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Introduction

Humans have always been intrigued by insects such as butterflies and moths, not only
because of their general beauty and striking colours, but also because of the spectacular
changes that occur during their life cycles. Insects represent the largest group of animals (more
than 70% of all animal species are supposed to be insects) and are ecologically and
economically extremely important, e.g., because most flowering plants depend on insects for
their pollination (honeybees alone pollinate 20 billion dollars worth of crop yearly in the
United States). Insects, however, can also be severe pests in agriculture, destroying 30% of
our potential annual harvest, and can be vectors for major diseases such as malaria, sleeping
disease, and yellow fever. During the last century a huge amount of classical chemical
insecticides from different chemical groups were used to control the populations of insect
pests. With the time these insecticides caused severe problems because of their side effects on
non-target animals as well as on the general ecological environment. Progress has been made
in the last 30 years with the development of natural and synthetic compounds which are
capable of interfering with the processes of growth, development and metamorphosis of the
target insects. These chemicals have been called insect growth regulators (IGR), some of
which theoretically depend on introducing the insects own hormones or like-hormones to
control pest populations, thus applying insect hormones in pest control. Insect growth
regulators disrupt the normal development of insects by mimicking juvenile hormone (JH)
and/or moulting hormone (20-hydroxyecdysone) effects, or by interfering with chitin
synthesis.

Despite the economic importance of insects, their molecular endocrinology is not well
understood. With this in mind, research has been forced during the last decade into structure
elucidation, genetics, biochemistry and physiology of biologically active peptides that are
produced in the neurosecretory cells of insects. These neuropeptides control most of the
critical metabolic, homoeostatic, developmental, reproductive and behavioural events during
insect life. To interfere with these physiological events, and use the neuropeptides in a more
safe and rational manner of insect pest control, it is essential to characterize these various
neuropeptides and understand their functions. Pest management technologies based on
neuropeptides potentially offer a degree of biological activity, target specificity and
environmental compatibility that are lacking in conventional neurotoxic insecticides (Menn et
al., 1989). However, insect neuropeptides are unlikely to be rapidly absorbed through the

insect cuticle, and are likely to be prone to proteolysis and rapid degradation both in



environment and within the insect. Nevertheless, we expect that more stable synthetic peptide

analogs may help to overcome these problems.

Juvenile hormone (JH)

Juvenile hormones (JH) are unique humoral agents, sesquiterpenoids, which play a
role in almost every aspect of insect development and reproduction, including embryogenesis,
larval moulting, metamorphosis, vitellogenin synthesis and ovarian development in maturing
females and spermatogenesis in males, caste determination in social insects, phase
determination in locusts and aphids, larval and adult diapause regulation, colour
polymorphism and various aspects of metabolism associated with these functions (Nijhout,
1994; Riddiford, 1994; Géde et al., 1997). The morphogenetic role of JH (Neotenin, status
quo hormone) was first detected by observing that insect larval development was accelerated
when the corpora allata (CA) were removed. The CA are endocrine glands in the posterior
region of the head which are closely associated with the stomatogastric nervous system. They
are of ectodermal origin, arising in the embryonic development (Tobe and Stay, 1985).

Juvenile hormones derived their name from the fact that they block metamorphosis of
nymphs into imagoes or the development of pupae into an adult insect. As a developmental
hormone, JH controls switches between alternative pathways at several points in the life cycle.
In ascribing a role to JH in the control of such developmental switches, it summed to be that
different concentrations of JH are responsible for specifying the different pathways (Nijhout,
1994; Gade et al., 1997).

During the last decade, interest has been focused on factors (neuropeptides) that
regulate JH biosynthesis by the CA (Stay et al., 1994). JH biosynthesis can be regulated by
both peptidergic and aminergic inputs (Rachinsky and Tobe, 1996). Depending upon the
species and developmental stages their signals may be either stimulatory or inhibitory
(allatotropin and allatostatin) and the signals may reach the glands via the haemolymph or via
nervous connections.

Allatostatins (AST or AS) are insect neuropeptides that inhibit JH biosynthesis in vitro
by the CA. The known allatostatic neuropeptides can be subdivided into three types (for
review see Bendena et al., 1997; Géide et al., 1997; Weaver et al., 1998; Hoffmann et al.,
1999; Stay, 2000; Géde, 2002; Géde and Goldsworthy, 2003).

Allatostatin type-A (cockroach allatostatin)
Type-A allatostatins, at first were isolated from the brains of virgin females of the

cockroach Diploptera punctata (Woodhead et al., 1989; Pratt et al., 1991a) and have
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subsequently been shown to occur in multiple forms in a large number of insect orders
(Nassel, 2002; Géade, 2002). They are characterized by the common C-terminal pentapeptide
sequence Y/FXFGL-amide. This C-terminal pentapeptide sequence has been demonstrated to
be the minimum sequence capable of inhibiting JH biosynthesis (Stay et al., 1991; Pratt et al.,
1991b). By using molecular biological techniques, precursor genes for the type-A allatostatins
were isolated from various species: in D. punctata the gene encodes for 13 AST A-type
peptides (Dippu-AST 1-13) (Donly et al., 1993), and in other cockroaches even 14 peptides
(Ding et al., 1995; Bellés et al., 1999). The Mediterranean field cricket Gryllus bimaculatus
also possesses a preprohormone including 14 putative allatostatins (Meyering-Vos et al.,
2001). In the preprohormone of the mosquito Aedes aegypti five FGL-amides are present
(Veenstra et al., 1997), and in Drosophila melanogaster also five putative allatostatins were
found (Lenz et al., 2000c). In the locust Schistocerca gregaria the gene encodes for ten
allatostatin-like peptides (Vanden Broeck et al., 1996).

More than 40 peptides belonging to the Y/FXFGL-amide allatostatin superfamily have
been isolated and identified from the central nervous system (CNS) of some crustacean
species such as the tiger prawn, Penaeus monodon (Duve et al., 2002).

In 1997a, Duve et al. isolated and purified members of the allatostatin peptide
superfamily from some lepidopteran species, the codling moth, Cydia pomonella, and the
bollworm, Helicoverpa armigera. The peptides, designated cydiastatins and helicostatins,
respectively, were monitored during purification with a radioimmunoassay based on the
callatostatin structure for the blowfly Calliphora vomitoria. Eight peptides were identified
from each of the two species, with four identical in both species and three differing by a single
amino acid. The gene which encodes the helicostatin peptide family was later isolated from H.
armigera genomic DNA library (Davey et al., 1999). The gene consists of three exons and
encodes a precursor of 225 amino acids that contains three blocks of tandemly arranged
helicostatin peptides. A comparison of the helicostatin precursor with that of the cockroaches,
locusts and flies revealed a variation in size, sequence and organization of the allatostatin
precursors across different insect orders. Within the lepidopterans, another gene precursor of
the FGL-amide allatostatin family was cloned for the silkworm Bombyx mori (Secher et al.,
2001). This allatostatin precursor contains eight A-type allatostatins.

The allatostatic function of the type-A allatostatins seems to be restricted to
cockroaches and crickets (Hoffmann et al., 1999). In all other species where A-type
allatostatins were found, including blowflies, bees, moths and stick insects, they do not have
any effect on the biosynthesis of JH. However, these peptides may affect visceral muscles by

inhibiting their spontaneous contraction, inhibit the heartbeat of certain cockroaches, and
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inhibit vitellogenin synthesis and the release of vitellogenin from the fat body of cockroaches.
At least in some insects, these peptides may stimulate the activity of midgut carbohydrate-
digesting enzymes (for review see Gide, 2002).

Immunocytochemical studies showed that type-A allatostatins are widely distributed,
not only in the central nervous system but also in peripheral nerves projecting to visceral
muscles, in midgut endocrine cells, and in haemocytes (Stay, 2000). Recently, type-A AST
immunoreactivity was also shown in the cortical cytoplasm of G. bimaculatus oocytes (Witek
and Hoffmann, 2001). Using semi-quantitative RT-PCR it was demonstrated that the type-A
allatostatin gene is strongly expressed in the brain and the caecum of G. bimaculatus, and to
lower extent also in other parts of the digestive tract (ileum, midgut, colon) and in various
other tissues such as fat body, ovaries and female accessory reproductive glands (Meyering-
Vos and Hoffmann, 2003). Using quantitative competitive reverse-transcriptase polymerase
chain reaction technique (QC-RT-PCR) a strong expression of the allatostatin type-A
preprohormone in lateral and common oviducts as well as in the ovary of D. punctata was
shown. The pattern of expression as observed in the oviduct and the ovary well correlates with
physiological changes occurring during the reproductive cycle. Specifically expression of the
allatostatins was drastically reduced during the time of maximal vitellogenin uptake by the
oocytes, with higher levels measured prior to and following vitellogenesis (Garside et al.,
2002). In the embryos of D. punctata, Dippu-AST 7 inhibited sesquiterpenoid production by
the CA of mid to late embryos, whereas it exerted a dose-dependent stimulatory effect in the
early embryo (Stay et al., 2002).

Already a decade ago, receptor proteins for binding allatostatins were thought to be
identified with the use of photoaffinity label, but only recently two receptors have been
identified in Drosophila (DAR-1 and -2) (Birgil et al., 1999; Lenz et al., 2000a; Lenz et al.,
2000b). Receptors similar to those from Drosophila have been cloned from the cockroach
Periplaneta americana and the moth B. mori (Auerswald et al., 2001; Secher et al., 2001).
Structurally, the transmembrane regions of the AST type-A receptors are most closely related
to the mammalian galanin receptors.

In conclusion, members of the type-A allatostatins are present in each insect species
tested so far. Their allatoregulating function, however, seems to be restricted to cockroaches
and crickets, but other functions such as myoinhibition on visceral muscles may exist in a

number of insects.

Allatostatin type-B (cricket allatostatin)



The second group of allatostatins are called type-B allatostatins. These allatostatins
were at first isolated by four HPLC steps from methanolic extracts of brains of the cricket G.
bimaculatus (Lorenz et al., 1995). Their structure was characterized as W(X)s W-amides. The
peptides show high sequence similarity to the Locusta and Manduca myoinhibiting peptides
(Locmi-MIP, Manse-MIP), respectively (Blackburn et al., 1995; 2001), but are structurally
different from other allatostatins. Recently, an AST B-type peptide was isolated from the
cockroach P. americana (Predel et al., 2001). The peptide inhibited spontaneous muscle
activity in the foregut, but also in other visceral muscles. A prothoracicostatic peptide which
shows the conserved W(X)s W-amides structure was isolated from brains of B. mori (Bommo-
PTSP) (Hua et al., 1999). Neuropeptides with a similar structure were also isolated from the
stick insect, Caraosius morosus, but their function is still questionable (Lorenz et al., 2000).

To date only one hormone precursor gene has been published, which encodes the B-
type allatostatins from D. melanogaster genome DNA. The precursor is 211 amino acid
residues long and contains one copy of each of the following putative allatostatins:
AWQSLQSSW-amide, AWKSMNVAW-amide, pEAQGWNKFRGAW-amide,
EPTWNNLKGMW-amide, and DQWQKLHGGW-amide (Williamson et al., 2001a). From
larval brains of B. mori the cDNA which encodes the prothoracicostatic peptide (Bommo-
PTSP) was cloned (Hua et al., unpublished data; Gene bank accession no. AB073563). The
predicted open reading frame encoded 288 amino acids including five repeats of the Bommo-
PTSP and five other structurally related peptides.

In conclusion, B-type allatostatins are also widespread in insects and pleiotropic in
function. Their allatoinhibiting function seems to be restricted to crickets. Receptors for the B-
type allatostatins are not yet known.

Allatostatin type-C (Manduca sexta allatostatin)

The third group of allatostatins is represented by the C-type or Manduca sexta
allatostatin (Manse-AST). This peptide was first purified from head extracts of pharate adults
of M. sexta and strongly inhibited JH biosynthesis in vitro by the CA from fifth instar larvae
and adult females (Kramer et al, 1991). The peptide has the primary structure
pEVRFRQCYFNPISCF-OH (where pE is pyroglutamate). The sequence shows no similarity
to other allatostatins. The synthetic free acid and the amidated form of the peptide did not
differ in their activity in vitro. The EDs, of synthetic M. sexta allatostatin on CA from early
fifth instar larvae was about 2 nM and the inhibiting effect was fully reversible. M. sexta
allatostatin also inhibited the activity of the CA from adult Heliothis virescens and

Pseudaletia unipuncta, but had no effect on the activity of the CA from the beetle, Tenebrio



molitor, the grasshopper, Melanoplus sanguinipes, or the cockroach, P. americana. This
suggests that the action of this peptide may be lepidopteran-specific (Kramer et al., 1991).

From a P. unipuncta brain cDNA library, a cDNA was isolated that encodes a 125
amino acid polypeptide containing the Manse-AST (Pseun-AST) sequence. The Pseun-AST
gene is present as a single copy per haploid genome. Expression of this gene was low in P.
unipuncta sixth instar larvae, prepupae and early pupae, but was relatively high in late pupae
and in 1 to 3 d-old adults both sexes (Jansons et al., 1996). This pattern expression does not
well correlate with the profile of JH biosynthesis in the CA of Pseudaletia. Audsley et al.
(1998) reported on the presence of Manse-AST immunoreactivity in the nervous system and
the haemolymph of the tomato moth Lacanobia oleracea. Injection of Manse-AST into fifth
or sixth instar larvae of L. oleracea resulted in a retardation of larval growth, reduction in
feeding and increased their mortality, but had no effect on non-feeding (day 7) sixth instar
larvae (Audsley et al., 2001). These results suggest that Manse-AST is not only acting on the
CA by inhibiting JH biosynthesis, but most likely by myoinhibiting actions on the foregut.
Inhibition of foregut peristalsis by Manse-AST in vivo appears to suppress feeding, resulting
in increased mortality. Foregut peristalsis may be inhibited by intact peptides as well as by
peptide fragments produced through cleavage of Manse-AST by haemolymph enzymes
(Audsley et al., 2001).

Incubation of the retrocereberal complex from adult females of the moth H. virescens
during the first 24 hours after eclosion with the synthetic Manse-AST did not reduce the
production of JH. However, incubation of the same tissues from 3 d-old females with Manse-
AST significantly reduced the production of JH (Teal, 2002). Incubation of the retrocerebral
complex from H. virescens females with Manse-AST plus farnesol or JH III acid resulted in a
significant increase in the production of JH III, but neither JH I nor JH II were detected. These
findings indicate that Manse-AST acts prior to the formation of the sesquiterpene alcohol
precursors of JH. From D. melanogaster a cDNA that encodes a 121 amino acid residues was
cloned, which contains one copy of the sequence pPEVRYRQCYFNPISCF-OH (drostatin-C).
This peptide differs in only one amino acid residue (F—Y in position 4) from the Manse-
AST. The gene has three introns and four exons and is located at chromosome position 32D2-
3. Northern blots showed that the gene is strongly expressed in larvae and adult flies but less
in pupae and embryos. In situ hybridization studies with larvae showed that the gene is
expressed in various neurons of the brain and abdominal ganglion, but also in endocrine cells
of the midgut (Williamson et al., 2001b). In vitro studies revealed that the peptide
dramatically decreases spontaneous visceral muscle contraction and it was therefore named

the peptide flatline (FLT) (Price et al., 2002). The activity studies indicated that the FLT
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peptide is a potent myotropin but does not act as an allatostatin in Drosophila. Despite its
profound myotropic effect, pupae of D. melanogaster injected with FLT eclosed.
Immunocytochemical studies revealed that the peptide is localized in the median
neurosecretory cell group of the pars intercerebralis of dipteran brains (Shiga, 2003).
Recently, from the genome project of Anopheles gambiae a peptide of the allatostatin C-type
has been also identified (Riehle et al. 2002). It shows the sequence pEIRYRQCYFNPISCF-
OH, which differs in one position (V—I in position 2) from the Drosophila peptide.

In conclusion, also the C-type allatostatins seem to represent brain-gut peptides whose
allatostatic activity is restricted to lepidopterans. Kreienkamp and co-workers (2002) have
recently identified two novel G-protein-coupled receptors from D. melanogaster, which are
structurally related to the mammalian opioid/somatostatin receptor family and are both

activated by the drostatin-C peptide.

Allatotropin (AT)

To date only one peptide with allatotropic activity has been isolated and identified, the
M. sexta allatotropin (Manse-AT; GFKNVEMMTARGF-NH,). This peptide is an amidated
tridecapeptide that was at first purified from extracts of heads of the pharate adult of M. sexta.
It stimulates the secretion of JH from the CA of adult, but not of larval tobacco hornworms
(Kataoka et al., 1989). Manse-AT also stimulated JH biosynthesis in the CA of H. virescens,
but not in 7. molitor, Schistocerca nitens or P. americana, indicating a lepidopteran-specifity.
Studies with NH»-terminal truncated sequences of the synthetic peptide suggested that the
amino acid residues 6-13 represent the biologically active core. Manse-AT was also isolated
from head extracts of Spodoptera frugiperda where it activated JH biosynthesis up to
sevenfold (Oeh et al., 2000). In L. oleracea, synthetic Manse-AT (10 uM) caused a 37%
stimulation of the CA activity (Audsley et al., 1999). Manse-AT stimulated JH production by
the CA of 0 to 6-d old adult females of P. unipuncta (Koladich et al., 2002). Finally, Manse-
AT showed a stimulatory effect on CA of some larval stages of the honeybee Apis mellifera
(Rachinsky and Feldlaufer, 2000; Rachinsky et al., 2000). In addition to its effect in
stimulating JH production, Manse-AT is a potent cardioaccelerating peptide in pharate adults
of M. sexta (Veenstra et al., 1994).

Manse-AT was shown to be present not only in the brain and retrocerebral complex
but also in the ventral nerve cord of M. sexta (Veenstra et al., 1994). The peptide also occurs
in one or two pairs of ipsilateral lateral cells (La;) of the larval brain, two pairs of contralateral
cells (II) and in numerous axons in the corpora cardiaca (CC) and the CA (Zitnan et al.,

1995). Immunoreactivity and in situ hybridization studies indicated that the allatotropin may
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also occur in other nerves of the central nervous system and in frontal ganglion cells
projecting to the gut (Bhatt and Horodyski, 1999). Other functional roles of Manse-AT are the
inhibition of ion transport in the midgut of M. sexta (Lee et al., 1998) and the stimulation of
foregut contraction in the moths H. armigera and L. oleracea (Duve et al., 1999, 2000).
Finally, Manse-AT was shown to play a role in circuits relaying photic information from
circadian photoreceptors to the central pacemaker in the cockroach Leucophaea maderae
(Petri et al., 2002).

Several other allatotropic neuropeptides seem to exist in various insect species but
have not yet been identified (Hoffmann et al., 1999; Elekonich and Horodyski, 2003). A
Manse-AT-like peptide was isolated from the mosquito Aedes aegypti and its structure
determined to be APFRNSEMMRARGF-NH; (Aedae-AT) (Veenstra and Costes, 1999). The
same peptide sequence was identified in two genes from the genome project of A. gambiae
(Riehle et al., 2002). Treating the CC/CA complexes from 1 d-old females of A. aegypti with
the synthetic Aedae-AT resulted in a strong and dose-dependent stimulation of JH synthesis
suggesting that the peptide is a true allatotropin (Li et al., 2003).

The gene encoding Manse-AT was at first isolated from the genomic DNA of M. sexta
(Taylor et al., 1996). The Manse-AT gene is expressed as three mRNAs which differ from
each other by alternative splicing (Taylor et al., 1996; Horodyski et al., 2001). These mRNAs
are predicted to encode three distinct prohormones, each containing one copy of Manse-AT.
The specific mRNA isoforms differ in a tissue- and developmental-specific manner (Lee et
al., 2002).

Additional Manse-AT-like peptides (ATL) are predicated from other regions of the
precursor whose functions are yet unknown (Taylor et al., 1996). The Manse-AT-like
sequences may be derived from duplication of an ancestral Manse-AT-like sequence followed
by divergence (Horodyski et al., 2001). /n situ hybridization and immunocytochemistry
studies showed that Manse-AT gene is expressed in both the central and enteric nervous
systems. In larvae of M. sexta, Manse-AT mRNA was most abundant in two cells of the
frontal ganglion, which project their axons down the recurrent nerve toward the gut, and in
cells of the terminal abdominal ganglion (Bhatt and Horodyski, 1999). Lower levels of
Manse-AT mRNA were detected in the brain and suboesophageal ganglion. In pupae and
pharate adults, Manse-AT mRNA was also detected in cells of the abdominal ganglia and in
additional cells of the terminal abdominal ganglion. This pattern of expression suggests that
Manse-AT may mediate multiple physiological functions during the entire life cycle of the
insect, including the larval stage in which no function has yet been described for the peptide.

The gene encoding Manse-AT has been cloned from B. mori, P. unipuncta, and Agrius
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convolvuli for (review see Elekonich and Horodyski, 2003). No allatotropin precursor
sequence has been found in the D. melanogaster genome (Hewes and Taghert, 2001; Vanden
Broeck, 2001).

In conclusion, Manse-AT seems to be ubiquitous in the Lepidoptera, but it is not yet
known whether additional allatostimulating peptides exist in this order. Further allatotropic
neuropeptides will certainly be detected in other insect orders. The fact, that Manse-AT has
fundamental actions unrelated to JH synthesis mirrors the trend observed for the three types of
allatostatins to act as a pleiotropic hormone and the question arises, whether allatoregulating

effects are the primary functions of these molecules. No allatotropin receptor is known so far.

Research gaps and the aims of this thesis

The fall armyworm, S. frugiperda (Lepidoptera: Noctuidae) represents a major pest of
corn, sorgum and bermudagrass in southeastern United States. It is also an occasional pest on
cotton, millet, alfalfa, rye, rice and soybeans. In Arkansas, for example, the fall armyworm is
the third most important noctuid pest on cotton requiring 150,000 acres of cotton to be treated
with insecticides and causing a loss of approximately 3,800 bales per year. Little is known
about the allatoregulating neuropeptides or the control of JH biosynthesis in general in this
insect. Therefore, it was of interest to know which allatoregulatory neuropeptides (allatostatin
and allatotropin) may exist in this insect species and what are their biological functions. Uwe
Oech from our group at first isolated a peptide from methanolic brain extracts of adult S.
frugiperda by high performance liquid chromatography (HPLC) that strongly stimulated the
JH biosynthesis in vitro by CA from adult females. This peptide turned out to be identical to
the M. sexta allatotropin (Manse-AT) and was code-named Spofr-AT (Oeh et al., 2000). Its
stimulatory effect on the JH biosynthesis by the CA was dose-dependent and reversible. The
stimulatory effect could be inhibited in a dose-dependent manner by the synthetic Manse-
AST, but we were not able to detect Manse-AST or a Manse-AST-like peptide in the
Spodoptera brain extract. Injections of Manse-AT (Spofr-AT) into penultimate and last instar
larvae of S. frugiperda reduced their weight gain and increased mortality (Oeh et al., 2001).
Injections of the peptide into adult females reduced the oviposition rate but had no effect on
JH biosynthesis in vitro of the CA. Injections of Manse-AST into penultimate and last instar
larvae of S. frugiperda hardly affected growth and development of the animals, whereas
combined injections of Manse-AST and Manse-AT resulted in effects similar to those using
Manse-AT alone (Oeh et al., 2001).

By using a combination of reversed phase (RP)- and normal phase (NP)-HPLC, Range
et al. (2002) could show that the CA of S. frugiperda synthesized and released two major
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products under in vitro conditions. One of the compounds co-migrated with JH II diol, the
second compound with JH III diol. Gland extracts also contained both the major products.
Addition of Spofr-AT to the incubation medium increased the synthesis and release of both
compounds.

Since we hope that novel pest control strategies, based on disruption of the insect
endocrine system, will aid in finding new, promising substances that can be used in
agricultural applications (Hoffmann and Lorenz, 1998; Cusson, 2000; Géde and Goldsworthy
2003), it is essential to obtain more detailed information about neuropeptides that regulate JH
biosynthesis in potential pest species. Novel molecular biological techniques offer the
possibility to clone preprohormone precursors and this means to identify the full set of
neuropeptides of a hormone family within an insect species, to unravel the gene structure of
prohormones and hormone receptors, or to deduce the physiological (pleiotroic) role(s) of
neuropeptides from hybridization and gene expression studies. With these techniques at hand,
it was the objective of my thesis to elucidate the complete equipment of S. frugiperda with
“allatoregulating” neuropeptides and to study their putative physiological functions. To reach
these aims, the following experiments were performed:

1. Molecular cloning of the allatotropin gene in S. frugiperda (Spofr-AT), in order to
confirm the structure of the recently identified Manse-AT which had previously been
isolated from brain extracts with conventional chromatographic techniques.

2.  Molecular cloning of the C-type allatostatin gene (Spofi-4AST) in S. frugiperda. The
existence of a Manse-AST peptide was deduced from biological activity studies, but
such a hormone could not be isolated from brain extracts with conventional
chromatographic techniques.

3.  Molecular cloning of the FGL-amide (type-A allatostatin) peptide precursor gene
(Spofr-AST A) in S. frugiperda. Members of this peptide family were found in
various lepidopteran species but their physiological role remained unclear.

4.  Whole-mount in situ hybridization studies in order to demonstrate the tissue-specific
localization of the genes in S. frugiperda.

5. Detailed studies on the tissue- and time-specific expression of the genes by using
one step RT-PCR. Such studies may shed light on the multifunctional role of these
neuropeptides in S. frugiperda.

6. Molecular cloning of novel allatoregulating neuropeptides in S. frugiperda and
verification of their biological activity by gene expression, in situ hybridization, and

bioassay studies.
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Synopsis

Aim of my work was to elucidate the complete equipment of “allatoregulating”
neuropeptides in the fall armyworm, Spodoptera frugiperda (Lepidoptera, Noctuidae) and to
reveal their putative physiological functions in this insect species by the use of molecular
biological methods.

A neuropeptide that strongly stimulates JH biosynthesis in vitro by the corpora allata
(CA) from adult female S. frugiperda had recently been isolated in our group from methanolic
brain extracts by conventional chromatographic techniques and its primary structure was
elucidated as M. sexta allatotropin (Manse-AT; GFKNVEMMTARGFa) by Edman
degradation and mass spectrometry (Oeh et al., 2000). However, using the same techniques
we were not able to isolate and sequence any neuropeptide with allatostatic activity from brain
extracts of S. frugiperda.

In the first paper (paper 1) I confirmed the primary structure of the previously
identified Manse-AT (GFKNVEMMTARGFa) in S. frugiperda, and elucidated the existence
of a C-type allatostatin in this species by cloning the cDNAs, which encode the precursors of
Spofr-AT and Spofr-AST, respectively. The basic organization of the Spofr-AT precursor is
similar to that of 4. convolvuli, M. sexta, P. unipuncta, and B. mori with 83 to 93 % amino
acid sequence identity. The Spofi-AT gene is expressed in three mRNA isoforms with 134,
171 and 200 amino acids, differing from each other by alternative splicing. The Spofr-AT
mature peptide is located between amino acid residues Arg® and Lys™ on each of the three
precursors, flanked by potential Arg and Lys-Arg endoproteolytic cleavage sites and ends with
a glycine residue, the signal for carboxy-terminal amidation by a peptidyl-a-amidating
monooxygenase (Eipper et al., 1992). The Spofr-AT peptide sequence is present as a single
copy within the precursor. Recognition of all possible proteolytic cleavage sites would result
in the production of three additional peptides of 15, 58 and 20 amino acids on the first AT
mRNA precursor (134 amino acids), five additional peptides of 15, 18, 14, 59 and 20 amino
acids on the second AT mRNA precursor (171 amino acids), and four additional peptides of
15, 68, 54 and 20 amino acids on the third AT mRNA precursor (200 amino acids). The
cleavage site in the second mRNA isoform at amino acid position 75 can also be RR instead
of RK, which might be supported by the His residue two positions upstream of the cleavage
site (HARR). This would imply a Lys residue as the first amino acid of the following peptide
(15-residue peptide). The 14- or 15-residue peptide of the second isoform is of special interest

as that peptide ends with a glycine, the signal for carboxy-terminal amidation, which is
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characteristic for many bioactive peptides. The peptide shares 8 of 14 (15) amino acids with
the Manse-AT-like III peptide which was predicted for M. sexta (Horodyski et al., 2001).

A cDNA that encodes 125 amino acid residues including one copy of the Manse-AST
peptide has been cloned from S. frugiperda (Spofr-AST; QVRFRQCYFNPISCF-OH). The
basic organization of the Spofr-AST precursor is similar to that of P. unipuncta with 85%
amino acid sequence identity. The complete Spofi-AST cDNA sequence consists of 699
nucleotides. It contains a 5’ untranslated region of 215 nucleotides upstream of an open
reading frame of 125 amino acids. The assigned initiator codon is located at positions 216-
218. It is possible that the translation initiation occurs at methionines further downstream
(Met'’, Met®). Initiation at these sites would, however, yield a precursor without an
appropriate signal peptide. The open reading frame is followed by a 106-nucleotide 3’
untranslated region including the poly (A) tail. A consensus polyadenylation signal
(AATAAA) is found after position 648, which is 19 nucleotides upstream from the poly (A)
tail. The Spofr-AST peptide sequence is located at the carboxy-terminus between Arg'® and
Arg'** and is flanked by potential Lys-Arg and Arg-Lys endoproteolytic cleavage sites. The
Spofr-AST gene is present as a single copy.

Semi-quantitative one-step RT-PCR analysis of the mRNA from the brain of different
developmental stages was done to compare the expression of the three mRNAs of the Spofi-
AT gene (paper 2). The results demonstrate that the Spofr-AT gene is expressed in brains of
all developmental stages of S. frugiperda studied, but with variable intensity. The shortest (1
Spofr-AT) mRNA isoform was highly expressed in 5" instar larvae, 10 d-old pupae, and 1 to
5 d-old adult females and males, respectively, whereas it was expressed at a lower level in the
prepupal stage and in young pupae. The 2™ Spofr-AT mRNA isoform was highly expressed in
the 5™ larval stage, whereas no expression was detected in 10 d-old pupae. Significant
expression of the 3 mRNA isoform was found only in 5" instar larvae, young pupae, and
young adult females and males. In adult females and males, generally all three mRNA
isoforms of the Spofr-AT gene were expressed during the first 5 days after eclosion, and
always in the order of 1 mRNA > 2™ mRNA > 3" mRNA. No significant quantitative
changes in total amounts of AT mRNA were observed.

Spofr-AST expression studies using one-step RT-PCR for semi-quantification of
mRNA products demonstrated high expression rates in larvae (L4 to L6), but low expression
during the pupal phase. A clear sex-specific expression of the Spofi-AST gene can be seen in
older imagoes, with high expression rates in males (d4/d5), but negligible values in females

(ds).

12



In the midgut of S. frugiperda, AT expression could be detected in all developmental
stages, but with considerable qualitative and quantitative variability. In general, the 2" mRNA
isoform was present in all stages and significant amounts of the 3Y mRNA isoform were
found in prepupae and in older pupae. Spofr-AST midgut expression was highest in L4 larvae,
but low during the pupal stage. No clear time-dependent expression profile could be found for
the imagoes.

Spofr-AT expression was high in ovaries and testes of young adults (day 1 to day 3),
and dropped to negligible values thereafter. Within the testes, the shortest (1* Spofr-AT)
mRNA isoform was most expressed, whereas isoform 3 could not be detected. In the ovary,
the 2" mRNA isoform represents the dominating one. Spofr-AST expression rates in the
ovary were high during the first 3 days after ecdysis and dropped thereafter, whereas for the
testes a high precursor expression could be detected only during the first 24 h after ecdysis.

In situ hybridization (ISH) using digoxigenin-labelled cRNA revealed that Spofi-AT
mRNA is distributed in several groups of cells in the brain of 2 d-old adult female. In S.
frugiperda, the suboesophageal ganglion (SOG) lies directly below the cerebral ganglion and
is fused to the ventral sides of the brain. There were two relatively large clusters of cells in the
anterior-lateral region of the SOG, which displayed strong expression of Spofr-AT mRNA.
Spofr-AST was expressed in a cluster of cells at the coxa region of the antenna in the
deuterocerebrum. Another cluster of positive cells was found in the posterior-ventral region in
each of the optical lobes adjacent to the protocerebrum. /n situ hybridization of Spofr-AT and
Spofr-AST mRNA in the digestive tract showed that both genes are expressed in various parts
of the intestine, especially in the posterior part of the crop and the anterior part of the midgut.
In S. frugiperda, ovarioles are of the polytrophic type. Spof-AT gene expression was clearly
localized in the follicle cells between the oocytes. The Spofr-AST gene was localized in the
outer region of the oocytes (follicle cells), and some slight hybridization was seen between the
oocytes.

Spofr-AT and Spofr-AST expression rates in the brain of S. frugiperda are supposed to
be correlated with the allatoregulating activity of the corresponding neuropeptides during
larval and adult development. Both hormone precursors were slightly or not expressed during
the pupal phase, whereas in the late larval stages (L5 and L6), high expression of the
allatostatin in combination with low expression of the allatotropin may lead to the inevitable
reduction in CA activity at that time. In young adult females and males, increasing
haemolymph JH titers will be necessary to induce vitellogenesis and spermatogenesis,
respectively. This increase in JH biosynthesis is accomplished by relatively high rates of

expression for both hormone precursors in females and males during the first 24 h after
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eclosion. The results confirm the earlier speculation (Oeh et al., 2000, 2001) that Spofr-AT
and Spofr-AST strongly interfere while regulating JH biosynthesis. Low expression rates of
the Spofr-AST in the brain of older females (day 5) together with high expression for Spoft-
AT, well agree with earlier measurements of low JH biosynthesis by the CA at that time
(Range et al., 2002), because the brain AST expression should be low when JH biosynthesis
(and vitellogenesis) 1s high and vice versa. The role of ovarian and testes Spofr-AT and Spoft-
AST in the regulation of the reproductive cycle is not clear. It is unknown whether these
peptides will be released into the haemolymph, and thus may affect CA activity through an
endocrine mechanism, or if they may act in a more paracrine way, and thus affect oviduct and
semiduct contraction and/or egg laying, growth of the male accessory reproductive glands, and
deposition of the spermatophores (Paemen et al., 1990, 1992). In locusts, an inhibitory effect
of Y/FXFGL-amide allatostatins on lateral oviduct contraction is known (Schoofs et al.,
1997). Garside et al. (2002) and Meyering-Vos and Hoffmann (2003) recently demonstrated
the expression of type-A allatostatins in the common and lateral oviducts as well as in the
ovary of mated females of D. punctata and G. bimaculatus, respectively.

Distinct changes in the rate of expression of Spofr-AT and Spofr-AST in the midgut of
larvae and adults confirm the suggested roles of lepidopteran allatotropin and allatostatin,
respectively, as brain/gut neuropeptides (for reviews see Hoffmann et al., 1999). Manse-AT
was shown to inhibit active ion transport across the larval midgut epithelium of M. sexta (Lee
et al., 1998; Chamberlin and King, 1998) and it stimulated foregut contractions in H.
armigera (Duve et al, 1999). Manse-AST was shown to inhibit spontaneous foregut
contractions in L. oleracea (Duve et al., 2000). Both peptides may play a role related to
feeding and nutrition (Oeh et al., 2001).

The results from the whole mount in situ hybridization studies are in agreement with
the semi-quantitative RT-PCR data. Both genes (Spofi-AT and Spofi-AST) are localized in
distinct cells or cell groups of the brain, midgut, and ovary of larval and/or adult S.
frugiperda. In the brain of 2 d-old females, Spofr-AT hybridizing cells were found in the
lateral protocerebrum as well as within the medial neurosecretory region, consistent with areas
associated with innervation of the CA and modulation of JH biosynthesis (Carrow et al., 1984;
Orchard and Loughton, 1985; Homberg et al., 1991). Expression was also detected in several
cells of the SOG that are suggested to innervate the CA through the NCA II nerve (Truesdell
et al., 2000). In contrast to Spofi-AT, the Spofr-AST gene was highly expressed in a cluster of
cells of the coxa region of the antenna and in the posterior region of the SOG. Possibly, the

allatostatin is involved in regulating the movement of the antenna and/or sensory perception.
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Strong hybridization of both Spofr-AT and Spofr-AST mRNAs in epithelial cells of the
crop and midgut (Spofi-AST only) as well as in longitudinal and circular muscles of the
midgut support the evidence that both peptides may control the peristaltic movements of the
digestive tract as well as the ion transport through the epithelial cells. As in most other tissues
studied, Spofr-AT and Spofr-AST did not show co-localization in the ovary of a 2 d-old
unmated female. Whereas Spofr-AT mRNA was restricted to the follicle cells between the
oocytes, Spofr-AST mRNA was mainly found at the outer membrane of the oocytes. In another
polyandrous lepidopteran species with JH as the main gonadotropic hormone, P. unipuncta,
females seem to be able to detect the quality of the males through the time of mating and the
size of the spermatophores. Males may transfer a sex peptide in the ejaculate through
copulation which increases the haemolymph JH titer in the females, as observed shortly after
mating (McNeil et al., 2000). This peptide could be an allatotropin or an allatotropin-related
peptide. Truesdell et al. (2000) observed a marked sexual dimorphism in the levels of the
allatotropin mRNA in the thoracic ganglia of P. unipuncta adults.

In conclusion, the present data strengthen the hypothesis that both Spofr-AT and
Spofr-AST exhibit multiple functions, which may be tissue-specific as well as specific to a
particular life stage. Although allatotropin and allatostatin in S. frugiperda are identical in its
primary structures to those in M. sexta and P. unipuncta, differences in activity between
species may exist which would reflect differences in the life strategy of the species.

Several allatostatins, structurally unrelated to Manse-AST, were identified in various
insect orders including the lepidopterans (e.g. Duve et al., 1997a). The allatostatin A-type
peptide family currently comprises more than 60 members isolated from insects and some
crustacean species (Duve et al., 1997b, 2002). The peptides share the C-terminally amidated
pentapeptide sequence Y/FXFGL-amide (A-type allatostatins; allatostatin superfamily). Their
allatostatic function seems to be restricted to cockroaches and crickets (Hoffmann et al.,
1999). The gene encoding the S. frugiperda allatostatin type-A peptide family (Y/FXFGL-
amides) was isolated from S. frugiperda brain cDNA in the third paper (paper 3). The gene
encodes a precursor of 231 amino acids containing nine (or ten) Y/FXFGL-amide peptides
which are tandemly arranged in three blocks. All except one of the S. frugiperda peptides had
previously been deduced from the cDNA sequences of two other lepidopteran species (Davey
et al., 1999; Secher et al., 2001). Spofr-AST A 9 (ERDMHGFSFGLa) differs in its primary
structure from the homologous peptides found in two other lepidopteran species, H. armigera
and B. mori, by one and two amino acids, respectively. The cDNA contains 132 nucleotides of
an untranslated sequence upstream of a single open reading frame beginning at position 133

and ending at position 826 with the translation stop codon TAA. The Spofr-AST A precursor
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begins with a hydrophobic domain that represents a probable signal peptide with the most
likely site of cleavage between residues 18 and 19 (Von Heijne, 1986). The precursor contains
the unprocessed sequences of nine Y/FXFGL-amide peptides, which are located at residues
286-312, 319-375, 382-408, 526-552, 592-618, 625-651, 658-684, 691-720, and 727-762,
respectively. All of the putative peptides have a signal glycine residue at the C-terminal end
that provides a substrate for peptidyl-glycine-a-amidating monooxygenase (Eipper et al.,
1992). Cleavage of Spofr-AST A 2 at amino acid positions 71/72 would lead to a tenth
peptide.

The Spofi-AST A gene is strongly expressed as one transcript in the brains of 4" to 6™
instar larvae as well as in the early and late pupal stage, whereas the expression signal was
significantly lower in the brains of the prepupal stage. In brains from adult moths, a sex-
specific expression of the Spofi-AST A gene can be observed. Expression was high in the
brain of adult females shortly after eclosion (day 1) and decreased thereafter, whereas in males
the gene expression was low after eclosion but increased up to day 4 after moulting. In the
midgut of S. frugiperda, allatostatin type-A expression could be detected in all developmental
stages (from 4™ instar larvae to 5 d-old adults of both sexes), but with considerable variability.
High expression rates were observed in last larval instars (L6) and in prepupae, but also in the
midgut of adult moths (day 3 to day 5). The Spofi-AST A gene was also expressed in the
reproductive tissues of both sexes. Expression rates in the ovary were high at day 2 and day 3
after ecdysis and dropped to day 4, whereas for the testes high expression was detected at the
first day after eclosion, but decreased thereafter.

In situ hybridization (ISH) using digoxigenin-labelled cRNA was carried out for the
digestive tract, oviduct and the ovary from 2 d-old adult females and showed the cellular
distribution of two populations of hybridizing cells in the midgut, one located at the anterior
end of the midgut, and the second at the extreme posterior end. The Spofr-AST A mRNA was
also localized in the wall of the crop. In the ovaries, the Spofr-AST A gene was localized
within the oocytes with stronger labelling in older follicles. A distinct expression of the Spofi-
AST A mRNA was also localized in the lateral oviduct.

The general organization of the allatostatin A-type precursor structure (total number
of amino acids, number and arrangement of encoded peptides, number and localization of
acidic spacers) seems to be conserved within the order Lepidoptera, although some specific
family differences may exist. This results in a 84% amino acid residue identity between the
precursor proteins of S. frugiperda and H. armigera (both Noctuidae), but only a 57 %
identity between S. frugiperda and the silkworm B. mori (Bombycidae). Such family-specific

differences have already been shown for other major neuropeptide families such as the
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adipokinetic hormones (see Gide et al., 1997) and, more recently, for diapause hormones and
pheromone biosynthesis-activating neuropeptides (PBAN) (Iglesias et al., 2002).

One-step RT-PCR analyses demonstrated that the Spofr-AST A gene is expressed in
different tissues of the moth in a developmental- and sex-specific manner. The distinct
changes in the rates of expression of the gene in brain and midgut confirm the allatostatin A-
type peptides as insect brain-gut myomodulatory hormones. The marked sex-specific brain
expression in adult animals during the first four days after eclosion is similar to that found for
Spofr-AST (C-type allatostatin). However, the physiological meaning of the sex specific brain
expression of Spofr-AST A peptide is not yet clear. The Spof-AST A gene localization within
the oocytes might suggest a role of the peptides during embryonic development. Gene
localization in the midgut of adult S. frugiperda was similar to that described for the
helicostatin gene expression in H. armigera larvae (Davey et al., 1999). Knowledge of the
allatostatin type-A peptide precursor sequence has opened the way for synthesis of all
members of the peptide family in S. frugiperda for detailed physiological and functional
studies.

Until this PhD thesis became in progress only one peptide with allatotropic activity
had been isolated and identified, the M. sexta allatotropin peptide (Manse-AT;
GFKNVEMMTARGF-NH,). This peptide was purified from extracts of heads of the pharate
adult of M. sexta and it stimulated the secretion of JH from the CA of various lepidopteran
species. Data presented in the fourth paper (paper 4) demonstrate the isolation of a cDNA
that encodes a novel S. frugiperda prepro-allatotropin. The cDNA encodes 53 amino acids,
including one copy of the RVRGNPISCF-OH peptide. This peptide strongly stimulated the
synthesis and release of JH in vitro by the CA of S. frugiperda and was code-named Spofr-AT
2. The cDNA consists of 307 nucleotides and contains a 5’ untranslated region of 15
nucleotides upstream of an open reading frame. The assigned initiation codon is located at
nucleotide positions 16 to 18. Within the amino-terminus of the precursor a single potential
signal peptide cleavage site downstream Ala’*> was found (Von Heijne, 1986). The open
reading frame is followed by a 130-nucleotide 3’ untranslated region including the poly (A)
tail. A consensus polyadenylation signal (AATAAA) was found after position 260, which is
12 nucleotides upstream from the poly (A) tail. The novel allatotropin is located between
amino acid residues Arg*® and Arg" and is flanked by potential Lys-Arg and Arg-Lys
endoproteolytic cleavage sites. The amino acid sequence of the peptide is identical at its C-
terminus (-NPISCF) with the M. sexta allatostatin (Manse-AST), but the synthetic peptide
showed strong allatotropic activity in the radiochemical bioassay for measuring JH
biosynthesis by the CA in vitro.
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Northern blot analysis demonstrated that the gene is expressed in only one transcript of
ca. 0.366 kb in the brains of 6™ instar larvae and 2 d-old adult females, but also in the midgut
and ovary of 2 d-old females. RT-PCR analyses confirmed the expression of the gene as
demonstrated by Northern blotting. A clear expression signal was found in the brains of 4"
(L4), 5™ (L5), and 6™ instar larvae (L6), but also in prepupae, young pupae, 10 d-old pupae,
and 0 to 3 d-old adult females. In contrast, no expression signal could be seen for the brains of
0 to 5 d-old adult males. A distinct gene expression was found in the midgut and the ovary of
the females during the first 5 days of adult lifespan, but no signal could be detected in the
midgut of the preimaginal stages and of adult males. Whole-mount in sifu hybridization
studies demonstrated that the Spofi-AT 2 mRNA is localized in two large clusters of cells in
the anterior-lateral region of the suboesophageal ganglion (SOG). In the ovary of a 2 d-old
adult female the Spofr-AT 2 gene transcript was localized within the oocytes.

According to the C-terminal hexapeptide sequence —NPISCF, which the Spofr-AT 2
peptide shares with Manse-AST, an allatostatic activity was expected when incubating the CA
from adult females in the presence of the synthetic peptide. Unexpectedly, however, when the
CA from 2 and 3 d-old adult females, after a 2 h preincubation in medium without peptide,
were transferred into medium containing the peptide at concentrations ranging from 10® to 10°
* M, a strong and dose-dependent allatotropic effect was observed. The peptide caused an
approximately tenfold rise in JH release at a concentration of 10* M, from about 4 pmol -h™'-
CA™ to ca. 40 pmol - h™' - CA™. The stimulation was dose-dependent with an apparent ECso of
ca. 107 M. CA that were activated with Spofr-AT 2 could be inhibited by the addition of
synthetic Manse-AST. Glands that had been activated with 10° M Spofr-AT 2 in the first
incubation and then transferred to a peptide-free medium for a second 2 h incubation still
produced and released significantly more JH (p<0.001) than untreated control glands.
Simultaneous addition of Spofr-AT 2 (10° to 10 M) and Manse-AT (10° M) resulted in a
cumulative effect; glands released significantly more JH (p<0.01 and p<0.001, respectively)
than when incubated in the presence of only one of the peptides.

For the present studies on JH biosynthesis and release by the CA in vitro we have used
'C-labelled acetate as a tracer. The rates of JH release by the CA from 2 d-old females of S.
frugiperda as well as the effects of Manse-AT, Manse-AST, and Manse-AT plus Manse-AST
did not differ from the results from previous experiments (Oeh et al., 2000; Range et al.,
2002) where L-[methyl-’H]-methionine was used as the marker.

In conclusion the novel peptide seems to represent a brain/gut neuropeptide which is
also expressed in the female reproductive organs. The tissue distribution as well as its clear

expression in the anterior-lateral region of the SOG and in the oocytes corresponds to that
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recently demonstrated for Manse-AT and Manse-AST in S. frugiperda (see paper 2). This is
the first report on the presence and function of two different allatotropins in an insect species.
The similarity in the primary structures of Manse-AST (with strong allatostatic activity
in the radiochemical assay in vitro) and Spofr-AT 2 (with its strong allatotropic activity) is
striking. In Manse-AST the Cys’ to Phe'® C-terminal sequence seems to define the active core
of the peptide (disulfide bridge between Cys’ and Cys'). In Manse-AT, the C-terminal
octapeptide EMMTARGF-amide represents the biologically active core, which is completely
different from the C-terminus in Spofr-AT 2. Further experiments have to be carried out using
deletion analogs of Spofr-AT 2 to provide insight into the active core for this peptide. More
experiments will also be necessary to explain the physiological role of Spofr-AT 2 as well as
its possible interactions with Manse-AT and Manse-AST in the regulation of JH biosynthesis
in S. frugiperda. Finally, it should be tried to isolate the Spofr-AT 2 peptide from S.
frugiperda brain extracts and to look for the occurrence and probably pleiotropic functions of

this peptide in other lepidopteran and non-lepidopteran species.
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Abstract

Allatotropin (AT) is a 13-residue amidated neuropeptide, first isolated from pharate adult heads of the tobacco hdviandrm,
uca sexta (Manse-AT), which strongly stimulates the biosynthesis of juvenile hormones (JH) in the corpora allata (CA) of adult
moths. InSpodoptera frugiperda, a cDNA that encodes 134 amino acids, including an AT peptide, has been clonesl fiitggperda
allatotropin mature peptide (Spofr-AT) [GFKNVEMMTARGF4] is identical to that isolated fidnsexta. The basic organization
of the Spofr-AT precursor is similar to that égrius convolvuli, M. sexta, Pseudaletia unipuncta, and Bombyx mori with 83—93%
amino acid sequence identity. The Spofr-AT gene is expressed in at least three mRNA isoforms with 134, 171 and 200 amino
acids, differing from each other by alternative splicing.

All allatostatins (AS) have an inhibitory action on the JH biosynthesis in the CA. A cDNA that encodes 125 amino acid residues
including one copy of the Manse-AS peptide has been cloned 8ofrugiperda (Spofr-AS; QVRFRQCYFNPISCF). The basic
organization of the Spofr-AS precursor is similar to thatPofunipuncta with 85% amino acid sequence identity.

Using one step RT-PCR for semi-quantification of the gene expression, we showed that the three mRNAs of the Spofr-AT gene
and the Spofr-AS gene are expressed in brains of last instar larvae, prepupae, pupae, and adults of botB. sexgipentla with
variable intensity.

(0 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Lepidoptera; Allatostatin; Allatotropin; Hormone processing; Prohormone; Neuropeptide

1. Introduction mones are synthesized and released from the corpora
allata (CA), which are present in all insect stages. During
The development and reproduction of insects are regu-the last decade, interest has focused on factors that regu-
lated, to a large extent, by juvenile hormones (JH). Dur- late JH biosynthesis by CASfay et al., 1994; Hoffmann
ing the larval stages these hormones control moultinget al.,, 1999; Bendena et al.,, 1999; Stay, 2000
and metamorphosis, whereas in adult insects they areDepending upon species and development stages, the
involved in the regulation of vitellogenesis in females signals may be either stimulatory (allatotropin, AT) or
and spermatogenesis and growth of the accessory reproinhibitory (allatostatin, AS), and they may reach the
ductive glands in malesKpeppe et al., 1985; Nijhout, glands via haemolymph or via nervous connections.
1994; Riddiford, 1994; G@e et al., 199). Juvenile hor- Since 1989, more than 60 neuropeptides that inhibit
JH production by the CA in homologous or heterologous
bioassays in vitro have been isolated from brains of sev-
* Corresponding author. Tel.#49-921-552650; fax:+49-921- eral insect taxa (moths, cockroaches, locusts, crickets,
552784. flies and bees), and also from crustaceans (for review
Hoﬁr'i':r‘]?‘;; address:  Klaus.Hoffmann@uni-bayreuth.de  (K.H.  geeBendena et al., 1997; @a et al., 1997; Weaver et
* The nucleotide sequence data published here have been submitted”‘l" 199_8; HOﬁmanr,] etal, ,1_99'9The allatostatins form
to EMBL Nucleotide Sequence Data Base, accession numbers Ajthree different peptide families. Members of the allatos-
488180, AJ 488181, AJ 508061, AJ 508907. tatin A family are characterised by a common C-terminal

0965-1748/03/$ - see front matter 2003 Elsevier Science Ltd. All rights reserved.
doi:10.1016/S0965-1748(03)00005-5
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Y /FXFGL/I-a pentapeptide sequence. Some members of
the alatostatin A family were deduced from prohormone
gene sequences (Donly et al., 1993; Ding et al., 1995;
East et al., 1996; Vanden Broeck et al., 1996; Veenstra
et a., 1997; Bellés et al., 1999; Davey et al., 1999; Lenz
et a., 2000; Meyering-Vos et a., 2001). In some species
these peptides have no effect on the CA of the source
insect, but instead exhibit myo-inhibiting properties
(Duve and Thorpe, 1994). The second family consists
of peptides, which were at first isolated from Gryllus
bimaculatus and al have a common amino acid (Trp) at
positions two and nine (allatostatin B family; W2W®-
amide peptide family; W(X)sW-amides) (Lorenz et al.,
1995). A B-type dlatostatin preprohormone from Droso-
phila melanogaster (DAP-B) has recently been cloned,
which encodes 211 amino acid residues and contains one
copy each of five putative alatostatin-B peptides
(Williamson et a., 2001a).

Within the Lepidoptera, a non-amidated allatostatin
was first characterised from the tobacco hornworm,
Manduca sexta. This peptide, M. sexta alatostatin (C-
type alatostatin; Manse-AS; pEVRFRQCY FNPISCF-
OH) inhibits JH biosynthesisin vitro by the CA of larvae
and adult females of M. sexta, and adult females of Heli-
othis virescens, H. zea and Lacanobia oleracea (Kramer
et a., 1991; Audsley et a., 1999, 2000; Edwards et 4.,
2001; Teal, 2002). Manse-AS did not affect the CA of
two orthopteroid species, Periplaneta americana and
Melanoplus sanguinipes, or the CA of the beetle Teneb-
rio molitor (Kramer et al., 1991). The peptide shows no
sequence similarity to members of any other allatostatin
family. In Pseudaletia unipuncta, a cDNA has been
characterised, which encodes 125 amino acid residues
including the 15-residue peptide of the allatostatin C-
type (Jansons et a., 1996). The Pseun-AS did not inhibit
JH biosynthesis in 6th instar larvae or newly emerged
(O day) adults, but inhibited the CA activity of 5 day-
old adult females of P. unipuncta by 60%. Expression
of the gene was low in 6th instar larvae, prepupae and
early pupae, but relatively high in late pupae and in 1
day- and 3 day-old adults of both sexes (Jansons et .,
1996). In Spodoptera littoralis (Audsley et a., 1999) and
in L. oleracea (Audsley et al., 1998), a peptide that
seems to be identical with Manse-AS was detected in
larval brain extracts. Very recently, the alatostatin C-
type preprohormone has been characterised from D. mel-
anogaster (drostatin-C). The drostatin-C peptide differs
in only one amino acid residue (F to Y in position 4)
from the Manse-AS. The gene was strongly expressed
in larvae and adult flies, but less in pupae and embryos
(Williamson et a., 2001b).

In the fall armyworm S. frugiperda, synthetic Manse-
AS did not affect the in vitro rate of JH secretion from
the CA of adult moths. However, when the CA had pre-
viously been activated by Manse-AT, addition of Manse-
AS reduced JH biosynthesis by about 70%. This alatos-

tatic effect of Manse-A S on alatotropin-activated glands
was dose-dependent and reversible (Oeh et al., 2000).
However, until now, Manse-AS has not been detected
in S. frugiperda.

To date, only one alaotropin is known
(GFKNVEMMTARGFa), which has been demonstrated
to stimulate the CA. It was first isolated from the head
of pharate adults of M. sexta (Kataoka et al., 1989), for
which the gene encoding the peptide has also been
cloned (Taylor et al., 1996). This gene is expressed in
at least three MRNA isoforms that differ from each other
by aternative splicing regulated in a tissue-specific man-
ner (Horodyski et al., 2001). Manse-AT has also been
isolated from larval and adult brains of L. oleracea
(Audsley et al., 2000). From the mosquito Aedes aegypti
an allatotropin immunoreactive peptide has been isolated
and its structure determined as APFRNSEMMTARGFa
Furthermore, the cDNA encoding this peptide has been
identified (Veenstraand Costes, 1999). A cDNA isolated
from the true armyworm, P. unipuncta, encodes a 135
amino acids sequence containing the Pseun-AT which is
identical to that isolated from M. sexta. The AT mRNA
was highly expressed in older pupae and 3- and 5-day-
old adults of P. unipuncta (Truesdell et al., 2000). A
precursor, which encodes a 130 amino acid polypeptide,
has been cloned from a midgut cDNA library of B. mori,
and this precursor also contained the Manse-AT peptide
sequence (Park et al., 2002).

A peptide that strongly stimulates JH biosynthesis in
vitro by the adult female CA was recently isolated from
methanolic brain extracts of adult S. frugiperda and was
identified as M. sexta alatotropin (Manse-AT) (Oeh et
al., 2000). Injections of Manse-AT twice daily into pen-
ultimate and last instar larvae of S. frugiperda drastically
reduced their weight gain and increased mortality, short-
ened the life span of the adult females and decreased
the total number of deposited eggs (Oeh et al., 2001).
Functional assays and distributional studies support
additional roles for Manse-AT to that of JH regulation.
Manse-AT seems to function as a cardioacceleratory
peptide in adult M. sexta (Veenstra et al., 1994) and P.
unipuncta (Koladich et al., 2002) and it inhibits midgut
ion transport in day 2 fifth instar larvae of M. sexta (Lee
et al., 1998). Multiple functional activities are suggested
by the distribution of Manse-AT immunoreactive cells
in neural tissues of various insect species (Veenstra and
Hagedorn, 1993; Veenstra et a., 1994; Zitnan et d.,
1993, 1995; Persson and Nassel, 1999; Rudwall et al.,
2000; Tu et a., 2001).

In the present study we confirm the structure of the
recently identified Manse-AT in S. frugiperda, and eluci-
date the existence of a C-type allatostatin in this species
by cloning the cDNAs, which encode the precursors of
Spofr-AT and Spofr-AS, respectively. Both the genes
were variably expressed in the brains of larvae, pupae
and adult moths.
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2. Materials and methods

2.1. Animals

Pupae and eggs of S. frugiperda were provided by
Bayer AG (Leverkusen) and reared at 27 °C and 70%
relative humidity under aL 16: D 8 photoperiod as pre-
viously described (Oeh et al., 2000). Larvae and adults
were reared as described by Oeh et al. (2000). Under
these conditions, the 6th (last) larval stage lasts for about
4 days. Each pupa was individually kept in a separate
compartment of assortment boxes (9 x 32 x 36 - mm
per compartment; Licefa, Bad Salzuflen, Germany) until
emergence. Freshly emerged females were kept in 20
x 20 x 10 - cm plastic boxes and fed with 10% sugar
solution until dissection.

2.2. Preparation of the cDNA by RACE

Brains (cerebral and subesophageal ganglia) of 530
female adult fall armyworms, 2-3 days old, were dis-
sected in modified cricket saline (Lorenz et al., 1997),
frozen immediately in liquid nitrogen and stored at —80
°C until use. Total RNA was extracted with Invertebrate
RNA Kit (Peglab Biotechnologie GmbH). The mRNA
was extracted with Oligotex” mRNA Mini Kit (Qiagen
GmbH). The Smartl] RACE cDNA amplification kit
(Clontech) was used to amplify the cDNA. 1 pg mRNA
was added as a template for each RACE reaction. A 3'-
RACE was carried out using degenerate oligonuclectide
primers ATf4 (5'-GGN TTY AAR AAY GTN GAR
ATG ATG A-3') corresponding to nucleotide positions
397421 of Fig. 1 and ASf5 (5'-GTN MGN TTY MGN
CAR TGY TAY TTY AA-3') corresponding to nucleo-
tide positions 543-569 of Fig. 4, respectively, in combi-
nation with the universal primer (5'-CTA ATA CGA
CTC ACT ATA GGG CAA GCA GTG GTA ACA
ACG CAG AGT-3') that recognises the primer binding
sequence, introduced by the Smart RACE kit compo-
nents. The cDNA was further amplified by using gene
specific primers ATf7 corresponding to nucleotide pos-
itions 397421 and ATr6 corresponding to nucleotide
positions 418444 of Fig. 1 to get the 5" end and the 3’
end of the AT preprohormone and ASf6 corresponding
to nucleotide positions 543-569 and ASr10 correspond-
ing to nuclectide positions 569-593 of Fig. 4 in order
to get the 5’ end and the 3’ end of the AS precursor,
respectively. The PCR program was 95 °C for 2 min,
followed by 10 cycles of 94 °C for 30 s, 68 °C for 45
s decreased with 1 °C per cycle, followed by 35 cycles
of 94 °C for 30 s, 58 °C for AS or 60 °C for AT for 45
s, 68 °C for 1.5 min, and a final extension step of 68
°C for 10 min.

2.3. Cloning and sequencing

The PCR products were eluted from low melting point
agarose gel (Biozym) with GFXO purification kit
(Pharmacia), and ligated into plasmids with the pGEM-
T easy system kit (Promega). The vector with the inserts
was grown in E. coli IM109 (Promega) or XL1-blue
(Stratagene), respectively. Plasmid DNA was purified
using QlAprepd Spin Miniprep kit (Qiagen). The tem-
plates were sequenced by MWG Biotech (Ebersberg,
Germany) or GATC (Konstanz, Germany). Sequences
were analysed with the GCG software (Wisconsin
Package).

2.4. RT-PCR analysis

For RT-PCR 20 ng mRNA from brains of 6th instar
larvae (<12 h), pre-pupae (PP), young pupae (P0), 10-
day-old pupae (P10), 2-day-old adult males (M2) and 2-
day-old adult females (F2) were used with specific pri-
mers ATf7-ATr9 corresponding to nucleotide positions
397421 and 598-621 of Fig. 1A and primers ASf6-
ASr9 corresponding to nucleotide positions 543-569 and
644—670 of Fig. 4, respectively, in 10 pl of the RT-PCR
mixture (TITANIUMO One Step RT-PCR Kit, CLON-
TECH Laboratories, Inc.). The PCR program for ampli-
fication of the fragment was 50 °C for 1 h followed by
5 min at 94 °C, 35 cycles of 94 °C for 30 s, 60 °C for
AT or 58 °C for AS for 45 s, 68 °C for 1 min, and a
final extension step of 68 °C for 2 min. The DNA pro-
ducts were analysed using 1.5% agarose gel at 8 V/cm
for 1.5 h, transferred to Hybond-N* membrane
(Amersham) and hybridised to the probe (ATf7-ATr9)
225 bp corresponding to positions 397621 of Fig. 1 and
probe (ASf6-ASr9) 127 bp corresponding to positions
543670 of Fig. 4, respectively, labelled by the PCR
method with Dig dUTP (Roche). As a control the same
guantities (20 ng) of mMRNA from different developmen-
tal stages were used as a template in combination with
two specific primers ACTf1 corresponding to nucleotide
positions 1-25 and ACTr2 corresponding to nucleotide
positions 469-493 from the nuclectide sequence of S
littoralis MRNA for beta-actin (partial; EMBL Nucleo-
tide Sequence Data Base, accession number Z46873),
which yields a 494 bp amplified fragment. Expressions
of AT and AS were normalized relative to that of beta-
actin. A negative control for genomic DNA has been
done using RT-PCR program strategy 94 °C for 5 min
followed by 35 cycles of 94 °C for 30 s, 61 °C for 45
s, 68 ° for 1 min, and a final extension step of 68 °C
for 2 min. Densitometry was preformed using an
ImageMaster™ VDS (Pharmacia Biotech) and the
ImageMaster 1D Database software. A series of 5 to 20
ng MRNA (Spofr-AT and Spofr-AS from 6th instar lar-
vae and 2-day-old adult females, respectively) was used
to produce a standard curve by RT-PCR.
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5’ GTGAGCGGATAACAATTTCACACAGGARACAGCTATGACCATGATTACGCC 51
AAGCTATTTAGGTGACACTATAGAATACTCAAGCTATGCATCCAACGCGTT 102
GGGAGCTCTCCCATATGGTCGACCTGCAGGCGGCCGCGAATTCACTAGTGA 153
TTGCAGTGGTATCAACGCAGAGTACGCGGGGACTTGTGTACAGCCGTCTCA 204
GCGCGCAACACGCGCTCCTCTCGCACCAGTGTTACAGTGCACTAATCGAAC 255
TCTTTCGGACTAATTCAACTCGCAGCAATGAACATTTCAATGCATTTGGCG 306

M N I S M HL A 8
GTAGCAGTGGCGGCGGCGGCTTGTCTGTGCGTGTGCGCAGCGGCGCCCGAG 357
VAVAAAAGCTLT CUVOCARA AITPE 25
AATCGACTCGCGCGCACCAAACAACAGCGCCCCACCCGCGGCTTCAAGAAT 408
N R L ARTZXQOQRPTTGRGTF KN 42
GTCGAGATGATGACCGCCAGGGGATTCGGCAAGCGGGACAGGCCACACACT 459
V EMMTARGTFG[KZRDT RTPHT 59
CGGGCTGAGCTTTACGGTTTGGACAACTTCTGGGAGATGCTGGAGGCTACA 510
R AEL Y GLDINTFUWEMTLER AT 76
CCTGAGAGGGAAGGACAGGAGAATGATGAGAAGACTTTGGARAGCATTCCT 561
PEREGO QTENDTETZ KTTLES I P 93
TTGGACTGGTTCGTGAACGAGATGCTGAACAATCCAGATTTCGCGCGATCT 612
L DWFVDNEMTLNNEPDTFAR S 110
GTGGTCCGCAAGTTCATTGACCTCAATCAGGACGGCATGCTATCATCGGAG 663
vvRHPFIDLNOQDGMTLS S E 127
GAGCTATTAAGGAACGTCGTTTAAATACATATTTAGTTAATTACCTATAAC 714

E L L R N V V --- 134
TTGAGAGCCCTATCATTTGATCTGTAACTGCATGCARAGTAAATATATGAA 765
TATATATCATTAAAAGTAAAAAAAAAAAAAAAAAAAAAAAAARAAA '3 811

(B)

5’ GTGAGCGGATAACAATTTCACACAGGARACAGCTATGACCATGATTACGCC 51
AAGCTATTTAGGTGACACTATAGAATACTCAAGCTATGCATCCAACGCGTT 102
GGGAGCTCTCCCATATGGTCGACCTGCAGGCGGCCGCGAATTCACTAGTGA 153
TTGCAGTGGTATCAACGCAGAGTACGCGGGGACTTGTGTACAGCCGTCTCA 204
GCGCGCAACACGCGCTCCTCTCGCACCAGTGTTACAGTGCACTAATCGAAC 255
TCTTTCGGACTAATTCAACTCGCAGCAATGAACATTTCAATGCATTTGGCG 306

M N I S M H L A 11
GTAGCAGTGGCGGCGGCGGCTTGTCTGTGCGTGTGCGCAGCGGCGCCCGAG 357
VAVAAAACTLC CUVCAA Al P E 28
AATCGACTCGCGCGCACCAAACAACAGCGCCCCACCCGCGGGTTCAAGAAT 408
N RLARTTZ KO QOQRT®PTZR®GF K N 45
GTTGAGATGATGACCGCTAGAGGATTCGGCAAGCGGGACAGGCCACACACT 459
VEMMTARTGTFGIKERDRTZPHT 62
CGGGCTGAGCACCAGGACAGCTATGACTCCCACGCTCGCAGGAAGTTTAAC 510
R AEEHOQDSJYDSHART RTKTFN 79
CCCAAGAGCAACCTCATGGTCGCCTACGACTTTGGCAAAAGGAGTGGTAAT 561
P K S NILMYVAYDTFGIREKT RSGN 096
GATGACGTTACTGATGAAGTTTACGGTTTGGACAACTTCTGGGAGATGCTG 612
DDV TDEVYGLDNTFUWEMTL 113
GAGGCTACACCTGAGAGGGAAGGACAGGAGAATGATGAGAAGACTTTGGAA 663
EATPEREGO QENTUDTEZKTL E 130
AGCATTCCTTTGGACTGGTTCGTGAACGAGATGCTGAACARTCCAGATTTC 714
S I P LDWTFTVNEMTLNTN P D F 147
GCGCGATCTGTGGTCCGCAAGTTCATTGACCTCAATCAGGACGGCATGCTA 765
AR SVVREKFTIDTLNO QDG ML 164
TCATCGGAGGAGCTATTAAGGAACGTCGTTTAAATACATATTTAGTTAATT 816
S s EE L L RNV V--- 171
ACCTATAACTTGAGAGCCCTATCATTTGATCTGTAACTGCATGCAAAGTAA 867
ATATATGAATATATATCATTAARAGTAAAAAAAAAAARAAAAAAAAAAAAR 918
ARAR 922

(c)

5’ GTGAGCGGATAACAATTTCACACAGGARACAGCTATGACCATGATTACGCC 51
AAGCTATTTAGGTGACACTATAGAATACTCAAGCTATGCATCCAACGCGTT 102
GGGAGCTCTCCCATATGGTCGACCTGCAGGCGGCCGCGAATTCACTAGTGA 153
TTGCAGTGGTATCAACGCAGAGTACGCGGGGACTTGTGTACAGCCGTCTCA 204
GCGCGCAACACGCGCTCCTCTCGCACCAGTGTTACAGTGCACTAATCGAAC 255
TCTTTCGGACTAATTCAACTCGCAGCAATGAACATTTCAATGCATTTGGCG 306

M N I s M HL A 8
GTAGCAGTGGCGGCGGCGGCTTGTCTGTGCGTGTGCGCAGCGGCGCCCGAG 357
VAVAAARATCTLC CVYVOCHAA AWM PE 25
AATCGACTCGCGCGCACCAAACAACAGCGCCCCACCCGCGGGTTCAAGAAT 408
N RLARTTEKT O QIRERZPTTRGF KN 42
GTTGAGATGATGACCGCTAGAGGATTCGGCAAGCGGGACAGGCCCACACTC 459
VEMMTARTGT FGKR|DR P TL 59
GGGCTGAGCACCAGGACAGCTATGACTCCCACGCTCGCAGGAAGTTTAACC 510
G LS TRTAMTT®PTTLAGSLT 76
CCAAGAGCAACCTCATGGTCGCCTACGACTTTGGCAAAAGGAGTGGTAATG 561
P RATSWSPTTTILAEKT GV V M 93
ATGACGTTACTGATGAAGTTTACGGTTTGGACAACTTCTGGGAGATGCTGG 612
M T L LMEKTFTVWTTS G R C W 110
AGGCTACACCTGAGAGGGAAGGACAGGAGAATGATGAGAAGACTTTGGARA 663
R L HLRGTZ KT DT RTRMMIPER R L W K 127
GCATTCCTTTGGACTGGTTCGTCAACGAGATGCTCAACAATCCAGATTTCG 714
A FLWTGSST® R CSTTIOQ I s 144
CGCGATCTGTGGTCCGCAAGTTCATTGACCTCAATCAGCATTCCTTTGGAC 765
R DLWSASSTLT SIS I P L D 161
TGGTTCGTGAACGAGATGCTGAACAATCCAGATTTCGCGCGATCTGTGGTC 816
WF VNEMTLNNTPDTFARS V V 178
CGCAAGTTCATTGACCTCAATCAGGACGGCATGCTATCATCGGAGGAGCTA 867
F I DULNGOQODGMTLS S EE L 195
TTAAGGAACGTCGTTTAAATACATATTTAGTTAATTACCTATAACTTGAGA 918

L R N V V --- 200
GCCCTATCATTTGATCTGTAACTGCATGCAAAGTAAATATATGAATATATA 969
CATTAAAAGTAAAAAAAAAAAAARAAAAAAAAAAAAAAR 1008

Fig. 1. Spofr-AT sequence data. (A) Nucleotide and the deduced amino acid sequences of the S frugiperda AT cDNA. The sequences are
numbered at the right. The Spofr-AT amino acid sequence is shown in bold type. Possible proteolytic cleavage sites are in boxes and the glycine
residue required for amidation is underlined. The potential polyadenylation signal is shown in bold type and underlined; --- represents the stop
codon. A signa peptide cleavage site is indicated by a downward arrow. (B) Nucleotide and deduced amino acid sequences of the second Spofr-
AT precursor mMRNA. (C) Nucleotide and deduced amino acid sequences of the third Spofr-AT precursor mRNA.

134 aa
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22 15 14 58 20

171 aa
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200 aa

N | |

22 15 14 68 54 20

Fig. 2. The organisation of the predicted peptides encoded by the
three Spofr-AT mRNAs. All three predicted forms contain a 22-residue
signal peptide, a 15-residue peptide, the 14-residue Manse-AT peptide,
including the glycine to be amidated, and a 80, 117 or 146-residue C-
teminal peptide, which may be further processed.

3. Results

3.1. S frugiperda allatotropin (AT) cDNA

The S frugiperda AT gene is expressed in at least
three mRNA isoforms. The cDNA AT sequences with
811, 922 and 1008 nucleotides, respectively, are shown
in Fig. 1A—C. The cDNAs contain a 5’ untransated
region of 282 nucleotides and an open reading frame of
134, 171 and 200 amino acids, respectively, correspond-
ing to nucleotides 283-684, 283-795 and 283-882. The
assigned initiator codon is located at position 283-285.
The stop codon is followed by a 124-nuclectide 3’
untranslated region including the 29-nuclectide poly (A)
tail. A consensus polyadenylation signal (ATTAAA) is
found after position 773, 884 and 970, respectively,
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Spofr-AT MNISMHLAVAVAAAACLCVCAA'APENRLARTKQORP 36
BOMMO-AT **LT*Q*E*T**V——**VLAEG**DV**Vkkkkkk* 34
Pseun-AT **E‘******v*********v*****G**T******* 36
Manse_AT **LT*Q***I**V__***LAEG**‘DV**T******* 34
Agrco_AT **LT*Q**MI**V--****AEG**DV********** 34

Spofr-AT TRGFKNVEMMTARGFGKRDRPHTRAELYGLDNEFWEM 72

Bommo-AT **********************P***********V* 70
Pseun-AT dkhkkAkhkhkhkkhrhkhkkhkhkhkhkhkhkhkhrhkhkkhkhhkhkhkkxkhkkkx 72
Manse-AT Kk ok sk ok ok ke ok ok ke ok ke ok ok ok ok ok ok ok ok ok ok Dok ok ok ok ok ok ok ok ok ok ok ok ok 70
Agrco_AT **********************P************* 70

Spofr-AT LEATPEREGQE-NDEKTLESIPLDWEFVNEMLNNPDE 107

Bommo—-AT **PSP***V**_v****F****************** 105
Pseun_AT **SA*******T************************ 108
Manse-AT **TS****v**v_*********************** 105
AngO_AT **TS****v**vv**‘k*k‘k****‘k**‘k**‘k*‘k‘k*‘k* 106
Spofr-AT ARSVVRKFIDLNQDGMLSSEELLRNVY 134
Bommo-AT **F**E****************_‘k**_ 130
Pseun_AT *****H********************* 135
Manse_AT *************************F 131
AngO_AT %k %k Kk ok k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok 132

Fig. 3. Alignment of the AT precursor peptides of S frugiperda
(Spofr-AT), B. mori (Bommo-AT) (Park et a., 2002), P. unipuncta
(Pseun-AT) (Truesdell et al., 2000), M. sexta (Manse-AT) (Taylor et
al., 1996), and A. convolvuli (Agrco-AT) (H. Kataoka, unpublished).
Asterisks represent amino acids identical to each of the precursors.
The mature AT peptide is shown in bold type. A signa peptide cleav-
age Site is indicated by a downward arrow.

5’ CTAATACGACTCACTATAGGGCAAGCAGTGGTAACAACGCAGAGTACGCGG 51
GGTCATTTGCTTTCAAAAACCTTCGAGGGAGACCACGGAAGCACCAACTAC 102
AACCTTCCGTAGTTACTAGTAAAAGTGATCCGTACTTTATTTCACGTAAAC 153
GAAACTCAGTTAGCTGCTGAATTTATTTCGACGTGCAGATTTATAAAGTTC 204
GAAGGATCACAATGAAAACGAGCGCGTACAACGTGTACCTGGGAGTCGTGG 256

M K T 8§ A Y N V Y L G V V 13
CCGCCATGTTGGCTCTACTGTTCGTCACAATTAATGCTGCGCCAATGGAGG 307
AAMILATILTILTF V T I N A P M E 30
CGGACGATGAGACGGCTGAGAACACCCTCGTGGCGCATCCCGATGGTGACA 358
A D DE T AENT L V A H P D G D 47

TGGAGCTCTCAGGCCCCTGGGATGCTATCAACACTGCCGCTCTACGCAAAC 409

M E L S G P W DATINTOA®ATLRK 64

TGCTGCTGCAACTTGATGCAGAGGACAGGATGGGCGGGGTGACCCGCTCGT 460

L L L Q L b A E DIRMGG V T R S 81
GGCCCCAAGCTGAGCCCCGCGGTTGGGGTCTGCGGGCGTTGGACAGCCGTC 511
W p Q A E P R G W G L R A L D S R 98
TGGCGCGGCAGTGGAGGGCAGACAAGCGGCAGGTGCGATTCCGCCAGTGCT 562
L AR QWU RATD Q VR F R QC 115
ACTTCAACCCAATTTCCTGCTTCCGCAAGTGAAAACAGCACCAACTCAACG 613
Y F NP I S CF[R K--—- 125
ACGCATCGACCCTTTGACCTAGGGTAGCAAGAACGAATAAAACGTCGCCAT 664
AATCTCCCGAAAAAAAAAAAAAAAAAAAAAAAAAAA’ 3 699

Fig. 4. Nucleotide and the deduced amino acid sequences of the S.
frugiperda AS cDNA. The sequences are numbered at the right. The
amino acid sequence of the Spofr-AS is shown in bold type. Possible
dibasic proteolytic cleavage sites are in boxes. The possible site for
cleavage of the signal sequence is marked with a downward arrow.
The potentia polyadenylation signal is shown in bold type and under-
lined; --- represents the stop codon.

which is three nucleotides upstream from the poly (A)
tail.

The S frugiperda neuropeptide precursor contains a
peptide sequence identical to Manse-AT. The Spofr-AT
mature peptide is located between amino acid residues
Arg® and Lys> on each of the three precursors (Fig.
1A-C and 3), flanked by potential Arg and Lys-Arg
endoproteolytic cleavage sites and ends with a glycine
residue, the signal for carboxy-terminal amidiation by
peptidyl-a-amidating monooxygenase (Eipper et al.,
1992). The Spofr-AT sequence is present as a single
copy. Recognition of al possible proteolytic cleavage
sites would result in the production of three additional
peptides of 15, 58 and 20 amino acids on the first precur-
sor (134 amino acids), five additional peptides of 15, 18,
14, 59 and 20 amino acids on the second AT mRNA
precursor (171 amino acids), and four additional peptides
of 15, 68, 54 and 20 amino acids on the third AT mRNA
precursor (200 amino acids) (Fig. 2). The cleavage site
in the second MRNA at amino acid position 75 can also
be RR instead of RK, which might be supported by the
H just in front (HARR). This would imply a Lys residue
as the first amino acid of the following peptide (15-resi-
due peptide). The 14- or 15-residue peptide of the second
isoform is of specia interest as that peptide ends with a
glycine, the signa for carboxy-terminal amidation,
which is characteristic for many bioactive peptides. The
peptide shares eight of 14 (15) identities with the Manse-
AT-like 1ll peptide predicted in M. sexta (Horodyski et
al., 2001). The basic organisation of the Spofr-AT pep-
tide precursor (134 amino acids) is similar to that of M.
sexta (Taylor et a., 1996), P. unipuncta (Truesdell et
al., 2000), A. convolwuli (H. Kataoka, unpublished), and
B. mori (Park et a., 2002) with 84, 93, 85 and 83%
amino acid seguence identity, respectively (Fig. 3).

3.2. S. frugiperda allatostatin (AS) cDNA

The complete Spofr-AS cDNA sequence consists of
699 nucleotides as shown in Fig. 4. It contains a 5
untranslated region of 215 nucleotides upstream of an
open reading frame of 125 amino acids. The assigned
initiator codon is located at position 216-218. It is poss-
ible that the trandlation initiation occurs at methionines
further downstream (Met'®, Met®). Initiation at these
sites would, however, yield a precursor without an
appropriate signal peptide. The open reading frame is
followed by a 106-nuclectide 3’ untranslated region
including the poly (A) tail. A consensus polyadenylation
signal (AATAAA) is found after position 648, which is
19 nucleotides upstream from the poly (A) tail.

The S frugiperda neuropeptide precursor contains a
peptide sequence identical to Manse-AS. This Spofr-AS
is located at the carboxy-terminus between Arg'®® and
Arg** and is flanked by potential Lys-Arg and Arg-Lys
endoproteolytic cleavage sites. The Spofr-AS gene is
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present as a single copy. Within the amino-terminus of
the precursor a single potential signal cleavage site
downstream Ala?® (Von Heijne, 1986) could be found
(Fig. 4). The signal peptide would then contain 18 out
of 26 apolar residues and is followed by an 80 amino
acids segquence (Ala?” to Asp'®®). Endoproteolytic cleav-
age of this internal peptide at Arg®/Lys* could result
in two peptides of 36 and 42 amino acids. These peptides
share sequence similarity with those in the Pseun-AS
precursor (Jansons et al., 1996). Alignment of the Spofr-
AS precursor peptide with that for P. unipuncta (Jansons
et a., 1996) shows that the C-termini, containing the AS
sequence and the processing sites, are identical (Fig. 5).
The two precursors are equally long and exhibit 85%
amino acid sequence identity. Comparison between
Spofr-AS precursor and the respective precursor from D.
melanogaster (Williamson et al., 2001b) shows that the
mature AS peptides differ in one amino acid (change of
Phe to Tyr), whereas nearly no sequence homology
exists in the other parts of the precursor.

3.3. Spofr-AT gene expression by RT-PCR

RT-PCR analysis of the mRNA from the brain of dif-
ferent developmental stages was done to compare the

Spofr-AS MKTSAYNVYLGVVAAMLALLEVTIN 25
Pseun-AS KXANVCH KX XATA XX THAMXFX ¥R 25
Drome-AS *MKFVNILLCYGLLLT*FFALSEAR 25
Spofr-AS AAPMEADDETAENTLVAHPDGDMEL 50
Pseun_AS ******E**Q*D************M 50
Drome-AS PSGA*TGPDSDGLDGQDAE*VRGAY 50
Spofr-AS SGPWDAINTAALRKLLLQLDAEDRM 75
Pseun-AS T‘k***T****************E** 75
Drome-AS G*GY*MPAN*IYPNIPMDRLNMLFA 75
Spofr-AS GGVTRSWPQAEPRGWGLRALDSRLA 100
Pseun-AS *R*S*****************G*** 100
Drome-AS NYRPTYSAYLRSPTY*NVNELY**P 100
Spofr-AS ROWRADKRQVRFRQCYFNPISCFRK 125
Pseun_AS kKAhkkhkkkhkhkkhkhkhkkhkhkkkhkhkkhhkkkhkkhkkkrk*k 125
Drome-AS ES———— X XXX XYX XXX XXX XXX KKK 121

Fig. 5. Alignment of the AS precursor peptides of S frugiperda
(Spofr-AS), P. unipuncta (Pseun-AS) (Jansons et a., 1996), and D.
melanogaster (Drome-AS) (Williamson et al., 2001b). Asterisks rep-
resent amino acids identical to each of the precursors. The mature AS
peptide is shown in bold type. A signa peptide cleavage site is indi-
cated by a downward arrow.

expression of the three mRNASs of the Spofr-AT gene.
The specific primers ATf7 and ATr9 were designed to
yield a product of 225 bp, 323 bp, and 420 bp, respect-
ively, of the three mMRNAs. The probe of 225 bp, which
was used for hybridisation, included the allatotropin
encoding sequence (Fig. 1). The Spofr-AT gene was
expressed in brains of all developmental stages of S. fru-
giperda studied here (Fig. 6B). The shortest (first Spofr-
AT) mRNA was highly expressed in larvae of the 6th
larval stage, in 2-day-old adult males and in 2-day-old
adult females, whereas it was expressed at a lower level
in the prepupal stage and in young pupae. The second
Spofr-AT mMRNA was highly expressed in the 6th larval
stage, whereas no expression was detected in 10-day-old
pupae. The expression of the third mRNA was found
only in 2-day-old adult females and males and in young
pupae. In summary, the RT-PCR analysis based on 20
ng MRNA revealed that the Spofr-AT gene is strongly
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C
& 1.2 1 ©1st mRNA
E2nd mRNA
g 11 B 3rd mRNA
c
g 0.8 - B mRNAs
c
2
@ 0.6 1
o
=
8 0.4 4
o)
@ 0.2 -
0 A

L6 PP PO P10 M2 F2
Developmental stages

Fig. 6. Expression of Spofr-AT gene in the brains of the sixth larval
stage (L6), prepupa stage (PP), young pupa stage (PO), 10-day-old
pupae (P10), 2-day-old adult males (M2), and 2-day-old adult females
(F2) as measured by RT-PCR. (A) Agarose gel separation of beta-actin
control stained with ethidium bromide using 20 ng mMRNA as a tem-
plate in one step RT-PCR; (B) Blotting results for the expression of
the three different mMRNAs of Spofr-AT genein the brains; (C) Densi-
tometric quantification of the signals from (B).
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expressed in the 6th larval stage (L6) and in 2-day-old
adult males (M2) and females (F2), whereas expression
islower in pre-pupae (PP) and in 10-day-old pupae (Fig.
6C). No fragment was visualised in the controls without
reverse transcriptase reaction. A beta-actin standard frag-
ment of ACTf1-ACTr2 with 494 bp can be visualized
with 20 ng mRNA from each of the developmental
stages (Fig. 6A) and this expression strength was used
to normalize the data.

3.4. Spofr-AS gene expression by RT-PCR

RT-PCR anadysis of the mRNA from the brain of dif-
ferent developmental stages was done to compare the
expression of the Spofr-AS gene. The specific primers
ASF6 and ASr9 were designed to yield a product of 127
bp of the MRNA corresponding to nucleotide positions
543-670 of Fig. 4. The digoxigenin labelled probe of
127 bp, which was used for hybridisation, proved to
include the mature peptide sequence for Spofr-AS gene.
RT-PCR analysis shows that the Spofr-AS gene is
expressed in the brain of most of the development stages
studied (Fig. 7B), with highest expression in 2-day-old
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Fig. 7. Expression of Spofr-AS gene in the brains of the sixth larval
stage (L6), prepupa stage (PP), young pupa stage (P0O), 10-day-old
pupae (P10), 2-day-old adult males (M2), and 2-day-old adult females
(F2) as measured by RT-PCR. (A) Agarose gel separation of beta-actin
control stained with ethidium bromide using 20 ng mMRNA as a tem-
plate in one step RT-PCR; (B) Blotting results for the expression of
Spofr-AS gene in the brains; (C) Densitometric quantification of the
signals from (B).

adult females (F2). The gene was only slightly expressed
in the young pupae (PO) and the 10-day-old pupae (P10)
(Fig. 7C). Control reactions were done as described for
Spofr-AT.

4, Discussion

Hitherto, the true armyworm, P. unipuncta, was the
only lepidopteran species where the cDNASs encoding an
alatostatin and an alatotropin had been characterised
(Jansons et al., 1996; Truesdell et al., 2000). In this study
a second cDNAs encoding M. sexta alatotropin and M.
sexta allatostatin have been characterised for the fall
armyworm, S. frugiperda, an important agricultural pest.

Factors with allatotropic activity exist in a number of
insect species. A stimulating action of JH biosynthesis
has been observed, for example, in larvae of the wax
moth Galleria mellonella (Bogus and Scheller, 1996), in
adult locusts (Locusta migratoria; Lehmberg et al., 1992
and S gregaria; Veelaert et a., 1996), crickets (G.
bimaculatus;, Lorenz and Hoffmann, 1995) and cock-
roaches (Diploptera punctata; Unnithan et al., 1998), in
adult females of the linden bug Pyrrhocoris apterus
(Hodkova et al., 1996), and in the brain of female Phor-
mia regina (Tu et al., 2002). So far, however, none of
these allatotropic factors has been identified and the M.
sexta alatotropin (Manse-AT) remains the allatotropin
isolated and characterised to date. Allatotropin related
peptides have been isolated from the male accessory
reproductive glands of L. migratoria (Paemen et al.,
1991), from the brain of the Colorado potato beetle, Lep-
tinotarsa decemlineata (Spittaels et al., 1996), and from
abdominal ganglia of the mosquito A. aegypti (Veenstra
and Costes, 1999). This indicates that allatotropin hom-
ologues may be generaly present in insects, but have
other functions than stimulating JH biosynthesis.

Recently, a peptide from methanolic brain extracts of
adult S frugiperda, which strongly stimulates JH
biosynthesis in vitro by the CA of adult femaes was
reported. Using HPLC separation, followed by Edman
degradation and mass spectrometry, the peptide was
identified as Manse-AT (Oeh et al., 2000). The present
work confirms the structure of Manse-AT from brains
of S frugiperda by molecular techniques. As with many
other neuropeptides (Sossin et al., 1989), Spofr-AT is
translated from arare transcript and derived from a poly-
protein with a number of products contained on a single
precursor. Asin Manse-AT (Taylor et a., 1996; Horody-
ski et al., 2001), the Spofr-AT gene is expressed as at
least three MRNA isoforms that differ from each other
by aternative splicing. The second Spofr-AT mRNA
contains (in addition to Manse-AT) a 14 or 15 amino
acid residue peptide, which is flanked by potential endo-
proteolytic cleavage sites and ends with a glycine resi-
due, the signal for carboxy-terminal amidation. This pep-
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tide shows homology to the Manse-AT-like peptides |-
Il in M. sexta (Horodyski et al., 2001). Other than in
Spofr-AT, there is no evidence that the cleavage sites
flanking the Manse-AT-like peptide are used, and it is
difficult to speculate as to the function of this peptide.
The basic organisation of the Spofr-AT peptide precur-
sor (134 amino acids) is similar to that in other lepidop-
teran species.

The results of our semi-quantitative one-step RT-PCR
expression studies indicate that the three mRNA iso-
forms may be differently expressed in brains of larvae,
pupae and adults of S. frugiperda. Generaly, the Spofr-
AT gene was strongly expressed in young last instar lar-
vae and in 2-day-old adults, whereas expression was
lower in the pupal stage. Efforts at an experimental proof
of these results, using transcript-specific probesin in situ
hybridisation, are in progress. Whether the Spofr-AT
transcripts are aternatively spliced in a tissue-specific
manner, as in M. sexta (Horodyski et al., 2001), is not
yet known.

In a previous paper, it was demonstrated that synthetic
Manse-AS may down-regulate higher rates of JH
biosynthesis in the CA of adult females of S. frugiperda
maintained by the allatotropin (Oeh et al., 2000). This
inhibitory effect of Manse-AS on allatotropin activated
glands was dose-dependent and reversible. However,
allatostatin was not isolated from the brains of S. frugip-
erda females by HPLC separation. The current study
strongly suggests the presence of Spofr-AS in the brains
of adult females by molecular cloning of the preprohor-
mone. The preprohormone is 125 amino acid residues
long and contains one copy of a peptide sequence, which
is identical to Manse-AS. The basic organisation of the
precursor is similar to that of the only other known lepi-
dopteran AS precursor from P. unipuncta, with 85%
amino acid sequence identity. Williamson et al. (2001b)
have demonstrated the existence of a C-type allatostatin
preprohormone in Drosophila. The drostatin-C sequence
differsin only one amino acid residue from the Manse-
AS, although, the preprohormone shows little homology.
Whether drostatin-C acts as an alatostatin in Drosophila
itself, has yet to be determined. It is likely, however,
that all three types of insect allatostatins may be regarded
as generaly inhibitory neurohormones and block spe-
cific endocrine organs, but they may also act on various
muscle tissues in an insect (Williamson et al., 2001b).
Our preliminary expression studies by RT-PCR indicate
a developmentally regulated expression of Spofr-AS in
the brain, but further studies are necessary to unequivo-
cally demonstrate a time- and/or tissue-specific
expression of the peptide in S. frugiperda. Our in vitro
experiments on the regulation of JH biosynthesis in S.
frugiperda have clearly shown an interaction between
Spofr-AT and Spofr-AS, at least in adult females. Such
adual regulatory mechanism would alow amore precise
control of hormone production than a single ‘on-off’

mechanism (McNeil and Tobe, 2001). Injections of
Manse-AT and Manse-AS into adult females of S. frugi-
perda affected their life span, as well as the total number
of eggs deposited. The oviposition rate was reduced with
Manse-AT aone and Manse-AS plus Manse-AT,
whereas egg deposition in Manse-AS injected females
on a per day basis was not affected during their short life
gpan (Oeh et a., 2001). These results indicate a rather
sophisticated role of both hormones in adult develop-
ment and reproduction of S frugiperda. We hope that
further experiments formulated within an ecological con-
text, for example, on the life history strategy of popu-
lations (McNeil and Tobe, 2001), will yield a better
understanding of the modes of actions of allatotropic and
allatostatic neuropeptides.
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Expression and Localization of the Spodoptera
frugiperda Allatotropin (Spofr-AT) and Allatostatin

(Spofr-AS) Genes

Mohatmed Abdel-latief, Martina Meyering-Vos, and Klaus H. Hoffmann*

Manduca sexta allatotropin and allatostatin were the first corpora allata (CA) regulating neuropeptides identified from Lepi-
doptera. Recently, we cloned the allatotropin (Spofr-AT) and the allatostatin (Spofr-AS) genes from the fall armyworm Spodoptera
frugiperda. Using one-step RT-PCR for semi-quantification of the gene expression, we now demonstrate that three mRNA
isoforms of the Spofr-AT gene and the Spofr-AS gene are expressed in brain, digesive tract, and reproductive organs of larvae,
pupae, and adults in a time- and fissue-specific manner. Expression rates in the brain and in various parts of the digestive
tract prove the dual role of the peptides as brain/gut (neuro)peptides. The functional meaning of ovarian and fesfes expression
of the genes is not yet clear, although myoregulatory properties of the peptides are probable. The tissue-specific localization of
the prohormone expression, as demonstrated by whole mount in situ hybridization, confirms the overall distribution of the
prohormones as shown by RT-PCR and supports the pleiotropic functions of the peptides. Arch. Insect Biochem. Physiol.

55:188—199, 2004.  © 2004 Wiley-Liss, Inc.
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INTRODUCTION

The diversity of biological activities elicited by
neuropeptides is often reflected in the unique ex-
pression of their genes in specific cells of the ner-
vous system, and sometimes in other tissues such
as the gut (Hokfelt et al., 2000; Strand, 1999). The
expression pattern is precisely controlled and of-
ten modulated under certain physiological condi-
tions or during the development of the organism
in a tissue- and time-specific manner.

Juvenile hormone (JH) is known to be critical
for regulation of larval development, metamorpho-
sis, and reproduction in insects. First produced by
the corpora allata (CA) in the late embryo, it ap-

Department of Animal Ecology I, University of Bayreuth, Bayreuth, Germany

pears to be important for normal dorsal closure,
formation of the larval cuticle, and differentiation
of the midgut (Bergot et al., 1981; Dorn 1982;
Briining and Lanzrein, 1987). The CA remain ac-
tive until the adult stage, although there are fluc-
tuations in activity depending on the stage (Tobe
and Stay, 1985; Riddiford, 1994). In adult insects,
JH is involved in the regulation of vitellogenesis
in females and spermatogenesis in males (Nijhout,
1994; Gédde et al., 1997).

A number of neuropeptides have been isolated
from several insect orders that may either stimu-
late (allatotropin; AT) or inhibit (allatostatin; AS)
CA activity in vitro (for review see Gide et al.,
1997; Bendena et al., 1999; Hoffmann et al., 1999;
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Stay, 2000; Gdde, 2002). Manduca sexta allatotropin
(Manse-AT; GFKNVEMMTARGEF-NH,) and M. sexta
allatostatin (Manse-AS; pEVRFRQCYFNPISCF-OH)
were the first allatoregulatory neuropeptides iden-
tified in Lepidoptera (Kataoka et al., 1989; Kramer
et al., 1991). Both peptides have also been found
in other lepidopteran species, where they seem to
control JH biosynthesis (Audsley et al., 1998, 2000;
Oeh et al., 2000). In addition to their role in the
regulation of JH biosynthesis, both peptides exerted
neuro- and myoregulatory activities (for review see
Hoffmann et al., 1999; Stay, 2000; Gade, 2002).

Insect neuropeptides are generally derived from
proteolytic processing of a precursor protein, which
may contain multiple structurally related or diverse
peptides. Posttranscriptional control mechanisms,
such as alternative splicing or proteolytic process-
ing, can increase the diversity of the gene prod-
ucts. Alternative splicing of mRNA seems to occur
in many genes of the endocrine system (Chew,
1997). The Manse-AT gene is expressed as three
mRNA isoforms differing from each other by al-
ternative splicing and the isoform pattern differs
in a tissue- and developmental-specific manner
(Horodyski et al., 2001; Lee and Horodyski, 2002).

Recently, we characterized cDNAs encoding
Manse-AT and Manse-AS for the fall armyworm,
Spodoptera frugiperda (Abdel-latief et al., 2003). The
Spoft-AT gene is also expressed as three alternative
mRNAs. Here we present a detailed study on the
tissue- and time-specific expression (by one-step
RT-PCR) of the Spofr-AT and Spoft-AS gene, respec-
tively, during larval, pupal, and adult development
of S. frugiperda. Moreover, we show some tissue-
specific localization of the genes by whole mount
in situ hybridization.

MATERIALS AND METHODS
Insect Rearing

Pupae and eggs of S. frugiperda were provided
by Bayer AG (Leverkusen, Germany) and reared at
27°C and 70% relative humidity under a L 16:D 8
photoperiod as previously described (Oeh et al.,
2000). Larvae and adults were reared as described
by Oeh et al. (2000). Each pupa was individually
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kept in a separate compartment of assortment
boxes (9 x 32 X 36 mm per compartment; Licefa,
Bad Salzuflen, Germany) until emergence. Freshly
emerged females were kept in 20 x 20 X 10 cm
plastic boxes and fed with 10% sugar solution un-
til dissection.

RNA and mRNA Extractions

Brains and midguts from 4th (L4), 5th (L5), and
6th instar larvae (L6) (<12 h after the respective
moult), prepupae (PP), young pupae (P0), 10 day-
old pupae (P10), and 1-5-day-old adult females and
males as well as ovaries from 1-5-day-old adult vir-
gin females and testes from 1-5-day-old adult males
were dissected in modified cricket saline (Lorenz et
al., 1997), frozen immediately in liquid nitrogen, and
stored at -80°C until use. Total RNA was extracted
with Invertebrate RNA Kit (Peqlab Biotechnologie
GmbH, Erlangen, Germany). The mRNA was ex-
tracted with Oligotex® mRNA Mini Kit (Qiagen
GmbH, Hilden, Germany). The mRNA was quanti-
fied by spectrophotometric determination.

RT-PCR Analysis

For RT-PCR, 20 ng mRNA from each of the tis-
sues was used with specific primers ATf7-ATr9 and
primers ASf6-ASr9 as previously described (Abdel-
latief et al., 2003), in 10 ul of the RT-PCR mixture
(TITANIUM® One-Step RT-PCR Kit, Clontech Labo-
ratories, Heidelberg, Germany). The PCR program
for amplification of the fragment was 50°C for 1 h
followed by 5 min at 94°C, 35 cycles of 94°C for
30 sec, 60°C for AT or 58°C for AS for 45 sec, 68°C
for 1 min, and a final extension step of 68°C for 2
min. The DNA products were analyzed using 1.5%
agarose gel at 8 V/cm for 1.5 h, transferred to
Hybond-N"membrane (Amersham, Freiburg, Ger-
many) and hybridized to the probe (ATf7-ATr9)
225 bp and probe (ASf6-ASr9) 127 bp (Abdel-latief
et al., 2003), respectively, labeled by the PCR
method with Dig dUTP (Roche, Mannheim, Ger-
many). As a control, the same quantities (20 ng)
of mRNA from different developmental stages were
used as a template in combination with two spe-
cific primers ACTf1 corresponding to nucleotide
positions 1-25 and ACTr2 corresponding to nucle-
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otide positions 469-493 from the nucleotide se-
quence of S. littoralis mRNA for beta-actin (partial;
EMBL Nucleotide Sequence Data Base, accession
number Z46873), which yields a 494-bp ampli-
fied fragment. Expressions of AT and AS were nor-
malized relatively to that of beta-actin. A negative
control for genomic DNA has been done using RT-
PCR program strategy 94°C for 5 min followed by
35 cycles of 94°C for 30 sec, 61°C for 45 sec, 68°C
for 1 min, and a final extension step of 68°C for 2
min. Densitometry was performed using an Image-
Master® VDS (Pharmacia Biotech, Freiburg, Ger-
many) and the ImageMaster 1D Database software.
Values represent means of 2-3 determinations  SD.

Synthesis of Digoxigenin (Dig-11-UTP)-Labelled
RNA Probe

Antisense and sense Spofr-AT and Spofr-AS RNA
probes were synthesized from the cDNA clones,
ATf7-ATr9, and ASf6-ASr9, as previously described
(Abdel-latief et al., 2003). One microgram ATf7-
ATr9 (225 bp) and ASf6-ASr9 (127 bp) plasmids
were linearized with Apal or Pstl restriction en-
zymes (about 30 U according to enzymes) (Pro-
mega, Mannheim, Germany) in a 20-ul volume to
yield templates for the antisense and the sense
probes, respectively. The templates were purified
by phenol/chloroform/isoamyl alcohol extraction
and then ethanol precipitated. The pellet was air-
dried and adjusted to a concentration of 1 pg/ul
in DEPC H,0. Ten micrograms linearized DNA
plasmide were labelled with Dig RNA labelling kit
according to the manufacturer’s protocol (Roche
Diagnostics GmbH, Mannheim, Germany). The
RNA probes were precipitated with ethanol dried
in a speed vac concentrator, resuspended in 20-50
ul DEPC H,O, and stored at -80°C until use.

Whole-Mount In Situ Hybridization

Whole tissues of brain, digestive tract, and ovary
were dissected from 2-day-old adult females in
modified cricket saline (Lorenz et al., 1997) and
immediately placed in fixative. The tissues were
fixed in 4% paraformaldehyde (PFA) in 1 x PBS

buffer (7.0 mM Na,HPO,, 1.5 mM KH,PO,, 2.7
mM KCl, 137 mM NaCl, pH 7.4) overnight at 4°C.
The solution was replaced by 1 ml 100% methanol
in order to dehydrate the tissues and the tissues were
stored for 3 weeks at ~20°C until used for whole-
mount in situ hybridization. Whole-mount in situ
hybridization was performed as described by Har-
land (1991). All tissues were analyzed using a Leitz
Diaplan microscope provided with a Wild Leitz
MPS 46 photoautomate. Kodak Elite CHROME 200
film negatives were scanned with a HP Scan-Jet
5470C. Controls with sense-strand RNA probes were
processed identically to the experimental tissues.

RESULTS

Brain Expression

Using one-step RT-PCR for semi-quantification
of the gene expression, it was shown that three
mRNA isoforms of the Spofr-AT gene (isoform 1,
225 bp; isoform 2, 323 bp; isoform 3, 420 bp)
and the Spofr-AS gene are expressed in brains of
all developmental stages with variable intensity
(Figs. 1 and 2). During larval and pupal develop-
ment, AT expression was relatively high in the 5th
larval instar, but decreased thereafter and remained
low until pupation (Fig. 1A). In adult females (Fig.
2A) and males (Fig. 2B), the three mRNA isoforms
were expressed during the first 5 days after eclosion,
and always in the order of isoform 1 > isoform 2 >
isoform 3. No significant quantitative changes in
total amounts of AT mRNA were observed.

The Spoft-AS expression studies demonstrated
high expression rates in larvae (L4 to L6) (Fig. 1B),
but low expression during the pupal phase (PP to
P10) (Fig. 1B). A sex-specific expression of the
Spofr-AS gene can be seen in older imagoes, with
high expression rates in males (d4/d5) (Fig. 2D),
but negligible values in females (d5) (Fig. 2C).

Midgut Expression

In the midgut of S. frugiperda, AT expression
could be detected in all developmental stages, but
with considerable qualitative and quantitative vari-
ability (Fig. 3A). In general, mRNA isoform 2 was
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Fig. 1. Expression of Spofr-AT gene (A, three different

mRNAs) and Spoft-AS gene (B) in the brains of the 4th
(L4), 5th (L5), and 6th larval instar (L6), prepupal stage
(PP), young pupal stage (P0), and 10-day-old pupae (P10)
as measured by RT-PCR. Agarose gel separation of beta-
actin control (494 bp) stained with ethidium bromide us-
ing 20 ng mRNA as a template in one-step RT-PCR.
Densitometric quantification of the signals relative to that
of beta-actin. Isoform 1 = 225 bp, isoform 2 = 323 bp,
isoform 3 = 420 bp; t. mRNAs = total mRNA. Mean val-
ues of 2-3 determinations £ SD.

present in all stages and significant amounts of the
mRNA isoform 3 were found in prepupae (PP) and
in older pupae (P10). Total expression was lowest
in 5-day-old adults.

April 2004

Spofr-AT and Spofr-AS Expression in Spodoptera 191

Spofr-AS midgut expression was highest in L4
larvae, but low during the pupal stage (Fig. 3B).
No clear time-dependent expression profile could
be found for the imagoes, except for a peak value
for 4-day-old adults

Ovary and Testis Expression

Our results demonstrate Spofr-AS and Spofr-AT
expression in the reproductive tissues of both sexes.
AT expression was high in ovaries and testes of
young adults (day 1 to day 3), and dropped to neg-
ligible values thereafter (Figs. 4A, 5A). Within the
testes, mRNA isoform 1 was most expressed,
whereas the isoform 3 could not be detected. In
the ovary, the 323-bp product represented the
dominating one.

Spofr-AS expression rates in the ovary were high
during the first 3 days after ecdysis and dropped
thereafter (Fig. 4B), whereas for the testes a high
precursor expression could be detected only dur-
ing the first 24 h after ecdysis (Fig. 5B).

Whole-Mount In Situ Hybridization of Spofr-AT and
Sporfr-AS mRNA

In situ hybridization (ISH) using digoxigenin-
labelled cRNA revealed that Spofr-AT mRNA is dis-
tributed in several groups of cells in the brain from
2-day-old adult females. In S. frugiperda, the
suboesophageal ganglion (SOG) lies directly be-
low the cerebral ganglion and is fused to the ven-
tral sides of the brain. In the anterior-lateral region
of the SOG, we detected two large clusters of cells,
which displayed strong expression of Spofr-AT
mRNA (Fig. 6A). When using the Spofr-AT sense
probe, no expression signals were found (Fig. 6B).

Spoft-AS was slightly expressed in a cluster of
cells at the coxa region of the antenna in the
deuterocerebrum. Another cluster of positive cells
was found in the posterior-ventral region in each
of the optical lobes adjacent to the protocerebrum
(data not shown).

In situ hybridization of Spofr-AT mRNA in the
digestive tract showed that the gene is expressed
in various parts of the intestine. High expression
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was found in the posterior part of the crop and
the anterior part of the midgut, whilst positive re-
action was low in other parts of the midgut. No
expression could be detected in the hindgut. Us-
ing the Spofr-AS antisense probe, we could show
that this gene was expressed in the posterior part
of the crop and the anterior part of the midgut
(results not shown).

S. frugiperda ovarioles are of the polytrophic
type. Spoft-AT gene expression was localized in the
follicle cells between the oocytes (Fig. 7A). The
Spofr-AS gene was localized in the outer region of
the oocytes, and some slight hybridization could
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4d 5d

Fig. 3. Expression of Spofr-AT
gene (A, three different mRNAs)
and Spofr-AS gene (B) in the mid-
gut of the 4th (L4), 5th (L5), and
6th larval instar (L6), prepupal
stage (PP), young pupal stage (P0),
10-day-old pupae (P10), and 1- to
5-day-old (1d to 5d) adults of both
sexes as measured by RT-PCR. Other
details as in Figure 1.

be seen between the oocytes (not shown). Using
Spoft-AT and Spofr-AS sense probes, respectively,
did not reveal any positive reactions in the ovary
(Fig. 7B).

DISCUSSION

Allatostatins are structurally diverse peptides
that were originally shown to inhibit JH biosyn-
thesis in the CA of a variety of insect species (for
review see Gade et al., 1997; Hoffmann et al., 1999;
Stay, 2000; Gade, 2002). The allatostatins form
three different peptide families as defined by their
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Fig. 4. Expression of Spofr-AT gene (A, three different

mRNAs) and Spofr-AS gene (B) in the ovary of 1- to 5-
day-old (1d to 5d) adult unmated females as measured
by RT-PCR. Other details as in Figure 1.

structural homologies: type A allatostatins or cock-
roach type AS, type B allatostatins or cricket type
AS, and the type C allatostatin of M. sexta (lepi-
dopteran type AS). In contrast to the variability in
the structure of allatostatic neuropeptides, only one
allatotropin is known, the Manse-AT.

Members of the A-type allatostatin family in-
hibited JH biosynthesis in the CA from cockroaches
and crickets. The allatostatic activity of the B-type
peptides seems to be restricted to the crickets.
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Fig. 5. Expression of Spofr-AT gene (A, three different

mRNAs) and Spofr-AS gene (B) in the testes of 1- to 5-
day-old (1d to 5d) adult males as measured by RT-PCR.
Other details as in Figure 1.

Within the Lepidoptera, questions still remain
about the universality of allatostatic function of
Manse-AS throughout this order (Weaver et al.,
1998). Members of the A- and B- type peptide
families, in addition to their inhibiting action on
JH biosynthesis, exerted neuro-and myomodulatory
activities in many insect species and it was sug-
gested, that inhibition of JH biosynthesis by CA
may represent a secondary role for these neuropep-
tides. Other functions than allatoregulation have
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Fig. 6. Frontal view of the adult female brain (d 2) of S.
frugiperda. A: Digoxigenin-labelled antisense probe tran-
scribed from Spofr-AT ¢cDNA was used to localize the ex-
pression of AT mRNA (arrows). B: Control with AT sense

been presented also for Manse-AS and Manse-AT
(Duve et al., 2000; Audsley et al., 2001; McNeil
and Tobe, 2001; Koladich et al., 2002). In the
search for other functions of Manse-AS and Manse
AT, physiological (bioassays) and immunological
methods were used to study the tissue-specific dis-
tribution of the peptides. The widespread distribu-
tion of Manse-AS and Manse-AT immunoreactivity
(Veenstra et al., 1994; Zitnan et al., 1995; Audsley
et al.,, 1998; Duve et al., 1999, 2000; Rudwall et
al., 2000; Tu et al., 2001) supports their pleiotro-
pic functions.

A

Fig. 7. Detection of Spofr-AT mRNA in the ovary of a 2-
day-old adult female of S. frugiperda using whole-mount
in situ hybridization. A: Photograph of oocytes that con-
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B

e SR X

RNA probe. Deutocerebrum (DC), optic lobes (OL),
protocerebrum (PC), and suboesophageal ganglion (SOG).
Scale bar = 10 um.

The availability of prohormone gene sequences
provided the basis for measuring Manse-AS and
Manse-AT expression by Northern blotting, (semi)-
quantitative RT-PCR, or in situ hybridization. The
results of such expression studies gave additional
evidence that Manse-AT exhibits multiple functions
(Park et al., 2002), some of which may be specific
to a particular life stage (Bhatt and Horodyski,
1999). In Pseudaletia unipuncta, the pattern of
Manse-AS prohormone gene expression suggested
a function of this peptide associated with the mi-
gratory flight of that species (Jansons et al., 1996).

B

tained Spofr-AT mRNA (arrow). B: Control with AT sense
RNA probe. Scale bar = 0.5 mm.
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Recently we cloned the allatotropin gene from
the fall armyworm S. frugiperda (Spofr-AT), which
is expressed in three mRNA isoforms with 134,
171, and 200 amino acids, respectively. We also
cloned a cDNA that encoded 125 amino acid resi-
dues including one copy of the M. sexta allato-
statin (Spofr-AS) (Abdel-Latief et al., 2003). The
basic organisation of the precursors is similar to
those known from other Lepidoptera (83-93%
amino acid sequence identity). The availability of
the cDNA sequences allowed us to measure levels
of Spofr-AT and Spofr-AS mRNA in tissues of the
fall armyworm from various developmental stages
by semi-quantitative one-step RT-PCR as well as to
localize the distribution of the mRNAs in brain and
ovarial tissues by in situ hybridization studies.

Using these techniques, we have shown that
Spofr-AT and Spofr-AS are expressed in the brain,
digestive tract, ovaries, and testes of both larval and
adult females and males. The overall abundance
of the mRNAs differs markedly between develop-
mental stages and tissues. AT expression was high
in the brains of 5th larval stage, but low in L6 lar-
vae and during prepupation. Another increase in
AT expression was observed towards the pupal
phase. In contrast, AS expression remained high
until the 6th larval instar and low during pupa-
tion. Although we do not know whether a correla-
tion of JH biosynthesis in the CA and the presence
of allatoregulating peptides in the brain exists, our
results may be interpreted such that in the last lar-
val stage (L6) high expression of the AS in combi-
nation with low expression of the AT could lead
to reduction in CA activity at that time. The con-
sistent ratio of expression of the three Spofr-AT
mRNA isoforms in the brain of adult females and
males suggests a sophisticated regulation of AT gene
expression at that time. The time-dependent changes
of AS gene expression in adult female brains (with
fairly constant rate of AT expression) corresponds
to previous measurements of the rate of JH bio-
synthesis by CA in vitro (Range et al., 2002), be-
cause in the brain the AS expression should be low
when JH biosynthesis is high and vice versa.

Distinct changes in the rates of Spofr-AT and
Spoft-AS expression in the midguts of larvae and

adults suggest a role of lepidopteran AS and AT as
brain/gut neuropeptides (Lee et al., 1998; Cham-
berlin and King, 1998; Duve et al.,, 1999, 2000).
However, we can neither speculate on the functions
of the peptides in the digestive tract of S. frugiperda
nor on their cell-specific localization in the gut.
Lee et al. (1998) demonstrated that Manse-AT in-
hibits midgut ion transport in larvae of M. sexta.
Manse-AT also stimulated foregut contraction in
Helicoverpa armigera (Duve et al.,, 1999) and
Lacanobia oleracea (Duve et al., 2000), gut contrac-
tion in fifth instar larvae of Heliothis virescens (Oeh
et al., 2003), and reduced weight gain and increased
mortality when injected in S. frugiperda larvae (Oeh
et al., 2001). Manse-AS inhibited spontaneous fo-
regut contraction in L. oleracea (Duve et al., 2000)
and inhibited feeding and hence growth, when in-
jected into L. oleracea larvae (Audsley et al., 2001).

In several insect species, the ovary is required
for the cycle of JH biosynthesis (Stay et al., 1983)
and the ovaries contain extractable material that
inhibits JH biosynthesis by CA in vitro (Applebaum
et al., 1990; Ferenz and Aden, 1993; Hoffmann et
al., 1996). Recently, we demonstrated the presence
of A-type and B-type allatostatins in ovaries of the
cricket G. bimaculatus by immunohistochemistry
(Witek and Hoffmann, 2001). Garside et al. (2002),
in studies on the cockroach Diploptera punctata,
have provided evidence by quantitative competi-
tive RT-PCR that A-type AS are synthesized not only
in the ovaries but also in oviducts. The pattern of
expression together with immunocytochemical
staining suggests that the AS function, in part, to
regulate the cycle of vitellogenesis in mated fe-
males. Meyering-Vos and Hoffmann (2003) dem-
onstrated striking differences in the expression of
A-type AS within the ovary of mated vs. virgin fe-
males of G. bimaculatus. In locusts, an inhibitory
effect of A-type AS on lateral oviduct contraction
was shown (Schoofs et al., 1997). To date, no evi-
dence is available for the presence and function of
C-type AS in reproductive tissues of a lepidopteran
species. Our present results demonstrate a clear ex-
pression of Spofr-AT and Spofr-AS in ovaries and
testes of young females and males. The in situ hy-
bridization studies showed that the Spofr-AT
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mRNA was restricted to the follicle cells between
the oocytes whereas Spofr-AS mRNA was mainly
found at the outer membrane of the oocytes. The
function of these two peptides is unknown. It is
not known whether the ovarian and testes pep-
tides are released into the haemolymph, or if they
act in a paracrine way. A homologue (Locmi-AG-
MT 1) of Manse-AT was isolated from male ac-
cessory reproductive glands of the locust L.
migratoria, which had a myotropic effect on the
oviduct (Paemen et al.,, 1991). In P. unipuncta,
males transfer a sex peptide in the ejaculate, which
increases the haemolymph JH titre in the females
and this peptide could potentially be AT or an AT-
related peptide (McNeil et al., 2000; McNeil and
Tobe, 2001).

In conclusion, our data strengthen the hypoth-
esis that Spofr-AT and Spofr-AS exhibit multiple
functions, which may be tissue-specific as well as
specific to a particular developmental stage. Fur-
ther quantitative experiments formulated in con-
text of the life history of the animals will yield a
more detailed understanding of the mode of ac-
tion of these peptides in S. frugiperda.
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Type-A Allatostatins From the Fall Armyworm,
Spodoptera frugiperda: Molecular Cloning, Expression

and Tissue-Specific Localization

Mohatmed Abdel-Latief, Martina Meyering-Vos, and Klaus H. Hoffmann*

The gene encoding the Spodoptera frugiperda allatostatin type-A peptide family (Y/FXFGL-amides) was isolated from S.
frugiperda brain (DNA. The gene encodes a precursor of 231 amino acids containing nine (or ten) Y/FXFGL-a peptides that are
tandemly arranged in three blocks. The comparison of the Spofr-AST A precursor with the respective precursor genes from two
other lepidopteran species, Helicoverpa armigera and Bombyx mori, shows high homology in size, sequence (84 and 57%,
respectively), and organisation of the allatostatins. One-step RT-PCR analysis using a Spofr-AST A-6 to A-9 probe shows that
the gene is not only expressed as one transcript in the brain and midgut of larvae and adults in a time- and tissue-specific
manner, but also in the reproductive tissues of adult S. frugiperda. Data confirm the nature of the allatostatin type-A peptides
as brain/gut myoregulatory hormones, whereas their function(s) in ovaries, oviduct, and testes still have to be resolved. The
cell-specific localization of the preprohormone expression, as demonstrated by whole mount in situ hybridization, confirms the
overall distribution of the Spofr-AST A preprohormone as shown by RT-PCR and supports the pleiotropic functions of the

peptides. Arch. Insect Biochem. Physiol. 56:120—132, 2004.

© 2004 Wiley-Liss, Inc.

Kevworos: allatostatin; Spodoptera frugiperda; preprohormone; hormane processing; one-step RT-PCR; whole-
mount in sity hybridization.

INTRODUCTION

Originally, the term allatostatins (AS, AST) was
introduced to define unknown regulating factors
inhibiting juvenile hormone (JH) biosynthesis in
vitro by the corpora allata (CA) of insects (Tobe,
1980; Weaver et al., 1998). In the Lepidoptera, a
true allatostatin was first characterized from the to-
bacco hornworm, Manduca sexta. The M. sexta
allatostatin (Manse-AS; C-type allatostatin) inhib-
ited JH synthesis in vitro by CA of larvae and adult
females of M. sexta (Kramer et al., 1991). The
Manse-AS peptide was subsequently identified
from other lepidopterans, such as Pseudaletia

Department of Animal Ecology I, University of Bayreuth, Bayreuth, Germany

unipuncta and Spodoptera frugiperda, where its
preprohormones were also cloned (Jansons et al.,
1996; Abdel-latief et al., 2003).

Several allatostatins, structurally unrelated to
Manse-AS, were identified in various insect orders
including the lepidopterans (e.g., Duve et al.,
1997a,c). The allatostatin A-type peptide family
currently comprises more than 70 members from
insects and some crustacean species (Duve et al.,
1997b, 2002). The peptides share an amidated C-
terminal pentapeptide sequence Y/FXFGL-a (A-type
allatostatins; allatostatin superfamily). Their allato-
static function seems to be restricted to cockroaches
and crickets (Hoffmann et al., 1999). However,
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Y/FXFGL-a peptides have been shown to inhibit
the spontaneous muscle contraction in foregut and/
or hindgut preparations of all insect species tested.
A-type allatostatins are predominant neuropeptides
in the antennal pulsatile organ of cockroaches
(Predel et al., 1999), but no myotropic effect on
the antennal pulsatile organ muscle could be found.

Immunocytochemical studies have demon-
strated a wide distribution of the Y/FXFGL-amides
throughout the entire nervous system, in gut en-
docrine cells, and in the ovary, suggesting that these
peptides are ubiquitous and multifunctional (for
review see Bendena et al., 1999; Hoffmann et al.,
1999; Stay, 2000; Gade, 2002). A large number of
Y/FXFGL-amides were deduced from prohormone
gene sequences (Donly et al., 1993; Ding et al.,
1995; East et al., 1996; Vanden Broeck et al., 1996;
Veenstra et al., 1997; Bellés et al., 1999; Lenz et
al., 2000; Meyering-Vos et al., 2001).

Duve et al. (1997¢) isolated and purified mem-
bers of the allatostatin type-A peptide family from
two lepidopterans, the codling moth, Cydia pomo-
nella, and the bollworm, Helicoverpa armigera. The
peptides were designated cydiastatins and heli-
costatins, respectively. Eight peptides could be iden-
tified from each of the two species, with four
identical in both species and three differing by a
single amino acid. The gene that encodes the
helicostatin peptide family was later isolated from
a H. armigera genomic DNA library (Davey et al.,
1999). The gene consists of three exons and encodes
a precursor of 225 amino acids that contains three
blocks of tandemly arranged helicostatins. A com-
parison of the helicostatin precursor with that of
cockroaches, locusts, and flies revealed a variation
in size, sequence, and organization of the allato-
statin type-A precursors across different insect or-
ders. In situ hybridization studies established that
helicostatins are expressed in neurons of the cen-
tral nervous system and in endocrine cells of the
midgut, indicating that the peptides represent
brain/gut peptides (Davey et al., 1999). Another
lepidopteran gene precursor of the type-A allato-
statins (bostatins) has been cloned recently for the
silkworm Bombyx mori (Secher et al., 2001).

As an aid to identifying the physiological func-
tions of type-A allatostatins in S. frugiperda, we here
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report on the identification of the S. frugiperda
allatostatin type-A gene. Experiments were per-
formed to demonstrate the mRNA expression pro-
files of the allatostatin A-type precursor in various
tissues of larvae, pupae, and adult moths by one-
step RT-PCR. Moreover, we show some tissue-spe-
cific localization of the allatostatin A-type mRNA
by whole-mount in situ hybridization.

MATERIALS AND METHODS

Insect Rearing

Pupae and eggs of S. frugiperda were provided
by Bayer AG (Leverkusen) and reared at 27°C and
70% relative humidity under a L 16: D 8 photo-
period as previously described (Abdel-Latief et al.,
2003).

Genomic DNA Extraction

To isolate genomic DNA, individual S. frugiperda
adult females were frozen and, in liquid nitrogen,
ground to a fine powder using mortar and pestle.
The powder was resuspended and the genomic
DNA was extracted according to the protocol sup-
plied by the manufacturer of QIAamp® DNA Mini
kit (50) (Qiagen GmbH, Hilden, Germany).

Preparation of the cDNA by RACE and Genomic DNA

Brains (cerebral and suboesophageal ganglia) of
500 female adult fall armyworms, 2-3 days old, were
dissected in modified cricket saline (Lorenz et al.,
1997), frozen immediately in liquid nitrogen, and
stored at -80°C until use. Total RNA was extracted
with Invertebrate RNA Kit (Peqlab Biotechnologie
GmbH, Erlangen, Germany). The mRNA was ex-
tracted with Oligotex® mRNA Mini Kit (Qiagen). The
Smart™ RACE cDNA amplification kit (Clontech
Laboratories, Heidelberg, Germany) was used to am-
plify the cDNA. One microgram mRNA was added
as a template for each RACE reaction. A 5-RACE
was performed by using degenerate oligonucleotide
primer ASTar2 (5-CNA RNC CRA ART TRT AYA
TNG GNA R-3’; corresponding to nucleotide posi-
tions 625-649 of Fig. 2), in combination with the



Fig. 1. Sequencing strategy of
the Spofr-AST A ¢cDNA. Horizon-
tal lines represent the individual
clones used for sequencing. Bot-

tom: The structural organization
of the Spofr-AST A gene. The po-
sitions of the allatostatin-related

ASTafl1-Upm (241 bp)

peptides 1-9 are marked with di-

ASTaf10-Upm (324 bp)

agonal lines and the untranslated
region, the signal peptide (Si), the
intervening spacers (Sp I, II), and
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ASTar2-Upm (649 bp)
ASTar4-Upm (649 bp)
ASTaf5-ASTarlA (200 bp)
from the genomic DNA
ASTar1B-Upm (758 bp)
5

the poly A-tail are represented by

I ] white boxes. Sites of possible

universal primer (Upm) 5’-CTA ATA CGA CTC ACT
ATA GGG CAA GCA GTG GTA ACA ACG CAG AGT-
3’ that recognizes the primer binding sequence, in-
troduced by the Smart RACE kit components. Using
the genomic DNA as a template in combination
with the specific primer ASTaf5 and the degenerate
primer ASTarlA (5-AR NCC RAA NSW RAA NCC
RTG CAT RTC-3’) corresponding to nucleotide po-
sitions 558-574 and 733-758, respectively, we ob-
tained a fragment of 200 bp. The 5" end of the cDNA
was further amplified by using gene specific prim-
ers ASTar1B and ASTar4 corresponding to nucleotide
positions 733-758 and 625-649, respectively. The
specific primers ASTaf10 and ASTafll correspond-
ing to nucleotide positions 651-672 and 736-760,
respectively, were designed to obtain the 3" end of
the Spofr-AST A preprohormone (see Fig. 1). The
PCR program was 95°C for 2 min, followed by 10
cycles of 94°C for 30 sec, 68°C for 45 sec decreased
with 1°C per cycle, followed by 35 cycles of 94°C
for 30 sec, 61°C for 45 sec, 68°C for 1.5 min, and
a final extension step of 68°C for 10 min.

Cloning and Sequencing

The PCR products were eluted from low melt-
ing point agarose gel (Biozym Biotech, Oldendorf,
Germany) with GEX™ purification kit (Pharmacia
Biotech, Freiburg, Germany), and ligated into plas-

endoproteolytic cleavage are indi-
cated by vertical lines.

mids with the pGEM-T easy system kit supplied
with Escherichia coli JM109 (Promega, Mannheim,
Germany) for amplification. Plasmid DNA was pu-
rified using QIAprep® Spin Miniprep kit (Qiagen
GmbH). The templates were sequenced by GATC
(Konstanz, Germany). Sequences were analysed
with the GCG software (Wisconsin Package).

RNA and mRNA Extractions for RT-PCR Analysis

Brains and midguts from 4th (1L4), 5th (L5), and
6th instar larvae (L6) (<12 h after the respective
moult), prepupae (PP), young pupae (P0), 10-day-
old pupae (P10), and 1-5-day-old adult females and
males as well as ovaries from 1-4-day-old adult vir-
gin females and testes from 1-4-day-old adult males
were dissected in modified cricket saline (Lorenz et
al., 1997), frozen immediately in liquid nitrogen.
and stored at -80°C until use. Total RNA was ex-
tracted with Invertebrate RNA Kit (Peqlab Biotech-
nologie). The mRNA was extracted with Oligotex®
mRNA Mini Kit (Qiagen). The mRNA was quanti-
fied by spectrophotometric determination.

RT-PCR analysis

For RT-PCR, 20 ng mRNA from each of the tis-
sues was used with specific primers ASTaf5-ASTar1B,
in 10 pl of the RT-PCR mixture (TITANIUM® One
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Step RT-PCR Kit, Clontech Laboratories). The PCR
program for amplification of the fragment was
50°C for 1 h followed by 5 min at 94°C, 35 cycles
of 94°C for 30 sec, 61°C for 45 sec, 68°C for 1
min, and a final extension step of 68°C for 2 min.
These reaction conditions were optimized as pre-
viously shown (Meyering-Vos and Hoffmann,
2003). The DNA products were analysed using
1.5% agarose gel at 8 V/cm for 1.5 h, transferred
to Hybond-N" membrane (Amersham, Freiburg,
Germany) and hybridized to the probe (ASTaf5-
ASTar1B) 200 bp, labelled by the PCR method with
Dig dUTP (Roche, Mannheim, Germany). As a con-
trol, the same quantities (20 ng) of mRNA from
different developmental stages were used as a tem-
plate in combination with two specific primers
ACTf1 corresponding to nucleotide positions 1-25
and ACTr2 corresponding to nucleotide positions
469-493 from the nucleotide sequence of S.
littoralis mRNA for beta-actin (partial; EMBL Nucle-
otide Sequence Data Base, accession no. Z46873),
which yields a 494-bp amplified fragment. Expres-
sion of A-type allatostatins was normalized rela-
tive to that of beta-actin (mean values of three
controls for each developmental stage). Negative
controls for genomic DNA were done without the
reverse transcriptase step, starting the one-step RT-
PCR reaction at the level of the second step. These
control experiments showed no contamination
when using mRNA as a template (see Fig. 4; L4 C).
Densitometry was performed using an ImageMaster®
VDS (Pharmacia Biotech) and the ImageMaster 1D
Database software.

Statistics

Data from RT-PCR analyses are means + SD of
three measurements. The Mann-Whitney U-test or
the Wilcoxon-test were used in statistical treatment
of the data.

Synthesis of Digoxigenin (Dig-11-UTP)-Labelled
RNA Probe

Antisense and sense Spofr-AST A probes were
synthesized from the cDNA clone ASTaf5-ASTar1B.
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One microgram ASTaf5-ASTar1B plasmid was lin-
earized with Apal and Pstl restriction enzymes
(about 30 U according to enzymes) (Promega) in
a 20-ul volume to yield templates for the antisense
and the sense probes, respectively. Purification of
the template, synthesis, labelling, and precipitation
of the RNA probes (200 nt) were carried out as
described (Abdel-latief et al., 2004).

Whole-Mount In Situ Hybridization

Whole tissues of brain, digestive tract, and ovary
were dissected from 2-day-old adult females in
modified cricket saline (Lorenz et al., 1997) and
immediately placed in fixative. Tissue fixation and
in situ hybridization were performed as described
(Abdel-latief et al., 2004), using a 200-nt-long
digoxigenin-labeled sense and antisense Spofr-AST
RNA probe.

RESULTS
Isolation of the Spofr-AST A Gene

The degenerate oligonucleotide primer ASTar2
was designed from the sequence of the peptide
LPMYNFGL-amide (H. armigera; Davey et al.,
1999). In combination of the primer ASTar2 with
Upm primer and using the 5” RACE reaction as a
template, a product of 649 bp was obtained that
contained a core region of the S. frugiperda allato-
statin A-type gene. It included the untranslated re-
gion followed by a probable signal peptide and
five copies of the Spofr-AST A like peptides (Fig.
1). Using this fragment, primers were designed to
amplify the cDNA 5" and 3 ends, respectively. In
a PCR reaction using specific primers ASTar4 and
Upm and 5" RACE cDNA as a template, we were
able to amplify the same fragment (649 bp) (Fig.
1). Use of the genomic DNA of S. frugiperda as a
template in a PCR reaction in combination with
primers ASTaf5 and ASTarlA yielded a fragment
of 200 bp, which included four copies of the Spoft-
AST A peptides (A-6 to A-9). In order to amplify a
fragment that included all the Spofr-AST A pep-
tides, a 5'RACE reaction was preformed using the
specific primers ASTar1B and Upm. The reaction
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yielded a product of 758 bp that included the
untranslated region followed by the signal peptide,
two spacer regions, and all nine copies of the Spofr-
AST A peptides. This fragment was used to design
different specific primers to amplify the 3" end of
the Spofr-AST A cDNA. When the primer ASTaf11
was used in a PCR reaction with Upm primer and
the 3" RACE reaction as a template, a product of
241 bp was obtained, which included the ninth
Spofr-AST A peptide, the stop codon signal, the

polyadenylation signal, and the downstream poly
A-tail. The primer ASTaf10 yielded a correspond-
ing product of 324 bp (Fig.1).

Characterization of the Spofr-AST A cDNA

The complete sequence of the 976 nucleotides
of the Spofr-AST A cDNA is shown in Figure 2.
The cDNA contains 132 nucleotides of an untrans-
lated sequence upstream of a single open reading

5’ CTAATACGACTCACTATAGGGCAAGCAGTGGTAAACGCAGAGTACGCGGGG 51

ACAGCTGTTAGCTGGCGGGCTTCAAGCACGCCGCATTAACATCGCGTGTGC
CAAACCTTACGTGACTACGAACACATAAGAATGCTGTACCCATCAATTCCG

M L Y P

GTTTGCTTCCTCGTGATTGGAGTAGCACTCTGCGCTCCAGAGAGGATGCAG

v ¢ F L VIcacvaclLoaoaaopes

AACGAACCAGACCCTCACGACACTCCGGTGCATGAGGGCACTGAGCCACAC

N E P D P H D T P V H E G T

AGTGACCACATTGCCCCTCTTGAGAAGAGATCCCCTCACTACGACTTTGGG
A P L E K ﬂ S P H Y D F G 58

S D H I

102
153
s I P 7
204
R M Q 24
255
E P H 41
306

Spofr-AST A-1

TTGGGCAAGAGGGCTTACAGCTACGTGTCAGAATATAAACGACTACCTGTC

357

L G K ﬂ A Y S ¥ v 8 E Y K R L P V 75

Spofr-AST A-2

TACAACTTTGGACTGGGCAAGAGATCCAGGCCCTACTCCTTTGGCCTGGGC

Y N F GG L G K ﬂ S R P Y S8 F

Spofr-AST A-3
AAACGTTCAGTTGACGAGGACCAGTCCAGCGAGAGCCAGCCTCTGACCAGC

K ﬂ S v D E D Q S

S E 8 Q P

GACCTGGACCAAGCTGCCTTAGCTGAATTCTTCGATCAGTATGATGATGCC

D L. b 9 A A L A E F F D Q Y

Spacer-1

GGTTACGAGAAGCGCGCTCGACCTTACAGCTTTGGCCTCGGCAAACGCTTC
G Y E K ﬂ A R P Y S8 F G L G

Spofr-AST A-4

GCTGACGACGAAACTTCCGAAGAAAAGCGGGCAAGGGCATACGACTTTGGA

A D D E T S E E K ﬂ A R A Y

408
G L ¢ 92
459
L T S 109
510
D D A 126
561
SR
612
D F G 160 Fig 2. Nucleotide and the deduced

Spacer-11

Spofr-AST A-5
CTGGGCAAGCGGCTACCGATGTACAACTTTGGTTTGGGCAAGCGAGCGAGG

L ¢ K R L P M Y NTF G L G KK AR

amino acid sequences of the S. fru-

Spofr-AST A-6

AGCTACAACTTTGGCTTGGGCAAGCGATTGAGCAGCAAATTCAACTTTGGT

S ¥ N F G L & K ﬂ L S S XK F

Spofr-AST A-7

TTAGGCAAAAGGGAGAGGGACATGCACGGTTTCAGTTITCGGCCTGGGCAAA

L ¢ K R E R D M H G F S F G

Spofr-AST A-8

Spofr-AST A-9

AGGGTCCATAAGTTTACGGCCGAAATATGGACTTCTGTTGAGGTCTTAAAT

R v H K F T A ETIWT S V E

AAAATTCTATAATCGTCCTAATTGAATTTAATATGAATAAAGAATAACTTA

K I L ---

CTTAACAATGTTAATGTCCATGGGCGGCGCTGATCGCTTACCATCAGGTGA
CTCGTTTGCTCGTTTGCCTCCTATTCCAGAAAAAAAAAAAAAAAAARAARA

AAAAARA 3

616737 giperda AST A-type cDNA. The se-
quences are numbered at the right.
714 The allatostatin amino acid sequences
N F G 194 (Spofr-AST A-1 to A-9) are shown in
bold type. Possible proteolytic cleav-
L ¢ [ ;i‘i age sites are in boxes and the glycine
- residues required for amidiation are
816 underlined. The potential polyadenyla-
V. L N 228 tion signal is shown in bold type and
867  underlined. --- represents the stop

231 . . . .
018 code signal. A possible signal peptide
969 cleavage site is indicated by a down-

976  ward arrow.
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frame beginning at position 133 and ending at po-
sition 826 with the translation stop codon TAA.
The Spofr-AST A precursor begins with a hydro-
phobic domain that represents a probable signal
peptide with the most likely site of cleavage be-
tween residues 18 and 19 (Von Heijne, 1986). The
precursor contains the unprocessed sequences of
nine allatostatin type-A peptides (Figs. 2 and 3),
which are located at residues 286-312, 319-375,
382-408, 526-552, 592-618, 625-651, 658-684,
691-720, and 727-762, respectively. All of the
putative peptides have a single glycine residue at
the C-terminal end that provides a substrate for
peptidyl-glycine-o-amidating monooxygenase (Eipper
et al.,, 1992). Recognizing all the proteolytic cleav-
age sites would result in a tenth peptide (by repre-
senting of KR at amino acid positions 71/72).
Comparison of the Spofr-AST A cDNA sequence
with those for H. armigera and B. mori exhibited
84 and 57% identical amino acid residues, respec-
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tively. The general organisation of the three known
lepidopteran allatostatin A-type peptide precursors
is similar (Fig. 3).

Brain Expression

Semi-quantitative one-step RT-PCR analysis of
the mRNA from the brain of different developmen-
tal stages was done to compare the expression of
the Spofr-AST A gene. Results in Figure 4 show that
the Spofr-AST A gene is expressed as one transcript
in the brains of 4th to 6th instar larvae as well as
in the early (P0O) and late (P10) pupal stage,
whereas the expression signal was slightly lower
(P < 0.05) in the brains of the prepupal stage (PP).
In brains from adult moths, a sex-specific expres-
sion of the Spofr-AST A gene can be seen (Fig.
5A,B). Expression was high in the brain of adult
females after eclosion (1 day) and decreased there-
after, whereas in males the gene expression was low
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Alignment of the allatostatin A-type precursor pep-

60
59
46

119
119
101

173
171
147

231
230

each of the precursors. The AST A-type peptides are shown

tides of S. frugiperda (Spofr-AST A), H. armigera (Helar-AST
A) (Davey et al., 1999), and B. mori (Bommo-AST A) (Secher
et al., 2001). Asterisks represent amino acids identical in
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in bold type. Alignment was done by using T-COFFEE align-
ment program (Notredame et al., 2000).



126 Abdel-Latief et al.

200 bp- o

0.6 -

0.4 4

0.2 4

Relative abundance

Fig. 4. Expression of Spofr-AST A
gene in the brains of the 4th (L4),
5th (L5), and 6th larval stage (L6),
prepupal stage (PP), young pupal
stage (P0), and 10-day-old pupae
(P10) as measured by RT-PCR. Aga-
rose gel separation of beta-actin
control (494 bp) stained with ethi-
dium bromide using 20 ng mRNA
as a template in one-step RT-PCR.
Densitometric quantification of the
signals relative to that of beta-actin.

L4 C

Mean values of 3 determinations +
SD. *P < 0.05 compared to the
value for L4. The exterior right lane

Developmental stages

after eclosion but increased up to day 4 after moult
(P <0.001).

Midgut Expression

In the midgut of S. frugiperda, AST A expres-
sion could be detected in all developmental stages
(from 4th instar larvae to 5-day-old adults of both
sexes) (Fig. 6), but with considerable variability.
Significantly higher expression rates were observed
in last larval instars (L6) (P < 0.01) and in prepupae
(PP) (P < 0.001), but also in the midgut of adult
moths (day 3 to day 5) (P < 0.01).

Ovary and Testis Expression

Our results demonstrate Spofr-AST A gene ex-
pression in the reproductive tissues of both sexes
(Figs. 7, 8). Expression rates in the ovary were high
at days 2 and 3 after ecdysis and dropped to day 4
(Fig. 7) (P < 0.01), whereas for the testes, highest
expression was detected at the first day after eclo-
sion, but decreased thereafter (Fig. 8) (P < 0.001).

i i * i
0 T T T T T [
L4 L5 LG PP PO P10

represents a negative genomic DNA
control for the brain of a 4th in-
star larva (L4 C).

Whole-Mount In Situ Hybridization of Spofr-AST A

In situ hybridization (ISH) using a digoxigenin-
labelled RNA probe was carried out with whole
mounts of the brain, digestive tract (not shown),
the ovary, and the oviduct from a 2-day-old adult
female. S. frugiperda ovarioles are of the polytrophic
type. In the ovaries, the Spofr-AST A gene transcript
was localized within the oocytes with stronger la-
belling in older follicles (Fig. 9A). Using the Spoft-
AST sense probe did not reveal a positive reaction
in the ovary (Fig. 9B). Figure 10A shows a distinct
expression of mRNA also in the lateral oviduct.

DISCUSSION

The Spofr-AST A precursor as deduced from the
cDNA sequence includes nine clustered peptides
interspaced by two acidic spacers and flanked N-
terminally by a long leader peptide (including the
signal peptide) and C-terminally by a peptide of 19
amino acid residues. All the peptides are character-
ized by the conserved C-terminal sequence Y/FXFGL-
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Fig. 5. Expression of Spofr-AST A gene in the brains of 1-
4-day-old (1d-4d) adult females (A) and males (B) as mea-
sured by RT-PCR. Other details as in Figure 4. **P < 0.01;
***P < 0.001 compared to the respective values for day 1.

a. All except one (Spofr-AST A-9) of the S. frugiperda
peptides had previously been deduced from the
cDNA sequences of two other lepidopteran species
(Davey et al., 1999; Secher et al., 2001).

The internal cleavage site in Spofr-AST A-2 is
present in the precursor of all examined insect spe-
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cies. It seems to be generally used in locusts, moths
(C. pomonella, H. armigera; Duve et al., 1997c), and
flies, in which either both the large and the shorter,
or only the shorter form of AST A-2 were found.
On the other hand, only the large version of the
homologue was isolated from cockroach brain ex-
tracts (Pratt et al., 1991; for review see Stay, 2000),
suggesting that the cleavage may not occur in these
insects. Recently, however, Predel et al. (1999) dem-
onstrated the occurrence of the cleavage product
residues 11-18 of Periplaneta americana AST A-2 in
the retrocerebral complex as well as in the anten-
nal pulsatile organs of females and males by mass
spectrometry. Nevertheless, there seems to be a cor-
relation between the occurrence of the two versions
of AST A-2 and its potential activities. The short
form is a potent myoinhibitor but does not exert
allatostatic activity (Veelaert et al., 1996; Duve et
al., 1997c). It consistently occurs in insects whose
CA are insensitive to A-type allatostatins. In con-
trast, the long form of AST A-2 is one of the most
potent of all allatostatins in the CA standard cock-
roach assay (Weaver et al., 1998; Tobe et al., 2000).
It represents the main, although not always the
single, AST A-2 in the brain of cockroaches and
crickets. Spofr AST A-9 represents a peptide struc-
ture that differs in one amino acid (Gly — Arg) at
position 6 of the respective peptide in H. armigera
(Davey et al., 1999) and in two amino acids (Glu
— Gln at position 1 and Gly — Arg at position 6)
from the homologous peptide found in B. mori
(Secher et al., 2001).

The general organisation of the AST A-type pre-
cursor structure (total number of amino acids,
number and arrangement of encoded peptides,
number and localization of acidic spacers) seems
to be conserved within the Order Lepidoptera, al-
though some specific family differences may exist.
This results in an 84% amino acid residue identity
between the precursor proteins of S. frugiperda and
H. armigera (both Noctuidae) but only a 57% iden-
tity between S. frugiperda and the silkworm B. mori
(Bombycidae). Such family-specific differences have
already been shown for other major neuropeptide
families such as the adipokinetic hormones (see
Gaéde et al., 1994) and, more recently, for diapause
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Fig. 6.
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stage (P0), and 1-5-day-old
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Expression of Spoft-

Expression of Spofr-AST A gene in the
ovary of 1-4-day-old (1d-4d) adult unmated
females as measured by RT-PCR. Other de-
tails as in Figure 4. **P < 0.01 compared to

the value for day 1.
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Age in days

hormones and pheromone biosynthesis-activating
neuropeptides (PBAN) (Iglesias et al., 2002).

The availability of the Spofr-AST A cDNA sequence
allowed us to measure mRNA levels in tissues of the
fall armyworm for various developmental stages by
the semi-quantitative one-step RT-PCR as well as
to localize the distribution of the mRNA in brain,

'15 *
Tj ddek
0l5 .

1d 2d 3d 4d

measured by RT-PCR. Other details as in Fig-
ure 4. *P < 0.05; ***P < 0.001 compared to
the value for day 1.

gut, and ovary by in situ hybridization. Our re-
sults from the one-step RT-PCR analyses indicate
that the Spofr-AST A gene is expressed in different
tissues of the moth in a developmental- and sex-
specific manner. The distinct changes of expression
of the gene in brain and midgut suggest a func-
tion of the allatostatin A-type peptides as insect

¢

Detection of Spofr-AST A mRNA in the ovary of a
2-day-old adult unmated female of S. frugiperda using
whole-mount in situ hybridization. A: Photograph of oo-

Fig. 9.
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cytes that contained Spofr-AST A mRNA (arrow). B: Con-
trol with Spofr-AST A sense RNA probe. Scale bar = 0.5 mm.
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Fig. 10. A: Detection of Spofr-AST A mRNA in the ovi-
duct (arrow) of a 2-day-old adult female of S. frugiperda

brain/gut myomodulatory hormones. The sex-spe-
cific brain expression in adult animals during the
first 4 days after eclosion is similar to that found
for Spofr-AS (C-type allatostatin) in a previous
study (Abdel-latief et al., 2004). However, the
physiological meaning of the sex-specific brain ex-
pression of Spofr-AST A is not yet clear. We also
do not know whether the gene expression in ova-
ries and testes of adult females and males, respec-
tively, will be related to a regulatory function of
the peptides in these tissues. Garside et al. (2002)
and Meyering-Vos and Hoffmann (2003) have
demonstrated expression of A-type allatostatins in
the oviduct of the cockroach Diploptera punctata and
the cricket Gryllus bimaculatus, respectively, but so
far only in the locust Schistocerca gregaria has a di-
rect effect of allatostatins on oviduct contraction
been demonstrated (Schoofs et al., 1997). The
Spofr-AST A mRNA localization within the oocytes
might suggest a role of the peptides during em-
bryonic development. Transcript localization in the
brain and midgut of adult S. frugiperda was simi-
lar to that described for the helicostatin gene ex-
pression in H. armigera larvae (Davey et al., 1999).

Knowledge of the allatostatin type-A peptide
precursor sequence has opened the way for syn-
thesis of all members of the peptide family in S.
frugiperda for detailed physiological and functional

using whole-mount in situ hybridization. B: Control with
Spofr-AST A sense RNA probe. Scale bar = 0.1 mm.

studies. Other major challenges in the future will
be to use the probe for detailed tissue expression
studies in context of the life history of the animals
by quantitative RT-PCR, to clone the receptor(s)
for these peptides, and to study the receptor dis-
tribution in S. frugiperda.
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Abstract

A cDNA that encodes 53 amino acids, including one copy of the RVRGNPISCF—OH peptide, was cloned from Spodoptera frugiperda.
This peptide strongly stimulates the synthesis and release of juvenile hormone (JH) in vitro by the corpora allata (CA) of S. frugiperda and
was code-named Spofr-AT 2. Northern blotting and reverse transcriptase polymerase chain reaction (RT-PCR) analyses revealed that the
preprohormone is expressed as one transcript in the brain, midgut (Mg) and ovary (Ov) in a tissue- and developmental-specific manner.
Whole-mount in situ hybridization confirmed the gene expression in the suboesophageal ganglion (SOG) and in the ovary of adult females.
Treating the CA with the synthetic peptide caused an up to tenfold increase in the release of JH. The stimulation was dose-dependent with an
apparent ECsq of ca. 10~ 7 M. CA that were activated with Spofr-AT 2 could be inhibited by the addition of synthetic allatostatin type-C from
Manduca sexta (Manse-AS). This is the first report on the presence and function of two different peptides with allatotropic activity in an

insect species.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Juvenile hormones (JHs) are unique hormones, sesqui-
terpenoids, which play a crucial role in almost every aspect
of insect development and reproduction. The biosynthesis of
JH by the corpora allata (CA) can be either stimulated or
inhibited by neuropeptides termed allatotropin (AT) or
allatostatin (AS), respectively (reviewed in Refs. [1—4]).
Allatostatins are structurally diverse peptides which can be
divided into three groups. These families are now designat-
ed type-A allatostatins (Y/FXFGL/I-amides; cockroach
type; allatostatin superfamily), type-B allatostatins
[W(X¢)W-amides; cricket type], and type-C allatostatin(s)
(Manduca sexta-type). Their allatoregulating functions seem
to be restricted to a limited number of species, but all three
types of peptides appear to be myoinhibiting on visceral
muscles in a number of insects. The type-C allatostatin

* The nucleotide sequence data published here have been submitted to
EMBL Nucleotide Sequence Data Base, accession no. AJ566903.
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group is represented by only one peptide, called Manse-AS
(PEVRFRQCYFNPISCF-OH), at first isolated from the
tobacco hornworm, M. sexta [5]. Genes encoding the
type-C allatostatin have been identified in the moths Pseu-
daletia unipuncta [6], Spodoptera frugiperda [7] and in
Drosophila melanogaster (Drome-AS) [8]. Drome-AS dif-
fers in one amino acid residue from Manse-AS (F—Y in
position 4).

To date, only one allatotropin (Manse-AT; GFKNVEM-
MTARGF —NH,) is known to stimulate the CA. It was first
isolated from the head of pharate adults of M. sexta [9], for
which the gene encoding the peptide has also been cloned
[10]. The gene is expressed in three mRNA isoforms that
differ from each other by alternative splicing [11]. Manse-AT
has also been isolated from larval and adult brains of
Lacanobia oleracea [12] and from brain extracts of adult
S. frugiperda [13]. The gene encoding Manse-AT has been
cloned from S. frugiperda [7], Bombyx mori [14], P. uni-
puncta [15] and from Agrius convolvuli (Kataoka, unpub-
lished). An allatotropin immunoreactive peptide has been
isolated from the mosquito Aedes aegypti and its structure
was determined as APFRNSEMMTARGF—-NH,. Further-
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more, the cDNA encoding this peptide was identified [16].
No allatotropin precursor has been found in the Drosophila
genome [17,18]. Manse-AT was shown to stimulate JH
biosynthesis in the CA of various lepidopteran species, but
it seems that Manse-AT and/or AT-related peptides may have
functions other than regulation of JH biosynthesis in some
insects [19] (for review, see Ref. [20]).

Here we report the identification of a novel neuropeptide
with allatotropic activity from the brain of the fall army-
worm, S. frugiperda, by molecular techniques. One-step
reverse transcriptase polymerase chain reaction (RT-PCR)
and Northern blotting revealed that the gene is expressed as
one transcript in brains of larvae and adults, but also in the
midgut (Mg) and the ovary (Ov) of adult females. To
elucidate its biological activity, the synthetic peptide was
tested in a radiochemical assay for measuring CA activity in
vitro.

2. Materials and methods
2.1. Insects

Pupae and eggs of S. frugiperda were provided by Bayer
CropScience AG (Leverkusen) and were reared at 27 °C
and 70% relative humidity under a L 16:D 8 photoperiod as
previously described [7].

2.2. RNA and mRNA extractions

Brains of 4th (L4), 5th (L5) and 6th instar larvae (L6;
<12 h after the respective moult), prepupae (PP), young
pupae (P0), 10-day-old pupae (P10) and 0- to 5-day-old
adult females, as well as midguts and ovaries of 0- to 5-
day-old females were dissected, frozen immediately in
liquid nitrogen and were stored at —80 °C until use.
Total RNA was extracted with Invertebrate RNA Kit
(Peqlab). The mRNA was extracted with Oligotex®
mRNA Mini Kit (Qiagen) and was quantified by spectro-
photometric determination.

2.3. Genomic DNA extraction

To isolate genomic DNA, individual S. frugiperda adult
females were frozen and ground, under liquid nitrogen, to a
fine powder using mortar and pestle. The powder was
resuspended and the genomic DNA was extracted following
the instructions of QlAamp® DNA Mini kit (Qiagen).

2.4. Cloning of the cDNA by RACE and genomic DNA

The Smart™ RACE ¢DNA amplification kit (Clontech)
was used to obtain the full length of the cDNA using 1-ug
mRNA of the brain which was added as a template for
each RACE reaction. Primers for 5—~RACE were the
degenerate oligonucleotide primer (d.AT2rl; 5'-YAY

TTY CTR AAR CAN GAD ATN G-3'), and the specific
primer AT2r2 corresponding to nucleotide positions 140—
161 in Fig. 2. Primers for 3’~RACE were AT2fl and
AT213 corresponding to nucleotide positions 132—156 and
94—115, respectively. Primers were used in combination
with the universal primer (Upm) 5—-CTA ATA CGA CTC
ACT ATA GGG CAA GCA GTG GTA ACA ACG CAG
AGT-3" which recognizes the primer binding sequence,
introduced by the Smart RACE kit components. All the
RACE PCR reactions were performed in the presence of 1
ul of the RACE reaction as a template and a final
concentration of 0.2 pM of each primer. An amount, 100
ng, of genomic DNA were used as a template in a reaction
volume of 50 pl, combined with 0.2 uM specific primers
AT2fl or AT2f2, corresponding to nucleotide positions
132—-156 and 2240, respectively, and the specific primer
AT2r3, corresponding to nucleotide positions 199-226, to
amplify the encoded region of the peptide. The PCR
program used for amplification of the products was 95
°C for 2 min, followed by 10 cycles of 94 °C for 30 s, 68
°C for 45 s decreased by 1 °Clcycle, followed by 35
cycles of 94 °C for 30 s, 60 °C for 45 s, 68 °C for 1.5
min and a final extension step of 68 °C for 10 min. The
PCR products were subjected to electrophoresis on 1.5%
low melting point agarose gel (Biozym), eluted with
GFX™ opurification kit (Pharmacia), and ligated into plas-
mids with the pGEM-T easy system kit supplied with
Escherichia coli IM109 (Promega) for transformation.
Plasmid DNA was purified using the QIAprep® Spin
Miniprep kit (Qiagen). The templates were sequenced by

Upm-d.AT2r1 (161 bp)

Upm-AT2r2 (161 bp)

AT2f1-Upm (176 bp)

AT2f1-AT2r3 (95 bp)
from the genomic DNA

AT2f2-AT2r3 (204 bp)
from the genomic DNA

AT2£3-Upm (214 bp)

L] VA

Si AT2

Fig. 1. Sequencing strategy of the Spofr-AT 2 cDNA. Horizontal lines
represent the individual clones used for sequencing. The primers and the
length (bp) of the fragments are given above the lines. The lower part of the
graph represents the structural organization of the Spofr-AT 2 preprohor-
mone. The position of the peptide (AT 2) is marked with diagonal lines and
the untranslated region, the signal peptide (Si) and the poly A-tail are
represented by white boxes. Sites of possible endoproteolytic cleavage are
indicated by black boxes.
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5’ TAGAATACTCAAGCTATGCATCCAACGCGTTGGGAGCTCTCCCATATGGTC

M H P T R W E L S H M V
GACCTGCAGGCGGCCGCGAATTCACTAGTGATTCTAATACGACTCACTATA
b L Q A A A N S

L v I L I R L T I

GGGCAAGCAGTGGTAAAACGCAGAGTACGCGGGAACCCAATTTCCTGCTTC

¢ o aAlv v K TRV RGNZPTISCF

CGCAAGAAGAAGCTGAAGGATTAAATTATTCTATTTCTTTCAATTGCATAG

R K K K L K

CATTACCAATTTACCATCTTACATTTTGCTATTCATTTAATTAAGATGACA

D -

AAATTAATAAAAATGTAACAGCCAAAAAAAAAAAAAAAAAAAAANAAAANA

51

12

102

29

153

46

204

53

255

306

A3’

307

Fig. 2. The nucleotide and the deduced amino acid sequences of the Spofi-AT 2 cDNA. The sequences are numbered at the right. The Spofr-AT 2 amino acid
sequence is shown in bold type. Potential cleavage sites are in boxes. The polyadenylation signal is shown in bold type and is underlined—represents the stop

code signal. (]) A possible signal peptide cleavage site.

GATC (Konstanz). Sequences were analysed with the
GCG software (Wisconsin Package).

2.5. One-step RT-PCR analysis

For RT-PCR, 20 ng mRNA from each of the tissues were
used with the specific primers AT2fl and AT2r3 in 10 pl of
the RT-PCR mixture (TITANIUM® One-Step RT-PCR Kit,
Clontech). The PCR program for the amplification of the
fragment was as previously described [7]. The DNA prod-
ucts were analyzed using 1.5% agarose gel at 8 V.ecm™ ! for
1.5 h, transferred to Hybond—N" membrane (Amersham)
and hybridized to the probe (AT2f1—-AT2r3) 95 bp, labeled
by the PCR method with Dig dUTP (Roche). As a control,
the same quantities (20 ng) of mRNA from different devel-
opmental stages were used as a template in combination with
two specific primers ACTfl corresponding to nucleotide
positions 1-25 and ACTr2 corresponding to nucleotide
positions 469—493 from the nucleotide sequence of Spodop-
tera littoralis mRNA for beta-actin (partial; EMBL Nucle-
otide Sequence Data Base, accession no. Z46873), which
yields a 494-bp amplified fragment. Expression of the Spofi-
AT 2 gene was normalized relative to that of beta-actin.
Negative controls for genomic DNA were done without the
reverse transcriptase step [7]. Densitometry was performed
using an Image Master® VDS (Pharmacia) and the Image
Master 1D Database software.

2.6. Synthesis of Dig-RNA probes

Antisense and sense Spofr-AT 2 probes were synthe-
sized from the cDNA clones AT2f1—AT2r3 (95 bp) for the

A RNAII
Marker

6.583 kb- 3
P

0.623 kb-|
~ 0.366 kb- R e —

0.281 kb- q

Fig. 3. Northern blot hybridization of the brains of 6th instar larvae (L6) and
2-day-old adult females (B), and of midguts (Mg) and ovaries (Ov) of 2-
day-old females of S. frugiperda. (A) Agarose gel separation of the mRNAs
in the presence of 6% formaldehyde. Each lane contains about 20 pg
mRNA from each tissue (corresponding to 300 brains, 30 midguts and 10
ovaries, respectively). RNA marker II is shown on the left lane (kb). (B)
Northern blotting using the digoxigenin antisense (AT2f2—AT2r3) RNA
probe. The transcript size (0.366 kb) is given at the left.

-Spofr-AT 2
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whole-mount in situ hybridization experiments and the
antisense probe from the clone AT2f2—AT2r3 (204 bp)
for the Northern blot. A total of 1 pg from each plasmid
type was linearized with Apal restriction enzyme (about 30
units pg~ '; Promega) in a 20-ul volume to yield templates
for the antisense and the sense probes, respectively. The
templates were purified by phenol/chloroform/isoamyl al-
cohol extraction and then ethanol precipitated. The pellet
was air-dried and adjusted to a concentration of 1 pg ul~'
in DEPC H,O. A total of 1-ug linearized DNA plasmid
was transcribed and a label was introduced with the Dig-
RNA labelling kit according to the manufacturer protocol
(Roche Diagnostics). The RNA probes were precipitated
with ethanol, dried in a speed vac concentrator, resus-
pended in 20—-50 pl DEPC H,O and was stored at — 80
°C until use.

2.7. Northern analysis

Total RNA was isolated from selected tissues and 20 pg
mRNA samples were separated on a 1% agarose gel system
containing 6% formaldehyde in the presence of RNA
Marker II (Roche). The RNA was transferred to a positively
charged nylon membrane (Roche) prior to hybridization at
60 °C with a digoxigenin-labelled antisense RNA probe of
204 bp (see above), followed by detection according to the
instructions of the Dig-RNA labelling kit (Roche).

*% *%*

Relative abundance

L4

L5 L6 PP PO

*%

P10

2.8. Whole-mount in situ hybridization

Brain, midgut and ovaries were dissected from 2-day-old
adult females and were immediately fixed as previously
described [21]. Whole-mount in situ hybridization was
performed as described [22] with the digoxigenin-labelled
antisense AT2f1—AT2r3 (95 bp) probe. Tissues were ob-
served using a Leitz Diaplan microscope with a Wild Leitz
MPS 46 photoautomate. The resulting Kodak Elite
CHROME 200 film negatives were scanned with a HP
Scan-Jet 5470C. Controls with the sense—strand Dig-RNA
probes were processed identically to the experimental
tissues.

2.9. Synthetic peptides

The Spofr-AT 2 peptide (RVRGNPISCF—-OH) was cus-
tom-synthesized by Thermo Hybaid (Ulm). Synthetic
Manse-AT was purchased from Bachem (Bubendorf) and
Manse-AS was a generous gift of Bayer (Leverkusen). All
peptides were assayed as 97% pure by analytical reversed-
phase HPLC and mass spectroscopy.

2.10. Radiochemical assay for allatoregulating activity

Rates of JH biosynthesis and release from the single CA,
dissected from 2- to 3-day-old adult females were measured

*%

*%

*kk

0d 1d 2d 3d 4d &d

Developmental stages

Fig. 4. Expression of the Spofi-AT 2 gene in brains of S. frugiperda as measured by RT-PCR. (A) Representatives of agarose gel separation of beta-actin control
(494 bp) stained with ethidium bromide using 20 ng mRNA as a template in one-step RT-PCR. (B) Representatives of blotting results for the expression of the
Spofi-AT 2 gene in the brains of 4th (L4), Sth (L5) and 6th instar larvae (L6), prepupae (PP), young pupae (P0) and 10-day-old pupae (P10) and in the brains of
0- to 5-day-old adult females (0d to 5d). (C) Densitometric quantification of the signals relative to that of beta-actin. Mean values of 2—3 determinations &+ S.D.

** p<0.01; *** p<0.001 compared to the value for L4.
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according to the rapid partition assay [23] with some mod-
ifications [13,24]: TC 199 incubation medium (Sigma) with
Hanks’ salts and sodium bicarbonate, without L-glutamine,
buffered with 25 mM HEPES, supplemented with CaCl,, to a
final concentration of 10 mM, and NacCl, to a final concen-
tration of 120 mM, and fortified with 1% Ficoll 400, was
adjusted to pH 6.8 and sterilized by suction through a 0.2-pm
filter. [1-"*C]Acetic acid, sodium salt (Moravek; initial spe-
cific activity 2.04 GBq mmol~ ') was used as the radio-
labelled precursor. The final specific activity of the
radiolabelled precursor was set to 0.59 GBq mmol ™ ' (final
acetate concentration ca. 0.6 mM). Following preincubation
in radioactive medium for 2 h, the CA were incubated in the
presence or absence (controls) of synthetic peptides for 2 h in
the dark with gentle shaking at 27 °C. After this time, the CA
were removed and the medium was analysed for JHs and
diols [24]. In another set of experiments, following preincu-
bation, the CA were subjected to two successive incubations
(each for 2 h) in the presence or absence (control I, 2—4 h;
control II, 4—6 h) of peptides, according to the details in the
figure legends. Media following the first and/or second
incubation were analysed. Because in recent years problems
have arisen resulting from contaminated [methyl->H]- me-
thionine (high blank values) or inaccurate specific radioac-
tivity [25], we decided to use ['*C]-acetic acid, sodium salt as
radioactive precursor for the radiochemical assay (RCA).

2.11. Statistical analysis

All values are means = S.D. or S.E.M. of measurements
indicated in the figure legends. The Mann—Whitney U-test
or the Wilcoxon-test were used in the statistical treatment of
the data.

3. Results
3.1. The coding sequence of the Spofi-AT 2 gene

The degenerate oligonucleotide primer d.AT2rl was
originally synthesized to amplify the cDNA for the S.
frugiperda type-C allatostatin, as published in a previous
paper [7]. Using this primer in combination with the Upm
primer and the 5'—RACE reaction as a template yielded a
product of 161 bp that proved to contain a core region of the
gene for the novel peptide. It included the untranslated
region followed by a probable signal peptide and one copy
of the peptide (Spofr-AT 2; Fig. 1). Using this fragment,
primers were designed to amplify the cDNA 5’ and 3’ ends,
respectively. In a PCR reaction, using specific primer AT2r2
in combination with Upm primer and 5—RACE cDNA as a
template, we were able to amplify the same fragment of 161
bp (Fig. 1). This fragment was used to design different
specific primers to amplify the 3’ end of the Spofr-AT 2
cDNA. When the specific primer AT2fl was used in a PCR
reaction, with Upm primer and the 3’ RACE reaction as a

template, a product of 176 bp was yielded which included
the Spofi-AT 2 peptide, the stop codon signal, the poly-
adenylation signal and the downstream poly A-tail (Figs. 1
and 2). Using the genomic DNA of S. frugiperda as a
template in a PCR reaction in combination with primers
AT2f1-AT2r3 and AT2f2—AT2r3 yielded fragments of
95 bp and 204 bp, respectively, which also included one
copy of the Spofr-AT 2 peptide. Finally, using the specific
primer AT2f3 in combination with Upm primer and the 3'—

A
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Fig. 5. Expression of the Spofi-AT 2 gene in midgut and ovary of S.
frugiperda as measured by RT-PCR. (A) Gene expression in the midgut of
0- to 5-day-old females. (B) Gene expression in the ovary of 0- to 5-day-old
females. Other details as in Fig. 4. Mean values of 2-3 determina-
tions + S.D. * p<0.05; *** p<0.001 compared to the respective values for
day 0.
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B

Fig. 6. Whole-mount in situ hybridization of the brain from a 2-day-old adult female of S. fiugiperda using a RNA probe corresponding to AT2f1 — AT2r3 (see
Materials and methods). (A) Frontal view of the brain showing two large clusters of cells in the anterior—lateral region of the suboesophageal ganglion which
showed strong expression with the antisense RNA probe. (B) Control with the sense RNA probe. OL, optic lobes; PC, protocerebrum; SOG, suboesophageal
ganglion. Arrows indicate the expression sites. Scale bar 10 pm applies to A and B.

RACE reaction as a template in a PCR reaction, a product of
214 bp was amplified which included a part of the signal
peptide, the Spofr-AT 2 peptide, the stop codon signal, the
polyadenylation signal and the downstream poly A-tail
(Figs. 1 and 2).

Combination of all our data yielded a cDNA sequence
consisting of 307 nucleotides (Fig. 2). It contains a 5
untranslated region of 15 nucleotides upstream of an open
reading frame of 53 amino acids. The assigned initiation
codon is located at nucleotide positions 16—18. Within the
amino-terminus of the precursor, a single-potential signal-
peptide cleavage site downstream Ala*? was found [26]. The
open reading frame is followed by a 130-nucleotide 3
untranslated region including the poly A-tail. A consensus
polyadenylation signal (AATAAA) was found after position
260, which is 12 nucleotides upstream from the poly A-tail.
The neuropeptide precursor contains one copy of a novel
decapeptide sequence RVRGNPISCF-OH (Spofr-AT 2).
The peptide is located between amino acid residues Arg*®
and Arg*” and is flanked by potential Lys—Arg and Arg—Lys
endoproteolytic cleavage sites. The amino acid sequence of
the peptide is identical at its C-terminus (—NPISCF) with the
M. sexta type-C allatostatin (Manse-AS).

3.2. Northern blot
Northern blot analysis demonstrated that the gene is

expressed in only one transcript of ca. 0.366 kb in the brains
of 6th instar larvae and of 2-day-old adult females and in the

midgut and ovary of 2-day-old females (Fig. 3). Expression
was strong in brain and midgut of adult females but weaker
in larval brains and in the ovary of adult females.

3.3. RT-PCR analyses

Semiquantitative one-step RT-PCR analyses confirmed
the expression of the gene as demonstrated by Northern
blotting. A clear expression signal was found in the brains of
4th (L4), 5th (L5) and 6th instar larvae (L6), and in prepupae
(PP), young pupae (P0), 10-day-old pupae (P10) and 0- to 3-
day-old adult females (Fig. 4). The gene signal was unde-
tectable in the brains of 4- and 5-day-old adult females when
using 20 ng mRNA as a template. Furthermore, no expres-
sion signal could be seen for the brains of 0- to 5-day-old
adult males (not shown). A distinct gene expression was
found in the midgut (Fig. 5A) and in the ovary (Fig. 5B) of
the females during the first 5 days of adult lifespan, but no
signal could be detected in the midgut of the preimaginal
stages and of adult males (not shown). No fragment was
visualized in the controls without reverse transcriptase reac-
tion. A beta-actin 494 bp standard fragment could be
visualized with 20 ng mRNA from each of the developmen-
tal stages in both sexes (Figs. 4 and 5A,B).

3.4. Whole-mount in situ hybridization

In situ hybridization using digoxigenin-labelled RNA
probe was carried out with whole mounts of the brain,

Fig. 7. Detection of Spofr-AT 2 mRNA in the ovary of a 2-day-old adult virgin female of S. frugiperda using whole-mount in situ hybridization. (A)
Photograph of an ovariole which contains the Spofr-AT 2 mRNA in the oocytes (arrow). (B) Control with the sense RNA probe. Scale bar 0.5 mm applies to A

and B.
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midgut (not shown) and of the ovary. In S. frugiperda
females, the suboesophageal ganglion (SOG) is fused to
the ventral sides of the brain. Fig. 6A shows two large
clusters of cells in the anterior—lateral region of the SOG,
which displayed strong expression of the prohormone
mRNA. When using the sense probe, no expression signal
was found (Fig. 6B). The ovarioles in S. frugiperda females
are of the polytrophic type. In the ovary of a 2-day-old adult
female, the Spofi-AT 2 gene transcript was localized within
the oocytes (Fig. 7A). Using the sense probe did not reveal a
positive reaction in the ovary (Fig. 7B).

3.5. The biological activity of the synthetic peptide

According to the C-terminal hexapeptide sequence—
NPISCF—which the novel peptide shares with the M. sexta
type-C allatostatin, we expected an allatostatic activity when
incubating the CA from adult females of S. frugiperda in the
presence of the peptide. Unexpectedly, however, when the
CA from 2- to 3-day-old adult females (at that age of
females, we have measured high rates of JH release from
the CA in a previous study Ref. [24]), after a 2-h preincu-
bation in medium without peptide, were transferred into
medium containing the synthetic peptide at concentrations
ranging from 10~ ® to 10~ * M, a strong and dose-dependent
allatotropic effect was observed (Fig. 8A). The peptide
caused an approximate tenfold rise in JH release at a
concentration of 10~* M, from about 4 pmol h~ ' CA™'
in the control to ca. 40 pmol h~ ' CA™'. From the dose—
response graph, the apparent ECs for its allatotropic activ-
ity was calculated to be ca. 1077 M. Due to its strong
allatotropic activity, we code-named the novel peptide S.
frugiperda allatotropin 2 (Spofir-AT 2).

Results from further experiments on the mechanism of
action of Spofr-AT 2 on the CA from 2-day-old females are
presented in Fig. 8B, C and D. At a concentration of 10~ ¢
M, the allatotropic effect of Spofr-AT 2 was slightly higher
than that of Manse-AT (4.4- to 3.1-fold; p<0.05), whereas

Fig. 8. Biological activity (in vitro) of the synthetic peptide. (A) Dose—
response for stimulation of the CA (rates of JH release in
pmol X h™ ' x CA™ ") from 2- to 3-day-old females of S. fiugiperda by
Spofr-AT 2 during a 2-h incubation period. Mean values = S.E.M. of 20
determinations. ns, not significant; *** p<0.001 (different from control I).
(B) Effects of Manse-AT, Spofr-AT 2 and Manse-AS (in 107 ¢ M
concentration) on JH release from the CA of 2-day-old females of S.
frugiperda during a 2-h incubation period. Mean values = S.E.M. of 20
determinations. ns, not significant; * p <0.05; *** p<0.001 (different from
control I). (C) Effects of Manse-AT, Spofr-AT 2, Manse-AS and mixtures of
peptides during a second 2-h incubation period (4—6 h). Control I
represents JH release during the first 2-h incubation (2—4 h) in the absence
of peptide, control II represents JH release during the second 2-h incubation
(4-6 h) in the absence of peptide. Mean values =+ SEM. of 20
determinations. ns, not significant; * p<0.05; ** p<0.01; *** p<0.001
(for black columns different from control IT). (D) Reversibility of activation
of JH release by Spofr-AT 2 for CA from 2-day-old females. The second
incubation was carried out in peptide-free medium. Mean values = S.E.M.
of 20 determinations. ns, not significant; *** p<0.001 (different from
control II).

Manse-AS at the same concentration did not affect the rate
of JH release by the CA (Fig. 8B). In other set of experi-
ments, following the preincubation, the CA were subjected
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to two successive incubations, each for 2 h. Control CA
(control II; without peptide in the medium) increased their
rates of JH release to about twice of that during the first
2-h incubation (control I; p<0.05; Fig. 8C). Such “higher
active” glands were further activated by the addition of
10~ ° M Manse-AT (1.9-fold) and Spofr-AT 2 (2.2-fold),
respectively (p <0.001). Simultaneous addition of Spofr-AT
2 (107 % or 10~ * M) and Manse-AT (10~ ° M) during the
second incubation resulted in a cumulative effect—the
glands released significantly more JH (p<0.01 and
p<0.001, respectively) than when incubated in the presence
of only one of the peptides. When CA were incubated in
medium containing Spofr-AT 2 and Manse-AS (10°° M
each), JH release was even lower than in the untreated
controls (p<0.001). This indicates that the stimulating
effect of Spofr-AT 2 was completely abolished by the
addition of Manse-AS. Glands that had been activated with
107° M Spofr-AT 2 in the first incubation and then
transferred to peptide-free medium for the second 2-h incu-
bation still produced and released significantly more JH
(p<0.001) than the untreated controls (Fig. 8D).

4. Discussion

Brain allatotropic control of JH biosynthesis was ob-
served in adults of the migratory locust Locusta migratoria
[27-30], larvae of the greater wax moth Galleria mellonella
[31], adults of the firebug Pyrrhocoris apterus [32] and
female adults of the fly Phormia regina [33]. Allatotropic
control of JH biosynthesis by the suboesophageal ganglion
(SOG) was first observed in the cockroach Leucophaea
maderae [34]. Allatotropic activity was also reported to be
present in the SOG of crickets (Gryllus bimaculatus and
Acheta domesticus Ref. [35]) and the adult male Loreyi
leafworm, Mythimna loreyi [36]. In addition to the brain and
SOG, ovarian factors were considered as potential stimula-
tory regulators [37,38]. So far, however, none of these
allatotropic factors has been identified. Recently [39], it
was shown that the Drosophila sex peptide, a 36 amino acid
residue peptide produced in the male accessory glands [40]
can stimulate the biosynthesis of JH, in vitro, by the CA of
D. melanogaster and of the noctuid moth Helicoverpa
armigera. The only known authentic allatotropin, Manse-
AT, activates JH biosynthesis in adult tobacco hornworms,
M. sexta, but had no effect on CA activity of larvae or
pupae. CA from the beetle Tenebrio molitor, the locust
Schistocerca gregaria and the cockroach Periplaneta amer-
icana were also not activated by the synthetic peptide,
whereas CA of the noctuid moths Heliothis virescens and
S. frugiperda were stimulated, suggesting some Order
specificity [9—13]. Synthetic Manse-AT, however, had no
significant effect on the CA from adult males of M. loreyi
[36].

Our present data suggest that we have isolated a cDNA
encoding a novel S. frugiperda preproallatotropin. The first

32 amino acids of the deduced preprohormone compose a
sequence with properties strongly reminiscent of a signal
peptide [26]. The precursor is small and contains one copy
of the putative peptide, located between the only two
existing dibasic endoproteolytic cleavage sites. Northern
hybridization demonstrated the site for peptide synthesis
(brain, midgut and ovary) and the approximate size of the
prohormone RNA transcript ( ~ 0.366 kb). Semiquantita-
tive RT-PCR analyses proved that the peptide is synthesized
in brains of larval, pupal and adult animals and in the
midgut and the ovary of adult females. The peptide thus
seems to represent a brain/gut neuropeptide which is also
expressed in the female reproductive organs. The tissue
distribution as well as its clear expression in the anterior—
lateral region of the SOG and in the oocytes corresponds to
that recently demonstrated for Manse-AT and Manse-AS in
S. frugiperda [7,21]. To our knowledge, this is the first
report on the presence and function of two different neuro-
peptides with allatotropic activity in an insect species.

The amino acid sequence of Spofr-AT 2 is identical at its
C-terminus with that of Manse/Spofr-AS, whereas the N-
terminus as well as the total number of amino acids differ. In
order to reveal a physiological function of the peptide, we
used the radiochemical assay (RCA) for JH biosynthesis and
release to determine rates of JH release by CA in vitro. Our
current measurements of the rates of JH release by CA from
2-day-old females of S. frugiperda as well as the effect of
Manse-AT, Manse-AS and Manse-AT plus Manse-AS (not
shown here) do not differ from the previous values [13,24]
where L-[methyl-*H]-methionine was used as the marker. In
a previous study, we have also shown that acetate/methio-
nine incorporation into the release products is stoichiometric
[24]. In the present results, control CA released about twice
as much JH during a second 2-h incubation (control II) than
during the first 2-h period (control I). Such an increase in JH
release was also observed in the previous study. The present
data clearly show that the Spofr-AT 2 acts as an allatotropin.
Treating CA with the synthetic peptide caused an up to
tenfold increase in JH release. The apparent ECs, was about
one order of magnitude higher than for Manse-AT [13]. The
allatotropic effect of Spofr-AT 2 lasted for at least 2 h in
peptide-free medium. When CA were incubated in the
presence of both Spofr-AT 2 and Manse-AS, a previously
demonstrated novel mechanism of allatostatin action [13]
could be confirmed. JH release was inhibited only in those
glands, which had been activated by an allatotropin. Finally,
we could show that the two allatotropins of S. frugiperda
may act in an additive manner.

The similarity in the primary structures of Manse-AS and
Spofr-AT 2 is striking. In a former paper [41], it was
reported that in Manse-AS the C” to F'> C-terminal se-
quence may define the active core of the peptide (disulfide
bridge between C’ and C'*) and that complete inactivation
of Manse-AS may occur after cleavage beyond position C”.
In Manse-AT, the octapeptide AT 6—13 (EMMTARGF-a)
seems to represent the biologically active core and the free



M. Abdel-latief et al. / Regulatory Peptides xx (2004) xxx—xxx 9

acid form is much less active than the amidated one [9].
Further experiments using deletion analogs of Spofr-AT 2
will provide insight into the active core for this peptide.
More experiments will also be necessary to explain the
physiological role of Spofr-AT 2 as well as its possible
interaction with Manse-AT and Manse-AS in the regulation
of JH biosynthesis by the CA of S. frugiperda. Pleiotropic
functions are expected also for this peptide, and it is likely
that the regulation of CA activity may not represent the
solely or primary function of the peptide [2]. Finally, we
shall try to isolate the Spofr-AT 2 peptide from S. frugiperda
brain extracts and we will look for the occurrence and
function of this peptide in other lepidopteran and non-
lepidopteran species. Screening the ‘““Drosophila mela-
nogaster and Anopheles gambiae genome projects”
database revealed that the Spofi-AT 2 preprohormone se-
quence is not present there.
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Summary
This thesis investigates the allatoregulatory neuropeptides and their genes in the fall

armyworm, Spodoptera frugiperda (Lepidoptera: Noctuidae).

1. Two genes encoding S. frugiperda allatotropin and allatostatin preprohormone peptides
(Spofr-AT and Spofr-AST) have been cloned which are identical to the respective peptides
from another lepidopteran species, Manduca sexta (Manse-AT and Manse-AST). The Spofr-
AT gene is expressed in three mRNA isoforms with 134, 171, and 200 amino acids, differing
from each other by alternative splicing. Each isoform includes one copy of the Manse-AT
mature peptide. Another 14- or 15-residues peptide from the second isoform shows eight
identities in its primary sequence with the Manse-AT-like III peptide predicted in M. sexta.
The Spofr-AST cDNA encodes 125 amino acid residues including one copy of the Manse-AST
mature peptide (type-C allatostatin).

2. Using one-step RT-PCR for semi-quantification of the gene expression, it is demonstrated
that both genes (Spofi-AT and Spofr-AST) are expressed in brain, digestive tract, and
reproductive organs of larvae, pupae, and adults of S. frugiperda in a time-, tissue-, and sex-
specific manner. The tissue-specific localization of the prohormone expression, as
demonstrated by whole-mount in situ hybridization, confirms the overall tissue distribution of

the prohormones as shown by RT-PCR and supports the pleiotropic functions of the peptides.

3. The gene encoding the S. frugiperda allatostatin type-A (Spofr-AST A) peptide family
(Y/FXFGL-amides) was isolated from S. frugiperda brain cDNA. The deduced precursor
sequence contains 231 amino acids and allowed unambiguous identification of nine (or ten)
peptides which are tandemly arranged in three blocks. All except one of the peptides had
previously been deduced from the cDNA sequences of two other lepidopteran species. The
Spofr-AST type-A gene is expressed in the brain, midgut, and reproductive organs of S.
frugiperda larvae and adults in a time- and tissue-specific manner. Data confirm the nature of
the allatostatin type-A peptides as brain/gut myoregulatory hormones, whereas their function

(s) in ovaries and testes have still to be resolved.

4. In S. frugiperda, a cDNA that encodes 53 amino acids was cloned, including one copy of a
non-amidated decapeptide (Arg-Val-Arg-Gly-Asn-Pro-Ile-Ser-Cys-Phe-OH). This peptide

strongly stimulates the synthesis and release of juvenile hormone (JH) in vitro by the corpora
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allata (CA) of S. frugiperda adult females and was code-named Spofr-AT 2. The primary
structure of Spofr-AT 2 is identical at its C-terminus (-NPISCF) with the M. sexta type-C
allatostatin (Manse-AST). Northern blotting and RT-PCR analyses revealed that the
preprohormone is expressed as one transcript in the brain, midgut, and ovary in a tissue- and
developmental-specific manner. Whole-mount in situ hybridization studies with brain and
ovaries from 2 day-old adult females showed that the gene is expressed in two large clusters
of cells in the suboesophageal ganglion and within the oocytes. Treating the CA with the
synthetic peptide caused an up to tenfold increase in the release of JH. The stimulation of JH
release was dose-dependent with an apparent ECsy of ca. 107 M. CA that were activated with

Spofr-AT 2 could be inhibited by the addition of synthetic Manse-AST.

5. In conclusion, the presented date strengthen the hypothesis that “allatoregulating”
neuropeptides are diverse in structure, widely distributed and exhibit multiple functions. The
functions may be tissue-specific as well as specific to particular developmental stages of
insects. Knowledge of the various peptide precursor sequences has opened the way for
synthesis of these peptides for detailed physiological and functional studies. Further
quantitative experiments formulated in context of the life history of the animals will certainly
yield a more detailed understanding of the mode of action of these peptides in S. frugiperda.
Other major challenges in the future will be to clone the receptors for these peptides and to

study the receptor distribution in the fall armyworm.
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Zusammenfassung
In dieser Arbeit wurden die allatoregulierenden Neuropeptide und ihre Gene beim Heerwurm,

Spodoptera frugiperda (Lepidoptera: Noctuidae) untersucht.

1. Zundchst wurden zwei Gene kloniert, die fiir die Priprohormone des S. frugiperda
Allatotropins und des S. frugiperda Allatostatins (Spofr-AT und Spofr-AST) kodieren. Die
entsprechenden Peptide sind identisch mit dem schon bekannten Allatotropin bzw.
Allatostatin aus einer anderen Lepidopteren-Art, Manduca sexta (Manse-AT und Manse-
AST). Das Spofr-AT Gen wurde in drei mRNA Isoformen mit 134, 171 und 200 Aminoséuren
exprimiert, die sich durch alternatives Splicing voneinander unterscheiden. Jede Isoform
enthilt eine Kopie des Manse-AT Neuropeptid. Die Isoform 2 enthélt ein weiteres 14 bzw. 15

Aminosduren langes Peptid, das in acht seiner Aminosduren mit dem aus M. sexta bekannten

Manse-AT-dhnlichen Peptide III identisch ist. Die Spofi-AST cDNA kodiert fiir eine Folge
von 125 Aminosduren, die eine Kopie des Manse-AST Neuropeptids (C-Typ Allatostatin)

einschlief3t.

2. Mittels Einschritt-RT-PCR zur Semiquantifizierung der Genexpression konnte gezeigt
werden, dass beide Gene (Spofr-AT und Spofr-AST) im Gehirn, Verdauungstrakt und in den
Fortpflanzungsorganen von Larven, Puppen und adulten Tieren in einer zeit-, gewebe- und
geschlechtsspezifischen Weise exprimiert werden. Die gewebsspezifische Lokalisation der
Prohormonexpression mittels Ganzgewebe in situ-Hybridisierung bestitigte die durch RT-
PCR gezeigte Verbreitung der Prohormone in den Geweben und unterstiitzt die Annahme,

dass die Peptide pleiotrope Funktionen aufweisen.

3. Aus der cDNA von S. frugiperda wurde ein Gen isoliert das fiir die Familie der Allatostatin
Typ-A Neuropeptide (Spofr-AST A) kodiert. Die abgeleitete Precursorsequenz enthdlt 231
Aminoséduren und ermoglichte die Identifizierung von 9 bzw. 10 Allatostatin Typ-A Peptiden,
die in drei Blocken zusammengefasst sind. Bis auf ein Peptid waren alle Strukturen aus den
entsprechenden Prohormonen von zwei anderen Lepidopteren-Arten bereits bekannt. Das
Spofr-AST Typ-A Gen wird im Gehirn, Mitteldarm und den Reproduktionsorganen von
larvalen und adulten S. frugiperda zeit- und gewebespezifisch exprimiert. Die Ergebnisse
bestdtigen die Funktion der Allatostatin Typ-A Neuropeptide als myoregulatorisch aktive
Hormone im Gehirn und Mitteldarm, wihrend ihre Funktion(en) in den Ovarien und Hoden

noch ungeklart ist/sind.
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4. Aus der cDNA von S. frugiperda wurde ein weiteres Gen isoliert, das eine Kopie eines
nicht-amidierten Decapeptids  (Arg-Val-Arg-Gly-Asn-Pro-Ile-Ser-Cys-Phe-OH)  enthilt.
Dieses Peptid stimuliert die Biosynthese und Freisetzung von Juvenilhormon (JH) in vitro aus
den Corpora allata adulter Weibchen von S. frugiperda und wurde als Spofr-AT 2 bezeichnet.
Die Primérstruktur des Spofr-AT 2 ist am C-Terminus (-NPISCF) identisch mit jener des C-
Typ Allatostatins aus M. sexta (Manse-AST). Northern Blot und RT-PCR Analysen ergaben,
dass das Praprohormon als ein Transkript im Gehirn, Mitteldarm und in den Ovarien in einer
gewebs- und entwicklungsspezifischen Weise exprimiert wird. Mittels in situ-Hybridisierung
an Gehirn- und Ovarpriparationen konnte gezeigt werden, dass das Gen in Form von zwei
groflen Zellclustern im Suboesophagealganglion sowie innerhalb der Oocyten exprimiert wird.
Wurden die CA adulter Weibchen mit dem synthetischen Peptid behandelt, so stieg die JH-
Biosynthese bis zum zehnfachen des Ausgangswertes an. Die Stimulierung der JH-
Biosynthese verlduft dosisanhingig mit einem apparenten ECs-Wert von ca. 107 M. Corpora
allata, die mit Spofr-AT 2 aktiviert worden waren, konnten durch Zugabe von synthetischem

Manse-AST gehemmt werden.

5. Zusammenfassend bestitigen die vorliegenden Ergebnisse die Hypothese, dass
»allatoregulierende® Neuropeptide in ihrer Struktur sehr vielseitig sind, weit verbreitet
gefunden werden und vielfdltige Funktionen aufweisen. Die Funktionen sind vermutlich
gewebs- und entwicklungsspezifisch unterschiedlich. Die Kenntnis der Peptidhormon-
strukturen ermdglicht die Verwendung von synthetischen Peptiden bei weiteren
Untersuchungen zu ihrer Physiologie bzw. Funktion. Weitere quantitative Experimente sollten
unter Berticksichtigung der biologischen Lebensweise der Tiere durchgefiihrt werden und
werden sicher genauere Erkenntnisse zur Wirkungsweise der Peptide bei S. frugiperda
erbringen. Ein weiteres Ziel ist die Klonierung der Rezeptoren fiir diese Hormone sowie

Studien zur Verteilung der Rezeptoren beim Heerwurm.
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Abbreviations
ACT
AS or AST

AT
ATL

bp

CA

CC

cDNA

cRNA

DNA

dATP

dCTP

dGTP

dTTP

dNTPs

DEPC

d.H,O

actin

allatostatin
allatotropin
allatotropin-like
basepair

corpora allata
corpora cardiaca
complementary
deoxyribonucleic
acid
complementary
ribonucleic acid
deoxyribonucleic
acid
2’-deoxyadenosine
triphosphate
2’-deoxycytidine
triphosphate
2’-deoxyguanosine
triphosphate
2’-deoxythymidine
triphosphate
mixture of dATP,
dCTP, dGTP and
dTTP

diethyl
pyrocarbonate

deionized water
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DC
Dig-dUTP
E. coli
HPLC

ISH

JH
mRNAC(s)
mM
mmol
OL

PC

PCR

RNA

SOG

RT-PCR

Apal

Pstl

deutocerebrum
digoxigenin-dUTP
Escherichia coli
high- performance
liquid
chromatography

in situ hybridization
juvenile hormone
messenger RNA(s)
millimolar
millimoles

optical lobe
protocerebrum
polymerase chain
reaction

ribonucleic acid
suboesophageal
ganglion

reverse transcriptase-
PCR

Volt

Acetobacter
pasteurianus
restriction enzyme
Pronidencia stuartii

restriction enzyme
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