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CHAPTER 1. INTRODUCTION - HOST ODOUR PERCEPTION IN THE COLORADO 

POTATO BEETLE 

R. DE JONG, J.H. VISSER, W.H. FRENTZ & H.M. SMID 

The importance of olfaction in the initial orientation phase 

in host selection by phytophagous insects is by now well-

appreciated (Visser, 1986). It has been reported for several 

insect species that the odour of a host plant influences 

orientation behaviour. In the Colorado potato beetle, 

Leptinotarsa decemlineata Say, the odour of potato plants elicits 

an upwind locomotory response (Visser, 1976; Visser & Nielsen, 

1977) . This odour-conditioned anemotaxis increases the 

probability of the beetle to encounter its host (Visser, 1988). 

The composition of most plant odours is very complex. Some 

phytophagous insects identify a host odour by the presence of a 

single specific compound. The flea beetle Phyllotreta cruciferae. 

for example, is attracted by allylisothiocyanate, a specific 

compound of its cruciferous host plants (Feeny et al., 1970). 

Other insects recognize host odours by the specific ratio of 

general odour components. Visser S Avé (1978) demonstrated that 

the so-called 'green odour' is important in the Colorado potato 

beetles' recognition of the odour of its host, potato. Green 

odour, which is composed of C-6 alcohols, aldehydes and the 

derivative acetate, forms a significant part of all leaf odour 

blends, but the proportions of its individual components show 

differences between plant species (Visser et al., 1979). 

THE OLFACTORY SYSTEM 

Insects receive olfactory information by activation of 

olfactory receptors. Most olfactory receptors are located in 

sensilla on the antennae. The number of receptors varies 

considerably between different insect species. The antennae of 

Manduca sexta and Periplaneta americana contain about 177,000 and 

195,000 olfactory receptors respectively (Sanes & Hildebrand, 

1976; Boeckh et al., 1984), while the antennal nerve of 



Drosophila melanoqaster is composed of 1800 axons (Venkatesh & 

Singh, 1984). 

Virtually all the olfactory sensilla of the Colorado potato 

beetle's antenna are concentrated on the 5 distal segments 

(Schanz, 1953). An ultrastructural study demonstrated that about 

430 olfactory sensilla are distributed over the third distal 

segment of the Colorado potato beetle's antenna (Boeckh & Selsam, 

unpublished data). This represents 28.5% of the whole population 

of the antennal olfactory sensilla (Schanz, 1953). Most of these 

sensilla, about 90%, showed 2 dendrites in cross section, while 

the remaining 10% showed 3 dendrites (Boeckh & Selsam, unpublised 

data). An estimate based on these data indicates that the 

Colorado potato beetle's antenna contains about 3200 olfactory 

receptors. 

Electroantennogram recordings showed that the antennal 

olfactory receptor system of the Colorado potato beetle is tuned 

to the perception of general green leaf volatiles (Visser, 1979). 

These recordings reflect the summed receptor potentials of 

stimulated olfactory receptors. Individual receptors react 

differentially to the applied stimuli and show a continuum in 

their response spectra (Ma & Visser, 1978; Visser, 1983). The 

sensitivity of the receptors to green leaf volatiles indicates an 

important role of these compounds in host odour recognition by 

the beetle. 

Information from the olfactory receptors is directly conducted 

to the brain via receptor axons. These axons terminate in 

glomeruli, spheroidal neuropile structures in the deutocerebrum, 

where synaptic contacts are made with interneurones. The number 

of glomeruli is usually invariable within species and sex 

(Rospars, 1983), and numbers have been reported varying from 19 

in female Drosophila melanoqaster (Stocker et al., 1983), to 

about 1000 in Locusta miaratoria (Ernst et al, 1977). 

Projection patterns of antennal receptors of female Colorado 

potato beetles, obtained by cobalt chloride fillings of antennal 

nerves, reveal the presence of about 25-30 glomeruli in the 

antennal lobe (Fig. l). 

Projection patterns of sensilla of Drosophila melanoaaster. 

predominantly reflect the type of sensillum rather than its 



Fig. 1 Diagram of the nervous system in the head of an adu l t 
Colorado po ta to b e e t l e ( l e f t ) , and s ec t ion through the deutocerebrum of a 
female Colorado po ta to b e e t l e ( r i g h t ) , showing the p ro j ec t i on a reas of sensory 
a f f é r en t s . Cut end of antenna was kept in a 1% coba l t ch lo r ide s o lu t i on for 1 
h, followed by t reatment with ammonium s u l f i d e , f i x a t i on in a l coho l ic Bouin's 
s o lu t i on and s i l v e r i n t e n s i f i c a t i o n (Timm's method). AN, antennal nerve; DC, 
deutocerebrum; G, glomerulus; OL, op t ic lobe; PC, protocerebrum; SOG, 
suboesophageal ganglion. Bar r ep resen t s 50 /jm. 

loca t ion on the f lagellum, suggesting t h a t individual glomeruli 
might r epresent functional u n i t s in the deutocerebrum (Stocker e t 
a l . , 1983). Interneurones which a re s t imulated as a r e s u l t of the 
percept ion of female sex pheromone components innervate the 
macroglomerulus, a deutocerebral neuropile s t r u c t u r e which i s 
found exclus ively in males. I t has been demonstrated for Manduca 
sexta t h a t a t r ans - sexua l ly grafted male antenna induces the 
formation of a deutocerebral s t r uc tu re resembling the 
macroglomerulus in a gynandromorphic female (Schneiderman e t a l . , 
1982). These gynandromorphic females show behavioural responses 
t o pheromones (Schneiderman e t a l . , 1986). 

A number of deutocerebral in terneurones , the so -ca l led output 
neurones, have t h e i r axons running t o the protocerebrum, where 
they terminate in 2 neuropile s t r u c t u r e s , i . e . in the mushroom 
bodies and in the lobus l a t e r a l i s p ro toce reb ra l i s (Boeckh e t a l . , 
1984; Matsumoto & Hildebrand, 1981). In these s t r uc tu r e s 
o l fac tory information i s i n tegra ted with other sensory input , 
l i k e v i s u a l , t a s t e and mechanosensory information (Erber & 
Menzel, 1977; Homberg, 1984; Schildberger, 1981). The number of 



deutocerebral output neurones is relatively small compared to the 

number of input antennal fibres. In the cockroach Periplaneta 

americana. for example, each antenna contains 195,000 olfactory 

receptors, and only 260 output neurones leave the deutocerebrum 

(Boeckh et al., 1984). The convergence of olfactory information 

causes an increase in the sensitivity of deutocerebral neurones, 

compared to the sensitivities of individual receptors. Boeckh & 

Selsam (1984) reported a 100-fold amplification of the signal in 

pheromone sensitive interneurones in the American cockroach. The 

number of output neurones in the Colorado potato beetle is still 

unknown, but the 100 to 1000-fold increase in sensitivity of 

deutocerebral neurones (De Jong & Visser, 1988) originates from 

the input convergence in its deutocerebrum. 

BEHAVIOURAL RESPONSE TO OLFACTORY STIMULATION 

Visser & Avé (1978) reported a disruption in the odour-

conditioned anemotaxis of Colorado potato beetles, when the 

ratios between components of the potato leaf odour were changed 

artificially. We extended these experiments with 5 green odour 

components, i.e. cis-3-hexen-l-ol, trans-2-hexenal, cis-3-hexenyl 

acetate, trans-2-hexen-l-ol and 1-hexanol, and recorded the 

beetle's response on a locomotion compensator in front of a wind 

tunnel. The experimental set-up has been described previously 

(Visser, 1976; Thiery & Visser, 1986), and a more detailed 

description of this equipment will be presented elsewhere (Visser 

& Thiery, in prep.). 

We used 2-day-old female beetles from our laboratory stock 

culture, which were fed for 2 h on potato foliage and then 

starved for at least 12 h prior to the experiments. Locomotory 

responses to wind (situation A ) , wind + potato leaf odour 

(situation B), and wind + potato leaf odour + 1 green odour 

component (situation C), were recorded for 4 min each. Green 

odour components were added by flowing air (1 1/min) over 1 ml of 

the test chemical, which was diluted in paraffin oil (10~3 v/v), 

and with a contact surface with the air of 1.23 cm2. The 

container with the test chemical was placed in the wind tunnel 

between the 6 potato plants standing in the dark upwind section 



Table 1. Orientation responses of female Colorado potato beetles to (A) wind, 
(B) wind + potato plant odour, and (C) wind + potato plant odour + 1 green 
odour component. Upwind orientation expressed as the quotient of upwind 
displacement and the total length of the walking track; data represent group 
means. 

Experiment A: Wind B: A + Host odour C: B + Compound 

N=35X 

N-34 
N-35 
N-35 
N-35 

0.611 a2 

0.496 a 
0.546 a 
0.562 a 
0.608 a 

0.792 b 
0 .787 b 
0 . 731 b 
0 . 794 b 
0 .862 b 

0.463 a cis-3-Hexen-l-ol 
0.484 a trans-2-Hexenal 
0.445 a cis-3-Hexenyl acetate 
0.382 a trans-2-Hexen-l-ol 
0.750 a 1-Hexanol 

Number of beetles. 
' Different letters on a line indicate statistical differences between 
treatments of an experiment at P < 0.02 (2-tailed, Wilcoxon matched-pairs 
signed-ranks test; Siegel, 1956). 

of the wind tunnel. The air flow leaving the wind tunnel was set 

at 80 cm/s (4320 1/min). Upwind orientation is expressed as the 

quotient of upwind displacement and the total length of the 

walking track. 

Addition of green odour components prevented the release of a 

positive anemotactic response of the beetle, demonstrating the 

importance of these 5 compounds in the recognition of host plant 

odour. No significant differences were observed between responses 

to situations A and C (Table 1). Thiery & Visser (1986) obtained 

similar results when odour of potato plants was combined with 

odour of wild tomatoes or cabbage. Towards the latter odour 

blends, the beetles did not show odour-conditioned anemotaxis, 

their responses were identical with those towards odourless wind. 

These results illustrate the specificity of the chemical message 

emanating from the .host plants. 

PRESENT ANALYSES 

The composition of plant odours is analyzed by the Colorado 

potato beetle's olfactory system. Behavioural evidence suggests 

that this system can distinguish the characteristic ratios of 



green odour components in po ta to p lan t odour from those in o ther 
p l an t odours. The study presented in t h i s t h e s i s was undertaken 
t o i nves t i ga t e the coding mechanism and c en t r a l processing 
underlying host odour recogni t ion in the Colorado po ta to b e e t l e . 
Responses of neurones t o s t imula t ion with v o l a t i l e s were recorded 
a t 2 l e v e l s . Chapter 2 descr ibes responses of deutocerebral 
neurones t o s t imula t ion of the antenna with 5 green odour 
components and the odour of a paraf f in o i l e x t r a c t of po ta to 
l eaves . Chapters 3 and 4 r epor t on e f f ec t s of odour mixtures on 
the o l fac tory r ecep to r s . The e f f ec t s of feeding experience on the 
percept ion of o l fac tory information i s described in Chapter 5. 
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CHAPTER 2 . INTEGRATION OF OLFACTORY INFORMATION I N THE COLORADO 

POTATO BEETLE BRAIN 

R. DE JONG & J . H . VISSER 

The p rocess ing of o l f ac to ry information in the Colorado po ta to b e e t l e , 
Lep t ino ta rsa decemlineata Say, was s tudied by recording responses of o l fac to ry 
neurones i n t r a c e l l u l a r l y in the deutocerebrum. Response c h a r a c t e r i s t i c s of 
neurones in t h i s f i r s t r e l ay s t a t i o n of the o l f ac to ry pathway were measured 
when the antennae were s t imula ted with 5 general green l ea f v o l a t i l e s , i . e . 
c i s - 3 - h exen - l - o l , t r ans -2-hexena l , c i s -3-hexenyl a c e t a t e , t r an s -2 -hexen - l - o l 
and 1-hexanol. These compounds a re p a r t of the s o - ca l l ed green odour of 
po t a to , whose defined composition i s e s s e n t i a l for the b e e t l e ' s hos t p l an t 
f inding . The response spec t ra of deutocerebra l neurones can be d ivided roughly 
i n to 2 c l a s s e s : one c l a s s conta in ing neurones which a re not very s pec i f i c for 
the t e s t e d compounds, and another c l a s s with h igh ly s pec i a l i z ed neurones. 
Their d i f f e r en t responses to a po ta to l eaf e x t r a c t suggest 2 channels for the 
p rocess ing of o l f ac to ry information in the antennal lobe: one channel for the 
d e t ec t ion of the presence of green l eaf odour components, and an o ther one for 
an eva lua t ion of the component r a t i o s . 

Anatomical s tud ies of the o l fac tory system in i n sec t s revealed 
t h a t axons of antennal r eceptors terminate in t he antennal lobe 
of t he deutocerebrum. This pa r t of the i nsec t b ra in i s the f i r s t 
r e lay s t a t i on in the o l factory pathway. Synaptic connections 
between receptor neurones and deutocerebral neurones are made in 
glomerular neuropi le regions in the deutocerebrum (Boeckh e t a l . , 
1976 and 1984; Ernst e t a l . , 1977; Stocker e t a l . , 1983). These 
glomeruli a re innervated by loca l interneurones and output 
neurones. Local interneurones remain with t h e i r processes within 
the deutocerebrum, while output neurones have an axon running t o 
the protocerebrum v ia the t r a c t u s o l f ac to r io g lobu la r i s (Boeckh 
e t a l . , 1976 and 1984; Ernst e t a l . , 1977; Matsumoto & 
Hildebrand, 1981). The axons of the output neurones te rminate in 
two neuropi le s t r uc tu r e s in the protocerebrum, i . e . in the 
calyces of the mushroom bodies and in the lobus l a t e r a l i s 
p ro toce reb ra l i s (Boeckh e t a l . , 1976 and 1984; Ernst e t a l . , 
1977) . 

An important p a r t of t he physiological research on t h i s 
o l fac tory system has been done with pheromones (Boeckh & Boeckh, 
1976; Boeckh & Selsam, 1984; Burrows e t a l . , 1982; Kanzaki & 



Shibuya, 1986; Olberg, 1984; Schaller-Selzer, 1984; Waldow, 

1977). Studies at the peripheral level of the nervous system 

showed that pheromone receptors are extremely narrowly tuned in 

their sensitivity to chemical compounds, and are specialized in 

the detection of certain pheromone components (Boeckh et al., 

1965). Information from these receptors seems to be processed 

separately from other olfactory information in several insect 

species. Deutocerebral neurones sensitive to pheromone components 

innervate a macroglomerulus (Boeckh & Boeckh, 1979; Boeckh et 

al., 1984; Burrows et al., 1982; Matsumoto & Hildebrand, 1981; 

Olberg, 1984), a neuropile structure which is found exclusively 

in males. 

The narrow tuning of pheromone receptors seems to be different 

from those of food odour receptors, which generally have broad 

and overlapping response spectra (Visser, 1986). A major problem 

in the investigation of the processing of food odours is that 

these stimuli usually have a very complex composition (Selzer, 

1981; Visser, 1986; Visser et al., 1979), and that it is not 

clear which of their components are relevant for their 

identification. Relatively few electrophysiological studies on 

food odour processing in the deutocerebrum have been undertaken 

(Boeckh, 1974; Matsumoto & Hildebrand, 1981; Selzer, 1979; 

Waldow, 1977; Yamada, 1971). These studies involved food odours 

with an undefined chemical composition, like odours of fruit, 

cheese and bread, and compounds which are sometimes known as 

potent stimuli for receptors but which have an unknown 

behavioural significance. 

The Colorado potato beetle, Leptinotarsa decemlineata Say, is 

an insect species with a very limited host plant range. Its most 

important host in Europe is potato, Solanum tuberosum L. The 

beetle can distinguish between a host plant and a non-host plant 

by differences in their odour composition (Visser & Nielsen, 

1977). In previous work the potato plant odour has been analyzed 

(Visser et al., 1979; Visser, 1983) and the beetles' antennae 

have been tested for their sensitivity to its pure components (Ma 

& Visser, 1978; Visser, 1979 and 1983). The olfactory receptors 

are sensitively tuned to the perception of green odour (Ma & 

Visser, 1978), which is composed of C-6 alcohols, aldehydes and 
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the derivative acetate (Visser, 1983). The upwind locomotory 

response of the beetle which is induced by potato leaf odour, is 

prevented by artificial changes in concentration ratios of these 

green odour volatiles in the potato leaf odour (Visser & Avé, 

1978). It was concluded, therefore, that the ratio of these C-6 

compounds in the plant odour is decisive in the beetle's host 

plant finding. 

In order to investigate the mechanism of potato leaf odour 

recognition in the beetle, physiological properties of neurones 

in the antennal lobe were studied. In this report, responses of 

deutocerebral neurones are described on stimulation with 5 

behaviourally important C-6 compounds, namely cis-3-hexen-l-ol, 

trans-2-hexenal, cis-3-hexenyl acetate, trans-2-hexen-l-ol and 

1-hexanol. Responses to the odour of an extract of potato leaves 

were also recorded. In some cases additional stimulations were 

performed with an artificial mixture consisting of the 5 C-6 

compounds. The results indicate that information concerning 

stimulus quantity and quality are processed separately. 

MATERIALS AND METHODS 

One-week-old female beetles from the department stock culture 

were used in the experiments. An individual beetle was mounted in 

a stainless steel holder and its antennae were immobilized by 

tape (Fig. 1). The brain was exposed by removing the part of the 

head capsule between the eyes. Mouthparts, muscles, fat and the 

anterior part of the gut were removed. The latter was replaced by 

a plug of paper tissue. An insect pin through the head capsule 

helped further to stabilize the brain. The brain's tracheal air 

supply was not interrupted. The brain was constantly immersed in 

saline solution and the head was surrounded by vaseline to 

prevent leaking of this solution. The composition of the saline 

has been described by Khan et al. (1982). The sheath of the brain 

was treated with a 2% (w/v) solution of pronase (8 DMC-U/mg, 

Serva) in saline solution for 20 minutes, in order to enable 

penetration of the recording electrode. Capillary microelectrodes 

were made of filament glass. The tip was filled with 5% Lucifer 

Yellow and the shank with 1% Lithium Chloride. The measured 

11 



Fig. 1 Stainless steel holder for mounting 
the beetles during intracellular recordings 
of deutocerebral neurones. BS, ball-and-
socket joint; CI, clamps; Ta, tape. 

5mm 

resistance was 120-180 Mfl. Recordings were made with the aid of a 

Winston Electronics amplifier (Model 1090, with a BR-1 Bridge). 

After finishing intracellular recording, dye was injected by a 

direct current of 0.3-1.0 nA. 

The animal was placed in a continuous and steady flow of air 

(40 cm/s, 30 ml/s) (Fig. 2). Antennal receptors were stimulated 

by injection of odour stimuli (1 ml/s for 2 s) into this 

airstream from pasteur pipettes. The time between 2 stimulations 

was 30-60 s. The delivery of an odour puff was controlled by an 

electromagnetic valve. This valve was operated through a timer 

which also provided a 50 Hz signal as a marker of stimulus 

application. The pasteur pipettes were loaded with 6.0 x 0.5 cm 

strips of filter paper on which a 25 /il paraffin oil solution of 

the test chemical was pipetted. Initially a dilution of 10"^ v/v 

was used, but this was substituted by a dilution of 10 - 5 v/v to 

prevent overstimulation. 

The test chemicals were obtained from commercial sources 

(Roth, Koch-Light) and were > 97% pure. Five C-6 components of 

the potato leaf odour complex were used: cis-3-hexen-l-ol, 

trans-2-hexenal, cis-3-hexenyl acetate, trans-2-hexen-l-ol and 

1-hexanol. In addition to these test chemicals, the cells were 

also stimulated with the odour of a paraffin oil extract of 
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trans-2-hexenal 

cis-3-hexenylacetate 
trans-2-hexen-1-ol 

1-hexanol 
40cm/s 

Fig. 2 Schematic r ep re sen t a t i on of the experimental s e t - up . A, ampl i f i e r ; dc, 
deutocerebrum; FP, f i l t e r paper; IE, i nd i f f e r en t e l e c t rode ; 0, o sc i l l o scope ; 
P, probe; PP, pas teur p i p e t t e ; PR, paper r ecorder ; RE, recording e l ec t rode ; 
S, speaker; SF, suc t ion funnel; TR, tape r ecorder . 

pota to l eaves . This ex t r ac t was made by blending 40 g po ta to 
leaves in the presence of 3 0 ml water. The product was shaken in 
20 ml paraf f in o i l . The paraff in o i l was co l l ec ted a f t e r 
cen t r i fuga t ion (6000 rpm, 15 min) and s tored a t 8 °C. This 
e x t r a c t contained the pota to leaf odour components (Visser, 
unpub l . ) . Some neurones were add i t i ona l ly t e s t ed with an 
a r t i f i c i a l mixture cons i s t ing of the 5 t e s t components in an 
1 :1:1:1:1 r a t i o (a t a d i l u t i on of 1 0 - 5 v / v ) . Paraff in o i l was 
used as c on t ro l . The s e n s i t i v i t y of the neurones t o a mechanical 
s t imulus was t e s t ed by f l u t t e r i ng the a i r s t ream. 

The number of spikes in the f i r s t r eac t ion second (which 
corresponds with the s t imula t ion time period t = 0 .5-1.5 s) was 
counted and corrected for the spontaneous f i r i ng by sub t rac t ing 
the c e l l ' s average f i r i ng frequency in the 2 s p r i o r t o 
s t imula t ion . The main change in a c e l l ' s a c t i v i t y due to a 
chemical s t imula t ion was s e t on a 100%-level in order t o obtain 
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its relative reaction spectrum for the 5 general green leaf 

volatiles. Inhibition percentages were related to the mean 

spontaneous activity of the cell. 

RESULTS 

The activity of 22 neurones showing responses to the test 

odours used, was recorded from the deutocerebrum of the Colorado 

potato beetle. Most of these neurones had a background firing of 

3-8 spikes/s, but in some cases it was under that level or as 

high as 25 spikes/s. The amplitude of recorded spikes was 3-7 mV. 

Most of the cell recordings lasted for 10-15 min. This was too 

short a period for an additional Lucifer Yellow staining to 

reveal morphological details of a cell. However, since the cell 

somata were marked, it was possible to identify the recorded 

neurones as deutocerebral neurones. Two fillings seemed to be 

complete and showed details of cell innervations. The recordings 

of these cells lasted for about 45 min. 

The recorded neurones differed in their response specificity 

to the stimuli (Fig. 3). Some neurones were highly specific to 1 

of the tested components (Fig. 3A,C) while other neurones had a 

more broadly tuned sensitivity (Fig. 3B,D). We classified the 

neurones (numbers 1-22) in 4 groups, based on their relative 

response spectra for the 5 c-6 compounds (Fig. 4). 

Group I contains narrowly tuned neurones which were sensitive 

to cis-3-hexenyl acetate. They showed inhibition responses or 

relatively weak excitation responses to the other volatiles. The 

spontaneous spike frequency of those neurones hardly changed 

after a stimulation with the odour of the potato leaf extract. 

Mechanical stimulation of the antenna had no effect on these 

neurones. 

Neurones of group II were more broadly tuned. They responded 

in an excitatory manner to most of the volatiles. The tested 

alcohols elicited the strongest responses in these neurones. All 

group II neurones showed a clear and excitatory response to the 

potato leaf extract. Cell number 8 was the only cell in this 

group which responded (inhibitory) to a mechanical stimulation of 

the antenna. This cell was identified as an output neurone by 
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Fig. 3 Responses of 4 d i f f e r en t deutocerebra l neurones (A-D) to 5 l ea f odour 
components ( a t a d i l u t i on of 10"5 v /v) and to a p a ra f f in o i l e x t r a c t of po ta to 
l e aves . The s t imulus dura t ion (2 s) i s i nd ica ted by ba r . A-D correspond with 
s pec t r a number 2, 5, 13 and 21 in Fig. 4 . 
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Lucifer Yellow staining. 

Group III neurones were sensitive to 1-hexanol. The other 

tested leaf odour components, including the other alcohols, 

elicited relative weak responses. The cells placed in this group 

showed no reaction, or a weak one, to stimulation with the odour 

of the potato leaf extract. An exception in this respect was cell 

number 9 which showed a clear excitatory response to the extract. 

The cells number 10 and 14 showed an exitatory response after 

mechanical stimulation of the antenna. 

Neurones with an inhibition reaction as the most significant 

response were placed in group IV. The strongest reactions in 

group IV neurones were caused by stimulation with the alcohols. 

These cells showed a clear inhibitory response to stimulation 

with the odour of the potato leaf extract. Cell number 17 was the 

only neurone of this group which showed only a very weak 

inhibition to stimulation with the extract. Cell number 16 was 

identified as a local interneurone. 

The neurones number 4, 5, 6, 13, 16, 18, 19, 20 and 22 were 

additionally tested with the artificial mixture. The neurones 

number 4, 5 and 6 of group II showed an excitatory response at 

levels of 80%, 74% and 50% respectively when compared with the 

response to their 'best' compound. The neurones number 16, 18, 

19, 20 and 22 of group IV responded with a complete inhibition of 

their spontaneous activity. Neurone number 13 of group III showed 

an inhibition response to this mixture at a level of 24% when 

compared with the response to its 'best' compound. 

The Colorado potato beetle's deutocerebral neurones can be 

divided roughly into 2 physiological classes: one class of 

neurones which are narrowly tuned and do not respond clearly to 

the extract of potato leaves, and another class of more broadly 

tuned neurones which show an evident response to the potato leaf 

extract. 

DISCUSSION 

The Colorado potato beetle's receptor cells investigated by Ma 

and Visser (1978) and by De Jong and Visser (1988) have been 

stimulated with higher stimulus concentrations(than the neurones 
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Fig. 4 Re la t ive r e ac t ion spec t ra of 22 neurones of the Colorado po ta to 
b e e t l e s ' deutocerebrum for 5 po ta to l ea f odour components, a, 
c i s - 3 - h exen - l - o l ; b , t r ans -2-hexena l ; c, c i s -3-hexenyl a c e t a t e ; d, 
t r a n s -2 -hexen - l - o l ; e , 1-hexanol. At the s t imulus source f i l t e r papers 
contained the chemicals a t a d i l u t i on of 10"-1 v / v , except for s pec t ra number 
3, 9, 12, 14, 15 and 17, which were recorded with chemicals a t a d i l u t i o n of 
10"^ v / v . The broken l i n e i nd ica te s the r e l a t i v e l eve l of maximum i n h i b i t i o n 
( t o t a l i n h i b i t i on of spontaneous a c t i v i t y ) . Areas of c i r c l e s i nd i ca t e the 
average r e l a t i v e responses for each neurone group to a p a r a f f i n o i l e x t r a c t of 
po ta to l e aves . F i l l e d , open and broken c i r c l e s i nd i ca t e e x c i t a t i o n , i n h i b i t i o n 
and the 100%-level r e spec t i ve ly . 

a t the deutocerebral l evel in order t o e l i c i t c l e a r responses 
(102-103 t imes h ighe r ) . An increased s e n s i t i v i t y of deutocerebral 
neurones as compared t o receptor neurones i s a common fea ture in 
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insects (Boeckh & Boeckh, 1979; Boeckh et al., 1984; Olberg, 

1984) . This effect is due to convergence, caused by the 

connection of a large number of receptors with the same 

interneurone (Boeckh et al., 1984). 

Inhibitory responses in interneurones, like the responses of 

group IV neurones (Fig. 4), have been reported for other insect 

species as well (Boeckh, 1974; Matsumoto & Hildebrand, 1981; 

Yamada, 1971) . It has been suggested that inhibition responses in 

the olfactory circuitry will lead to a better signal-to-noise 

ratio in the processing of olfactory information (Boeckh, 1974; 

Harrow & Hildebrand, 1982; Masson, 1977). Improvement of the 

signal-to-noise ratio might be the function of the group IV 

neurones from which we recorded. Their response spectra are more 

or less the mirror image of those of group II. Both groups 

consist of more broadly tuned interneurones. Most of these 

neurones gave the strongest responses when there was stimulation 

with an alcohol, and were sensitive to stimulation with the 

potato leaf extract. 

Groups I and III (Fig. 4) contain neurones which were narrowly 

tuned to one of the potato leaf odour components. Neurones with 

similar response spectra as the interneurones of group I have 

been found recently at the periphery (De Jong & Visser, 1988). In 

lobsters highly specialized cells have been found at different 

neuronal levels (Derby et al., 1984). Narrow-spectrum 

interneurones in lobsters are thought to have an important 

function in coding, either by dominating the across-fibre pattern 

for that stimulus or by the formation of labelled lines (Derby & 

Ache, 1984; Derby et al., 1984). The highly specific responses of 

the Colorado potato beetle's group I and III interneurones 

suggest a similar role for these neurones. They might obtain 

information about the presence of a particular compound in a 

mixture. However, since there was no clear response to the potato 

leaf extract, such a role in the specific detection of components 

by these deutocerebral neurones is not very probable. Neurone 

number 13, a specialist for 1-hexanol (Figs. 3 and 4), did not 

show an excitatory response to the artificial mixture, but was 

stimulated by 1-hexanol in a pure form. Here the response of the 

cell to a single compound was apparently also inhibited in the 
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presence of other compounds. Mixture suppression therefore could 

be an important feature of these narrowly tuned interneurones. 

Since the level of excitation in the narrowly tuned neurones 

seems to depend not only on the presence of the stimulus to which 

they are tuned, but also'on the presence of other chemicals, 

these neurones might process information about the composition of 

an odour blend. 

Our results suggest a warning function for this class of 

narrowly tuned neurones in the Colorado potato beetle: there is a 

response if certain stimulus component ratios differ from those 

in potato leaf odour, and there is no response if these ratios 

are similar. 

A simplified hypothetical diagram for the mechanism of host 

plant odour recognition in the Colorado potato beetle is 

presented in Figure 5. The presence of a mixture of components 

can be detected by the antennal receptors. These receptors 

transfer information to the deutocerebrum where 2 classes of 

neurones are present: class A neurones which are narrowly tuned 

and whose response depends on the composition of the stimulus, 

and class B neurones which respond when certain components are 

present. There are 3 possible situations: 

I: Both neuron classes do not respond. In this case important 

leaf odour components are not present and there is no detection 

of plant odour. 

II: Only class B neurones respond. In this situation there is 

a stimulation with green odour components. Since the class A 

neurones do not respond, these components are in the correct 

ratio, and the beetle detects the presence of potato leaf odour. 

Ill: In situation III both classes respond to a stimulus. This 

stimulus therefore contains green odour components in a ratio 

which differs from the one in potato leaf odour. This is the 

situation when there is stimulation from a plant odour other than 

potato. 

Evidence from other insect species also demonstrates the 

existence of deutocerebral neurones with response levels that 

depend on the ratio of certain food odour components, rather than 

on the presence of one specific compound. In the hawk moth 

Manduca sexta and in the locust Locusta migratoria deutocerebral 
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Fig. 5 Hypothetical diagram for the mechanism of host plant odour recognition 
in the Colorado potato beetle. Channels A and B act independently and show a 
response (1) or no response (0). In this way information concerning stimulus 
quality (channel A) and stimulus quantity (channel B) is processed separately 
(see text for further explanation). 

neurones have been reported which responded to trans-2-hexenal, a 

common leaf-aldehyde, but not to the odour of tobacco leaf 

extract and grass, respectively (Boeckh, 1974; Matsumoto & 

Hildebrand, 1981). Furthermore, neurones have been found in the 

antennal lobe of the cockroach Periplaneta americana which were 

sensitive to hexanol, a constituent of lemon oil ,(Selzer, 1981), 

but not to lemon odour (Boeckh, 1974). 

Mixture interaction in insect neurones has been described 

previously (Kaissling, 1979; O'Connell, 1985; Olberg, 1984), and 

suppression of the response to one chemical by another has been 

demonstrated to exist at different neuronal levels in the lobster 

(Derby et al., 1985). Such evidence implies an important role of 

mixture interactions in the coding of chemical cues. The 

importance of mixture interaction in the Colorado potato beetle's 

coding mechanism, could lie in the formation of an information 

channel with a response level depending on the quality of the 

stimulus. A study of the antennal receptor responses indicates 

that this mechanism is also present at the peripheral level of 

the Colorado potato beetle's nervous system (De Jong & Visser, 

1988). 
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CHAPTER 3 . SPECIFICITY-RELATED SUPPRESSION OF RESPONSES TO BINARY 

MIXTURES IN OLFACTORY RECEPTORS OF THE COLORADO POTATO BEETLE 

R. DE JONG & J . H . V I S S E R 

Responses of antennal o l f ac to ry r ecep tors of the Colorado po ta to b e e t l e , 
Lep t ino ta rsa decemlineata Say, to s t imula t ion with 5 general green odour 
components, i . e . c i s - 3 -hexen - l - o l , t r ans -2-hexena l , c i s -3-hexenyl a c e t a t e , 
t r an s -2 -hexen - l - o l and 1-hexanol, were recorded e x t r a c e l l u l a r l y . Response 
s pec t r a der ived from these recordings can not be c l a s s i f i e d i n to d i s t i n c t 
r e ac t i on t ypes . The spec t ra overlap in t h e i r s e n s i t i v i t y to i nd iv idua l 
s t imu l i , bu t t he re a re d i f fe rences in t h e i r degree of s p e c i a l i z a t i on with a 
gradual conversion from g ene r a l i s t to s p e c i a l i s t r e c ep to r s . Moreover, 
s p e c i a l i z a t i o n i s found to d i f f e r en t s t imu l i . Receptor r e ac t i ons to 
s t imu la t ion with b inary mixtures of 3 of these compounds i nd ica ted t h a t 
suppress ion of t he response to one chemical by another i s very common i n 
o l f ac to ry r ecep tor c e l l s . The more a r eceptor i s s pec i a l i z ed , the s t ronger i s 
t h i s suppress ion. Suppression in narrowly tuned o l f ac to ry r ecep tor neurones, 
t h e r e fo re , i s expected to p lay a fundamental r o l e in the r ecogn i t ion of 
n a t u r a l odour b lends . 

The i n v e r t e b r a t e ' s coding mechanism for o l fac tory cues has 
been inves t iga ted by examining responses of neurones a t var ious 
l eve l s of the nervous system (Boeckh, 1974; Derby e t a l . , 1984; 
Se lzer , 1981). Responses of pe r iphera l o l fac tory neurones in 
d i f f e r en t i n sec t species t o var ious t e s t s t imul i have been 
s tudied in f a i r d e t a i l . They have been c l a s s i f i e d i n to r eac t ion 
groups on the bas i s of s i m i l a r i t i e s among the r eac t ion spec t ra 
(Boeckh, 1976; Kafka, 1970, Ma & Visser , 1978; Mustaparta, 1975; 
Se lzer , 1984; Vareschi, 1971). Receptors with d i f ferences in 
t h e i r degree of s p ec i f i c i t y and with s p ec i a l i z a t i on s t o d i f f e ren t 
s t imul i have been descr ibed. Examples of r eceptors which are 
extremely narrowly tuned t o only one or a few compounds have been 
given for pheromone receiving neurones in several species (Den 
Ot te r , 1977; Kaiss l ing, 1979; Mustaparta e t a l . , 1984; O'Connell, 
1985; Sass, 1983). Most food odour r ecep to r s , on the o ther hand, 
a re more broadly tuned in t h e i r perception of s t imul i (Boeckh e t 
a l . , 1965; Kafka, 1970; Selzer , 1981; Vareschi, 1971). 

Phytophagous i n sec t s exh ib i t spec i f i c behavioural responses 
e i t h e r t o a host odour spec i f i c component or t o t he mixture of 
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different non-specific host odour components (Visser, 1986). Flea 

beetles Phyllotreta cruciferae, for example, are attracted by 

allylisothiocyanate which is a specific component of their 

cruciferous host plants (Feeny et al., 1970). However, in the 

Colorado potato beetle, Leptinotarsa decemlineata. the ratio of 

several odour components is important for host odour recognition. 

'Green' odour, which forms a significant part of all leaf odour 

blends, is composed of C-6 alcohols, aldehydes and the derivative 

acetate (Visser, 1983). Different plant species may show 

different proportions of the individual components of the green 

odour complex. Distortion of the composition of the green odour 

of potato leaf, Solanum tuberosum, by addition of small amounts 

of its components to the odour of potato plants, prevented upwind 

orientation of Colorado potato beetles towards the plants (Visser 

& Avé, 1978). Furthermore, the odour of their host plant, potato, 

is masked for the beetles when it is mixed with other plant 

odours (Thiery & Visser, 1986). Nevertheless, a general problem 

in studies on olfactory coding is the lack of knowledge about the 

precise composition of food odour blends. Although most 

biologically relevant odours consist of complex mixtures, an 

analysis of olfactory coding, therefore, has been based on 

neuronal responses to individual odour components (Derby & Ache, 

1984; Selzer, 1981; Visser, 1986). 

The olfactory receptors in the antennae of Colorado potato 

beetles are sensitively tuned to C-6 compounds (Ma & Visser, 

1978; Visser, 1979). In previous work we used 5 green odour 

components, i.e. cis-3-hexen-l-ol, trans-2-hexenal, cis-3-hexenyl 

acetate, trans-2-hexen-l-ol and 1-hexanol, to study the responses 

of neurones in the deutocerebrum of the Colorado potato beetle 

(De Jong & Visser, 1988). In this first relay station, synaptic 

connections between receptor neurones and interneurones are 

formed. Characterization of deutocerebral neurones revealed the 

existence of 2 groups: one group (A) of neurones showed specific 

responses to individual leaf odour components, and another group 

(B) of less specific responding neurones. After stimulation with 

a potato leaf extract, group B neurones responded, while group A 

neurones hardly changed from their spontaneous firing activities. 
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Since the potato leaf extract is a mixture of odour components, 

the lack of response in group A to this mixture implies an 

important role of suppression as a mixture effect. A coding 

mechanism for the odour of potato leaf has been pi - _>osed on the 

basis of this suppression (De Jong & Visser, 1988). 

The present study was carried out to characterize the receptor 

responses to stimulation with the same 5 C-6 components. In order 

to examine if mixture interactions like those in specialized 

deutocerebral neurones also exist at the peripheral level, we 

additionally characterized the olfactory receptors by their 

responses to some artificial mixtures. 

MATERIALS AND METHODS 

Two-day-old female Colorado potato beetles were obtained from 

the laboratory stock culture and used for the experiments. 

Recordings from antennal olfactory receptor cells were made as 

described previously (Ma & Visser, 1978). We modified the method 

of stimulus delivery by placing the preparation in a continuous 

airflow (40 cm/s, 30 ml/s) in which odour stimuli were injected 

by flowing air through a pasteur pipette (1 ml/s, 2 s). The 

pasteur pipette contained a piece of filterpaper (6.0 x 0.5 cm) 

loaded with a stimulus solution (25 ßl). We used as stimuli 5 C-6 

components of the potato leaf odour, namely cis-3-hexen-l-ol, 

trans-2-hexenal, cis-3-hexenyl acetate, trans-2-hexen-l-ol and 

1-hexanol (at a dilution of 4 x 10~2 in paraffin oil, v/v). The 

test chemicals were obtained from commercial sources (Roth, Koch-

Light) and were > 97% pure. Paraffin oil alone was used as the 

control. An interstimulus time of at least 1.5 min was used. 

The receptors were recorded extracellularly. In most of the 

recordings, only one spike amplitude was visible. In a few cases 

we used recordings with two clearly distinguishable spike 

amplitudes. The number of spikes in the first reaction second was 

counted in order to obtain the response level to a stimulus. 

The relative response spectrum for each cell was obtained by 

setting its 'best' component on a 100%-level. The degree of 

specialization of a receptor cell (DS) was calculated by: 
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5 

500 - S R± 

DS 

R^ represents the cell's relative response to component i. This 

calculation expresses DS as a percentage which, theoretically, 

ranges between 0 for cells without any specialization, and 100 

for cells responding to only one of the 5 test stimuli. Once the 

degree of specialization of a cell was known, its responsiveness 

to mixtures was determined. This was done by measuring its 

reaction to three 1:1 binary mixtures, each at two dilutions of 

the total amount of volatiles (4 x 10- 2 and 8 x 10- 2, v/v). The 

components used in mixtures were trans-2-hexenal, cis-3-hexenyl 

acetate and 1-hexanol. Each mixture response was expressed as a 

percentage of the response to the 'best' component that was also 

present in the mixture, and from these 6 values an average 

mixture response (AMRg) was calculated for each cell. Stimulation 

sequences started with the lowest concentration stimuli. 

Variables were compared using the non-parametric Spearman rank 

correlation test (Siegel, 1956). 

RESULTS 

Thirty-nine receptor neurones on the antennae of Colorado 

potato beetles were recorded. Most of these neurones revealed a 

low background firing rate of 3 ± 4 spikes/s (mean ± sd) which 

increased to 26 ± 16 spikes in the first reaction second after 

stimulation with the cell's 'best' component. The response 

spectra of the receptors were classified in 5 groups, according 

to their 'best' stimulus (Fig. 1A-E). Some spectra (Fig. 1 nos. 

29, 30, 36) do not show a 'best' stimulus and, therefore, can be 

classified in more groups. Within a group the spectra were 

arranged according to their DS-values. The degree of 

specialization in one group increases from left to right. The 

degree of specialization of the receptors for the 5 stimuli 

ranges from DS-values of 19 to 94 (Fig. l, nos. 1 and 28 

respectively). We did not find a correlation between the 

sensitivity of cells to their 'best' component (in number of 
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spikes in the first reaction second) and the DS, nor between the 

background frequency and the DS. The response spectra in Figure 1 

show that there are no distinct receptor types to the 5 stimuli. 

The recorded population of olfactory receptors responded 

differentially to the set of stimuli and individual spectra show 

overlap. Nevertheless, considerable differences in receptor 

responses are found. Some receptors showed non-specific 

responses, while others were specialized to particular stimuli. 

In 13 cases out of 39 we were able to repeat the stimulation 

series demonstrating the consistent character of the spectra. 

Newly calculated DS values, then, did not differ significantly 

from previous values (Wilcoxon matched-pairs signed-ranks test) 

(ADS = 5.8) . 

The responses of the cells in Figure 1 to the binary mixtures 

are represented in Figure 2, and, in addition, are related to the 

response to the 'best' mixture component. The classification of 

these responses in groups corresponds with the one in Figure 1. 

In 63 of the 117 cases, one component alone elicited a stronger 

response than the mixture in which the same concentration of that 

component was present. On the other hand, only in 6 cases the sum 

of the responses to individual components was smaller than the 

responses to the corresponding mixtures. Suppression, therefore, 

is found to be the most common mixture effect. The strength of 

this suppression varied in the different receptors and was 

sometimes found to be very pronounced. Figure 3 shows a recording 

in which clear responses to trans-2-hexenal and 1-hexanol were 

strongly reduced in the presence of cis-3-hexenyl acetate. The 

response spectrum of this neurone is represented in Figure 2 no. 

2. 

The AMR6 values, which are used as indices for receptors' 

responses to mixtures, range between 35 and 170 and correlate 

significantly with receptor DS (rs = -0.52; N = 39; P < 0.001, 2-

tailed). Highly specialized cells show a considerably stronger 

suppression than the more broadly tuned cells. A scattergram for 

the AMR6 and the DS of the receptors is presented in Figure 4. 
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Fig. 3 Responses of one olfactory receptor cell in the Colorado potato 
beetles' antenna on stimulation with 3 compounds, and their 1:1 mixtures at 2 
concentrations. Bar indicates stimulation period (2 s). A, stimulation with 
trans-2-hexenal (4 x 10"' v/v); B, stimulation with cis-3-hexenyl acetate (4 x 
10~2 v/v); C, stimulation with 1-hexanol (4 x 10~2 v/v); D and E, stimulation 
with an 1:1 mixture of trans-2-hexenal and cis-3-hexenyl acetate, respectively 
at 4 x 10~2 and 8 x 10"2 v/v; F and G, stimulation with an 1:1 mixture of 
trans-2-hexenal and 1-hexanol, respectively at 4 x 10"2 and 8 x 10~2 v/v; H 
and I, stimulation with a 1:1 mixture of 1-hexanol and cis-3-hexenyl acetate, 
respectively at 4 x 10*2 and 8 x 10~2 v/v. 
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Fig. 4 Scatter diagram for degree 

of specialization (DS) and average 

mixture responses (AMRg) in 

olfactory receptor cells of the 

Colorado potato beetle. r s = -0.52; 

N = 39; P < 0.001, non-parametric 

Spearman rank correlation test, 2-

tailed (Siegel, 1956). 
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DISCUSSION 

Previous work on deutocerebral neurones indicated that mixture 

interaction is essential in the coding of olfactory information 

in the Colorado potato beetle. Here we studied response spectra 

of receptor neurones to pure compounds, and also examined the 

perception of more complex odours at the receptor level. 

Therefore, we additionally stimulated with simple 1:1 binary 

mixtures. These mixtures do not resemble natural food odour 

blends, but should be considered as a first step in the study of 

mixture effects. 

Qualitative responses as presented in spectra are thought to 

give more reliable information about neuronal reactions than 

quantitative responses (Kafka, 1970) and, therefore, are used for 

unraveling the coding of olfactory input. Grouping of responses 

according to spectra have been applied often to characterize an 

olfactory receptor population. However, since classification of 

receptors in this way is not only dependent on the treatment of 

electrophysiological data but also on the set of stimuli used in 

the experiments, this approach has its limitations (Selzer, 

1984). Within groups rather varied spectra can be present while 

each spectrum shows significant features. The response spectra of 

olfactory receptors of the Colorado potato beetle (Fig. 1) show 

varying degrees of receptor specialization and no clear 

separation in response types for the 5 stimuli. Our data reveal 

that suppression is an important feature of the response 

characteristics of receptor cells. The responses of receptors to 

the binary mixtures suggest a function of mixture effects in the 

perception of olfactory information. Such mixture interaction has 

been discussed previously for the processing of information in 

the antennal lobe of the Colorado potato beetle (De Jong & 

Visser, 1988). 

Olfactory coding is generally thought to be realized either by 

labelled lines, or by across-fibre patterns. The labelled line 

coding theory was proposed for insect pheromone receptors which 

possess narrow, non-overlapping chemosensitivities (Boeckh et 

al., 1965). Each behaviourally relevant compound is thought to 

have its own receptor type for the detection of its presence. In 
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