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The insect's perception of plant characters is
directed towards the selection of a particular plant
on which feeding ultimately results in growth and
reproduction. By means of its gustatory receptors,
an insect is informed about the nutritional quality
of a plant. Plant odours are the chemical messengers
for the insect's orientation. The olfactory
orientation of the Colorado beetle in response to
plant odours, and-the specificity and sensitivity
of its olfactory receptors are outlined. The
differential perception of green odour , being
composed of C6 alcohols, aldehydes and the derivative
acetate, is a common feature in phytophagous insects.
The sensitivity of olfactory receptors for the
individual components of this complex vary in and
between phytophagous insect species. Although leaf
odours are characterized by the particular composition
of their green odour, other volatile compounds are
involved as well.

Most phytophagous insects exhibit specialized feeding habits;
they feed on a restricted range of taxonomically related plant
species, and are even specialized to ' feed on particular parts of
these plants like leaves, ' stems, flowers, fruits or roots (1).
The diversity in insect-plant interactions is overwhelming as
each insect species shows a series of adaptations to its host
plants. These adaptations involve morphological features like the
insect's mouthparts, as well as behavioural and metabolic changes
in order to cope with the physical and chemical characteristics
of the plants to which phytophagous insects became adapted in
evolutionary time. It is beyond the scope of the present paper to
list all the adaptations of insects to plants, or even all the
counter- adaptations of plants to insects. At the risk to
generalize to an extent which over-simplifies the diver s ity in
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insect-plant interactions, one might state that the chemical
diversity among plants is the principal factor underlying host
specificity of phytophagous insects (2,3).
The nutritional requirements of Insect species exhibiting
different feeding habits like scavengers, parasites, predators
and phytophagous insects, are similar in a qualitative sense (4).
Each insect species needs, however, a particular quantitative 
composition of nutrients in its diet to complete development (5).
The presence of toxic substances in plants, secondary plant

substances as they were formerly called by phytochemists, forms
a barrier which phytophagous insects have overcome by
specialization. Thus, an insect can tolerate or detoxify the
secondary plant substances present in its host plants, while the
majority of these substances being present in other plants still
acts as toxins (1). In this way phytophagous insects are adapted
to the metabolic-qualities of their host plants, i.e. a
particular chemical composition of nutrients and secondary plant
substances.
At the same time insects are able to discriminate between
host and non-host plant species as they select plants on which
feeding ultimately results in growth and reproduction, and on the
other hand avoid poisoning or malnutrition on non-host plants. By
means of chemosensory sensilla, insects are able to perform the
difficult task, being well equipped analytical chemists, of
identifying the chemical composition of plants that insects meet
in their environment (6).
Gustation
Lepidopterous larvae bear on their mouthparts two pair of
styloconic sensilla (see Figure 1). The papilla of each sensillum
possesses one terminal pore which gives entrance to the dendritic
regions of four gustatory receptor cells. Besides, a fifth cell
in each sensillum acts as a mechanoreceptor in detecting
positional changes of the papilla (7,8).
The response spectra of the individual gustatory receptor
cells can be recorded by making use of electrophysiological
techniques (7,8). A capillary containing the test compound
dissolved in-a-saline solution is placed in contact with the
terminal opening of the sensillum and the responses of the
gustatory receptor cells to this compound are recorded by ~he
same electrode being connected to an amplifier, an oscilloscope
and X recorder. In case the test chemical evokes a response, a
traintof action potentials is recorded. The response spectra of
the individual gustatory receptor cells in the sensilla
styloconica of Pieris brassicae larvae are shown in Table I.
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Table I. Response spectra of gustatory receptor cells
in Pier is brassicae larvae (2,~).
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This set of contact chemoreceptors enables the larvae to
perceive nutrients like sugars, salts and amino acids, as well as
secondary plant substances. The feeding inhibitor sensitive cell
in the medial sensillum styloconicum responds to a variety of
alkaloids and steroids, these are compounds which possess strong
feeding inhibitor action like strychnine, conessine and
azadirachtin. On the other hand the gustatory sensilla react to
glucosinolates, a class of secondary planr subs~ances distributed
in the host plants of this insect i.e., Brassica species. Though
the medial, as well as the lateral sensillum stylo.onicum contain
a sugar sensitive and a glucosinolate sensitive cell, the sensilla
show different specificities. The sugar sensitive cell in the
media 1 sensi llum responds to a number of carbohydrates ... whereas the
receptor cell in the lateral sensillum responds restrictively to
sucrose and glucose. Aromatic glucosinolates are detected both
in the medial as well in the lateral sensillu~; the responses to
aliphatic glucosinolates are restric·ted to the lateral sensillum.
It is remarkable that plant pigments like anthocyan ins are
perceived as a taste by P. brassicae larvae.
In addition to the sensilla styloconica, lepidopterous
larvae possess gustatory sensilla on the maxillary palps. Eight
basiconic sensilla are located on top of each palpus (see Figure
1). Five of them possess a terminal pore; and for that reason
these sensilla might be considered as contact chemoreceptors. The
remaining three show numerous small. perforations allover the
cuticle, which indicates an olfactory function (8). The response
spectra of these sensilla are, however, still obscure.
One pair of epipharyngeal sensilla located in the buccal
cavity completes the set of con~act chemoreceptors ~n
lepidopterous larvae. tn P. bras~icae larvae, each of these

218

PLANT RESISTANCE TO INSECTS

papilla-shaped sensilla contain three sensory cells: a) one cell
responds to sucrose and glucose, b) one feeding inhibitor
sensitive cell, and c) one salt sensitive cell (see Table I).
In biting their food and by means of a relatively small
number of gustatory receptor cells, the larvae are informed about
the composition of nutrients and secondary plant substances. Taste
perception, the integration of sensory information in the insect's
central nervous system, is not merely a process of summation.
Synergistic as well as antagonistic effects between individual
compounds can be observed Ln the food uptake of larvae on
artificial diets.
Sucrose incorporated in these diets enhances the food uptake
by P. brassicae larvae already at 0.002 Molar (see Figure 2). In
this respect D-glucose is less effective than sucrose.
Glucosinolates, amino acids and salts do not induce food uptake
by themselves. In the presence of suboptimal stimulating
concentrations of sucrose, the glucosinolate sinalbin increases
food uptake (Figure 2). The synergistic effect of sinalbin
already occurs below 10- 5 Molar. In this way the interaction of
individual taste substances as a result of the central
integration of sensory information, defines the motor patterns
leading to feeding behaviour. The individual taste substances
can be described in terms of their action on food uptake and
their consecutive signal function. For P. brassicae larvae, taste
substances can be called either feeding-stimulants (sucrose, D
glucose), feeding incitants (glucosinolates), feeding co-factors
(amino acids, salts), or feeding inhibitors (strychnine,
conessine, azadirachtin).
Different insect species posses different gustatory receptor
cells, their response spectra being adapted to the perception
of chemical components distributed in their host plant species
(9). Taste perception in P. brassicae larvae forms a
representative example for phytophagous insects, which are able
to discriminate a number of compounds like sugars, amino acids,
salts, and secondary plant substances acting as feeding
inhibitors or feeding incitants (1,~,~,1Q).
Olfaction
Green odour. Food chemists are well aware of the complexity
of food odour blends being composed of numerous volatiles. The
chemical complexity of food odour blends is somewhat confusing
since analyses are frequently carried out on processed foods,
which includes canning and cooking of the original plant material
(11). During the heating process, a variety of volatile
substances is formed from non-volatile precursors. Therefore, one
might state that the present knowledge concerning the chemical
composition of odour blends which originate from living plants,
is but little. In order to trap the volatiles from the air over
plants, analyses can be carried out by making use of adsorbents
like carbon or Porapak Q (12).
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Th e head of a Pieris brassicae larva. Th e chemosensory sensilla are
shown in detail (7,8).
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Figure 2 . Feces production by Pieris brassicae larvae on artificial diets containing
different amounts of sucrose and different amounts of sinalbin in the presence of
sucrose (7).

220
•

PLANT RESISTANCE TO INSECTS

I

To study the odour over potato plant leaves, in 20 minutes
30 litres of air were drawn through a sample flask (volume: 5
litre) containing cut potato leaves (930 g), and the airborne
components were trapped onto carbon (1-2 mg, see 13). The carbon
trap was extracted with CS2, and the extract was subjected to
gas chromatography (Figure 3). Components were identified by
using the gas chromatograph-mass spectrometer-computer system
of the Central Institute for Nutrition and Food Research TNO (14).
In the air space above leaves of fully grown potato plants, the
following volatiles were detected: trans-2-hexenal, cis-3-hexenyl
acetate, cis-3-hexen-1-ol and trans-2-hexen-1-ol. Besides,
sesquiterpenes were obviously present at retention times of
23-29 minutes; their identities were not worked out in detail.
The class of straight chain C6, saturated and unsaturated
alcohols, aldehydes and the derivative acetate, forms a
significant part of all leaf odour blends (15). These green odour
components originate from oxidative degradation of the fatty
acids in leaves i.e., linoleic and linolenic acid. Different
plant species may show different compositions of their leaf odour
blends in the proportions of the individual components of this
green odour complex (15). In the air over cauliflower leaves,
cis-3-hexenyl acetate-rs the predominant component (16), whereas
in the air over leaves of fully grown potato plants cis-3-hexen
1-01 is the main component, followed by cis-3-hexenyl acetate,
trans-2-hexenal and trans-2-hexen-l-ol (see Figure 3).
Differential sensory sensitivity. The insect's perception
of plant odours differs essentially from their discrimination
of non-volatile taste substances, as phytophagous insects may
already perceive the odour at some distance from the plant. In
adult phytophagous insects the antennae bear a large number of
olfactory sensilla in order to detect the minute concentrations
of the leaf odour components in the air downwind from a plant. The
overall sensitivity of the antennal olfactory receptor system can
be measured by making use of the electroantennogram technique
(17). An electroantennogram (EAG) is the change in potential
between the tip of an antenna and its base, in response to
stimulation by an odour component. Such an EAG reflects the
receptor potentials of the olfactory receptor cell population ln
the antenna.
The antennal olfactory receptor system in several
phytophagous insects is very sensitive in the detection of the
green odour components. In the Colorado beetle Leptinotarsa
decemlineata, the threshold of response for trans-2-hexen-l-ol
is circa 108 molecules per ml of air (17). In comparison, at 760
mm Hg and 20°C, 1 ml of air contains about 1019 molecules. The
insects tested i.e., the migratory locust Locusta migratoria, the
carrot fly Psila rosae (18), the cereal aphid Sitobion avenae
(~), the Colorado beetle-L. decemlineata (~), Leptinotarsa
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haldemani, the oak flea weevil Rhynchaenus quercus (20), the
summer fruit tortrix moth Adoxophyes orana, and the large white
butterfly P. brassicae, show differential sensory sensitivities
for the individual green odour components (see Figure 4). For
example, the antennal receptor system of the Colorado beetle is
more sensitive for the alcohols than the corresponding aldehydes.
Whereas in the carrot fly and in alate virginoparae of the cereal
aphid the aldehydes cause higher responses than the corresponding
alcohols. Each of the insect species shows certain traits in the
character of their sensitivity spectra for the green odour
components. This differential sensory sensitivity might represent
a species specific adaptation of the set of olfactory receptors
to the particular green odour composition of the host plants.
The sensitivity of the antennal olfactory receptor system
differs even between Colorado beetle populations (see Figure 5).
The beetles of the field population in Wageningen are relatively
more sensitive for cis-3-hexenyl acetate when tested than those
of the laboratory stock culture. Beetles of the Utah population
are relatively less sensitive for trans-2-hexen-1-ol and
trans-2-hexenal than the individuals of the field population in
Wageningen, and those insects obtained from the laboratory stock
culture. The functional significance of these differences for the
geographic variation in host plant range of this insect species
needs further elucidation (~,~).
Differential sensory perception. Phytophagous insects may
use the particular green odour blend of their host plants to
locate these suitable feeding and/or oviposition sites. The
particular composition of the green odour affects the long-range
olfactory orientation of Colorado beetles. When starved, these
insects respond to the odour of their hostplant potato by walking
upwind (odour-conditioned positive anemotaxis), and by increasing
their speed of locomotion (direct chemo-orthokinesis), as shown
in Figure 6 (23,14). The odours of several other solanaceous plant
species induce-these behavioural responses in Colorado beetles
also (24). The group of solanaceous plant species tested,
comprises host plants like Solanum carolinense and Solanum
dulcamara, as well as non-host plants like Nicotiana tabacum,
Petunia hybrida and Solanum nigrum. In general, the vapours of
non-solanaceous plant species do not induce upwind locomotory
responses in Colorado beetles, and can be regarded as "non
attractive" or neutral in this respect. At some distance from
plants, leaf odour blends are the chemical cues which enable the
Colorado beetle to discriminate between solanaceous and non
solanaceous p,lant species. In this way through olfactory
orientation, the beetle's exploration is to some extent confined
to a relevant part of the vegetation in which host plants occur.
The proportions of the individual green odour components
in the leaf odour constitute a chemical message which, when
perceived, directs the motor patterns of this insect. The
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222

PLANT RESISTANCE TO INSECTS

b

I

Q)
<f)

c

a

0

Q
<f)
Q)

0:
L

Q)

C

1?

d

16x

1x

0

u
Q)
0:

2<

o
Time in minutes

Figure 3. Components trapped from the air over cut potato leaves. Carbon traps
were extracted with 60 fLL of CS,; lpL was used for GC (detector F1D). GC condi
tions: WCOT Carbowax 20M column, 50 m long; temperature programmed 70
150 °C. Key: a, trans-2-hexenal; b, cis-3-hexenyl acetate; c, cis-3-hexen-l-01; and
d, trans-2-hexen-l-01 (14).
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Figure 4. Sensitivity spectrum of the antennal olfactory receptor system in several
phytophagous insect species to the green odor components. EAG amplitudes in re
sponse to the individual components are visualized in the areas of circles. Data were
derived from Refs. 18 (a), 19 (b), 17 (c), and 20 (d).

\.....

12.

Differential Sensory Perceptions

VISSER

400

223

<t

v

B>A"

u

~

CD CD

CD

uu

u

VV

300

<t
v

u

V

:E

0.

E

«

'" 200

«

w
100

I~

a
E 9
0 10-' ~
i
[JJ 10-' o 1

"9

~

~

±

cJ 1

---A--

E
? "9
~ ± ±
ci

-

N

M

~

~,

M

2

i

.J;.

..!,.
-" 8 -0 - 

Figure 5. Mean EAG responses of three male and three female Colorado beetles
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field population Wageningen; C, field population Utah; vertical lines indicate 95%
confidence intervals; and *, significant at P < 0.01 (Mann-Whitney U test).
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chemical message is distorted as the concentration ratios of the
green odour components in the leaf odour blend are changed
artificially (25). On increasing the proportion of trans-2-hexen
1-01 or trans-2-hexenal in the potato leaf odour, the beetle's
upwind locomotory response is "turned off". Thus, a change in
the composition of the green odour impairs the attractiveness of
a particular leaf odour blend (25).
The responses of single olfactory receptor cells in the
antenna of the Colorado beetle to the green odour components and
their isomers have been analysed (26). For the present purpose,
these data are reduced to the elements acting in long-range
olfactory orientation of this insect towards its host plant
potato. The results from receptors responding with inhibition are
discarded, as from their levels of spontaneous activity, these
responses are suspected to represent artifacts. Moreover, the
response thresholds of these receptors make their significance
doubtful. The green odour components of potato leaves are
considered to be the adequate stimuli for a number of olfactory
receptor cells in the Colorado beetle antenna. The relative
intensities of response in the receptor cells, which increase
their neural activity upon stimulation by the individual green
odour components of potato leaf, are shown in Figure 7 (26,14).
Since not all single cells were tested for their responses to
cis-3-hexenyl acetate, this compound is not discussed here.
The array of olfactory receptor cells reacts differentially
to the green odour component stimuli of potato leaf, which is
manifest by the continuum of their response spectra (see Figure
7). The observed interference with potato leaf odour caused by
increasing the concentration of one green odour component occurs
at concentrations near or even below the thresholds for an
electroantennogram response (25). At these extremely low
concentrations, the level of spontaneous activity in one single
olfactory receptor cell is hardly changed. Therefore, in long
range olfactory orientation, the perception of green odour
involves a concerted change of neural activity in numbers of
olfactory receptor cells. An increase of the proportion of
trans-2-hexen-1-ol or trans-2-hexenal heightens the neural
activity in lines 1-11 more than in lines 12-23 (see Figure 7).
This differential increment alters the contrast in the across
fibre pattern and, at the level of the central nervous system,
modulates the beetle's orientation responses. Thus, green odour
perception involves a differential response in the array of
olfactory receptor cells (14).
Leaf odours. The total essence which emanates from growing
leaves is not solely constituted of straight chain alcohols and
aldehydes. In the insect's selection of a host plant, species
specific components might be involved. The leek moth Acrolepiopsis
assectella is attracted by thiosulfinates, compounds isolated
from leek. Cis-3-hexen-1-ol was also shown to be attractive (27).

I
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The catches of carrot flies in yellow sticky traps are enhanced
by the release of hexanal and compounds isolated from the surface
wax of carrot leaves i.e., trans-methyliso-eugenol and trans
asarone (28,29). The propenylbenzenes also stimulate oviposition
by this inseCt (29).
Electrophysiological results indicate that green odour
components are not the sole compounds involved in the perception
of leaf odour blends. EAGs of S. avenae to benzaldehyde (19),
and EAGs of A. orana to benzaldehyde, linalool, 1-octen-3-o1,
a-phellandrene and a-terpineol show circa the same size as EAGs
in response to green odour components. Whereas in P. brassicae
EAGs to allylisothiocyanate are small compared with the responses
to trans-2-hexenal (30). In P. brassicae larvae, the majority of
cells in the two large sensilla basiconica on the antenna (see
Figure 1) responds differentially to green odour components. Two
cell types react to allylisothiocyanate: the spontaneous activity
of neural discharges is increased in one cell and inhibited in
the second cell.
Most of the present-day information concerning the role of
leaf odour blend~ in host selection by phytophagous insects does
not proceed beyond the suggestion that some volatile compounds
might be called "attractants" and other "repellents" (31,32). In
case a volatile compound was shown to stimulate oviposition, it is
suggestive to describe the component as an "attractant": "although
a positive response is judged by the number of eggs laid, the
flies must be attracted to the odor before oviposition" (33). In
this line of thought, tests on long-range olfactory orientation
are not essential for assessing attractive features. J.S. Kennedy
has summarized the disadvantages of making use of the concept of
olfactory "attraction", and stated "this term (attractant) remains
no more than a blanket teleological term signifying and end-result,
conveying nothing about the component stimuli or reactions" (34).
In the same way, one might state that the term "repellent" i s 
misleading.
Phytophagous insects might be "attracted" over a long-range
in response to leaf odours, the insects showing an odour
conditioned positive anemotaxis. The principal behavioural
response is directed to the wind, and is induced by the insect's
perception of the minute concentration of odour downwind from the
source. In the strict sense of the definitions an insect should
respond to an "attractant" by moving towards the source, which
coincides by moving upwind, and respond to a "repellent" by moving
away from the source. Thus, the response to a "repellent" should
result in the insect moving downwind, which makes no sense as
the insect does not escape from the "repellent" odour plume.
Moreover, it is hardly feasible phytophagous insects are equipped
with large numbers of olfactory receptors tuned to "repellents"
in order to detect the minute concentrations of these components
at long distances from the plant. For these reasons the effects
of "repellents" might expected to be restricted to close range,
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and different from deterrents as far as the volatile nature allows
these compounds to be detected just before an insect makes contact
with the plant.
Conclusions
The chemical factors underlying host selection by
phytophagous insects are outlined in Figure 8. Plants are
protected against herbivores mainly through secondary plant
substances. Phytophagous insects have to spend part of their
metabolic energy on detoxicating these noxious plant components,
and in evolutionary time developed a degree of tolerance to the
class of secondary compounds present in their host plant range.
Besides secondary plant substances, the proportions of individual
nutrients define the metabolic quality of a given plant which
is manifested in insect growth and reproduction.
In the co-evolution of insects and plants, the set of
chemosensory receptors in phytophagous insects adapted as to
perceive the metabolic qualities of plants. Thus, taste informs
an insect of the presence and concentrations of nutrients,
feeding incitants and feeding inhibitors. An insect depends
completely on the perceived taste quality in deciding for "take
it or leave it". The perception of plant odour enables an insect
to direct its motor patterns in order to explore efficiently the
surrounding vegetation. In this way host finding is not a matter
of "trial and error". Host plants meet the physiological
requirements of a given insect species, in the sense that an
appropriate sensory quality coincides with an appropriate
metabolic quality. Non-host and resistant plants are deficient
in at least one of the quality factors.
Host selection behaviour of phytophagous insects is a
catenary process. In the succession of the elements i.e.,
olfactory orientation, followed by contact and biting responses,
one observes an increment in specificity of both the chemical
plant signals as well as the chemoreceptors involved: (a) insect
olfactory receptor cells responding differentially to general
green odour components - the quality of an odour blend is coded
in an across-fibre pattern -, and (b) gustatory receptor cells
responding to plant species-specific feeding incitants and
inhibitors - the neural code is processed in labeled lines 
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