
Chem Senses 27: 343-352, 2002 

Odor Discrimination using Insect Electroantennogram Responses from an 
Insect Antenna1 Array 

Kye Chung Park, Samuel A. Ochieng, Junwei Zhu and Thomas C. Baker 

Department of Entomology, Iowa State University, 407 Science 11, Ames, IA 5001 1, USA 

, Correspondence to be sent to Kye Chung Park, Department o f  Entomology, Iowa State University, 411 Science 11, Ames, IA 500 1 1, USA 
e-mail kcpark@iastate edu 

Abstract . 
Insects have a highly developed olfactory sensory system, mainly based in their antennae, for the detection and discrimination 
of volatile compounds in the environment Electroantennogram (EAG) response profiles of five different insect species, 
Drosophila melanogaster, Heliothis virescens, Helicoverpa zea, Ostrinia nubilalis and Microplitis croceipes, showed different, 
species-specific EAG response spectra to 20 volatile compounds tested, The EAG response profiles were then reconstructed for 
each compound across the five insect species Most of the compounds could be distinguished by comparing the response 
spectra We then used a four-antenna array, called a Quadro-probe EAG, to see if we could discriminate among odorants based 
on the relative EAG amplitudes evoked when the probe was placed in plumes in a wind tunnel and in a field Stable EAG 
responses could be simultaneously and independently recorded with four different insect antennae mounted on the 
Quadro-probe, and different volatile compounds could be distinguished in real time by comparing relative EAG responses with 
a combination of differently tuned insect antennae Regardless of insect species or EAG amplitudes, antennae on the 
Quadro-probe maintained their responsiveness with higher than 1 peak/s of time resolution 

Introduction 
The summed, DC potential responses of thousands of 
differentially and narrowly tuned olfactory receptor neurons 
on insect antenna comprise the whole antennal response to 
odor known as the electroantennogram or EAG (Schneider, 
1957; Roelofs and Comeau, 1971) The BAG can register 
responses to wide varieties of odorants and although it has 
been successfully employed for pheromone identifications 
over the years, it is now increasingly being used for identi- 
fying host-odor volatiles important to behaviors such as 
attiaction (Coik, 1994; Cossk et a1 , 1995; Blight et a1 , 1997; 
Honda et a l ,  1999) Its success in this application stems 
from its ability to respond to serially eluting volatiles from 
the gas chromatograph that represent widely varying 
chain-lengths, volatilities and functional groups (Am et a1 , 
1975) 

Despite its broad response spectrum, there is some 
, evidence that BAG response spectra to a range of odorants 

are somewhat species-specific (Smith and Menzel, 1989; 
Visser et aI , 1996; Visser and Piron, 1997) Indeed, the speci- 
ficity of male moth antennae to their species' pheromone 
components has been instrumented in most pheromone 
identifications The EAGs from single male antenna have 
been successfully used outdoors and indoors to sample air- 
borne odor plumes in order to monitor the relative concen- 
trations and even plume structures of high concentrations 
of known pheromone odorants to which the selected BAG 

detector is tuned, and have shown the potential utility of 
using insect antennae as sensitive biosensors for known 
agents in the environment (Baker and Haynes, 1989; Sauer 
et a1 , 1992; Karg and Sauer, 1995; Pers and Minks, 1998) 
However, a single EAG signal cannot be used to discriminate 
one unknown volatile compound from another, or even 
between a known pheromone component and unknown 
plant volatiles, mainly due to the confounding effects caused 
by unknown concentration differences Thus, for a wider 
variety of general odorants to which antennae are not spe- 
cifically tuned, the lack of odor discriminability of an EAG 
from a single antennal type will obviate the EAG7s utility 
as a biosensor for detection and location of the sources of 
known taiget odors in the environment 

Our goal in this study was to create a discriminating 
EAG biosensor by utilizing the subtle differences in the 
EAG responses of several antennae from different species of 
insects monitored simultaneously We also wanted to make 
optimal use of the EAG's ability to respond to sharp peaks 
in concentration, such as those generated from the indi- 
vidual strands in an odor plume (Baker and Haynes, 1989), 
in order to optimize the sensitivity of our biosensor The 
success of such a system is predicated on theie actually 
being enough of a consistent difference in EAGs across 
species such that the differences can in fact be used for 
discrimination Another requirement is that these differ- 
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ences should also be maintained across a range of con- 
centrations, thereby eliminating confounding effects of 
concentration on odor quality discrimination Despite there 
having been countless studies over the years on EAG 
responses within a species, to our knowledge, there has been 
no systematic examination of EAG response profiles to 
non-pheromonal odorants across species in any single study 
to date This study presents the results of such a systematic 
examination. 

Materials and methods 

Insects 

Adults of six insect species, Helicoverpa zea (Lepidoptera: 
Noctuidae), Hehothis vzrescens (Lepidoptera: Noctuidae), 
Ostrinza nubilalis (Lepidoptera: Noctuidae), Trichoplusia nz 
(Lepidoptera: Noctuidae), Mmoplitzs croceipes (Hymen- 
optera: Braconidae), and Drosophila melanogaster (Diptera: 
Drosophilidae), were used Colonies of the four moth 
species were maintained in a rearing room (23OC, 14:lO h 
L:D) Virgin moths, 1-3 days old, were used for the 
experiments Pupae of the parasitic wasp, M croceipes, 
kindly provided by Dr J Lewis (USDA, Tifton, GA), were 
maintained in a cage provided with sugar solution and 
water Adult wasps that emerged were harvested daily, sexed 
and kept in separate cages until use; 1- to 5-day-old wasps 
were used for the experiments A colony of D melanogaster 
(wild type, Oregon strain) was provided by Ms G Lephardt 
(Genetics Laboratory, Iowa State University, Ames, IA) and 
maintained in the rearing room Healthy looking active fruit 
flies were selected and used for the experiments All the 
adults were provided with water and sugar solution until 
use. 

Test compounds 

Twenty test compounds, CZS- 1 1 -hexadecenal (211-1 6:Ald), 
cis-3-hexenol (23-6:OH), hexanoic acid, benzyl acetate, 
2-methyl-5-nitroaniline, cyclohexanone, a-pinene, cis- 
nerolidol, trans-nerolidol, p-caryophyllene, 6-ocimene, 
(R)-(+)-limonene, methyl jasmonate, 2-diisopropylamino- 
ethanol, indole, 2,2-thiodiethanol, 1 -heptanol, 1 -0ctan01, 
1-nonanol and 1-decanol (chemical and isomeric purity 
>99%), were either provided by Dr J H Tumlinson (USDA, 
Gainesville, FL) or purchased (AldrichR). Each compound 
was diluted in hexane or in acetone (for 2-methyl- 
5-nitroaniline and 2-diisopropylaminoethanol) to give 10 
or 100 pg/pl solution. A piece of filter paper (6 x 32 mm) 
impregnated with 10 pl of test solution was inserted into a 
glass Pasteur pipette after the solvent evaporated and used 
as a stimulus cartridge The cartridge was freshly made each 
time and the large end was capped with aluminum foil until 
use. 

Comparison of EAG profiles across five insect species 

To investigate the concept that the EAGs from a small 

array of antennal types can display different profiles to 
different odorants, BAG responses to 20 different com- 
pounds were recorded in five insect species: male H zea; 
male H virescens; male 0 nubzlahs; female M crocepes; 
and male D melanogaster Antennae still attached to the 
whole body were used for the EAG recordings without 
cutting the antennal tips The insect's body was restrained 
on a block of wax using small U-shaped metal wires 
Antennae were further fixed with thinner copper wires onto 
the wax block Using micromanipulators, a fine-tip micro 
glass electrode, filled with 0 5 M KC1 solution, was inserted 
into a compound eye and served as a reference electrode - 
Another fine-tip micro glass electrode was inserted through 
the cuticle of the terminal segment of the antenna and 
served as a recording electrode. The antenna was positioned . 

in the middle of humidified, main air stream for stimulation 
EAG signals from the antenna were amplified with a head- 
stage preamplifier (SyntechR, The Netherlands) and further 
processed with a PC-based signal processing system 
(SyntechR, The Netherlands) 

Odor stimuli were applied with a main airflow (1 "2 llmin) 
blowing onto the antennae through a glass tube (8 mm 
diameter) The outlet of the glass tube was positioned -3 cm 
from the antennae The tip of a Pasteur pipette odor cart- 
ridge was inserted into a small hole (3 mm diameter) on the 
main airflow tube, 15 cm from the outlet Odor stimulation 
was administrated by injecting a puff of purified air (0 2 s 
at 10 mlls airflow) through an odor cartridge using an 
electronically controlled stimulus flow controller (SFC-2, 
SyntechR, The Netherlands) 

Four channel Quadro-probe EAG recording 

In order to discriminately and sensitively sample airborne 
odor plumes, a portable, Quadro-probe BAG recording 
system (Figure 1) for simultaneous EAG recordings from 
four different antennae was designed in conjunction with 
SyntechR (The Netherlands) The probe had a common 
reference electrode and four independent recording 
electrodes Excised antennae were used for the Quadro- 
probe BAG recording Four different antennae (this time 
chosen from male and female H zea, male and female T ni, 
male H virescens, male and female M crocepes, and male 
0 nubilahs) were placed between the reference and the 
recording electrodes and an electr oconductive gel (Spectra 
360, Parker Laboratories Inc , USA) was used for the 
maintenance of electrical contact between the antennae and 
the electrodes The EAG signals from the Quadro-probe 

" 

were amplified and monitored with a four-channel portable 
amplifier unit (SyntechB, The Netherlands) and stored on 
a four-channel FM magnetic tape data storage unit as 
analog signals (Vetter Co Inc., USA) The stored signals 
were further analyzed with PC-based data processing soft- 
ware designed for four-channel EAG recording analysis 
(SyntechR, The Netherlands). 

Quadr o-probe EAG recordings were made in point source 
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Figure 1 A portable Quadro-probe EAG recording system, enabling 
simultaneous, real-time EAG recordings from four different insect antennae 
on site Electroantennogram signals from the four different antennae 
mounted on the Quadro-probe stage (left) are conditioned and amplified 
with a headstage preamplifier (top right) and further amplified and 
monitored with a main amplifier (bottom right) 

odor plumes in a wind tunnel (1 x 1 x 2 4 m) and in a field 
The Quadro-probe antenna1 preparation was positioned in 
the middle of the tunnel -30 cm from the tunnel's downwind 
end Wind speed was maintained at 30 cmls Odor plumes 
were generated from the headspaces of glass vials containing 
10 pgIu.1 of different odorant solutions in hexane, placed 
1 8 m upwind of the Quadro-probe sensor Manual puffs . through odor cartridges positioned at the center of the 
upwind end of the tunnel were also employed in order to 
obtain readings from the Quadro-probe EAG The large end 

Cluster analysis 

Cluster analysis of the EAG response spectra was carried 
out to compare the proximity of EAG responses between 
different compounds and also between different insect 
species StatisticaB v. 5 1, a software package for statistic 
analysis (Statsoft Inc ), was used for the cluster analysis 
Average normalized EAG amplitudes were used for the 
analysis and the tree clustering was made by complete 
linkage with Euclidean distances 

Results 
All BAG responses elicited by a single puff in the five insect 
species examined showed a typical waveform, with rapid 
depolarization followed by a slower recovery phase, typic- 
ally lasting a few seconds, back to the standing potential 
There were no noticeable differences in the EAG response 
waveforms between typical single EAG recordings and 
Quadro-probe recordings for the single puff stimulation 
given by Pasteur pipette odor cartridge 

EAG response profiles of five different species in response 
to 20 different odorants showed that each species exhibited a 
different BAG response profile to the odorants (Figure 2) 
Among the compounds tested, 23-6:OH and cyclohexa- 
none elicited consistently high EAG responses across the 
antennae of all five species tested Although the volatility 
was very low, an explosive compound, 2-methyl-5-nitro- 
aniline, elicited EAG responses in two species, H zea and 
M crocepes, while other species did not respond Two other 
anthropogenic compounds, 2-diisopropylaminoethanol and 
2,2-thiodiethanol, also elicited EAG responses in all the 
species tested 

When these BAG responses were displayed according to 
compound, not species, the EAG profiles were often quite 
distinct from this five-species array (Figures 3-5) Even 
though the BAG response profiles of two relatively closely 
related species, H virescens and H zea, were quite similar, 
their relative responses were useful in discriminating among 
odorants when placed in the five-species array (e g Figure 
3) Only a few closely related compounds, such as 1-heptanol 
and 1 -0ctano1 (and also 1 -nonanol and 1 -decanol), evoked 
nearly identical EAG response profiles from this array, but 
even these two shorter-chain alcohols can be distinguished 
from the two slightly longer-chain alcohols (Figure 6) 

The cluster analysis across different compounds well 

of the pipette was connected by means of a Teflon tube to a shows that chemically different compounds could be dis- 
criminated by comparing EAG response spectra (Figure 7, 

lo m1 syringe the A m1 puff was top) The cluster analysis across different insect species also 
lanually given the lyringe for showed that the EAG response spectra were close~y related 
experiments were carried out at a parking lot outside the to evolutionary proximity among the species (Figure 7, 
science 11 building of Iowa State University Odor Piesen- bottom) For example, two closely related noctuid moths, 
tation in the field Was Similar to wind t ~ n n e l  experiments, H virescens and H zea, showed the closest EAG response 
except that the odor sources were placed 3 m from the profiles and a dipteran species, D melanogastei, showed the 
Quadro-probe sensor. Wind speed was within 2 mls and greatest distance from other for moth species in the EAG 
temperature was -20Â° response spectra 
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Figure 2 EAG response profiles of five different insect species (male D melanogaster, male H virescens, male H zea, male 0 nubilalis, female M croceipes) 
to 20 different volatile compounds (mean Â SE, n = 3-1 9) Stimuli: (1) control blank; (2) Z11-16:Ald; (3) Z3-6:OH; (4) hexanoic acid; (5) benzyl acetate; (6) 
2-methyl-5-nitroaniline; (7) cyclohexanone; (8) a-pinene; (9) cis-nerolidol; (1 0) trans-nerolidol,(l 1) p-caryophyllene; (1 2) p-ocimene; (1 3) (R)-(+)-limonene; 
(14) methyl jasmonate; (1 5) 2-diisopropylaminoethanol; (1 6) indole; (1 7) 2,2-thiodiethanol; (1 8) 1 -heptanol, (1 9) 1 -0ctanol; (20) 1 -nonanol; (21) 1 -decanol 

When EAG responses were simultaneously recorded from ratios of EAG responses among the species antennae were 
four different insect antennae mounted on the Quadro- maintained at a relatively constant level (Table 1) Each 
probe EAG in a plume, stable EAG responses could be EAG response had a fast recovery time (<1 s; Figures 8 
recorded with our system (Figures 8 and 9) The EAG and 9) and the responsiveness was maintained throughout 
responses were repeatedly generated by contact with the the entire stimulation period 
odor strands in the plume (Figures 8 and 9) and the relative The high degree of synchrony of the depolarization 
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hexanoic acid benzyl acetate 

I 5 l  methyl jasmonate indole 
" 5 1  

Figure 3 EAG response spectra across five different insect species to six different categories of volatile compounds (mean Â SE, n = 3-1 9) (23-6:OH, green 
leaf volatile alcohol, Z1 1-16:Ald, sex pheromone component of H zea and H virescens; hexanoic acid, aliphatic carboxylic acid; benzyl acetate, aromatic 
compound; methyl jasmonate, commonly occurring plant volatile; indole, nitrogen-containing animal odor) EAG responses were normalized against average 
EAG response to 23-6:OH in each insect species (i e normalized EAG response to 23-hexenol is 1) DM, male D melanogaster; HV, male H virescens; HZ, 
male H zea; ON, male 0 nubilalis; MC, female M croceipes 

I 5 l  
a-pinene 

1 5 1  
cis -nerolidol 
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trans -nerolidol 
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6 0 0 

Figure 4 EAG response spectra across five different insect species to three different monoterpenes (left) and three different sesquiterpenes (right) (mean Â 
SE, n = 3) EAG responses were normalized against average EAG response toZ3-6:OH in each insect species (i e normalized EAG response toZ3-hexenol is 
1) DM, male D melanogaster; HV, male H virescens; HZ, male H zea; ON, male 0 nubilalis; MC, female M croceipes 

between antennae as they were contacted by closely arriving Quadro-probe array The variability in the ratios of any 
filaments is apparent in an expanded temporal display of the of the major BAG peaks across the four antennae was 
signals (Figures 8 and 9) Such synchrony would facilitate similar to the average, indicating the utility of using con- 
the real-time assessment of odorant quality by computer tacts with even single strands of odor for discrimination of 
algorithms comparing EAG peaks at any instant across the odorants 
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Figure 5 EAG response spectra across five different insect species to  four different anthropogenic compounds (mean Â SE, n = 3-1 2) EAG responses were 
normalized against average EAG response to 73-6:OH in each insect species (i e normalized EAG response to  Z3-hexenol is 1) DM, male D melanogaster; 
HV, male H virescens; HZ, male H zea; ON, male 0 nubilalis; MC, female M croceipes 

Figure 6 EAG response spectra across five different insect species t o  four different aliphatic alcohols (mean Â SE, n = 3) EAG responses were normalized 
against average EAG response to  23-6:OH in each insect species (i e normalized EAG response toZ3-hexenol is 1) DM, male D melanogaster; HV, male H 
virescens; HZ, male H zea; ON, male 0 nubilalis; MC, female M croceipes 

Discussion puffs under laboratory conditions Responses to  odor 
plumes have also been successfully made by the Quadro- 

The Present the basic 'OnCept under field conditions (K park el al., unpublished 
discrimination using a small array of insect antennae that data) have different EAG 'PeCtra a wide range As p ~ e v ~ o u s ~ y  shown (Baker and Haynes, 1989) and again 
compounds With EAG response-spectra across only five here, the ability of an insect antenna to respond quickly * 
different species, we were able to discriminate most of the 
20 different compounds tested Several successful studies to peak concentiation in the strands in a plume makes it 

have been conducted that have measured BAG responses to a much more sensitive system than slower-responding arti- 

single, known odorants under field conditions (Baker and ficial sensors whose polymers can only take a reading of 

Haynes, 1989; Sauer et al., 1992; Karg and Sauer, 1995; a time-averaged mean, not the peak, concentration ( ~ a l t  et 
Milli et al  , 1997; Pels and Minks, 1998; Schijtz et , 1999) , 1998; Kasai et 7 1999) The present study, like that 

These studies have shown that it is possible to measure the of Baker and Haynes, shows that an insect antenna placed 
relative concentrations and fluctuations of known phero- in a plume is able to respond to the individual filaments in 
mane components in ambient air on site in real time The a point-source-generated plume When the antennae were 
Quadro-probe BAG ~ecording system developed in the pies- stimulated by repeated contact with filaments in a plume in 
ent study showed stable EAG recording ability to a repeated the wind tunnel, the antennae were able to register two 01 

stimulation by odor strands in the plume, as well as to single three depolaiizations per second Therefore, the use of insect 



Figure 7 Cluster analysis of EAG response spectra for different compounds Clustering for different compounds was obtained across five different insect 
species (top: MCf, HZm, HVm, Onm) or across four different insect species (bottom) Average normalized EAG responses to 23-6:OH were used for the 
clustering (complete linkage and Euclidean distances) MCf, female M croceipes; HZm, male H zed; HVm, male H virescens; Onm, male 0 nubilalis; HZf, 

t female H zed; TNm, male T n i  
& 

antennae as an odor detector could be one of the most 
sensitive techniques for the detection of volatile compounds, 
especially when they are present at low concentrations 

Recently, several attempts have been made to use single 
insect antennae as olfactory biosensors (Kuwana and 
Shimoyama, 1998; Schoning et aI , 1998; Kuwana et aI , 
1999; Schroth et a l ,  1999; Schiitz et a l ,  1997, 1999). Al- 
though they have showed sensitivity for the detection of 
known volatile compounds of interest, such an apparatus 
with a single, tuned detector lacks the ability to discriminate 

the compound of interest from unknowns due to the con- 
founding effects of concentration Antennae have been used 
in highly simplified odor environments to detect specific 
volatile compounds, for instance those emanating from 
unhealthy potatoes (Schutz et a1 , 1999), measuring cross- 
sectional relative concentration differences across plumes 
(Miller and Roelofs, 1978), measuring the pattern of pulsed 
pheromone emissions from female arctiid moths (Conner et 
a1 , 1980), as well as monitoring the structure of pheromone 
plumes (Baker et aI , 1985; Baker and Haynes, 1989) Now 
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Figure 8 Simultaneously recorded EAG responses elicited by four different antennae mounted on a Quadro-probe in a wind tunnel Top left: EAG responses 
to single puffs of two different stimuli Bottom: EAG responses to two separate continuous odor plumes Top right shows the details of the responses in the 
dotted box MCf, female M croceipes; HZm, male H zea; HVm, male H virescens; Onm, male 0 nubilalis; HZf, female H zea; TNm, male T n i  

cyclohexanone - Z3-6:OH Z11- 16:Ald 

Figure 9 Simultaneously recorded EAG responses elicited by four different antennae mounted on a Quadro-probe in a field Three different stimuli 
(cyclohexanone, 23-6:OH and Z11-16:Ald) were consecutively applied from -3 m upwind from the Quadro-probe antenna1 preparation MCm, male 
M croceipes; HZm, male H zea; TNf, female T ni; TNm, male T n i  
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Table 1 ,  EAG responses of four different antennae mounted on a quadro-probe system to three different stimuli in plumes in field (mean Â SE) 

MCm HZm TNf TN m 

Absolute EAG (-mV) Cyclohexanone 0 21 Â±003 0 41 Â 0 057 0 1 2 Â ± 0 0 3  145  Â 0 100 15 
Z3-6:OH 0 1 7  5 0 0 2 8  0 42 Â 0 033 0 0 9  2 0016 0 91 Â 0 063 27 
Z1 1-1 6:Ald 0 0 4 Â ± 0 0 1  137  Â 0071 0 0 24 Â 0 058 38 

Normalized EAG Cyclohexanone 0 47 Â 0 052 1 Â ±  0 29 Â 0 064 4 1 8 Â ± 0 5 1  15 
t Z3-6:OH 0 37 2 0 053 1 Â ±  0 20 2 0 038 2 3 8  2 0 197 2 7 

Z l l - 1  6:Ald 0 02 5 0 007 1 2 0  0 0 14 5 0 028 3 8 

~ b s o l u t e  amplitudes of major EAG peaks were measured in a quadro-probe recording in field (see Figure 9) EAG responses elicited at the same time 
from the four antennae were subsequently normalized against male H zea 

~ e x a n e  solution of each compound was freshly loaded onto a piece of filter paper and placed -3 m upwind from the quadro-probe antennal 
preparation (cyclohexanone and 23-6:OH: 1 mg; Z11-16:Ald: 100 pg) 

' M C ~ :  male M croceipes; HZm: male H zea; TNf: female T ni; TNm: male T n i  

we have shown the potential for an array of antennae to 
provide discrimination as well as sensitivity The present 
study was initialized to develop an odor detector for the 
location of low-level volatile compounds being emanated 
from explosive compounds such as DNT and TNT, and 
some other toxic chemicals such as 2-diisopropylamino- 
ethanol and 2,2-thiodiethanol Our results are promising 
in this regard because they have demonstrated that these 
anthropogenic compounds can be detected and discrimin- 
ated using a simple array of insect antennae 

The present study demonstrates that different odor 
compounds can be distinguished by comparing the relative 
EAG responses of the antennae from different insect species 
using the multiple antennae recording technique Some com- 
pounds having quite similar structures (such as 1-heptanol 
and 1-octanol, or 1-nonanol and 1-decanol) did not appear 
to be easily distinguished by using this technique with the 
antennal array from the five different species chosen for the 
present study However, depending on the application, such 
compounds could likely be discriminated by different anten- 
nae from species other than these five that might have more 
disparate response spectra to those compounds 

The cluster analysis indicates that compounds may be 

8 
discriminated using this technique and seems to sort out to 
some degree according to chemical class Applying cluster 
analysis to the single puff results shows the potential of 

1 using such analysis in real time on the plume readings from 
* the Quadro-probe array It would be possible to use neural 

network analysis to create an initial template memory of the 
odor to be searched for, then use the array to search for it 

Many studies have indicated that there is a variation in the 
EAG responses between different individuals (Park and 
Hardie, 1998) and the normalization of the EAG responses 
has been widely used to exclude this individual variation for 
evaluating the EAG responses (Park and Hardie, 1998) 
However, recent studies have suggested that such individual 

variation can be minimized by improving the EAG recording 
technique (Ayer and Carson, 1992; Park et a1 ,2000) Once a 
stable and reproducible EAG recording technique is estab- 
lished, normalization is no longer essential for compensating 
between variations among individuals in EAG responses 
The limited lifetime of the preparation has also been an 
obstacle in the use of living tissues as biosensors (Kuwana 
and Shimoyama, 1998; Kuwana et a1 , 1999; Schroth et a l ,  
1999; Schiitz et a1 , 1999) Although different recording 
protocols showed considerable variations in the lifetime 
of EAG preparation, usually EAG preparations do not last 
>2 h (Hardie et a l ,  1994; Visser et a l ,  1996; Visser and 
Piron, 1997) and often <30 min (Giessen et a l ,  1994) 
However, recent advances have shown that the lifetime of an 
BAG preparation can be considerably extended-for >8 h 
(Park and Hardie, 1998; Park et a / ,  2000) Further extend- 
ing EAG longevity would, of course, increase the usefulness 
of insect antennae as olfactory biosensors and research 
needs to continue along these limits 

Acknowledgements 
The authors wish to thank Dr J Lewis for providing the wasps 
and Ms G Lephardt fbr the fruit flies, and also wish to thank 
Ms J Harris for maintaining the colony Dr Jan van dei Pers is 
thanked for the Quadro-probe development This study was funded 
by the Defense Advanced Research Projects Agency (DARPA) in 
the United States 

References 

Arn, H,,, Stadler, E. and Rauscher, S. (1 975) The electroantennographic 
detector-a selective and sensitive tool in the gas chromatographic 
analysis o f  insect pheromones Z Naturforsch C, 30, 722-725 

Ayer, R K and Carlson, J .  (1992) Olfactory physiology in  the Drosophila 
antenna and maxillary palp acj6 distinguishes two classes of odorant 
pathways J Neurobiol , 23, 965-982 

Baker, T,C. and Haynes, K.F. (1 989) Field and laboratory electroantenno- 



352 K,C Park eta/,, 

graphlc measurements of pheromone plume structure correlated wlth pheromone d~str~but~on 10 apple orchards treated for matlng d~srupt~on 
or~ental f ru~t  moth behav~our Physiol Entomol , 14, 1-1 2 of Cydia pomonella Ent Exp Appl ,82,289-297 

Baker, T C n  Willis, M A and Haynes, F ( 1  985) A pulsed cloud of Park, K c and Hardie, J ( I  998) An Improved aphld electroantennogram 
pheromone e11c1ts upwmd fl~ght ln male moths Phys~ol Entomol , 10, J Insect Physlol ,44, 91 9-928 
257-265 

Park, KC  , Elias, D , Donato, B and Hardie, J (2000) Electroantenno- 
Blight, M M ,  LeMetayer, M ,  Delegue, M PH, Pickett, J A ,  gram and behav~oural responses of different forms of the b ~ r d  cherry-oat 

MariOnpO1ll and wadhams* ( Igg7)  ldentlficatlOn aphld, Rhopalos~phum  pad^, to sex pheromone and plant volat~les 
volat~les mvolved ~n recognlt~on of o~lseed rape flowers, Brass~ca napus 

J insect ~ h ~ ~ ~ ~ l  , 46, 597-604 
by honeybees, APIS mellifera J Chem Ecol , 23, 171 5-1 727 

Pers, J N C van der and Minks, A K ( I  998) A portable electroantenno- 
'Onner1 Eisner' " vander GuerrerOr A chiringellin gram sensor for routme measurements of pheromone concentrat~ons ~n 

D and Meinwald, J ( I  980) Sex attractant of an arct11d moth (Utethesia Ent Exp App, , 87, 2og-2 
ornatr~d a pu/sedchem~ca/s~gna/ Behav Ecoi Soc~ob~ol , 7, 55-63 

Cork, A ( I  994) ldent~ficat~on of electrophys~olog~cally-actlve compounds and cOmeauf A ( I  971 ) sex perceptlOn ' 
for New World screwworm, Cochl~omyia hom~nivorax ln larval wound antennogram responses of the red-banded leaf roller moth J lnsect 

fluid Med Vet Entomol , 8, 151-1 59 Physiol , 17, 1969-1 982 

COSS~, A,,A., Todd, J,,L,,, Miliar, J,,G,,, Ma~ inez ,  L,,A,, and Baker, T-C,, Sauer, A,,E,,, Karg, G,,, K o c ~ ,  U,,T,, de Kramer, J,,J,, and ~illi, R,, (1992) 
( I  995) Electroantennographic and coupled gas chromatograph/c- A Portable EAG for the of pheromone cOncen- 
electroantennographic response.* of the mediterranean f ru~t  f h  Ceratitis tratlOns In the them senses, 7, 543-553 

capitatar vO1atlles and Odor EcO' , Schneider, D,, ( I  957) Elektrophy~iolog~sche Untersuchungen von Chemo- 
1823-1 836 und Mechanorezetoren der Antenne des Se~densp~nners Bombyx mori 

Giessen, W,,A. van, Fescemver, H,,W,,, Burrows. PM,,, Peterson, J,,K,, and L Z Ver Physiol ,40, 8-41 
Barnett, 0.W ( I  994) ~iant l f /cat lon of electroantennogram responses 

Schoning, M.J, Schutz, S ,  Riemer, A ,  Weifibecker, B ,  Steffen, A ,  of the ~ r / m a ~ r h l n a r l a  of A C Y ~ ~ ~ O S I P ~ O ~  P I S U ~  (Harris) to c4-c8 ~ r l m a ~  
Kordos, P, Luth, H. and Hummein E ( 1  998) A Blo,cET on the bas,: 

alcohols and aldehydes J Chem Ecol ,20,909-927 
of Insect antennae Sensors Actuators B, 47, 234-237 

Hardie, J, Visser, J H and Piron, PG.M (1994) Perception of volat~les 
associated w ~ t h  sex and food by d~fferent adult forms of the black bean 
aphld, Aph~s fabae Phys~ol Entomol , 19, 278-284 

Honda, K , Omura, H and Hayashi, N ( I  999) ldent~ficat~on of floral 
vo/at~/es from L~gustrum ja pon~cum that stmulate flower-v~s~t~ng by 
cabbage butterfh Pier~s rapae J Chem Ecol ,24,2167-2180 

Karg, G and Sauer, A.E ( I  995) Spatla1 d~str~but~on of pheromone ~n 
vineyards treated for mating d~srupt~on of the grape v~ne moth Lobes~a 
botrana measured wlth electroantennograms J Chem Ecol , 2 I ,  
1299-1314 

Kasai, N , Sugimoto, I, Nakamura, M and Katoh, M ( I  999) Odorant 
detect~on capab111ty of QCR sensors coated w ~ t h  plasma deposited 
organlc films Biosensors Bioelectronics, 14, 533-539 

Kuwana, Y and Shimoyama, I. ( I  998)A pheromone-gulded mob11e robot 
that behaves 11ke a dkworm moth w ~ t h  11v1ng antennae as pheromone 
sensors lnt J Robotics Res , 17, 924-933 

Kuwana, Y, Nagasawa, S ,  Shimoyama, I. and Kanzaki, R (1999) 
Synthesis of the pheromone-orlented behav~our of s~lkworm moths by a 
mob11e robot wlth moth antennae as pheromone sensors Biosensors 
Bioelectron~cs, 14, 195-202 

Miller, J R. and Roelofs, W L ( I  978) Sustained fllght tunnel formeasur~ng 
lnsect responses to wlnd-borne sex pheromone J Chem Ecol , 4, 
187-1 98 

Milli, R,,, Koch, U,,T, and de Kramer, J,J,, (1997) EAG measurement of 

Schroth, P, Schoning, M J ,  Kordos, F!, Luth, H., Schutz, S, 
Weiszbecker, B and Hummel, H.E ( I  999) Insect-based 61oFE73 wlth 
lmproved s~gnal character~stlcs Biosensors Bioelectronics, 14, 303-308 

Schutz, So, Schoning, M,,J,,, WeiBbecker, B,,, Riemec A,., Kordos, F!, 
Luth, H,, and Hummel, H,,E. ( I  997) A field effect transistor-insect 
antenna junction Naturwissenschaften, 84,86-88 

Schutz, S, WeiBbecker, B, Koch, U T and Hummel, H.E (1999) 
Detection of volat~les releared by d~seased potato tubers us~ng a blo- 
sensor on the bas15 of Intact Insect antennae Biosensors Bioelectronics, 
14,221-228 

Smith, B.H. and Menzel, R (1989) The use of electroantennogram 
record~ngs to quantlq odourant d~scr~m~nat~on ln the honey bee, Apis 
mellifera J lnsect Physiol , 35, 369-375 

Visser, J H and Piron, PG M ( I  997) Olfactory antenna1 responses to plant 
volat~les ln apterous v~rg~noparae of the vetch aphld Megoura viclae Ent 
Exp Appl $ 7 7 ,  37-46 

Visser, J H , Piron, PG.M and Hardie, J. (1996) The aphids' per~pheral 
perception of plant volat~les Ent Exp Appl , 80, 35-38 

Walt, D R., Dickinson, T., White, J , Kauer, J ,Johnson, S , Engelhardt, 
H , Sutter, J and Jurs, I? (1998) Opt~cal sensor arrays for odor I 

recogn~t~on Biosensors Bioelectronics, 13, 697-699 

Accepted January 17,2002 
& 


