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The sex pheromone biosynthetic pathways of lepidopterans re-
quire the concerted actions of multiple gene products. A number of
pheromone gland (PG)-specific genes have been cloned in recent
years and, whereas in vitro characterizations have indicated func-
tions consistent with roles in pheromone production, there have
been no clear demonstrations in vivo. Using an RNA interference-
mediated loss-of-function approach, we injected newly formed
Bombyx mori pupae with dsRNAs corresponding to genes of
interest [i.e., PG fatty acyl reductase (pgFAR), B. mori PG Z11/
A10,12 desaturase (Bmpgdesat1), PG acyl-CoA-binding protein
(pgACBP), midgut ACBP, and pheromone biosynthesis activating
neuropeptide receptor (PBANR)] to assess their specific roles during
pheromonogenesis. In all cases, the introduced dsRNAs induced a
dose-dependent reduction in sex pheromone production with the
corresponding decrease in transcript levels. No effects on pupal
development or adult emergence were observed. Disrupting the
PBANR gene resulted in a loss of the lipase activity that liberates
pheromone precursors, whereas knockout of the pgACBP gene
prevented the daily accumulation and fluctuation of the triacylg-
lycerols that function as the cellular deposits for the pheromone
precursors. Taken together, our results provide unequivocal evi-
dence that the pgACBP, Bmpgdesat1, pgFAR, and PBANR gene
products are essential during pheromonogenesis and demonstrate
the power of this methodology for dissecting the molecular inter-
actions that comprise biosynthetic pathways.
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he remarkable abundance and diversity of the Lepidoptera
(i.e., butterflies and moths) are mirrored by the vast assort-
ment of low-molecular-weight compounds used in these insects
as chemical cues regarding sexual maturation. Often used by
females to lure conspecific males, most lepidopteran sex pher-
omones share a common progenitor that is de novo synthesized
from acetyl-CoA via fatty acid synthesis in the pheromone gland
(PG), a functionally differentiated organ located between the
eighth and ninth abdominal segments. The species specificity of
these multicomponent sex pheromones is based on the numerous
structural and compositional variants present in the pheromone
blends generated through enzymatic steps that alter chain
length, the degree of unsaturation, and/or reductive modifica-
tion of the carbonyl carbon (1-3).
(E,Z)-10,12-hexadecadien-1-ol (bombykol), the principal sex
pheromone component in the silkmoth, Bombyx mori, is actively
produced and released soon after adult emergence (4) from the
single layer of epidermal cells located just below the endocuticle
that comprise the pheromone-producing cells of the PG (5). In
these cells, acetyl-CoA-derived palmitate (C16:Acyl) is stepwise
converted to bombykol by the sequential actions of a bifunctional
desaturase and a fatty acyl reductase; genes corresponding to
each have recently been cloned and characterized as B. mori PG
711/A10,12 desaturase (Bmpgdesatl) and PG fatty acyl reduc-
tase (pgFAR), respectively (6, 7). As with most lepidopteran sex
pheromone biosynthetic pathways (2, 8), the bombykol biosyn-
thetic pathway is regulated by a molecular interaction between
the neurohormone pheromone biosynthesis-activating neu-
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ropeptide (PBAN) and its cognate G protein-coupled receptor
(GPCR), a candidate of which has also been cloned (9).

Pheromonogenesis in the PG cells of B. mori is a dynamic
period characterized by diverse intracellular events including the
cytosolic accumulation of lipid droplets (5, 10), lipolysis of stored
triacylglycerols (TG) from the lipid droplets (11), and the
up-regulation of numerous PG-specific genes, such as PG acyl-
CoA-binding protein (pgACBP), midgut ACBP (mgACBP),
PSFAR, Bmpgdesatl, and PBAN receptor (PBANR) (6, 7, 9,
12, 13). Despite these advances, the precise molecular mecha-
nisms underlying sex pheromone production are still not well
understood. Furthermore, the functional roles of the genes
currently linked to the biosynthetic pathways have not been
demonstrated in vivo. Determination of gene function based on
heterologous expression is always circumspect but is especially
problematic for the PBANR given the crossreacting pheromono-
tropic activities of peptides containing the essential FXPRL-
amide sequence (2, 8). Indeed, similar ECs values were reported
for the Helicoverpa zea PBANR in calcium influx assays after
stimulation with FXPRLamide peptides (14).

The gene knockdown effects of RNA interference (RNAi) can
resolve these types of ambiguity, thereby allowing the unequiv-
ocal assignment of gene function. Although RNAI has been well
documented in dipterans, reports detailing application of this
methodology to lepidopterans are sparse (15-20). Here we
provide evidence for the potential of RNAi to dissect the
molecular interactions that constitute biosynthetic pathways and
demonstrate the in vivo biological relevance of the pgACBP,
mgACBP, Bmpgdesatl, pgFAR, and PBANR gene products as
they relate to pheromonogenesis in B. mori. We also show that
PBANR is indeed the GPCR that mediates initiation of the
pathway and that pgACBP is critical for incorporation of the
pheromone precursor fatty acyl groups into the TGs that com-
prise the cytoplasmic lipid droplets.

Results

In B. mori, PBAN interacts with its cognate receptor to stimulate
an influx of extracellular calcium that activates an enzymatic
cascade, which in turn regulates the terminal reductive step in
bombykol production. In recent years, a number of genes have
been identified that are thought to play important roles in the
bombykol biosynthetic pathway, including pgFAR, Bmpgdesat1,
mgACBP, pgACBP, and PBANR. Although molecular character-
ization of these genes has indicated functionalities consistent
with a role in the bombykol biosynthetic pathway, there has been
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Fig. 1. Dose-dependent effects of RNAi treatment on in vivo bombykol
production. One-day-old pupae were injected with 1, 5, and 10 pug of dsRNAs
corresponding to pgACBP, mgACBP, Bmpgdesat1, pgFAR, PBANR, or EGFP.
Results are expressed as percent reduction in bombykol levels compared with
non-RNAi-treated females after intraabdominal injections of 5 pmol of PBAN.
Bars represent mean values + SD (n = >9).

no demonstration of the functional relevance of these gene
products in vivo. Previous studies have shown that mRNA
transcripts corresponding to these genes accumulate 1 day before
adult emergence. Given this transcriptional timeframe, we rea-
soned that if these gene products are indeed crucial components
of the bombykol biosynthetic pathway, then injecting pupae with
the corresponding dsRNAs would result in reduced bombykol
production. To test this, pupae from different developmental
stages were injected with 5 pg of dsRNA corresponding to
pgACBP, mgACBP, pgFAR, or Bmpgdesat] and maintained un-
der normal conditions until adult emergence. We assessed
bombykol production from the RNAi-treated females after
decapitation, overnight clearance of endogenous PBAN, and
injection of 5 pmol of synthetic PBAN and compared bombykol
production with control pupae injected with diethyl pyrocar-
bonate (DEPC)-treated H,O. Disruption of the targeted genes
had no effect on pupal development or on adult emergence but
did affect bombykol production, with the most pronounced
effects observed when pupae were injected 1 day after the
larval-pupal molt (see Fig. 8, which is published as supporting
information on the PNAS web site).

Dose-Dependent Reduction in Bombykol Production. We expanded
on the above findings by injecting 1-day-old pupae with varying
concentrations (1, 5, and 10 ug) of dsSRNAs corresponding to the
full length pgFAR mRNA; the ORFs of Bmpgdesatl, mgACBP,
and pgACBP; and nucleotides 379-796 of the PBANR ORF. For
controls, pupae were injected with either DEPC-treated H,O or
dsRNA corresponding to enhanced GFP. In all cases, disruption
of the targeted gene resulted in a significant dose-dependent
reduction in bombykol production, albeit with varying levels of
efficacy (Fig. 1). Injection of dsSRNAs corresponding to pg4 CBP,
Bmpgdesatl, and pgFAR elicited the largest reduction in bom-
bykol, from 77% reduction with 1-ug injections to >90%
reduction with 10-ug injections. Although the gene silencing
effects of dSRNAs corresponding to mgACBP and PBANR were
not as pronounced, significant reduction was achieved with
10-ug dsRNA injections, 50% reduction for mgACBP, and 80%
reduction for PBANR. No decrease in bombykol production was

Ohnishi et al.

>

+ [+

BacPBANR
cellfectin
dsRNA

B...

BacPBANR  +cellfectin + dsRNA

+H++

Fig. 2. Silencing of recombinant PBANR. (A) Western blot analysis. BacP-
BANR-infected BmN cells were transfected at 3 h.p.i. with cellfectin + 50 nM
PBANR dsRNA overnight. At 48 h.p.i., cell lysates were immunoblotted and
probed with an anti-His antibody. Uniformity of protein loading was con-
firmed by Coomassie stain. (B) Binding of a fluorescent PBAN analog. BmN cells
treated as before were incubated with 50 nM rhodamine red-labeled PBAN
for 1 h at 4°C. Cells were then fixed and imaged with a confocal fluorescence
microscope.

observed in the GFP dsRNA controls, indicating that disruption
of bombykol production was specific to the dsSRNA sequence.
The variances observed in the efficacy of the injected dsRNAs,
in particular the mgACBP and PBANR dsRNAs, could be an
indication that the sequences used to generate them are not as
suitable for promoting gene silencing (21-23). To investigate the
quality of the PBANR dsRNA, we examined its gene silencing
ability in vitro by using BmN cells infected with baculovirus
containing a modified PBANR gene with an N-terminal His-tag
(BacPBANR). Western blot analysis of infected cells harvested
48 h postinfection (h.p.i.) showed that overnight incubation with
50 nM PBANR dsRNA effectively abolished PBANR expression
(Fig. 2A4). These results were confirmed in binding experiments
by using a rhodamine red-conjugated analog of PBAN, because
infected cells incubated with PBANR dsRNA showed a marked
reduction in binding (Fig. 2B), and suggest that, in the case of
PBANR, the variance in bombykol production is likely attrib-
utable to poor dsSRNA uptake.

Altered Transcript Levels. To confirm that the dsRNA injections
had affected the transcript abundance of the targeted genes,
RT-PCR analyses were performed by using ~500 ng of total
RNA prepared from newly emerged adults = RNAI treatment
(1, 5, and 10 pg). In all cases, the gene in question exhibited a
dose-dependent reduction in transcript levels compared to non-
RNAi-treated controls (Fig. 3). The reduction in transcript levels
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Fig. 3. Dose-dependent RNAi-induced suppression of targeted gene tran-
scripts. Transcript analysis was performed by using cDNAs prepared from the
total RNA of pupae injected with 0, 1, 5, or 10 ug of dsRNAs corresponding to
PgACBP, mgACBP, pgFAR, Bmpgdesat1, or PBANR. Bar over images indicates
increasing amounts of dsRNA injected. Transcript levels of the low expressing
gene GAPDH are shown to demonstrate specificity of the RNAi-induced
suppression.
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Fig. 4. Accumulation and fluctuation of cytoplasmic lipid droplets. Images
are pheromone-producing cells in the PG of 1-day-old decapitated females
treated as pupae with DEPC-H,0 (control), 5 ug of pgACBP dsRNA, or 10 ug of
PBANR dsRNA. Imagesindicate = PBAN treatment. Lipid droplets were stained
with the fluorescent lipid marker, Nile red.

was limited to the genes targeted, because levels of a low
expression control gene, GAPDH, remained uniform despite the
introduction of dsRNAs. Transcript levels were not affected in
PGs treated with GFP dsRNA, even at 10 ug per injection (data
not shown), further supporting that the phenotypes observed in
the RNAi-treated PGs were specific to the targeted genes.

Fluctuation and Accumulation of Cytoplasmic Lipid Droplets. Previous
reports have shown that accumulation of the cytoplasmic lipid
droplets that permeate the pheromone-producing cells fluctu-
ates in accordance with the daily bombykol titer (5, 10), and that
these droplets are predominantly composed of bombykol pre-
cursors (11). When stained with the fluorescent lipid marker,
Nile red, numerous large droplets that decreased in size and
number after PBAN injection were observed in the cytoplasm of
PGs prepared from non-RNAi-treated pupae (Fig. 4). In con-
trast, PBAN had no effect on lipid droplet dynamics in glands
prepared from pupae treated with PBANR dsRNA (Fig. 4),
indicating that PBANR is indeed the GPCR-mediating bom-
bykol biosynthesis as well as confirming earlier studies (5, 10)
that suggested PBAN mediated liberation of the bombykol
precursors from the lipid droplets. Lipid droplets in PGs pre-
pared from pupae treated with pg4CBP dsRNA were noticeably
smaller than those observed in control glands (Fig. 4), support-
ing the role proposed previously that pgACBP donates the
acyl-CoAs required for expansion of the lipid droplets (13). In
addition, there was no PBAN-induced depletion of the lipid
droplets, an indication that the substrate hydrolyzed by the
PBAN:-activated lipase is not present in the lipid droplets. Taken
together, these results demonstrate the essential role that
pgACBP plays in bombykol precursor storage.

TG Content of Lipid Droplets. Previously, Matsumoto et al. (11)
reported that the bombykol precursors are stored as fatty acid
esters in the TGs that comprise the cytoplasmic lipid droplets.
Consequently, we sought to determine the effects of RNAI
treatment on the accumulation and fluctuation of these TGs.
PGs from RNAi-treated pupae were dissected at 2 and 10 h
postemergence, and the lipid components were analyzed by
HPLC on a PEGASIL-Silica column. In agreement with previ-
ous results (11), the lipid droplet TG component eluted collec-
tively over a 5-min period between 13 and 18 min (see Fig. 94,
which is published as supporting information on the PNAS web
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Fig. 5. Effect of RNAi treatment on TG content. TG components from
acetone-extracted PGs at 2 and 10 h postemergence = RNAi treatment were
separated by reversed-phase HPLC on a C;; docosil column. Note that the TG
levels in the pgACBP knockout at 2 h postemergence are similar to those of
controls at 10 h postemergence when the bombykol precursor stores have
been depleted. Peaks were detected by using an evaporative light-scattering
detector.

site). RNAi-treated samples exhibited a TG elution profile
similar to that of the control at 2 h postemergence; however,
overall TG content was reduced ~75% in the pg4ACBP dsRNA-
treated samples (see Fig. 9B). This pgACBP dsRNA-mediated
reduction supports our earlier observation regarding lipid drop-
let formation (Fig. 4) and is a clear indication that pgACBP is
necessary for TG accumulation. By 10 h postemergence, the
stored TGs had been depleted, presumably from PBAN-induced
hydrolysis, because the TG levels in the PBANR dsRNA-treated
samples remained high.

To assess the effects of gene silencing on the incorporation of
individual fatty acyl components, the lipid droplet TG compo-
nents from PGs dissected at 2 and 10 h postemergence were
separated by using reversed-phase HPLC on a C,, docosil
column. In agreement with the previous separation, the TG
components from the RNAi-treated samples exhibited elution
profiles similar to that of the non-RNAi-treated control (Fig. 5)
and, as indicated by the reduction in peak size observed in the
samples taken 10 h postemergence, underwent PBAN-induced
depletion. Tandem MS analysis confirmed that the three doublet
peaks exhibiting retention times in the chromatographic trace of
22-23, 26-27, and 31 min correspond to TGs containing the
immediate pheromone precursor, Al0,12-hexadecadienoate
(C16:2). These peaks are dramatically reduced in the pgACBP
RNAi-treated samples (Fig. 5), further demonstrating that the
necessary accumulation of pheromone precursors is inhibited
with the introduction of pgACBP dsRNA. Similarly, in the
chromatographic traces shown in Fig. 6, the peaks corresponding
to the TGs eluting at 22 and 26 min (shown as peaks 3 and 4,
respectively) are significantly smaller in the Bmpgdesat] dsRNA-
treated samples compared with the corresponding TG species in
the control samples (for specific peak areas, see Table 1, which
is published as supporting information on the PNAS web site).
These results provide a strong indication that the availability of
the C16:2 bombykol precursor for sequestration and subsequent
accumulation within the TGs comprising the PG lipid droplets

Ohnishi et al.
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is severely limited after BmpgdesatI silencing. The increased area
of peak 4a (predominantly C18:Acyls) in the Bmpgdesat!l si-
lenced as compared with the control samples suggests that the
decreased availability of C16:2 results in a greater percentage of
the C18:Acyl pool being made available for incorporation into
the lipid droplet TGs. These findings are in agreement with the
in vitro conclusions of Moto et al. (6), namely that Bmpgdesat1
catalyzes the conversion of palmitate to A10,12-hexadecadienoic
acid, and suggest that the reduced bombykol production in the
Bmpgdesat] dsRNA samples results from a C16:2-depleted
biosynthetic pathway.

Discussion

The extensive efforts of multiple labs studying numerous lepi-
dopteran species have led to the development of a general
scheme regarding the biosynthesis of C16:0/C18:0 fatty acyl-
derived sex pheromones. Notably, the remarkable species spec-
ificity of the pheromone blends is derived from enzymatic
modifications of the acetyl-CoA-derived hydrocarbon backbone
(1-3). In recent years, the molecular identities of proteins
believed to mediate the key steps of the pathways have been
elucidated, albeit almost exclusively in a heterologous back-
ground. However, the functional relevance of these proteins has
not been effectively demonstrated in vivo. The discovery that the
functional expression of genes can be silenced by the introduc-
tion of the corresponding dsRNA has made it possible to
unequivocally assign gene function and to determine how inter-
connected functionalities respond when an individual compo-
nent is silenced.

Using this methodology, we examined the in vivo functional
role of multiple proteins thought to be essential in the biosyn-
thesis of bombykol, the principle sex pheromone component in
B. mori. Injecting pupae 1 day after the larval-pupal molt with
1,5, and 10 ug of dsSRNAs corresponding to the full length cDNA
of pgFAR, the ORFs of Bmpgdesatl, mgACBP, pgACBP, or
nucleotides 379-796 of the PBANR OREF resulted in a dose-
dependent knockdown of the corresponding gene transcripts
(Fig. 3) as well as a reduction in bombykol production (Fig. 1).
The knockdown efficacy, however, varied among the dsRNAs,
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with pgACBP exhibiting ~77% reduction after 1-ug treatment,
whereas 10 ug was needed to achieve a comparable level of
reduction for PBANR. We speculated that this variation was the
result of inefficient uptake of the dsRNAs by the pheromone-
producing cells and not the result of poor suitability of the
dsRNA itself, because PBANR expression was greatly reduced
in BmN cells infected with baculovirus harboring the PBANR
gene after incubation with PBANR dsRNA (Fig. 2). Disruption
of pgACBP reduced the overall TG content of the cytoplasmic
lipid droplets (Figs. 4 and 5), effectively limiting the magnitude
of the precursor influx into the bombykol biosynthetic pathway,
and as a consequence stalled bombykol production (Fig. 1).
Silencing Bmpgdesat] had no effect on droplet formation but did
alter the fatty acyl composition of the TGs (Fig. 6), the direct
result of which was decreased influx of the immediate bombykol
precursor, A10,12-hexadecadienoic acid, into the pathway.

Depending on the species in question, PBAN regulates either
the terminal reductase or a step(s) in or before fatty acid
synthesis, although recent reports have suggested that lipolysis of
PG TGs may also be PBAN-induced (10, 13, 24). We found that,
at least in this species, PBAN does indeed drive lipase activity,
because silencing PBANR prevented the depletion of the cyto-
plasmic lipid droplets (Fig. 4) that culminates in exhaustion of
the bombykol precursors (Figs. 5 and 9). This provides clear
evidence that the B. mori PBANR is the GPCR that mediates sex
pheromone production and underscores the possibility that the
B. mori PBANR and the H. zea PBANR (14) represent two
distinct species-specific isoforms of the GPCR used to mediate
sex pheromone biosynthesis. The structural differences associ-
ated with the 67-aa C-terminal extension present in the B. mori
PBANR (9) but absent in the H. zea PBANR are reminiscent of
the type I gonadotropin-releasing hormone receptors, in that the
nonmammalian type I receptors possess a functionally important
C-terminal tail that is missing in the mammalian isoforms (25,
26). They also may provide a basis for the different steps
regulated by PBAN in the two species (i.e., in B. mori, the fatty
acyl reductase and lipase steps versus steps involved in or before
fatty acid synthesis in H. zea).

In adult females, expression of mgACBP and pgACBP is
specific to the PG, with both transcripts exhibiting significant
up-regulation 1 day before adult emergence (13). Because ACBP
binds straight-chain (C4-Cy2) acyl-CoA esters with high affinity,
effectively protecting them from hydrolysis (27-30), we specu-
lated that their function within the PG is to serve as carriers or
cellular deposits for the acyl-CoAs used in pheromone biosyn-
thesis. The use of dsRNAs to disrupt pgACBP and mgACBP
demonstrated that this is indeed the case, because loss of
pgACBP function inhibited TG accumulation within the cyto-
plasmic lipid droplets (Fig. 4), effectively limiting the supply of
precursors available for entry into the biosynthetic pathway (Fig.
5). The less-pronounced effects (i.e., moderate reduction in
bombykol production and TG accumulation) observed with loss
of mgACBP function may indicate inefficient uptake of the
mgACBP dsRNA by the pheromone-producing cells or that the
mgACBP sequence is unsuitable for this methodology. Alterna-
tively, the high levels of the mgACBP transcript in the B. mori
larval midgut (13) suggest that the poor knockdown effects could
be an indication that the role of mgACBP in pheromone
production is secondary. Given the expression profile of the
Manduca sexta ACBP, which peaks during periods of active
feeding and lipid transport from the midgut (31), it is likely that
mgACBP functions in the transport of essential fatty acids
derived from dietary lipids.

In summary, we have used RNAi-dependent gene silencing to
demonstrate the in vivo relevance of the pgFAR, PBANR,
Bmpgdesatl, and pgACBP gene products and confirmed their
role during pheromonogenesis, thus allowing us to append our
model of the bombykol biosynthetic pathway (Fig. 7). Binding of
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Fig. 7. Current model of the B. mori sex pheromone biosynthetic pathway.
Gene products targeted for RNAi-mediated disruption are shown in the
gray-shaded boxes. Potential sites of regulation are indicated by dashed lines.

PBAN to PBANR triggers an influx of calcium that initiates a
signal transduction cascade culminating in activation of the
terminal reductive modification step, pgFAR, and the lipase that
liberates C16:2 from the lipid droplet. Independent of PBAN
action, the bifunctional Bmpgdesatl catalyzes the reduction of
acetyl-CoA-derived C16:0 (palmitate) to C16:2. The C16:2 is
then incorporated into TGs by the actions of pgACBP and stored
in the cytoplasmic lipid droplets. Furthermore, this work rep-
resents the initial phase of an ongoing study that proposes to use
RNAI in conjunction with a PG-expressed-sequence tag data-
base to systematically target the disruption of genes specifically
expressed in the PG to facilitate molecular dissection of the
bombykol biosynthetic pathway. That knowledge can then be
applied to elucidating the molecular mechanisms underlying sex
pheromone production in other lepidopterans.

Materials and Methods

Insects. Larvae of the inbred P50 strain of B. mori, a gift from T.
Shimada (University of Tokyo, Tokyo), were reared on mulberry
leaves and maintained under a 16-h light:8-h dark photoperiod
at 25°C. Pupal age was determined based on morphological
characteristics as described (11).

Synthesis and Injection of dsRNA. The templates for synthesis of
dsRNAs corresponding to pgACBP, mgACBP, pgFAR, Bmpgdesatl,
and PBANR were prepared by using gene-specific primers contain-
ing T7 polymerase sites and plasmids constructed previously (6, 7,
9, 13). The primer sets used are shown in Table 2, which is published
as supporting information on the PNAS web site. PCR was per-
formed by using KOD-Plus (Toyobo, Osaka) with the resulting
products purified (Promega SV PCR purification kit) and used as
templates to generate dsRNAs using the AmpliScribe T7 High
Yield Transcription kit (Epicentre Technologies, Madison, WI),
according to the manufacturer’s instructions. After synthesis, the
dsRNAs were diluted with DEPC-treated H,O, the RNA concen-
trations measured (Absys), and the products analyzed by gel
electrophoresis to confirm annealing. Samples were diluted to the
desired concentration (final volume 2-5 ul) and injected near the
abdominal tip of 1-day-old pupae (i.e., pupae 1 day removed from
the larval-pupal molt) using a 10-ul microsyringe (Hamilton).
Control pupae were injected with 2 ul of DEPC-treated H,O alone
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or dsRNA corresponding to the enhanced GFP sequence (Clon-
tech). After injection, pupae were maintained under normal con-
ditions until adult emergence.

RT-PCR Analysis. PGs were dissected from adult moths 3 h after
emergence into insect Ringer’s solution [35 mM NaCl/36 mM
KCl/12 mM CaCl,/16 mM MgCl,/274 mM glucose/5 mM
Tris'HCI (pH 7.5)] and mechanically trimmed as described (32).
Total RNA was isolated from the trimmed PGs by the method
of Chomczynski and Sacchi (33), and first-strand cDNA synthe-
sis was performed by using an RNA PCR kit (Takara Bio,
Tokyo), according to the manufacturer’s instructions, with 500
ng of total RNA. Fragments of the genes of interest were
amplified from oligonucleotide primer pairs designed from
published sequences and electrophoresed on a 1.2% agarose gel
in Tris/acetate/EDTA buffer.

In Vivo Bombykol Analysis. Adult females were decapitated within
3 h of emergence and maintained at 25°C for 24 h. They were
then injected with either 5 pmol (2 ul) of B. mori PBAN in PBS
or PBS alone. Abdominal tips were dissected 90 min after
injection, and bombykol production was measured by HPLC as
described (34) by using a Senshu-PacNO, column (Senshu
Scientific, Tokyo).

RNAi in Cell Culture. Recombinant PBANR with an N-terminal
His tag was generated from pIB/PBANR (9) by using pFast-
Bac-HT according to the manufacturer’s instructions for the
Bac-to-Bac baculovirus expression system (GIBCO/BRL). The
resulting plasmid, pFB/PBANR, was sequentially digested with
RsrIl and Spel, and the resulting fragment was ligated into
predigested (Xbal/Smal) BmNPV transfer vector, pBm031. The
resulting transfer vector, pPBm-PBANR, was cotransfected into
cultured B. mori BmN cells with linearized BmNPV genome
using Lipofectamine (GIBCO/BRL). After 5 days, recombinant
virus, BacPBANR, was plaque-purified and propagated on BmN
cells. For PBANR expression, a monolayer of BmN cells was
infected with 100 ul of BacPBANR for 1 h. At 3 h.p.i., cells were
treated overnight at 27°C with cellfectin (Invitrogen) * 50 nM
PBANR dsRNA, rinsed, and maintained at 27°C until 48 h.p.i.
Cells were harvested, and aliquots (10 ul) of total cell extracts
were analyzed by 10% SDS/PAGE and then transferred to a
nitrocellulose membrane. The blot was probed with an anti-His
antibody (Amersham Pharmacia), incubated with goat anti-
rabbit IgG conjugated to horseradish peroxidase, and developed
by using an enhanced chemiluminescence plus detection kit
(Amersham Pharmacia Biotech). To confirm silencing of the
recombinant PBANR gene, BmN cells were treated as described
above until 48 h.p.i., at which time they were incubated with a
rhodamine red-labeled analog of PBAN as described (9) to
assess the effects of RNAI treatment on ligand binding.

Microscopic Examination of Cytoplasmic Lipid Droplets. Abdominal
tips were dissected and mechanically trimmed from normal,
decapitated, and RNAi-treated females. The excised glands were
fixed with a 4% formalin/PBS solution and stained with Nile red
(a fluorescent probe for intracellular neutral lipids; Molecular
Probes), as described (10). Fluorescence microscopy was per-
formed with an Olympus (Melville, NY) BX-60 system equipped
with a PM-30 exposure unit and a BH20-RFL-T3 light source
(x400). Nile red imaging was done with a 330- to 385-nm
band-pass excitation filter, a 400-nm dichroic mirror, and a
420-nm long-pass barrier filter (Olympus cube WU). Images
were processed and merged by using PHOTOSHOP CS (Adobe
Systems, San Jose, CA).

Analysis of Lipid Droplet Components. Ten trimmed PGs were
prepared from the desired stages of female moths and dipped in
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100 ul of acetone for 10 min at room temperature. The dried
acetone extracts were dissolved in n-hexane and loaded on either
a Senshu-Pak PEGASIL-Silica 120-5 column (Senshu Science,
Tokyo; 4.6 mm inner diameter X 250 mm) equilibrated with
n-hexane/acetic acid (99/1) or a SSC-C; docosil column
(Senshu Science; 4.6 mm inner diameter X 250 mm; pore size,
300 wm) equilibrated with acetonitrile/ethanol (6/4). TG com-
ponents were separated as described (11) and detected by using
an evaporative light-scattering detector (model 75; SEDEX,
Sedere, France). Fatty acyl groups in the TGs were identified
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from Fast Atom Bombardment MS, and tandem MS analyses
performed by using a JEOL (Tokyo) JMS HX/HX-110A tan-
dem mass spectrometer as described (11).
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