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MITTEILUNGEN DER SCHWEIZERISCHEN ENTOMOLOGISCHEN GESELLSCHAFT
BULLETIN DE LA SOCIETE ENTOMOLOGIQUE SUISSE

52, 203-216, 1979

Electrophysiological investigations of olfaction in bark beetles'

J.C. DickENs?
Forstzoologisches Institut der Universitit, Bertoldstr. 17, D-7800 Freiburg i.Br.

Electrophysiological studies of bark beetle olfaction have provided insight into the mechanisms by
which the insect filters and percieves behaviorally significant chemical messages from its environment.
The olfactory receptors of different beetles have varying degrees of sensitivity and specificity for phero-
mones and host odors. In general, however, pheromones have lower thresholds for significant olfactory
responses than host odors. Responses to pheromones increase over a wider range of stimulus concen-
trations than responses to host odors. Chiral specificity of the olfactory acceptors has been demon-
strated for several pheromones and 1 host odor. The recording of motor output (e.g. muscle potentials)
in response to odor stimulation offers perhaps the best correlation between olfactory input and behavior

of the insect.

Bark beetles (Coleoptera: Scolytidae) are pests of forest trees throughout
Europe and America (BAkkE, 1976; VITE & FrRaNCKE, 1976). Investigations on the
behavior of these organisms have shown chemicals released by both the insect
(i.e. pheromones) and the host tree (e.g. terpenes) to play a major role in the
aggregation of the beetles on suitable host trees (BorpeN, 1974; 1977; ViTe &
FraNCKE, 1976).

The purpose of this paper is to briefly review our current knowledge of olfac-
tory perception of pheromones and host odors by bark beetles as obtained
through electrophysiological studies. A recent more detailed review of both
behavioral and electrophysiological aspects of pheromone and host odor per-
ception in scolytids, in general, is given by PAYNE (1978). Before we can venture to
discuss information obtained from electrophysiological studies it is essential at first
to describe, in general, bark beetle aggregation behavior, the structure of the
organs of perception and the electrophysiological methodology involved.

GENERAL AGGREGATION BEHAVIOR

Adult bark beetles go through a behavioral hierarchy which assures the
location of a host suitable for colonization and species propagation. First-emerging
«pioneer beetles» take flight and orient to suitable host trees. These beetles then
produce a pheromone which either alone or in combination with host odors
attracts beetles of both sexes to aggregate on the tree being colonized.

In monogamous scolytid genera, e.g. Dendroctonus, @@ initiate attack and
are responsible at least in part for pheromone production, whereas in polygamous
spp., e.g. Ips, the 9" are responsible for initial attack and pheromone production.
"Paper presented at the Conference on «Dispersal of forest insects: evaluation, theory, and management

implications», sponsored by the Intern. Union of Forestry Research Organizations (IUFRO), Entomo-
logy Dept. of the Swiss Federal Institute of Technology, Ziirich and Zuoz, Switzerland, 4-9 September,

1978.

?present address: Citrus Insects Research Laboratory, U.S.D.A., SEA., A.R., 509 West Fourth Street,
Weslaco, Texas 78596, U.S.A.

203



Fig. 1: Sequence of host selection EMERGENCE
and colonization by polygamous
Ips (after ViTE & FrRANCKE, 1976).
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Thus the sequence of host tree colonization in bark beetles involves emer-
gence, dispersal, host selection, aggregation and colonization (fig. 1) (VitE &
Franckg, 1976). Pheromones and/or host odors are possibly involved to some
extent in the latter 4 processes. In any instance, this behavioral sequence neces-
sary for the propagation of bark beetle species involves hierarchies in which each
physiological or behavioral event is intrically related to previous or succeeding
activities. For example, the behavioral threshold of Dendroctonus pseudotsugae
Horkins for host stimuli or pheromone-laden frass was found to be related to
previous flight exercise possibly simulating dispersal (ATkins, 1966, 1969;
BENNETT & BorDEN, 1971).

Other stimulus modalities such as vision (see references in SCHONHERR,
1976) may also be important in the orientation of the beetle to its host. Hearing
may also play a role in the perception of stridulation which may stimulate aggre-
gation and/or pheromone release in certain bark beetle species (RuUDINSKY &
MicHAEL, 1972).

STRUCTURE OF THE OLFACTORY ORGAN

The antennae of bark beetles have been shown to be the primary location of
sensilla involved in the olfactory perception of aggregation releasing substances
(BorDEN & Woob, 1966; PayNE, 1970; Dickens & Payng, 1978 a) (fig. 2a, b). The
proximal segments, the scape and pedicel, have muscles which enable the insect
to move its antenna (PayNE, 1974). Thus the antenna may be raised for orientation
purposes or it may be held close to the insects’ body for protection during boring
or other activities within the tree. The next 3 to 6 segments make up the funicle
(GrUNE, 1978). As far as is known no chemo-sensitive sensilla occur on these pre-
club segments (PAYNE ef al., 1973). The distal portion of antenna, the club, is
composed of 3 or 4 generally fused segments and is the structure of most impor-
tance in the perception of (Payng, 1970) and orientation to (BorDEN & WooD,
1966) pheromones and host odors.
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Sensilla on the antennal club are generally arranged in 2 or 3 sensory bands
which either encircle the club, as in Dendroctonus spp., or are restricted to only the
anterior side of the club, as in Ips spp. (PAYNE et al., 1973). Sensilla responsive to
either mechanical or chemical stimuli were found in Dendroctonus frontalis
ZIMMERMANN (D1ckens & Payng, 1978 a). In bark beetle species investigated thus
far, 2 types of olfactory sensilla located on the antennal club have been identified.
Both the sensilla trichodea II (sensilla basiconica Type B of BorG & Norris, 1971;
sensilla trichodea of BorpeEn & Woob, 1966) and the sensilla basiconica (sensilla
basiconica Type A of Borc & Norris, 1971) have pores characteristic of olfactory
receptors (Dickens & PaynNe, 1978a). In D. frontalis, cells associated with both
sensillar types responded electrophysiologically to pheromones and host terpenes
(Dickens & PAYNE, 1978a).

In D. frontalis ca. 300 pores penetrate the surface of each sensillum basico-
nicum (Dickens & Payng, 1978a) (fig. 3, a). Beneath each pore is a pore kettle

Fig. 2: Scanning electron micro-
graph of antenna of Ips rypographus
(A) and of Dendroctonus micans (B)
(¢ = club; f = funicle; p = pedicel;
s = scape; sb = sensory band).
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Fig. 3: Scanning electron micrograph of sensilla basiconica within second sensory band. Note irregular
surface with numerous pores (A); Transmission electron micrograph (TEM) of longitudinal section of
sensillum basiconicum, showing ultra-structure associated with each pore (B); Lower tangential section
through sensillum reveals circular pore kettle structures and number of pore tubules associated with
each pore (C); TEM showing pore tubules contacting dendritic branch in a sensillum basiconicum.
Forked arrows indicate points of apparent contact (D) (db = dendritic branch; pf = pore funnel; pk =
pore kettle; pt = pore tubule; s = surface layer; sl = sensillum liquor) (after Dickens & Pay~E, 19784)

from which 9-11 pore tubules radiate and contact, at least in some cases, the
olfactory dendrite within the sensillum liquor (fig. 3, b, ¢, d). These pores and pore
tubules are part of the likely path taken by molecular stimuli to the olfactory
dendrites (ErNsT, 1969).

The surface area of the sensilla basiconica on the club of D. frontalis is ca.
21,000 pm? and thus is nearly /% as great as the entire surface of each antennal
club. If one assumes possibly 1 receptor molecule for each pore tubule then D.
frontalis has at least 3 million receptor molecules over a surface of 42,000 pm?® to
interact with air-borne molecular stimuli.

METHODS

Electrophysiological techniques have been used in the study of bark beetle
olfaction primarily to record whole antennal (electroantennogram = EAQG), single
sensillar or single cell responses to pheromones and host odors. EAGs (ScHNEI-
DER, 1957) were first recorded from bark beetles by PaAY~NE in 1970. In general, the
technique involves placing a recording electrode in the distal end of the club and
the indifferent electrode either in the scape or head capsule (fig. 4, a). The
response recorded to odor-filled air is a slow potential which is considered a
measure of the relative number of responding acceptors (PayNg, 1975; DickEeNs,
1978).

Single sensillum recording techniques (BoeckH, 1962) have been employed
to determine the function of individual sensilla on the bark beetle antenna
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(Dickens & PaynEg, 1978a). High magnification (ca. 700x) and high power micro-
manipulatiors are used to place a recording electrode into the base of a single
sensillum. The indifferent electrode is then placed in the hemolymph of the
antennal club (fig. 4, b). Thus action potentials are recorded from one or a few
cells corresponding to the morphology of the sensillum.

C

Fig. 4: Electrophysiological techniques and differential adaptation device used in studies of bark beetle
olfaction: Recording of electroantennogram and/or olfactory induced muscle potentials (A); Single
sensillum recording (B); Single cell recording (C); Odor delivery device for differential adaptation
studies (D) (A = 3-way solenoid air valve; B = Glass, Y - tube; C = Teflon tubing; D = Pasteur pipette
odor cartridge; E = Disposable automatic pipette tip; [E = Indifferent electrode; RE = Recording
electrode).
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A single cell technique (MusTtaParTA et al., 1977) has also been used in
electrophysiological studies of olfaction in bark beetles. The recording electrode is
simply brought into contact with the antennal club until nerve impulses are
recorded. The indifferent electrode is inserted into the insect’s body through the
mouth (fig. 4, ¢).

All 3 electrophysiological techniques have proven useful in the study of bark
beetle olfaction. The EAG has given information as to whether or not the insect
possesses acceptors capable of responding to the pheromone or host odor being
tested as well as the relative thresholds and number of acceptors. The single sen-
sillum technique provides information necessary to relate sensillum structure with
function. This technique along with the single cell technique has been used to
determine the function of individual olfactory cells.

In conjunction with the aforementioned recording techniques a stimulation
technique involving the differential adaptation of antennal acceptors was devel-
oped to determine the relative specificity of the antennal olfactory system for
various pheromones and host odors (PAYNE & Dickens, 1976; Dickens & PAYNE,
1977) (fig. 4, d). In general, the antennal preparation is exposed to a given com-
pound until it completely adapts as evidenced by the absence of response
(i.e. EAG polorization or change in spike frequency) upon re-stimulation within
msec by the same compound. The antennal preparation is then stimulated by a
second compound to determine if the 2 compounds occupy the same acceptors.
Absence of response to the second compound indicates the 2 compounds occupy
the same acceptors. However, if the 2 compounds share some but not all of the
same acceptors then adaptation to one will reduce but not eliminate response to
the other.

Another electrophysiological technique which has been used to study the
possible roles of pheromones and host odors in scolytid behavior is the recording
of muscle potential activity induced by pheromone or host odor stimulation
(Payne, 1974; Dickens & Payne, 1978b). Recording conditions are similar to
those used for EAGs except the indifferent electrode is always placed in or near
the ipsilateral antennal scape. Thus EAGs and muscle potentials may be recorded
simultaneously (fig. 4, a).

ELECTROPHYSIOLOGICAL STUDIES
Response thresholds

The threshold for response was taken to be that stimulus concentration at
which the lower limit of the standard error does not overlap with the upper limit of
the standard error for response, if any, for the lowest concentration tested
(DickEens, 1978). In general, the thresholds of response to pheromones and host
odors show similarities for all bark beetle species tested (table 1). The thresholds
for pheromones tested in 3 bark beetle genera were ca. 0.001-1.0 pg pheromone
on filter paper. Host terpenes, in general, have a higher threshold at 0.1-5.0 pg.

EAGs to pheromone or host tree odors increase with increasing stimulus
concentrations on filter paper (Pay~g, 1970; 1971; 1975; AnGst & LaNIER, 1979;
Dickens, 1978). With the possible exception of Scolytus scolytus FABRICIUS res-
ponses to pheromones increase over a wider range of concentrations tested than
responses to host odors (table 1).
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Table 1: Summary of stimulus-dilution curves constructed from EAGs of bark beetles to pheromone
and host odor stimuli. Stimulus delivery systems and recording techniques were similar for each study
cited, however airflow and duration of stimulus varied.

Genus species Compound Origin: G threshold Range of EAG References
Function
Dendroctonus frontalis (—.‘r—fz.‘mtalm 1® o R 6:5 + 1969;
() ~exo-breviconin 1 :oin 4:5 PITMAN et al., 1969;
VITE & RENWICK, 1971;
v PAYNE, 1975
(=) -#-pinene P :a 1.0:1.0 4:3 RENWICK & VITE, 1969;
PAYHE, 1975
j-carene B & ? 1.0:1.0 4:1 RENWICK & VITE, 1969;
. PAYNE, 1975
(-)-frontalin i A 0.1:0.1 6:6 KINZER <t al., 1969;
VITE & PITMAN, 1969;
+ PAYNE, 1975
(~)-exo-brevicomin T A 1.0:0.1 243 SILVERSTEIN et al., 1968;
+ PAYNE, 1975
(-)-&-pinene P :a? 1.0:1.0 3:1 PAYNE, 1975
3-carene p :a 2.1:0.) 5:2 PITMAN, 1969; PAYNE, 1975
Ips calligraphus (S)-(-)-cis-verbenol I A 2:0.1 2i5 VITE et al., 1976; DICKENS,
unpubl ished
(R)=(+)-cis-verbenol 1? : In ?2:0.1 2:4 VITE et al., 1976: DICKENS,
unpublished
(-)-d-pinene P E 2:0.1 Tyl DICKENS, unpublished
(+)-a-pinene P :? 5.8 W ?:2 DICKENS, unpublished
plnd sa* (-)-ipsdienol I : A 2:0.05 25 VITE et al., 1972; MUSTA-
PARTA et al., 1977; ANGST &
+ LANIER, 1979.
(-)-ipsenol I :iIn ?:0.05 ?:5 VITE et al., 1972; BIRCH &
WOOD, 1975; BIRCH & LIGHT,
. 1977; ANGST & LANIER, 1979
linalool I :z 2:0.5 2:4 YOUNG et al., 1973, BIRCH
& WOOD, 1975; ANGST & LANIER,
1979 3
1-octanol I =7 2:i5 Z2d STEWART, 19757, ANGST &
LANIER, 1979
(+)-trans-verbenol T :? ?:0.05 7:4 VITE et al., 1972, ANGST &
LANIER, 1979
(t)-verbenone I z 2 ?2:0.05 2:4 STEWART, 19757, ANGST &
LANIER, 1979
(+) -d-pinene P ?:5.0 P2 ANGST & LANIER, 1979
(+) -camphor I or P? : ? 2:5,0 233 STEWART, 19753; ANGST & LANIER
1979
typographus (§)-(+)-cis-verbenol I : A 0.001:0.01 6:5 KRAWIELITZKI et al.,1977
VITE et al., unpublished;
DICKENS, unpublished
-verbenol ? a 0.01:0.1 5:4 DICKENS, unpublished
e P ? 0.1:0.1 P | DICKENS, unpublished
5 (+)-d-pinene i ? 1.0:1.0 2:2 DICKENS, unpublished
Scolytus scolytus multilure iip A 1.0: ? 252 GERKEN et al., 1978; VITE
et al., 1976; DICKENS,
unpubl ished
4-methyl-3-heptanol I :a 1.0: ? 2:2 GERKEN et al., 1978, VITE
et al., 1976; DICKENS,
unpublished
cubeb oil P :a 10: ? 4:2 GEPKEN et al., 1978; VITE
et al., 1976; DICKENS,
unpublished

* Qrigin: i =9; I =J; P = plant; IP = mixture with insect and plant components.
+* Function: A = major attractant; a = minor attractant or synergist; In = strong inhibitor; in = weak inhibitor
*** Results are for New York gg, similar results obtained for Idaho gg.

3Stewart, T.E. 1975 Determination of enantiomer composition of several insect pheromone compo-
nents. Master’s thesis. S.U.N.Y., College of Environmental Science and Forestry, Syracuse, N.Y.

Both the lower thresholds for pheromones and the wider range of increase in
response amplitudes found in EAG studies are borne out by single unit studies of
Ips pini SAY (MUSTAPARTA ef al., 1979).

The thresholds for significant olfactory responses may also differ according
to the chirality of the pheromone or host odor being tested (Dickens, 1978). Ips
typographus LINNAEUS o'd” and @@ have a 10x lower threshold for significant EAG
response to the pheromone, (S)-(-)-cis-verbenol, and the host terpene pheromone
precursor, (-)-a-pinene, than the corresponding (+)-enantiomers. Ips calligraphus
GEerRMAR @@, however, had similar thresholds for both enantiomers of cis-verbe-
nol and o-pinene (DickeNs, unpublished). Similarly, EAG thresholds for enan-
tiomers of ipsdienol were not significantly different for I pini @9 (ANGST &
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Fig. 5: Relative mte;act:on of pheromones anc_i host terpenes with % Frontalin DTrans—verbena
acceptors for frontalin on Dendroctonus frontalis antennae. Column J
width represents X & S.E.3 (after Payne & DickEens, 1976). Endo-brevicomin 3-carene
1()() FYYYYY
] 3 . Verbenone 9:0:0:0:0:0: a—pinene
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LaNiEr, 1979). However response curves of single cell recordings of 1. pini @9 to
the enantiomers of ipsdienol were significantly different (MusTAPARTA ef al,
1979).

Acceptor specificity

Various degrees of specificity appear to exist for olfactory receptor systems
of bark beetles. In some cases pheromones and host odors appear capable of inter-
acting with the same receptors whereas in other cases cells seem to be more
specialized to percieve individual compounds.

In the southern pine beetle, D. frontalis, all acceptors were found to have
some degree of specificity for the insects” major aggregation pheromone, frontalin
(Payne & Dickens, 1976; Dickens & Paynge, 1977). Based on results obtained
through differential adaptation studies, frontalin was shown to interact with
acceptors for all other compounds tested. Percent interactions of various phero-
mones and host terpenes showed the pheromones to interact with a greater per-
centage of the frontalin acceptors than the host terpenes (fig. 5). Single unit
studies substantiated results obtained through EAG studies. Individual cells were
found to respond to frontalin, frans-verbenol, verbenone, endo- and exo-brevico-
min and the host terpenes, o-pinene and 3-carene. A cell adapted to a-pinene
responded to frontalin stimulation but the reverse was not true (fig. 6).

A similar but slightly different situation appears to exist for I pini @@
(MUSTAPARTA ef al., 1977; MuUSTAPARTA et al, 1979). Based on maximal res-
ponsiveness to a single compound or a single group of compounds, olfactory cells
of I. pini @@ were grouped into several classes: ipsdienol cells; ipsenol cells; cis-
verbenol, trans-verbenol and verbenone cells; myrcene cells; linalool cells and
camphor cells. Out of 95 cells recorded, 40 cells were primarily specialized for
ipsdienol, an attractant (MusTAPARTA ef al, 1977). Spikes from some ipsdienol
cells were also elicited by linalool and ipsenol, but at higher concentrations. Cells
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were also recorded which responded almost equally to ipsenol and ipsdienol.
Fifteen cells were recorded which responded maximally to ipsenol, an inhibitor of
[. pini (Bircu & Woonb, 1975; Bircu & LicguT, 1977), but which has not yet been
shown to be produced by the insect.

Bark beetle olfactory acceptors are also often specialized with regard to odor
chirality. Single cell responses of D. frontalis to the enantiomers of exo-brevicomin
showed the (-)-enantiomer more active than the (+)-enantiomer (Dickens &
PavynE, 1977). Recently PaynEe (1978) found that behaviorally active (-)-frontalin,
cither optically pure or with 15% of the (+)-enantiomer, elicited significantly
greater EAGs than did the (+)-enantiomer alone at the same concentration.

Similarly for I. typographus stimulus dilution curves constructed from EAGs
of d9" and 29Q to the enantiomers of cis-verbenol revealed lower thresholds in
both sexes for the behaviorally active (S)-(-)-cis-verbenol (Dickens, unpublished).
At the highest concentration tested EAGs recorded from @9 were significantly
greater for the (S)-(-)-cis-verbenol than the (R)-(+)-enantiomer (Dickgns, 1978),
however response to a 1:1 mixture of enantiomers at a similar concentration was
not significantly different from response to the (-)-enantiomer alone (DiCKENS,
unpublished).

No significant differences were found in EAGs recorded from 1. typographus
JS" to (R)-(+)- and (S)-(-)-cis-verbenol at the highest concentration tested.
Response to the 1:1 enantiomeric mixture was greater than response to either
enantiomer alone and was significantly different (Dickens, unpublished). Pre-

Il | 1]

500 msec

Fig. 6: Differential adaptation of cell associated with sensillum basiconicum. Arrow indicates onset of
stimulus compound. When the preparation was adapted to frontalin (a., c¢.) stimulation with either
frontalin (a.) or a-pinene (c.) elicited no significant change in spike frequency from tonic response level.
Likewise, no change in spike frequency occurred upon restimulation with a-pinene (b.). Cell adapted to
a-pinene (d.) did respond with an increase in spike frequency when stimulated by frontalin. All four
traces recorded from the same preparation. Gain was increased in (c.) and (d.) (after Dickens & PAYNE,
1977).
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liminary EAG data from another bark beetle, /. calligraphus, which also uses (S)
(-)-cis-verbenol in its attractant pheromonal bouquet, showed no significant dif-
ferences in responses of female beetles to serial dilutions of the cis-verbenol
enantiomers (DickEens, unpublished).

Stimulus dilution curves constructed from EAGs of females of 2 populations
of I pini to the enantiomers of ipsdienol showed no significant differences in
either threshold or maximal response to either enantiomer (ANGST & LANIER,
1979). This was surprising since the 2 populations were not cross-attractive in the
field with the reason for this thought to be differences in production of and
response to the ipsdienol enantiomers (MusTAPARTA ef al, 1979). Single cell
recordings from 1. pini @@ showed only small differences in responses to either
enantiomer or the racemate (MUSTAPARTA et al., 1979).

Bark beetle olfactory acceptors have also been shown in 1 instance specific
for host odor enantiomers. Both sexes of /. typographus had 10x lower thresholds
for (-)-a-pinene than for the (+)-enantiomer (Dickgens, unpublished). EAGs
recorded from males and females to both enantiomers at the point of saturation of
the (-)-enantiomer were significantly different (Dickens, 1978). However no
significant differences were found in a preliminary study of the responses of
female 1. calligraphus to the a-pinene enantiomers (DickENs, unpublished).

o

b ;
o
:

_ 1.0 mv/div.
Air 0.2 sec/div.

Fig. 7: Frontalin-elicited muscle potentials (a.) recorded with amplifier in AC mode. Verbenone and
trans-verbenol reduce frontalin-induced potentials in (b.) and (c.). Lower trace (d.) is stimulation by air.
Arrows indicate stimulus duration. Frontalin stimulus is off during stimulation by other compounds.
(after Dickens & PaynE, 1978Db).
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Correlations of muscle potential activity with olfactory and behavioral responses

Muscle potential activity induced by pheromone or host odor stimulation
was recorded in EAG preparations of Dendroctonus brevicomis Le CoNTE and
D. frontalis by PAYNE (1974). Increasing odor concentrations stimulated increasing
EAGs and muscle potential activity. At higher concentrations muscle potential
activity elicited by the pheromones, frontalin or exo-brevicomin, was considerably
greater than that elicited by the host terpenes, a-pinene or 3-carene. These poten-
tials were thought to be associated with «antennal raising and orientation move-
ments».

Further investigations of these muscle potentials showed that frontalin-
induced potentials in D. frontalis could be inhibited or reduced by verbenone or
trans-verbenol stimulation (Dickens & Payng, 1978b) (fig. 7). EAG and single
unit recordings indicated both of the latter 2 compounds to interact with acceptors
on frontalin cells. Thus the decreased muscle potential activity was possibly
indicative of the relative interaction of trans-verbenol and verbenone with the
frontalin acceptors.

DISCUSSION

Electrophysiological studies of bark beetle olfaction have provided much in-
formation as to the peripheral sensory mechanisms through which the insects
select and decipher chemical information from the world around them. In con-
junction with morphological studies, electrophysiological investigations have
identified the sensory organs involved.

At least 2 somewhat different mechanisms for the olfactory perception of
behavioral chemicals by bark beetles have become apparent through electro-
physiological studies. In D. frontalis, the antennal olfactory system was maximally
responsive to the insects’ attractive pheromone, frontalin, and frontalin was
capable of blocking response to all other compounds tested (PAYNE & DICKENS,
1976; Dickens & Payng, 1977). Thus all olfactory cells were considered to have
acceptor sites or subsites capable of being occupied by frontalin. Other com-
pounds which were additive or synergistic (e.g. a-pinene and trans-verbenol)
(Renwick & ViTe, 1979) or inhibitory (e.g. endo-brevicomin) (VITE & RENWICK,
1971; PAYNE et al., 1977) to the insects’ aggregation response were thought to
interact with sites associated with the frontalin acceptors. Thus attractant, additive
or synergistic, and inhibitory messages were coded by the same olfactory cells.
Information transferred to the central nervous system would thus be in the form
of a complex «across fiber» pattern of action potentials from many olfactory cells
(O’ConNNELL, 1975). A similar situation was described for olfactory receptors of the
spruce budworm, Choristoneura fumiferana (CLEM.) (SEABROOK, 1977).

In [ pini @9, single cells were more specialized for individual pheromones
or host odors (MusTAPARTA et al., 1977; MusTaPARTA et al, 1979). The insect-
produced attractant, ipsdienol, and an inhibitor not produced by the insect,
ipsenol, and various other compounds, maximally stimulated separate groups of
olfactory cells. Thus coding in this case is in the form of «labelled lines»
(O’ConNELL, 1975) to the insects’ central nervous system where the message must
then the translated into a behavioral response.
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Stimulus dilution curves have shown pheromones to have a lower threshold
than host tree odors and that responses to pheromones increase over a wider
range of concentrations than do responses to host compounds (see table 1). Thus
the lower thresholds and the wider range of EAG responses possibly indicate the
role of pheromones in distance communication.

In I typographus which produces its pheromone, (S)-(-)-cis-verbenol, by
simple oxidation of the host terpene (-)-a-pinene (ViTE er al., personal com-
munication), the lower threshold for a significant olfactory response for the
pheromone was attributed to an additional acceptor interactive site for the - OH
group (DickEens, 1978).

The chirality of bark beetle olfactory acceptors has also been indicated by
electrophysiological studies. In some species significantly different electrophysio-
logical responses to pheromone and host odor enantiomers (Dickens & PayNE,
1977; DickEens, 1978; PayNE, 1978) were recorded, while in other species slight dif-
ferences in responses to enantiomers in single cell recordings (MUSTAPARTA ef al.,
1979) were not apparent in EAGs (ANGsT & LanNier, 1979; DickeNs, unpub-
lished). In any event, where behavioral differences to various enantiomers exist,
peripheral differences must also exist which enable the insect to distinguish the
chiral nature of the message. This is of special importance in sympatric species
whose successful propagation apparently relies on differential responses to phero-
monal enantiomers (VITE et al., 1978).

Differences between sexes in their peripheral olfactory responsiveness to
pheromones and host odors have also become apparent. For example, both /.
typographus " and @@ had a lower threshold for significant EAGs for the attrac-
tant pheromone, (S)-(-)-cis-verbenol, relative to the (R)-(+)-enantiomer (table 1).
However, thresholds for d¢” for both enantiomers were 10x lower than those of
@@ and only responses of @@ to (S)-(-)-cis-verbenol, differed significantly from
response to the (R)-(+)-enantiomer at the highest concentration tested (DicKENs,
1978). In contrast, both &'&" and @@ I typographus had similar thresholds for the
pheromone precursor, (-)-a-pinene, which were lower than the thresholds
observed for the (+)-enantiomer (table 1). However EAGs recorded from o9 to
(-)-a-pinene at acceptor saturation were significantly greater than those recorded
from @9 (Dickens, 1978).

Recordings of pheromone and host-odor induced muscle potentials have
allowed for correlations between olfactory input and motor output even if only yet
at a rather inspecific level (PAYNE, 1974; Dickens & PaynE, 1978 b). Perhaps direct
recordings of motor activity from the legs, wings or copulatory apparatus will
further elucidate specific roles of bark beetle behavioral chemicals.

CONCLUDING REMARK

Information obtained through electrophysiological studies of bark beetle ol-
faction has allowed us to identify the nature of the «sensory windows» through
which the insect percieves its world and the neural coding mechanisms involved.
However, to draw direct conclusions as to the behavior of the insect under field
conditions based only on peripheral electrophysiological data is dangerous and
unjustified.

214



ACKNODLEDGEMENTS

The author thanks Mr. M.E. Axgst, Entomologisches Institut, ETH, Ziirich, for critical review of the
manuscript and Mrs. SaBiNE GRUNE for technical assistance. Original research was funded by a grant
from the Bundesministerium fiir Forschung und Technologie.

REFERENCES

Anagst, M.E. & Lanier, G.N. 1979. Electroantennogram responses of two populations of Ips pini
(Coleoptera; Scolvtidae) to insect-produced and host tree compounds. J. Chem. Ecol. 5: 131-140.

ATKINS, M.D. 1966. Laboratory studies on the behavior of the Douglas-fir beetle, Dendroctonus pseudo-
tsugae Hopkins. Can. Entomol. 98:953-991.

ATKINS, M.D. 1969: Lipid loss with flight in the Douglas-fir beetle. Can. Entomol. 701: 164-165.

Bakke, A. 1976. Spruce bark beetle, Ips typographus: Pheromone production and field response to synthetic
pheromones. Naturwiss. 63: 92.

Bexnert, R.B. & Borpen, J.H. 1971. Flight arrestment of tethered Dendroctonus pseudotsugae and
Tvpdendron lineatum (Coleoptera: Scolvtidae) in response to olfactorv stimuli. Ann. Entomol.
Soc. Amer. 64:1273-1286.

BircH, M.C. & LiguT, D.M. 1977. Inhibition of the attractant pheromone response in Ips paraconfusus
and Ips pini (Coleoptera: Scolytidae): Field evaluation of ipsenol and linalool. J. Chem. Ecol. 3:
257-267.

Bircu, M.C. & Woob, D.L. 1975. Mutual inhibition of the attractant pheromone response by two species of
Ips (Coleoptera: Scolytidae). J. Chem. Ecol. /: 101-113.

Boecku, J. 1962. Elektrophysiologische Untersuchungen an einzelnen Geruchs-Rezeptoren auf den Anien-
nen des Totengrdabers (Necrophorus: Coleoptera). Z.. vgl. Physiol. 46: 212-248.

BorpeN, J.H. 1974, Aggregation pheromones in the Scolvtidae. In: M.C. Bircu (Ed.) Pheromones,
135-160, American Elsevier Pub. Co., New York, N.Y. 495 pp.

Borpen, J.H. 1977. Behavioral responses of Coleoptera to pherecmones, allomones and kairomones. In:
H.H. Suorey and J.J. McKEeLvey, Jr. (Eds.) Chemical Control of Insect Behavior Theorv and
Application, 169-198, John Wiley & Sons, New York, N.Y., 414 pp.

Borpen, JH. & Woob, D.L. 1966. The antennal receptors and olfactorv response of Ips confusus
(Coleoptera: Scolvtidae) to male sex attractant in the laboratory. Ann. Entomol. Soc. Amer. 59:
253-261.

Bora, T.K. & Norris, D.M. 1971. Ultrastructure of sensory receptors on the antennae of Scolytus multi-
striatus (Marsh.). Z. Zellforsch. /13 13-28.

Dickens, J.C. 1978. Olfactory perception of pheromone and host-odor enantiomers by Ips typographus L.
(Col.: Scolviidae). 4th Internat. Insect-Host Plant Symposium. Entomol. Exp. & Appl. 24: 136-142.

Dickens, J.C. & Pavyne, T.L. 1977. Bark beeile olfaction: Pheromone receptor system in Dendroctonus
Srontalis. J. Insect Physiol. 23:481-489.

Dickens, J.C. & Pay~e, T.L. 1978a. Structure and function of the sensilla on the antennal club of the
southern pine beetle, Dendroctonus frontalis Zimmerman (Coleoptera: Scolvtidae). Int. J. Insect
Morphol. Embryol. /7:251-265.

Dickens, J.C. & Pavyne, T.L. 1978b. Olfactorv-induced muscle potentials in Dendroctonus frontalis:
Effects of trans-verbenol and verbenone. Experentia 34: 463-464.

Ernst, K.D. 1969. Die Feinstruktur von Riechsensillen auf der Antenne des Aaskdfers, Necrophorus
(Coleoptera). Z. Zellforsch. Mikroskop. Anat. 94: 72-102.

GerkeN, B., GRUNE, S. & Vite, J.P. 1978. Response of european populations of Scolvtus multistriatus to
isomers of multistriatin. Naturwiss. 65: 110.

GRONE, S. 1978. Handbook for the determination of european bark beetles. Schaper Verlag, Hannover,
Germany (in press).

Kinzer, G.W., FEnTiMaN, A.F. Jr., Page, T.F. Jr., Fortz, R.L, Vite, J.P. & Pirman, G.B. 1969.
Bark beetle attractants; Idenmtification, synthesis and field bioassay of a new compound isolated
JSfrom Dendroctonus. Nature (Lond.) 221:477-478.

Krawieritzki, S., KLimerzek, D., BAkkE, A., ViTe, J.P. & Mori, K. 1977. Field and laboratory response
of Ips typographus to optically pure pheromonal components. Z. ang. Ent. 83: 300-302.

MustaprarTta, H., Ancgst, M.E. & Lanier, G.N. 1977. Responses of single receptor cells in the pine
engraver beetle, Ips pini (Say.) (Coleoptera: Scolytidae) to its aggregation pheromone, ipsdienol, and
the aggregation inhibitor, ipsenol. J. Comp. Physiol. 212: 343-347.

MusTtaprarTA, H., AnGst, M.E. & Lanier, G.N. 1979. Specialization of olfactory cells to insect- and host
produced volatiles in the bark species Ips pini (Coleoptera: Scolvtidae). J. Chem. Ecol. 5: 109-123.

215



O’Connerr, R.J. 1975, Olfactory receptor responses to sex pheromone components in the redbanded
leafroller moth. J. Gen. Physiol. 65: 275-282.

Pavyne, T.L. 1970. Electrophysiological investigations of response to pheromones in bark beetles. Contrib.
Boyce Thompson Inst. 24: 275-282.

Pavne, T.L. 1971. Bark beetle olfaction 1. Electroantennogram responses of the southern pine beetle
(Coleoptera: Scolvtidae) to its aggregation pheromone frontalin. Ann. Entomol. Soc. Amer. 64:
266-268.

Pavyne, T.L. 1974. Pheromone and host odor-stimulated potentials in Dendroctonus. Experentia 30:
S09-510.

Payne T.L. 1975. Bark beetle olfaction Ill. Antennal olfactory responsiveness of Dendroctonus frontalis
Zimmerman and D. brevicomis LeConte (Coleoptera: Scolviidae) 1o aggregation pheromones and
host tree terpene hydrocarbons. J. Chem. Ecol. /:233-242.

Pavyne, T.L. 1978. Pheromone and host odor perception in bark beetles. In: Chemistrv of Neurohormones
and Neurotransmission 1, 27-57. Amer. Chem. Soc. Symposium /: 27-57.

Payne, T.L., Coster, J.E. & Jounson, P.C. 1977. Effects of slow-release formulation of synthetic endo-
and exo-brevicomin on southern pine beetle flight and landing behavior. J. Chem. Ecol. 3: 133-141.

Pavne, T.L. & Dickens, J.C. 1976: Adaptation to determine recepitor system specificity in insect olfactory
communication. J. Insect Physiol. 22: 1569-1572.

Payng, T.L., Moeck, H.A., WiLtson, C.D., Courson, R.N. & Humerureys, W.J. 1973, Bark bectle
olfaction - II. Antennal morphology of sixteen species of Scolvtidae (Coleoptera). Int. J. Insect
Morphol. & Embryol. 2: 177-192.

Pitman, G.B. 1969: Pheromone response in pine bark beetles: Influence of host volatiles. Science 166:
905-906.

Pitman, G.B., Vite, J.P., Kinzer, G.W. & FEnTIMAN, A.F. 1969. Specificity of population-aggregating
pheromones in Dendroctonus. J. Insect Physiol. 15:363-366.

Renwick, LA A. & Vite, J.P. 1969. Bark beetle attractants: Mechanism of colonization by Dendroctonus
Sfrontalis. Nature (Lond.) 224:1222-1223.

Rupinsky, JLA. & MicuHater, R.R. 1972, Sound production in the Scolvtidae: Chemostimulus of sonic
signal by the Douglas-fir beetle. Science 175: 1386-1390.

ScHNEIDER, D. 1957, Elektrophysiologische Untersuchungen von Chemo- und Mechanorezeptoren der
Antenne des Seidenspinners Bombyx mori L. Z. Vgl. Physiol. 40: 8-41.

SCHONHERR, J. 1976. Importance of visual stimuli in the host selection behavior of bark beetles (Dendroc-
tonus ponderosae and Ips montanus). In: Comportement des Insectes et Milieu Tropigue, 187-193,
Colloques Internationaux du C.N.R.S. No. 265.

Seasrook, W.D. 1977. [Insect chemosensory responses to other insects. In: H.H. Suorey and
J.J. McKervey, Jr. (Eds.) Chemical Control of Insect Behavior Thearv and Application, 15-43,
John Wiley & Sons, New York, N.Y. 414 pp.

S1LVERSTEIN, R.M., BRownNLEE, R.G., BELLas, T.E., Woon, D.L. & BrownEg, L.E. 1968. Brevicomin:
Principal sex attractant in the frass of the female western pine beetle. Science [59: 889-894.

Vite, J.P., Bakke, A. & Renwick, J.A.A. 1972, Pheromones in Ips (Coleoptera: Scolvtidae): Occurrence
and production. Can. Entomol. /94: 1967-1975.

Vite, J.P. & Francke, W. 1976. The aggregation pheromones of bark beetles: Progress and problems.
Naturwiss. 63: 550-555.

Vite, J.P., Kumerzex, D., Loskant, G., Heppen, R. & Mori, K. 1976. Chirality of insect pheromones:
Response interruption by inactive antipodes. Naturwiss. 53: 582-583.

Vite, J.P., Lione, R., GErRKEN, B. & Lanter, G.N. 1976. Ulmensplintkdfer: Anlockversuche mit syntheti-
schen Pheromonen im Oberrheintal. Z.. Pilkrankh.-Pflschutz, 83: 166.

Vite, J.P.,, Ouvrorr, G. & BiLLings, R.F. 1978. Pheromonal chirality and integrity of aggregation response
among southern species of the bark beetle Ips. Nature 272: 817-818.

Vite, J.P. & Prrvan, G.B. 1969. Aggregation behavior of Dendroctonus brevicomis in response 1o synthetic
pheromones. J. Inscct Physiol. /5: 1617-1622.

Vite, JLP. & Renwick, JLA A 1971 Inhibition of Dendroctonus frontalis response to frontalin by isomers
of brevicomin. Naturwiss. 38: 418.

Young, J.C., BRownLEE, R.G., Rooin, J.O., HiLpesraNDp, D.N., SitversteiN, R.M., Woob, D.L.,
Bircu, M.C. & BrowNEe, L.E. 1973. [dentification of linalool produced by two Ips species bark
beetles. J. Insect Physiol. 79: 1615-1622.

216



	Electrophysiological investigations of olfaction in bark beetles

