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Abstract Paysandisia archon was accidentally intro-
duced into Europe where it damages endemic and
ornamental palms, also threatening the date palm from
North Africa. Little was known about sex pheromones in
the Castniidae day-flying moth before a recent paper that
concluded on the absence of female sex pheromone in
P. archon. A putative identification of a short-range male
pheromone, present on fore- and hindwings, was reported.
In this paper, we describe the original structure of the male
androconia located on the tarsi of the mid-legs. The
extracts of mid-legs were analysed by GC/MS and the
chemical structure of the male androconia component was
identified as E2,713-18:0OH. After extraction in solvent,
biological activity of the extracts was assessed by EAG.
The chemistry and the morphology of the androconia
reinforce the current classification of the Castniidae in the
Cossoid/Sesioid assemblage and provide new information
on the chemical ecology in day-flying Lepidoptera and suit
the recent paper describing the courtship behaviour
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Introduction

Paysandisia archon (Burmeister 1879) was introduced into
southern Europe with new palm species originating from
South America, probably from Argentina or Uruguay,
where damage by this insect has never been reported. In
Europe, the population spread rapidly and destroyed
ornamental and patrimonial palms. The spread of this alien
insect is threatening the date palms in North Africa and
thus an important human food resource. The larvae develop
as a stem borer and are not controlled by insecticide.
Females lay eggs on the palm crown and the young larvae,
after feeding on the young palm, bore into the apex of the
palm stem. In this context of alien insect invasion, it was
interesting to decipher the mating behaviour (Delle-
Vedove et al. 2012, 2013) and identify the putative sex
pheromone in P. archon to provide new tool to survey
population expansion and/or monitor the insect.

In the Castniidae family, male moths have long been
known to exhibit diverse and often spectacular androconia
(Le Cerf 1936). Most of them are located on the abdomen
and hindlegs. Jordan (1923) described in Gazera helico-
nioides Herrich-Schiffer, under the name of Castnia linus
Cramer in the original article, male androconia on paro-
nychia of the mid-tarsus and mentioned similar structures
on the tarsi of Haemonides cronida Herrich-Schiffer,
Geyeria hubneri Latreille and Frostetola gramivora
Schaus, which are all species belonging to the subfamily
Castniinae, as does P. archon (Lamas 1995). Such andro-
conia were found and studied in P. archon and in this paper
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we present a description and the identification the chemical
content.

Little is known about the Castniidae moth sex phero-
mone, with one species investigated (Reboucas et al. 1999),
leading to the identification of hydrocarbons and unsatu-
rated fatty acids from female ovipositor extracts. A recent
paper also dealing with sex pheromone in P. archon was
published while this paper was being drafted. The authors
identified a putative sex pheromone from male wing
extracts. No female sex pheromone was identified (Sarto i
Monteys et al. 2012). Observations of the courtship
behaviour evidence that males scratch the substratum with
the mid-legs, inducing take off and hovering flight in the
female (Delle-Vedove et al. 2013). The results we present
in this paper demonstrate that the male androconia produce
large amounts of a compound already known as a Cossidae
female pheromone component. The identification of pher-
omones is of course of interest for insect monitoring when
they can be used as long-range attractants, but it also
contributes to the understanding of insect phylogeny and
taxonomy. The question is even more interesting as the
taxonomic position of the Castniidae has changed over
time. After being included within the Cossoidea super-
family in the past, Castniid moths are now filiated with the
Sesiidae and classified as a family in the Sesioidea
superfamily.

Identification of the component from P. archon male
androconia is reported in this paper and discussed in
accordance with taxonomic considerations and with the
recent papers.

Methods
Insects

The insects used in the experiments were collected as last
instar larvae or pupae in infested palms cut down in the
Montpellier area between January and July from 2007 to
2010. After collection, the larvae were placed in individual
plastic boxes with palm tissue and kept in a glasshouse
under natural conditions (temperature ranging from 10 to
25 °C) until pupation. Pupae obtained from April to August
were kept in the laboratory under a natural photoperiod at
25 °C. Each day, emerging moths were sexed and kept
separately in a fine-mesh cage (30.5 cm; http://www.
livemonarch.com) under laboratory conditions.

Adult moth extracts and pheromone collection
The male forewings, mid-legs and genitalia of dissected

males were extracted in hexane. The extractions were
carried out between 2 and 3 h after emergence as this
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period was previously determined as the period of sexual
activity under our experimental conditions (Beaudoin-
Ollivier and Frérot 2006; Delle-Vedove et al. 2012). Some
of the extracts were pooled and condensed under a nitrogen
flow before analysis when no candidate pheromone com-
ponent was detected, i.e. 5 male wings or genitalia in 100
or 10 pL.

Chemical analysis

Gas chromatography (GC) analyses were conducted using
a Varian 3400 CX with a split spitless injector, a FID
detector heated to 260 °C fitted with an Rtx®-Wax column,
30 m x 0.32 mm i.d. (Restek®, France). The oven tem-
perature was ramped from 50 to 100 °C at 15 °C/min, then
to 245 °C at 5 °C/min. Helium was the carrier gas (15 psi
pressure). GC and mass spectrometer (GC/MS) analyses
were carried out on a Saturn QISMS ion trap coupled to a
3400 CX GC, in electron impact mode (EI), 70 eV,
40-400 amu. GC conditions were as follows: the injector
was set to 250 °C, the oven temperature was ramped from
50 to 300 °C at 8 °C/min, kept for 19 min at 300 °C,
equipped with an Rxi-5 Sil-MS (Restek®, France),
30 m x 0.32 mm i.d.

Compounds were identified according to their mass
spectra and retention indexes (RI). The RI were computed
on AMDIS 32 using n-alkanes from C;q to C,y, eluted
under the same conditions as the samples on a non-polar
column. All compound spectra and RI were compared with
the RI and spectra of the laboratory libraries using AM-
DIS32 software.

Assertion of the chemical structure was thereafter
achieved for the male pheromone through proton NMR
spectroscopy in d6 acetone (Varian 300 MHz Mercury+)
as the quantity collected, about 500 pg, allowed such
assessment by NMR analyses.

Chemical synthesis of (2E,13Z)-octadecadien-1-o0l
(E2,Z13-18:0H)

A solution of (2E,13Z)-octadien-1-yl acetate (846 mg,
3 mmol) in THF (5 mL) was added to a solution of NaOH
(600 mg, 15 mmol) in MeOH (10 mL). The reaction
mixture was stirred for 2 h at 40 °C. It was then concen-
trated under reduce pressure, diluted with water, and
extracted with hexane. The organic layer was washed with
water (5 mL) and aq. NaCl sat. (5 mL). It was dried over
magnesium sulfate and filtered. Evaporation under reduce
pressure afforded the expected product, (2E,13Z)-octadien-
1-o0l, as colourless oil (708 mg, 100 %). IR spectra were
recorded on a PerkinElmer Spectrum 100 FT-IR spec-
trometer, in “ATR mode”. NMR spectra were recorded on
Bruker AC 300 spectrometer [300.13 MHz (lH) and
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75.47 MHz (BC)] using tetramethylsilane as the internal
standard and CDCl; as the solvent. Chemical shifts are
reported in § ppm values in Hertz.

IR V. (cm™') 3,570-3,110 (OH), 1610 (C=C).

'"H NMR dy: 0.88-0.93 (3H, m); 1.29-1.41 (20H, m);
2.02-2.08 (6H, m); 4.09 (2H, d, *J H,.H, = 6 Hz; 5.34-
5.38 (2H, m); 5.60-5.73 (2H, m).

>C NMR §c: 13.98; 22.34; 26.91; 27.19; 29.14; 29.19;
29.29; 29.49; 29.53 (2C); 29.76; 31.96; 32.21; 63.78;
128.81; 129.85 (2C); 133.51.

This detailed NMR study prompted us to develop an
efficient synthesis of (2E,13Z)-octadien-1-ol. Commer-
cially available (2E, 13Z)-octadien-1-yl acetate served as
the starting material. The acetate was diluted in THF and
treated with sodium hydroxide in aqueous methanol at
40 °C. Saponification was completed after 2 h of stirring,
as deduced from the IR data of the crude product and the
absence of the absorption band at 1,740 cm ™! for the C=0
bond of the acetate group. The purity of the crude product
was confirmed by GC/MS analysis and NMR experiments.
Assignments have been made using 'H and '*C 1D
experiments, '"H-'H 2D COSY, '"H-">C HSQC and HMBC
experiments, and spin decoupling. '"H NMR clearly showed
the presence of a doublet at 4.09 ppm assigned to H-1
coupled with the vinyl proton H-2. 'H-'H 2D COSY and
HMBC experiments allowed the assignments of H-3 at the
same chemical shifts of H-2. The identification of H-13 and
H-14 between 5.34 and 5.38 could be easily confirmed
from the 1-H NMR and HSQC data. The small difference
of the chemical shifts of the H-1-H-2 and H-13-H-14
vinylic systems has constituted a real difficulty to establish
the configuration of the double bond C=C. Therefore, spin
decoupling experiments were performed to remove the
signal splitting and to simplify the vinylic systems. The
irradiation of the signals at 2.04 ppm corresponding to H-4,
H-12 and H-15, allowed the determination of the 3JH_13_H_
14 coupling constant. The value of 12 Hz indicated that the
H-13 proton was placed in the cis position of H-14.
The irradiation of the H-1 signal at 4.09 ppm allowed the
determination of the 3JH,2,H,3 coupling constant. The value
of 17 Hz was in agreement with the 2-E configuration.

Synthetic compounds

The synthetic compounds belonged to the INRA, PISC
laboratory collection; isomeric purity was about 90 %.

Electroantennography

The EAG technique was used to assess the biological
activity of crude extracts of male tarsus. Electrical depo-
larisations were recorded with a Syntech EAG Device
(Hilversum, Netherlands). The proximal and tip parts of the

antenna were cut and connected to the glass electrodes
filled with a KClI solution. Electrical contact between the
preparation and the amplifier was made with AgCl-coated
silver electrodes. Charcoal-filtered and humidified air
passed continuously at 15 mL/s over the preparation
through a metal tube outlet 5 mm away from the antennae.
The stimulation was deposited on a filter paper and placed
in a Pasteur pipette. At the beginning of each series of
stimulations, air and filter paper with 10 pL of hexane were
applied as control stimulations. Before any stimulation, the
filter papers were left 10 min to allow solvent evaporation
and renewed each hour. The pulse flow lasted 0.5 s and
was delivered at 13 mL/s.

For male tarsus pheromone extracts quantification was
possible and carried out by GC according to the calibration
curves of the dienic compound (8E,10E)-dodecadien-1-ol.
We applied a dose of around 5 pg (10 pL of crude extract).
Each dose of male extracts was tested on 12 female and 15
male antennae, respectively. Synthetic compounds,
E2,713-18:0H and E2,7Z13-18:Ac, were tested at a dose of
5 pg (n = 12 males and 14 females).

Statistics

Mean EAG responses to crude extracts or synthetic stim-
ulations were compared with the corresponding hexane
response, for males and females, respectively, using a
Wilcoxon test for paired samples. Statistical tests were
performed using R 2.12.0 (R Development Core Team
2010).

Results
Description of the male androconia

In P. archon, the mid-legs of males are modified. The first
segment of the tarsus is larger and broader than in females
(Fig. 1a), and the last segment of the tarsus bears distally a
pair of brush-like structures, just below the claws (Fig. 1b),
which correspond to the paronychia (Séguy 1967; Gordh
and Headrick 2001). These hairbrush organs of males are
assumed to release sex pheromones into the air, as previ-
ously described in almost all families and body parts of
Lepidoptera. Authors agree on the generic term androconia
(Birch et al. 1990).

Male pheromone component identification
The mid-leg extracts showed a huge quantity (ug) of a
component at the retention time of an octadecadienol. The

mass spectrum showed the following ions: 41, 55, 81, 95,
109, 248 (M* —18) characteristic of a long-chain dienic
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Fig. 1 Mid-legs of Paysandisia
archon. a Tibia and tarsus of
P. archon male and female.

b Two distal tarsomers of

P. archon male and female
showing the androconia on
paronychia (arrow)

3

compound. On an apolar column and on a polar column,
the retention times matched that of E2,713-18:0OH. As this
compound was the only one available among the four 2,13
and four 3,13-octadecadienols, and as the quantity of
extract was enough, we used NMR for identification
purposes.

The NMR spectrum exhibited three characteristic mul-
tiplets at 4.10, 5.35 and 5.6 ppm, each integrating for 2
protons, in agreement with the presence of two unsatura-
tions and a primary alcohol. It was deduced from the
coupling pattern of these three multiplets that one of the
unsaturations was at the C-2 position, but the stereo-
chemistry of the double bonds remained unclear. A
comparison with NMR data obtained under the same
conditions from a synthetic sample of E2,713-18:0H
unambiguously elucidated the chemical structure.

GC/MS reconstruction of the ion currents of diagnostic
ions for putative long-chain alcohols or acetates, known to
be pheromone components, did not reveal any other com-
ponents in the mid-leg extracts.

Electroantennography
The overall intensities of EAG responses were weak in
both male and female antennae, at less than 0.7 mV under

our experimental conditions (CEFE Montpellier and PISC
Versailles), but responses were always significantly
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different from the air control (Wilcoxon rank test,
p < 0.01) and from the respective hexane control (Fig. 2
Male and female EAG responses to crude extracts of male
mid-legs and to synthetic compounds are reported in Fig. 2
and compared to the hexane control response.

Male mid-leg extract elicited significant responses on
both male and female antennae, as well as the identified
E2,713-18:0H, male pheromone component.

Discussion

Moths of the Lepidoptera belonging to the Castniidae
family are known to exhibit diverse and often spectacular
androconia (Le Cerf 1936) and we found that P. archon
also bears such a structure with hairbrushes and claws
characterizing paronychia. As shown in mid-leg extracts,
the paronychia of P. archon contain a large quantity of a
single pheromone component and the enlarged first article
of the mid-tarsus is probably the site of male sex phero-
mone emission, but further investigations are needed to
locate the site of pheromone biosynthesis, which may be
different from the emission site in male moths (Birch et al.
1990). The male pheromone might be produced either in
the paronychia, as seems to be a common feature in all
Castniidae males (Jordan 1923), or in a remote part of the
leg or body. Jordan 1923, postulated that the large tarsi



Fragrant legs in Paysandisia archon males

141

w0
80O

O Females
0 Males ke

dedk

i

g | ! 4

- =

—_

600
L

EAG responses (uV)
400
1

T T
Hexane Hexane

Treatment

T
Male Extr. Male Extr.

=2
800

O Females
0 Males

g— k.

ke

e

EAG responses (uV)
400

T T T
Hexane Hexane E2Z13-18:0H E2Z13-18:0H

Treatment

Fig. 2 a Mean EAG responses (1V) of male (grey) and female
(white) antennae to crude extracts of male mid-legs. b Mean EAG
responses (LV) of male (grey) and female (white) antennae to
synthetic compounds. Asterisks represent significant differences in
responses from the corresponding control (hexane) for males or
females, according to Wilcoxon test (*p <0.05; **p <0.01;
*#*%p < 0.001). Extr. crude extract

contain strong muscles that are used to grasp the female
firmly during mating. This behaviour was not observed in
P. archon (Delle-Vedove et al. 2013). Only histological
examination would answer that question.

The existence of androconia in P. archon shown in this
study reinforces the already proposed uniformity of the
Castniidae family. The chemical structure of the identified
component in male mid-leg extract was surprisingly
chemically similar to that of female moth sex pheromone
included in the Cossoidea superfamily, and in several
species of clearwing moths classed in the Sesioidea, Sesi-
dae. Most of the known components identified from male
moth androconia originate from food intake and are related
either to amino acids or specific chemicals from plants
(Blum 1987). A chemical analogy between male and
female sex pheromone has rarely been described, but was
found recently in another moth (Lassance and Lofstedt
2009).

Our results corroborate the monophyly of the Cossoidea
and Sesioidea demonstrated by Minet (1991). To our
knowledge, the components 2,13- and 3,13-octadecadienols

have only been identified in species classed in these super-
families (see Pherobase for details), confirming what has
been called the Cossoid/Sesioid assemblage (Edwards et al.
1999).

EAG demonstrated that the scent released from the male
androconia was perceived by the conspecific antennae. The
intensity of the EAG responses was weak, as already
mentioned by Sarto i Monteys et al. (2012). This point and
the finding of E2,Z13-18:0H in male extract were the only
similar results, although the extract in the Sarto i Monteys
et al. (2012) paper was wing extract. The presence of this
compound on wings could originate from the adsorption on
the cuticle of the huge amount of pheromone component
deposited by males during pre-courtship behaviour. In the
first behavioural study on mating behaviour (Delle-Vedove
et al. 2013), the male did appear to be the primary attrac-
tive sex and first released the androconia pheromone by
scratching the substratum with the mid-legs. This behav-
ioural event also contradicts the hypothesis put forward by
Sarto i Monteys et al. (2012) of a release during flight.

GC/MS analyses did not reveal any other component
from male androconia, even from wing extracts, and in
particular no farnesal-like compounds. However, our
findings showed that day-flying Lepidoptera possess pher-
omone-like secretions, as already found in other species
(Boppré 1978; Zagatti and Renou 1984; Lassance and
Lofstedt 2009; Nieberding et al. 2008 and literature cited
therein). Further behavioural studies with synthetic chem-
icals will be undertaken to further investigate the
phenomenon of long and short-range attraction in this day-
flying Lepidoptera.
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