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Abstract

Leucoptera sinuella is a leaf-miner moth present in several regions in the world, which has been recently introduced into Chile.
The larvae feed exclusively on the leaves of poplar and willow trees, and the damage caused by the feeding behavior poses a
threat to the wood-producing industry. Besides, L. sinuella larvae invade nearby orchards for pupation, causing rejections in
Chilean fresh fruit for export. Here we report the identification of the female-produced sex pheromone of L. sinuella as a first step
towards the development of pheromone-based methods for pest management of this species. First, we analyzed hexane extracts
of the abdominal glands of virgin females by gas chromatography coupled with mass spectrometry and identified the major
compound in these extracts to be 3,7-dimethylpentadecane, while minor compounds in the extracts proved to be 3,7-
dimethyltetradecane and 7-methylpentadecane. Structure assignments were carried out by comparison of retention times and
mass spectra of the natural products with those of authentic reference samples. Second, we conducted field tests, which showed
that traps baited with synthetic 3,7-dimethylpentadecane were significantly attractive to males in a dose-dependent response. Our
results also showed that a mixture of 3,7-dimethylpentadecane, 3,7-dimethyltetradecane, and 7-methylpentadecane in propor-
tions similar to those found in gland extracts was the most attractive lure.
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Leucoptera sinuella (Reutti) (Lepidoptera: Lyonetiidae) is a
small leaf-mining moth present in Asia, Europe, and north-
ern Africa. In 2015 it was detected for the first time in
Chile in the Metropolitan region in the vicinity of
Santiago and since then has spread to the adjacent regions
of Valparaiso, O’Higgins, Maule, and Biobio (Sandoval
et al. 2019). The principal host plants are poplar (Populus
spp.) and willow (Salix spp.) trees (Salicaceae), which are
important species for the production of wood and derived
products. The damage in the host plants is due to the leaf-
mining habit of the larvae, which leads to loss of foliage,
reducing the photosynthetic capacity of the plants.
Additionally, it has been observed that upon completing
development, the larvae migrate to nearby fruit tree plan-
tations, seeking protected places to pupate (Fuentes-
Contreras 2017, 2020; Sandoval et al. 2019). The presence
of L. sinuella pupae in fruit crops causes the rejections of
exportations to the USA and México. For example, in the
season 2019-2020, a total of 78,570 boxes of apples,
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oranges, peaches, pears, persimmon fruits, and plum have
been rejected for exportation because of the presence of
L. sinuella pupae (Fuentes-Contreras 2020).

The adults of L. sinuella are of white color, with a body size
of 34 mm and a wing span of ca. 1 cm. Females lay eggs in
groups on the leaves close to the midvein. Larvae are small
(up to 7 mm length), of pale yellowish color, and presenting a
flattened body. They are encountered in groups feeding in the
mesophyll of the leaves. Pupae are found on the surface of the
leaves or in small cracks in the bark, covered by a white silk
case (cocoon). When larvae invade orchards, pupac have been
found mainly on fruits, leaves, and packing materials (pallets,
boxes, etc.). In central Chile, there are at least three genera-
tions per year with male flights occurring mainly during
spring (late September) and summer (late December and late
January-early February) (Fuentes-Contreras 2017, 2020;
Sandoval et al. 2019).

Leucoptera sinuella is not of major economic concern in
the regions in which it has been established previously
(Europe and Asia), and a control program using traditional
insecticides or benign alternatives have not been developed
yet. Only a very small number of natural enemies are known
in Chile (due to the recent introduction), and biological control
has not fully achieved its potential (Fuentes-Contreras 2017,
2020; Sandoval et al. 2019). Pheromone-based management
tactics have the potential to contribute to integrated pest man-
agement programs, and as a first step towards the implemen-
tation of more sustainable methods, we report here on the
identification, synthesis, and field evaluation of sex phero-
mone components of L. sinuella.

Methods and Materials

Insects Diapausing pupae of L. sinuella were collected
from silk cocoons on Populus spp. bark and leaves and
from corrugated cardboard strips during March 2017 in
Coltauco, O’Higgins region, and during March 2018 from
campus Talca, Universidad de Talca, Maule region, Chile.
Pupae were kept under dark conditions and 5 °C during
four months to simulate winter diapause. Later the pupae
were transferred to controlled conditions (25 °C and pho-
toperiod of 16:8 [L:D]) to promote adult emergence and
to use the females for pheromone gland extraction. During
2019-2020 spring and summer, pupae were collected
from cocoons located in leaves and bark of Populus spp.
These pupae were maintained under controlled conditions
(25 °C and photoperiod of 16:8 [L:D]) to obtain virgin
adults females used in extract preparation and field trap-
ping experiments. Pupae were sexed based on examina-
tion of terminalia under stereoscopic microscope. Females
showed the genital opening on the 8th and extending into
the anterior region of the 9th abdominal segment, while

males showed the genital opening on the 9th abdominal
segment, surrounded by prominent tubercules.

Extraction of Glands For the preparation of gland extracts, 1-3
d old virgin females were used. The abdominal pheromone
glands were removed after gently squeezing the abdomen and
extracted for 15 min in hexane (Suprasolv, Merck, Germany;
10 pL per gland). After this time, the solvent was transferred
to another vial and stored at —20 °C until analysis. Several
glands (between 2 to 12 glands, depending on the availability
of adult virgin females) were pooled for the preparation of an
extract. Several extracts were obtained following this proce-
dure, which were used for the different analyses.

Chemical Analyses Analysis by gas chromatography coupled
with mass spectrometry (GC/MS) was carried out using a
Shimadzu GCMS-QP2010 Ultra combination equipped with a
fused silica Rtx-SMS capillary column (30 m % 0.25 mm id,
0.25 um film, Restek, Bellefonte, PA, USA) or with a
Stabilwax capillary column (30 m x 0.32 mm id, 0.25 pum film,
Restek). The oven was programmed from 50 °C (5 min hold) to
270 °C at 8 °C min ! (Rtx-3MS) or from 50 °C (5 min hold) to
220 °C at 8 °C min ' (Stabilwax). The GC was operated in split/
splitless mode (30 s sampling time) with an injector temperature
of 200 °C. Helium was used as the carrier gas at a flow rate of
36 cm min | (Rtx-5MS) or 43 cm min ! (Stabilwax). Electron
impact mass spectra were acquired at 70 eV. Resolution of ste-
reoisomers was attempted using a gas chromatograph Shimadzu
GC-2010, equipped with fused silica capillary columns coated
with permethylated 3-cyclodextrin added into 14%
cyanopropylphenyl/86% dimethyl polysiloxane (Rt-3DEXm,
30 m x 0.25 mm id, 0.25 pm film, Restek) or 2,3-di-O-methyl-
6-O-TBDMS-3-cyclodextrin embedded in an intermediate po-
larity phase (3-DEX 325, 30 m x 0.25 mm id, 0.25 um film,
Supelco, Bellefonte, PA, USA), using helium as carrier gas at a
flow rate of 25 or 30 cm min ' and various isothermal conditions
between 90 and 120 °C.

Synthesis The synthetic route to a stereoisomeric mixture of 3,7-
dimethylpentadecane (3,7-dime-C15) was modified from a syn-
thesis for 5,9-dimethylalkanes reported by Liang et al. (2000) and
is shown in Fig. 1. Experimental details are described in the
Supplementary Information. Briefly, citronellyl tosylate (2), ob-
tained by reaction of citronellol (1) with p-toluenesulfonyl chlo-
ride (TsCl), was reduced with lithium aluminum hydride (LAH)
to give 2,6-dimethyl-2-octene (3). Allylic oxidation of 3 with
selenium dioxide catalyzed by tert-butyl hydroperoxide
(Umbreit and Sharpless 1977) yielded a mixture of 2,6-dimeth-
yl-2-octen-1-ol (4) and 2,6-dimethyl-2-octenal (5), plus other
byproducts which were not further characterized. After chro-
matographic separation of the products, pyridinium dichromate
(PDC) was used to oxidize alcohol 4 to aldehyde 5, which was
employed in a Wittig reaction with the ylide generated by
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a: TsCl1, pyridine - b: LAH, THF, reflux - c: SeO2, tBuOOH, DCM - d: PDC, DCM - e: 1. n-C7H15sPPH3B r, BuLi, 2.5 - f: Hp, Pd/C

Fig. 1 Synthesis of 3,7-dimethylpentadecane. Abbreviations are explained in the text

treatment of heptyltriphenylphosphonium bromide with butyl
lithium (BuLi). The resulting stereoisomeric mixture of 3,7-di-
methyl-6,8-pentadecadiene (6) was hydrogenated to yield a mix-
ture of all stereoisomers of the target compound. The purity of
the compound (as determined by GC) was 95%. Main impurities
were 3,7-dimethyltetradecane (1.7%) and n-tetradecane (1.3%),
plus minor amounts of other hydrocarbons. "H-NMR (300 MHz,
CDCly): §=1.43-1.04 (m, 24H), 0.94-0.83 (m, 12H) - "C-
NMR (75 MHz, CDCly): $=37.5, 37.4, 37.2, 37.1, 37.0, 36.9,
34.4,32.79, 32.76, 32.0, 30.0, 29.7, 29.6, 29.5,29.4, 27.1, 24.5,
22.7,19.8,19.7,19.3,19.2, 14.1, 11.42, 11.40 - MS (70 eV): 41
(36),43 (62), 55 (25), 57 (100), 71 (90), 85 (65), 97 (15), 99 (14),
113 (6), 126 (5), 127 (12), 140 (10), 141 (7), 155 (2), 183 (2), 211
(3), 240 (<1).

A stereoisomeric mixture of 3,7-dimethyltetradecane (3,7-
dime-C14) was synthesized as described above, employing
the ylide of hexyltriphenylphosphonium bromide in the
Wittig reaction. Again, hydrogenation of the resulting diene
yielded all stereoisomers of the target compound, the purity of
which was 96%. Main impurities were 3,7-dimethyltridecane
(1.3%) and n-dodecane (1.1%), plus minor amounts of other
hydrocarbons. "H-NMR (300 MHz, CDCls): 6 =1.44-1.02
(m, 22 H), 0.95-0.82 (m, 12H) - '*C-NMR (75 MHz,
CDCly): $=37.5, 37.4, 37.2, 37.1, 37.0, 36.9, 34.4, 32.79,
32.77, 32.0, 30.0, 29.6, 29.5, 29.4, 27.1, 24.5, 22.7, 19.8,
19.7, 19.3, 19.2, 14.1, 11.4 - MS (70 eV): 41 (38), 43 (66),
55(24), 57 (95), 71 (100), 85 (63), 97 (15), 113 (5), 126 (16),
127 (16), 141 (3), 155 (1), 169 (2), 197 (3), 211 (1), 226 (<1).

The synthesis of racemic 7-methylpentadecane (7-me-C15)
was achieved by Wittig reaction of 2-octanone and the ylide of
octyltriphenylphosphonium bromide, followed by hydrogenation
of the resulting alkene. Purity: >99% (GC). "H-NMR (300 MHz,
CDCLy): 6 = 1.40-1.05 (m, 25 H), 0.95-0.83 (m, 9H) - *C-NMR
(75MHz, CDCls): 6 =37.1(2C), 32.8,32.0,31.9,30.0,29.7 (2C),
29.4,27.09, 27.05, 22.7 (2C), 19.7, 14.1 2C) - MS (70 eV): 41
(34),43 (66), 55 (20), 57 (100), 71 (86), 85 (39), 99 (10), 112 (21),
113 (7), 140 (13), 141 (6), 211 (1), 226 (<1).
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Field Tests Ficld tests were carried out at the following loca-
tions: 1) Campus Antumapu, College of Agriculture,
University of Chile, Metropolitan region (33°34'S, 70°37’
W), 2) Coltauco, O’Higgins region (34°17’S, 71°05°0), and
3) Estacion Experimental Panguilemo of Universidad de
Talca, Maule region (35°21°S, 71°35°W). Traps were placed
in infested poplar trees at ca. 2 m height in randomized com-
plete block designs with a distance of ca. 10 m between traps
within a block (Bacca et al. 2006) and ca. 50 m between
blocks. Red delta traps (Alphascent, West Linn, OR, USA,
catalog #AST0091-G) and hot melt pressure adhesive liners
(Alphascent, West Linn, OR, USA, catalog #AST0014-G)
were used. Lures containing synthetic compounds were pre-
pared by loading white rubber septa (Sigma-Aldrich, St.
Louis, MO, USA, catalog #2553905) with 100 pL of an ap-
propriate solution of pure or mixtures of synthetic compounds
in hexane (Merck, Darmstadt, Germany). Septa treated with
100 pL hexane were used as control. Virgin females were
placed in stainless steel ball tea strainers inside the traps. To
prevent small birds to get into the traps, a plastic screen (mesh
7 x 7 mm) was placed over each end of the delta traps.

Experiment 1

Preliminary experiments had shown that the presence of 3,7-
dime-C15 alone is sufficient to attract male L. sinuella. In exper-
iment 1, we examined dose effects of 3,7-dime-C15 on captures
of males. Virgin females were included as positive control.
Treatments were 1) 1000 pg 3,7-dime-C15, 2) 100 ug 3,7-
dime-C15, 3) 10 ug 3,7-dime-C15, 4) hexane control, and 5)
two virgin females. The females were 2 d old when placed in
the field. This field trial was carried out at the sites in Panguilemo
(December 10 to 20, 2019), Antumapu (January 17 to 27, 2020),
and Coltauco (January 14 to 24, 2020). Five replications were
used for each treatment with the exception of Antumapu, which
had three replications per treatment. Every 3—4 days, captured
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moths were removed from traps, the trap location was rotated
within each block, and females were replaced.

Experiment 2

In experiment 2 we examined the effect of the presence of the
minor compounds 3,7-dime-C14 and 7-me-C15 in mixtures
with the main compound, 3,7-dime-C15, on captures of
males, as well as the attractiveness of the minor compounds
3,7-dime-C14 and 7-me-C15 alone. Because of the presence
of ca. 2% 3,7-dime-C14 in synthetic 3,7-dime-C15, the treat-
ments containing 3,7-dime-C15 are binary and ternary mix-
tures. Applying total amounts of 1000 pg per lure, treatments
were 1) 980 pug 3,7-dime-C15 + 20 pg 3,7-dime-C14, 2)
880 ng 3,7-dime-C15 + 120 pg 3,7-dime-C14, 3) 950 ug
3,7-dime-C15 +20 pg 3,7-dime-C14 + 30 ug 7-me-C15, 4)
1000 pg 3,7-dime-C14, 5) 1000 pg 7-me-C15, and 6) hexane
control. Because of the presence of 3,7-dime-C14 as an impu-
rity in 3,7-dime-C15 at a level similar to that found found in
gland extracts, we incorporated treatment 2, containing
a major amount proportion of 3,7-dime-C14. The experiments
were carried out at the three sites in Panguilemo (January 28 to
February 11, 2020), Antumapu (January 31 to February 17,
2020), and Coltauco (January 17 to 28, 2020). Five replica-
tions were used for each treatment, with the exception of
Antumapu, which had three replications per treatment, but
lacked treatment 5. Captured moths were removed from traps
every 3—4 days, and the trap location was rotated within each
block on that occasion.

Statistical Analysis Field data (expressed as cumulative
catches) were analyzed with generalized linear mixed models
(GLMM) using the package Ime4 (Bates et al. 2015) in R (R
Core Team 2020). A negative binomial distribution with a
log, link function was used by controlling over-dispersion of
the male catch. The means obtained were obtained by the
inverse of the link function on the linear predictor and the
standard errors were calculated using the Delta method
(Agresti 2013). To verify if there were significant differences
between the treatments, the Wald Chi-Squared test was used.
In the case of finding differences, Fisher’s LSD (least signif-
icance difference) test for multiple comparisons (P < 0.05)
was used.

Results

Chemical Analyses of Gland Extracts GC/MS analyses of
gland extracts consistently revealed the presence of one major
compound (A) and two minor compounds (B and C) (Fig. 2),
with an approximate relative abundance (+SD) of 96+ 1.1, 1

+0.4, and 3+0.9 (n=8). The retention indices were 1605
(Rtx-5MS) and 1600 (Stabilwax) for compound A, 1503

(Rtx-5MS) and 1502 (Stabilwax) for B, and 1541 (both sta-
tionary phases) for C. The almost identical retention indices
on the apolar and polar stationary phases pointed to com-
pounds without functional groups, and concomitantly, the
mass spectra of all three compounds showed fragmentation
patterns characteristic of branched, saturated hydrocarbons
(Pomonis et al. 1980). The mass spectrum of A (Fig. 3)
showed a molecular ion at m/z 240, indicating a molecular
formula of C;7H3zs. The diagnostic fragment at m/z 211
(M-29) implied the loss of an ethyl group, which is consistent
with a methyl group in position 3 of the main chain. Two
additional diagnostic fragments at m/z 127 and 140 pointed
to a second methyl branching in either position 7 or 8.
Considering known biosynthetic pathways for methyl-
branched alkanes (Juarez et al. 1992), the 3,7-branching pat-
tern appeared to be more plausible than a 3,8-branching, so we
synthesized 3,7-dime-C15. The mass spectrum and retention
times of the synthetic compound were an exact match of those
of compound A, thus confirming its identity. The amount of
3,7-dime-C15 in the pheromone gland extracts was deter-
mined to be 0.42+0.38 ng/gland (n =6, ranging from 0.12
to 0.85 ng). Unfortunately, the stereoisomers of 3,7-dime-
C15 were not resolved on any of the columns and conditions
used for analysis.

The retention indices of compound B were roughly
100 units less than those of A, suggesting it to be a nor-
analogue of A. The mass spectrum showed a molecular ion
at m/z 226, indicating a molecular formula of C;¢H34. Similar
as for compound A, the diagnostic fragments m/z 197 (M-29)
and 126 indicated methyl branches at carbons 3 and 7, respec-
tively, suggesting 3,7-dime-C14 as the structure of this com-
pound. The identity of B was confirmed by matching mass
spectra and retention times with those of an authentic
standard.

Compound C eluted almost halfway between compounds
A and B, indicating a different methyl-branching pattern. The
mass spectrum exhibited a molecular ion at m/z 226 (molecu-
lar formula C;¢Hs4) and diagnostic fragments at m/z 112 and
140, which suggested 7-me-C15 as its likely structure. Again,
comparison of the analytical data of the natural compound
with those of a synthetic sample confirmed the structure
proposal.

Field Tests In experiment 1, a total of 1200 moths were cap-
tured at the three test sites (279 in Panguilemo, 220 in
Antumapu, and 701 in Coltauco). At all three locations, the
1000 pg dose of 3,7-dime-C15 captured significantly more
males than any of the other treatments (Fig. 4). Traps contain-
ing lures loaded with 100 pg of 3,7-dime-C15 captured sig-
nificantly more males than control traps at all sites. The results
from all three sites also showed that the 100 ng dose was
equally attractive as the virgin females, which in turn captured
more males than the 10 pg dose and the control traps in

@ Springer
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17 18 19 20 21 22 23 24 min

Fig. 2 Gas chromatogram (obtained by GC/MS on a Rtx-5 ms column) of a hexane extract of female Leucoptera sinuella pheromone glands. The
identification of compounds marked with A, B, and C is reported in the text

Coltauco and more than the control traps in Panguilemo (Fig.
4).

A total of 3288 males were captured in experiment 2 (987
in Panguilemo, 476 in Antumapu, and 1825 in Coltauco). All
treatments containing synthetic compounds were more attrac-
tive than the control traps at all locations (Fig. 5). Throughout
all experimental sites, the highest numbers of males were cap-
tured in traps baited with the ternary blend T3 (3,7-dime-
C15+ 3,7-dime-C14 + 7-me-C15, 95:2:3), and this treatment
was significantly more attractive than the other treatments
with the exception of T1 (3,7-dime-C15 + 3,7-dime-C14,
98:2) in Panguilemo and T2 (3,7-dime-C15 + 3,7-dime-C14,
88:12) in Antumapu. With two exceptions (T1 in Coltauco
and T2 in Panguilemo), all treatments containing the main
compound 3,7-dime-C15 were more attractive than the minor
compounds 3,7-dime-C14 and 7-me-C15 alone.

57
71

85

Intensity

43

9 127

140

Discussion

We have identified three methyl-branched hydrocarbons as
sex pheromone components of Leucoptera sinuella, including
3,7-dimethylpentadecane as the major component. To our
knowledge, this compound has not been described as an insect
pheromone component before. It is, however, consistent with
structures of pheromones identified from other species of the
genus Leucoptera, as the main components of the sex phero-
mones of L. coffeella and L. malifoliella (= scitella) are 5,9-
dimethylpentadecane (Francke et al. 1988) and 5,9-
dimethylheptadecane (Francke et al. 1987), respectively.
Additionally, both species share 5,9-dimethylhexadecane as
a minor compound (Francke et al. 1988), and L. malifoliella
produces also 5,9-dimethyloctadecane as a minor component
(Riba et al. 1990). Furthermore, the pheromones of two other

126/7

211/2 140/1

7
l 155 169 183 197 225 240
A - " L N
1 1 ) ) 1

40 60 80 100 120 140 160

LI B B NN NN NN RN RN R RN RN
180 200 220 240 260 280 m/z

Fig. 3 EI mass spectrum (70 eV) of compound A (3,7-dimethylpentadecane). The insert shows diagnostic fragmentation pathways of 3,7-

dimethylpentadecane
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Fig. 4 Cumulative captures of
male Leucoptera sinuella in traps
(n=3-5) baited with synthetic
compounds and virgin females at
different locations (A: Coltauco,
B: Antumapu, C: Panguilemo).
Treatments: T1 = 1000 ug 3,7-
dimethylpentadecane (3,7-dime-
C15), T2=100 pg 3,7-dime-C15,
T3=10 pg 3,7-dime-C15, T4 =
blank, TS = virgin female.
Columns with different letters are
significantly different according
to Fisher’s LSD test (P < 0.05)

related species from the family Lyonetiidae are also methyl-
branched hydrocarbons. Females of Lyonetia prunifoliella
produce 10,14-dimethyl-1-octadecene as the main compo-
nent, plus 5,9-dimethylheptadecane and 5,9-

n° males/trap
P N W D U1 O N ©
O O O O O O o o

o

n° males/trap
= N w B Ul (o)) ~
o o o o o o o o

N N W W B b U
o un ©O L1 ©O U1 O

n° males/trap

[y
(92

a
b
C
- d
T3 T4 T5
b
i i [
T3 T4 T5
(o
b
b b
i m - B

T4 T5

dimethyloctadecane as minor components (Gries et al.
1997). The pheromone of Lyonetia clarkella has been identi-
fied as 14-methyl-1-octadecene (Sugie et al. 1984). Another
lyonetiid pheromone was reported to contain unsaturated,
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Fig. 5 Cumulative captures of

male Leucoptera sinuella in traps 250

(n=3-5) baited with synthetic a
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Our first field trial evaluated the dose effect of the main
compound 3,7-dime-C15 on captures of males and included
virgin females as positive control. At all three experimental
sites, traps baited with 1000 pg of 3,7-dime-C15 were more
attractive to males than traps containing 100 pg, 10 pg, virgin
females, and hexane. We also observed that the 100 pg doses
captured significantly more males than the 10 pg doses at two
locations and that this treatment was more attractive than con-
trol traps at all sites. Finally, the 10 pug doses were more
attractive than the controls in two experiments. These results
show that there is a dose-dependent response of male
L. sinuella to synthetic 3,7-dime-C15. Traps containing virgin
females captured more males than control traps, confirming
that females were actually releasing pheromone during the
experiment. Captures in these traps were comparable to the
100 pg and 10 pg doses and much inferior to the 1000 pg
dose, suggesting that this latter dose is a more powerful attrac-
tant than virgin females. The results using virgin females are
quite consistent between the experimental sites, however, it
should be kept in mind that the confinement of the females in
the traps exposes them to conditions which may alter their
natural behavior, including the release of pheromone.

The second field trial was designed to explore the biolog-
ical activity of the minor compounds 3,7-dime-C14 and 7-me-
C15, either in mixtures with the main compound or alone. The
interpretation of the results of these experiments must consider
that our synthetic 3,7-dime-C15 contained ca. 1.7% of 3,7-
dime-C14, which is just about the proportion we have found
to be present in female glands. Consequently, it becomes clear
that this small percentage of 3,7-dime-C14 in 3,7-dime-C15 is
biologically relevant. The first treatment (T1), a 98:2 binary
blend of 3,7-dime-C15 and 3,7-dime-C14, is a binary blend in
proportions similar to those found in gland extracts. In order to
explore if greater amounts of 3,7-dime-C14 have an effect on
the attractivene ss of the lure, we included a 88:12 blend of
these two compounds (T2). The third treatment (T3) is a
95:2:3 ternary mixture of 3,7-dime-C15, 3,7-dime-C14, and
7-me-C15, which is very close to the natural composition of
these compounds. The results of the field tests at the three
locations show various similarities. First, the ternary blend
(T3) is the most attractive treatment at all three test sites. In
two of the trials, there was one treatment each (T2 in
Antumapu and T1 in Panguilemo, respectively) which was
not statistically different from T3, but this latter consistently
attracted the largest number of males. This suggests that at
least 7-me-C15 has a synergistic effect when present together
with 3,7-dime-C15. We cannot draw conclusions about the
possible effect of the other minor compound 3,7-dime-C14,
because the responses to treatments T1 and T2 containing
different proportions of 3,7-dime-C15 and 3,7-dime-C14 are
not consistent between the three sites. Second, all treatments
containing synthetic compounds are more attractive than con-
trol traps, and third, with the exception of T1 in Coltauco and

T1 and T2 in Panguilemo, the mixtures containing the main
compound 3,7-dime-C15 are more attractive than the minor
compounds alone. These two observations show that males
are able to perceive all compounds tested and suggest that
these are attractive rather than neutral or inhibitory, with the
highest response to the compound with the “correct” structure.
The difference between the structures of the main and the two
minor compounds is just a methyl group, and the results of the
field tests suggest that this difference is sufficient to allow
discrimination between the compounds.

In other lyonetiid species it was observed that minor com-
ponents do exert a synergistic effect. While no information is
available about a possible effect of the minor compound on
the attraction of male L. coffeella to the main pheromone
compound, Riba et al. (1990) reported that in high-density
populations of L. malifoliella (captures ranging from ca. 8—
16 males per trap per day), the addition of 0.1 to 5% of the
minor component 5,9-dimethyloctadecane to the main com-
ponent 5,9-dimethylheptadecane significantly enhanced the
attraction of males to traps when compared to traps baited with
the main component alone. In lower-density populations (cap-
tures ca. 5—6 males per trap per day), a synergistic effect was
observed only in lures containing 5% of the minor component.
In Lyonetia prunifoliella, the presence of the main compound
and at least one of the minor compounds is necessary to attract
males, and a ternary blend is more attractive than the binary
blends (Gries et al. 1997).

Because of the presence of two chiral carbon centers in 3,7-
dime-C15 and 3,7-dime-C14, both of these hydrocarbons ex-
ist as four possible stereoisomers. Similarly, 7-me-C15 pos-
sesses one chiral carbon, and, consequently, two enantiomers
are possible. The stereoisomers of these compounds were not
resolved under any of the conditions used in our analysis, and
the absolute configuration of the female-produced compounds
could not be determined. However, the stereoisomeric mix-
tures of each compound used in field tests were attractive to
males, indicating that the mixture is appropriate for use in
pheromone-based monitoring of the pest. Similar results were
obtained for L. coffeella (Zarbin et al. 2004) and L. malifoliella
(Francke et al. 1987), where a stereoisomeric mixture of the
respective main pheromone component was attractive to
males. The absolute configuration of the female-produced
compound has not been determined in neither L. coffeella
nor in L. malifoliella, but the biological activity of single iso-
mers of the pheromones of these two species has been exam-
ined in field tests. In a study carried out in Hungary, it was
shown that males of L. malifoliella were attracted only to
(55,95)-5,9-dimethylheptadecane, while no males were
caught in traps baited with any of the other isomers.
Addition of any of the isomers, or of a mixture of the three
remaining isomers, to the pure (55,95)-isomer did not alter
trap catches (Toth et al. 1989). In the case of L. coffeella, a
study performed in Mexico showed that traps baited with
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(55,9R)-5,9-dimethylpentadecane caught significantly more
males than traps baited with the (5R,95)- or (SR,9R)-isomer,
while the (55,95)-isomer had intermediate catches (Malo et al.
2009). The biological activity of the stereoisomers of the main
pheromone component of Lyonetia prunifoliella have been
evaluated in field tests in Korea and Japan, showing that males
in both countries were strongly attracted to (10S,14S5)-10,14-
dimethyl-1-octadecene, while the other isomers were either
only weakly or not attractive and did not show a synergistic
or inhibitory effect (Park et al. 2002; Taguri et al. 2014). The
pheromone of Lyonetia clerkella, 14-methyl-1-octadecene,
has only one chiral center, and field tests with pure synthetic
enantiomers showed that males were strongly attracted to the
(S)-isomer, while the (R)-isomer was only weakly attractive
(Sato et al. 1985).

The compounds identified here and from other lyonetiid
species, together with other methyl-branched structures have
recently been proposed to be classified as Type III lepidopter-
an pheromones (Lofstedt et al. 2016), in addition to the Type I
and Type II classification established earlier (Ando et al.
2004). The biosynthesis of Type III structures is probably
similar to the de novo synthesis of fatty acids (and ultimately
hydrocarbons), and likely occurs outside the pheromone
gland, presumably in oenocyte cells (Lofstedt et al. 2016).
Repetitive chain elongation steps using acetate or malonate
units assembles the chain, and the incorporation of propionate
or methylmalonate accounts for the methyl branching in the
final molecules (Juarez et al. 1992). This pathway leads to
structures in which the methyl branching points in the main
chain are separated by an odd number of methylene groups,
which is the case in the known Leucoptera pheromones.

In summary, by means of chemical analysis, synthesis, and
field tests we have identified the main sex pheromone com-
ponent of L. sinuella as 3,7-dimethylpentadecane. Minor com-
pounds produced by females are 3,7-dimethyltetradecane and
7-methylpentadecane. Our results suggest that at least the lat-
ter has a synergistic effect on the attraction of males. Future
studies will be directed at evaluating the biological activity of
pure stereoisomers and the potential for the use of the phero-
mone in pest management programs. Reports on the use of sex
pheromones in monitoring and mating disruption have been
published for a few lyonetiids affecting agricultural crops such
as coffee (Bacca et al. 2006) and peach (Nakano et al. 2014).
The development of management tools based on the phero-
mone of L. sinuella could contribute to the reduction of
Populus spp. defoliation that affects timber production and
to the reduction of export fruit rejections without the need to
eliminate poplar and willow trees from windbreak barriers of
fruit orchards in Chile, thus, providing more sustainable alter-
natives for the management of this pest.
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