
ance. It means ‘to know again” and implicitly refers
to a neural process. It implies that there is an
internal standard or ‘image’ of the plant(s) sought
for. This image is present in one or another form in
the central nervous system (CNS) of the insect. The
profile of incoming sensory information on plant
cues is compared with this stored image and, when
it matches sufficiently, the plant is recognized as a
host. The putative image is genetically fixed, but
can be modified by experience to a fair extent (see
Chapter 8).

From the above, it appears that the terms searching,
selection, preference, and recognition implicitly
refer to complex behavioural processes, the neural
mechanisms of which are being elucidated (see
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below) but as yet are only partly understood. The
proper use of these terms is important to avoid
confusion between ecologists describing patterns of
association and behaviourists addressing mechan-

isms.1¥

Here we use preference as an insect trait
that is not influenced by plant density, plant dis-
persion, or plant quality, unless the insect is
learning (see Chapter 8).

It is also important at this point to relate the
behavioural terms defined above to the classi-
fication of behaviour-modifying chemicals. These
chemicals are collectively termed semiochemicals''®
or infochemicals.”® For this purpose we adopt the
terminology proposed by Dethier et al.,*® which is
summarized in Table 6.1. Corresponding terms in
semiochemical and infochemical terminology are:
kairomone, for attractant and feeding and oviposi-
tion stimulants; allomone, for repellent and deter-
rent. Flower volatiles that attract pollinators (see
Chapter 12) are examples of synomones.

The difference between semiochemical and
infochemical terminology is that, whereas in semi-
ochemical terminology the origin of the produced
chemical determines its designation as a kairomone,
allomone, or synomone, in infochemical termino-
logy the adaptive value of the use of the information
that the chemical carries is the central isue.

Table 6.1 Chemical designations in terms of insect responses
(from Dethier et al,, 1960)*

Attractant A chemical that causes insects to
make oriented movements towards
its source
Repellent A chemical that causes insects to
make oriented movements away
from its source
Arrestant A chemical that may slow the
linear progression of an insect by reducing
actual speed of locomoation or by
increasing turning rate
Feeding or A chemical that elicits feeding or oviposition
ovipositional in insects (‘feeding stimulant’ is synonymous
ostimulant with ‘phagostimulant’)
Deterrent A chemical that inhibits feeding or

oviposition when present in a place
where insects would, in its absence,
feed or oviposit

6.2 Host-plant selection: a catenary
process

Insects are often said to show ‘programmed behavi-
our’ and stereotyped, predictable sequences of
behavioural acts—so-called reaction chains® This
means that more or less distinct behavioural
elements follow one another in a fixed order. The

insect shows appropriate reactions to a succession
of stimuli (Fig. 6.1).

Landing site

Latent phase

Leaf-blade run

Stem run

Stem circling

Climbing

Probing

Figure 6.1 Complex behaviour patterns involve a sequence of
stimulation and response steps, as exemplified by oviposition
behaviour in the cabbage root fly Delia radicum. An airborne
gravid female fly may land in response to yellow-green wavelengths
(500-600 nm), as reflected by green foliage. During the ‘latent
phase’ she walks along the leaf, pausing now and then to groom
or to make short flights. During the next phase, the ‘leaf-blade run’,
she walks continuously, often along the leaf edge and frequently
changing direction. With taste hairs on her tarsi she assesses the
suitability of the plant. If she contacts the appropriate chemical
stimuli, she moves on to a midrib of a leaf or a stem, which is quickly
followed ('stem run’). At the stem base she moves around it sideways
(‘stem circling’), keeping her head downwards. During the ‘climbing
phase’ she walks around close to the cabbage stem and occasionally
climbs up the stem a few centimetres. She then starts ‘probing’ the
soil with her ovipositor, probably testing soil particle size and water
content. When again the adequate stimuli are perceived, she finally
lays her eggs in the soil close to the stem. (From Zohren, 1968.)'®
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When the outcome of a sensory evaluation is
rejection of a particular plant or plant part as a food
or oviposition site, the herbivore ‘jumps back’ to
one of the earlier steps in the reaction sequence.
Modification of selection behaviour as a result of
previous experience (see Chapter 8) leads to faster
decision-making or to changes in preference, but
the sequence remains the same. As we will see from
the examples presented below, such sequences of
behavioural phases and of elements within each
phase can be quite long and elaborate.

In the process of host-plant selection two main
consecutive phases may be distinguished, delim-
ited by the intermittent decision to stay in contact
with the plant: (1) searching and (2) contact-testing.
The first phase may end with the event of finding;
the second phase ends with acceptance or rejection.
Acceptance is a crucial behavioural decision as it
results in ingestion of plant material or deposition
of eggs, with possible negative consequences for
fitness. A host-plant selection sequence is schem-
atically depicted in Figure 6.2A.

Going through the sequence, the number and
intensity of the cues that the plant offers to the
insect increase, thereby also potentially increasing
the intensity and modalities of sensory information
that the insect can collect about the plant. A stand-
ardized host-plant selection sequence can be
described as follows:

1. The insect has no physical contact with a plant
and either rests or moves about randomly, walking
or flying.

2. It perceives plant-derived cues, optical and/or
olfactory.

3. It responds to these cues in such a way that the
distance between its body and the plant decreases.
4. The plant is found, i.e. it is contacted by either
touching or climbing it, or by landing on it.

5. The plant surface is examined by contact-testing
(e.g. palpation of leaf surface).

6. The plant may be damaged and the content of
tissues released by nibbling or test-biting (in the
case of biting—chewing species), probing (piercing—
sucking species), or puncturing with the ovipositor.
7. The plant is accepted (as evidenced by one or
more eggs being laid or continued feeding) or is
rejected, resulting in the insect’s departure.

During each of these steps the insect may decide
to turn away from the plant before contacting it, or
to leave it after contact. When it arrives in a patch of
potential host plants, it may exhibit repetition of the
same sequence with respect to different plant
individuals of the same or other species. In the end
it may return to and select the plant that was
examined first but was left after that initial contact.

In this and the next chapters, host-plant selection
behaviour will be discussed using this sequential
framework. The focus will be on the different plant
cues affecting selection behaviour and the sensory
apparatus via which these are perceived and affect
selection behaviour. The crucial decision to accept
or to reject a plant is based not only on sensory
information of plant cues but also on the insect’s
physiological status (satiety, sexual maturity, egg
maturation, etc.'®). The integration of these two
variables, together with information on previous
experiences stored in the insect’'s memory, occurs in
the CNS.* For the purpose of this chapter we will
assume that the internal status is such that the insect
is not engaged in migration or dispersal activity and
that its motivation for feeding or oviposition is high.

It should be noted that not all herbivores follow
the standardized sequence described above and
summarized in Figure 6.2A. Some take short-cuts
and others show more complicated sequences.
Some well studied examples have been schemat-
ized in Figure 6.2B-E.

6.3 Searching mechanisms

To understand the ways in which herbivorous
insects search, it is necessary to present a descrip-
tion of searching behaviour as well as a discussion
of the possible causal mechanisms involved.

The sequence of behavioural steps that is passed
through during searching differs among insect
species and developmental phases, and depends on
the cues available. The whole range, varying from
random search to highly directed search patterns,
has been observed. In the field, random search has
been described for various insects, such as poly-
phagous Caterpillars,46 immature and mature
polyphagous locusts,>'® and adult oligophagous
Colorado potato beetles (Leptinotarsa decemlineata).*



A B Aphids (Aphis, Myzus)
[Type of information| [Type of information |
& 8y & S &
[Phase/event| Behaviour| el é”ojoc\é'r? [Phase/event|[Behaviour] > (,}oé quoé &
. IS
I I I 1 1 1
(Dispersal)  (Movement, Lo Dispersal) (Distance fighty | ' |
tandom) : Lo (Dispersal) (Distance flight) : o
; | T T T | K K K
Searching Oriented A Searching ;! : :
movement: N B Attack flight ® 0
kinesisand/or g @ I | | .
taxis B Landing e ¢
|
Plant contact e Plant contact —
Plentconec R I
Contact-  Antennation I N . Contact- o I
evaluation* Palpation S evaluation  Probing site S,
Tarsal drumming || Lo selection , O @ !
Ovipositor probing (| e o 0 | : Lo
Test-biting | o Stylet penetration 1 | , ,
Swallowing o r N
oo [N
7 t t t ] | K K K
Acceptance Sustained feeding 1 ! ! ! Acceptance Sustained phloem : : ‘
or oviposition | (I) , , ingestion oS
| 1
C Bark beetles (Dendroctonus, Ips) D Flies (Delia, Rhagoletis)
[Type of information | [Type of information |
. & &8 . 9 &
|Phase/event||Behaviour| 5 & *s'?;oé & ||[Phase/event]|[Behaviour] > 5)96 @’5 >
S Ses F&FIes
LS LS
| 1 1 1 . . | 1 1 1
(Dispersal) (Random fiighty | | | | (Dispersal) - (Random fiight) | Lo
[ [
. o . Positive odour- ' | |
Searching i [ Searching guided optomotor || |, |
Landing on ‘ o ' anemotaxis e 1
tree trunk R 'Hopping flight' ; e ' |
b Landing on plant ® ' !
Plant contact : — Plant contact,L gonp —
I Lo
Contact- ) : : : : Contact- Intermittent runs: : : : :
evaluation E;(%Ig;atory walking, o O evaluation leaf and stem runs ! | A )
: T (surface evaluation): e 0 0
. oLy Lo
Test-biting : Q0 @ Stem base run : I @ @
I Lo
[ [
- - | t t t I T T T
Acceptance goﬂt'nueld fee?ng A Acceptance (Soil climbing) | (') Lo
allery elongation Oviposition
after 'host diagnosis’, @7 1| @ P LT

Figure 6.2 (A) Generalized sequence of host-plant selection behaviour of herbivorous insects. Left column: behavioural phase
or event. Middle column: common behavioural elements occurring within a behavourial phase. Right column: main plant-derived stimuli
affecting the behaviour. Black dot indicates well documented plant cue for several species; white dot indicates suggested or probable;

asterisk (*) denotes examples of behavioural elements displayed by many species; not all elements occur in a particular species and not

necessarily in this sequence. In parentheses at the top, dispersal is indicated as a preceding behavioural phase with its behavioural

elements (which do not belong to the host selection sequence). (B—E) Host selection behaviour sequences of representatives of the four major

herbivorous orders, following the scheme of (A), with specific elements and terms. (B) Alate aphids (Myzus, Aphis spp.). (C) Adult bark

beetles (Dendroctonus, Ips spp.). #Progressive colonization by gallery elongation occurs when repellents or deterrents are absent. (D) Adult
herbivorous flies (Delia, Rhagoletis spp.). For optomotor anemotaxis, visual cues are ground pattern movements, mechanosensory cues are
air streams; both not plant-derived. (E) Adult nocturnal moths (Helicoverpa spp., Manduca sexta); optomotor anemotaxis, as (D). (Compiled

from various sources.)
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Figure 6.2 (Continued)

In these cases, the frequency, rate, and direction
of movement appear unrelated to the acceptability
of plants within their perceptual range, that is,
the range in which host plant-derived cues are
detectable by the sensory system. The generation of
random movements can be explained by the func-
tioning of so-called ‘central motor programmes’
located in the CNS. When an insect becomes
motivated to search for food, for example because
blood trehalose levels fall below a certain level (an
internal-state parameter), these programmes are
activated and as a result the insect may start a ran-
dom walk. Only internally stored (e.g. in memory)
and proprioceptive information is used.'”® This
searching type may be the best possible, either when
environmental cues provide no directionality or
when the sensory capacity of the insect is insuffi-
cient to obtain the required stimuli. During search-
ing, scanning movements may be performed that
serve to increase the probability that a resource is
detected along the path, mainly because the path is
widened. This is seen in caterpillars moving on the

ground in search of host plants. The caterpillars
raise their heads and first thoracic segments, and
sway these from one side to the other.

During random searching, several types of
orientation response may be performed upon
stimulation by plant-derived cues. These responses
may be either non-directed or directed. The non-
directional changes in random movement are
classified as kineses.*'*> The insect may change its
linear speed of movement (orthokinesis) or it may
change the rate or frequency of turning (klinokin-
esis). The intensity of the external stimulus (light
intensity, plant odours, humidity, etc.) and the
spatial or temporal differences in it determine the
strength of these responses. One (unilateral)
receptor is sufficient to sense the stimulus intensity
by temporal comparisons of incoming sensory
information by the CNS. These kinetic responses
often lead to area-restricted search (an intensified
search in a small area) and arrestment. They
are most prominent close to a host plant or upon
contact (Figs. 6.3 and 6.4), when the rate of linear
movement often decreases and turning rates
increase.'”

Directed movement becomes possible when the
host plant emits signals that, either alone or in
combination with a second cue, allow directionality
to be perceived by the sensory system of the
searching insect. Movements in this case are
directed by sensory information on external cues
but may still be under the influence of central
motor programmes (see below). When a distinct
directionality towards the food plant results from
the analysis of movement patterns, such oriented
movements relative to an external source of
stimulation are termed taxes, and may be towards
the source (positive) or away from the source
(negative). Orientation to visual or chemical cues,
or to their combination, is common to many insects.
Over short distances, within a few centimetres,
in relatively undisturbed, still air, insects may
respond to plant odour gradients by positive
chemotaxis. This may be achieved either by tem-
poral comparisons of information coming from
the olfactory receptors (klinotaxis) or by comparing
sensory input coming simultaneously from a
bilateral pair of (olfactory) receptors and trying
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Figure 6.3 Searching patterns used where resources are aggregated. In these cases it may be advantageous for an insect to search an
area more thoroughly once it has already encountered a host plant. This strategy increases its chance of finding another host plant.
Mechanisms used for restricting the area of search include: (A) periodic increases in turning tendency, generating looping or circling;
(B) alternation in turning direction, generating zigzags; (C) adjustments in lengths of moves between stops. Dots indicate landings;
circled dots represent landings on host plants followed by egg-laying. (From Bell, 1991.)"
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Figure 6.4 Schematized search behaviour in egg-laying females of Cidaria albulata, a specialist herbivore on Rhinanthus spp.

The moths fly shorter distances between alightings and show more turning flight near a host-plant stand, thereby increasing the chance
of alighting on a host plant. Turning of flight path and alighting (at least the latter) are stimulated by host-plant odour. Total number
of plants, 252; no. of Rhinanthus plants, 25 (10%). Total no. of alightings, 45; number of alightings on Rhinanthus, 15 (33%).

(From Douwes, 1968.)>°
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to obtain equal stimulation of both sides (tropo-
taxis; symmetrical orientation). A third type of
orientation is menotaxis, the maintenance of
a constant angle with stimulus direction by pre-
serving a non-symmetrical distribution of sensory
stimulation.

Two special cases of menotaxis, anemotaxis and
photomenotaxis, need special attention because they
have been found to operate in herbivorous insects.
Anemotaxis and photomenotaxis mean oriented
movement by maintaining a set angle to the pre-
vailing wind direction or light direction, respect-
ively. Wind or light direction, perceived as air flow
by mechanoreceptors or as photon flow by photo-
receptors, may be sampled successively at the left

and right sides of the body by serial counterturning
movements. Wind direction is detected mechanic-
ally by walking insects but mainly visually in
the case of flying insects. Anemotactic behaviour,
influenced by plant odours, is seen in a number
of herbivorous insects under laboratory conditions.
In contrast to what might be expected, odorous
cues do not exhibit a gradient, required for che-
motaxis, at distances greater than a few centimetres
(see Section 6.4.4). The movement of air in the
outside world is mostly turbulent."'" Odour trails
comprise complex plumes actually consisting of
discontinuous packets of odour molecules that are
moving downwind in random direction. A con-
centration gradient is absent (Fig. 6.5). The best way
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Figure 6.5 (A) Schematic drawing of an undulating and meandering odour plume and an odour signal encountered over time when an
insect moves upwind in a straight line to a small odour source. (B) Signal amplitudes generated by a stationary ion probe located in an
odour plume when different averaging periods are used. Packets of odour, resulting from air turbulence, pass the odour receiver. Upon
increasing the averaging period, differences in signal amplitude decrease, leading to a decreased resolution of concentration differences by
olfactory receptors. However, even at an average time of 3.3 s, the signal is still intermittent and the major bursts of the original can clearly

be distinguished. (From Murlis, 1986.)'%
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to minimize the mean time to discovery of the
odour source is to explore actively the area sur-
rounding the packet, by performing transverse
movements perpendicular to the mean air flow, to
increase the rate at which packets of odour are
encountered, and locating the midline of the
plume. The odour packets are most likely to origin-
ate from a cone-shaped space with the top of the
cone pointing upwind. The cone-shaped volume is
best explored using a zigzag motion until another
packet is encountered. This search strategy utilizes
simple behavioural rules for movement, combined
with knowledge of mean air speed and direction.""
The resulting movement patterns, casting and zig-
zagging, match the predictions from theory remark-
ably well (see Section 6.4.4).

Photomenotaxis, or light compass orientation, is
a main mechanism for insects walking on the
ground.'® Although it is difficult to demonstrate
anemotaxis in the field, because of lack of control
over wind direction and the ubiquitous occurrence
of air turbulence, which prevents a consistent
directionality and is prominent especially in the
boundary layer over the soil surface, the use of
photomenotaxis can be investigated relatively
simply. One method is Santschi’s ‘mirror test’,'*
and a second method to demonstrate photo-
menotaxis is the ‘turntable test’.**

Although the descriptions of movement types
and the way in which plant-derived cues may
be used are useful to demonstrate the existence
of different searching strategies, the number of
documented cases for which the orientation mech-
anism has been fully analysed is small. Especially
under field conditions, combinations of mechan-
isms, rather than a single one, operate under natural
circumstances (see Section 6.6). Alternative or addi-
tional classifications of searching patterns can be
found in the literature.'®'””'”® Models of searching
behaviour indicate that, contrary to what one might
expect, random walking can be a very effective
search strategy and that the rate of random move-
ment is an important factor in determining the
success of non-random search.'”” Directed orienta-
tion is often viewed as adaptive, as it improves the
efficiency of search, that is, it produces a higher
success ratio per unit of time and energy invested in
searching behaviour.

6.4 Orientation to host plants
6.4.1 Optical versus chemical cues

Two important types of stimuli that could be used
as directionality cues by herbivorous insects are
optical and odorous characteristics of plants. The
relative importance of the two varies between
species, as becomes particularly noticeable when
diurnal and nocturnal species are compared. The
two types of stimulus are often used in an integrated
way (see Section 6.5).

The nature of optical and chemical plant-derived
cues differs in some important aspects. Light can be
characterized by its intensity, spectral composition,
and polarization. The unit of light energy, the photon,
moves self-propelled at the speed of light. The spec-
tral reflectance pattern of a plant is not substantially
altered by air movements and is relatively constant
at varying distances from the plant. In contrast,
volatile compounds emanating from plants move
slowly. In still air they move by diffusion and in all
dimensions, but in moving air their concentration in
space is highly variable (see below). Odour concen-
trations rise sharply when the plant is approached.
Absolutely still air and complete absence of turbu-
lence are very rare, if not completely lacking, under
natural circumstances, and wind speeds are mostly
greater than the linear speed of diffusion of organic
molecules. In moving air (the normal situation),
volatiles are carried away from the source with the
prevailing direction of air flow and will be dispersed
downwind as packets of odour (see Section 6.3).

In the literature the concept of an odour-filled
space has been used that, based on Sutton’s model
of diffusion, has a semi-ellipsoidal shape in moving
air. More recently, however, by the use of ion
detectors with a short response time, it has become
clear that the odour occurs in a stochastic fashion
as packets or filaments of molecules in a meandering
plume (Fig. 6.5). Outside the plume boundary,
which can be visualized by the use of smoke, no
odour packets occur. When moving upwind, the
insect may contact spatially separated packets of
odour molecules at concentrations only slightly
lower than those found close to the plant. Most
information on the spatial distribution of odorous
molecules comes from studies on the distribution
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patterns of sex pheromones, which are released from
the insect body, virtually a point source. Chapman
has stressed the fact that point sources produce
odour plumes different from those emanating from
big plants or plant patches; clearly, the form of the
food source may shape the plume.**

In summary, when considering abiotic factors,
optical plant characteristics are relatively constant
with respect to their distribution and largely inde-
pendent of temperature and wind speed, but of
course they depend on light intensity. Odours
emanating from plants have a spatially highly vari-
able distribution and concentration, which depends
on wind speed, temperature, and to some extent on
light intensity. Moreover, the quality and quantity
of emitted plant volatiles may vary depending on
the plant’s physiological state and on whether it is
under attack by herbivores (see Fig. 4.7).2'1¢°

Apart from these abiotic factors, the main issues
to be considered regarding the relative usability of
optical and odorous cues are their specificity and
their ‘active space’, ‘effective zone’, or ‘effective
attraction radius’.*®

Quite often it has been assumed implicitly that
optical cues cannot be used to recognize host
plants, for the reason that ‘all plants are green’ (i.e.
the dominant reflectance-transmittance hue is 500
580 nm). In apparent contrast, several plant species
have been found to emit volatile chemicals or
chemical blends that appear to be taxon specific,
either qualitatively (unique compounds) or quant-
itatively (characteristic ratios)."’”” This has prob-
ably led to the greater attention paid in the
literature to odours as guiding factors in host-plant
searching, especially in the case of specialized
herbivores. In contrast to the low variability of
spectral composition of light reflected by foliage,
however, intensity of reflected light may differ
more pronouncedly between species, because of
the presence of wax crystals or trichomes on the
leaf surface, or because of biotic (age, nutrient sta-
tus) and abiotic (density, incident light intensity,
background) factors.

The maximum distance over which plant cues
can guide an insect to its host plant is another
important factor related to the concept of active
space. Active space is defined as the space within
which the intensity of a stimulus or cue is above

Table 6.2 Distances over which odorous or optical plant cues
have been shown to elicit positive taxis-type responses from
herbivorous insect species

Insect species Distance (m) Reference
Odorous cues
Leptinotarsa decemlineata 0.6 83
6 49
Ceutorhynchus assimilis 20 58
Delia radicum 24 63
Dendroctonus spp. 30 181
Pegomya betae 50 138
Delia antiqua 100 85
Optical cues
Delia brassicae 2 128
Empoasca devastans 3.6 142
Leptinotarsa decemlineata 8 171
Rhagoletis pomonella 10 3

the threshold for a behavioural response. In the
absence of visual cues, behavioural responses to
plant odours have been demonstrated at distances
of 5-30 m for several oligophagous species, with a
maximum of 100 m reported for the onion fly Delia
antiqua (Table 6.2). The fact that some insects can be
lured to scented traps suggests that volatile plant
compounds may under field conditions attract
herbivorous insects, sometimes over large dis-
tances. Tephritid fruit flies and diabroticite root-
worm beetles can be attracted in large numbers to
traps baited with specific blossom aroma compon-
ents. This applies also to some polyphagous spe-
cies, such as corn earworms’” and Japanese beetles.
The latter may be attracted in open areas to such
traps from a distance of up to 400 m. In these cases,
volatile-baited traps appear to be an effective and
sensitive tool for monitoring insect densities.'"
The significance of values on linear distances and
conclusions about active spaces under natural
conditions depend heavily on both the biomass and
the complexity of the vegetation, factors that have
not been varied extensively in field studies on
insect host-plant searching. The integrity (unmixed
character) of the stimulus produced by an indi-
vidual host plant or a patch of host plants in a
mixed plant stand is thought to be preserved over
relatively short distances only,'® although in some
instances odours may remain attractive despite
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mixing with other plant volatiles. Thus, gravid beet
flies (Pegomya betae) are attracted by the odour of
young beet leaves over distances of up to 50 m,
even if these odours have passed non-host
plants.’®® Optical contrasts in a mixed plant
stand may be perceived over distances of a
few metres, especially in flying insects. At present,
few firm data exist on the size of active spaces
based on either optical or odorous signals, and
the conclusion that the active space of odorous
signals is greater than that of optical cues'®'*®
seems premature. Indeed, under field conditions
they always occur together and it will be shown
below (see Section 6.6) that insects use combina-
tions of signals, which may enable them to over-
come the disadvantage inherent in relying solely on
either one.

6.4.2 Visual responses to host-plant
characteristics

Three optical characteristics of plants may influence
host selection behaviour: spectral quality, dimen-
sions (size), and pattern (shape)."”® The spectral
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sensitivity of insect compound eyes ranges from
350 to 650 nm (near-ultraviolet to red) and thus
includes shorter wavelengths than that of the
human eye (Fig. 6.6). The ommatidium, the basic
photoreceptor and image-formation unit of the
insect compound eye, is of a fixed-focus type. This
results in maximum acuity at very close range,
whereas at greater distances perception of shape
is poor. For a more detailed discussion of char-
acteristics of photoreceptors and the sophisticated
visual system of insects, the reader is referred to
other texts.”*'* Although the size of plants or
plant parts and their shapes show considerable
variation between and within plant species, this
variation presumably aids plant selection only at
close distances.

To illustrate the extent to which visual discrim-
ination is used in host-plant selection, examples of
insect responses to optical host-plant cues, such as
shape and colour will be presented.

(a) Lepidoptera
The responsiveness of day-foraging butterflies to
colours has been relatively well studied. When
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Figure 6.6 (A) Comparison of the wavelength spectra (nm) perceived by humans and honeybees. (Data from Chittka and Waser 1997.)*°
(B) Spectral sensitivity curves of a tetrachromatic insect eye (Spodoptera sp.). The absorption of each pigment is expressed as a percentage of the

maximum for that pigment. (From Langer et al, 1979.)”’
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artificial leaves of green paper are offered to
gravid cabbage white butterflies (Pieris brassicae
and P. rapae), naive individuals show landing
responses, albeit at much lower frequencies than
in response to cabbage leaves. Immediately upon
alighting on the substrate they start to ‘drum’ it for
a few seconds, even though specific host-plant
chemicals are absent. For P. brassicae, true colour
vision and wavelength-specific behaviour have
been demonstrated (Fig. 6.7), and P. rapae clearly
showed landing preferences for differently
coloured artificial substrates. In both P. brassicae
and P. rapae, associative learning (see Chapter 8) in
response to different shades of green has been
demonstrated.'®*'”* These butterflies switch their
colour preference for landing responses from the
green colour of leaves to the yellow, blue, and violet
colours of flowers, depending on their motiva-
tion for oviposition or nectar feeding, respect-
ively. In the papilionid butterfly Battus philenor,
discrimination of leaf shape has been demon-
strated, and this butterfly uses leaf shape as an
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Figure 6.7 Relative effectiveness of different wavelengths in
eliciting behavioural responses from Pieris brassicae butterflies.
The y-axis gives the relative frequency of choice (%), normalized
to the maximally visited wavelength (=100%). A so-called
open-space reaction (O, lack of response to plants and tendency
to increase flight altitude) is induced by wavelengths in the
ultraviolet range; a feeding reaction (FR, extension of the
proboscis) is maximally induced by blue and to a lesser extent
by yellow, and egg-laying (E) and drumming (D) by slightly
different wavelengths in the green part of the spectrum. (From
Scherer and Kolb, 1987.)'4

associatively learned signal for preferential landing
on host plants.'?' The pierid butterfly Eurema hecabe
prefers artificial leaves having longer contours,
corresponding with the compound leaf shapes of
its fabaceous hosts.”” The butterfly Papilio aegeus, a
specialist of rutaceous plants, responds to the false
colours that arise from polarization of reflected
light. Its photoreceptors combine sensitivity to
colour with sensitivity to polarization, whereas in
other insects such as the honeybee these occur in
separate ommatidia. Leaf surface traits, such as
glossy or glaucous appearance, affect the polariza-
tion of reflected light, as do variations in the
vertical /horizontal plane of leaf orientation. Per-
ception of false leaf colours might thus guide
oviposition site selection.®® The nocturnal moth
Mamestra brassicae prefers to land on medium-sized
yellow-coloured artificial substrates that are offered
in a vertical position. The combination of an opt-
ical target with host-plant odour increases landing
probability.'*

Despite the fact that single rhabdome stemmata
of caterpillars are very simple organs compared
with the compound eye of the adult butterfly,
caterpillars are able to discriminate object sizes
and colours, enabling them to orient towards plant
silhouettes after dropping to the ground.'"'3>142

(b) Diptera

In the case of herbivorous flies among the families
Tephritidae (fruit flies) and Anthomyiidae (root
maggots), the use of visual cues has been amply
demonstrated.'® For a flying Rhagoletis pomonella
female in search of oviposition sites (i.e. apple
fruits), the sequence of visually oriented behaviour
can be described as a series of consecutive steps. At
a distance of about 10 m, a single tree is perceived
as a silhouette contrasting against the background.
Perception of colour is unlikely at this stage, especi-
ally when the insect is facing direct sunlight, as
is the perception of details of shape, because of
its limited visual acuity. When the fly is at a dis-
tance of a few metres or less from the plant and
finds itself either in front, under, or above the tree
crown, spectral quality and intensity of the reflec-
ted light are the main cues evoking alightment on,
for instance, foliage, fruits, or trunk. At still closer
range (1 m or less), as a third step, detailed
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Figure 6.8 Visual responses of apple maggot flies (Rhagoletis
pomonella) to red and yellow odourless sticky spheres of increasing
diameter under orchard conditions. Visual preferences were measured
on the basis of catches of flies on the spheres. A red sphere of 7.5 cm
in diameter matches the size and colour of a ripe apple. The higher
number of flies caught on larger yellow spheres is interpreted as a
response to a supernormal substitute stimulus for the green of leaves,
on which the flies search for aphid honeydew as a source of energy.
(From Prokopy, 1968.)'%

discrimination on the basis of size or shape
becomes possible (Fig. 6.8).

In the cabbage root fly Delia radicum, visually
based landing responses occur when the flies are
offered artificial leaves that have been painted with
colours mimicking host-plant leaf reflectance pro-
files (Fig. 6.9). When spectrally matched artificial
leaves of three different host plants were offered
simultaneously with the real leaves, no landing
preferences were found. The flies shifted their
preferences with plant age. The overriding prefer-
ence for radish in the mature plant stage was much
less pronounced in the young plant stage and this
correlated with smaller differences in reflectance
properties between the three host plants. During
the post-alightment phases of host selection, leaf
shape does not seem to influence oviposition, but
artificial leaves possessing a stem are clearly pre-
ferred over those lacking one (Fig. 6.10).

When the flies were allowed to choose between
different sizes of artificial leaf, the one that was four
times as big was also landed on four times as often
and received 2.5 times as many eggs."**'** Colour
preferences of a polyphagous and an oligophagous
species of tephritid Bactrocera fruitflies were clearly
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Figure 6.9 Reflectance properties of leaves of different cruciferous
host plants and landing responses of cabbage root flies (Delia
radicum) to real leaves or artificial mimics of these. Landing
responses (L%) are expressed as the percentage of landings relative
to radish, the plant on which the flies landed most frequently in a
multiple choice test. Alternative host plants were green cabbage and
red cabbage. In direct comparisons of real leaves and their mimics,
flies landed with equal frequencies on both. Vertical axis gives the
percentage of reflectance of incident light. (Redrawn from

Prokopy et al, 1983a.)'%°

different. The polyphagous species B. tryoni pre-
ferred blue artificial spheres reflecting ultraviolet
light (UV) over spheres lacking this reflectance.”®
This UV sensitivity is functional, as ripe natural host
fruits have heavier waxblooms causing stronger
UV reflection. Clearly plant colour, shape, and
size play important roles in the host selection
behaviour of these herbivorous flies, which belong
to the best studied species in this respect. Visually
guided behaviour is also influenced by odour
perception (see Section 6.6).

(c) Homoptera

Attraction to the colour of foliage has been studied
extensively in aphids and whiteflies.*” "% These
small insects can generate only small motoric
forces, and at wind speeds exceeding 1 m/s they are
unable to maintain their airspeed against the wind
direction. They are able, however, to exert active
control over their groundspeed.®" Alate (i.e. the
winged morph) aphids can still exert control over
their transport by active taking off and alighting.
The main factor that elicits an alighting response is
the perception of plant colours. Thus Brevicoryne
brassicae and Myzus persicae alight in the field
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Figure 6.10 Effect of the presence of a stem as a morphological
feature of artificial leaves on oviposition preference of cabbage
root flies (Delia radicum). Artificial leaves (13 x 13-cm pieces of
green paper dipped in paraffin and sprayed with a surface extract
of cabbage leaves) of each type were offered together in the same
test arena. (From Roessingh and Stadler, 1990.)133

preferentially on leaves reflecting a greater pro-
portion of long-wave energy, with little or no
regard for the taxonomic status of the plants. As
sugar beet leaves have a higher ‘long/short-wave
ratio’ than cabbage leaves (Fig. 6.11), more cabbage
aphids alight on sugar beet leaves than on cabbage,
although the former is not one of its hosts. ‘Long/
short-reflectance ratios’ change with leaf age
and water status. The colour attraction of these
‘yellow-sensitive” aphid species serves to bias their
landings towards plants of the appropriate physiolo-
gical type rather than to recognize their host-plant
species.”!

Likewise, Aphis fabae, which alights three times as
commonly on beet Beta vulgaris plants as on reed
(Phragmites communis), has a preference for satur-
ated yellow, which more closely resembles the
reflectance profile of Beta leaves (Fig. 6.12). The
mealy plum aphid Hyalopterus pruni displays
so-called host alternation (see Section 8.4.1) between
its summer host Phragmites and its winter host
Prunus spp. Alates, which search for Phragmites in
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Figure 6.11 Relative energy curves of light reflected from the
upper surfaces of mature leaves of sugar beet and cabbage in July
under direct sunlight. The ratio between the areas under the curve
to the right and left of the dashed line at 500 nm (the ‘long/short
ratio’) is 3.2 for beet and 2.1 for cabbage. (From Kennedy et al.,
1961.)°"

the spring, alight twice as often on reed plants than
on adjacent non-host beet plants.'” Discrimination
between these two plant species is done in this case
on the basis of a lower degree of saturation of the
yellow reflectance of the Phragmites blades compared
with that of Beta leaves. Thus, the visually based
response to colours and reflectance intensity is spe-
cies specific. Whiteflies avoid settling in the presence
of short-wavelength illumination (400 nm), but will
alight on green light (550 nm).*” As with butterflies
and flies, plant-surface wax loads may also affect
visually guided host-plant selection behaviour in
aphids. Early in the season, alates of the pea aphid
Acyrthosiphon pisum are found at lower density on an
isoline of pea Pisum sativum with reduced surface
wax than on peas with a standard surface wax
bloom.'®*

Not only lepidopteran, dipteran, and homop-
teran insects, but also species belonging to other
orders, use differences in reflectance intensity
between plant species, or between leaves or organs
within a plant, as a visual selection criterion for
more nutritious tissues. These are often younger
tissues, which display a relatively strong reflection
in the yellow region. In fact, most diurnal insects
are attracted to yellow. In many cases yellow
surfaces act as a ‘supernormal’ stimulus, because
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Figure 6.12 Visual landing preferences of two aphid species
(Hyalopterus prunj, the mealy plum aphid, and Aphis fabae, the black
bean aphid). Preference was measured as the number of alate aphids
that landed on each of 16 plates, which together constituted a
graded series from yellow to white colours with increasing reflection
in the short wavelength band (decreasing saturation from left to
right). (From Moericke, 1969.)'%

they emit peak energy in the same bandwidth as
foliage, but at greater intensity.

Although there is a large body of information
on the mechanisms of insect photoreception, our
knowledge of the visual performance of herbivor-
ous species in the field is limited relative to what
is known about olfactory performance, discussed in
the following sections.

6.4.3 Olfactory responses to host plants

When attempting to test the separate role of visual
stimuli, test insects are exposed to objects with
controlled optical characteristics, which are
odourless. Conversely, to assess the effect of odours
alone on orientation to host plants, the visual sur-
roundings in which the odour tests are carried out
should be homogeneous. For experiments in the
laboratory, several set-ups have been developed
that allow quantitative studies of orientation
responses to odours (see Appendix C2).°! As dis-
cussed above (see Section 6.4.1), control over an
odorous stimulus in terms of concentration and
distribution is usually less exact than is often
assumed. We will discuss in more detail two
examples of orientation mechanisms to odours as

demonstrated under laboratory circumstances, one
of a flying insect and one of a walking insect.

6.4.4 Flying moths and walking beetles: two
cases of olfactory orientation

When a flying female tobacco hornworm moth
(Manduca sexta) is searching for a host plant, she
displays positive anemotaxis, that is, she flies
upwind using the prevailing direction of air flow as
a cue. Mechanoreceptors located on her antennae
and serving as anemoreceptors provide this dir-
ectional information (either by klinotaxis or tro-
potaxis; see Section 6.3). Her flight path can be
described as a regular zigzag (a series of counter-
turns) of limited amplitude.

How does the odour emitted by the tobacco plant
come into play? First, the host-plant odour may have
acted as an activator (arousing agent) for flight
to occur, by inducing the moth to take off from a
resting or walking condition. Once in flight, she
may pick up an odour plume emanating from one
or a group of host plants, and her subsequent flight
path is then determined mainly by trying to pre-
vent loss of the odour plume. When, over a certain
minimum time interval, olfactory receptor cells do
not detect odour, a so-called ‘casting’ response
ensues. The moth reduces speed and increases the
amplitude of the counterturns, thereby flying more
across wind and regressing in a downwind direc-
tion. When, during casting, odour molecules are
picked up again by the olfactory sensilla, upwind
zigzagging is resumed. This sequence of behavioural
acts may be reiterated until final approach of the
host plant. Closer to the odour source the intervals
between counterturns decrease. This host-searching
mechanism is designated as odour-conditioned (or
odour-modulated) positive anemotaxis.

The female’s host-plant searching behaviour is in
fact very similar to the odour-modulated upwind
flight of male moths in search of a female.'” In the
latter case the odorous signal is a sex pheromone
emitted by the female. A present view of the
mechanisms steering this behaviour maintains that
the serial counterturning is controlled by a motor pro-
gramme in the CNS that is set in motion by olfactory
activity, but afterwards is continued automatically
(self-steered)."”” The switch from zigzagging to
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casting, however, is controlled by olfactory informa-
tion: absence of activity changes in the odour
receptors over a certain minimum timespan causes
casting behaviour. Upwind progress is made possible
by optomotor feedback, that is, the flow of visual
images of the surroundings, mainly the ground,
controls the motor response via a feedback loop.

The female is able to maintain the parameters of
its flight path (ground speed, track angle) and
counterturning frequency close to some apparently
preferred values over a range of wind speeds.
Odour-conditioned anemotactic flight enables
directed flight to an odour source and is basically
different from the relatively straightforward che-
motactic orientation to odour gradients. It has
probably evolved because, as we have seen, such
gradients do not exist over any distance in the
field. Behavioural mechanisms employed in sex
pheromone-guided mate-finding in male insects
have been relatively well studied,” including
temporal and spatial aspects.”* However, informa-
tion is still scanty for orientation mechanisms to
plant odours under field circumstances.'””'®” One
of the best studied cases of the ability of a walk-
ing insect to orient to host-plant odours is the
Colorado potato beetle Leptinotarsa decemlineata.'””
This specialist on solanaceous plants has a strong
preference for the cultivated potato Solanum tuber-
osum, on which it is one of the most devastating
insect pests. During the first 7 days of adult life
the beetles need to feed in order to develop their
flight muscles fully and, as a consequence, host-
plant location is done by walking. To quantify their
walking behaviour, a ‘locomotion compensator’ in
combination with a wind tunnel has been used.
This instrument allows detailed and automated
recording of walking tracks without the insect
contacting any obstacles (see Appendix C2).

When clean air is blown over a hungry beetle, it
shows a menotactic response to the wind (anemo-
taxis), maintaining a relatively constant angle to the
wind direction (Fig. 6.13). The walking track shows
circling by making turns of 360°. When the air-
stream carries the odour of intact potato plants, the
straightness of the path increases dramatically.
Now that circling is absent, average walking speed
is increased and the beetles spend more time
walking upwind. This response can be classified as
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Figure 6.13 Walking tracks of an individual female Colorado
potato beetle (Leptinotarsa decemlineata) during four consecutive
periods (A-D) of 10 min. The stimulus situations were: (A) clean air
stream; (B) air stream carrying the odour of cabbage (Brassica
oleracea) plants; (C) air stream carrying the odour of potato (Solanum
tuberosum) plants (the favourite host plant of the beetle); (D) air
stream carrying a mixture of odours emanating from cabbage and
potato. Arrows indicate the direction of the air stream. The plotter
reset the position of the beetle to the origin (centre of cross) after
a certain maximum distance had been travelled. Total distance
travelled and track straightness are significantly higher for (€) than
for the other three situations, which do not differ from one another.
(From Thiéry and Visser, 1986.)'¢2

positive (i.e. upwind) odour-conditioned anemo-
taxis. When the odour of non-hosts, for instance
cabbage plants, is offered, the track parameters are
similar to those recorded for clean air. When the
odour of potato plants is combined with that of
cabbage plants, the orientation response to potato is
neutralized and the walking tracks of the beetles
cannot be distinguished from those performed in
clean air (Fig. 6.13).

Somewhat unexpectedly, similar effects were
found when the odour of another solan-
aceous plant, wild tomato (Lycopersicon hirsutum
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Table 6.3 Selected cases of adult herbivores belonging to four major insect orders that display behavioural responses to plant odours; the
insect's host-plant specificity, type of odour source, test environment, and availability of sensory data are indicated

Order and Species Specialization Odour Type of test Sensory data® Reference
category' source? environment®
Hemiptera
Phorodon humuli M G L/F SCR 28
Cryptomyzus korschelti 0 HP L 180
Cavariella aegopodii 0 F(T) 34
Lipaphis erysimi 0 S L SCR 118
Brevicoryne brassicae 0 S L(F) SCR 118, 123
Rhopalosiphum padi 0 L(F) 122
Aphis fabae P HP L(F) SCR 90, 118
Aphis gossypii P HP F 125
Coleoptera
Leptinotarsa decemlineata 0 HP/G L(F) EAG/SCR 98, 162, 176
Anthonomus grandis 0 G L/F EAG/SCR 52, 53, 54
Ips typographus 0 G L/F SCR 105, 168
Phyllotreta spp. 0 S L/F 124
Ceutorhynchus assimilis 0 S/HP L/F SCR 22, 58
Popillia japonica p G F 1
Listroderes obliquus p G/S* L 99
Oreina cacaliae 0 HP/HPE L 86
Phyllopertha diversa G L SCR 74
Hylobius abietis 0 HPE L SCR 186
Diptera
Psila rosae M S L/F EAG 70, 71, 117
Delia antiqua 0 S L/F EAG/SCR 70, 80, 85
Delia radicum 0 S L/F EAG 40, 70, 117
Rhagoletis pomonella 0 G L/F EAG 60, 65, 114
Dacus dorsalis P G L/F EAG 102
Lepidoptera
Heliothis subflexa M HPE L 165
Acrolepiopsis assectella M S L 161
Plutella xylostella 0 HPE L EAG 120
Manduca sexta 0 G/HP/HPE L EAG 164, 100
Papilio polyxenes 0 G L EAG 15
Heliothis virescens P HPE L SCR 82, 137, 166
Trichoplusia ni p HP L 96
Ostrinia nubilalis P HP/G L EAG 29, 170
Spodoptera littoralis p HP/G L SCR 84, 141
Mamestra brassicae p HP/HPE/S/G L EAG 134, 136
Cydia pomonella 0 G/S L/F EAG 6, 38, 76

M, monophagous; O, oligophagous; P, polyphagous; HP, intact (host) plants; HPE, host-plant extract; G, generally occurring green-leaf volatiles;
S, volatile(s) specific to the host plant taxon; L, behavioural test in the laboratory, in an olfactometer or a wind tunnel; F, field test, either trap
catches (F(T)) or direct observations; (F—), behavioural responses to the odour source attractive under laboratory conditions could not be
demonstrated under field conditions; EAG data on sensory perception of volatiles from the odour source available on the electroantennogram
(EAG); SCR data on sensory perception of volatiles from the odour source available at single-cell level.

* The specific volatiles were isothiocyanates, which are characteristic for Cruciferae, one of the preferred host-plant families.
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f. glabratum), was offered. This is an unsuitable
plant for the beetle. Despite the taxonomic relat-
edness of tomato to potato, mixtures of their
volatiles were not attractive to the beetles. The
phenomenon that the presence of tomato odour
prevents the beetles from orienting to their host
plants has been termed ‘odour masking’.'®® It has
been suggested that this phenomenon plays a role
in reducing population levels of herbivorous
insects in mixed cropping systems (see Chapter 13).

Positive odour-conditioned optomotor anemo-
taxis and olfactory-induced visual orientation are
presently considered to be the main mechanisms
used during host-plant searching in herbivorous
insects, in both specialized and polyphagous spe-
cies.’®*177 In addition, there is evidence that che-
motaxis occurs within ranges of a few centimetres
from the host plant, as has been demonstrated for
several caterpillars and various root-feeding
insects.”>!!° Table 6.3 presents a selected summary
of data on behavioural responses to plant odours in
adults of herbivorous species belonging to four
major orders. In each order, food specialists have
been found to respond to identified odours specific
to their host plant.

Generalist herbivores have been shown to exploit
plant volatiles as signals conveying information
on plant condition, thereby serving to optimize
host-plant selection. The polyphagous Myzus per-
sicae is more strongly attracted to and arrested by
potato plants that are infected by potato leafroll
virus, which have a higher host-plant quality than
uninfected plants.57 However, the generalist moth
Heliothis virescens avoids ovipositing on plants dam-
aged by conspecific caterpillars. Damaged plants
emit specific volatiles only during the dark phase
and these strongly repel nocturnally active female
moths in search of an oviposition site.*” Not only
herbivorous insects, but also many of their arthro-
pod natural enemy species, exploit plant volatiles
as infochemicals (see Chapter 10)."'”

6.5 Chemosensory basis of host-plant
odour detection

Insects rely heavily upon chemoreception when
searching for food, oviposition sites, and mating
partners, as well as for social communication.

In this context it is often stated that ‘insects live
in a chemical world’. Chemoreception refers to
the classical senses of smell (olfaction, organs for
detecting volatile chemical stimuli) and taste (gusta-
tion, or ‘contact chemoreception’ for the detection
of dissolved or solid chemicals; see Chapter 7).
The distinction between the two is not absolute, as
insect taste sensilla have occasionally been found to
respond also to odours,'*® and members of a gust-
atory receptor protein family”® are expressed in the
antenna and have olfactory functions.'®

6.5.1 Morphology of olfactory sensilla

Olfactory chemoreceptor cells are associated with
so-called sensilla (singular: sensillum), organs con-
sisting of neurons, accessory cells, and a cuticular
structure (Fig. 6.14).

The cell bodies (perikarya) of the neurons are
closely associated to the externally visible cuticular
structure. The dendrites are usually located in
specialized cuticular structures, which are classi-
fied on the basis of external form. They include
hair-like varieties (sensilla trichodea), pegs and
cones (sensilla basiconica, often involved in plant
odour perception), pegs or cones sunk in shallow
depressions (sensilla coeloconica), and pore-plate
organs (sensilla placodea). Typically there are two
to five neurons in olfactory sensilla,>>%”112 but in
locusts up to 50 neurons may innervate one sen-
sillum basiconicum. In pore-plate sensilla of the
honeybee Apis melllifera up to 30 neurons innervate
one sensillum placodeum.®” Chemosensory neu-
rons are mostly bipolar and their axons run to the
CNS via peripheral nerves without intermittent
synapses. The dendrite, a filament-like extension of
the neuron that protrudes into the sensillum cavity,
is specialized to respond to the chemical stimulus
with a graded potential called the receptor poten-
tial. When this potential reaches a value above a
certain threshold, it gives rise to a train of action
potentials.

There are some important structural differences
between olfactory and gustatory sensilla. Olfactory
sensilla are multiporous, the entire sensillum wall
or plate is perforated by up to thousands of minute
pores (diameter about 10-50 nm), and dendrites are
often branched.'®® In contrast, gustatory sensilla are
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Figure 6.14 Schematic drawing of longitudinal and transverse sections of (A) an insect olfactory hair and (B) an insect taste hair. The
olfactory hair is innervated by two bipolar chemoreceptor neurons; the taste hair is innervated by two chemoreceptors and one mechanoreceptor.
(Courtesy of Dr. F.W. Maes, Groningen State University, The Netherlands.)

uniporous, the pore (diameter 200-400 nm) mostly
being located at the very tip of a peg-, hair-, or
papilla-like sensillum (Fig. 6.14). In both cases the
dendritic tips are close to the pores, but are pro-
tected from desiccation by receptor lymph, which is
secreted into the sensillum lumen by the tormogen
and trichogen cells at the sensillum base. Olfactory
sensilla are predominantly present on antennae,
but may also occur on maxillary and labial palpi
and on the ovipositor. The number of olfactory
sensilla and the olfactory receptor cells associated
with them is quite variable between species. Larvae
of holometabolous insects have only small numbers
of olfactory cells (e.g. less than 10 neurons for beetle
larvae and about 100 for fly maggots and cater-
pillarslss’lsg). For female adults, this number
amounts up to a few hundreds in Hemiptera,
whereas for Lepidoptera it varies between 6500 and
177 000 (in female Manduca sexta) per antenna.’”
The sensilla that house olfactory receptor cells may
be multimodal, that is, they may also contain
thermo-, hygro-, and mechanoreceptors.*’'*”

6.5.2 Olfactory transduction

The transduction process—the process by which
quality and quantity of the chemical stimulus is

converted into a receptor potential and eventually
into action potentials—involves a sequence of steps.
The recent past have brought considerable progress
in the understanding of the molecular basis of
olfactory transduction. A current model is depicted
in Figure 6.15. The initial event is the diffusion of
volatile stimulus molecules into the sensillum lumen
via the pore(s) in the sensillum wall binding of these
molecules to small (14 kDa) water-soluble odorant-
binding proteins (OBPs), which carry the volatile
stimulus molecules (ligands) to the olfactory recep-
tor (OR) molecules present in the dendritic mem-
brane. Either the stimulus molecule or the complex
of OBP and stimulus molecule then binds to these
membrane receptors. ORs in insects are G protein-
coupled (GPC) seven-transmembrane proteins act-
ing through activation of second messengers such
as cyclic adenosine monophosphate (cAMP) or
inositol 1,4,5-triphosphate (IP3) involved in the
opening of ion channels in the dendritic membrane.
Opening of ion channels leads to depolarization of
the dendritic membrane. When the magnitude of the
depolarizing receptor potential exceeds a threshold,
this results into generation of action potentials that
travel over the axonal membrane to the glomeruli
in the antennal lobe of the CNS (see below). The
activity of stimulus molecules is most probably
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Figure 6.15 Generalized biochemical pathway of odour reception.
Hydrophobic odour molecules enter the aqueous sensillum lumen via
pores present in the cuticular hair wall. Hydrophilic odour binding
proteins (OBPs) supposedly bind and transport odour molecules to
receptor proteins (odour receptors (ORs), crossing the receptor
neuronal membrane seven times) located in the neuronal membranes.
Odour degrading enzymes (ODEs) (pathway 1) in the sensillum lumen
supposedly degrade these odour molecules. The cytoplasm of
support cells, which surround the nerve cell body, contains xenobiotic
inactivating enzymes, such as glutathione-S$-transferase (GST), which
may also serve to inactivate odour molecules (pathway 2). GSH,
glutathione. (Modified from Vogt, 2003.)'8?

terminated by odour-degrading enzymes present
in the sensillar lymph.'®?

The fruitfly Drosophila melanogaster serves as
the current model insect species for unravelling
the molecular genetic basis of odour detection, as

the complete genome sequence has been known
since 2000. This insect has 1300 olfactory neurons
connected to 43 glomeruli in the antennal lobe. At
present, between 25 and 60 candidate OBP genes
and 61 candidate seven-transmembrane GPC-OR
genes have been reported."®>'® Although they
share particular base sequences, the sequences are
diverse, showing only 17-26% sequence conserva-
tion and no apparent sequence homology with OR
genes in other animal phyla. The numbers of genes
implied in D. melanogaster are assumed to be similar
for other insect species.

Present challenges in insect olfactory transduc-
tion are elucidating the functional role of OBPs in
olfactory specificity and characterization of the
ligand specificity of ORs involved in plant odour
recognition.'”® Making use of genomic information
on D. melanogaster and DNA sequence homology in
OR genes of other species, the role of individual OR
genes in plant odour recognition can be studied by
gene-silencing techniques.®*

6.5.3 Olfactory electrophysiology and
sensitivity

Basically two electrophysiological techniques are
employed in studying sensitivity and specificity of
the olfactory system in insects. A reflection of
simultaneously occurring receptor potentials gen-
erated in the entire population of antennal olfactory
neurons can be recorded as the so-called electro-
antennogram (EAG) (Appendix C3). The second
method is to record from individual sensilla
(so-called single-sensillum or single-cell recording),
yielding patterns of action potentials, also called
spike activity. This is the actual information-
carrying signal that is processed in the CNS. Both
methods have their advantages and limitations.
The EAG reflects the response of the entire olfact-
ory neuron population but has limited sensitivity.
The SCR offers high sensitivity of detection of
olfactory activity but in practice allows recording
only from a small sample of the entire antennal
neuron population.'®

Like most sensory cells, chemoreceptors are
especially responsive to changes in stimulus
intensity (i.e. changes in the concentrations of
chemicals). Two reaction types occur: excitation, an
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increase in the rate at which action potentials are
produced upon stimulation with an odour; and
inhibition, a decrease in firing rate relative to the
unstimulated condition, in which spontaneous
spiking occurs (Fig. 6.16).

Blank (O pl)

0.008 pl cis-3-hexenylbenzoate

0.3 ul

Blank (0 pl)

3 ul guaiacol

-
’ L
3mV
500 ms

Figure 6.16 Electrophysiological recordings from two different
type-A trichoid sensilla on the antenna of a female hawk moth
(Manduca sexta), showing excitatory (b—e) and inhibitory (g)
responses. The hairs were stimulated with the gaseous phase from
olfactometer syringes containing filter paper charged with 30 pl of
mineral oil solution containing the odorants mentioned. (a—e)
Responses of one olfactory receptor neuron (ORN) in a sensillum
to: (a) mineral oil alone (blank); (b) 0.003 ul; (c) 0.03 I; (d) 0.3 pl,
and (e) 3 pl cis-3-hexenylbenzoate, an aromatic ester. (f—g)
Responses of one ORN in a different sensillum to: (f) mineral oil
alone (blank); (g) 3 ul guaiacol, an aromatic alhohol. Stimulus bar
(S)=200 ms. (From Shields and Hildebrand, 2001.)™*

Olfactory cells have been shown to handle up to
33 odour pulses per second,'*"'? allowing them to
resolve the temporal pattern of odour bursts in a
plume (see Fig. 6.5).

Concentration-response relationships generally
show a sigmoidal shape at the level of EAGs as well
as single-cell recordings (Figs. 6.17 and 6.18). Upon
increasing the odour concentration by one order of
magnitude, EAG amplitude and frequency of
action potentials typically become 1.5-3 times
higher until saturating concentrations are reached,
above which no further increase occurs. The dis-
crimination of concentration differences is optimal
in the range between threshold and saturating
concentrations (i.e. the rising phase of the dose-
response curves) (Figs. 6.17 and 6.18). This, in
principle, enables the insect to sense odour gra-
dients, on the basis of which it may perform tro-
potactic behaviour (see Section 6.4.3). Different
from gustatory receptors, olfactory receptors may
function as flux detectors, which track the abund-
ance of molecules over time, rather than concen-
tration detectors.'®’

Sensitivity of detection is enhanced enormously
by the neural phenomenon of convergence. The

300 -
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Figure 6.17 Relationship between concentration of two green-leaf
volatiles and electroantennogram (EAG) response intensity evoked in
the antennae of female Colorado potato beetles. Concentration is
expressed as the dilution (v/v) in paraffin oil. EAG response is
expressed relative to the response to a standard dose (1072 or

1 ml/ml) of another green-leaf volatile, cis-3-hexen-1-ol. The trans
compound evokes responses at concentrations about 10 times
lower than those of the cis compound. (From Visser, 1976.)'7®
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Figure 6.18 Relationship between the concentration of plant volatiles and the responses of single olfactory receptor neurons in two insect
species. (A) Dose—response relationships for a single olfactory neuron innervating a sensillum basiconicum on the antenna of a female Colorado
potato beetle when stimulated with two green-leaf volatiles. Concentration is expressed as the dilution (v/v) in paraffin oil at the source. (From
Ma and Visser, 1978.)°® (B) Dose—response relationships for three different olfactory cells narrowly tuned to terpenoid odorants in the antenna
of female Manduca sexta moths. Vapour pressures of the odorants have been taken into consideration. (From Shields and Hildebrand,

2001.)"® Note the scale differences in the vertical axes.

axons running from olfactory receptors cells make
synaptic contacts with a limited number of first-
order interneurons in the antennal lobe of the
deuterocerebrum, that is, they converge.78 A local
interneuron receives inputs from many receptor
cells simultaneously and its threshold for depolar-
ization may therefore be reached at a lower con-
centration than that necessary to depolarize a given
antennal receptor cell. Convergence improves the
signal-to-noise ratio, noise being the spontaneous
background activity of the peripheral olfactory
system. For example, 100-1000-fold lower concen-
trations are needed to measure responses in deu-
terocerebral interneurons to antennal stimulation
with green-leaf volatiles in the Colorado potato
beetle, compared with thresholds of its antennal
receptors.*’ Axons of the olfactory neurons make
synaptic contacts in spherical neuropils in the
antennal lobe, called glomeruli. A glomerulus is
a small convoluted mass of synaptic contacts
between olfactory neurons, local interneurons, and
projection neurons (Fig. 6.19).” In several moth
and butterfly species, between 60 and 70 glomeruli
are present, in the honeybee 166, and in locusts 1000
glomeruli-like structures have been documented.

Antennal lobes

SOG

Figure 6.19 Frontal view of the brain of a male sphinx moth
(Manduca sexta), showing the two neuropils of the deutocerebrum,
the antennal lobes, and the antennal mechanosensory and motor
centres (AMMC). The macroglomerular complex (MGC) is present
only in males. Most cell bodies of antennal lobe interneurons are
concentrated in two cell groups, a medial (MC) and a lateral (LC)
cluster. AN, antennal nerve; G, glomerulus; SOG, suboesophageal
ganglion; Oe, oesophageal canal; OL, optic lobe. (From Anton and
Homberg, 1999.)

When the number of projection neurons that
arborize in the glomeruli and that send their axons
to other brain centres, such as the mushroom
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bodies, are compared with the number of antennal
olfactory cells, a convergence ratio can be calcu-
lated, higher values of which are presumably
associated with higher sensitivity. For Locusta
migratoria this ratio is 150, for the honeybee Apis
mellifera 650, and for the sphinx hawkmoth
Manduca sexta 330. Antennal lobe output neurons in
the brain of M. sexta were found to code fine-scale
temporal variation in odour intensity in the milli-
second domain.'”

6.5.4 Olfactory specificity and coding

How do olfactory receptors encode the multitude
of volatile chemical stimuli present in the outside
world into a message that will increase the chance
of finding a host plant? Single-cell recording is
required to analyse olfactory specificity. Indi-
vidual plant chemicals and their mixtures can be
tested for their effect in evoking changes in che-
mosensory activity, either excitating or inhibiting
olfactory neuron activity. The olfactory system
functions as a filter because olfactory receptor
neurons are sensitive to only a limited array of
volatile chemicals occurring in the environment. For
both olfactory and gustatory neurons (see Chapter 7),
classically two main categories have been dis-
tinguished: ‘specialist’ and ‘generalist’ receptor
neurons. By definition, a specialist cell responds to
only a small number of structurally related com-
pounds, whereas a generalist neuron responds to
a wide array of structurally unrelated compounds.
Among insect olfactory receptors, sex pheromone
receptors are the classical example of specialist
receptor.144

Over the past decade our view of olfactory neu-
ron specificity in response to plant odours has
gradually changed. A growing number of studies
on insect herbivores have revealed a hitherto
undiscovered degree of specificity of olfactory
neurons responding to generally occurring plant
volatiles such as green-leaf volatiles and terpenoids
in beetles and moths.>”*1% On the other hand,
olfactory neurons specifically tuned to host-plant
specific volatiles have also been found in, for
instance, coleopterans,22 lepidopterous larvae,'”®
and aphids.""® Tt now seems that generalist recep-
tor neurons are relatively rare. This change of

view has been explained by the fact that often,
in the past, too-high stimulus concentrations (rel-
ative to concentrations prevailing naturally in the
environment) were used and, second, by a lack of
knowledge of the key stimuli for the specialized
olfactory neurons.”

Recent findings indicate that oligophagous as
well as polyphagous species have olfactory recep-
tor neurons with high sensitivity and selectivity to
chemicals that are common in many plant species
as well as to chemicals more specific for certain
plant groups.113 Thus, the majority (80%) of
olfactory receptor neurons of polyphagous helio-
thine moths show selective and sensitive responses
to the generally occurring sesquiterpenoid
(—)-germacrene D, and this compound stimulates
oviposition. However, it is unknown what message
the airborne concentrations of this particular com-
pound tells about a potential oviposition host plant
in the context of all other volatile compounds
released simultaneously.

The application of molecular techniques in the
analysis of olfactory neuron specificity has led to
the current paradigm that one olfactory neuron
expresses one receptor protein.’”> An individual
receptor protein may interact with structurally
diverse volatile ligands. Some ligands activate only
few receptors, whereas others activate several
receptor types. A single receptor type may produce
an excitatory or an inhibitory response, depending
on the ligand. It is customary to designate the
specificity of a neuron in terms of the molecule to
which it shows the lowest threshold"®” and is said to
be tuned to this type of (or class of ) molecules.

Olfactory receptor neurons can be classified into
different response types. Three response types
were found in antennal receptors of the sphinx
moth Manduca sexta™® and the eucalyptus wood
borer Phoracantha semi;mnci‘ai!a,12 five were dis-
tinguished for antennal receptors of the Colorado
potato beetle®® and the cabbage white butterfly,*®
12 in the weevil Pissodes notatus,® and 16 in
Drosophila melanogaster.>* The number of response
types found will depend on the panel of odorants
tested and the size of the antennal neuron popu-
lation sampled. An organizational feature of
the peripheral olfactory system that has received
increasing attention is co-compartmentation of



158 INSECT-PLANT BIOLOGY

olfactory neurons with different specificity in the
same sensillum. This has the advantage that the
blend ratios between volatile compounds to
which the neurons are tuned are perceived and
transmitted in an accurate way.'®’

Research into olfactory coding has been extended
from classifying response types of antennal olfactory
neurons to unravelling olfactory information pro-
cessing in the antennal lobe and the protocere-
brum.*7#13  Optical imaging techniques that
make use of confocal laser scanning microscopy and
calcium-sensitive fluoresecent dyes allow the real-
time monitoring of activation patterns of glomeruli
when single compounds or mixtures are offered
to the antennal receptors.””**'*! Based on results
obtained with these sophisticated techniques, three-
dimensional maps of glomeruli can be construc-
ted'®? that allow a spatial representation of odours
at the level of identified glomeruli.'®®*'*" Tt has
been found that antennal olfactory neurons of the
same functional type project their axons to the
same glomerulus, and glomeruli thus function as
separate processing units.*’''> Electrophysiological
analyses of projection neurons that transmit olfact-
ory information from a single glomerulus to the
mushroom bodies and other protocerebral centres
suggest that each glomerulus has a characteristic
molecular receptive range’” and that more than one
glomerulus can be involved in processing informa-
tion on single plant compounds.®''*’

In the natural environment behaviourally relevant
odour signals are always blends. The olfactory
system has to encode information on plant odour
quality,®" quantity (concentrations, ratios), and spa-
tial distribution, and to translate it into adequate
behavioural decisions.

‘Labelled-line” codes have been inferred to oper-
ate in oligophagous species, in which the activity of
narrowly tuned olfactory neurons may trigger
kinetic responses or odour-induced anemotaxis,
either positive or negative. “Across-fibre pattern’
codes, supposedly more common in generalist
species, are operating through reading out the ratio
of the simultaneous activity of a number of olfact-
ory neurons with overlapping but not identical
molecular receptive ranges. The cellular elements
involved in the analysis of across-fibre patterning
are local interneurons and projection neurons of

the antennal lobe. Although both coding modes are
sometimes described as mutually exclusive, they
more likely represent extremes of a continuum.'>
As many plant species release a complex blend of
generally occurring green-leaf volatiles and terpe-
noids into the atmosphere (see Chapter 4) that lack
qualitative taxonomic specificity, neural coding of
ratios of the quantities released becomes critical, as
these ratios may contain information on the plant
taxon.'”” Across-fibre or combinatorial codes are
better suited for this purpose and require fewer
receptors to accomplish this task.?

At the behavioural level, generally occurring
green-leaf volatiles may synergize with one
another, and also with taxonomically specific volat-
iles or with pherornones.”'w’60 Likewise, at the
olfactory receptor level, interactions have been
shown to occur between host-plant odour compon-
ents as well as between host-plant odours and
pheromones.”>119173180

Aspects of olfactory specificity, coding principles,
and CNS processing of plant odour information
are rapidly evolving areas of study. These studies
focus on a number of model species: the honeybee
Apis mellifera,”” Spodoptera spp.,*** Helicoverpa spp.,""
and Manduca sexta."*®

6.6 Host-plant searching in nature

When a herbivorous insect is searching for a host
plant in the field, it meets a multitude of stimuli,
which are distributed heterogeneously. Inherent
to the field situation is a lack of control over both the
stimulus situation and abiotic parameters that pos-
sibly influence behavioural responses. It is therefore
difficult to assess the relative importance of the
two main stimulus modalities, optical and odorous
plant cues, under field conditions. For several insect
species it has been shown that significant stimulus
interactions occur. During searching for food or
oviposition sites, the importance of different types of
stimulus may change with distance to the plant.
Stimulus interactions may be one of the causes of
the discrepancies indicated in Table 6.3, for which
behavioural responses to odours observed in the
laboratory could not be confirmed in the field.

The Colorado potato beetle, for instance, is well
able to perform directed orientation in response to
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odours alone and uses odour-conditioned positive
anemotaxis, as has been convincingly demonstrated
in laboratory studies.'®*'7® Behavioural observations
on host-plant searching in the field, however, have
given variable results with respect to the role of
odours in host-plant location. De Wilde found
upwind menotactic responses in the field at dis-
tances less than 6 m from a plot of potato plants (of
unstated size).*’ Jermy and co-workers, however,
found only a low proportion of beetles moving
upwind in the field, and even in these cases their
walking tracks did not reveal directed movement
towards potato plants.** The beetles showed photo-
menotaxis and a high directionality of movement
based on light-compass orientation rather than on
odour-induced anemotaxis. In the vicinity of potato
plants, interruptions of straight paths occurred,
accompanied by an increased rate of turning. Jermy
and co-workers estimated that the maximum dis-
tance at which a walking beetle could detect a single
potato plant was about 60 cm, based on either
olfactory cues or visual cues, or a combination.
However, only one of every two beetles that came
within this radius of detection was attracted to the
plant. Odour masking is likely to be one of the causes
of the small radius of detection in a complex natural
vegetation. It was concluded that, under natural
conditions, where individual potato plants may be
scattered between non-hosts, host-plant finding is a
chance event when the beetle starts at a distance of
more than 60 cm from a potato plant.®®> These find-
ings fit well into the model of ‘alternating random
and non-random (kinetic arrestment-type) search
strategies’ formulated by Morris and Kareiva.'"”

Of all herbivorous insects in which host-
searching behaviour has been studied, the apple
maggot fly Rhagoletis pomonella and the cabbage
root fly Delia radicum are probably those analysed
in most detail.>***'** The visually guided host-
searching behaviour of the apple maggot fly was
described above (see Section 6.4.2). These flies are
highly responsive to particular visual stimuli, but
only after they have been ‘activated’ by apple
odour. They show preferences for either yellow or
red, depending on the size of the object and their
motivational state (see Section 6.2). Spherical red
objects of a limited diameter are preferred when
the fly is searching for ovipostion sites. In order to

acquire carbohydrates, the flies feed on aphid
honeydew, which is present on apple leaves. Larger
yellow spheres are preferred over red ones when
the motivation for carbohydrate ingestion is high.
Yellow serves as a supernormal substitute stimulus
for the green hue of apple leaves. Apple odour
elicits upwind flight, and odour-induced anemo-
taxis allows the flies to locate an apple-bearing tree
within a patch of trees devoid of apples by a series
of tree-to-tree displacements. In the same way
they can find a synthetic odour source outside an
odourless patch. Once at a tree bearing apples,
selection of individual fruits by size or colour is
done mainly visually. However, when there are
few fruits or when they are green instead of red and
therefore lack contrast with the leaves, odorous
cues are used to aid the selection process (Fig. 6.20).

As an alternative to seven existing hypotheses, a
new hypothesis to explain how plant diversity
affects host-plant selection behaviour was launched
by Finch and Collier.®* Tt is based on a substantial
amount of detailed behavioural observations on
Delia flies and other insects associated with cruci-
ferous plants. Finch and conier propose that selec-
tion occurs in three phases, the first governed by

. With odour
] without odour
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Mean relative distance travelled (m)
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Colour of fruit model

Figure 6.20 Demonstration of the interaction between olfactory
and visual information in host selection behaviour of the apple
maggot fly Rhagoletis pomonella; the effect of host fruit odour
(a synthetic blend of six esters), released at 500 mg/h, on finding
green or red fruit models in a tree carrying 16 models. (From
Aluja and Prokopy, 1993.)
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volatile plant cues, the next by visual cues, and the
final phase largely affected by non-volatile plant
chemicals (see Chapter 7). The second phase has
been largely overlooked and can be described in
terms of indiscriminate landings on appropriate
(host) plants and inappropriate (non-host) plants.
In the first phase, olfaction of plant volatiles leads
to arrestment and landing but provides no direc-
tional information (see Section 6.3). In the second
phase, repeated contacting of the host plant is
crucial to reinforce the stimulatory information
that leads to entering the third phase, in which
oviposition or feeding decisions are based largely,
although not exclusively in the case of Delia,** on
contact cues.

Field studies to date on host plant-searching
behaviour have logically been focused on larger
species, which, by virtue of their visual conspicu-
ousness, can be directly observed and followed for
some time while moving from plant to plant. As a
result oviposition behaviour of butterflies has
been studied in some detail.”** The picture that
emerges from these studies is a predominant role
of vision and associative learning involving opt-
ical and contact-chemosensory cues, promoting
time and energy optimization of host selection
behaviour.

In contrast to the situation mentioned above for
fruit flies, host selection behaviour of bark beetles
in forest ecosystems is governed largely by chem-
ical cues. Highly intricate chemical communication
systems are operating based on complicated inter-
actions between host-tree odours, aggregation
pheromones produced by the beetles or associated
microorganisms, and interspecific inhibitory
infochemicals.>'313!

6.7 Conclusions

Although our knowledge of the plant character-
istics influencing host-plant searching and the
ways in which insect herbivores detect and use
them to their own advantage is increasing, the
general picture is built upon information from a
small number of relatively well studied species.
Clearly, plant factors that affect insects over some
distance are difficult to manipulate experimentally
in the field. In many specialized herbivores no

evident orientation can be demonstrated when they
are at some distance from their host plant, and it
appears that in order to find a suitable plant
they must literally bump into it. Searching then is
essentially a random process, in which the chance
of an encounter is determined largely by spatial
factors.’***#% However, several specialized insect
species have been observed under natural condi-
tions to be perfectly able to integrate information
from different cues, and studies have shown that
the outcome of this integration, manifested as
searching behaviour, is more complex than expected
from a mere summation of responses across sensory
modalities.'”?>”°

New insights in the molecular biology and
neurophysiology of odour detection have evolved
rapidly over the past decade and have significantly
increased our understanding of the mechanisms
involved. The challenge is to relate knowledge at
the molecular and physiological levels to the
behavioural and evolutionary significance of using
odour information. Plant headspace volatile com-
position is complex in qualitative and quantitative
respects, yet it is essential, when investigating
which compounds convey relevant information
about the suitability of a host plant, to know
their naturally occurring concentrations. In fact, the
minimal blend of identified volatiles causing
attraction has been successfully formulated for
relatively few species.'’*"'>

It can be expected that in the near future an
integration of molecular biology, neurobiology,
behaviour, and phytochemistry will considerably
advance our understanding of host plant-finding
mechanisms and the evolutionary selection pres-
sures that mould them.'"® In addition, it appears
fruitful to pay explicit attention to the integration of
optical and odorous plant cues.®
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