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Animals have evolved sophisticated
chemical communication systems, in-
cluding volatile sex pheromones that
are used in mate recruitment, and cu-
ticular constituents that elicit court-
ship and copulation upon contact
(Cardé and Minks 1997). In most in-
sects sex pheromones are produced in
and emitted from specialized phero-

Correspondence to: C. Schal

mone glands, and in female moths
these glands generally constitute an
epidermal layer near the female’s ovi-
positor (Percy-Cunningham and Mac-
Donald 1987). These glands synthe-
size de novo all the components of
the pheromone blend (Bjostad et al.
1987; Jurenka and Roelofs 1993), and
although mechanisms of pheromone
export to the exterior remain un-
known, these lipophilic compounds
presumably require little if any inter-
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action with an aqueous environment.
Here we report that in Holomelina
tiger moths (Lepidoptera: Arctiidae)
pheromone is synthesized by tissues
associated with the abdominal integu-
ment, and that lipophorin, a multi-
functional plasma lipoprotein, trans-
ports the pheromone to an abdominal
gland that stores and releases the
pheromone only during active calling
behavior. We suggest that such trans-
port pathways are common not only
among insects that emit hydrocarbon
pheromones but also among insects
that sequester hydrophobic plant-de-
rived metabolites.

Species within the genus Holomelina
emit pheromone blends of normal
and 2-methyl-branched alkanes rang-
ing in chain length from 16 to 19 car-
bons. The main pheromone compo-
nent of several species is 2-methyl-
heptadecane (2Me-17:Hy) which at-
tracts males in field assays (Roelofs
and Cardé 1971; Schal and Cardé
1985). In H. lamae, as in other arc-
tiids, the pheromone emanates from
paired tubular glands that vent be-
tween the 8th and 9th abdominal seg-
ments (Yin et al. 1991). Two indepen-
dent observations led us to test the
hypothesis that pheromone is not syn-
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thesized within this gland. First, al-
though most lipid-synthesizing cells
are rich in smooth endoplasmic reti-
culum (SER), ultrastructural evi-
dence shows little SER in the epider-
mal cells lining the gland of H. lamae
(Yin et al. 1991). Second, labeled leu-
cine and acetate applied directly to
the pheromone glands of H. lamae
and H. aurantiaca fail to label phero-
mone, but when injected into the he-
mocoel, these substrates are effective-
ly incorporated into 2Me-17: Hy with-
in the gland, implying pheromone or
precursor transport (Charlton and
Roelofs 1991). This contrasts with the
sex pheromone glands in other moths
that readily incorporate topically ap-
plied precursors into pheromone, and
the glands synthesize pheromone in
vitro (Bjostad et al. 1987; Jurenka and
Roelofs 1993). Lastly, we have recent-
ly shown that the contact sex phero-
mone of a cockroach is abundant on
cuticular regions that do not synthe-
size it; lipophorin, a plasma lipopro-
tein, shuttles pheromone from integu-
mental biosynthetic sites to sites that
do not synthesize it (Gu et al. 1995).
To determine which tissues synthesize
pheromone in H. aurantiaca we incu-
bated tissues from 2-day-old virgin fe-
males in 0.5 ml Grace’s medium (Sig-
ma) fortified with 0.5 nCi sodium|[1-
“Clacetate (51.7 mCi/mmol, Sigma).
After 4 h, 1 ml methanol was added,
the tissue/medium was ultrasonicated
for 30s, and lipids were extracted
with n-hexane. Hydrocarbons were
fractionated from the hexane extract
on a silica gel column and analyzed
by liquid scintillation spectrometry.
The pheromone gland failed to incor-
porate radiolabel into hydrocarbon
(Fig. 1a), even in 24-h assays and in
the presence of hemolymph (data not
shown). By contrast, the abdominal
integument efficiently produced ra-
diolabeled hydrocarbons in the ab-
sence of any pheromone gland tissue
or hemolymph. Radio-gas chromato-
graphy (GC; FloOne/Beta Radiomat-
ic, Packard) confirmed that phero-
mone produced in vitro was labeled
(Fig. 1b,c).

A hemolymph transport pathway was
thus implicated. Lipids were ex-
tracted, as above, except that 1 pg
n—eicosane was added as an internal
standard. Hydrocarbons were sepa-
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Fig. 1. a) Hydrocarbon synthesis in vitro by
tissues from Holomelina aurantiaca. Data are
presented as percentage of *C dpm from
acetate incorporated into hydrocarbons, and
as percentage of total dpm in newly synthe-
sized hydrocarbons. b) Pheromone and long-
chain hydrocarbons in the integument. IS,
n-Eicosane internal standard; FID, flame
ionization detector. ¢) Radio-GC of ["*C]-la-
beled hydrocarbons

rated on a 25mx0.32mmXx1 pum
HP-1 capillary column in a GC (Hew-
lett Packard 58901I) interfaced with a
336511 Chemstation. Chromatograp-
hic hydrocarbon profiles showed that
2Me-17:Hy was present in the hemo-
lymph of females (Fig. 2d) but not in
that of males (Fig. 2¢). In vivo radio-
tracer experiments and radio-GC ver-
ified that radiolabeled 2Me-17:Hy
was present in the pheromone gland
(Fig. 2a,b), as shown earlier (Charlton
and Roelofs 1991). Moreover, our
data supported the conclusion that
the pheromone gland is not required
for the biosynthesis of pheromone.
We injected ['“*Clacetate into intact
(control) females and into females
whose terminal abdominal segments,
including the pheromone gland, had
been ablated. The two sets of females
produced equal amounts of radiola-
beled hydrocarbons (intact:
12,873+ 1150 dpm, n=10; glandless:
12,974£1166 dpm, n=10; t=0.0617,
P5 1211a=0.951), and radio-GC con-
firmed that both synthesized phero-
mone de novo (Fig. 2e).
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Fig. 2. a), b) Hydrocarbons from the phero-
mone gland of Holomelina aurantiaca fe-
males. 2Me-17:Hy, the sex pheromone, is a
major component of the extracted hydrocar-
bons. For radiotracing, females were injected
with [**Clacetate and the pheromone glands
dissected and processed 4 h later. Radio-GC
shows selective sequestration of labeled 2Me-
17:Hy in the gland. ¢), d) Hemolymph hydro-
carbons of Holomelina aurantiaca males and
females. Male hemolymph lacks 2Me-17:Hy.
e) Radio-GC of hydrocarbons from the he-
molymph of females from which the phero-
mone gland had been ablated. Females were
injected with ['"*CJacetate, and hemolymph
samples were processed 4 h later for radio-
GC

The chromatographic profile of the
hemolymph revealed an abundance
of long-chain hydrocarbons in both
females and males (Fig.2c,d), and
these were radiolabeled in both in
vivo and in vitro experiments. Yet, we
found only trace amounts of long-
chain hydrocarbons in the female’s
pheromone gland (Fig. 2a), and there
was no pheromone anywhere on the
female’s exposed epicuticle. This
highlights the stringent selectivity of
pheromone uptake by the pheromone
gland and long-chain hydrocarbon
uptake by epidermal cells that then
deliver them to the epicuticle. Simi-
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larly, deposition of various lipopho-
rin-bound lipids is tissue-specific: dia-
cylglycerol is deposited for use in
muscles whereas hydrocarbons are
deposited primarily in the cuticle and
ovaries (Chino 1985).

To identify hydrocarbon carrier pro-
tein(s) we fractionated serum pro-
teins from 2-day-old females by KBr
density-gradient  ultracentrifugation
(Fig.3a,b) as described previously
(Gu et al. 1995). All the hydrocarbons
associated with a high-density lipo-
protein (HDLp), lipophorin (densi-
ty=1.115£0.007 g/ml; Fig.3c), and
coupled GC-mass spectrometry con-
firmed the presence of 2Me-17:Hy.
Newly synthesized hydrocarbons (in
females injected ['*CJacetate) also as-
sociated with HDLp, whereas more
polar compounds that incorporated

—a— density
—o— protein

4C from acetate associated with pro-
teins of higher density (Fig. 3d).

Neither hemolymph nor purified
HDLp could stimulate pheromone
synthesis in vitro by isolated phero-
mone glands (from ["“Clacetate).
However, when coincubated with ab-
dominal integument and HDLp, the
pheromone gland effectively seques-
tered “C-labeled pheromone. Hemo-
lymph was collected 8 h after females
were injected with ['*Clacetate. Lipo-
phorin, together with associated '“C-
labeled lipids, was purified by KBr
gradient ultracentrifugation, dialyzed,
and concentrated. A pheromone
gland pair or an accessory reproduc-
tive gland (a tissue of approximately
the same size as pheromone glands,
serving as experimental control) was
incubated in Grace’s medium with
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Fig. 3a—c. KBr gradient fractionation of Holomelina aurantiaca hemolymph proteins. a) Hemo-
lymph fractions collected from the top to bottom of the tube. The protein content in fractions
was determined using the BioRad protein assay with bovine serum albumin as a standard. The
densities of fractions were determined gravimetrically, and absorbance at 450 —nm was a meas-
ure of carotenoids. b) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis using 4-15%
gradient slab gels of fraction 13, showing purity of HDLp and its three constituent apoproteins,
with molecular markers (in kilodaltons) on the right. ApoLp-I, Apolipophorin-I (approx.
250 kDa); apoLp-II, apolipophorin-II (approx. 85 kDa); apoLp-III, apolipophorin-III (approx.
20 kDa). c) Distribution of 2Me-17:Hy and total hydrocarbons in fractions, as determined by
GC. d) Distribution of radiolabeled hydrocarbons and polar lipids in fractions, as determined
by eluting silica columns with hexane and diethyl ether, respectively, followed by LSC. Hydro-

carbons, including sex pheromone, associate only with lipophorin
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purified HDLp (5 pg/pl). After an 8-
h incubation in vitro the tissue was
washed, and hydrocarbons were pu-
rified separately from the tissue and
medium. Pheromone glands incu-
bated with purified HDLp that had
been pre-loaded with '*C-labeled lip-
ids accepted 2Me-17:Hy
(1.90+0.22% of [**C]hydrocarbons in
the medium, n=9), while accessory
reproductive glands from the same fe-
males accepted only 0.03£0.03%
(n=4). These results underscore the
importance of HDLp in pheromone
transport and the selective uptake of
pheromone by the gland.

We propose the following model for
processing of hydrocarbons in H. au-
rantiaca: Short-chain hydrocarbon
pheromone constituents and long-
chain hydrocarbons are synthesized
in tissues that are associated with the
abdominal integument, probably in
the oenocytes. Both are taken up by
HDLp for transport through the he-
molymph. Long-chain hydrocarbons
are specifically unloaded at the epi-
dermis for transport to the epicuticle,
whereas volatile pheromone compo-
nents are specifically unloaded at the
pheromone gland. The pheromone
gland thus serves as a reservoir, not as
a biosynthetic site, while its opening
serves as a nozzle, aerosolizing the
pheromone into the air.

Lipophorin transport of volatile and
long-chain hydrocarbons likely oper-
ates in other arctiids and geometrids,
many of which possess tubular phero-
mone glands (Wunderer et al. 1986)
and emit volatile hydrocarbons (Con-
ner et al. 1980; Bell and Meinwald
1986; Rule and Roelofs 1989; Li et al.
1993). Recently we have shown that
in the housefly, Musca domestica,
HDLp carries (Z)-9-tricosene, a less
volatile, medium-chain female sex
pheromone (unpublished results).
Long-chain cuticular hydrocarbons
and pheromones that are derived
from them also fit this transport sche-
me, as shown for locusts, beetles, coc-
kroaches, termites, and fruit flies
(Schal et al. 1998; unpublished). Be-
cause transport of epicuticular hydro-
carbons by HDLp appears to be com-
mon (universal?) in insects, we sug-
gest that pheromone transport by
HDLp was evolutionarily coopted
from preexisting systems that deliv-
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ered hydrophobic (and potentially cy-
totoxic) water-proofing lipids from in-
ternal biosynthetic sites to the devel-
oping oocytes and the epicuticle. This
model can be extended to other hy-
drophobic  compounds, including
plant secondary metabolites that
serve as pheromones or pheromone
precursors, and ingested plant com-
pounds that are translocated to spe-
cialized glands and to oocytes [as in
beetles where females ingest male se-
questered cantharidin and transfer it
to oocytes (Eisner et al. 1996)]. The
evolution of lipophorin as a shuttle
for hydrophobic ligands probably
preadapted insects to transport xeno-
biotics, including pesticides, through
the hemolymph to sites of sequestra-
tion and catabolism.

Lipophorin serves as a reusable mul-
tifunctional shuttle of lipids in insects
(Chino 1985; Law et al. 1992; Trowell
1992; Soulages and Wells 1994; Sevala
et al. 1997). Its functions are analo-
gous to those of other lipid-binding
proteins, including low molecular
weight pheromone-binding proteins
and general odorant-binding proteins
(OBPs) in antennal lymph and verte-
brate nasal and vomeronasal epithelia
(Pelosi 1994; Pelosi and Maida 1995;
Breer 1997). All three lipid-binding
proteins occur in large quantities
within their respective aqueous envi-
ronment and appear to have relative-
ly low affinities for their ligands. Li-
pophorin’s role in insects is also ana-
logous to mammalian lipocalins,
which bind and transport small hy-
drophobic molecules, but in most
cases the identity or function of the
lipid ligands (putative pheromones) is
not clear. Lipophorin/pheromone in-
teractions in insects may prove to be
a tractable system in which to study
lipid-protein interactions and the evo-
lution of chemical signaling pathways.
In H. aurantiaca, and probably in oth-
er species that use this pathway, spe-
cies specificity of the emitted phero-
mone blend depends to a large extent
on interactions between pheromone
receptors in the gland and hemo-
lymph carrier proteins. An analogous
mechanism appears to operate in
odor reception: odorant- and phero-
mone-binding proteins that deliver
odorants to membrane receptors in
the sensillar dendrites initiate and ter-
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minate the signal transduction path-
ways that mediate the response to
odors. The degrees of specificity and
affinity of the pheromone acceptor in
the pheromone gland remain to be
elucidated through structure-activity
studies, as do mechanisms that regul-
ate sex-specific pheromone produc-
tion in insects that use this pathway.
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