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Abstract Chilecomadia valdiviana (Philippi) (Lepidoptera:
Cossidae) is an insect native to Chile. The larval stages feed
on the wood of economically important fruit tree species such
as apple, pear, olive, cherry, and avocado, and also on euca-
lyptus. This causes weakening and, in case of severe infesta-
tion, death of the tree. We report identification of the sex
pheromone produced by females of this species. Hexane ex-
tracts of the abdominal glands of virgin females were analyzed
by gas chromatography (GC) with electroantennographic de-
tection, GC coupled with mass spectrometry, and GC coupled
to infrared spectroscopy. The major pheromone component
was identified as (7Z,10Z)-7,10-hexadecadienal (Z7,Z10—
16:Ald), and minor components present in the extracts were
(Z)-7-hexadecenal and (£)-9-hexadecenal, hexadecanal, and
(9Z,1272)-9,12-octadecadienal. Structural assignments were
carried out by comparison of analytical data of the natural
products and their dimethyl disulfide adducts with those of
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authentic reference samples. In field tests, traps baited with
77,710-16:Ald captured significantly more males than con-
trol traps.

Keywords Wood-boring insect - Carpenter worm - Male
attractant - Homoconjugated double bonds - Lepidoptera -
Cossidae

Introduction

Chilecomadia valdiviana (Philippi) (Lepidoptera: Cossidae)
is native to Chile and Argentina, and attacks trees of economic
importance in Chile (Artigas 1994; Cerda et al. 2000; Ripa
and Larral 2008). It has long been known to be associated with
native trees and bushes, such as Nothofagus spp. (Angulo and
Olivares 1991, 2008; Gentili 1988; Petersen 1988). However,
in the early 1990s C. valdiviana was detected attacking com-
mercial Eucalyptus nitens plantations (Cerda and Lewis 1993)
in southern Chile. Since this report, the insect has not only
established itself, but has expanded its presence in eucalyptus.
In addition to eucalyptus, C. valdiviana attacks economically
important fruit trees such as avocado, apple, cherry, olive, and
pear (Artigas 1994; Prado 1991), and infestations have been
increasing over the last years in these crops, particularly in
apple orchards in central Chile. Despite the rather slow dis-
persal of the pest, host-plant shifts do occur and are causing
concern. The host-plant shift towards Fucalyptus nitens, re-
ported for C. valdiviana in Chile about 20 years ago, was
independently observed in South Africa for another cossid
species, Coryphodema tristis (Gebeyehu et al. 2005). This
coincidence is intriguing because these two species do not
share a close phylogenetic relationship (Degefu et al. 2013;
Schoorl 1990), and emphasises the potential risk these insects
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present for commercial tree plantations in the medium- to
long-term, not only in Chile.

Upon feeding on the wood of their host species, the larvae
bore galleries of considerable diameter (up to 1 cm) and length
(up to 25 cm), causing the tree to lose static balance and
become prone to breakage. Additionally, the galleries provide
entry for microorganisms, further affecting plant health and
reducing the wood value (Kliejunas et al. 2001). Apart from
the impact on local production, exports also are affected by the
presence of C. valdiviana. The United States Agricultural
Department (USDA) assigned the species a high pest risk
potential in the importation of eucalyptus logs and chips from
South America, indicating that “specific phytosanitary mea-
sures may be required to ensure the quarantine safety of pro-
posed importations™ (Kliejunas et al. 2001).

Larvae are present throughout the year in all stages, pupae
are found mainly in winter (July—September), and adults usu-
ally fly in spring and summer (September—February). The
duration of the life cycle is not known with certainty and has
been estimated to be of one, two, or even three years. As adults
show a long emergence period and the larvae develop inside
the tree branches and trunks, the control of C. valdiviana is
difficult. According to Ripa and Larral (2008), no effective
control methods are known, and the only alternative is remov-
al of damaged wood. A well-established approach for the
monitoring and/or control of lepidopteran pests is the use of
pheromones. In view of the increasing number of infestations
and the lack of effective control methods, we identified the sex
pheromone of C. valdiviana, and this may be used to develop
monitoring or control strategies for this pest.

Methods and Materials

Insects Pupae were collected near Talca (Maule Region,
Chile) from infested apple tree logs during late winter, sexed
based on external observation of the terminalia (ventral side of
8th and 9th abdominal segments), and maintained individually
in 50 ml polystyrene containers under laboratory conditions
(20 °C, 60-70 % r.h., 12 L:12D) until emergence of adults.
After experimental studies, abdominal tips were excised and
their genitalia prepared for taxonomic identification according
to the keys available in Gentili (1989) and Olivares et al.
(2010) and for comparison with authentic reference specimens
from the Museum of Zoology, Universidad de Concepcién
(MZUC-UCCC).

Preparation of Gland Extracts Observations indicated that
females displayed calling behavior ca. 3—4 h before the start of
the photophase. At that time, virgin females (1-3 d-old) were
freeze-killed at —20 °C for 20 min, and the pheromone gland
was extruded by gently pressing the abdominal tips, excised,
and immersed in 50 pl of hexane (SupraSolv, Merck,

Darmstadt, Germany). After 10 min, the hexane was carefully
removed, and the sample was either analyzed immediately or
stored at —20 °C until use. Glands were extracted and extracts
analyzed individually.

Chemical Analyses Gas chromatography with
electroantennograpic detection (GC/EAD) was carried out
using a Shimadzu GC-2014 AFSC gas chromatograph
(Shimadzu, Kyoto, Japan) coupled to an
electroantennographic detector (Syntech, Kirchzarten,
Germany). The column effluent was split in two equal parts,
with one part going to the flame ionization detector (FID) and
the other through a heated transfer line into a humidified air-
stream (400 ml min ) that was directed to the male antennal
preparation. Antennae were prepared by decapitating the in-
sect (1-3 d-old males) and connecting the base of the head and
the tips of both of the antennae to the two electrodes (Syntech
probe) covered with conducting gel (Spectra 360 Electrode
Gel, Parker Laboratories, Fairfield, NY, USA). The signal
was acquired with the signal acquisition interface IDAC-2
(Syntech) and recorded and processed using the software
GC-EAD 2010 v1.2.2 (Syntech). The GC was equipped with
a fused silica RTX-5 capillary column (30 m % 0.25 mm id,
0.25 mm film, Restek, Bellefonte, PA, USA). The oven was
programmed from 50 °C for 5 min and then at 8 °C min " to
270 °C. The GC was operated in split/splitless mode (30 s
sampling time) with an injector temperature of 250 °C.
Helium was used as the carrier gas.

Gas chromatography coupled with mass spectrometry
(GC/MS) was carried out using a Shimadzu GCMS-QP2010
Ultra combination using either the same GC column and con-
ditions as above, or one of the following columns: a fused
silica RTX-Wax capillary column (30 m x 0.32 mm id,
0.25 um film, Restek) or a fused silica SP2380 capillary col-
umn (30 m x 0.32 mm id, 0.2 pm film, Varian Inc., Lake
Forest, CA, USA). For the RTX-Wax column, the oven was
programmed from 50 °C for 2 min, and then at 8 °C min ' to
220 °C, and for the SP2380 column from 50 °C for 5 min, and
then at 6 °C min™' to 230 °C. Electron impact mass spectra
were acquired at 70 eV.

Gas chromatography coupled with Fourier transform infra-
red spectroscopy (GC/FT-IR) was carried out on a Shimadzu
GC2010 equipped with a DB-5 capillary column
(30 m x 0.25 mm i.d., 0.25 pum film thickness; Agilent
Technologies, USA), coupled to a DiscovIR-GC (Spectra
Analysis, Marlborough, Massachusetts, USA) infrared detec-
tor (4000-750 cm !, resolution 8 cmﬁl). Injections of 1 ul
were performed in splitless mode, with an injector temperature
0f250 °C. The column oven temperature was held at 70 °C for
1 min, and then increased to 250 °C at 7 °C.min ', and held
for 2 min. Helium was used as carrier gas at a column head
pressure of 170 kPa.
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Derivatization Dimethyl disulfide (DMDS) (50 ul) and 50 pl
of a 5 % solution of iodine in diethyl ether were added to a
hexane gland extract containing one female equivalent in ca.
50 ul (Buser et al. 1983). The reaction mixture was kept at
50 °C overnight. After addition of a drop of an aqueous solu-
tion of 10 % sodium thiosulfate, 200 pl hexane were added.
The hexane solution was carefully separated, concentrated to
ca. 20 pl, and either analyzed by GC/MS using the RTX-5
column as described above or submitted to chemical reduction
with lithium aluminum hydride (LAH) as follows. The
DMDS-derivatized extract was concentrated to dryness and
re-dissolved in 1 ml dry diethyl ether. A small amount of
LAH was added, and the mixture was left for 2 h at room
temperature. Subsequently, a drop of conc. HCI was added,
and the mixture was passed through a Pasteur pipette contain-
ing silica gel and sodium sulfate. The target compounds were
eluted with diethyl ether. The eluate was concentrated to dry-
ness, re-dissolved in hexane, and analyzed by GC/MS using
the RTX-5 or RTX-Wax columns as described above.

Chemicals (77,102)-7,10-Hexadecadienal (Z7,210-16:Ald)
was synthesized as described below and in the
Supplementary Information. (97,127)-9,12-Octadecadienal
(729,212-18:Ald) was obtained by reduction (LAH, Et,0)
and subsequent oxidation (pyridinium dichromate, CH,Cl,)
of commercially available methyl linoleate. Hexadecanal
(16:Ald) was purchased from Sigma-Aldrich (St. Louis,
MO, USA). (2)-9-Hexadecenal (Z9-16:Ald) was purchased
from Bedoukian (Danbury, CT, USA). Other hexadecenals
were available in our laboratory from previous work. For field
tests, the compounds were purified by column chromatogra-
phy on silica gel impregnated with 5 % silver nitrate and had
purities >99 % by GC analysis.

Synthesis

General Procedures Reagents and solvents were purchased
from Sigma-Aldrich or Merck and were used without further
purification. Syntheses with air- or moisture-sensitive reagents
were carried out in dried glassware under nitrogen using stan-
dard vacuum line techniques. Silica gel 60 (0.063—-0.200 mm,
Merck) was used for column chromatography. Nuclear mag-
netic resonance (NMR) data were acquired on a Bruker

Fig. 1 Synthesis of (7Z,10Z)-
7,10-hexadecadienal. Reagents: a
DHP, pTsOH; b PDC, CH,Cl,; ¢
PPh3Br2; d PPh3, MeCN, €
NaN(SiMe;),, THF; f pTsOH,
MeOH. Abbreviations are 3
explained in the text
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Fourier 300 spectrometer (300 MHz for 'H and 75 MHz for
13C), and chemical shifts (5) are reported in ppm relative to the
internal standard tetramethylsilane. Coupling constants J are
given in Hz. Mass spectral data were acquired on the
Shimadzu GCMS-QP2010 Ultra GC/MS combination de-
scribed above.

Synthesis of (7Z,102)-7,10-Hexadecadienal Experimental
details of the synthesis of Z7,210-16:Ald and its intermedi-
ates are described in the Supplementary Information and are
outlined in Fig. 1. Briefly, the tetrahydropyranyl derivative
(THP ether) of 7-hydroxyheptanal (2) was prepared by reac-
tion of 1,7-heptanediol (1) with 3,4-dihydro-2H-pyran (DHP)
(Nishiguchi et al. 2000), followed by oxidation of the hydrox-
yl group of the resulting monoprotected diol using pyridinium
dichromate (PDC) in CH,Cl, (Corey and Schmidt 1979). In
parallel, (Z)-3-nonen-1-o0l (3) was converted to (Z)-1-bromo-
3-nonene (4) using triphenylphosphine dibromide (PPh;Br,)
(Horner et al. 1959; Wiley et al. 1964). The corresponding
Wittig salt 5 was obtained by treatment of the bromide 4 with
triphenylphosphine (PPh;) in acetonitrile. Wittig reaction of 2
with 5 using sodium bis(trimethylsilyl)amide [NaN(SiMes),]
for the generation of the ylide (Bestmann et al. 1976),
furnished the THP-protected dienol 6, which was deprotected
(H*, MeOH) and oxidized (PDC, CH,Cl,) to yield Z7,Z210—
16:Ald. "H-NMR (CDCls): 5 0.91 (t, 3H, J = 6.9), 1.32-1.47
(m, 10H), 1.58-1.72 (m, 2H), 1.96-2.14 (m, 4H), 2.44 (dt,
2H,J1=72,1.9),2.75-2.82 (m, 2H), 5.28-5.46 (m, 4H), 9.78
(t, IH, J = 1.8). >C-NMR (CDCl5): & 202.8, 130.3, 129.6,
128.4, 127.8, 43.9, 31.5, 29.4, 29.3, 28.8, 27.2, 27.0, 25.6,
22.6,22.0, 14.1. EI-MS: m/z (%) = 41 (63), 54 (25), 55 (40),
67 (100), 68 (27), 69 (22), 79 (45), 81(80), 95 (35), 98 (28),
109 (13), 119 (5), 121 (4), 123 (4), 133 (3), 137 (3), 151 (2),
179 (1), 193 (1), 236 (M*, 1).

Field Tests Four separate trapping experiments were carried
out to test the attractiveness of Z7,Z210-16:Ald, and its mix-
tures with (Z)-7-hexadecenal (Z7-16:Ald), and/or Z9—-16:Ald
to males. Traps consisted of a 20 L-bucket filled with a solu-
tion of ca. 300 g sodium chloride and ca. 5 ml liquid glycerin
soap in 1.25 L water. A plastic roof was installed above the
bucket with a clearance of ca. 12 cm at the highest point. The
lure was suspended with a pin below the roof. Lures

&b, AN
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—

Z27,Z10-16:Ald
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containing synthetic compounds were prepared by loading
white rubber septa (Sigma-Aldrich, catalog #2553905) with
100 pl of an appropriate solution of Z7,Z10-16:Ald or its
mixture with other aldehydes in hexane. Septa treated with
100 pl of hexane were used as controls. Virgin females used
as lures were confined in a cylindrical plastic container (8 cm
long, 6.5 cm diam) open at both ends and covered with plastic
mesh. Females were used 2—3 d after emergence. Traps were
placed at 3.0-3.5 m height on the orchard rows, with a dis-
tance of 20-22 m between the traps.

In Experiments 1-3, we tested the attractiveness of the
main pheromone candidate Z7,210-16:Ald at different loca-
tions. The treatments were (1) Z7,210-16:Ald (500 pg dose),
(2) avirgin female, and (3) hexane control and there were four
replicates in each experiment. Traps were checked every 3—4
d, at which time the captured insects were counted and re-
moved from the traps, and live females were replaced with a
new individual. All collected adults were preserved in alcohol
and their genitalia prepared for taxonomic identification.
Experiment 1 was carried out from August 18 until
September 8, 2015, in an apple orchard in Colbun Poniente
(35°43'12.99"S, 71° 27" 33.59"W; 6.5 ha planted with vari-
eties ‘Royal Gala’ and ‘Scarlet’ at a density of 1389 trees/ha).
Experiment 2 was carried out from August 28 until September
22,2015, in Colbin Oriente (35° 43’ 10.44"S, 71° 27" 42.42"
W; same characteristics as Colbun Poniente), and Experiment
3 was conducted from August 28 until September 22, 2015, in
San Javier (35° 34’ 53.00"S, 71° 44’ 50.39"W; 6.5 ha planted
with ‘Royal Gala’ and ‘Galaxy’ at a density of 889 trees/ha).
All three orchards had a similar incidence of C. valdiviana (ca.
70 % of the trees had at least one active gallery), but the
infestation at the San Javier orchard was of much higher se-
verity (more active galleries per tree).

Experiment 4 was conducted from September 8 until
November 10, 2015, at the Colbun Poniente orchard described

D

C

AL

above and was intended to test the influence of the minor
hexadecenals on the attractiveness of the major compound.
Treatments were (1) 500 ug Z27,210-16:Ald, (2) 500 pug
Z27,210-16:Ald + 50 ug Z7-16:Ald, (3) 500 ug Z7,210—
16:Ald + 50 ug Z9-16:Ald, (4) 500 ug Z7,Z10-16:Ald +
50 ug Z7-16:Ald + 50 pg Z9-16:Ald, (5) a virgin female,
and (6) hexane control. There were six replicates of each treat-
ment. Traps were checked once a week during the duration of
the trial, at which time captured insects were counted and
removed from the traps, and live females were replaced with
new individuals. All collected adults were preserved in alco-
hol and their genitalia prepared for taxonomic identification.

Data Analysis Differences between treatments in Experiments
1 to 3 were analyzed using the mean male captures per trap and
per day for all sampling dates. Experiment 4 was analyzed
using the males captured per trap and per day for each sampling
date. Since the distributions of the data did not fulfill the as-
sumption of homoscedasticity, the non-parametric Kruskal-
Wallis multiple comparison test with Bonferroni correction
was used (Siegel and Castellan 1988; Sokal and Rohlf 1995).

Results

Analyses of Gland Extracts GC/MS analyses of pheromone
gland extracts revealed the presence of five compounds which
were recognized as potential pheromone candidates based on
their mass spectra (peaks A-E, in the order of elution from the
RTX-Wax column) (Fig. 2). GC-EAD analyses of the extracts
showed that male antennae responded reproducibly to the
main compound D (data not shown).

Compound A had retention indices of 1819 (RTX-5) and
2132 (RTX-Wax), and its mass spectrum was virtually identi-
cal to that of the database spectrum for hexadecanal.

.
20 21 22

Cc23
X
“ C24 g
""I""""'I"'/'L'/H"I
23 24

[min] 25

Fig.2 Gas chromatogram (30 m RTX-Wax) of a pheromone gland extract of female Chilecomadia valdiviana. Letters A-E denote pheromone candidate
compounds; C22 = n-docosane; C23 = n-tricosane; C24 = n-tetracosane; X = unknown
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Comparison of the retention times and the mass spectrum with
those of an authentic reference sample confirmed its assign-
ment as hexadecanal.

Compounds B and C were identified tentatively as
hexadecenals, based on their mass spectra (m/z = 220, 238)
and retention indices (1799 and 1801 on RTX-5, respectively;
and 2157 and 2160 on RTX-Wax, respectively). The diagnos-
tic fragments present in the mass spectra of the DMDS ad-
ducts suggested a A7- or A8-hexadecenal for compound B
(m/z =159, 173, 332) and a A6- or A9-hexadecenal for com-
pound C (m/z = 145, 187, 332). In the case of aldehydes, the
position of the double bond cannot be unambiguously deter-
mined from low resolution mass spectra of DMDS adducts,
because the formyl group and the terminal ethyl group of the
carbon chain are isobaric. In the present case, comparison of
retention times and mass spectra of the natural compounds
and their DMDS derivatives with those of all eight possible
synthetic isomers of the candidate hexadecenals, revealed
compound B to be Z7-16:Ald and compound C as Z9—
16:Ald (Table S1, Figs. S1, S2).

The mass spectrometric fragmentation pattern and the ap-
parent molecular ion at m/z 236 (Fig. 3a) indicated the major
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EAD-active compound D to be a hexadecadienal. Its infrared
spectrum, obtained by GC/FT-IR, confirmed the presence of a
carbonyl group (1708, 2744 cm™") (Fig. 4) and suggested the
double bonds to show Z-configuration, as £-configured dou-
ble bonds are characterized by an absorption at ca. 970 cm ',
which was not observed. Furthermore, the absence of absorp-
tions above 3007 cm ™' indicated that the double bonds were
probably not conjugated and not located at positions 2, 14, or
15 (penultimate and last positions along the chain). Dimethyl
disulfide derivatization of the gland extract resulted in the
formation of several adducts with similar (but not identical)
mass spectra showing apparent molecular ions at m/z 362
(Fig. 5a). The increase of 126 amu indicated the addition of
two methylthio groups and a sulfur atom to the proposed
hexadecadienal. This is characteristic for the formation of het-
erocyclic adducts containing sulfur, resulting from dienes with
double bonds separated by 1, 2, or 3 methylene groups
(Vincenti et al. 1987). It also has been reported that the addi-
tion reaction in this case is not stereospecific and yields sev-
eral diasterecomers (Vincenti et al. 1987), which further sup-
ported our conclusion. The mass spectra of cyclic DMDS
adducts are characterized by cleavage of the C-C bonds

165 179 193 207 218 236
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Fig. 3 El mass spectra (70 eV) of a the major pheromone candidate compound D and b compound E
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Fig.4 Infrared spectrum of the major pheromone candidate compound D
obtained by GC/FT-IR

155

adjacent to the ring, and the resulting fragments can subse-
quently lose CH5S or CH;3SH, forming secondary fragments
that are of diagnostic value as well. In our case, the mass
spectra of the adducts obtained upon derivatization of the
pheromone gland extract suggested that the double bonds of
the original dienal were located at either the 5,8- or the 7,10-
positions (Fig. 5a). In the case of skipped dienes, the forma-
tion of tetrahydrothiophene and tetrahydrothiopyran deriva-
tives in addition to the expected thietane has been reported
(Carballeira et al. 1994), but this does not affect the possibility
of assigning the original double bond locations. Further infor-
mation was obtained by treatment of the DMDS derivative
with LiAlH,, resulting in the reduction of the carbonyl group
to a hydroxyl group. Comparison of the mass spectra of the
aldehyde and alcohol derivatives showed that the molecular
ion and some of the diagnostic fragments were shifted to
+2 amu in the case of the alcohol derivative (Fig. 5b),

- CHgSH
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83 231 —> 183 267
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b 155
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Fig. 5 EI mass spectra (70 eV) of a a thietane stereoisomer of the
dimethyl disulfide (DMDS)-derivatives of the major pheromone
candidate compound, b a corresponding stereoisomer of the LiAlHy-
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reduced DMDS-derivatives of the major pheromone candidate. Inserts
show possible fragmentation pathways
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indicating that these fragments contained the terminal hydrox-
yl group. At the same time, some other diagnostic fragments
remained unchanged, which we interpreted as fragments con-
taining the alkyl terminus of the chain. This allowed us to
conclude that the double bonds in the original dienal must
have been located at the 7,10-positions. Furthermore, both
the mass spectrum and the infrared spectrum of synthetic
77,710-16:Ald were identical to those of the natural product.
Finally, the gas chromatographic retention times of synthetic
77,710-16:Ald matched those of the natural compound on
three different stationary phases (retention indices: 1793 on
RTX-5, 2206 on RTX-Wax, and 2462 on SP2380),
confirming the assigned structure of the main compound.

The mass spectrum of compound E showed an apparent
molecular ion at 264 (+28 amu compared to compound D),
and the retention indices on two columns (1994 on RTX-5 and
2410 on RTX-Wax) were both approximately 200 units higher
than those of compound D, which suggested it to be a bis-
homologue of Z7,Z210-16:Ald. Additionally, the mass spec-
trometric fragmentation pattern was basically close to that of
Z77,210-16:Ald (Fig. 3b). Comparison of analytical data of
synthetic Z9,Z12-18:Ald with those of compound E con-
firmed this assignment.

The amount of Z7,Z10-16:Ald present in the gland was
determined to be 14.3 = 13.7 ng (N = 17), and the relative
ratios of compounds A-E were estimated to be 3:3:5:88:1
(N=06).

Field Tests Field studies showed that the traps captured ex-
clusively C. valdiviana individuals. Table 1 summarizes the
mean captures per trap per day and the total number of males

captured in Experiments 1-3. At all three locations, traps
baited with synthetic Z7,Z210-16:Ald captured signifi-
cantly more males than control traps. Traps containing
virgin females captured fewer males than traps baited
with 27,210-16:Ald.

Experiment 4 was run for 9 weeks, and Table 2 reports the
mean captures per trap per day after each weekly revision of the
traps, as well as the total trap catches. The numbers of captured
males in traps baited with synthetic compounds were signifi-
cantly higher than in unbaited control traps or in traps contain-
ing virgin females. The traps containing Z7,210-16:Ald + Z9—
16:Ald captured significantly more males than traps baited with
other treatments, with the exception of week 2.

Discussion

Chemical analyses of female gland extracts and field bioas-
says with synthetic compounds allowed us to identify a sex
pheromone for C. valdiviana. The main compound produced
by females is Z7,210-16:Ald, and this compound alone is
sufficient to attract males in the field.

Addition of the minor compound Z9-16:Ald to the major
compound almost always increased trap catches significantly.
On the other hand, in most weeks the captures of traps baited
with a binary mixture of Z7,210-16:Ald and Z7-16:Ald, or a
ternary mixture of Z7,Z210-16:Ald with both monoenes did
not differ from the captures in traps containing Z7,Z210—
16:Ald alone. These results suggest a possible synergistic ac-
tion of Z9-16:Ald, but do not allow clear conclusions
concerning the biological significance of Z7-16:Ald. The

Table 1 Captures of male

Chilecomadia valdiviana in traps Location Treatment® Males trap ' day ' (mean (SE))° Total males
baited with synthetic pheromone
and virgin female moths Colbun Poniente 77,210-16:Ald 0.56 (0.21) a 47
(18.8.-8.9.2015) virgin female 0.04 (0.02) b
hexane Oc
Hpo3 =937
P<0.05
Colbun Oriente 77,710-16:Ald 0.90 (0.23) a 90
(28.8.-22.9.2015) virgin female 0.08 (0.04) b
hexane Oc
Hp 3 =10.35
P <0.05
San Javier 77,710-16:Ald 2.01(0.79) a 201
(28.8.-22.9.2015) virgin female 0.16 (0.07) b 16
hexane Oc 0
Hpsy=10.20
P<0.05

*The dose of (7Z,102)-7,10-hexadecadienal (Z7,Z210-16:Ald) was 500 ug

° N'=4. Values followed by different letters are different according to Kruskal-Wallis multiple comparison test and

Bonferroni correction
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minor compounds identified in this investigation may, how-
ever, play a role in interspecific communication similar to
those of certain polyenes in winter moths (Szdcs et al. 2004).

The temporal dynamics of trap captures during the exper-
iments indicated that the flight period of C. valdiviana starts in
early September. This is in accord with previously reported
first appearances of adults (Artigas 1994; Ureta 1957). Thus,
the low number of captures during the first week of
Experiment 4 may be due to small numbers of adults emerging
at that time and/or unfavorable weather conditions, such as
low temperatures and rainfall. The flight period extends to at
least two months, as the traps kept capturing adults until the
end of Experiment 4 in mid-November with a peak by mid-
late October (Table 2). The decline in captures towards the end
of this bioassay may be due to a lower number of adults
emerging and/or a lower attractiveness of the lures after
prolonged exposure to field conditions.

The main compound Z7,Z10-16:Ald has not been reported
before as a sex pheromone of Lepidoptera. However, it is
typical of Type I-structures (Ando et al. 2004), which have a
straight chain with 10-18 carbon atoms, a terminal oxygenat-
ed functional group, and one or more double bonds along the
chain. Examples of dienes from this group showing homo-
conjugation of double bonds are relatively scarce and include
9,12-tetradecadienyl compounds identified from several spe-
cies of Pyralidae and Noctuidae (El-Sayed 2014), E4,Z7—
13:0Ac from the Gelechiidae Phthorimaea operculella
(Persoons et al. 1976), and E11,E14-18:Ald from the
Endromidae Andraca bipunctata (Ho et al. 1996). The posi-
tions and the geometry of the double bonds in Z7,Z10-16:Ald
and 79,7Z12-18:Ald identified from C. valdiviana suggest
these compounds to be derived from a linoleic acid precursor.
Biosynthesis of 27,Z10-16:Ald would include a chain-
shortening step via [3-oxidation, followed by transformation
of the carboxyl moiety into the aldehyde group. Examples of
compounds from Lepidoptera with a presumably similar bio-
synthesis are 79,7212-18:Ald and 79,712,7Z15-18:Ald from
the Noctuidae Achaea janata (Persoons et al. 1993), as well
as the Arctiidae Estigmene acrea (Hill and Roelofs 1981), and
Hyphantria cunea (Hill et al. 1982), which may be derived
from linoleic and linolenic acid precursors, respectively, and
which represent structural intermediates between type I and
type II pheromones (Ando et al. 2004). Structurally similar
compounds with Z,Z-configured homo-conjugated double
bonds also have been identified from midges (Diptera:
Cecidomyiidae), and the biosynthesis of these compounds
also was suggested to include chain-shortening steps starting
with a linoleate precursor (Hall et al. 2012).

This is the first time that an aldehyde is reported as the sex
pheromone of a species of Cossidae. Chilecomadia is one of
the two genera of the subfamily Chilecomadiinae (Angulo and
Olivares 2008) at a basal position in the phylogeny of this
family (Schoorl 1990). The sex pheromones known from

@ Springer

other Cossidae moths of the subfamilies Cossinae and
Zeuzerinae generally are structurally limited to a few acetates
and the occasional occurrence of primary alcohols. Females of
Cossus cossus produce and males are attracted to (2)-5-
dodecenyl acetate (Z5-12:0Ac) and (Z)-5-tetradecenyl ace-
tate (Z5—-14:0Ac) (Capizzi et al. 1983), while the related spe-
cies C. insularis uses (E)-3-tetradecenyl acetate (E3—14:0Ac)
as the sex attractant (Chen et al. 2006). Interestingly, the (Z)-
isomer, (Z)-3-tetradecenyl acetate (Z3—14:0Ac), is attractive
to males of Holcocerus insularis (Jintong et al. 2001). The
pheromone of H. hippopaecolus consists of Z5-12:0Ac and
(2)-7-tetradecenyl acetate (Z7-14:0Ac) (Fang et al. 2005),
and H. artemisiae uses a mixture of Z5-12:0Ac and Z5—
14:0Ac (Zhang et al. 2009). The pheromone of H. arenicola
has been reported to consist of Z5-14:0Ac and Z7-14:0Ac
(Jing et al. 2010), and a 4-component mixture including Z7—
14:0Ac, E3-14:0Ac, (3Z,5E)-3,5-tetradecadienyl acetate
(Z3,E5-14:0Ac), and (Z)-7-tetradecenol (Z7—14:0H) is high-
ly attractive to males of H. vicarius (Yang et al. 2012, 2015).
The pheromone of Isoceras sibirica contains Z7-14:0Ac, (2)-
9-tetradecenyl acetate (Z9-14:0Ac), and (Z)-9-hexadecenyl
acetate (Z9—16:0Ac) (Zhang et al. 2011). Biologically active
compounds produced by Zeuzera pyrina include (2E,13Z7)-
2,13-octadecadienyl acetate (2E,13Z-18:0Ac), (3E,132)-
3,13-octadecadienyl acetate (3E,13Z-18:0Ac), and (2)-13-
octadecenyl acetate (Z13—-18:0Ac) (Malosse et al. 1993;
Tonini et al. 1986), which also are known from clearwing
moths (El-Sayed 2014). Most recently, the pheromone of
Coryphodema tristis was reported to consist of Z9-14:0Ac
and (2)-9-tetradecenol (Z9—-14:0H) (Bouwer et al. 2015).
The identification of the female-produced sex pheromone
of C. valdiviana will enable the development of pheromone-
based methods for monitoring and control of this pest insect.
The high attractiveness of traps baited with Z7,Z10-16:Ald
alone makes these traps an attractive tool for the detection of
early-arriving and monitoring of low-density populations.
Traps were attractive for at least 2 months under field condi-
tions, thus minimizing the need to replace the baits at shorter
intervals. Furthermore, several studies have examined the po-
tential of pheromones of other cossid moths in control pro-
grams (Pasqualini et al. 1992, 1993, 1999). For example, a
combined UV light-pheromone trap has been developed for
the mass trapping of leopard moths, Zeuzera pyrina, in olive
orchards, which captured significantly more insects (males
and females) than either light or pheromone traps, with a con-
current decrease of the percentage of infested trees and num-
ber of active galleries and an increase of fruit yield within the
three-year period of the study (Hegazi et al. 2009).
Populations of the leopard moth also were suppressed in olive
orchards through mating disruption (Hezagi et al. 2010).
Promising results for mating disruption were recently reported
using the pheromone of Cossus insularis (Nakanishi et al.
2013). Considering that species within the family Cossidae
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show a similar biology and habits, these examples indicate
that pheromone-based methods may provide an effective al-
ternative in the control of Chilecomadia spp.
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