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Abstract

The presence of the pyrokinin (PK)/ Pheromone biosynthesis activating neuropeptide (PBAN) receptor in pheromone gland cells of
Heliothis peltigerdemales was demonstrated, and its spatial distribution in the ovipositor was visualized with two photo-affinity biotinilated
ligands: BpaPBAN1-33Npiand BpaArg’-PBAN28-33NH. Light microscopy histological studies revealed that the gland is contained
within the inter-segmental membrane (ISM) between the 8th and 9th abdominal segments. The gland was found to be composed of a single
layer of columnar epithelial cells positioned under the inter-segmental cuticle. Similar epithelial cells were also found in the dorsal and
ventral regions of the 9th abdominal segment. All regions containing the glandular cells bound both ligands, indicating presence of the
PK/PBAN receptor. The patterns obtained with both ligands were similar, hinting at the possibility that either both ligands bind to the same
receptor, or, that if there are two distinct receptors, their spatial distribution throughout the gland is very similar.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction Sex pheromone biosynthesis in moths is affected by
a variety of exogenous and endogenous factors (such as
The sexual communication between sexes in Lepidopterantemperature, photoperiod, host plants, age, mating, as well
species is mediated mainly by sex pheromones, which areas hormonal and neurohormonal factors). A major break-
volatile compounds used by Lepidopteran insects to attractthrough in our understanding of the endogenous factors
potential mates from a distan§20]. Sex pheromones play involved in this process occurred in 1984, when Raina and
an important role in the elicitation of mating behavior in Klun [37] first reported that sex pheromone production in
moths and are, therefore, crucial for successful mating andfemaleHelicoverpa(thenHeliothis) zeamoths is controlled
maintenance of reproductive isolation. Understanding the by a cerebral neuroendocrine factor, which they termed
mechanisms that underlie sex pheromone production is,pheromone biosynthesis activating neuropeptide (PBAN).
therefore, of major interest and importance. PBAN was found to control sex pheromone biosynthesis in
Sex pheromones in Lepidopteran species are synthe-many other moth species, and the peptide itself was found
sized in a specialized gland, which is a modification of the in many Lepidopteran species as well as in other insect
inter-segmental membrane (ISM) located between the 8thorders[36]. PBAN was first isolated and characterized as
and 9th abdominal segments. The pheromone-producinga 33 amino acid C-terminally amidated neuropeptide by
cells are epithelial cells, overlaid by a modified ISM cuticle, Raina et al[38] in H. zeg and then its primary sequence
which, in most Lepidopterans is produced by the cells them- was determined in numerous other moth spe¢igs36]
selves. The pheromone is produced within the epithelial Determination of the primary amino acid sequence of
cells, transported through the cuticlia special porous cu-  PBAN revealed that its C-terminal pentapeptide sequence
ticular spines, and is disseminated from the surf@8e41] (FSPRLNR) is homologous with the C-terminal pentapep-
tide sequence of leucopyrokinin (LPK), the first pyrokinin
* Corresponding author. Tek:972-3-968-3710; fax:+972-3-960-4180.  (PK) peptide, which was isolated from the Maderae cock-
E-mail addressvinnie2@agri.gov.il (M. Altstein). roach, Leucophaea madera@8]. LPK, PBAN and other
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pheromonotropic (e.g. pheromonostatin) and myotropic These workers suggested that PBAN activates the TAG, and
[29] peptides were all grouped into a family termed the that this in turn secretes octopamine that activates the gland.
PK/PBAN family, characterized by a structural homology = The bursa copulatrix has also been suggested as a po-
at their C-terminus pentapeptide sequence (FXPR{NH tential target for PBAN. In a study performed by Jurenka
X =S, T, G, V)[17,36], which composes their active core et al.[23] in Argyrothaenia velutinangt was demonstrated
[2-5,25,29,32,39,40] that abdomen cultures responded to a much greater extent
The PK/PBAN family of peptides is a multifunctional than the pheromone gland to exogenously applied synthetic
family of peptides. In addition to their ability to stimu- PBAN, and that the bursa copulatrix was essential for a full
late sex pheromone biosynthesis in moths, they mediate keystimulatory response to PBAN. The study suggested that
functions associated with feeding (gut muscle contractions) a pheromonotropic factor, other than PBAN, originating in
[28,42] development (pupariation and diapaufd),30,31] the bursa copulatrix, is essential for pheromonotropic ac-
and defense (melanin biosynthesj8)26] in a variety of tivity and that the role of PBAN is to stimulate the release
insects (moths, cockroaches, locusts and flies) (for review of such a factor. The involvement of a bursal factor in the
see[17,36). Currently, ca. 15 peptides have been identi- pheromonotropic activity has been reported in other moths
fied (including pyrokinins, myotropins, PBAN, melanization as well[13]. Furthermore, experiments performed ori-
and reddish coloration hormone (MRCH), diapause hormone choplusia nj Agrotis segaturA. velutinanaand on the pink
and pheromonostatin}7,36] Studies performed in several bollworm Pectinophora gossypiellaith pheromone glands
laboratories including ours have shown that sex pheromonein vitro failed to show pheromone biosynthesis in response
production (as well as all of the other above functions) can to application of brain-subesophageal (SOG) extracts or syn-
be stimulated by more than one peptide and that the peptideghetic PBAN[35,45,50] All of the above studies hinted at
do not exhibit species specificif7]. the possibility that PBAN may act on a target other than the
Although it is generally agreed that pheromone produc- pheromone gland.
tion in many Lepidopteran species involves the participation  Other studies, though, clearly identified the pheromone
of PBAN and possibly other members of the family, many gland as the prime target of PBAN. These studies demon-
guestions still remain unanswered. Currently, very little is strated that in vitro gland cultures or preparations of ovipos-
known about the mechanism of action of PBAN and other itor tips from a variety of insects could easily be stimulated
members of this family, and much remains to be determined to produce sex pheromone by application of brain extracts as
about the structural, chemical and cellular bases of their ac-well as of synthetic PBAN15,34,43] Anatomical evidence
tivity. Even the nature of the peptide(s) that actually elicit provided direct proof for the existence of PBAN release
pheromonotropic activity in vivo (full-length PBAN or one  sites, presumably in the region of the pheromone gland
of the other pheromonotropic peptides that share sequencd12,19,24] and recent studies demonstrated that viable
homology with it) is not known yet. pheromone gland cell clusters from the ISM could produce
One reason for our lack of knowledge results from the pheromone in response to a pheromonotropic peptiep
fact that most studies on the role of the PK/PBAN pep-  One way to get a better insight into the above issues and
tides in pheromone biosynthesis are based on in vivo bioas-to resolve some of the above contradictions is by a direct
says (e.g.[1,18,37) in which peptides are injected into demonstration of the presence of PBAN receptors on the
the hemolymph of insects under conditions in which sex pheromone gland cells. Receptors are central to the under-
pheromone production does not occur naturally (photophasestanding of the biological function of any neuropeptide (es-
or decapitated females as scotophase). Despite their greapecially in families where several peptides exhibit similar
advantage in providing a good estimate of the bioactivity bio-activities) and central to prove a direct correlation be-
of the tested compounds such bioassays do not enable usween the activity of a given neuropeptide and its target.
to address the above issues, specifically those related to the Currently, very little is known about the PBAN receptor.
target tissue on which PBAN acts and the downstream cel- No one has shown its cellular localization in the pheromone
lular events. Contradictory results that accumulated in the gland cells (or in any other tissue) and no information exists
course of the years, regarding the principal site(s) of ac- about its spatial distribution within the glandular area. It has
tion of the neuropeptide (pheromone gland vs. other organ) also not been determined whether one or multiple receptors
and the possible involvement of additional factors in sex mediate sex pheromone biosynthesis in moths, and whether
pheromone biosynthesis complicated the issue even furtherthe same or different receptors mediate the various func-
For example, Teal et a[47] demonstrated that the prime tions elicited by peptides of the PK/PBAN family in moths
target of PBAN is the terminal abdominal ganglion (TAG), and other insects. In a previous study we used a radiola-
which in turn provides a signal to the gland to produce beled ligand to develop a radio-receptor assay (RRA) that
pheromone. Supportive of this theory were the findings of enabled us to partially characterize the PK/PBAN recep-
Christensen and co-worke50,11], who demonstrated that  tor of the pheromone gland dfeliothis peltigerafemales
sex pheromone production iH. zeaand H. virescensis and to determine its expression under different conditions
elicited by the biogenic amine octopamine in the absence[6,7]. In the present study we have used two biotinilated
of PBAN, in an age- and photoperiod-dependent manner. photo-affinity (benzophenon substituted) PBAN ligands, a
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full-length PBAN1-33NH molecule and a shorter frag- (DIEA) in N-methylpyrrolidinone (NMP) for 10 min prior
ment derived from its C-terminus Af¢PBAN28-33NH, to coupling. Each coupling reaction was continued for 3 h.
to demonstrate the presence of the PBAN receptor in The Fmoc-protecting group was removed with 20% piperi-
pheromone gland cells dfl. peltigerafemales and to de- dine in NMP. After each coupling and Fmoc deprotection
termine its spatial distribution in the ovipositor. the resin was washed with NMP ¢6 2 min) followed by
dichloromethane (DCM) washing (2 2 min).

2. Material and methods 2.2.3. Attachment of biotin to the peptides
After Fmoc deprotection of the last amino acid on the
2.1. Insects peptidyl resin, a coupling reaction was performed with bi-

) o ) otin (Sigma, St. Louis, USA) with a three-fold excess of bi-
H. peltigera moths were reared on an artificial diet as iy preactivated with a three-fold excess of PyBroP and a
described previously14]. Pupae were sexed and females qq\en.fold excess of DIEA in NMP, for 10 min prior to cou-
and males were placed in separate rooms with a dark/light 5jing. The coupling reaction was repeated twice, for 2 h each

regime of 10h:14h, at 2% 2°C and 60-70% relative hu-  {ime_Atthe end of the reaction the peptidy! resin was washed
midity. Adult moths were kept in screen cages and supplied \yith NMP (5 x 2min), DCM (2 x 2min) and methanol
with a 10% sugar solution. Moth populations were refreshed (twice), and the peptidyl resin was dried under vacuum.
every year with males caught from the wild by means of

pheromone traps, as previously descrifet]. All females  2.2.4. Deprotection of side chain groups and cleavage of
used in this study were 5.5 days old. As a routine, represen-peptides from the resin

tative of each colony used for histochemical studies, were Peptides were deprotected and cleaved from the resin
tested for their capability to synthesize sex pheromone in re-with 90% trifluoroacetic acid (TFA) in the presence of scav-
sponse to the injection of 1 pmol synthetic PBAN1-33NH  engers (1% double-distilled water (DDW) and 1% triiso-
All tested colonies were positive generating pheromone propylsilane). The cleavage process continued for 3h at

amounts that ranged from 144 to 189 ng per female. room temperature (RT). The resin was removed by filtration
_ . and washed with TFA (& 5 ml). The TFA filtrate was evap-
2.2. Ligands and other peptides orated to dryness under a stream of nitrogen. The peptide

was precipitated with cold diethyl ether and washed twice

Photo-affinity biotinilated peptide ligands were synthe- yth ether. The crude peptide thus obtained was dissolved
sized as described below. All other peptides were preparedin 509 acetonitrile (ACN) and lyophilized.

as previously describef8]. The purity of all tested pep-

tides was 90-95%. 2.2.5. Purification of peptides
. . . The crude peptides were purified by preparative
2.2.1. Chemicals for peptide synthesis reverse-phase high-performance liquid chromatography

Fmoc-protected amino acids with standard side-chain (RP-HPLC) on a Vydac RP-18 column (25 ma250 mm)
protecting groups, Rink amide 4-methylbenzhydrylamine i, 5 Merck-Hitachi 655A liquid chromatography pump.

(MBHA) resins and reagents for peptide synthesis were rhg golvent systems used were ACN and DDW, each con-
purchased from NOVA Biochem (Switzerland). Ultra-pure taining 0.1% TFA. The peptides were eluted between 15
quality solvents were purchased from Baker (USA). Other and 70% ACN in 40 min. The flow rate was maintained at

reagents were purchased from Aldrich. 9ml/min and the peptides were detected at 220 nm. Purity
. o , and homogeneity of the peptides were cross-checked by
2.2.2. Synthesis of photo-affinity biotinilated ligands analytical RP-HPLC on a Merck Lichrocart RP-18 column
Two biotin'ila.te'd photo-affinity _Iigands were synthe- (5mm x 250 mm) with a Merck-Hitachi L-700 Lachrom
sized: a biotinilated-photo-affinity full-length PBAN liquid chromatography pump. The flow rate was 1 mi/min

molecule (BpaPBAN1-33Np) and a shorter fragment 54 the absorbance was detected at 220 nm. The peptide
derived from its C-terminus ARJ-PBAN28-33NH purity was found to be in the range of 90-95%. Purified

(BpaArg?-PBAN28-33NH). A p-benzoyl-Phe amino acid peptides were characterized by MALDI time-of-flight-mass

(Bachem, Switzerland) was substituted for Phim each spectrometry (TOF-MS, linear CHCA matrix) and amino

PBAN molecule. _ _ _acid analysis of hydrolizates. The molecular masses ob-
Peptides were synthesized by the solid phase peptidegined were 4219.96 and 1253.61 for BpaPBAN1-33NH

synthesis methodologg] on a Rink amide MBHA resin 4 BpaArg’PBAN28-33NH, respectively.

(0.6 mmol/g loading), by means of 9-fluorenylmethoxycar-

bonyl (Fmoc) chemistry. Coupling of Fmoc-protected 2.3. Determination of the pheromonotropic activity of Bpa

amino acids was performed by using: a three-fold ex- peptides

cess of pre-activated amino acid, a three-fold excess of

bromo-tris-pyrrolidino-phosphonium hexafluorophosphate  The pheromonotropic activities of Bpa peptides and their

(PyBroP), and a seven-fold excess of diisopropylethylamine corresponding non-biotinilated analogs were determined
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in H. peltigerafemales by means of the pheromonotropic 2.6. Histochemistry

bioassay, as previously describg]. Activity was deter-

mined by the injection of a dose of 0.1-1000 pmol of each 2.6.1. Fixation of tissue for frozen sections

peptide for 2 h. At the end of the experiment glands were Fully extended ovipositors of 5.5-day-old. peltigera
excised and their pheromone contents were determinedfemales were excised at the 5-7 h of photophase, fixed in
by capillary gas chromatography as previously described 2% PFA in PBS for 2h at RT and stored in 0.5% PFA at

[2]. 4°C until use. Before use, the ovipositors were washed
briefly in PBS (2x 5min), re-fixed in 4% PFA in PBS for
2.4. Histology 30 min at RT, washed with PBS 315 min) and transferred
to 0.1 M glycine in PBS for 30 min (to block free aldehyde
2.4.1. Fixation and embedding of tissue for light groups). The tissue was then washed with PBS {® min)
microscopy and transferred to 15% (w/v) sucrose solution in PBS at
Fully extended ovipositors of 5.5-day-ditl peltigerafe- 4°C with gentle shaking until the tissue sank (2—4 h). Next,

males were excised at the 5-7 h of photophase and fixedthe tissue was transferred to 30% (w/v) sucrose solution
in 2% (w/v) paraformaldehyde (PFA) in phosphate buffered in PBS and was kept ON at°€. On the next day, the
saline (PBS, 0.15M NacCl in Na phosphate buffer, pH 7.2), tissue was removed from the sucrose solution, transferred
for 2h at RT. Fixed ovipositors were stored in 0.5% PFA to plastic molds, dried from all remaining sucrose solution
at 4°C until use. Before use, the glands were rinsed briefly and mounted (in the desired position) with cold @) OCT
with PBS (2x 5 min), transferred to 3% (v/v) glutaraldehyde (Triangle Biomedical Sciences, Durham, NC). The molds
in 0.1 M sodium cacodylate buffer, pH 7.2, and microwave were then placed on dry ice until the OCT froze, and were
irradiated (General Electric Model JES 633) at 480 W for stored at—70°C until further use.

30s to increase fixation efficiend@#l1]. Ovipositors were

then transferred to 1 ml of fresh 3% (v/v) glutaraldehyde 2.6.2. Preparation of frozen sections

in 0.1 M sodium cacodylate buffer, pH 7.2 and re-fixed for ~ Coronal sections, 10m thick, were cut with a Microm
2h at RT. At the end of the fixation the tissue was rinsed HM500 OM cryostat. Sections were placed on gelatin-
with PBS, pH 7.2 (6< 10 min) and post-fixed with 2% (v/v)  coated slides and kept at70°C until further use.

osmium tetroxide in DDW for 2h at RT. The tissue was

then rinsed (3« 30 min) with DDW and subjected to a se- 2.6.3. Receptor localization

ries of dehydration steps comprising soaking in increasing Sections were immersed in PBS %210 min) to remove
percentages of acetone in DDW (30% for 60 min; 50% for the OCT, and were re-fixed in 4% PFA in PBS for 15 min at
60 min; 70% for overnight (ON); 95% for 60 min; 100% RT. Excess PFA was washed off with PBS@min) and the
for 3 x 60min). The tissue was then embedded in Spurr sections were transferred to 0.1 M glycine in PBS for 20 min
(Ted Pella, Redding, CA) according to the following pro- as above (to block reactive groups). After another rinse with
tocol: 2:1 (acetone:Spurr) for 4h at RT with shaking; 1:2 PBS (10 min) the tissue was incubated with avidin (Sigma)
(acetone:Spurr) ON with very slow shaking, ane 8 h of in PBS at 0.1 mg/ml (30 min at RT) (to block endogenous
straight Spurr. The embedded tissue was transferred to rub-biotin). Unbound avidin was washed away with PBSx(4
ber molds in straight Spurr, positioned to facilitate coronal 5min) and the sections were incubated with biotin (Sigma)
or sagittal sectioning, and allowed to polymerize for 18-20 h in PBS at 0.01 mg/ml (30 min at RT) to block free avidin

at 60°C. sites. Unbound biotin was washed away with PBS$4min)
and the sections received an additional rinse (5min) with
2.4.2. Tissue sectioning reaction buffer (10 MM NaHC§) 145 mM sucrose, 10 mM
Three 1um coronal sections were collected everyu2fi HEPES, pH 8.0). The sections were then incubated for

and stained with methylene blue. A total of 50 tissue sam- 75min at RT with 10 pmol of ligand (BpaPBAN1-33NH
ples representing different areas of the ISM and the 9th ab-or BpaArg?’-PBAN28-33NH) in the presence or ab-

dominal segment were examined. sence of 6 nmol of competing peptides (PBAN1-33Nbt
PBANZ28-33NH) made up in reaction buffer. At the end
2.5. Scanning electron microscopy (SEM) of the incubation the sections were irradiated for 30 min at
4°C with a 2x 15W 375 nm UV lamp placed at a distance
Fully extended ovipositors of 5.5-day-dttl peltigerafe- of 9 cm from the reaction mixture. Then the sections were
males were excised at the 5-7 h of photophase. Tissue waginsed with PBS (4« 5min) at RT, transferred to a blocking
fixed and dehydrated in acetone as abdSection 2.4.1 solutions of 0.5% (w/v) bovine serum albumin (BSA) in

Ovipositors were attached to a copper specimen holder with PBS for 20 min and incubated with streptavidin fluorescein
cryo-adhesive tape and critical point dried. At the end of (FITC) or streptavidin Alexa Fluor 568 conjugates (Molecu-
the process, the tissue was coated with gold palladium atlar Probes, Eugene, OR) (diluted 1:500) in 0.3 M NaCl made
15 mA/min for 3 min, and viewed with an SEM (Phillips up in 50 mM Na phosphate, pH 7.2 for 60 min in the dark.
XL-30 FEG) as previously describg7]. Unbound reagents were washed away with PBS $min)
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other hand, was more active than AfBBAN28-33NH at
concentrations of 10 pmol and above. The availability of
highly bioactive photo-affinity biotinilated peptides enabled
us to further characterize the receptor and to localize it in the
ovipositor ofH. peltigeraby means of streptavidin-coupled
fluorophore reporters.

A secondary requirement for histochemical studies is elu-
cidation of the structural details of the tested tissue. For that
purpose we excised ovipositors of femblepeltigeramoths
and performed a detailed analysis of the pheromone gland
structure by light microscopy (LM) and scanning electron
L E— microscopy (SEM). For the LM study we preparegurh

Pheromone content (ng/female)

0.1 1 10 100 1000 sagittal sections of various regions of the ovipositor as well
Peptide concentration (pmol) as 1pJT1 corone}I sections (at Ewm iqtervals) of th(_a entire
ovipositor (regions | through Il irfFig. 2A). Examination

—A—PBAN 1-33NH2 —A— BpaPBAN 1-33NH2 of the intact ovipositor under a stereoscopic microscope
—O— Arg27-PBAN28-33NH2 —@— BpaArg27-PBAN 28-33NH2 revealed an ISM (region Fig. 2B and @ bordered by two

. ) o heavily sclerotized cuticular regions that formed the 9th and
Fig. 1. Dose-response curve of pheromonotropic activity elicited by . . -
photo-affinity biotinilated (Bpa) and non-biotinilated PBAN1-33NEind 8th abdominal segments (regions | and 11, respectively,
Arg?’PBAN28-33NH. Peptides were injected at the indicated concentra- 2B and Q. The heavy sclerotized cuticle of the 8th segment
tions for 2 h. Injection of buffer was carried out similarly and served as a formed an almost complete ring whereas that of the 9th
control. Pherpmone content was determined by capillary gas chromatog- ghdominal segment formed two sclerotized valves that ex-
raphy analysis. Control values ranged from 0 to 20 ng per females. Each tended around the segment Iaterally but did not completely
value represents the meanS.E.M. of 8-10 samples. .

meet one another ventrallizig. 20 or dorsally (not shown).
LM examination of the stained coronal and sagittal sec-
tions revealed that the pheromone gland comprised the ISM
and nuclei were stained with the nuclear dye TO-PRO-3 io- (region Il in Fig. 2A—C) between the 9th and 8th abdomi-
dide (Mqlecular Probes) (dilu_ted 1:1000 in PBS containing pg segments. The pheromone gland cells comprised a sin-
0.1% Triton-X-100) for 15min. Excess dye was washed gle |ayer of columnar epithelial cells positioned under the
away with PBS (3x 5min), the slides were dried and the  hter-segmental cuticleF{g. 2D and B. These cells ex-
sections were mounted with Vectashield mounting medium anded along the entire ISM and surrounded the entire cir-
(Vector Laboratories, Burlingame, CA). The specimens were - mference of the tissue, to form a complete ring-type gland
stored at £C in the dark. Microscopic examination was per- (Fig. 2P). Epithelial cells, similar to those of the ISM, ex-
form_et_j with a laser confo_cal microscope (Z_eiss LSM510). tended all the way to the tip of the oviposit6ig. 2G and H
A minimum of three specimens, representing at least two gepjct the ventral and dorsal epithelial layers (regions V and
different moth generations, was tested for ligand binding. D) overlaid by the inter-segmental cuticle (light blue color,
Fig. 2G) and the heavily sclerotized lateral cuticular valves
of the 9th segment (dark blue colbig. 2G). SEM studies
3. Results revealed that the pheromone gland region is highly convo-
luted Fig. 3A-0), densely covered with hollow cuticular
A preliminary requirement for receptor localization stud- spines Fig. 3D-B that cover the entire circumference of
ies is the availability of a highly potent ligand. For that pur- the ISM, and through which the pheromone is, most likely,
pose we synthesized photo-affinity ligands that could bind secreted.
covalently to the receptor. Two biotinilated photo-affinity In order to localize PK/PBAN receptor-containing cells,
ligands (BpaPBAN1-33NK and BpaArg’-PBAN28- ovipositors were fixed, and slide-mounted | frozen
33NHp), were synthesized, in which @-benzoyl-Phe sections were incubated with the Bpa ligands, UV irradiated
amino acid was substituted for a PRen each PBAN (for covalent attachment of the ligand to the tissue), and
molecule. In order to determine whether the substitu- visualized by application of streptavidin conjugated to an
tion of the Phé® and addition of a biotin residue to the Alexa or FITC fluorophore. Binding of BpaPBAN1-33NH
molecule affected activity, both Bpa ligands were tested to the sections revealed that the epithelial cells of the ISM
for their in vivo pheromonotropic activity and compared were heavily stained with the liganéi¢. 4A and B. The
with that of the parent molecules. As indicatedRig. 1, BpaPBAN1-33NH ligand was fully displaced in the pres-
BpaPBAN1-33NH exhibited a slightly lower activity than  ence of a 600-fold excess of non-biotinilated PBAN1-33NH
the parent non-biotinilated peptide although at a concentra-(Fig. 40 or PBAN28-33NH (Fig. 4D). Staining was also
tion of 10 pmol and above the activity was comparable with obtained with BpaAr§’-PBAN28-33NH (Fig. 4E) and
that of PBAN1-33NH. BpaArg?’-PBAN28-33NH, on the this ligand was also fully displaced with non-biotinilated
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Fig. 2. (A) Schematic representation of a lateral view of an extended ovipositor of a 5.5-deiglalthis peltigerafemale. Regions Il and | indicate the 8th and the 9th abdominal segments, respectively.
Region Il indicates the inter-segmental membrane (ISM) that forms the pheromone gland. (B) Stereo microscope picture of a lateral view of aovepasitdeéx). Regions |, Il and Ill correspond

to those in (A). (C) A ventral view of an extended ovipositoixj4showing epithelial cells enclosed between a heavily sclerotized cuticle (SC) of the 9th segment. (D) Sagittal light microcopy (LM)
section through partially retracted ovipositor ()0 (E) Higher magnification (49) of pheromone gland cells (PGC) in (D) showing large columnar epithelial cells. (F) Coronal LM section through the
pheromone gland region (Il in A-C) (¥ showing a continuous ring of glandular cells. (G) Coronal LM section through the 9th abdominal region (I in A>Q)s{idwing the convoluted dorsal and
ventral regions as well as the smooth heavily sclerotized cuticle of the 9th segment. (H) Higher magnificatiprof(#0e convoluted dorsal area enclosed between the sclerotized cuticle of the 9th
segment. Sections in (F) and (G) represent a series of coronal sections of the inter-segmental and 9th segment regions, respectively, allibft\atsamikthstructure. Stereomicroscopic images were
obtained with a Nikon SMZ-U Microscope using ovipositors fixed in 2% formaldehyde in PBS for 2h at RT. LM images were obtaineg.iwitgedtions embedded in Spurr as describe&éation

2.4 C: cuticle; D: dorsal part of ovipositor; V: ventral part of ovipositor.
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Fig. 3. (A) Scanning electron microscopy (SEM) images of the surface of an extended ovipositor (5.5-thypeltigerafemale). (B—F) Dorsal view showing convoluted areas of the gland surface and
hollow cuticular hair (arrow). Yellow squares mark region enlarged in the following image.
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Fig. 4. Confocal microscopy (CM) images showing PK/PBAN receptor containing cells in the I1$M péltigeraovipositor. PBAN-containing cells were visualized with streptavidin conjugated to Alexa
(A, C) or FITC (B, D, E-H). (A) Binding of BpaPBAN1-33N}stained with sterptavidin Alexa conjugate (200 (B) binding of BpaPBAN1-33NH stained with streptavidin FITC conjugate (200 (C)
binding of BpaPBAN1-33NH in the presence of a 600-fold excess of non-biotinilated PBAN1-33/IA0x); (D) same in the presence of a 600-fold excess of non-biotinilated PBAN28-33N}{)x );

(E) binding of BpaArg’-PBAN28-33NH (100x); (F) displacement of BpaAfg-PBAN28-33NH with PBAN28-33NH (100x); (G) displacement of BpaAfd-PBAN28-33NH with PBAN1-33COOH
(100x); (H) control. Non-specific adsorption of streptavidin FITC conjugate to the tissue in the absence of any ligajidb(d® staining represents nuclei stained with To-PRO 3-iodide. C: cuticle;
CS: cuticular spines; N: nuclei; PGC: pheromone gland cells. Bar represepts.2Bach image represents data obtained in two to four independent experiments.
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Fig. 5. CM images showing PK/PBAN receptor-containing cells in different regions of the ovipositor (regions | anBidl ®A-C). (A) Coronal LM section through the ISM region (). (B) CM

image (40<) showing presence of PBAN receptor containing cells in the entire circumference of the tissue. (C) Enlargement of the above PBAN receptorasistagtioging the basal location of

the receptors in the PGC. (D) Coronal LM section through the 9th abdominal regier). () PBAN receptor-containing cells in the ventral parts of the 9th abdominal segment region of the ovipositor
(40x) showing PBAN-containing cells in the region underneath the “thin” cuticle and absence of staining in cells underlying the sclerotized cuti¢t® id&f)er magnification (100) of the PBAN
receptor-containing cells in (E), showing the basal location of the receptors. C: cuticle; D: dorsal part of ovipositor; PGC: pheromone glgndecglisl part of ovipositor. Bars in (C), (D) and (F)
represent 2um. Bar in (E) represents 50m.
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PBAN28-33NH (Fig. 4F. The C-terminally free acid used to label a variety of receptoj44,49] The PBAN-
PBAN analog (PBAN1-33COOH) that is devoid of any modified photo-affinity ligands were further biotinilated at
pheromonotropic activityf2], did not displace the ligand the N-terminus in a manner that did not affect their bioactiv-
(Fig. 4G). Also, the staining was highly specific and no ity and enabled their employment in histochemical studies
binding of streptavidin—fluorophore conjugates could be for visualization of the PK/PBAN receptor with the aid of
demonstrated in the absence of liganBgy( 4H). The pe- streptavidin-conjugated fluorophores.
ripheral heavy red or green stain that appears in all sections In order to detect PBAN receptor-containing cells among
was contributed by cuticular auto-fluorescence, which was the pheromone producing glandular cells in the ISM and
also prominent in the absence of any ligand or in the pres- other regions of the ovipositor it was necessary to perform a
ence of an excess of non-biotinilated PBAN1-33Nbr detailed histological study of the structure of the pheromone
PBAN28-33NH molecules. gland ofH. peltigera Although Noctuidae species have been
Next, we set out to determine the spatial distribution of examined more than any other family and considerable in-
the receptor within the pheromone gland. For that purpose,formation has accumulated concerning the structure of the
the whole ovipositor (regions | through 11l iRig. 2A) was cells that form the sex pheromone gland, the extent to which
sectioned into 1@m sections and sets of three serial sec- the ISM is glandular is extremely variable among moths.
tions were stained sequentially with BpaPBAN1-33N\dthd Our present study indicates that the pheromone gland of
BpaArg?’-PBAN28-33NH ligands. Throughout region Il the H. peltigerafemale is a simple unicellular ring gland,
(represented bffig. 5A) binding of both ligands stained the  whose glandular cells encircle the ovipositor, and occupy
entire circumference of the tissugig. 5B), clearly indicat- the entire ISM between the 8th and the 9th abdominal seg-
ing the presence of the receptor in all parts of the ISM. In the ments. Glandular cells were also found in the dorsal and
9th segment (represented Big. 5D), only the dorsal and  ventral part of the 9th abdominal segment, laterally divided
ventral regions were staine&i@. 5B). In the lateral areas, by a sclerotized cuticular wall. By analogy with findings
where a heavily sclerotized cuticle was visualized, no stain- in otherHeliothinaespecieqd33], we assume that the cells
ing was observedFig. 5E). No cells, other than the glan- underneath the sclerotized cuticle are unmodified squamous
dular cells underneath the “thinner” cuticle, were stained in cells or cells modified for the insertion of muscles. Based on
regions | and Il Fig. 5B, C, E and ; indicating the high the above it seems that the structure of the pheromone gland
specificity of the staining. No staining was observed in re- of H. peltigerais similar to that of two otheHeliothinae
gion Il (8th abdominal segment). Interestingly, the staining speciesH. zeg that was found to be ring glands with dorsal
in the ISM pheromone gland cells as well as in the glandu- and ventral glandular cells in the 9th segmghp2,33,41]
lar cells of the dorsal and ventral parts of the 9th abdominal andH. phloxiphaga[22].
segments exhibited a polar pattern, with intense staining ap- Despite the information that has been accumulated con-

pearing at the basal part of the epithelial cdflig( 5C and F. cerning the structure of the glandular cells, the biochemical
The patterns obtained with both ligands BpaPBAN1-33NH elucidation of the structural-functional relationship of these
and BpaArg’-PBAN28-33NH, were similar. cells is still incomplete. Several studies have tried to corre-

late the structure of the pheromone gland with its function

as a pheromone-producing organ and to define the spatial
4. Discussion distribution of pheromone-producing cells. The approach

that has been commonly employed to address the issue was

In the present study we demonstrated the presence of thebased on examination of ultra-structural changes associated
PK/PBAN receptor in pheromone gland cellg-ofpeltigera with the production and release of pheromone by matur-
females, and visualized its spatial distribution within the ing gland cells. Indeed, it has been found in several studies
ovipositor. that the cells change from primarily protein-secreting cells
Receptor visualization was performed with two photo- to primarily lipid-secreting cell§33]. Recently, Raina et al.

affinity biotinilated ligands: a full-length PBAN1-33NH [41] addressed the issue by monitoring pheromone titers in
and Arg’-PBAN28-33NH. Photo-affinity labeling is a  various sections of thel. zeaovipositor, correlating them
very powerful technique for histochemical investigation with morphological changes that follow pheromone produc-
of receptors, but it is necessary to consider carefully the tion. This study led to a much more precise localization
choice of the peptide and the photo-label, the design of of the pheromone-producing regions within the ovipositor
the photo-reactive peptide, and the irradiation process toand indicated specific cellular changes that occur during
ensure that the photo-labeled peptide will remain active, pheromone production and non-production periods.
that the chemistry of labeling will be relatively simple and An alternative and more direct approach to the localiza-
highly efficient, and that the photo-ligand will be stable and tion of sex pheromone producing cells in the ovipositor is the
reactive to a degree that will not cause high non-specific cellular approach where direct visualization of cells express-
interactions. In light of the above considerations we chose ing receptors of pheromonotropic peptides (e.g. PK/PBAN)
to use benzophenone-substituted peptides that fulfill the can be obtained. PK/PBAN peptides have long been known
above requirements and have previously been successfullyto stimulate sex pheromone biosynthesis in moths, thus, a
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demonstration of the presence of PK/PBAN receptors on thein the 9th abdominal segment, but that this region may
epithelial cells of the ISM and other regions of the oviposi- contribute differently to the composition of the pheromone
tor provides direct evidence for the presence of pheromone-blend. Our present findings on the presence of PK/PBAN
producing cells. receptor in the 9th abdominal segment clearly support the

Two photo-affinity biotinilated ligands were chosen for hypothesis that pheromone is indeed produced in this re-
this purpose: The full-length PBAN (BpaPBAN1-33MH gion, although we are unable to determine whether the na-
which is considered to be the prime pheromonotropic pep- ture of pheromone produced in this region is different from
tide; and a modified C-terminally derived analog Afrg that produced in the main ISM area. It should be noted,
PBAN28-33NH (BpaArg?’-PBAN28-33NH), which con- however, that since both ligands used in our study exhibited
tains the “signature sequence” of the PK/PBAN family, and a similar pattern throughout the ovipositor it is unlikely to
which has been found to elicit pheromone biosynthesis in a consider that pheromone components that are synthesized
manner similar to that of the full-length PBAJR,48]. The in the cells of the 9th segment differ from those synthesized
latter ligand is, theoretically, a more “universal” PK/PBAN in the ISM region, unless the same ligands activates sim-
ligand exhibiting a higher potential than PBAN1-33Nkb ilar receptors in different areas, leading to the initiation of
bind to multiple receptors of the PK/PBAN family. different biosynthetic pathways.

Employment of both ligands on slide-mounted, fixed sec-  In addition to the spatial localization our data also clearly
tions stained the columnar epithelial cells throughout the indicate that the pheromone gland serves as a target for
ISM as well as the ventral and dorsal epithelial cells in the PBAN. As indicated inSection 1 the issue of the target
9th abdominal segment. Epithelial cells underlying the scle- tissue and transport route of PBAN has engaged, and still
rotized cuticle were not stained. The patterns obtained with engages many research groups dealing with the neuroen-
both ligands: BpaPBAN1-33NHand BpaArg’-PBAN28- docrine control of sex pheromone biosynthesis in moths.
33NH, were similar, indicating two possibilities: either that Our present study, as well as our previous biochemical and
both ligands bind to the same receptor under the tested conpharmacological study of the PK/PBAN receptor in the
ditions, or, if there are two distinct receptors, that their spa- pheromone gland oH. peltigera [6,7] contribute direct
tial distribution through out the gland is very similar. Stain- evidence for the target tissue issue although it does not
ing exhibited a polar pattern, with intense staining appear- resolve the problem of the transport route. Although we in-
ing at the basal part of the epithelial cells. This polarity of dicated above that the basal location of the receptors on the
the PBAN receptor most likely facilitates efficient contact epithelial cells hints at the possibility that the receptors are
with the hemolymph and the blood-borne hormones (e.g. arranged so as to ensure them an easier access to humoral
PBAN) that stimulate sex pheromone production in these factors (which would indicate a hemolymph-borne factor as
cells. Staining with both ligands was highly specific: no the stimulator of pheromone biosynthesis), it is still possi-
other cells in the tissue were stained, binding was fully dis- ble that nerve cells terminating on the epithelial glandular
placed with an excess of non-biotinilated ligands (PBAN1- cells stimulate the biosynthetic process. Unfortunately, our
33NH; and PBAN28-33NH), and was not displaced with  study did not focus on this issue and the presence of such
the C-terminally free acid analog PBAN1-33COOH, which nerve terminals was not visualized.
is devoid of pheromonotropic activifg]. It is interesting to Another issue that still needs to be further addressed is
note that although the glands used in this study were excisedthat of the involvement of additional factors in the stimu-
at photophase, they still revealed the presence of a markedation of sex pheromone biosynthesis in the gland. Despite
amount of PK/PBAN receptors. This is in line with previ- our clear cut data on the presence of PK/PBAN receptors
ous findings from our laboratofft 8] as well as otherf36] in the gland (which strongly indicate the role of these pep-
that moths are responsive to PBAN at photophase, althoughtides in this process) the possibility that other factors acting
natural pheromone production occurs during the scotophasedirectly or indirectly on the gland, cannot be excluded and

In summary, our data clearly demonstrate the presenceneeds further investigation.
of a PBAN receptor throughout the ISM region as well as  To the best of our knowledge this is the first report on the
in ventral and dorsal region of the 9th abdominal segment, histochemical visualization of the PK/PBAN receptor in the
which indicates that the columnar epithelial cells in both pheromone gland. The ligands that are described in this study
regions (ISM and parts of the 9th segment) are pheromone-as well as the histochemical methods that were employed to
producing cells. These data correlate well with the findings visualize the receptor could serve as a basis for the localiza-
of all the studies that considered on the basis of morphologi- tion of receptors belonging to this family in the pheromone
cal criteria, that the columnar cells are pheromone-producing glands of other moth species as well as in other organs.
cells, and with the recent data of Raina et [dll] who
demonstrated that about 70% of pheromone-producing cells
are present in the ISM (in both the dorsal and ventral region), Acknowledgments
and that 17% of these cells are present in the 9th segment.
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