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Abstract—(6Z,9Z,11S)-6,9-Heneicosadien-11-ol (Z6Z9-11S-ol-C21) and
(6Z,9Z,11R)-6,9-heneicosadien-11-ol (Z6Z9-11R-ol-C21) were identified as
major sex pheromone components of female tussock moths,Orgyia detrita
Guérin-Méneville (Lepidoptera: Lymantriidae), on the basis of (1) analyses of
pheromone gland extracts of femaleO. detritaby coupled gas chromatographic-
electroantennographic detection (GC-EAD) and GC mass spectrometry, and
(2) field trapping experiments with synthetic standards.Z6Z9-11S-ol-C21 and
Z6Z9-11R-ol-C21 in combination, but not singly, attracted significant numbers
of male moths. RacemicZ6Z9-11-ol-C21 was more attractive than the 1:3.5
(R:S) blend ratio found in pheromone gland extracts from female moths. Lower
and higher homologues ofZ6Z9-11-ol-C21 were also detected in GC-EAD
recordings of pheromone extracts, and the racemic compounds enhanced attrac-
tiveness ofZ6Z9-11-ol-C21 in field experiments. Because of trace amounts of
these homologues in extracts, their enantiomeric composition could not be deter-
mined. This is the first report of secondary alcohols as pheromone components
in the ditrysian (advanced) Lepidoptera.
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INTRODUCTION

The tussock moth,Orgyia detritaGuérin-Méneville (Lepidoptera: Lymantriidae),
occurs in the southeastern United States, from New York south along the coast to
Florida and west into Texas (Ferguson, 1978). This coastal distribution matches
that of live oak,Quercus virginianaMill., (Little, 1971), which together with bald
cypress,Taxodium distichum(L.) Rich., serve as main food plants forO. detrita
larvae (Ferguson, 1978). During an outbreak in coastal North Carolina, larvae also
fed on sweetbay,Magnolia virginianaL., and cultivated azalea,Rhododendron
spp., and a laboratory generation was successfully reared on red maple,Acer
rubrumL. (Drooz et al., 1986).

Male O. detrita have never been captured in traps baited with synthetic
pheromone components of congeners, suggesting thatO. detritaemploy a different
pheromone blend. Moderate population densities ofO. detritaaround Gainesville
(Florida) in the last several years provided the opportunity to collect egg masses
for laboratory rearing of this tussock moth, and for studying its sex pheromone. We
report identification and field testing of sex pheromone components ofO. detrita.

METHODS AND MATERIALS

Experimental Insects and Pheromone Extraction. O. detritaeggs were col-
lected in Gainesville, Florida, in January 1999, and sent to the USDA Benefi-
cial Insect Introduction Research quarantine facilities, Newark, Delaware. There,
hatching larvae were reared on gypsy moth diet (Bell et al., 1981) at 25◦C, 60–
80% RH, and a 14L:10D photoperiod. Pupae were extricated from their cocoons,
and isolated by sex (Winter, 2000). Abdominal tips with pheromone glands of
calling, 1–2-day-old females were removed and extracted for 15–30 min in high-
performance liquid chromatography (HPLC) grade hexane. Ampoules with the
supernatant of pheromone extracts and male pupae were sent by courier to Simon
Fraser University.

Analyses of Pheromone Extracts.Aliquots of one female equivalent (FE) of
pheromone gland extract, or synthetic standards, were analyzed by coupled gas
chromatographic-electroantennographic detection (GC-EAD) (Arn et al., 1975)
with a Hewlett-Packard (HP) 5890A gas chromatograph equipped with a fused
silica column (30 m× 0.25 or 0.32 mm i.d.) coated with either DB-5, DB-23,
DB-210, or Cyclodex-B (J&W Scientific, Folsom, California, USA). The most
antennal stimulatory and abundant candidate pheromone component was isolated
by HPLC with a Waters LC 626 high-performance liquid chromatograph equipped
with a Waters 486 UV-Visible detector set to 210 nm, and a reverse phase Nova-
Pak C-18 column (300× 3.9 mm i.d.) eluted with acetonitrile (1 ml/min). The
(R)- and (S)-enantiomers of insect-produced (6Z,9Z)-6,9-heneicosadien-11-ol
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(Z6Z9-11-ol-C21) were separated by GC on a custom-made chiral fused silica
column coated with a 1:1 mixture of heptakis-(2,6-di-O-methyl-3-O-pentyl)-β-
cyclodextrin and OV-1701 (K¨onig et al., 1992; Pietruszka et al., 1992).

For field experiments, the (R)- and (S)-enantiomers of synthetic racemic
Z6Z9-11-ol-C21 were separated by HPLC (50–100µg per injection) on a
Chiralpak AD column (250× 4.6 mm i.d.; Chiral Technologies Inc., Exton,
Pennsylviania, USA) eluting with 0.9 ml/min of hexane: 2-propanol (99.9:0.1).
Enantiomers eluted several minutes apart, resulting in>99% enantiomeric excess
(ee) and>98% chemical purity of field tested chemicals. Mass spectra of synthetic
or insect-produced compounds were obtained in full-scan electron impact ioniza-
tion mode from a Varian Saturn II Ion Trap GC-MS (70 eV) fitted with a DB-5
column.

Synthesis of Racemic and Enantiomerically Pure 1-Tridecyn-3-ols and Corre-
sponding Acetates.(Figure 1). Racemic 1-tridecyn-3-ol was obtained by stirring
10 g of lithium acetylide–ethylenediamine complex (2, 90% pure, 97.8 mmol)
(Aldrich Chem. Co.) with freshly prepared undecanal (1, 8.36 g, 48.9 mmol) in
DMSO-THF (1:1) at 65◦C overnight under argon. Silica gel flash chromatogra-
phy of the worked-up reaction mixture afforded alcohol3 (3.22 g, 33.6% yield).
Alcohol 3 (2.94 g, 15.0 mmol) was stirred with 2.12 ml (23.0 mmol) of vinyl
acetate in 10 ml of hexane with 0.5 g of immobilized lipase Novozym 435
(Sigma Chemical Co.) (Xiao and Kitazume, 1997) at 40◦C for 4 hr. Novozym-
containing resin and solvents were removed by filtration and evaporationin vacuo,
respectively. Separation of the reaction mixture by flash chromatography (25 g
of SiO2; 10% ether in hexane as eluent) gave alcohol4 (1.26 g) and acetate5
(1.97 g). Alcohol4 (10 mg) was acetylated to6 overnight at room temperature
(rt) with acetic anhydride and pyridine. GC analyses of6 and5 on the Cyclodex-
B column (150◦C isothermal) determined that their ee’s were 99.9 and 98.4%,
respectively.

The absolute configurations of4 and5 were confirmed through an alterna-
tive synthesis, as follows: Sharpless asymmetric epoxidation of (E)-2-tridecenol
(7) with L-(+)-diisopropyl tartrate (0.15 equivalent), titanium (IV) isopropoxide
(0.15 equivalent), andt-butyl hydroperoxide (2.2 equivalent) in dichloromethane
at−25◦C for 3 days afforded the epoxy-alcohol8. Replacement of the hydroxy
group of8 with chlorine by refluxing8 for 48 hr with an equivalent amount of
triphenylphosphine and catalytic amounts of sodium bicarbonate in carbon tetra-
chloride, and treatment of the resulting epoxy-chloride9with a three-fold excess of
lithium diisopropylamide (LDA) (Takano et al., 1989; Rodriguez and Spur, 2001,
and references cited therein) gave the alcohol10. Acetylation of10 with acetic
anhydride and pyridine overnight produced (S)-1-tridecyn-3-yl acetate (5, overall
yield 16%).

Synthesis of (6Z, 9Z, 11R)-6,9-Heneicosadien-11-ol [(R)-16] (Figure 1). (R)-
1-Tridecyn-3-ol (4, 1.25 g, 6.42 mmol) was protected by overnight reaction with
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FIG. 1. Syntheses of (R)- and (S)-1-tridecyn-3-yl acetates and (6Z,9Z,11R)-6,9-
heneicosadien-11-ol.

t-butyldimethylsilyl chloride (1.05 g, 7.00 mmol) and imidazole (7.00 mmol) in
DMF at rt to afford after work-up ether11 (1.79 g, 90% yield). Ether11 (1.79 g,
5.77 mmol) in THF was extended by one carbon by treating it consecutively with
butyllithium at−70◦C and paraformaldehyde, warming the reaction mixture to rt,
and stirring for 24 hr to form after work-up the mono-protected diol12 (1.65 g,
84% yield). Mesylation of12 (1.65 g, 4.85 mmol) with an equivalent amount
of methanesulfonyl chloride and 1.5 excess of triethylamine in dichloromethane
(0◦C) for 30 min gave (R)-4-(tert-butyldimethylsilyloxy)-2-tetradecyn-1-yl
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methanesulfonate (13). Immediate reaction of13 in THF at−23◦C with a two-
fold excess of freshly prepared heptynylmagnesium bromide (from 1-heptyne and
EtMgBr; 2 hr reflux in THF) with CuI catalyst (180 mg) gave 1.67 g (4.00 mmol,
82% yield) of thetert-butyldimethylsilyl ether of (11R)-6,9-heneicosadiyn-11-ol
(14). Hydrogenation of14 (0.89 g, 2.00 mmol) with P2-nickel catalyst in ethanol
(Brown and Ahuja, 1973), and removal of the silyl protecting group by treatment
with excess tetrabutylammonium fluoride in THF (rt, 12 hr) gave (6Z,9Z,11R)-
6,9-heneicosadien-11-ol [(R)-16] [0.495 g, 1.61 mmol, 81% yield; >95%ee(con-
servative estimate considering that enantiomers were not completely baseline re-
solved)]. The overall yield of(R)-16(based on4) was 50%. The optical rotation of
(R)-16was [α]22

D+1.9◦ (c 6.8, CHCl3), and NMR data and retention characteristics
were consistent with those reported for racemic (Z,Z)-6,9-heneicosadien-11-ol
(Gries et al., 1997). The retention time of(R)-16 on the custom-made chiral col-
umn (König et al., 1992; Pietruszka et al., 1992) was identical to that of the first
eluting enantiomer of racemic (Z,Z)-6,9-heneicosadien-11-ol.

Field Experiments.Field experiments were conducted in a wooded area of
Gainesville, Florida, latitude 29.688oN, longitude 82.388oW. Host trees in the
area included water oak,Quercus nigraL., laurel oak,Q. laurifolia Michx., live
oak,Q. virginianaMill., and Shumard oak,Q. shumardiiBuckl. Delta-type traps
made from 2-l milk cartons (Gray et al., 1984) were coated with Tanglefoot (The
Tanglefoot Company, Grand Rapids, Michigan, USA) and suspended from trees
at a height of 2 m and spacings of 20–25 m in complete randomized blocks.
Traps were baited with folded filter papers (Whatman # 1; Whatman International
Ltd, Maidstone, England) or gray rubber septa (The West Company, Lionville,
Pennsylvania, USA) impregnated with candidate pheromone components just prior
to the field experiment.

Treatments for all experiments are listed in Table 1. Experiment 1 tested at-
tractiveness ofZ6Z9-11-ol-C21 versus that of unbaited controls. Experiment 2
tested the effect of dispenser types (rubber septum or filter paper) on the at-
tractiveness ofZ6Z9-11-ol-C21. Experiments 3 and 4 tested whether additional
candidate pheromone components, including (Z,Z)-6,9-eicosadien-11-ol (Z6Z9-
11-ol-C20), (Z,Z)-6,9-docosadien-11-ol (Z6Z9-11-ol-C22), and (Z)-6-henei-
cosen-11-one (Z6-11-one-C21), enhanced attractiveness ofZ6Z9-11-ol-C21. Ex-
periment 5 testedZ6Z9-11S-ol-C21 andZ6Z9-11R-ol-C21 (isolated from the
racemate by chiral HPLC) singly and in combination. Experiment 6 tested the
effect of ratio betweenZ6Z9-11R-ol-C21 andZ6Z9-11S-ol-C21 on blend attrac-
tiveness, and Experiment 7 compared the most attractive blend ratio (1:1) from
Experiment 6 versus the blend ratio (1:3.5) found in pheromone gland extracts
from femaleO. detrita.

Trap catch data were analyzed by nonparametric analyses of variance
(Friedman’s test) followed by comparison of means by Bonferroni (Dunn)t test
(Zar, 1984; SAS/STAT, 1988). In all analyses,α = 0.05.
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FIG. 2. Flame-ionization detector (FID) and electroantennographic detector (EAD: male
Orgyia detritaantenna) responses to one female equivalent (FE) of pheromone extract from
femaleO. detrita. Chromatography: DB-23 column; splitless injection; injector and FID
detector: 240◦C; temperature program; 100◦C (1 min), then 10◦C/min to 200◦C (5 min).A=
(Z,Z)-6,9-eicosadien-11-ol;B= (Z)-6-heneicosen-11-one;C= (Z,Z)-6,9-heneicosadien-
11-ol;D = (Z,Z)-6,9-docosadien-11-ol; and? = unknown.

RESULTS

GC-EAD analyses of pheromone gland extracts from femaleO. detrita re-
vealed four compounds (A–D in Figure 2) that consistently elicited responses
from male antennae. Retention indices (RI) (van den Dool and Kratz, 1963) of
the most antennal stimulatory and abundant componentC [RI (versus alkane stan-
dards): 2240 (DB-5); RI: 2432 (DB-210); RI: 2727 (DB-23)] were consistent with
those of previously synthesizedZ6Z9-11-ol-C21 (Gries et al., 1997). The diag-
nostic fragment ionm/z171 in identical mass spectra [m/z (relative intensity): 41
(36), 55 (59), 69 (54), 83 (59), 97 (100), 111 (35), 152 (2), 171 (11), 312 (1)]
of authentic heneicosan-11-ol and of HPLC-isolated and hydrogenatedC con-
firmed that the hydroxy-group was on C11. With no mass spectra obtainable for
componentsA, B, andD, their structural assignments were based on retention
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FIG. 3. Top: Chromatogram of synthetic (Z,Z)-6,9-heneicosadien-11-ol with (almost)
baseline resolution of the enantiomers of (Z,Z)-6,9-heneicosadien-11-ol.Bottom: Chro-
matogram of insect-produced (Z,Z)-6,9-heneicosadien-11-ol (123 female equivalents).
Chromatography: custom-made chiral column; splitless injection; injection port and FID:
240◦C; temperature program: 150◦C isothermal. Note: (R)- and (S)-enantiomers of (Z,Z)-
6,9-heneicosadien-11-ol occurred in a 1:3.5 ratio in pheromone gland extracts from female
O. detrita.

indices. ForA andD, the retention indices on all three columns were 100 units
lower and higher, respectively, than those ofZ6Z9-11-ol-C21, suggesting thatA
andD were lower and higher homologues ofZ6Z9-11-ol-C21. Retention indices
of compoundB were consistent with those of (Z)-6-heneicosen-11-one (Z6-11-
one-C21), a pheromone component ofOrgyia pseudotsugata(Smith et al., 1975).
Comparative analyses of pheromone extract and authentic standards by GC-EAD
for componentsA–D, and by GC-MS for componentC, confirmed these structural
assignments.

Chromatography of HPLC-isolated componentC on a chiral stationary phase
column revealed that femaleO. detritaproducedZ6Z9-11R-ol-C21 andZ6Z9-
11S-ol-C21 in a 1:3.5 ratio (Figure 3). Both the lower and higher homologues of
C (compoundsA andD) occurred in quantities too low to allow their isolation by
HPLC and determination of their enantiomeric composition.

In field experiment 1 (Table 1), traps baited with racemic Z6Z9-11-ol-C21
captured significant numbers of maleO. detrita. For unknown reasons, filter pa-
per was a more suitable dispenser than rubber septa for release ofZ6Z9-11-ol-
C21 (when tested at a 25µg dose) (Table 1; experiment 2). Lower and higher
homologues of racemicZ6Z9-11-ol-C21 enhanced attractiveness ofZ6Z9-11-
ol-C21 (Table 1; experiment 3), whereasZ6-11-one-C21 had no effect (Table 1;
experiment 4). RacemicZ6Z9-11-ol-C21, but neither enantiomer alone, attracted
significant numbers of males (Table 1; experiment 5). Surprisingly, racemicZ6Z9-
11-ol-C21 was also more attractive than other blend ratios (Table 1; experiments
6, 7), including the 1:3.5 (R:S) ratio found in pheromone gland extracts from
femaleO. detrita(Figure 3).
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DISCUSSION

(6Z,9Z,11S)-6,9-Heneicosadienol (Z6Z9-11S-ol-C21) and (6Z,9Z,11R)-
6,9-heneicosadien-11-ol (Z6Z9-11R-ol-C21) are major sex pheromone compo-
nents of femaleO. detrita. This conclusion is based on the following evidence: (1)
Z6Z9-11S-ol-C21 plusZ6Z9-11R-ol-C21 were the most abundant and antennal
stimulatory compounds in GC-EAD recordings from pheromone gland extracts
(Figure 2); (2) identifications were based on comparative GC, GC-MS, and GC-
EAD analyses of insect-produced and authentic standards; and (3) blends of the
synthetic compounds attracted significant numbers of males in field experiments
(Table 1).

Lower and higher homologues of racemicZ6Z9-11-ol-C21 seem to be part
of the pheromone blend. They were detected in GC-EAD analyses of pheromone
extract (Figure 2), and enhanced attractiveness ofZ6Z9-11-ol-C21 in field exper-
iments (Table 1). Whether their enantiomeric composition is equivalent to that of
Z6Z9-11-ol-C21, and whether they were tested at the most appropriate blend ratio
could not be determined because of their trace occurrence in pheromone gland ex-
tracts. Two as yet unknown compounds also elicited responses from male antennae
(Figure 2). Although they may be part of the pheromone blend, their presence does
not appear to be essential for significant attraction of male moths (Table 1).

Synergism between pheromonal enantiomers has been reported only rarely in
the Lepidoptera. A racemate ofcis-3,4-epoxy-(Z,Z)-6,9-heptadecadiene attracted
three times more males of the geometrid mothEpelis trunctariathan did either
enantiomer alone (Millar et al., 1990). Similarly, a 1:1 and more strongly 1:4 ratio
of (6R,7S)- and (6S,7R)-cis-6,7-epoxy-(Z,Z)-3,9-nonadecadiene attracted males
of the noctuid mothBleptina caradrinalis(Millar et al., 1991). Finally, attraction
of male pink gypsy moths,Lymantria mathura, in Japan not only required the
presence but also the same ratio (1:4) of (9S,10R)- and (9R,10S)-cis-9,10-epoxy-
(Z,Z)-3,6-nonadecadiene as produced by conspecific females (Gries et al., 1999b).
Conversely, maleO. detritaappeared to be more strongly attracted to the unnatural
1:1 ratio ofZ6Z9-11R-ol-C21 andZ6Z9-11S-ol-C21 than to the 1:3.5 blend ratio
found in pheromone gland extracts of conspecific females (Figure 3). Such an
unexpected result was also obtained in pheromone studies of the Japanese giant
looper,Ascotis selenaria cretacea(Ando et al., 1997), in which females produced
nearly the racemate of (Z,Z)-6,9-cis-3,4-epoxy-nonadecadiene, whereas males
responded most strongly to the pure (3R,4S)-enantiomer in a field experiment.

Secondary alcohol pheromone components, as produced by femaleO. detrita,
contrast with the ketone pheromone components produced by most congeners.
These ketones include (Z)-6-heneicosen-11-one (Smith et al., 1975), (Z,E)-6,8-
heneicosadien-11-one (Gries et al., 1997), (Z)-6-heneicosen-9-one (Gries et al.,
1999a), and (Z,Z)-6,9-heneicosadien-11-one (Liu, 1999). Production of
trans-11,12-epoxy-(Z,Z)-6,9-heneicosadiene by femaleO. postica(Chow et al.,
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2001; Wakamura et al., 2001) as a pheromone component seems to suggest a greater
diversity of pheromone components inOrgyiaspp. than previously realized.

Secondary alcohols as pheromone components are reported here for the first
time in a species of the ditrysian (advanced) Lepidoptera. Secondary alcohols
have previously been identified as pheromone components in several species of
the nonditrysian Lepidoptera, includingStigmella malella[(S)-(E)-6,8-nonadien-
2-ol and (S)-(Z)-6,8-nonadien-2-ol (T´oth et al., 1995)],Eriocrania cicatricella
[(2R)-heptan-2-ol (Zhu et al., 1995)],E. sangii[(2S,6Z)-nonen-2-ol (Kozlov et al.,
1996)], andE. semipurpurella[(2S,6Z)-nonen-2-ol and (2R,6Z)-nonen-2-ol (Ko-
zlov et al., 1996)]. The short-chain pheromones of these primitive moth species,
however, resemble more closely those of caddisflies than those of ditrysian Lepi-
doptera (Löfstedt et al., 1994; Zhu et al., 1995) such asO. detrita.
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