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Abstract

Multicellular electrophysiologicatesponse$rom the dorsalorganon the cephaliclobesof third instar Drosophilamelanogaster
larvae (wild-type CantonS) stimulatedwith a cold-trappedbananavolatile extract showedthat this structurehas an olfactory
function in the fruit fly. Response®f the dorsalorganwere also recordedto constituentsof the bananavolatile extractas they
elutedfrom a gaschromatographicolumn(GC-coupleddorsalorganelectrophysiology)The activechemostimulantsvereidentified
as 2-heptanonejsoamyl alcohol, hexyl acetate hexanoland hexyl butyrateby gas chromatography-couplethassspectrometry.
Applying the samerecordingsystemto the terminalorgansensilla,no responsesvere obtainedto eitherthe bananavolatile bouquet
or its constituentsBy contrast,high frequencymulticellular responsesvere recordedin responseo touchingthe terminal organ
with the gustatorystimuli KCI and grapefruitjuice; responsesvere absenton similar stimulation of the dorsalorganwith either
NaCl or KCI. This suggests role for olfaction by the dorsalorganandfor gustationby the terminalorganin Drosophilalarvae.

In a 7-mm high wind tunnelwith a thin 1.2% agarfloor, the Drosophilalarvae showedodour-conditionedupwind responsesn
an air streamof 0.1 m/s bearingbananavolatiles. Drosophilalarvaerespondedestto the odourof cut bananasA 1:1 mixture of
the bananaodourconstituent2-heptanonend hexanol(at either50 or 100 pg sourcedoseeach)provedasattractiveasthe known
larval attractantspropionic acid andisoamyl acetateon their own at 100 pg, whereashexanoland 2-heptanonen their own at a
100 g sourcedosewerelessattractive.The strongerbehaviourakesponseo the bananavolatile bouquetandto the binary mixture
servesto underlinethe multireceptornatureof the dorsalorganresponseo food odourin Drosophila
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1. Introduction responsedo esterssuch as ethyl acetateand alcohols

suchas butanol (Venard and Stocker,1991). Scanning

Thethird antennasegmenbf Drosophilg the funicu-
lus, bearsabout500 sensillabelongingto threemorpho-
logicaltypes,basiconictrichoid andcoeloconiqRiesgo-
Escovaretal., 1997a).Recordingdrom singlebasiconic
sensilla have shown that the receptorsthey house
respondto volatiles suchas ethyl acetatejsoamyl acet-
ate, butanol, cyclohexanone,benzaldehyde(Siddiqi,
1991) and in electroantennogranrecordings (EAG,
Schneider,1957) the antennaesensilla have shown
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electron micrographs have revealed the presenceof
poreson boththebasiconicandtrichoid sensilla(Riesgo-
Escovaret al., 1997a),typical for an olfactory function
(Altner, 1977). The maxillary palpsconstitutea second
pair of olfactory organsin Drosophila bearingabout60
basiconicand about 20 trichoid sensillaeach (Riesgo-
Escovaret al., 1997b), and electropalpogramgEPG)
have beenrecordedin responseto stimulantssuch as
ethylacetateputanolandbenzaldehydéRiesgo-Escovar
et al., 1995). Selective ablation of either antennaeor
palpshasshownthateachcontributego the behavioural
responsef flies to volatiles(Charroand Alcorta, 1994).
In addition, the two olfactory organshave a common
origin in the eye-antennamaginal disc, as opposedto



thetastebristlesof the labellumwhich developfrom the
labial discs(Ray et al., 1993).

Thelarvaeof Drosophilapossesshreepairsof promi-
nent cephalicsensoryorgans:dorsal,terminal and ven-
tral (Fig. 1; Singhand Singh,1984).Ultrastructurestud-
ies indicate that only the centraldome (Fig. 1) of the
dorsalorganis suggestedo havean olfactory function
in Drosophilaasin other Diptera suchas Musca (Chu
and Axtell, 1971) and Hylemya (Honda and Ishikawa,
1987a),asthe cuticle is perforatedandthe sensoryden-
drites are in contactwith the exterior througha pore—
tubule system.Peripheralreceptorsof the dorsalorgan,
and of the entire terminal and ventral organs,are sug-
gestedfrom ultrastructurestudiesto havegustatoryand
mechanosensoryunctions in Drosophila (Singh and
Singh,1984),Musca(Chu andAxtell, 1971;Chu-Wang
andAxtell, 1972a,byandHylemya(HondaandlIshikawa,
1987a). Here, the dendrites communicate with the
exteriorthrougha singleopeningandincorporatea tubu-
lar body in certaincases.

Although the olfactory organshavea commonfunc-
tion in adults and larvae, they have different develop-
mentalorigins. During metamorphosisthe larval dorsal
organis histolysed(Stocker,1994),andthe antennaend
palps developde novo from the eye-antennamaginal
disc (Postlethwaitand Schneiderman1971). Whereas
the larval dorsalorgan dome housesdendritesfrom 21
sensorycells,the antennédearssomel200sensorycells.
The simplicity of the larval olfactory systemis also
reflectedin the apparentabsenceof major sitesof con-
vergenceandintegrationin the brain suchas glomeruli,
structures which are well developedin the adults.
Despitethis, larvaeshowa high capacityfor chemosen-
sory discrimination,capableof respondingselectivelyto
certain volatiles (Ayyub et al., 1990) and to gustatory
stimuli (Miyakawa, 1982; Lilly and Carlson,1990).

Recentdevelopmentsn moleculargenetics,and the
increasinghumberof olfactory mutantswhich havebeen
isolated,havegiven new impetusto olfactory studiesin
Drosophila permittingthe identificationof certainprin-
ciplesgoverningits organizationand function (Carlson,
1996). Somemutantsshow morphologicaldeficiencies,
such as those on the lozengegene implicated in the
developmenif the antennaeand palps. Thesemutants
show a completeabsenceof basiconicsensillaon the
antenna(Riesgo-Escovaret al., 1997a), along with a
reductionin size and absenceof poreson the basiconic
sensillaon the palps (Riesgo-Escovart al., 1997b).
Electrophysiological responsesfrom the palps and
antennaeas well as behaviouralresponseso olfactory
stimulantsin lozengemutantsarestronglyreducedcom-
pared to wild-type flies (Venard and Stocker, 1991;
Riesgo-Escovaret al., 1997a,b). On the other hand,
mutations affecting the olf gene complex, known to
affect both larvae and adults, are suspectedto have
consequenceat thereceptorevel or on thetransduction
pathwaysresponsiblefor the perceptionof a particular
stimulus (Carlson, 1996). Such mutants show
deficienciedor the perceptiorof a givenclassof product
such as aliphatic and aromatic aldehydesor acetates,
whereasothersmanifestmore pervasiveanosmiasand
all show shifts in sensitivity to the test products
(Siddiqi, 1991).

Despitegreatgainsin our understandingf the func-
tioning of sucha complex sensorysystemas olfaction
in Drosophilag certain fundamental questionsremain
unansweredsuch as the specificroles of the relatively
simplecephalicsensoryorgansof the larvae.This paper
describeghe electrophysiologicatesponse®f the dor-
sal organto volatile chemostimuliidentified in banana
odour, and the behaviouralresponse®f the larvae to
thesevolatiles.Evidenceis alsoprovidedherefor arole
of the terminal organin gustation.

Fig. 1. (a) Anterolateralview of the left cephaliclobe of a third instar Drosophila melanogastefarva showsthe dorsal organ (DO) and the
terminalorgan(TO). To recordolfactory responsesthe recordingelectrodewas insertedin the rim of the dorsalorgan,i.e., situatedbetweenthe
domeandthe cylindrical supportingportion,andarbitrarily in the terminalorgan.To recordgustatoryresponsesrom the terminalor dorsalorgan,
the wide-tip-openingelectrodecoveredthe sensorystructuresentirely. (b) Detail of the domeof the dorsalorganshowspores(arrow). The scale

barin (a) is 20 um andin (b) 500 nm.



2. Materials and methods
2.1. Drosophilarearing

The CantonS strain was obtainedfrom R. Stocker,
University of Fribourg, Switzerland. Cultures were
grownin 165 ml standardplasticvials with cottonstop-
person a mediumcontainingcornmeal,agar,sugarand
dry yeastWhenthefreshlymademediumhadsolidified,
fresh yeastwas added.The culture was maintainedat
25°C, 60% RH and a 12 h:12 h light:dark cycle in an
incubator.Undertheserearingconditions thethird instar
lasted48 h (Graf et al., 1992).

2.2. Scanningelectronmicroscopy

Drosophilathird instarlarvaewerefixed in 70% etha-
nol, dehydratedn 90% ethanol(10 min) and100%etha-
nol (3 times 10 min), and critical point dried in CO,
with a BAL-TEC (Liechtenstein)CPD 030 device.The
mountedanimalswere sputteredwith gold in a sputter-
ing apparatugSCD 005, BAL-TEC) andthenobserved
under a scanningelectron microscope(XL20, Philips,
The Netherlands).

2.3. Chemicals

A seriesof 46 volatile syntheticswere testedin elec-
trophysiologyand someof themalsoin the behavioural
tests: straight chain and branched acetates(C,—C,,
obtainedfrom Fluka (Switzerland),Aldrich (Germany),
Sigma (Germany), Merck (Germany) and Interchim
(France); all were >95% GC), hexyl butyrate
(Interchim; 98% GC), straightchainandbranchedalco-
hols (Cs—C;, Fluka; all >95% GC), 2-propyl phenol
(Aldrich (USA); 98% GC), aliphaticand aromaticalde-
hydes(C—C;, Fluka, Merck, Bedoukian(USA) andOril
(France)all >97% GC except(cis-3) hexenab0%),ali-
phatic and aromaticketones(C,—C,, Fluka; all >98%
GC), carboxylic and aromaticacids (Cs—Cg, Fluka and
Merck; all >98% GC), monoterpenes(3-myrcene,
Sigma, 90% GC and (+)-a-pinene,Fluka, >99% GC),
straightchainand branchedmonoaminegCs—C,, Fluka
and Sigma; all >97% GC) and ammonia25% (Fluka,
>97% GC). Hexaneand dichloromethaneboth analyti-
cal grade,and KCI and NaCl, both >99% pure, were
from Merck; glucose,>99% pure,was from Fluka.

2.4. Bananaodour extracts

Two methodswere usedto collect bananaodour. For
a cold-trappedextract,about300 g of choppedbanana
(pulp and skin) were putin a 500-ml gas-wash-flaskA
58-cmglassU tube(4 mmi.d.) wasplacedinto a Dewar
flaskfilled with acetoneanddry ice (—80°C), andchar-
coal-filtered air was drawn at 100 ml/min over the

bananainto the U tube. After 60 min, the condensate
was mixed thoroughlywith 1 ml dichloromethaneand
the organicfractionwasseparatednto 50 pl aliquotsfor
storageat —80°C. Bananavolatiles were also collected
on PorapakQ" to increasethe yield of productscol-
lected. Porapak’ (50-80 mesh, Milipore Corporation,
USA), aporouspolymerwhich selectivelydesorbsvater
while retaining a large spectrumof volatiles was con-
ditionedby extractionwith CH,CI, in a Soxhletextractor
for 12 h, andby drying underN, (200 ml/min) at 180°C
for 30 min. About 500 mg of conditionedPorapakl was
packedinto the barrelof a Pasteupipette(70 mm long,
5 mm i.d.) with glasswool stoppersat eachend, and
this cartridgewasconnectedo a 1-1 gas-wash-flaskon-
taining about600 g of choppedbanana(pulp and skin)
held at 38°C in a water bath. Charcoal-filteredair was
drawn at 100 ml/min over the bananafor 30 min onto
the Porapak filter. Volatileswereelutedfrom the poly-
mer with CH,CI, andstoredat —80°C in 50 ul aliquots.

2.5. Electrophysiology

Larvaeusedin electrophysiologyweretakenfrom the
culture during the first 24 h of the third instar(48—72h
after egg hatching),as the cuticle of theseindividuals
wasfoundto be lessresistantto penetratiorby the rec-
ording electrode(below). The larva was placedon its
dorsumon a matchstick anda silver wire placedbeneath
it servedas a referenceelectrode.The headand body
wererenderedmmobile usingdentalflossasa ligature.
The mountedarvawasplacedundera Wild M3Z Kom-
bistereomicroscope(Leica, Switzerland; magnification
of 500, working distancell mm).

For recordingolfactory responsegrom the cephalic
sensoryorgansa drawnout glasscapillary (1.5mmo.d.,
0.87 mm i.d.) with a 1-pm closedtip and back-filled
with 0.05% polyvinylpyrrolidon K90 (Fluka) in Kais-
sling SLR (sensillumlymph ringer; Kaisslingand Thor-
son,1980)wasusedastherecordingelectrodeThis was
insertedat the rim of the dome of the dorsal organor
in the terminal organ,using a micromanipulator(Leitz,
Germany),wherebythe tip of the electrodebroke on
entry. The recording electrode was connectedvia a
chlorinatedsilver wire (0.38 mm in diameter)to a high
impedance preamplifier (Syntech, The Netherlands),
mountedon the micromanipulatorandthenceto a uni-
versal AC/DC amplifier (UN-03, Syntech, The
Netherlands) Signalswere amplified 1000, visualized
on an oscilloscope(Tektronix, USA), and recordedvia
an analog-digitalinterfacein an IBM compatible PC
equippedwith the spike analysis software Autospike
(Syntech,The Netherlands).

Charcoal-filteredair (25°C and 90% RH) was blown
continuouslyover the preparatiorat 1 m/sfrom a 6-mm
i.d. glasstube whoseorifice was5 mm from the larva.
This water-jacketedube,circulatingwaterfrom a water



bath, servedto maintain constantconditionsin the air-
flow. The needleof a 5-ml plastic syringe containing
the odour (syntheticchemicals fresh bananaor banana
extract)was introducedthrough a septum-coveredhole
in the glasstube bearingthe air-stream22 cm from its
outlet.A charcoal-filteredhir pulse,deliveredby a solen-
oid valve from a stimulator (CS-02S, Syntech, The
Netherlands),was administratedvia a stopperat the
plungerend of the syringe,so that 1 ml of the syringe
contentwasinjectedin 1 sinto theglasstube.To prevent
changesn the air flow during stimulation,a charcoal-
filtered airflow of 1 ml/s was deliveredvia a second
solenoid valve through a blank syringe into the air-
streamat the samedistancefrom the preparationduring
stimulus off.

To recordgustatoryresponse$rom the cephalicsen-
sory organs,somepoints of the electrophysiologysetup
describedabovewere modified. First, the tip of the rec-
ording electrodewas cut to provide a 12—-15 um tip
opening. This covered the dorsal or terminal organ
entirely.No effort wasmadeto recordfrom selectedsen-
sory structuresof the terminal organdue to their small
size (Fig. 1). The recordingelectrodecontainedeither
Kaissling SLR, 100 mM KCI, 100 mM NacCl, 100 mM
glucose100 mM NaCl, or commercialgrapefruitjuice
concentratédiluted approximatelyl0 times)in 100mM
NaCl. The referenceelectrodewas a drawn out glass
capillary (2 mm o.d., 1.08 mm i.d.) filled with 0.05%
polyvinylpyrrolidon K90 (Fluka) in Kaissling SLR, that
wasinsertedinto the body of thelarva, betweentheliga-
ture filaments. Gustatoryresponsesvere made with a
non-blockingpreamplifier(Maes,1977).Electrophysiol-
ogical signalswere obtainedby making 2—3 s contacts
betweenthe recording electrodetip and the dorsal or
terminal organ.

2.6. Gas chromatography-coupledorsal organ
recordings(GC-DO)

Olfactoryreceptorsn thedorsalorganwereemployed
to locateactive product(s)amongthe constituentof the
cold-trappedbananaodour extracts. Thesewere separ-
atedon a high-resolutioncapillary chromatographyol-
umnin a gaschromatograpfHRGC 5300 Mega Series
Il, Carlo Erba Insruments,ltaly) with an on-column
injector. The fused-silicacolumnwas a DB-Wax (J&W
Scientific,USA; 30 m, 0.25um film thickness.25i.d.)
with H, as carrier gasat 0.8 ml/min, and temperature
programmedfrom 40°C after 3 min at 8°C/min to
200°C, 5°C/minto 24C°C, andheldfor 10 min. The col-
umn effluentwas split (50:50, glassY-splitter) between
the flameionization detector(FID) andthe dorsalorgan
preparation.The water-jacketedylasstube bearingthe
airflow over the preparation(above) swept half of the
column effluent to the larval preparation56 cm away
from a heatedtransferline (240°C) in the wall of the

chromatograph.A discriminator incorporatedin the
amplifier allowed us to sort impulsesfrom noisein the
AC signal recordedfrom the dorsal organ, and the
impulsefrequencyof recordedactionpotentialsvascon-
vertedinto a DC voltage with a frequencyto voltage
converter(time constantl s). This sensillumresponseo
stimulation by products eluting from the chromato-
graphiccolumnwasprintedwith FID respons@nachart
recorder,and simultaneouslyrecordedin the computer
equippedwith GC-coupledelectrophysiologysoftware
(Syntech, The Netherlands).Quantification of extract
componentdy peakareawas madeusing an integrator
(SP4270,Spectra-Physicgzermany).

2.7. Gas chromatography-couplethassspectrometry
(GC-MS)

Theseanalysesvere conductedwith a massselective
detector(5971A, Hewlett Packard,Switzerland;ioniz-
ation energy70 eV, temperature280°C) linked to a HP
5890 Seriesll GC equippedwith an on-columninjector
and the DB-Wax column describedabove which was
temperatureprogrammedfrom 40°C after 3 min at
8°C/min to 18C0°C, 5°C/min to 24(°C, and held for 5
min with He as the carrier gas at a flow rate of 0.7
ml/min. The componentof 2 pl of eitherthe cold- or
Porapak-trappedbananaodour extractsinjected were
identified by comparingthe massspectraof unknowns
with thoseof standardsn the computer-basetibrary of
the GC-MSassociatetHP Chemstationandby compari-
son of retentiontimes of unknownswith thoseof stan-
dardsinjectedunderthe sameconditionsasthe extract.

2.8. Behaviouralbioassay

Thebehaviouratesponsesf third instarlarvaeto vol-
atilesweremeasuredn a 7-mmhigh, 120-mmwide and
200-mmlong (inside measurementglass(4-mm thick)
wind tunnelwith a 3-mmthick 1.2%agarfloor. A venti-
lator blew air at 0.1 m/s throughan inlet funnel with a
muslin exit to the tunnelfaceto achievea laminar flow
of 0.1 m/s. A 100-ml gas-wash-flaskvith the chopped
bananaor a 500-ml one with the testvolatile(s) (Table
1) diluted in paraffin oil (Merck, spectroscopygrade)
impregnatedn a 150-mmdiameteffilter paperdisk (No.
311612,Schleicher& Schuell,Germany)servedas the
odour delivery device. The entry channelof the gas-
wash-flaskwas connectedo a humidified (60% RH) air
source (100 ml/min), and the exit to a vertically held
Pasteumpipettethe benttip of which conveyedthe vol-
atileson to the upwind agarfloor via a hole in the floor
of the tunnel. Larvae were removedfrom the medium
duringthefirst 24 h of thethird instar(asfor electrophy-
siologicalexperimentsjandstarvedfor 2 h prior to tests
in 7-ml glassvials on humidifiedfilter paper.They were
releasedndividually from the tip of a camelhair brush



Tablel

Responsesf individual third instar Drosophilamelanogastetarvaein a shallowwind tunnelto the odourof freshbananato individual olfactory
stimulantsfor the larvae within bananaodour and their mixtures,and to two known D. melanogastetarval attractantsj.e., propionic acid and
isoamylacetate

Treatment Source quantity of synthetiggg) No. of larvae tested No. of larvae responding
Fresh banana ~150 g 51 47 (a)
2-Heptanone 100 15 8 (bc)
Hexanol 100 14 6 (c)
Isoamyl alcohol 100 10 1 (d)
Hexyl acetate 100 10 0 (d)
2-Heptanone:isoamyl alcohol:hexyl 10:100:100:30 14 7 (c)
acetate:hexanol

2-Heptanone:hexanol 100:100 14 12 (b)
2-Heptanone:hexanol 50:50 15 12 (b)
Propionic acid 100 15 11 (b)
Isoamyl acetate 100 15 11 (b)

a Banana odour was tested as released from about 150 g of freshly cut banana in a 100-ml gas-wash-flask, whereas individual volatiles and
mixtures were released from filter paper in a 500-ml flask. Numbers of responding larvae followed by different letters are significantly different
(chi-square test and comparison of adjusted residuals).

at 80 mm from the odour source in the centre of the 2-hexen-1-ol but with a lower increase in frequency

wind tunnel positioned in the middle of a 25-mm wide (Fig. 3).

odour plume (as visualized using Ti|Each larva first

underwent a control run with a flask containing a filter 3.2. Gas chromatography-coupled dorsal organ

paper disk treated with paraffin oil alone, and immedi- recordings (GC-DO)

ately afterwards with the test substance. Before proceed-

ing with the following larva, the agar floor was rinsed  The dorsal organ detected a number of chemostimul-

with water to remove any contaminants. Responding lar- ants when it was used as an on-line detector in the analy-

vae were those which crossed a line within the 12-mm sis of the banana volatile extract by gas chromatography

wide plume at 20 mm from the odour source. (n=4 runs, Fig. 4). Spike frequency increased with the
elution of 2-heptanone (peak 1) and hexanol (peak 4).
The amount of product eluting from the column was

3. Results about 0.2 ng 2-heptanone and about 0.6 ng hexanol,
equivalent to about 5 and 14 pg/ml of air, respectively,
3.1. Electrophysiology on the dorsal organ reaching the preparation. Two other banana odour con-

stituents were active in the analysis presented, i.e.,

Stimulation of the dorsal organ with the bouquet of isoamyl alcohol (peak 2) and hexyl acetate (peak 3; Fig.
cold-trapped banana volatiles evoked a multicellular 4). The response profiles varied between the larvae used
response (Fig. 2), and tests with some 40 synthetic vol-in the four GC-DO analyses: 2-heptanone and hexyl
atiles confirmed the organ’s sensitivity to a range of pro- butyrate (not shown in Fig. 4) were only active once,
ducts. Such recordings were made with 11 larvae, buthexanol and isoamyl alcohol twice, and hexyl acetate
due to the varying life-spans of the different prep- thrice. All five products were identified based on match-
arations, all substances could not be tested on any oneing mass spectra and Kaega indices (Kovas, 1965)
Active substances were butanol, pentanol, hexanol, with synthetics in GC-MS analyses of the cold-trapped
trans2-hexen-1-ol, heptanol, ethyl acetate, hexyle acet- and Porapak banana odour extracts (the profile of con-
ate,trans-2-hexenyl acetate, 2-ethylhexyl acetate, hexyl stituents was similar in both).
butyrate,trans-2-hexenal cis-3-hexenal, propionic acid,
cyclohexanone and 2-heptanone. Hexanol evoked the3.3. Terminal and dorsal organ responses to olfactory
most consistent response in all preparations, followed byand gustatory stimuli
trans-2-hexen-1-ol and heptanol, where gud-source
dose (about 340 pg/ml of air reaching the preparation) The electrophysiological responses of the dorsal and
sufficed. Most of the other substances evoked responseserminal organ receptors were also investigated to both
at least once on the preparations tested, but responseslfactory and gustatory stimuli with one larval prep-
were sometimes absent at any dose. The cell of the dor-aration. When the same recording system as that for the
sal organ which responded to hexanol, characterized bydorsal organ olfactory responses was applied to the ter-
an intermediate amplitude spike, also respondethits- minal organ, no responses were obtained to stimulation
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Fig. 2. Responses of receptors within the dorsal and terminal organs of third Drssophila melanogastearvae to 1 s stimulation (between
bold arrows) with a cold-trapped bouquet of banana volatiles. Different receptors within the dorsal organ respond with an increase in frequency
well above the spontaneous firing rate recorded before stimulation, whereas spontaneously firing terminal organ receptors show no response.
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Fig. 3. Electrophysiological responses of receptors within the dorsal orgarbDedsophila melanogastethird instar larva to a 1 s stimulation

with hexanol andrans-2-hexen-1-ol (1Qug source doses); (A) in each case is the action potential high-pass filtered response from the responding
receptors, and (B) the low-pass filtered receptor potential response. The bold arrows delimit the start and end of stimulation; the zero level in (B)
is the resting potential; and the light arrows in (B) represent the maximum receptor potential amplitude which is a 1.3 mV rise for hexanol and 1
mV for trans2-hexen-1-ol. An olfactory receptor cell characterized by a spike of intermediate amplitude predominates in the response to both
products, but fires at a higher rate at the start and end of stimulation to hexanol. Correspondingly, the half time of rise of the receptor potential
is shorter and the half time of fall (return) is longer for hexanol.

with the banana odour bouquet (Fig. 2), hexanol, 2-hep- parable to those obtained by similar stimulation of the
tanone, propionic acid and isoamyl acetate. By contrast,terminal organ.

high frequency multicellular responses were recorded in

response to touching the terminal organ with a wide-tip- 3.4. Behaviour

opening electrode bearing either 100 mM KCI or 10%

grapefruit juice in 100 mM NacCl (Fig. 5). NaCl was Drosophilalarvae showed odour conditioned upwind
chosen as the electrolyte in which to deliver the fruit responses in the wind tunnel (Table 1). They responded
juice to the terminal organ sensilla as it elicited only a best to the odour of freshly cut banana and, as with other
weak response on its own. Touching the dome of the attractants tested here, the larvae frequently located the
dorsal organ with wide-tip-opening electrodes filled with Pasteur pipette tip which served as the odour source.
either 100 mM KCI or NaCl elicited no responses com- Four banana odour constituents identified as chemosti-
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Fig. 4. Gas chromatography coupled to a laabsophila melanogastettorsal organ electrophysiology preparation for the analysis of chemosti-
mulants in a cold-trapped extract of banana odour. The banana volatiles were separated using a temperature programmed high resolution capillary
column with one half of the effluent conveyed to the flame ionization detector of the chromatograph (FID, lower trace) and the other half swept
over a nearby preparation of the larval dorsal organ (see text for details). The upper trace is the frequency modulated response of the dorsal organ
to eluting chemostimuli converted to a DC voltage, i.e., a total spike frequency plot. Four active constituents of the extract were identified: 2-
heptanone (peak 1) and hexanol (4) as the most active, and isoamyl alcohol (2) and hexyl acetate (3) as less active. Other constituents of the
extract causing an increase in spike frequency were not identified due to the insufficient amounts present.

mulants in GC-coupled dorsal organ recordings (above), 2-hexen-1-ol for example is characterized by modulation
i.e., 2-heptanone, hexanol, isoamyl alcohol and hexyl of the frequency of just one unit. Despite the extensive
acetate were also tested in the shallow wind tunnel. Of branching of the sensory neurones beneath the dome
these, only 2-heptanone and hexanol proved attractivedescribed by earlier investigators, our recordings show
on their own, but less so than the knovarosophila that the site of electrode placement within the dome is
larva attractants, propionic acid and isoamyl acetate a critical factor in determining the profile of the response
(Ayyub et al., 1990) at the same source dose (Table 1).from each preparation; the tip of the electrode most
However, a 1:1 mixture of 2-heptanone and hexanol at probably reached the dendritic branching area.
either a 50- or 10Qug source dose of each proved as Responses to some electrophysiologically active sub-
attractive as propionic acid or isoamyl acetate at a sourcestances were absent from certain preparations used for
dose of 10Qug on their own. When isoamyl alcohol and screening among synthetics for chemostimulants and in
hexyl acetate were added to 2-heptanone and hexanol ilGC-DO analysis of banana odour. No response to
the proportions found in the banana bouquet they did notisoamyl acetate was recorded in any of the preparations,
increase the attraction of the 2-heptanone and hexanokither as a synthetic presented on its own, or as a con-
blend. stituent of the extracts in GC-DO analysis of the banana
bouquet. The selectivity of the receptors for certain natu-
ral products is demonstrated by the fact that responses

4. Discussion were recorded for only a few fractions in any given GC
run, despite the fact that the extracts contained at least
4.1. Dorsal organ electrophysiology 100 products. Whole banana odour extract presented as

an odour puff invariably evoked a response, suggesting
The electrophysiological responses obtained here fol-that the bouquet of the fruit contained a sufficient

lowing stimulation of the dorsal organ with banana vol- amount of different products to activate a certain number
atiles confirms the olfactory function assigned to it based of receptors in each preparation independent of the site
on ultrastructure studies oMusca (Chu and Axtell, of electrode entry. Furthermore, biological activity of
1971; Chu-Wang and Axtell, 1972d)rosophila(Singh hexanol in a high number of the preparations would sug-
and Singh, 1984) an#ilylemya(Honda and Ishikawa, gest that receptors for this type of product are parti-
1987a) larvae. The multicellular response recorded from cularly well represented. Studies on the genetics of
the dorsal organ to banana odour is clearly different from olfactory responses ddrosophila larvae using behav-
that evoked by single constituents of the odour, for ioural assays (Cobb et al., 1992) suggest the existence
whereas the former evoked responses of cells of veryof at least two types of receptors for alcohols.
different amplitudes, the response to hexanolrans The electrophysiological responses reported here for



dorsal organ 1983) and an oviposition stimulant for the fly (8kar
* and Buser, 1984); di-propyldisulfide which activates a
100 mM KClI receptor in the dorsal organ of larvae (Honda and Ishi-

o I kawa, 1987b) and antenna of adult onion flidglemya
-_ antiqua (Honda et al., 1987), also attracts the larvae
(Mochizuki et al., 1989) and adults in the field (Dindonis
100 mM Nacl and Miller, 1981), as well as serving as an oviposition

stimulant (Ishikawa et al., 1978).
WM [Wmhwwwmwwwwvwwwwwwm ( )

4.2. Behaviour

terminal organ

100 mM KClI The behavioural data are coherent with the electrophy-
MWH WMWMWWWMWWW siology findings. The multicomponent odour of freshly
cut banana proved the best attractant. A mixture of 2-
heptanone and hexanol at §i§ each also proved more
100 mM NaCl attractive than either of these two products alone at twice
WMJ the dose. These effects underline the contribution of
‘M’VWWWMWWWWWMWWWW mixtures of products capable of evoking responses in a
range of receptors within the dorsal organ to permit best
localization of the odour source by the larvae. Freshly
grapefruit juice + 100 mM NaCl cut banana odour is even more complex than that exem-
M WWMWWWWWNWMWNWW plified by gas chromatographic analysis of the volatile
collection. It contributed to an increase of some 100 ppm
= CO;, in the odour plume from the fruit (as measured by
a Binos IR CQ detector, Leybold-Heraeus, Germany).
WWWMWWMWWWWW%W The CQ may have contributed to the attraction of the
Drosophilalarvae to the banana, just as larvae of other
= insect species are attracted to this ubiquitous respiratory
Fig. 5. Dorsal and terminal organ responses dbrasophila mel- product (Rasch and Rembold, 1994).
anogastetthird instar larva upon contact with a 12—{if tip diameter Many investigators have analysed the behavioural
glass electrode containing either 100 mM KCI or NaCl, and of the responses obrosophilalarvae to volatiles for the pur-
terminal organ 10 10% grapefruitjuice in 100 mM Nacl. fote the neat poses of characterizing olfactory mutants. These tests are
zalts, compared v‘?/ith the )étrong responsge of the terminal organ to KCI. based _On _responses Shown by larvae to p_omt SqurceS n
NaCl did not elicit a comparable response from the exposed sensilla@ Petri dish from which the test chemical diffuses
on the terminal organ, but served as an electrolyte for recording the throughout the chamber (Aceves-Riand Quinn, 1979);
muIticeIIu!ar r_esponge to grapefruit juice (bottom trace divided in tWO) mg doses of products are frequently used, g|v|ng rise to
The as_terlsk in the f_|rst trace marks the ar_tefact common to these h'gh'relatively high doses of products in the air. In this study
pass filtered recordings arising from making contact with the sensory . . . .
organs; the non-blocking preamplifier brought the recording back to the volatiles tested were presented in a laminar air flow
base level within about 15 ms of contact. The vertical bar represents from a gas-wash-flask, permitting the establishment of a
1 mV and the horizontal one 200 ms. discrete plume with pg amounts of products per unit vol-
ume of air down the centre of the wind tunnel. The lar-

the dorsal organ to butanol, ethyl acetate and cyclohex-va€ moved upwind to attractive chemicals. When the
anone have already been recorded from individual basi-Porder of the plume was encountered during such
conic sensilla on the aduRrosophilaantenna (Siddigi, ~ UPwind crawls, the larvae made either sharp returns or
1991) and using the e|ectroantennogram techniquewere induced to SWing the head and first bOdy SegmentS
(Venard and Stocker, 1991), suggesting that receptorsin the air only to bring the whole body down again on
developed in the larval stage are again expressed in théhe agar within the plume. Occasionally, when the border
adult stage. Evidence for the common expression of of the plume was completely overrun, they crawled back
olfactory receptors between the life-stages of holometa-to the plume. Similar responses have been described for
bolous insects existstransmethyl-isoeugenol which  carrot fly larvae (Jones and Coaker, 1979). Testing lar-
attracts carrot fly larva®sila rosae(Jones and Coaker, vae individually permits a clear discrimination between
1979) acts as a strong stimulant for the antenna in theresponders and nonresponders, enabling the characteriz-
adult as well as being a field attractant (Guerin et al., ation of individuals and siblings.

N



4.3. Sensoryroles of dorsal and terminal organs

The olfactory function of the dorsalorganhasbeen
confirmed by the fact that compoundswhich evoke
responsedgrom receptorswithin it proved attractivein
thewind tunnelassaylt shouldbe notedthatthe banana
volatilesisoamylalcoholandhexyl acetatevhich proved
unattractivebut which were shown to activate dorsal
organ receptorsin GC-DO analysisof bananaodour,
werepresentat muchhigherlevelsthan2-heptanonand
hexanolin the odour extract. Clear response®btained
with wide-tip-openingelectrodescontaining phagosti-
mulantssuchas KCI and grapefruitjuice implicate the
terminalorganin gustation.Suchresponsesvere absent
in similar stimulationof thedorsalorgan.By comparison
with the responsef the terminalorganto KCI, the lack
of responseto NaCl could be due either to a lack of
receptor(s¥or the salt or to inhibitory effects.An argu-
mentcould be madeto supportthe latter premisesince
Lilly and Carlson(1990) have shown that Drosophila
larvae avoid agar substrateswith high NaCl concen-
trations.This could havea survival valuefor aterrestrial
arthropodsuch as Drosophila larvae which are parti-
cularly susceptibleéo desiccationBy contrastthe strong
responsdo KCI by the terminal organsensillafits with
the fact that Drosophilalarvaefeed on microorganisms
on decomposingegetablematterwhereKCl is the pre-
dominatingsalt,presentat concentrationsip to 200 mM.
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