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Stellingen

Uit de waarneming dat de proteolytische omzetting van het eiwit Acp26Aa, een product
van mannelijke accessorisch geslachtsklieren van Drosophila, naar de actieve vorm
plaatsvindt in het vrouwelijk voortplantingskanaal, kan niet worden geconcludeerd dat

het wijfie in dit proces samenwerkt met het mannstje.
M. Park and M.F. Wolfner (1895) Male and female cooperate in the prohamone-like processing of

a Drosophila melancgastsr seminal fiuid protein. Dev. Biol. 171, 694-702.

Het feit dat in Melanoplus sanguinipes de zich ontwikkelende adcyten eiwitten
opnemen die oorspronkelijk afkomstig zijn uit mannelijke accessorische
geslachtsklieren, wil niet zeggen dat er sprake is van "cryptic paternal investment”,
aangezien de hoeveelheid eiwit die per paring naar het wijfie wordt overgedragen
daarvoor te gering is.
M.T. Cheeseman & C. Gillot (1989) Long hyaline gland discharge and mulliple spsrmatophore
formation by male grasshopper. Physiol. Entomol. 14, 257-264.

De waarneming van De Loof en Lagasse (1972}, dat het meerlagig epitheel van de
mannelijke accessorische geslachtsklieren van de Coloradokever, na allatotectomie,
degenereert tot eenlagig epitheel, berust op een onjuiste interpretatie van histologische
coupes. Deze klier heeft altijd één laag epitheelcellen.

A. de Loof & A, Lagasse (1972) The ultrastructure of the male accessory reproductive glands of the

Colorado potato beetle. Z. Zellforsch. 130, 545-552.

Dit proefschrift.

De benaming "tokens of love" voor mannelijke accessorische geslachtsklierproducten
kan beter worden vervangen door "tokens of male selfishness”, gezien de giftigheid

van sommige van deze producten voor het wijfie.
M.F. Woliner (19597) Tokens of love: Functions and regulation of Drosophila male accessory gland
products. Insect Biochem. Molec. Biol. 27, 179-152.
Dit proefschrift.

Het effect van hoge concentraties kopertcevoegingen aan veevoer op het ontstaan van
prion-gerelateerde ziekten als BSE en Scrapie dient nader onderzocht te worden nu
blijkt dat het prion-eiwit specifiek bindt aan koper-ionen en onder invioed van deze

binding van conformatie verandert.
M.P. Homshaw, J.R. McDemnott, J. M. Candy & J.H. Lakey (1995) Copper hinding to the N-terminal
tandem repeat regicn of mammalian and avian prion protein: structural studies using synthefic
peptides. Biochem. Biophys. Res. Com, 214, 993-999,

De in "Sexual selection" (J.L. Gouid and C. Grant Gould) vermelde kwalificaties "dirty,
noisy and unrewarding" ten aanzien van kinderen zegt meer over de

aandachtsverdeling werk-gezin bij de familie Gould dan over kinderen.
J.L Gould & C. Grant Gould (1989) Sexual selection. Scisntific American Library, New York.

Het feit dat het op straat parkeren van een hondendrol ongeveer 400 keer zo duur is
als het parkeren van een autc (gebaseerd op houderschapsbelasting; gecorrigeerd
voar gewicht), relativeert de veelgehoorde klacht dat de automabilist door de staat als
melkkoe wordt gebruikt.



8  De elasticiteit van de grenzen aan de groei van Schiphol is grenzeloos.

9  Aan "de vier jaargetijden" van Vivaldi valt te beluisteren dat het verval van de herfs
meer inspiratie oplevert dan de bloei van de lente.

10 De jaarlijkse economische groeicijfers zijn te onnauwkeurig om er beleid op te baseren.
2Zvi. Giritiches (1994} Produclivity, R&D and the data constraint. American Economic Review 84, 1-23

11 De enige essentiéle varbetering in gebruikersvriendelijkheid van de personal compute:
in de afgelopen 10 jaar is de verplaatsing van de uitschakelaar van de achterzijde naai
de voorzijde van het apparaat.

12 De coloradokever komt niet uit Colorado.

Stellingen behorende bij het proefschrift: A peptide from the male accessory glands of the
Colorado potato beetle.

H. M. Smid, Wageningen, 22 april 1998




Contents

CHAPTER 1

CHAPTER 2

CHAPTER 3

CHAPTER 4

CHAPTER 5

CHAPTER 6

CHAPTER 7

CHAPTER 8

Summary

General introduction.

Male accessory sex glands contain a new class
of exocrine eptiderdgic cells in Leptinotarsa
decemlineata FSay), identified with neuropeptide-
specific monoclonal antibody MAC-18. Smid H.M.
and Schooneveld H. (1992) Invertebrate Reproduction and
Development 21: 141-148.

A peptide from the male accessory gland in
Leptinotarsa decemlineata: Purification,
characterization and molecular cloning. Smid HM.,
Koopmanschap A.B., de Kot CAD. and Schooneveld H.
(1997 Joumal of Insect Physiology 43: 355-362.

Isolation and partial characterization of MAC-18
immuno-reactive peptides from the lateral
neurosecretory cells of the Colorado potato
beetle: candidate corpus allatum-activity-
regulating neuropeptides.

Expression of a male accessory gland peptide of
Leptinotarsa decemiineata in insect cells infected
with a recombinant baculovirus. Smid HM,
Schooneveld H., Desemo M.LL.G., Put B. and Vlak J.M.
Joumal of Insect Physiology, in press.

Transfer of a male accessory gland peptide to
the female during mating In Leptinotarsa
decemlineata. Smid HM. Invertebrate Reproduction and
Development, in press.

Chemical mate guarding and oviposition
stimulation in insects: a model mechanism
alternative to the Drosophila Sex-Peptide
paradigm. Smid H.M. Proceedings of the Koninklijke
Nededandse Akademie van Wetenschappen, in press.

General discussion

Samenvatting

Nawoord

Curricuium Vitae

17

31

41

53

63

73
a1
83
85
87




General introduction

Endocrine research on the Colorado potato beetle.

The Colorado potato beetle, Leptinotarsa decemlineata (Say), is an attractive model
for studies on insect endocrinology. It belongs to the family of Chrysomelidae (leaf beetles)
of the order Coleoptera. This insect is an economically important species, in that it is a
severe pest on potato in the Northern hemisphere. The extensive use of pesticides for its
control has led to the development of resistance to most insecticides in several parts of the
world (Casagrande, 1987). Research that may lead to alternative control strategies is
therefore required. The aim of the present study is to obtain new fundamental knowledge
of physiclogical processes that may be helpful in designing such strategies in the not-too-
distant future.

L. decemlineata exhibits seasonal adaptation to changes in daylength. In temperate
climates, it responds to short daylengths by a phenomenon called diapause. This means
that the beetles do no longer invest energy in reproduction, but build up reserves and then
enter the soil to survive winter. In spring, the beetle emerges as a consequence of elevated
soil temperature and starts to reproduce when potato plants are available. Thus, depending
on the photoperiod, the beetle will either reproduce or enter diapause {De Wilde, 1955). The
phenomenon of diapause has been the subject of extensive research at our department and
most questions have focused on how the environmental information, through the action of
the endocrine system, is translated into diapause (see de Kort, 1990 for raview).

The key factar regulating seasonal adaptation proved to be juvenile hormone (JH).
High JH titres in the beetle’s hemolymph induce reproduction, while diapause is induced by
a low JH titre. The JH titre, in turn, is regulated by a complex process which involves the
rate of production of JH by the corpora allata (CA), and the rate of breakdown of JH by JH-
specific esterases. The production of JH by the CA is regulated, at least partly, by a small
group of neurons, the lateral neurosecretory cells (L-NSC) in the protocerebrum
{Schocneveld, 1970, 1974; Khan et al, 1983). These neurons innervate the CA and produce
peptides which regulate CA activity. Such peptides inhibit or stimulate CA activity and are
hence called allatostating or allatotropins, respectively. The chemical characterization of
allatostatins or allatotropins seemed desirable, and part of the endocrine research at the
department has so far been focused on the isolation of allotostatins or allatotropins from L.
decemlineata.

For the isolation of such bio-active peptides, a reliable and simple bicassay is essential
to demonstrate the presence of active peptides in fractions that arise from the purification
process. In the case of a peptide that regulates CA activity, an in vitro bioassay must be
developed to measure CA activity before and after addition of peptides. The usefulness of
such an assay in L. decemlineata was severely limited by the large individual fluctuations
in CA activity, due to pulsatic release of JH {Khan &f af., 1982). For that reason, the assay
could not be used routinely during a purification program. The problem of how to design a
reliable and sensitive bioassay is not unique in insect endocrinological research. In fact, few
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chapter 1

bicassays are available at present to assist in the purification of peptide hormones. One
often has to rely on the use of heterologous bioassays, that is employing responses of an
assay organ from a different species to peptide preparations of the species of interest. The
drawback of the use of heterologous assays is the risk of physiological irrelevancy of the
assay data obtained. For instance, neuropeptides from Calliphora vomitoria were isolated
that had an allatostatic effect on CA of Diploptera punctata, and were called allatostatins.
The isolated peptides were, however, inactive when tested on CA from C. vomitoria itself
(Duve et ai., 1993). Their true function, therefore, remains to be resolved and depends on
the development of appropriate assays.

Concept of reversed endocrinology using monoclonal antibodies.

An alternative approach of extraction and identification of peptides is based on the
availability of antibodies, rather than that of a bicassay. In this concept of 'reversed
endacrinology’ (Lafont, 1991), one first isolates a peptide, e.g. by using a specific antibody,
followed by its functional characterization. The need for a bioassay during purification is then
bypassed, which enormously expands the possibilities to isclate neurcpeptides. On the other
hand, establishing the biological function of an isolated peptide remains required.

At our department the concept of reversed endocrinology has been applied to the
isolation of neuropeptides that control CA activity. Previous work demonstrated that the L-
NSC innervate the CA {Khan et al., 1983), and probably release a CA inhibiting factor. For
the detection of the neuropeptides in these L-NSC, specific monocional antibodies were
prepared. This was accomplished by immunization of mice with crude brain extracts.
Hybridoma cell lines obtained from these immunized mice were assayed on microscopical
brain sections, to select those cell lines that specifically recognize nelropeptides in the L-
NSC. In this way, three different monoclonal antibedies were selected that specifically
labelled the L-NSC in brain sections. On the electron-microscopical level, it was shown that
indeed the contents of secretory granules in the L-NSC pericarya as well as at the nerve
endings in the CA were recognized by the antibody. These antibodiss, designated MAC
(Monoclonal Anti Colorado potato beetle) nrs. 8, 9 and 18 were candidates to be used for
isolation of their antigens in the L-NSC (Schooneveld et al., 1989).

The male accessory gland as an "endocrine” organ.

Other organs than the brain of L. decemlineata were examined for the possible
presence of antigens immuno-reactive to MAC-18, to identify new targets or alternative
sources of peptide. For instance, allatostatic peptides had in the meantime been localized
not only in the brain of insects, but also in the hindgut and the male accessory glands (for
review, see Stay, 1924). We screened serially sectioned entire bodies of L. decemlineata
with MAC-18 and indeed found immuno-reactivity in the male accessory glands. The
presence of MAC-18 immuno-reactivity in these glands was intriguing, since they are known
to produce peptides that are added to the ejaculate during mating, and enter the female
hemolymph to exhibit a harmonal function (see below). For instance, such peptides stimulate
oviposition and reduce female receptivity for further matings in Drosophila species (Chen,
1991). This effect may well be accomplished by peptides acting on the female’s JH level,
by stimulation of CA activity (Kelly et al, 1994). Thus, the question arose whether the
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antigens recognized by MAC-18 in the L-NSC were identical in structure and function to the
antigens in the male accessory glands.

On the basis of this observation, we regarded the male accessory glands as an ideal
. source of peptides. The glands are of the exocrine type and are relatively largs, so that they
- could provide us which farge amounts of peptide. This would greatly simplify the design of
an isolation protocol. The isolation procedure itself would further provide knowledge about
a straightforward purification protocol of the brain peptide, that is present in so much smaller
quantities.

Male accessory glands and thelr role in reproductive strategies.

The insect’s male accessory glands (MAGs) are highly variable among different
species, in morphology as well as in function. The simplest design comprises two tubular
glands, which end into the lateral sjaculatory duct. This situation is found, for instance, in
L. decemiineata and in Drosophila. Variations on this basic design are found in other species
and MAGs may contain additional numbers of tubules, and bean-shaped glands. The
variable morphology is perhaps related to the different functions of MAGs (for review, see
Chen, 1984). One important function is the production of proteins used for the formation of
the spermatophore, a capsule used by some insect species to encapsulate and transfer
sperm to the female. The glands may also secrete nutritive proteins, that are sequestered
from the male’s hemolymph and that serve as an additional protein supply for the
inseminated female (Friedel and Gillot, 1976). The latter function is thought to occur in
species that have low-protein diets (Pardo et al,, 1994). The nutritive proteins are specifically
endocytosed by the developing oocytes, and can be regarded as a hidden form of male
parental investment.

The most interesting MAG secretions are undoubtedly those that specifically regulate
female reproductive behaviour. These substances are produced in the MAG and are
transferred to the female during copulation. They act like a hormone and change the
female’s behaviour; they inhibit remating and enhance fecundity. These substances are
appropriately called remating inhibiting substances (RIS) or, mare poetically, anti-
aphrodisiaca (Gilbert, 1976), and fecundity enhancing substances (FES) (Gillott, 1992)
respectively. RIS and FES are peptides or small proteins, which are also called sex peptides
{Kubli, 1992). In crickets and in grasshoppers, a prostaglandin produced in the testis was
also identified as a FES (Stanley-Samuelson and Loher, 1986).

Several RIS and FES activities have been found in many different insect orders,
including Coleoptera, but we know the exact amino acid sequence from only a few peptides.
As early as 1975, Baumann et al. isolated from Drosophila funebris a 27 aming acid peptide,
referred to as paragonial peptide 1, that reduced female receptivity. Chen et al, (1988)
isolated a 36 amino acid peptide from Drosophila melancgaster, that combined the
stimulation of fecundity and reduction of receptivity. Nearly identical peptides were isclated
from sibling Drosophila species {Chen and Balmer, 1989). An additional peptide with FES
activity was isolated from Drosophila meianogaster by Herndon and Wolfner (1995).

The existence of RIS and FES activities can be explained in the light of antagonistic
reproductive strategies by males and females. The female’s concern is to collect in her
spermatheca enough sperm cells to fertilize hundreds or perhaps thousands of eggs
produced in the reproductive period. Although a single mating is usually adequate to provide
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the required numbers of sperm cells, it is often seen that repetitive matings take place
(Thibout, 1982). One reason for this is that the female thus ensures that a process of
"sperm competition” can take place: eggs are fertilized by the most competitive sperm ceills,
and this has a clear evolutionary benefit (Parker, 1970).

The male, however, tries to maximize its overall fertilization rate, or, in other words,
promotes that his sperm cells, and not those of a rivalling male, will fertilize the eggs of his
mates. It can do so in several ways. First, it can block further mating attempts by other
males by mate guarding behaviour: it remains in copulatory position for several hours or
even days in some species. Secand, it can leave a so-called copulatory plug in the female’s
oviduct, which prevents additional matings until a batch of eggs is deposited that removes
the plug. Third, the male can use substances like RIS and FES as a sort of "peptidergic
pheromones” to prevent remating of the female (called chemical mate guarding; Miller, 1994)
and to promote egg development. It seems that the last strategy increases male fitness at
lowest costs; the other two strategies require relatively large investments in time or protein
by the maie.

Research objectives

The aim of this project is to characterize the MAC-18 antigen (referred to as
Leptinotarsa decemlineata Male Accessory Gland Peptide, Led-MAGP) in the male
accessory glands, to determine its physiological function in the context of reproductive
strategies and to compare the chemical nature with the MAC-18-immunoreactive peptide in
the L-NSC.

This study begins with a structural description of the relevant parts of the male
reproductive organs. The sites of production and storage of Led-MAGP in the accessory
glands were investigated by immunchistochemical methods at the light- and electron-
microscopical level. Breeding of the beetles and assay conditions were optimized for the
detection of Led-MAGP in tissue sections (Chapter 2).

Led-MAGP was purified successfully and its amino acid sequence was partially
determined. Its full structure was elucidated using molecular biological methods and the
gene coding for Led-MAGP and its signal peptide was identified. Surprisingly, the peptide
is homologous to the N-terminus of a prion protein, the transmissible agent in Creutzfeldt-
Jakob disease and bovine spongiform encephalopathy (BSE) (Chapter 3).

After the characterization of Led-MAGP, the structure was compared to the MAC-18
antigen from the L-NSC in the brain. Since a brain extract is much more complex than an
accessory gland extract, the purification by HPLC of the L-NSC peptide required additional
chromatographic steps. A complicating factor was the instability of the pure peptide.
Purification methods were adjusted to the specific requirements of the peptide and a
successful purification of some MAC-18 immunoreactive pepltides was achieved. Although
no full structure identification was carried out, the peptides proved to be different from Led-
MAGP, in spite of their common ability to bind with the MAC-18 antibody (Chapter 4).

The continuation of the project demanded large amounts of Led-MAGP. Both the
preparation of a polyclonal antiserum against Led-MAGP and the physioclogical experiments
to determine its role in females required considerable quantities of Led-MAGP in pure form.

- To avoid tedious dissections of substantial numbers of MAGS, we produced Led-MAGP by
employing an insect cell expression system. It is described how a baculovirus is equipped
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with the Led-MAGP gene and how cultured insect cells are induced by the recombinant virus
to produce bulk quantities of peptide. A polyclonal antiserum against this recombinant Led-
MAGP is produced, and its specificity is determined (Chapter 5).

To provide unequivocal evidence for the transfer of Led-MAGP to the female during
" mating, the polyclonal antibody was used in an immunchistochemical approach to track Led-
MAGP during mating on its course to the spermathecal duct of the female. (Chapter 6).

On the basis of the results obtained, an hypothesis was proposed about the function
of Led-MAGRP in the female. According to this hypothesis, Led-MAGP acts as a soluble
receptor in the female hemolymph, that binds female hemolymph proteins in order to route
them into the developing oocytes. This way, Led-MAGP stimulates oviposition and reduces
receptivity. This hypothesis is compared to the concept of the Drosophila sex-peptide and
is discussed in an evolutionary context (Chapter 7).
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Male accessory sex glands contain new class of exocrine peptidergic cells
in Leptinotarsa decemliineata (Say), identified with neuropeptide-specific
monoclonal antibody MAC-18

Abstract

The male Colorado potato bestle, Leptincfarsa decemliineata (Say) has one pair of slongate accessory glands.
Using a monoclonal antibody, specific for the lateral neurosecretory cells in the brain, a small percentage of the
epithelium cells is strongly immunolabelled. The antibody associates with secretory granules, which are abundant
in these cells. The para-crystalline content of these granules is also identified in the lumen of the gland, which
indicates that the immunoreactive cells have a secretory function. It proved to be necessary o induce accumulation
of the secretary granules to allow their immunodetection, and this was accomplished by a period of starvation,
Biochemical and immunological evidence suggests that the antigen is a small peptide. The cells desciibed here
belong 1o a new class of exocrine peptidergic cells, with possible endocring regulatory function in female
reproductive behaviour.

Introduction

For many years we are interested in hormonal regulation of reproduction in the
Colorado potato beetle, Leptinotarsa decemlineata (Say). Early studies showed that juvenile
hormone is the key factor for the maintenance of vitellogenesis, oogenesis and oviposition
but it is clear that reguiatory peptides are also necessary as co-factors for the endocrine
control of these processes (De Wilde & de Loof 1973). This is illustrated by the fact that
virgin females lay no or very low numbers of eggs, but they cannot be triggered to oviposit
by injections with juvenile hormone. (Schocneveld, unpublished results). When such females
are allowed to mate, oviposition starts within 2 days.

The factors which induce oviposition in L. decemiineata are not known. In a few other
species it is becoming apparent that a complex mixture of male accessory gland (MAG]) -
derived substances is responsible for certain post-copulatory changes in the female’s
behaviour and physiology (Leopold, 1976; Chen, 1984, 1991). Examples are (1} stimulation
of oviposition in e.g. Aedes aegyptii (Leahy and Graig (1965), Locusta migratoria (Lange and
Louhgton, 1985), Melanoplus sanguinipes (Friedel and Gillott 1876), and Drosophifa funebris
(Baumann, 1974); (2) stimulation of oviduct contractions in Locusta migratoria (Paemen et
al. 1991); (3) decreasing in female receptivity in Drosophila funebris (Baumann et al., 1975)
and (4 regulation of sperm migration in the oviduct in Rhodnius profixus (Davey, 1958).

The nature of these male MAG components with regulatory functions in the female has
been determined in a few cases. In Drosophila suzukii (Ohashi et al., 1991) and Culex
tarsalis {Young and Downe, 1987}, the female specific regulatory substance proved to be
a small peptide. In Drosophila melanogaster and in Drosophila sechellia, a 36 amino-acid
peptide has bsen isolated and sequenced which was responsible for the stimulation of
oviposition as well as for the reduction of receptivity after mating (Chen ef a/, 1988, Chen
& Balmer, 1989).
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The production site of the Drosophila melanogaster peptide may be the main cells of
the MAGs. These cells were found to express a gene which probably encodes a precursor
for secreted peptides (DiBenedetto et al, 1990). The function of this presumed peptide is
unknown. There are no further reports on the precise location of the production sites of
female specific regulatory peptides.

This paper provides svidence of specific cells in the MAG's epithelium being the source
ot secretery peptides in L. decemlineata. We have studied the morphology, histology and
ultrastructure of the MAGs and demonstrated the existence of exocrine peptidergic cell by
applying immunchistochemical and immuno-dot techniques. We used the monoclonal
antibody MAC-18 for this study, which is one of a panel of monoclonal antibodies which
recognizes the secretory substance of the peptidergic lateral neurosecretory cells in the
brain of this beetle {Schooneveld et al, 1989).

Materials and methods
Animals

Colorado potato beetles of both sexes were kept together under long-day conditions
(14 hrs photoperiod) and fed for at least 7 days with fresh potato foliage. This feeding period
was, for certain experiments, followed by a starvation period of 7 days to enhance product
accumulation in secretory cells, since a previous study showed that the MAC-18 antigen in
the lateral neurosecretory cells accumulated during starvation {Schooneveld et al., 1989).
The entire reproductive organs of unanesthetized males were rapidly dissected under ice-
cold saline (Khan et al., 1982). Care was taken not to touch the MAGs with forceps.

Immunohistochemistry

The production of monoclonal antibody MAC-18 has been described by Schooneveld
and Smid {1990}. Mass production was carried out in vitro in immunoglobulin free medium
and the antibody (subclass IgM) was partly purified by precipitation with 8% polyethylene
glycal acceording to Klein (1985).

For light microscopy, entire male reproductive organs were immersed for 10 min in ice-
cold GPA (25% glutaraldehyde: saturated picric acid in water 1:3, with 2% acetic acid),
followed by 10 min microwave irradiation under water cooling as described before (Smid et
al. 1990). After 20 min of microwave stimulated washing with water-cooling, specimens were
dehydrated and vacuum embedded in Paraplast-Plus. Serial sections were mounted on poly-
l-lysine (Sigma) coated slides. Sections were incubated for one night at 4°C in MAC-18
diluted 1:4000 in PBS with 10 % normal swine serum, followed by a 2 h incubation at room
temperature with rabbit-anti-mouse peroxidase conjugate {Dakopatts, Denmark) diluted
1:100. Labelling was visualized with N,N’-diaminobenzidin (Sigma) and sections were
counterstained with Mayer's haematoxylin. Control sections received the same treatment
except that the incubation with MAC-18 was replaced by an incubation in PBS.

For electron microscopy, entire male reproductive organs were fixed for 2 h in 2%
glutaraldehyde in 0.1M cacodylate buffer pH 7.3 at 4°C. Postfixation in osmium-tetroxide
was omitted, since it reduced the immunolabelling efficiency. Accessory glands were
separated and embedded in epon. Sections of 80 nm were collected on formvar coated
nickel grids. The section surface was pretreated with 4% sodium meta-periodate for 1 h prior
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to immunolabelling, accerding to Bendayan and Zellinger (1983). Grids were incubated one
night at 4°C on 20 pl drops of MAC-18 diluted 1:5000 in 1% BSA in PBS. Labelling was
visualized by a 2-h incubation at room temperature with rabbit-anti mouse, prepared in the
laboratory, diluted 1:50, followed by a 2 h incubation with protein A-gold complex (15 nm)
prepared in the laboratory according to Slot and Geuze (1985). Sections were contrasted
with 2% uranyl acetate.

Immuno-dot assay

To determine wether the MAC-18 antigen in the MAG was a small peptide, we tested
its solubility in a methanol-water-acetic acid (90:9:1) mixture. Thirty pairs of MAGs were
separated from the prostate and glass-hamogenized in 1 ml of this extraction medium. The
homogenate was centrifuged at 10,000 g, and the supernatant (the low molecular weight
fraction) as well as the pellet (the high molecular weight fraction) were lyophilized,
redissolved in 50 pul PBS buffer and cleared by centrifugation. For the immuno-dot assay,
we used glutaraldehyde-activated nitrocellulose to increase the binding capacity for the
MAC-18 antigen. The nitrocellulose strips were incubated in 1% BSA, washed in distitled
water and subsequently incubated in 2% aqueous glutaraldehyde. Aliquots of one p of both
samples were spotted on dried strips of activated nitrocellulose. After drying, the
nitrocellulose strips were blocked with 1% BSA. Immunodetection with MAC-18 was
performed as described for paraffin sections.

Results
Gross anatomy of the male reproductive organs.

The male reproductive organs are represented schematically in Fig. 1. L. decemlineata
has one pair of elongate MAGs, which fuse with the vasa deferentia and form the lateral
ejaculatory ducts. Both lateral ejaculatory ducts fuse and form the anterior (*comman®)
ejaculatory duct. The narrow distal extension of this duct, the posterior ejaculatory duct,
ends in the aedeagus.

Histology of the MAGs

The elongate MAGs consist of a single layer of epithelial cells. The basa! sides of the
columnar cells rest on a basal lamella which surrounds the whole gland. The apical sides
of these cells border the lumen of the gland. The basal lamslla is surrounded by a thin
irreguiarly shaped muscular iayer. The gland is extensively innervated by axonal processes
from the abdominal ganglion. These processes remain outside of the basal lameila.

Immunohistochemical staining of the glandular cells in the MAGs.

After incubation of MAG paraffin sections of starved malas with MAC-18, about 100
cells per gland appear immunoreactive (Fig. 2). The cells are columnar shaped and
randomly distributed over the gland. No such cells are labelled in the MAGs of normally fed
animals.

Ultrastructural studies on starved beetles indicated that the MAC-18 positive cells are
packed with granules, ranging from 300-500 nm in diameter (Fig. 3). The granules are
densely labelied with immunogold particles as a consequence of MAC-18 binding, These
granules have a typical para-crystalline content. The MAC-18 positive cells can be clearly
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distinguished from the other cells in the MAG, because of their large amounts of secretory
granules, the secretory content and the exclusive granule immuno-labelling. The gland
appears to be in an inactive state, as illustrated by the small amounts of endoplasmic
reticulum and tiny mitochondria. No active exocytosis of granules can be observed. The
presence of large bud-like extrusions (Fig. 5) nevertheless indicates that the cells use the
apocrine secretion mechanism. The typical para-crystalline deposits resulting from the
dissociation of the granules, are also present in the lumen of the gland (Fig. 4). They remain
clustered because of the high viscosity of the lumen’s content.

In normally fed males, MAC-18 positive cells cannot be detected at the ultrastructural
level, because all cells of the MAG have a similar ultrastructure, while electron-dense
granules do not accumulate intracellularly. The crystalline deposits are nevertheless present
in the lumen of the MAG like in starved males, and they are also immunoreactive.

Fig. 1. Schematic drawing of the male genital tract, as situated in the abdomen. t, testis; sv, seminal vesicle; vd,
vas deferens; mag, male accessory gland; pr, prostate; led, lateral ejaculatory duct; ced, common ejaculatory duct;
ped, posterior ejaculatory duct; a: asdeagus. Nomenclature after Suzuki (1988).

Characterization of the immunoreactive secretory material by immuno-dot assay

To make a rough estimation of the molecular size of the immunoreactive product,
MAGs of normally fed males were homogenized in a methanol-water-acetic acid mixture
that allowed all poly-peptides and proteins of a mass of approximately 10,000 dalton or more
to precipitate. Samples from supernatant and precipitate were spotted on nitrocellulose strips
and stained with MAC-18. Only the sample from supernatant was identified positively (not
shown), indicating that the molecular weight of the antigen is under 10,000 dalton.
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# Lk - 4 ; o i
Fig. 2. LM cross-section of MAG of a bestle, starved for 7 days and immunolabelled with MAC-18. Note that the
epithelium cells are columnar. Arrows indicate MAC-18 positive cells. (x 5543,
Fig. 3. EM section of MAC-18 labelled MAG cell in starved male. Arrows indicate 300-500 nm secretory granules
with para-crystalline content. The colloidal goid particles are associated with these granules. N, nucleus. (% 16,000).
Fig. 4. EM seclion of extracellular para-crystalline deposits in the lumen of an MAG of a starved beetle. Note the
presence of 15 nm colloidal gold panicles on these structures, showing labelling with MAC-18. (x 26720)
Fig. 5. Apical side of MAC-18 negative MAG cell in a starved beetls. A large bud-like extrusion (large arrows) has
been formed towards the lumen, which indicates apocrine secretion of cell products. The adjacent cell features a
similar extrusion {asterix). Small arows indicale the lateral cell membranes. L, lumen, (x 7760)
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Discussion

This study shows that a small fraction of the cells of the MAGSs of male L. decemlineata
is characterized by their stainability with monoclonal antibody MAC-18. Their detection
depends on the physiological condition of the animals. Narmally fed males have no
immunclabelled MAG cells; only after a starvation period of 7 or more days, approximately
100 epithelial cells are immunolabelled. Although the conditions for product accumulation
have not further been optimized, it appears that the fraction of MAG cells that contain the
immunoreactive product is very small indeed. It should be borne in mind that the monoclonal
antibody MAC-18 has originally been raised against the peptidergic content of the lateral
neurosecretory cells in the brain of L. decemfineata. This is the first report of an
immunolabelling of MAG cells with an antibody which is specific for peptidergic
neuroendocrine cells.

The ultrastructure of the MAC-18 positive MAG cells is characterized by large amounts
of granules with para-crystalline content, which range from 300 to 500 nm in size. The
immunolabelling is associated with these granules. A detailed observation on the MAC-18
cells is not possible since they are only detectable in starved males, when they are in an
inactive state. Secretion of cell product does not take place under these circumstances.
Nevertheless, the presence of the MAC-18 antigen in para-crystalline content of the
intracellular granules as well as in the lumen of MAGs of starved beetles is indicative of an
exocrine release of the content of secretory granules. The presence of MAC-18 positive
para-crystalline deposits in the lumen of MAGs of normally fed beetles shows that the
antigen is also synthesized and released under this physiclogical condition.

Although our results show that the MAC-18 positive MAG cells use an exocrine
secretory mechanism, we also considered the possibility that these cells might have an
endocrine function in the male beetle, comparable to e.g. the paraneurons in the midgut of
Periplaneta americana (Endo et al, 1982). In Rhodnius prolixus, it was indeed recently
shown that the MAGs secrete a polypeptide into the hemolymph (Sevala and Davey, 1991).
Nevertheless, in no instance did we observe any indication that MAC-18 positive cells MAG
cells secrete their products via their lateral or basal membranes. An endocrine function of
these cells in the male is therefore unlikely.

The results of the immuno dot-assay indicate that the MAC-18B antigen in the MAG cells
is a small molecule, probably a peptide, since it does not precipitate in the selective
extraction medium used. We therefore consider the MAC-18 positive exacrine MAG cells to
be peptidergic. The fact that the monoclonal antibody MAC-18 also recognizes the content
of the secretory granules of the lateral neurgsecretory cells in the brain implicates that the
cell products at both locations share the same epitope. Whether the products in the MAG
and in the peptidergic neurons have more chemical similarities remains to be investigated.

The phenomenon that the products of gland cells cannot be detected unless starvation
conditions induce their accumulation is also cbserved in the endocrine lateral neurosecretory
cells in the brain of L. decemlineata (Schooneveld et al., 1989}, but in a less dramatic way.
At the ultrastructural level it namely appears that small amounts of granules remain present
under non-accumulating conditions. This can be explained by the different secretory
meachanisms used by these two cell types. The exocrine MAG cells store their products in
the lumen of the MAG, while the endocrine lateral neurosecretory cells store their products
in their cytoplasm and axon terminals. Consequently, the exocrine cells can secrete their
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products immediately after synthesis, while the endocrine cells must keep their products in
stock.

There are no previous reports on the presence of exocrine peptidergic cells in male
MAGs, although there is evidence for several insect species that mating-induced stimulation
of aviposition is caused by a regulatory peptide derived from the male MAGs. The absence
of secretory granules in the cytoplasm of the peptidergic exocrine cells might have
prevented the detection of similar cell types in other insect species. This possibility is
illustrated by the fact that the ultrastructural study of the MAGs of male L. decemlineata by
De Loof and Lagasse {1972), did not reveal granule-containing cells. These authors used
normally fed beetles.

As a consequence, the exocrine peptidergic MAG cells in L. decem/ineata are different
from all other cell-types which have been described in ultrastructural studies on MAGs in
other species. Nevertheless, the ultrastructure of the male MAGs of Drosophila
melanogaster shows some similarities, as described by Federer and Chen (1982). There is
one pair of elongate MAGs containing two cell types. The cells of one type, comprising
about 5% of the total cell population in the MAG, are randomly scattered over the whole
gland. They contain giant secretory granules with fibril-like content, which are released into
the lumen. The nature of this secretory granule content is stifl unknown (Chen, 1991), and
the question remains which cells are responsible for the production of the regulatory peptide
which was isolated from the gland by Chen et al. (1988).

It is assumed that the Drosophila cviposition stimulating peptide, after being released
into the oviduct, migrates through the oviduct wall into the hemolymph to act on the
endocrine centres of the female (Chen, 1991; Aigaki et al, 1991). Such an endocrine
regulatory pathway is also possible for the L. decemlineata MAG peptide, bearing in mind
that mating induces oviposition in L. decemiineata. It is necessary to isolate the MAG
peptide to determine its function and a purification program is currently being carried out at
the laboratory.

The exocrine peptidergic cells which are demonstrated here belong to a new class of
peptidergic cells. We will next address the intriguing possibility of exocrine glandular cells
producing a peptide with endocrine functions in the female.
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A peptide from the male accessory gland in Leptinotarsa decemliineata:
Purification, characterization and molecular cloning.

Abstract

Qur interest in the male accessory glands (MAGS} of Leptinotarsa decemiineata was raised recently by our finding
that certain cells produce a secrelory substance that is recognized by one of our monoclonal antibodies (MAC-18),
developed for the immunchistochemical demonstration of peptidergic neurons in the brain. We undsitook to isolate
this substance, presumably a peptide, to find out more about its role in the post-mating physiology of tha recipient
of this peplide, the mated female.

This paper describas the purification and chemical characterization of the immuno-reactive peptide from 100 pairs
of male accessory glands. The peptide was purified by two subsequent reversed-phase-HPLC runs, and fractions
were analyzed on Weslern blots that were immuno-stained by MAC-18. This indicated the presence of an 8 kDa
peplide in the MAG. Partial analysis of the N-temminal amino acids by automated Edman degradation revealed a
sequence of 40 amino acid residues. To obtain the full amino acid sequence of this peptide, the technique of
reverse transcriptase PCR (3’RACE) was used. A PCR product of 350 bp was obtained, which encoded the 3'-end
of the mRNA. Atter cloning and sequencing, this product contained most of the genetic information of the MAG
peptids. The PCR product was also used as a probe for screening a cDNA library constructed from mRNA
axtracted from MAGs. The nuclestide sequence coding for the signal peptide was selucidated by 5'RACE. The cDNA
and 5’'RACE clones were analyzed and sequenced. The sequence of the cDNA clone contained an insert of 411
bp, which agreed well with the mRNA size measured by Northem blotting.

Translation of the DNA sequences confirmed the data from partiat amino acid sequence analyses and also
predicted the remainder of the amino acid sequence. The entire peptide, designated Led-MAGP, consists of 74
residues; its mass was calculated and confirmed by mass spectromsetry at 7971 Da. The peptide contains seven
imperfect hexa-repeats, and this hexa-repeat sequence shows remarkable similarity to the hexa-repeat section of
the chicken prion protsin. The physiolegical funclion of the peptide has yet to be determined, but the hexa-repeat
mofif has recently been identified as the signal that induces intemalization of the prion protein by coated-pit
mediated endocylosis. Possible implications for the control of reproductive activities in L. decemlineata are
discussed.

Introduction.

In many insect species, males manipulate their mates, thus enforcing both a reduced
receptivity and accelerated oviposition. These effects are achieved chemically by transfer
of certain products of the male accessory glands (MAGs) with the ejaculate (for reviews, see
Chen, 1984; Raina et al,, 1994). In moths, loss of female receptivity is accompanied by a
loss of sex-pheromone release, and this phenomenon was recently found to be induced by
a pheromonostatic peptide from the MAGs of Helicoverpa zea {Kingan et al., 1895). In
Drosophila, the ovipesition stimulating substance has been identified as a peptide (sex-
peptide, SP) {Chen et al, 1988; Chen and Balmer, 1989; Ohashi et al, 1991; Schmidt et
al, 1993). RNA analysis revealed that the MAGs are the site of synthesis of SP (Chen et
al. 1988), although the exact localization of the glandular cells that produce SP is still
uninvestigated.

We adopted an immunocytochemical approach to search for cells producing peptides
in the MAGs of the Colorado potato besetle, Leptinotarsa decemlineata (Say). A small
fraction of the epithelial cells in the MAGs of L. decemlineata proved immuno-reactive {o ohe
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of our monoclonal antibodies, encoded MAC-18 {Smid and Schooneveld, 1992). This
observation is of interest, because MAC-18 was originally raised against the lateral
neurosecretory cells in the brain, that innervate the corpora allata (Schooneveld et al.,
1989). An electron microscopical study revealed that the immunc-reactivity in the MAGs is
localized in secretory granules. These granules in the epithelial MAG ceils contain a
characteristic fibrii-like material, and large aggregations of these fibrils were observed in the
lumen of the MAGs. We postulated that the MAC-18 immuno-reactive cells are exocring
peptidergic cells, which preduce a peptide that is transferred to the female during copulation
(Smid and Schooneveld, 1992). The immuno-reactive substance appears to be a peptide
of approximately 8 kDa (Smid and Schocneveld, 1994).

This paper describes the successful purification of the immuno-reactive peptide from
dissected MAGs. Its primary structure was obtained by a combination of N-terminal
sequencing of the purified peptide and molecular biology, in particutar 3’ and 5 RACE
techniques. A cDNA library from the MAG was successfully screened to obtain the entire
nucleotide sequence of the primary transcript. Some of the chemical peculiarities of our
peptide are shared with some other peptides and proteins in other animals and it is inferred
that these peptides may have analogous functions.

Materials and methods
Animals

Adult Colorado potato beetles of both sexes were kept together under long-day
conditions {18 h photophase). MAGs were dissected in ice-cold saline solution (Khan et al.,
1982). We used an electronically controlled cocling device, mounted in the base of the
dissection microscope, which was capable of maintaining a dissection basin with saline at
4°C. For the isolation of peptide, 14-day-oid males were used, while mRNA was isolated
from 7-day-old beetles.

Peptide purification.

MAGs were collected in a mixture of 80% methanol, 1B% water and 2% acetic acid,
with 0.1% methyl thioethano! and homaogenized by sonification at room temperatura. After
centrifugation at 10,000 g for 2 mins, the supernatant was reduced in a Speed Vac
concentrator (Savant), and iyophilized. The Iyophilisate was extracted with 500 pl heptane,
and centrifuged. The dried pellet was redissolved in distilled water by sonification. The
sample was then clarified by centrifugation at 10,000 g for 2 mins, bailed for 5 mins and
again centrifuged at 10,000 g for 10 mins. The supernatant obtained by this procedure will
be referred to as the crude homogenate.

Electrophoresis was performed on a water-cooled vertical unit (Midget, Pharmacia),
according to West et al (1984), with some modifications. We used 20% SDS poly-
acrylamide gels with 0.2% bis-acryl amide, thickness 1 mm, and a 5% stacking gel.
Samples, dissolved in water, were diluted 1:1 with a sample buffer of double ion strength,
containing SDS and mercapthoethanol, and boiled for 2 mins. Samples of 20 ul were then
applied in each slot and electrophoresed at 25mA per gel for approximately 100 mins.

Western-blotting was performed with a mini-blot device (Bic-Rad) on cellulose nitrate
membranes, pore size 0.025 um {Schleicher and Schuell, ph70) as described by LeGendre
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et al. (1993), in 0.01M CAPS buffer (Sigma) with 20% methanol at pH 11.0 for 1 hr., and
at 100 mA. After blotting, membranes were washed 3 times for & mins in phosphate buffered
saline (PBS), air dried and fixed by glutaraldehyde vapour at 60°C for 1 hr.

Pricr to immuno-labelling, membranes were again washed 3 times for 5 mins in PBS,
and blocked for 30 mins in 1% bavine serum albumin {BSA, Sigma) in PBS with 0.25%
Triton X-100. Immuno-labelling was performed by incubation of membranes with MAC-18
diluted 1:2000 in PBS with 0.5% BSA and 0.25% Triton X-100 for 1 hr at room temperature.
Detection of labelling was through the use of an incubation with rabbit-anti-mouse
immunoglobulins, conjugated to peroxidase (Dakopatts, Denmark), diluted 1:200 in the same
buffer for 1 hr. Labelling was visualized with a 0.05% solution of 3, 3' diamino-benzidine
{(Sigma) as chromogen in PBS with 0.01% H,0, as the peroxidase substrate. Control
incubation regimes involved the omission of the first antibody; no immuno-reactive bands
showed up under these conditions.

Reversed-phase high pressure liquid chromatography (RP-HPLC) separation was
carried out with a Machery & Nagel C, column, particle size 5 um, pore size 300 A,
dimensions 4.0 x 250mm. A linear water/acetenitrile (Merck) gradient was used, with 0.1%
trifluoro acetic acid as the ion-pairing agent in both eluents. The flow-rate was 1 ml/min for
all experimenis. The column was loaded with crude homogenates, containing a maximum
of 50 pairs of accessory glands. Either one ml fractions or single peaks were collected,
concentrated with a Speed Vac concentrator (Savant), lyophilized, and redissolved in
distiled water. Samples, representing 5% of each fraction, were analyzed by
electrophoresis, Western-blotting and immuno-detection by MAC-18 as described above.

Analysis of the amino acid sequence by autemated Edman degradation was carried
out by Dr. R. van der Schors, Free University of Amsterdam, The Netherlands, with 100
pmol of peptide using an automated pulse-liquid phase peptide sequencer (Applied
Biosystems, Inc., model 473).

Determination of molecular weight of the HPLC-purified MAG peptide was performed
by electro-spray ionization mass spectrometry. Lyophilized HPLC fractions were redissolved
in 7 mM trifiuoroacetic acid in 60% acetonitrile. The mass determinations were carried out
by Dr. R. van der Schors, using a Fisons BioQ triple-quadrupole mass spectrometer
equipped with an electro-spray atmospheric pressure ionization source. The mobile phase
was 50% acetonitrile, the flow rate was 5 pi/min.

RNA isolation

Messenger-BRNA was isolated from accessory glands using a quick-prep micro mRNA
isolation kit (Pharmacia), according to the manufacturer’s instructions. The dissected glands
were immediately immersed and homogenized by sonification in the extraction medium,
containing guanidinium thiocyanate (provided in the kit) to minimize degradation of RNA by
RNAse. Purified mRNA was converted to ¢DNA using a first strand cDNA synthesis kit
{Pharmacia), primed with d{T)18 according to the manutacturer’s instructions.

Total RNA was isclated from diverse tissues using TRIzol"™ reagent {Life Technologies,
Inc.) according to the instructions of the manufacturer.
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Rapid amplification of 3™- and 5’ cDNA ends (3’RACE and 5°RACE).

For PCR amplification of ¢cDNA coding for the MAG peptide, d(T)18 was used as the
downstream primer, in combination with a degenerated upstream primer, deduced by retro-
translation of the amino acid sequence near the N-terminus of the MAG-peptide.

PCR was carried out according to the instructions provided with the first-strand cDNA
synthesis kit. This kit included the PCR buffer, downstream primer d(T)18 and dNTP mix.
The reaction mixture contained 320 pmol degenerated upstream primer, custom synthesized
by Pharmacia Biotech {The Netherlands); 21 pmol downstream primer and 2.5 U Tag DNA
polymerase {GIBCO BRL, Life Technologies Inc.) in a total volume of 50 ut. The thermal
reaction was carried out in an Omnigene TR3 thermal cycler (Hybaid, UK) following the
recommendations of Compton (1980): first 3 cycles of denaturation at 94°C for 30 s;
annealing at 37°C for 30 s; and extension at 72°C for 60 s, with a ramp of 5 s/°C between
annealing and extension temperature; followed by 30 cycles of denaturation at 94°C for 30
s; annealing at 50°C for 30 s; and extension at 72°C for 60 s.

After characterization of the PCR products by agarose gel electrophoresis, the band
containing the amplified product was removed and purified with the Gene-Clean Il kit (Bio
101 inc., La Jolla, California). This DNA was used as a probe to screen cDNA libraries, and
for cloning with the pT7Blue T-vector kit (Novagen, Madison, Wisconsin). Plasmid DNA was
purified with the Quiagen plasmid Mini Kit {Quiagen Inc., Chatsworth, California).

For 5RACE, we used mRNA from 10 pairs of accessory glands per reaction. Single
stranded ¢cDNA was prepared as described above, using the d{T)18 primer or a gene
specific primer. We used the 5’RACE protocol as described by Frohman (1990). The PCR
product was cloned with the pT7Blue T-vector kit as described above.

Production and screening of a cDNA fibrary

A cDNA library was constructed from mRNA, isolated from 100 pairs of accessory
glands, in Lambda-ZAP using the ZAP cDNA syntheses kit from Statagene (CA, U.S.A). The
library was probed with the 350 bp PCR product, and positive plagues were further
processed according to the instructions of Stratagene.

Nuclectide sequencing

Sequencing was carried out on plasmid DNA according to the thermal cycle DNA
sequencing protocol with DNA polymerase CircumVent (New England Biolabs), using o-**P-
dATP and template specific or universal primers in the seguencing reactions. Alternatively,
sequencing was performed by automatic sequencing on a 373A-stretch sequencer (Applied
Biosystems) using the Prism Ready Reaction Dyedeoxy terminator Cycle Sequencing kit
{Applied Biosystems).

Nucleic acid analysis and blotting

RNA analysis was performed by application of total RNA on positively charged nylon
membranes (Boehringer, Mannheim) using a Bio-Dot microfiltration apparatus (BioRad, CA
U.S.A.). Northern blotting of mRNA samples was performed on a denaturing formaldehyde
gel electrophoresis system (Sambrock, 1989), followed by blotting on a positively charged
nylon membrane (Boehringer, Mannheim). Hybridization was performed by standard
procedures with o®P-labelled prabe.
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