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Abstract Female moths of Panaxia quadripunctaria
PODA (Lepidoptera, Arctiidae), produce (Z,72)-6,9-
heneicosadiene (I) as the major and (Z,Z)-6,9-eicosa-
diene (II) as the minor component of a putative phero-
mone. Related compounds occur in trace amounts. The
abdominal scent glands contain 5-10 pg of (I) and 50—
100 ng of (IT). Recordings of electroantennogram (EAG)
responses to (I), (I), and to female glands are of equal
amplitude in both sexes. Females are thus capable of
pheromone autodetection in contrast to the majority of
moths where females are considered to be anosmic for
their own attractant. The EAG threshold to (I) was
below 1 ng at the odour source. The odour of the male
scent gland (corema) elicited significant EAGs in both
sexes. The chemical contents of coremata varied with the
provenience of the moths. A variety of ethyl esters was
always found, yet hydroxydanaidal (up to 20 pg/corema)
and traces of danaidal, only in some samples. All these
scents might be components of a male pheromone. Pe-
culiar scent scales on the coremata are exposed during
the extrusion. Antennae of both sexes have similar in-
ventories of trichoid sensilla.
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Introduction

Chemical communication in the sex life of moths usually
begins with the emission of an odorous attractant by the
female. Her male partner is the receiver with his stimu-
lus-specific olfactory receptor neurons on the antenna
(Schneider 1992). In the first species in which these re-
lations were studied electrophysiologically, the silkmoth
Bombyx mori, it appeared that the females were unable
to smell their own odour signal (Schneider 1957). This
and further observations led to the assumption of a
general anosmia of female moths to their own attrac-
tant. However, exceptions to this rule were later ob-
served (see Ljungberg et al. 1993 for references) and
recently named “autodetection” (Ochieng et al. 1995).

Here we report on the first case of autodetection in a
female arctiid moth. Although there is little doubt that the
volatiles which the female produces in her abdominal
glands act as pheromones, we consider this term to be still
tentative before behaviour tests have been carried out.
Both sexes possess tubular abdominal scent glands. Fe-
male glands are never everted, but dissipate their volatiles
by abdominal pumping (see Lenau-Jiirgens 1971 for Pa-
naxia), in contrast to the large male glands — the coremata
(Birch 1979). As such organs in other Lepidoptera emit
volatiles with pheromonal functions, we attempted to
identify the expected compounds and recorded olfactory
responses from the antennae of both sexes.

Materials and methods
Experimental animals

Panaxia (or Euplagia or Callimorpha) quadripunctaria PODA is one
of the larger species of the Arctiidae with a wingspan of more than
40 mm and bright, probably aposematic, coloration. It ranges from
the south of England over large parts of Europe to western Asia
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and is known for its habit of assembling in great numbers (up
to 700/m?) in moist places during summer months on two Greek
islands, Rhodes (Walker 1966; Elger 1969; Lenau-Jiirgens 1971)
and Paros (D. Schneider, unpublished observations).

In 1993 we observed Panaxia at Paros and raised specimens from
their eggs. In 1994 we bought larvae from France (Provence), ob-
served the moths again at Paros in 1997 (preserved their glands and
bodies) and later tested a few males from SW Germany (henceforth
called ““local”). Courtship has never been observed although captive
moths successfully mated (Walker 1966; Elger 1969; Lenau-Jiirgens
1971). In the laboratory we found that the larvae accepted a number
of different foodplants. Given a choice, they preferred cultivated
rape, Brassica napus (which is poor in glucosinolates), over wild rape,
followed by Taraxacum officinale. The larvae also accepted (without
special preference) some plants containing pyrrolizidine alkaloids
such as Senecio vulgaris and S. fuchsii.

Morphology

Isolated abdomina of both sexes of Panaxia were ligated proxi-
mally with surgical clamps. The tubular glands were evaginated
(extrused) by pressing air into the abdomen with a syringe. This
simulates the natural evagination in males but not in females, since
they never expose their glands when calling. The abdomina were
then ligated again close to the respective glands and the proximal
tissue discarded. The female glands were filled with haemolymph;
the male glands contained air. Glands could now be handled easily
for morphological inspection or use as an odour source. After
drying, mounting and gold sputtering we studied the coremata and
the antennae of both sexes with scanning electron microscopes
(SEM: Zeiss Novoscan 30, 15 kV and Jeol 6300 F).

Chemistry

Extruded glands of both sexes were cut from the abdomina and
kept in pentane at —20 °C until chemically analysed. Bodies of both
sexes were preserved in ethanol or pentane and studied for pyrro-
lizidine alkaloid (PA) content. Mass spectra (70 eV) were obtained
with a VG 70/250S mass spectrometer coupled to a Hewlett-
Packard HP 5890A gas chromatograph and with a Fisons MD 800
mass spectrometer coupled to a Fisons GC 8000. Gas chromato-
graphic analyses were performed with a Carlo-Erba Fractovap
2101 gas chromatograph, equipped with a flame ionization detector
and on-column injection. Separations were carried out using 30 m
Rt,-5 (i.d. = 0.32 mm, dr = 0.25um) and 30 m DB-FFAP (i.d.
= 0.32 mm, dr = 0.25 um) fused silica columns with hydrogen as
the carrier gas. Identifications are based on comparison of mass
spectra and gas chromatographic retention times with those of
authentic samples. (Z,Z)-6,9-heneicosadiene (I) and (Z,Z2)-6,9-¢i-
cosadiene (IT) (Fig. 3) were synthetized by standard procedures (Yu
et al. 1989) as follows: ethyl linoleate was reduced with LiAlH4 to
linolenyl alcohol. After conversion to the paratoluol sulfonate, the
product was coupled with an appropriate lithium diakyl cuprate to
yield (I) or (I1), respectively. The triene (III) was prepared using the
same transformation starting from ethyl linoleate. The purities of
these synthetic polyenes were higher than 98%.

Electrophysiology

Electroantennograms (EAG) were recorded from isolated antennae
using standard methods (Boeckh et al. 1965). Amplitudes of re-
corded calibration pulses were unchanged over the experiments of
ca. 1 h, indicating a stable ohmic resistance of the mounted an-
tennae. Odour sources were pheromone glands of both sexes or
filter papers impregnated with given amounts of the respective fe-
male pheromone components (solved in pentane). The odour
sources, or blank papers for control, were mounted in short glass
tubes through which air puffs were blown onto the antennae. In
1993, we tested only freshly expanded glands and in 1994 in ad-
dition the synthetic components (1), (II), (III). In 1997, we EAG-
tested a few local males with HOdal and substance (I).

Behaviour

In 1997 we field-tested Panaxia in Paros with the synthetic female
and male components (not with volatile PA derivatives) and later
tested caged local males in addition with HOdal.

Results
Morphology
Female gland

The two separate tubular gland systems belong to the
dorsolateral VIII/IX intersegmental membrane of the
abdomen; their size and shape vary. Some have two,
others three or even four branches of ca. 3 mm in length
and 0.3 mm in diameter (see similar glands in Conner
et al. 1980, Wunderer et al. 1986, Schneider et al. 1992a).

Male gland

The coremata are bifid tubular glands and part of the
ventral VII/VIII intersegmental membrane of the abd-
omen (Fig. 1a,b). They carry a central field of dark,
longitudinal scales (Fig. 1a,c) and short, yellow, trian-
gular scales, arranged on the outer edge of folds viewed
as fine ribs in the everted organ (Fig. 1b). In the re-
tracted state it appears that this arrangement of the
short scales allows the close packing of the coremata (see
tip zones in Fig. Ic). The wall of the fully expanded, air-
filled organ is transparent, like parchment (Fig. 1b).
During the process of eversion of the corema, each side
of the organ extends from a resting length of 1.0-1.4 mm
through a medium length of 3.5 mm (Fig. 1c) to its full
length of 5-6 mm (Fig. 1b).

The ca. 200 short scales have a distal width of 100-
160 um, an equal height (Fig. 2a,b) and very different
outer and inner sides. The former (facing toward the
outer ends of the organ) appear rather smooth, while the
latter have several prominent keels. High-power SEM of
the outer sides reveals a complex surface structure, yet
no visible pores of over 10 nm diameter (Fig. 2c). The
inner sides have many holes of variable shape and width
(Fig. 2d). Interestingly, it is on the inner sides of che-
mically untreated scales that we observed a “‘contami-
nation”’, probably a residue of organic substances (upper
right corner of Fig. 2d). The 80-100 dark, bilaterally
symmetrical central scales are 0.7-1.0 mm in length and
0.12-0.20 mm in width (Fig. 1c).

Antennae

The filiform antennae showed no macroscopic sexual
difference in shape and dimension of the antennal fla-
gellum. The density and form of the curved, presumably
attractant-sensitive sensilla (trichodea), does not differ
between the sexes. These sensilla are 30-40 pum long.



Chemistry

Volatile components of the female glands

The GC-MS analysis of Paros females showed the
presence of long-chain polyenes (Fig. 3). These were
identified to be (Z,Z2)-6,9-heneicosadiene (I) (about 5 pg/
female) as the main component, accompanied by small
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amounts (less than 1%) of (Z,2)-6,9-eicosadiene (II).
Trace constituents were (Z,Z,7)-3,6,9-heneicosatriene
(II) (Z,2)-6,9-docosadiene (IV) (Z,Z)-6,9-tricosadiene
(V) and another triene, tentatively identified to be (Z,2)-
6,9,20-heneicosatriene (VI). Females from France con-
tained almost pure (I) at a concentration of 5-10 pg/
female. The only trace constituent present in these latter
females was (III) (less than 0.1%).

Fig. 1a— Panaxia male odour glands, coremata: a fully everted
organ; b right half of the organ, fully everted (SEM); ¢ partially
everted organ (SEM)

Fig. 2a—d Panaxia male odour gland; SEMs of scent scales: a, b
triangular scales, inner sides with ribs; ¢ outer side; d Inner side with
precipitate on its top-right area
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Fig. 3 Components of the female gland odour: 1 (Z,2)-6,9-hen-
eicosadiene; Il (Z,2)-6,9-eicosadiene; Il (Z,Z,7)-3,6,9-heneico-
satriene; 1V (Z,2)-6,9-docosadiene; V (Z,Z2)-6,9-tricosadiene; VI
(Z,2)-6,9,20-heneicosatriene

Volatile components of the male glands

Freshly everted coremata of the 1997 Paros males and of
the local males surprised us by a (quickly fading)
“green”” smell which could still be perceived from the
extracts of the glands. In all Paros samples (1993 and
1997) a range of ethyl esters was present. Main constit-
uents were ethyl esters of ubiquitous acids, namely ethyl
oleate, ethyl linoleate, and ethyl palmitate. Minor con-
stituents were ethyl stearate, ethyl hexadecenoate, some
usual hydrocarbons like tricosane or pentacosane, and
the steroid cholesterol. Samples from France were sim-
ilar, but contained much fewer ethyl esters. The main
constituent of these glands was cholesterol. In 1997,
different from all our analyses before, the coremata from
Paros and of the local males contained ca. 20 pg and
1.5 pg, respectively, of HOdal/male and traces of
danaidal. The bodies of both sexes of these specimens
contained a variety of PAs.

Electroantennograms

Recordings were taken from 12 antennae in 1993. Eight
of these experiments are shown in Table 1, the remain-
ing four had to be excluded for technical reasons. Male
and female antennae, when stimulated with female gland
odour, exhibited similar responses with an amplitude
more than five times higher than in response to the
control stimulus. The amplitudes of the EAG responses
to the odour of the male glands were about one-half of
the amplitude evoked by female glands but in most ex-
periments still well above control. The stimulus strength
of the male glands varied more than that of the female

Table 1 Overview of eight representative EAG recordings from Panaxia M Male, F female (listed sequence of use), C control stimulus. Male glands 1-8 (sequence of dissection), were

either fresh or kept deep frozen for a few days between experiments; coremata with the same number were first measured intact and then (marked?®) after squeezing with forceps. Glands

were expanded in the stimulatory apparatus. The figures shown are EAG amplitudes to single stimuli or the means of several stimuli 7(x). EAG amplitudes in mV. Gland odour was

tested at random

No. Ant Odour stimuli

Female glands

Male glands (coremata)
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Fig. 4 EAG responses of a
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glands. In five cases we squeezed the expanded corema
before or after the initial EAG. In three cases (no. 3/3%,
5/5%, 8/8%), the EAG amplitude was higher after
squeezing.

In the 1994 EAG recordings, we tested female glands
and components (I), (II) and (IIT). The two experiments
shown here (Figs. 4, 5) are representatives out of a total
of seven. The remaining five were in agreement with the
results shown in Figs. 4 and 5, and all experiments thus
corroborate the 1993 observation of equal sensitivity of
both male and female antennae to the female gland
odour (Table 1). Component (I) is chemically and
physiologically prominent, followed by (II) and (IIT) with
ca. 1/2 and 1/4 of the EAG amplitudes, or approximately
1/10 and 1/100 of the stimulus strength. The decline of
the EAG amplitudes in the course of the experiment is
independent of the type of stimulus and is also seen in the
control EAGs (note the real time abscissa).

In another experiment (not shown) which lasted
30 min, we tested the EAG threshold for substance (I).
The responses indicate that the level of the EAG
threshold is below 1 ng on the odour source. The mean
amplitude of 32 control stimuli was 0.015 mV (SD

0 0.1pg f(x)=-0.002x+0.154 r2=0.17

?: X contr f(x) = —0.007 x + 0.093 % = 0.91 \
0 0

Stimulus intervals were 0 10 20 30 40
time (min)

LB L L A L L L LB LA L BLELEL LB |

50 60 70 0O 10 20 30 40 50 60 70
time (min)

7 <Q9glands >

A Q1  f(x)=-0.010x+0.975 r?>=0.94
A 92  f(x)=-0.010x+1.062 r2=0.90
v Q3 f(x)=-0.007x+0.735 r>=0.61

10 20 30 40 50 60 70
time (min)

0.019); mean amplitude of 26 test stimuli 1.0 ng of (I):
0.088 mV (SD 0.038 mV).

In 1997 we tested three antennae of three local males
with 100 pg of HOdal at the evaporation site (compar-
able to the content of 5 coremata) and elicited EAGs of
two times the control amplitude. Female components
were as effective as before.

Behaviour

In June 1997 at Paros, we offered the just aggregating
moths the components (I, 11, III) and corema-esters (not
yet the volatile pyrrolizidine derivatives) in different
concentrations but observed no reaction at daytime or
early evening (before sunset). Later, we tested local,
caged males with female components and HOdal, again
without clear response. At the assembling place at Paros,
Panaxia is quite active during the daytime (avoiding
direct sunlight, drinking, nectaring). Our local caged
males, tended vigorously to escape towards the lighted
side at dusk, independent of the air current and the
gland odours.
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Discussion
Panaxia

The male scent gland of Panaxia was first mentioned
and depicted by Birch (1979) and Birch et al. (1990). Its
peculiar scales differ from the delicately structured,
hairlike odour-emitting scales found on the scent or-
gans of other male Lepidoptera (Wunderer et al. 1986;
Boppré and Schneider 1989; Boppré and Vane-Wright
1989; Schneider et al. 1992b). The position of the Pan-
axia scales on the outer edges of the folds (cf. Creato-
notos; Egelhaaf et al. 1992) allows optimal packing when
the organ is deflated and withdrawn into its interseg-
mental pocket.

It is likely that only the corema scales carry and emit
the scent. This is supported by the fact that the inner
sides of the short scales not only have the expected
complex perforations of scent-emitting scales but seem
to be smeared by material which is not yet characterized
with respect to its chemical nature. It may be a residue of
the chemically identified ethyl esters and their “cosmetic

time (min)

formulation”. So far, all our chemical findings have been
based on extractions of whole coremata.

The new finding of PAs in the bodies of both sexes
and of HOdal and danaidal in the coremata, corre-
sponds to related observations in other arctiids which
use HOdal as a male pheromone. To produce HOdal,
larvae need to feed on plants which contain the PAs,
store them also for their own protection and eventually
use them for the pheromone biosynthesis (see Eisner and
Meinwald 1987, Boppré 1990, Schneider 1992 for ref.).
The lack of PAs and HOdal in our earlier samples must
be due to a PA-free food of the polyphagous larvae. An
interpretation of the complex and varying composition
of the male corema-odourants has to await behaviour
studies.

The female glands of Panaxia show structural and
chemical features similar to those known from other
arctiids (Conner et al. 1980; Wunderer et al. 1986; Percy-
Cunningham and MacDonald 1987; Wheatherston and
Percy 1977; Krasnoff and Roelofs 1990; Yin et al. 1991;
Arn et al. 1992). There is little doubt that the compo-
nents (I) and (II) are the crucial elements of the female
attractant scent. Arguments in favour of this claim are:



1. They display great similarity to related long-chain
C20-23 polyenes shown to act as pheromones in females
of other arctiids (Arn et al. 1992).

2. Large EAGs and low EAG threshold indicate
that they are biologically important compounds.

3. Behaviour observations with late season males and
females in separate neighbouring cages showed female
abdominal pumping and male attempts to reach them
(Lenau-Jiirgens 1971).

Specimens from France contained mainly substance
(D) (5-10 pg/moth). This high absolute value puts Pan-
axia females among the moths producing the largest
amounts of pheromone [see Steinbrecht (1964) for
Bombyx (1.5 pg) and Schal et al. (1987) for the arctiid
Holomelina (5-10 pg)].

Interestingly, we found that the females in both Paros
samples (August 1993 and June 1977) produced the
tentative pheromone components (I) and (II), but only
the late-season 1993 females carried ripe and in-
seminated eggs. If reproduction is a late summer affair in
the Paros populations (cf. Walker 1966, Elger 1969,
Lenau-Jiirgens 1971 for Rhodes), we wonder about the
seasonally early production of pheromonal odourants in
both sexes.

Autodetection

Female antennae of most moth species are apparently
anosmic to their own odour while autodetection of fe-
male pheromones is a less frequently observed phe-
nomenon. Panaxia is an additional exception to the rule.
In contrast to the females, males of Lepidoptera were
never found to be anosmic for their own pheromones
(Schneider and Seibt 1969; Grant 1970, 1971; Grant et
al. 1972). Pheromone anosmia of female moths, such as
the Saturniidae, is often paralleled by a striking sexual
dimorphism in which female antennae are smaller and
less complex than those of the males and/or lack the
long pheromone-sensitive hair sensilla (Boeckh et al.
1960; Schneider et al. 1964).

Autodetection of female pheromone was earlier
found in the Noctuidae, Tortricidae and Yponomeut-
idae (Nesbitt et al. 1973; Birch 1977; Den Otter et al.
1978; Palaniswamy and Seabrook 1978a,b; van der Pers
and den Otter 1978; Ross et al. 1979; Saad and Scott
1981; Seabrock et al. 1987; Ljungberg et al. 1993; Den
Otter et al. 1996). Receptor cells of females with the
capability of autodetection are often less sensitive to the
odour than the respective cells of the males. In Spod-
optera littoralis, both sexes share one type of receptor
cells with the same high and specific sensitivity to one of
the female pheromone components while the other type,
which responds to another component, is only present
on male antennae. Interestingly, most moth species with
autodetection in the female do not show a substantial
sexual dimorphism of their antennae (Ljungberg et al.
1993; Ochieng et al. 1994; Anton and Hansson 1994). To
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date, there are too few cases of female autodetection to
generally relate these physiological facts to the absence,
presence or extent of antennal dimorphism. The com-
plexity of the situation is shown by Bombyx: females are
pheromone anosmic, but dimorphism of the big anten-
nae is limited (Steinbrecht 1970).

Anosmia, in the context, is understood as the lack of
a behavioural response and the lack of an EAG. EAG
reactions are indicative of a large number of similarly
reacting receptor cells. Pheromone “anosmic” female
antennae could thus carry small numbers of “autode-
tective” cells which would not show in an EAG. In fe-
males of Bombyx, the immunocytochemical detection of
pheromone-binding protein in some medium-sized sen-
silla trichodea and s. basiconica points in this direction,
but test recordings from individual receptor cells are
needed to confirm this view (Steinbrecht et al. 1995). If
the Bombyx female does possess such cells, pheromone
anosmia in female moths would not be a qualitative but
rather a quantitative sexual distinction (R. A. Stein-
brecht, personal communication).

Pheromone anosmic female moths do not have the
male-specific macroglomerular complex in the olfactory
brain where the incoming signals of the female odour
receptors are processed (Antheraea, Boeckh and Boeckh
1979; Bombyx and Lymantria, Koontz and Schneider
1987; Manduca, Hildebrand 1996). The brain of the fe-
male Spodoptera, a species with female autodetection,
has a special glomerulus of this kind (Anton and
Hansson 1994).

Central nervous processing of messages of male
pheromones has never been studied and little is known of
the respective morphological substrate. In an indicative
histological note on the olfactory brain of Creatonotos
(with its huge coremata and corresponding pheromone
production) and the wax moth Galleria (with an attrac-
tant produced by the wing glands of the male), large
glomeruli, potentially specialized to pheromones, were
found in both sexes (Schneider and Wunderer 1990).

At present, we can only speculate about the biological
meaning of a (total or only partial) anosmia or auto-
detection. For autodetection, the following functions
have been discussed: (1) establishment of “social con-
tacts” among females such as lek formation (sensu Al-
exander 1975), joint calling, or spacing on food plants
(den Otter et al. 1978, 1996), (2) control of timing of
pheromone release (Palaniswamy and Seabrook 1985),
(3) spacing to avoid interference of pheromone plumes
(Anonymous 1997). We now consider that Panaxia
(which lives several months in aggregation on Rhodes
and Paros) might profit from autodetection during gre-
garious activities. Finally, sensitivity of the autodetective
systems of female moths is not necessarily stable since it
can be modulated by juvenile hormone, supposedly in
relation to the mating and egglaying, behaviour (Pal-
aniswamy et al. 1979).
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