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Upper right panel — Schematic diagram of G protein-coupled receptor signaling. A GPCR, which
consists of seven transmembrane domains with alternating extracellular and intracellular loops, binds
extracellular ligands (i.e. peptides, neurotransmitters, etc). Ligand binding promotes dissociation

of a heterotrimeric G protein complex. This in turn activates downstream effectors that trigger an
intracellular signaling cascade culminating in a biological response. Upper left panel — Schematic
diagram of nuclear receptor signaling. In this example, a lipophilic compound crosses the plasma
membrane and binds to a cytosolic nuclear hormone receptor. Ligand binding promotes translocation
to the nucleus and binding to a specific sequence of DNA. This leads to transcription of downstream
DNA into RNA and the subsequent translation of the RNA message into protein, which triggers a
cellular change culminating in a biological response. Lower panel — Enhanced green fluorescent
protein expression in the PG of G1 female adults. (A) EGFP expression was visible in the PG of
transgenic moths but not non-injected controls. (B) The expressions of two reporter genes via whole-
body fluorescence imaging. Red fluorescence is derived from DsRed expressed in the compound eye and
green fluorescence is derived from EGFP expressed in the PG of the transgenic B. mori. Figure from this
issue - Moto K-I and Matsumoto S (2012) Construction of an in vivo system for functional analysis of
the genes involved in sex pheromone production in the silkmoth, Bormbyx mori. Front. Endocrin. 3:30.
doi: 10.3389/fend0.2012.00030.
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Countless studies utilizing a diversity of insect species have significantly contributed to
our understanding at both the molecular and cellular levels of how an extracellular signal
is turned into a cellular response. These studies have spawned a wide-ranging multi-
disciplinary research field that has its roots in the elucidation of chemical structures

and biosynthetic pathways but which has since branched out to incorporate cellular and
molecular dynamics, metabolic engineering, population genetics, and RNA-dependent
gene silencing. Research into other signals and their cognate receptors has lead to the
realization that these interactions govern nearly every facet of insect life from growth and
development to homeostasis and reproductive behavior. As a consequence, significant
efforts have been made to further our knowledge of signaling pathways and how they
impact insect physiology and behavior as a means of facilitating the development of

the next generation of biorationally-designed insect control agents. The same linear
dependence on signaling also makes insects excellent models for the basic endocrine
mechanisms underlying lipid and cellular biology and can provide insights into lipid
uptake, lipogenesis, hormone-regulated lipolysis, membrane trafficking, and intracellular
calcium signaling in organisms from other phyla. It is the aim of this Research Topics
forum to celebrate the advancements seen in insect endocrinology via review papers and
original articles as well as to highlight recent developments in fundamental and applied
insect-based endocrine research.
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Intracellular signaling pathways govern nearly every facet of insect
life. As a consequence, significant effort has been made to expand
our understanding (for both basic and applied purposes) of these
pathways at the molecular and cellular levels. It is the aim of this
Research Topic to highlight recent developments in insect systems
that address fundamental questions of how chemical signals trig-
ger biological/physiological responses. The articles presented here
have been loosely grouped into three topics: receptors, ligands, and
intracellular pathways/mechanisms.

The first section (four Original Articles and one Review Article)
is “receptor-centric” with four papers discussing G protein-cou-
pled receptors (GPCRs) and the other reporting on an intracellular
nuclear receptor. Hypertrehalosemic hormone (HTH) is a pep-
tide hormone recently implicated in some systems in the cellular
response to oxidative stress. Huang et al. (1) report identification of
a GPCR for HTH in the German cockroach (Blattella germanica).
Based on RNAi-mediated knockdown of the ligand-receptor pair,
the authors conclude that HTH and its receptor are critical for
mediating anti-oxidative responses in B. germanica. Lee et al. (2)
examined the expression of a different peptide hormone recep-
tor, pheromone biosynthesis activating neuropeptide receptor
(PBANR). They showed that four alternatively spliced variants,
differentiated only by the length of their carboxyl terminal tails,
are concomitantly expressed in the pheromone glands of multi-
ple moth species. This finding addresses concerns regarding the
biological significance of PBANR isoforms identified previously.
To further evaluate the functionality and regulation of those
PBANR variants, Lee et al. (3) established cultured insect lines
constitutively expressing the receptor variants. Functional char-
acterization of the receptors revealed that the “long” and “short”
variants utilize different downstream effectors and regulatory
mechanisms. Departing from the Original Article format of the
previous entries, Bendena et al. (4) present a short review of select
neuropeptides [NPF/Y, short neuropeptide F (sNPF), FMRFamide,
pigment dispersing hormone, cholecystokinin, and allatostatin-
like peptides] and their GPCRs in Drosophila melanogaster and
Caenorhabditis elegans. The final paper in the receptor grouping
used confocal scanning laser-based immunohistochemical imag-
ing to examine nuclear trafficking of the ecdysteroid receptor
(EcR) in Rhodnius prolixus cells (5). Co-localization of EcR with
microtubules, Hsp90, FKBP52, and a component of dynein, along
with impeded EcR nuclear localization following disruption of

the microtubule network, led the authors to propose that EcR
translocates to the nucleus along microtubules via a cytosolic
dependent protein complex.

The second section (two Original Articles and one Review
Article) of this issue focuses on neuropeptide ligands, in particu-
lar pheromone biosynthesis activating neuropeptide (PBAN) and
sNPF. In most species of moths, PBAN controls biosynthesis of the
chemical compounds (i.e., sex pheromones) that females use to
attract conspecific males. To develop a more nuanced understand-
ing of how PBAN interacts with its receptor [i.e., PBANR; see (2,
3)], Kawai et al. (6) sought to clarify the role of the Arg residue in
the FxPRLamide active core of PBAN. Structure-function analyses
revealed the importance of this residue in PBANR binding and acti-
vation. PBAN/pyrokinin peptides, which are characterized by the
FxPRLamide motif, are present in multiple insect orders. In their
Review Article, Choi and Vander Meer (7) discuss recent research on
the molecular structure and diversity of PBAN/pyrokinin peptides
in ants, in particular the fire ant, Solenopsis invicta. The final paper
of this section examines the role of sNPFs in governing feeding
behavior in the silkworm, Bombyx mori (8). MALDI-TOF mass
spectrometric profiling revealed that brain sNPF levels decreased
following starvation but returned to basal levels after feeding, while
direct injection of sNPFs into larvae stimulated feeding.

The final section (two Review Articles, three Original Articles,
one Mini-Review, and one Perspective) of this issue centers on a
number of diverse intracellular pathways/mechanisms. The open-
ing quartet of articles in this section focuses on the intracellular
pathways associated with moth sex pheromone biosynthesis. The
first article by Jurenka and Rafaeli (9) provides an extensive review
of the role PBAN has in heliothine moth biosynthetic pathways, and
discusses recent findings implicating PBAN involvement in male
pheromone production. Ohnishi et al. (10) present an Original
Article describing their use of B. mori EST databases in conjunction
with RNAI screening to identify transcripts involved in B. morisex
pheromone production. Subsequent characterization of one such
transcript identified an acyl carrier protein essential for biosynthesis
of the B. mori sex pheromone precursor. In an Original Article,
Moto and Matsumoto (11) address the limitation of unequivocally
demonstrating the in vivo functionality of genes linked to sex phero-
mone biosynthesis in systems such as moths that lack the desired
genetic malleability. They describe the development of a transgenic
system in B. moriutilizing the piggyBac transposon in conjunction
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with a pheromone gland-specific desaturase promoter region. In
the final article of the quartet, Watanabe et al. (12) present chemi-
cal evidence for the biosynthetic pathway utilized by the female
rice looper (Plusia festucae) to generate ®7-unsaturated sex phero-
mone components. Intriguingly, comparative analysis with another
Plusiinae species suggested that different 3-oxidation systems are
utilized. The Review Article by Stanley and Kim (13) moves the
focus away from moth sex pheromone production and places it
on the biological role of prostaglandin receptor-mediated events
in insect physiology. Among the topics reviewed are the role of
prostaglandins in egg-laying in crickets and insect egg develop-
ment in general, a prostaglandin receptor in tick salivary glands
and prostaglandin receptor-mediated action in insect immunity.
In a Mini-Review Article, Tanaka (14) describes recent studies on
the regulatory mechanism underlying ecdysteroidogenesis (i.e., the
production of compounds critical to insect molting and meta-
morphosis). The author further highlights studies in B. mori that
have examined the role of humoral factors and neural control on
ecdysteroidogenesis. Negri (15) presents the last paper in this issue,
a Perspective Article reviewing data implicating the involvement of
Wolbachia, a widespread endosymbiont of arthropods, in modulat-
ing host insulin and ecdysteroid hormonal pathways. The author
concludes by presenting a model illustrating a possible mechanism
for direct bacterial influence on host ecdysone signaling and epi-
genetic regulation.
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Hypertrehalosemic hormone (HTH) is a peptide hormone that belongs to the adipokinetic
hormone/red pigment concentrating hormone (AKH/RPCH) family, which exerts pleiotropic
actions related to catabolic reaction and stress response. AKH peptides have been demon-
strated to participate in stress response including oxidative stress in several insects. In
order to study the signaling pathway of HTH involved in anti-oxidative stress, we have
characterized a HIH receptor cDNA in Blattella germanica (Blage-HTHR) in structural and
in functional terms using RNA interference (RNAI). Blage-HTHR is expressed in various
female adult tissues (brain-CC-CA, ventral nerve cord, midgut, fat body, oviduct), but max-
imal expression is observed in the fat body. RNAi-mediated knockdown of Blage-HTHR
expression results in a significantly lower level of hemolymph trehalose, even though HTH
is exogenously administered. Paraquat elicits lethal oxidative stress in B. germanica, and
co-injection of paraquat and HTH reduces this detrimental effect and extends the median
survival time. Interestingly, the “rescue” effect of HTH on mortality caused by paraquat is
diminished in specimens with depleted expression of Blage-HTH and Blage-HTHR. Finally,
lipid peroxidation in the hemolymph increases 4 h after paraquat treatment, in compari-
son with control specimens or with HTH-treated specimens. However, lipid peroxidation
induced by paraquat was not “rescued” by HTH in Blage-HTH and Blage-HTHR knockdown
specimens. Our results demonstrate that HTH acts as a stress hormone mediating anti-
oxidative protection in B. germanica, and that its receptor, Blage-HTHR, is essential for this
action.

Keywords: adipokinetic hormone, paraquat, RNA interference, hypertrehalosemic hormone receptor, German

cockroach

INTRODUCTION

The adipokinetic hormone/red pigment concentrating hormone
(AKH/RPCH) family is one of the extensively characterized group
of neuropeptides whose members play important roles on energy
homeostasis, as well as on other physiological and behavioral
processes in insects (Schooley et al., 2005). AKH peptides are 8-
to 10-amino acid long, with a pyroglutamate blocked N-terminus
and an amidated C-terminus, aromatic residues at positions 4 and
8, and a glycine residue at position 9, when present (Gide, 2009).
Among them, the peptides that primarily induce trehalose efflux
into hemolymph are referred to as a hypertrehalosemic hormone
(HTH).

Recently, AKHs have been related to stress response, through
mechanisms involving the stimulation of catabolic reactions
while inhibiting synthetic reactions by increasing available energy
(Kodrik, 2008). Earlier studies have related the release of AKHs
as a result of insecticide poisoning through recording the increase
of metabolites such as trehalose and lipids in the hemolymph of
the cockroach Periplaneta americana (Granett and Leeling, 1972)
and the locust Schistocerca gregaria (Samaranayaka, 1974). Direct
measurement of AKH titer increase after insecticide exposure has

been further reported in a number of insects, including the locust
S. gregaria and the bug Pyrrhocoris apterus (Candy, 2002; Kodrik
and Socha, 2005; Velki et al., 2011). In addition, AKHs partic-
ipate in anti-oxidative mechanisms by increasing reduced glu-
tathione efflux and decreasing protein carbonyl levels in response
to treatment with paraquat (PQ), a bipyridylium herbicide that is
currently used to elicit oxidative stress in animals through redox-
cycling reactions (Hassan, 1984); it has been used in this way, for
example, in the potato beetle Leptinotarsa decemlineata (Kodrik
etal.,2007) and in P. apterus (Vecera et al., 2007).

Oxidative stress is a type of stressor that causes neurodegenera-
tion of brain cells under severe stress condition (Chaudhuri et al.,
2007); it also affects a number of physiological processes, includ-
ing an adaptive compensatory specific response of the organism
that is activated to sustain homeostasis (Valko et al., 2007). Reac-
tive oxygen species, such as superoxide anion radicals, hydroxyl
radical, and hydrogen peroxide, represent a class of molecules that
are derived from the normal metabolism of oxygen in the majority
of aerobic organisms. Reactive oxygen species arise as endogenous
by-products of metabolic reactions in the cells, and from exoge-
nous exposure to environmental pollutants, ionizing radiation,
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and others. Excess of reactive oxygen species and/or deficit of scav-
enging antioxidants results in oxidative stress, which may impair
correct regulation of lipids, proteins, and DNA (Halliwell and
Gutteridge, 2007).

Most of the previous studies show that AKHs are involved
in antioxidant protection mechanisms used biochemical exper-
imental approaches such as monitoring AKH titer changes or
exogenously applying AKH under oxidative challenges (Kodrik
etal., 2007; Vecera et al., 2007). Thus, little information is available
at the molecular level on the relation of AKH with antioxidant
protection mechanisms. In this context, we aim to provide molec-
ular evidence that the signaling pathway of HTH is involved in the
antioxidant protection mechanisms, using the cockroach Blattella
germanica as model. Previously, we had cloned the hypertre-
halosemic hormone (Blage-HTH ) cDNA in B. germanica (Huang
and Lee, 2011). In the present study we report the cloning of the
cDNA of the HTH receptor (Blage-HTHR) and the effect of PQ
when both Blage-HTH and Blage-HTHR expression are silenced
by RNA interference (RNAi) in B. germanica, a species that is
particularly sensitive to this knockdown technique (Belles, 2010).

MATERIALS AND METHODS

INSECTS

A colony of the German cockroach, B. germanica (L.), was main-
tained in environmental chambers at 28°C under L:D =16:8h
conditions. Dog chow and water were provided ad libitum.
Nymphs and adults were reared in groups, but adults were sep-
arated by sex to keep them in virgin state. Detailed information
about rearing has been described previously (Lee and Wu, 1994).

RNA EXTRACTION AND REVERSE TRANSCRIPTION TO cDNA

All RNA extractions were performed using TRIzol Reagent (Invit-
rogen) following the supplier’s protocol. Possible genomic DNA
contamination was removed by DNase I (Promega) treatment.
One microgram of total RNA was reverse transcribed using High
Capacity cDNA Reverse Transcription Kits (ABI).

CLONING OF THE HTH RECEPTOR

The first primer set was designed based on the known
AKH receptor sequences of other insects, including P. ameri-
cana (DQ217786), Apis mellifera (AY898652), Tribolium casta-
neum (DQ422965), and Bombyx mori (AF403542). The primer
sequences were as follows: 5'-TCC ACG TGG AGG AGC ACC C-
3’ forward; and, 5-TTC TTC CAS STG GAG GRR CAC CCC-3’
reverse. The amplified fragment (420 bp) was subcloned into the
PGEMT-easy vector (Promega) and sequenced. To complete the
sequence, the GeneRacer Kit (Invitrogen) for rapid amplification
of cDNA ends (RACE) was used following the manufacturer’s pro-
tocol. For 5-RACE, the reverse primer was 5'-GAC TCA GCT GTA
CCA GTT CTG GTA CAG GA-3, and for 3'-RACE, the forward
primer was 5'-GTC TGA ACT GAG CTG ATA TCT GCG A-3'. All
PCR products were subcloned into pGEMT-easy vector (Promega)
and sequenced.

PHYLOGENETIC ANALYSIS
The amino acid sequences of all known insect AKH receptors
were obtained from GenBank and aligned using the Clustal X

1.18 program (Thompson et al., 1997). The resulting alignment
was manually edited using the GeneDoc program (Nicholas et al.,
1997) and analyzed by the Neighbor-joining method for construc-
tion of a phylogenetic tree. The AKH receptor of the insect species
with the GenBank accession numbers are Drosophila melanogaster
(AAF52426), Anopheles gambiae (ABD60146), Aedes aegypti
(CAY77164 and CAY77166), Glossina morsitans (AEH25943),
B. mori (AAL95712), Manduca sexta (ACE00761), A. mellif-
era (AAX83121), Nasonia vitripennis (NP_001161243), T. casta-
neum (ABE02225), Acyrthosiphon pisum (XP_001945436), Pedicu-
lus humanus (EEB15485), P. americana (ABB20590), and B.
germanica (ADL60118). Five-letter abbreviations used for these
AKH receptors and species are indicated in Figure 1B. Phylo-
genetic trees based on the resulting alignment were constructed
using MEGA version 5 (Tamura et al., 2011). The gonadotropin-
releasing hormone receptor of Caenorhabditis elegans (Caeel-
GnRHR, GenBank accession number NP_506566) was used as
outgroup. The robustness of phylogenetic analysis was evaluated
by bootstrapping using 1000 replicates.

BLAGE-HTHR EXPRESSION ANALYSIS

We performed semiquantitative RT-PCR to investigate the distrib-
ution of Blage-HTHR in different tissues of 7-day-old adult female
B. germanica and to assess the effects of RNAi. Thus, the 25 .1 PCR
mixture for amplifying the Blage-HTHR fragment included 1 pl of
c¢DNA, 10 pmol of forward primer (5'-GAC TCA GCT GTA CCA
GTT CTG GTA-3), 10 pmol of reverse primer (5'-GGG AAA TGT
CTT GTGAAC CAG GTC-3'),and 5 ul of Taq polymerase mixture
(Protech). The PCR (30 cycles) was performed as follows: denat-
uration at 94°C for 30's, annealing at 58°C for 30, extension at
72°C for 1 min. Expression of BgActin (GenBank EU514491) was
used as reference. PCR products were separated and visualized on
a 1.5% agarose gel.

Quantitative real-time PCR measurements were carried out in
triplicate in Applied Biosystems StepOnePlus real-time PCR sys-
tems with Fast SYBR Green Master Mix (Applied Biosystems). The
primers used to measure Blage-HTHR mRNA were as follows: 5'-
TCT ATC GGG ACA ACA GCA ACC AGA-3' forward, and 5'-TGC
TTC AGG AAC TTC ACT CAC AGT-3' reverse. The efficiency of
this primer set was first validated by constructing a standard curve
through five serial dilutions. The expression levels were normal-
ized to BgActin expression using 2(—Delta Delta C(T)) method
(Pfaffl, 2001). The PCR program began with a single cycle at 95°C
for 3 min, 40 cycles at 95°C for 155, and 60°C for 30's. Afterward,
PCR products were heated to 95°C for 15 s, cooled to 60°C for 30 s
and increasing the temperature 0.5°C/min in order to measure
the dissociation curves and to determine an unique PCR prod-
uct for each gene. A template-free control was performed in each
batch.

RNA INTERFERENCE

The Blage-HTHR cDNA of the German cockroach was first cloned
into the pPGEMT-easy vector (Promega, Madison, WI, USA). Then,
a 528 bp fragment targeting the 3’-UTR of Blage-HTHR mRNA
was amplified by PCR. The primers (which contained the T7 pro-
moter sequence: TAATACGACTCACTATAG) used in this PCR
reaction were as follows: 5'-TGG ATA GAC CAG CAG TCT GCT
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Anoga-AKHR Diptera
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84 Acypi-AKHR Hemiptera
Peram-AKHR Blattaria
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FIGURE 1 | (A) Alignment of the deduced amino acid sequences of the abbreviated names of insect AKHR are: Acypi-AKHR (Acyrthosiphon pisum),
Blattella germanica HTH receptor (Blage-HTHR, GenBank GU591493) with Aedae-AKHR-1 and Aedae-AKHR2 (Aedes aegypti), Anoga-AKHR (Anopheles
the Periplaneta americana AKH receptor (Peram-AKHR, GenBank gambiae), Apime-AKHR (Apis mellifera), Blage-HTHR (Blattella germanica),
ABB20590). Identical amino acid residues are highlighted in gray. The seven Bommo-AKHR (Bombyx mori), Drome-AKHR (Drosophila melanogaster),
transmembrane a-helices are indicated by TM1-7. The dotted-line rectangle Glomo-AKHR (Glossina morsitans), Manse-AKHR (Manduca sexta),
indicates an insertion present in both cockroach species. (B) Neighbor Nasvi-AKHR (Nasonia vitripennis), Pedhu-AKHR (Pediculus humanus),
joining tree of AKH receptor insect sequences. The tree was generated Peram-AKHR (Periplaneta americana), and Trica-AKHR (Tribolium
using MEGA 5 with 1000 bootstrap replicates. The evolutionary distance is castaneum). Gonadotropin-releasing hormone receptor of Caenorhabditis
given in units of the number of amino acid substitutions per site. The elegans (Caeel-GnRHR) was used as outgroup.
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GAA-3’ forward primer, and 5'-GGG AAA TGT CTT GTG AAC
CAG GTC-3' reverse. The MEGAscript RNAi Kit (Ambion) was
used to generate the dsRNA following the manufacturer’s proto-
col. The dsRNA solution was stored at —20°C until use. A dose
of 1.5 g of the 528 bp dsRNA targeting the Blage-HTHR mRNA
was injected into the abdomen of newly emerged adults. As dSRNA
control, the enhanced green fluorescence protein (EGFP) sequence
was used at the same dose. Blage-HTHR expression in the fat body
was determined by semiquantitative RT-PCR within the following
days after dsRNA treatment.

To investigate the role of HTH against oxidative stress, we
injected 1.5 g of both, dsSHTHR and dsHTH, the latter being pre-
pared according to the protocol previously described (Huang and
Lee, 2011), into newly emerged male B. germanica. Blage-HTHR
expression in the fat body and Blage-HTH expression in the whole
head were determined by semiquantitative RT-PCR at the 10th day
after dsRNA treatment.

TREHALOSE DETERMINATION

Trehalose in the hemolymph was determined following the pro-
tocol previously described (Huang and Lee, 2011). Briefly, 5l
hemolymph was obtained from the hind leg coxae. Then, the
hemolymph was incubated overnight at 37°C with 2 pl porcine
kidney trehalase (Sigma) to convert trehalose into glucose. The
amount of glucose in 50 pl of the above solution was measured
using the Glucose Assay Kit (Sigma). Glucose concentration was
corrected by deducting the amount of glucose from the same
supernatant prepared under identical conditions but without
trehalase.

OXIDATIVE STRESS TREATMENTS

The insects were individually injected with 1pl solution of
20mM PQ (paraquat: 1,1’-dimethyl-4,4’-bipyridylium dichlo-
ride hydrate) to cause oxidative stress, or with 1pl Ringer
saline as control. To study the effect of HTH against oxidative
stress, the insects were injected with 1l solution containing
synthetic HTH peptide (pGlu-Val-Asn-Phe-Ser-Pro-Gly-Trp-Gly-
Thr-NH,) of B. germanica at various concentrations (10, 40, and
80 pmol) in combination with 20 nmol PQ (1:1 in volume). The
number of dead cockroaches were recorded every day. All chem-
icals used in the experiments and assays were obtained from
Sigma-Aldrich Chemical Company (St. Louis, MO, USA) unless
otherwise stated.

LIPID PEROXIDATION MEASUREMENT

We used lipid peroxidation as specific test to measure the level of
oxidative stress. A total of 15 ul hemolymph from a pool of eight
specimens was collected at 4 h post inoculation of oxidative stress
treatment and diluted with 30 ul PBS containing 1% butylated
hydroxytoluene to prevent further oxidation of lipid during fur-
ther processing. The diluted hemolymph was shaken vigorously
and centrifuged (10,000 x g for 10 min at 4°C). To determine the
levels of malondialdehyde as indicator of lipid peroxidation, the
supernatants were processed using the OxiSelect TBARS (thiobar-
bituric acid reactive substances) assay kit (Cell Biolabs) following
the manufacturer’s instructions.

STATISTICAL ANALYSIS

The results in the figures represent the mean &+ SEM. Statistical
analyses were performed using computing software R. Statisti-
cal significance of results were evaluated using unpaired f-test
between two groups and one-way ANOVA followed by Tukey’s
HSD post hoc test for multiple comparisons. The analyses of
survival curves were carried out using Kaplan—Meier test for
median survival time, the Log-rank test for testing the differences
among treatment groups, and the Kruskal-Wallis rank sum test
for post-test calculations.

RESULTS

CLONING AND EXPRESSION PATTERN OF BLAGE-HTH RECEPTOR
Cloning of the HTH receptor (Blage-HTHR) cDNA of B. ger-
manica was accomplished by a RT-PCR approach, combining
the use of degenerate primers based on AKHR conserved motifs
to obtain a partial sequence, and 5'-RACE and 3’-RACE experi-
ments to complete it. These amplifications rendered a full-length
cDNA of 1,769 bp encoding a predicted 406 amino acid protein
(Blage-HTHR; GenBank accession number GU591493; Figure A1l
in Appendix). According to BLAST searches, cDNA sequence of
Blage-HTHR was very close (71.0% identity, 81.5% similarity) to
P. americana AKH receptor (Peram-AKHR; GenBank accession
number ABB20590). In addition, the alignment of receptor pro-
teins of the two cockroach species showed values of 62.4% identity
and 72% similarity (Figure 1A). The deduced amino acid sequence
of Blage-HTHR exhibits the typical structural features of G
protein-coupled receptors including an extracellular N-terminus,
seven transmembrane regions, and an intracellular C-terminus.

Neighbor-joining analysis of insect AKH receptor sequences
gave a tree (Figure 1B) showing that Blage-HTHR clusters with
Peram-AKHR from P. americana, as expected. Indeed, these two
cockroach receptors have an additional consensus sequence in
the intracellular C-terminus that is characteristic of them, and
which is not present in other insect AKH receptor sequences
(Figure A2 in Appendix). The sister group of the cockroach node
is composed by phylogenetically distal hemimetabolous species
(Phthiraptera, Hemiptera) and basal holometabolous species
(Coleoptera, Hymenoptera), and these two nodes have the more
modified holometabolous species (Lepidoptera and Diptera) as
sister group. In general, the topology of the tree approximately fol-
lows the phylogenetic relationships of the insect orders currently
established.

The expression of Blage-HTHR was detected and quantified in
various tissues and stages (Figure 2). Concerning the adult, the
expression was observed in practically all studied tissues, but the
strongest expression was found in the fat body (Figure 2A). Con-
versely, expression in the ovary was practically absent, and that in
the accessory glands was very faint. Comparing different life cycle
stages (Figure 2B), expression was very low in embryos and rel-
atively low in the first instar nymph. Values were much higher in
the last instar (N6) nymph, and in the adult stage of both sexes.

RNAI-MEDIATED KNOCKDOWN OF BLAGE-HTHR REDUCES THE
TREHALOSEMIC EFFECT OF HTH

We first studied the function of Blage-HTHR in B. germanica
in relation to trehalose regulation by depleting its expression by
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FIGURE 2 | (A) Semiquantitative RT-PCR analysis (Blage-HTHR, 790 bp) in
various tissues: brain—-CC-CA complex (B-CC), ventral nerve cord (VNC),
midgut (Mgt), fat body (FB), ovary (O), oviduct (Ovd), and accessory gland
(Asg) of 7-day-old adult females. BgActin expression (365 bp) was used as a
reference. (B) Quantitative real-time RT-PCR analysis of Blage-HTHR
expression in the whole body of cockroaches at various developmental
stages. N1 and N6 represent first and last (sixth) nymphal instars,
respectively. Male and female are 7-day-old adults. The Blage-HTHR mRNA
was normalized against BgActin expression. Data represent the

mean + SEM (n=3) of relative transcription levels normalized in
comparison with embryo.

RNAI. Blage-HTHR mRNA was measured in the fat body 1, 5, and
10 days after the treatment with dsHTHR, and results (Figure 3A)
showed that expression was clearly reduced in comparison with
controls (dsEGFP-treated) on days 1 and 5, and it was practi-
cally undetectable on day 10, either in females as well as in males.
The function of Blage-HTHR as HTH receptor was illustrated
by the significant reduction of trehalose titers in the hemolymph
after injection of HTH in dsHTHR-treated females (Figure 3B).
The injection of 10 pmol of HTH resulted in the increase of
hemolymph trehalose up to 113% 2h later in dsEGFP-treated
females. In contrast, the hemolymph trehalose increased signif-
icantly less (49%) in dsHTHR-treated females 2 h after the HTH
injection. These results suggest that the remarkable increase of
hemolymph trehalose elicited by HTH requires a high expression
of its receptor, Blage-HTHR.

The titer of hemolymph trehalose displayed a steady increase
and peaked at day 8 in the first reproductive cycle of female adults,
either in controls (dsEGFP-treated) as in specimens treated with
dsHTHR (Figure 3C), although the levels are lower in the lat-
ter. The hemolymph trehalose pattern is coincident with that of
ovarian development. In adult males, the hemolymph trehalose
levels practically do not fluctuate, either in controls (dsEGFP-
treated) as in specimens treated with dsHTHR (Figure 3D); again,
the levels were significantly lower in dsHTHR-treated specimens
(Figure 3D).

ROLE OF HTH AS RELIEVER OF OXIDATIVE STRESS

Subsequently, we studied the potential roles of HTH as reliever
of oxidative stress. Given that female B. germanica exhibits a var-
ied ability against oxidative stress during the reproductive cycle
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FIGURE 3 | Effects of silencing Blage-HTHR on hemolymph trehalose
levels in Blattella germanica. dsHTHR or dsEGFP were injected in newly
emerged adults. (A) Semiquantitative RT-PCR analysis showing the
down-regulation of Blage-HTHR expression in the fat body 1 day after
injection of the corresponding dsRNA. (B) Silencing effect of Blage-HTHR on
hemolymph trehalose levels after treatment with HTH (10 pmol; n=16) 0 and
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2 h after HTH treatment. *Indicates significant differences between 0 and 2 h
after HTH treatment (P < 0.05, two-tailed Student's t-test). (C) Pattern of
hemolymph trehalose in dsHTHR-treated adult females during the first
reproductive cycle (n=8, except at the age of 4 days, where n=4). (D)
Pattern of hemolymph trehalose in dsHTHR-treated adult males (n=6).
*P < 0.05 is using two-tailed Student'’s t-test.
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(unpublished data), we chose only males to conduct the follow-
ing experiments. The injection of 20 nmol of PQ on 10-day-old
male adults caused a mortality that rapidly increased with time,
thus median survival time was attained on day 4 (Figure 4A).
However, exogenous HTH at 10, 40, and 80 pmol concentrations
significantly reduced the speed of mortality increase, with median
survival time attained around day 7 (Figure 4A), thus, the protec-
tive effect of HTH did not show significant differences among the
three concentrations used.

To further assess the possible protective role of HTH against
oxidative stress, the expression of Blage-HTHR after PQ treat-
ment was studied (Figure 4B). Injection of PQ (20 nmol) caused
a significant reduction of the Blage-HTHR expression in the
fat body 4 h later. Mean value of Blage-HTHR mRNA was also
decreased in the specimens injected with PQ and 40 pmol HTH,
which extended the life span under the provoked oxidative stress.
But the level of Blage-HTHR in PQ co-injected with HTH was
not significantly different from that in either control or PQ
treatment.
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FIGURE 4 | (A) Survival curve of male adults of Blattella germanica after
treatment with paraquat (PQ) and HTH (H). SA, injection with saline
(control); PQ, injection with 1 il of 20 MM PQ; 10H, 40H, and 80H, injection
with various concentrations (pmol) of HTH. The median survival time (days)
is indicated in the parenthesis of each treatment group. (B) Quantitative
real-time PCR analyses on mRNA expression of Blage-HTHR in fat body of
adult male of B. germanica 4 h after the treatment. Expression levels were
calculated after normalizing against BgActin expression in each sample.
Results are indicated as the mean + SEM (n =3 per treatment group).

RNAi-SILENCED HTH SIGNALING REDUCES ANTI-OXIDATIVE
PROTECTION

We further assessed the protective role of HTH on oxidative
stress in specimens were Blage-HTH and Blage-HTHR mRNA
levels had been simultaneously depleted by RNAi. A treatment
of 1.5pg of dsHTH and 1.5pg of dsHTHR (dsHTH/R) was
administered to newly emerged males of B. germanica, and the
corresponding expression of Blage-HTH and Blage-HTHR was
undetectable 10 days later in the tissues were these transcripts are
most expressed: Blage-HTH in the head and Blage-HTHR in the
fat body (Figure 5A). There were no lethal effects when the expres-
sion of both genes was knocked down, as all specimens survived
in apparently healthy conditions at least during 25 days after the
dsRNA injections. However, PQ treatment elicited a faster mortal-
ity in the specimens knockdown for Blage-HTH and Blage-HTHR
(median survival time was attained on day 2 after PQ treatment),
than in controls (dsEGFP-treated; median survival time attained
on day 5; Figure 5B). Moreover, a dose of 40 pmol of HTH sig-
nificantly relieved the detrimental effect elicited by PQ in control
specimens (median survival time attained on day 8), but this “res-
cue” effect of HTH was milder in the specimens knockdown for
Blage-HTH and Blage-HTHR (median survival time attained on
day 3; Figure 5B).

Finally, the anti-oxidative stress function of Blage-HTH and
Blage-HTHR was further demonstrated by measuring malondi-
aldehyde as indicator of lipid peroxidation under oxidative stress
caused by PQ, using specimens where Blage-HTH and Blage-
HTHR expression had been depleted by RNAIi, and applying
exogenous HTH. Results (Figure 5C) show that without PQ,
the malondialdehyde titer in the group of specimens knockdown
for Blage-HTH and Blage-HTHR was higher than that of the
dsEGFP-treated group. PQ elicited and increased the titer of mal-
ondialdehyde in both groups, but differences between them were
not statistically significant. Finally, exogenous HTH significantly
counteracted the effects of PQ in the dsSEGFP-treated group, but
not in the group of Blage-HTH and Blage-HTHR knockdowns.

DISCUSSION

About 50 peptides belonging to the AKH family have been iden-
tified in insects (Gide, 2009) since the first hyperglycemic factor
was discovered in the cockroach P. americana (Steele, 1961). The
physiological function of these peptides on energy homeostasis
as well as on signal transduction at the cellular level have been
thoroughly reviewed by a number of authors (Van der Horst et al.,
2001; Gidde and Auerswald, 2003; Schooley et al., 2005). However,
studies at molecular level of AKH receptors have been conducted
more recently in the fruit fly D. melanogaster and in the silkmoth
B. mori (Staubli et al., 2002). In cockroaches, only the AKH recep-
tor cDNA of P. americana has been characterized (Hansen et al.,
2006; Wicher et al., 2006). The present contribution reports the
characterization of the HTH receptor in another cockroach, B.
germanica, which is structurally close to that of P. americana AKH
receptor (Figure 1).

Alignment of all known AKH/HTH receptor protein sequences
shows a large region of evolutionary conserved residues in the
transmembrane domain, but a highly diversified region in the C-
terminus, which is associated to intracellular signaling (Figure A2
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FIGURE 5 | Effects of double RNAi of Blage-HTH and Blage-HTHR against
oxidative stress in male adults of Blattella germanica. (A) The effect of
double injection of dsHTH and dsHTHR on the gene expression 10 days after
the treatment. (B) Effect of Blage-HTH and Blage-HTHR RNAI on survival rate
under PQ treatment. E, injection of dsEGFP; H, double injection of dsHTH and
dsHTHR on newly emerged adults. SA, PQ, and 40H as described in Figure 3.

A B C
Head 100 4 = P<0.05
dsHTHIR dsEGFP -x-E-SA %] P<0.001
— 80 5 H g ' f
BgActin - _Q H-aA b 2 41
P 2 o-E-PQ (5) =
g 3 % o HPa ) £l
£ -+E-PQ+40H (8)° 2 osA
Fat body a 40 \ —a-H-PQ+40H (3)‘: 5 5 DPQ
dsHTH/R  dSEGFP ;L \é (L .g alloila Aleille mPQ+40H
BgHTHR 790 bp 20 00 g g
BgActin 365 bp 0 v — =
0123 456 7 8 910112131415 0
Days post-treatment dsEGFP dsHTHIR

The median survival time (days) is indicated in the parenthesis of each
treatment group. (C) Lipid peroxidation 4 h after PQ treatment. MDA,
malondialdehyde as an indicator of lipid peroxidation. Results are presented
as the mean 4= SEM (n =4 per treatment group). Different letters on the
histogram indicate significant differences within the same dsRNA treatment.
Two-tailed t-test was performed between different dsRNA injections.

in Appendix). The phylogenetic analysis indicates that the intra-
cellular C-terminus has considerably diverged in different insect
orders, and this might have derived in different signal transduc-
tion mechanisms in different orders. Interestingly, an additional
sequence at the beginning of the intracellular C-terminus in cock-
roaches might be related to the export of the receptor to the cell
membrane, as an equivalent sequence in the C-terminal end of
the AKH receptor of B. mori serves for this function (Huang et al.,
2011).

The most abundant expression of Blage-HTHR in the fat body
among the tissues tested (Figure 2A) is in agreement with the
fact that HTH is the major regulator of energy metabolism in
insects. This is also supported by the increasing expression level of
Blage-HTHR from nymphal to adult stage which coincides with
increasing locomotion which occurs in parallel (Yang et al., 2009),
and which requires increasing energy expenditure. Our previous
results showed that depletion of Blage-HTH expression results in
a delay of oviposition in virgin females of B. germanica (Huang
and Lee, 2011). In the present study, we observed Blage-HTHR
expression in the oviduct, but not in ovary (Figure 2A), which sug-
gests that Blage-HTH release could stimulate the contraction of
oviduct muscles during basal oocyte extrusion. Indeed, a myoac-
tive effect of AKHs on the dorsal vessel has been demonstrated in
P. americana (Scarborough et al., 1984).

The canonical function of Blage-HTHR as HTH receptor
in B. germanica has been demonstrated by injecting HTH in
specimens where Blage-HTHR had been depleted by RNAI, and
observing that mobilization of trehalose in the hemolymph
was impaired (Figure 3B). Equivalently, the malaria mos-
quito A. gambiae with lowered expression of AKH receptor
(Anoga-AKHR) also fails to mobilize the glycogen reserves in
the fat body after injection of Anoga-AKH-I (Kaufmann and
Brown, 2008). However, the occurrence of a significant eleva-
tion of hemolymph trehalose in dsHTHR-treated group was
likely considered as incomplete silencing of Blage-HTHR expres-
sion because RNAi does not completely knockout gene expres-
sion. In addition, studies in vitro demonstrate that reduced

expression of the Bombyx AKHR on the cell membrane results in
lower levels of intracellular cAMP (cyclic adenosine monophos-
phate) formation after AKH stimulation (Huang et al., 2011).
Therefore, a maximal action of HTH would require an ade-
quate expression of its receptor to trigger signal transduc-
tion.

RNA interference-mediated depletion of Blage-HTHR mRNA
was found to decrease hemolymph trehalose levels in the adult of
both sexes (Figures 3C,D), although the female displays fluctua-
tions of trehalose related to the reproductive cycle. Our present
results of Blage-HTHR RNAi (Figure 3C) supports our previ-
ous hypothesis postulating that HTH induces hemolymph tre-
halose mobilization during the reproductive cycle in virgin females
(Huang and Lee, 2011). The results suggest that HTH plays a
critical role in carbohydrate homeostasis, as occurs in AKH-
cell-deficient D. melanogaster that has relatively low hemolymph
trehalose levels (Lee and Park, 2004).

The involvement of AKH peptides in antioxidant protection
in insects was inferred from the increase in AKH titer after
exposure to oxidative stress (Kodrik et al., 2007; Vecera et al,,
2007). The same authors showed that exogenous AKH application
enhanced the efflux of reduced glutathione to the hemolymph
and maintained the normal levels of protein carbonyl, a marker
of oxidative stress. In the present study, we have fully demon-
strated the protective role of HTH upon oxidative stress under
different experimental approaches, first, through experiments of
co-injection of PQ and HTH on control specimens (Figure 4A),
and secondly, in specimens with the expression levels of Blage-
HTH and Blage-HTHR depleted by RNAi (Figure 5B). These
results provide a new and relevant information supporting that
Blage-HTH potentiates a stress hormone on anti-oxidative stress
response in B. germanica. The promoter of oxidative stress used
in our experiments has been PQ, which acts on the redox-cycling
reactions, thus eliciting free radicals as well as causes oxidative
modification of macromolecules, such as lipid peroxidation (Has-
san, 1984). Accordingly, we examined lipid peroxidation in the
hemolymph 4 h after PQ treatment (Figure 5C). Levels of lipid
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peroxidation in the hemolymph increased significantly after PQ
injection in dsEGFP and dsHTH/R groups. However, the co-
injection of HTH maintained the lipid peroxidation at a normal
level in controls but not in the Blage-HTH and Blage-HTHR
knockdowns, which suggests that HTH lowers the oxidative dam-
age in B. germanica. A likely mechanism might be that HTH
induces the efflux of glutathione into the hemolymph, as demon-
strated in other insect AKHs (Kodrik et al., 2007; Vecera et al.,
2007). However, the significant reduction of Blage-HTHR expres-
sion after PQ treatment (Figure 4B), suggests that the oxida-
tive stress directly impairs its expression. The less severe reduc-
tion of Blage-HTHR expression observed after co-injecting PQ
and HTH (Figure 4B) might be the outcome of downstream
response induced by HTH to relieve the oxidative damage. More-
over, genome-wide analysis in D. melanogaster after PQ treat-
ment have shown that cytochrome P450 genes become up- and

down-regulated (Girardot et al., 2004), and it has been addition-
ally reported that HTH stimulates cytochrome P450 expression
in the cockroach Blaberus discoidalis (Lu et al., 1995). Therefore,
we further speculate that HTH might induce the expression of
P450 genes, thus contributing to decrease the oxidative stress in B.
germanica.
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APPENDIX

1 5" - AATATGAATCTAACAAGCTATCATACTTCT
31 CTTATGGCTGGAGGAGGCGGAAAAATCTGCAGTGTTAGAAAAAGCGATAACATTCTAAGAACAAACTGAATGATTAGACAAATCAAATGT
121 TCGAGAATTTATTCAACGAAGATTGAAGTGATGAACGAATTAGTTCTAACAGTGAAATGGAAGAGACGAAGTGATGATTCGCTTAGTGAA
211 ACAGTGGCATGGAAGAATTTGGGTGTTGGTAATCTTGATTCATCTTTCAACTGTCAACATTTTGACATGAGCATTTGACAGGAACCCAAG
301 ATGACGACTACAGAGCTGCCCCGTGAGCAGCAGCTGACTGAGGACATGACTTTTGGCTCCATACATAAGTTATGTATCGCCACGTATTGC

MTTTELPREOQQLTEDMTTFOGSTIHIE KLT CTIATYC
391 GTTCTCATGACTGTATCTGCAATTGGCAACATCACGGTTCTGGTCAACATACTCAAGAGACGCCGCAACCTTCGTTTTGGGAACAACTAC
VLMTVSAIGNTITVLVNILI KRRRNLIEREFGNNY
481 ATGTTCATGCATCTTGCCATAGCAGACCTATTGGTGACTTTTCTCATGATGCCGCTAGAAATCGGCTGGAATGCAACAGTGTCTTGGAGA
MFMHLAIADLVLVTFLMMPLETIOGWNATVSUWR
571 GCCGGTGACGCTGCTTGCAGAGTGATGTCGTTCTTCAGGATATTCGGCCTCTATCTGTCTAGCTTCGTAATTGTGTGCATCAGTCTGGAC
AGDAACRVMSFFRIFGLYLSSFVIVCIS SLTD
661 CGCTGTTTCGCCATTCTAAGGCCCATGTCGAACGTCGTCAACGTCGCCAAACGCAGCAGAGTAATGCTGACCACTGCCTGGTCATTGGCC
RCFAILRPMSNVVNVAKRSRVMLTTAWSTLA
751 ACTGTTTGTAGTTTACCTCAGGTGTTCATCTTCCACGTACAACAGCATCCCGTTTTCACATGGTATGAGCAGTGTTTGGACTTCGACATG
TVCSLPQVFIFHVQQHPVFTWYEO QCLTDTFT DM
841 TTTCCGACTCAGCTGTACCAGTTCTGGTACAGGATATTAAATATGGTTCTAGTGTACGGTTTCCCACTCCTCGTCATTTTCATCTCATAC
FPTQLYQFWYRILNMYVYLVYGFPLTLYVTITFTISZSY
931 GCCTGTATCCTCACAGAGATTTTTCGCAGATATCAGCTCAGTTCAGACGAAAACTTCCGGAGATCGAGCCTTGTGTTCCTGAACAGAGCC
ACILTETIVFRZRYQLU S SDENTFRRS SLVFLNTRA
1021 AAAAATAGGACGCTCAAAATGGCCATCATAATATTCGTAGTGTTCTTCATCTGCTGGACTCCCTACTATGTGATGTGTCT CTGGTA(.
KNRTLKMAIIIFVVFFICWTPYYVMCLVWVWYUW

1111

IDQQSAEKVDLRVRKGLPFLTFACTNSCMNPI

1201
VYGYFNFRSGRGSGYGATRPGQQLQHHOQTIT

1291
ALSNNSTGVNSRRGSNCS STIYRDNUSNOQSMS

1381
¥WNRRSSHETEMHANNNRDENHLIHPNSAANH

1471 ANTTTGCGAACTACAGTATCTACTGTGAGTGAAGTTOCTGAAGCAAGATS

NLRTTVSTVSEVPEARH*

1561 AAACATTGCCAATGTAATTAAACATTAATGTTCTAGTCTAAGACTTGACATIGACCTGGTTCACAAGACATTTCCQAAGAGAGTUAACAAA
1651 ACAATTGAATTGGTATAAACATGTGTTAAACTAATGTACAATACACTCACTCAACAGTTTTACACAAAAATAATAATTTATTATTTTTTG
1741 CCACTAAAAAAAAAAAAAAAAAAAAAAAA-3'

FIGURE A1 | Nucleotide sequence of cDNA encoding the gRT-PCR is shown in underlined bold type. The primer pair for
open-reading frame for B. germanica HTHR with flanking 5'- and semiquantitative PCR is boxed. The fragment encompassed by the
3'-UTR sequences (GenBank accession number GU591493). Start dsHTHR used in the RNAI experiments is shown in green

and stop codon are indicated by yellow background. The primer pair for background.
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FIGURE A2 | Alignment of the AKH receptor protein sequences from indicates the amino acids are identical among species, whereas a gray
insects and gonadotropin-releasing hormone receptor of background shows similarity among residues. The red underline indicates
Caenorhabditis elegans used in the phylogenetic analysis. The the insertion present in both cockroach species. The abbreviated names of
alignment was carried out using ClustalW program. A black background sequences used are provided in Figure 1B.
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INTRODUCTION

Sex pheromone production in most moths is initiated following pheromone biosynthe-
sis activating neuropeptide receptor (PBANR) activation. PBANR was initially cloned from
pheromone glands (PGs) of Helicoverpa zea and Bombyx mori. The B. mori PBANR is char
acterized by a relatively long C-terminus that is essential for ligand-induced internalization,
whereas the H. zea PBANR has a shorter C-terminus that lacks features present in the B.
mori PBANR critical for internalization. Multiple PBANRs have been reported to be concur-
rently expressed in the larval CNS of Heliothis virescens. In the current study, we sought
to examine the prevalence of multiple PBANRs in the PGs of three moths and to ascer
tain their potential functional relevance. Multiple PBANR variants (As, A, B, and C) were
cloned from the PGs of all species examined with PBANR-C the most highly expressed.
Alternative splicing of the C-terminal coding sequence of the PBAN gene gives rise to the
variants, which are distinguishable only by the length and composition of their respective C-
terminal tails. Transient expression of fluorescent PBANR chimeras in insect cells revealed
that PBANR-B and PBANR-C localized exclusively to the cell surface while PBANR-As and
PBANR-A exhibited varying degrees of cytosolic localization. Similarly, only the PBANR-B
and PBANR-C variants underwent ligand-induced internalization. Taken together, our results
suggest that PBANR-C is the principal receptor molecule involved in PBAN signaling regard-
less of moth species. The high GC content of the C-terminal coding sequence in the B
and C variants, which makes amplification using conventional polymerases difficult, likely
accounts for previous “preferential” amplification of PBANR-A like receptors from other
species.

Keywords: PBAN, receptor, alternative splicing, pheromone gland, receptor internalization, confocal microscopy,
GC-rich sequence

of the eighth and ninth abdominal segment that comprise the

In most moth species, a 33-34 aa neuropeptide termed
pheromone biosynthesis activating neuropeptide (PBAN) regu-
lates sex pheromone production and release. First isolated from
Helicoverpa zea (Raina et al., 1989) and Bombyx mori (Kita-
mura et al., 1989), PBAN has subsequently been identified in a
variety of species. PBAN is a member of the pyrokinin/PBAN
family of peptides that are characterized by a FXPRLamide C-
terminal pentapeptide motif. This motif is essential for bio-
logical activity, which, in addition to regulation of moth sex
pheromone biosynthesis, includes melanization in lepidopteran
larvae, induction of embryonic diapause in B. mori, and ecdysone
biosynthesis in prothoracic glands of B. mori (Rafaeli, 2009).
The role of PBAN in sex pheromone biosynthesis is governed
by species-specifically defined photoperiods in which PBAN is
released from the subesophageal ganglion into the hemolymph.
Circulating PBAN acts directly on the modified epidermal cells

pheromone gland (PG) via its cognate G protein-coupled recep-
tor (GPCR). The pheromone biosynthesis activating neuropeptide
receptor (PBANR) consequently plays a pivotal role in turning
the extracellular PBAN signal into the biological response of sex
pheromone production. Indeed, in vivo dsSRNA-mediated knock-
down of PBANR reduced sex pheromone production in the silk-
moth (B. mori; Ohnishi et al., 2006) and negatively affected mating
frequency in the diamondback moth (Plutella xylostella; Lee et al.,
2011).

Pheromone biosynthesis activating neuropeptide receptor
was initially cloned from PGs of the corn earworm, H. zea
(Choi et al., 2003) and B. mori (Hull et al., 2004). While
the two PBANRs share significant sequence similarity (82%),
the B. mori PBANR (BommoPBANR) is structurally differenti-
ated by a 67-aa C-terminal extension that is absent in the H.
zea PBANR (HelzePBANR). BommoPBANR, like most GPCRs,
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undergoes ligand-induced internalization, a common endocy-
totic regulatory mechanism involved in GPCR desensitization
(Moore et al., 2007; Marchese et al., 2008). Truncation of
the BommoPBANR C-terminal extension prevented this inter-
nalization event (Hull et al., 2004). Further studies revealed
that a 10 residue segment (Arg358-Gln367) of the BommoP-
BANR C-terminal extension is essential for internalization and
that endocytosis was phosphorylation dependent, proceeded via
clathrin-coated pits, and involved a YXX® motif (Hull et al,
2005).

Pheromone biosynthesis activating neuropeptide receptors that
have C-terminal sequences more similar to HelzePBANR than to
BommoPBANR have since been cloned from other moth species
(Rafaeli et al., 2007; Zheng et al., 2007; Cheng et al., 2010; Lee
et al., 2011). However, multiple PBANR subtypes have recently
been identified in the tobacco budworm Heliothis virescens and
the tobacco hornworm Manduca sexta (Kim et al., 2008). Similar
to HelzePBANR, H. virescens PBANR (HelviPBANR)-A has a rel-
atively short C-terminus, while HelviPBANR-C has an extended
C-terminus that is ~78% identical to BommoPBANR and which
contains the YXX® motif. Surprisingly, even though H. virescens
and H. zea are closely related species, the HelviPBANR-C vari-
ant rather than HelviPBANR-A (the HelzePBANR ortholog) was
preferentially amplified from H. virescens PGs (Kim et al., 2008).
Sequence analyses suggest that the HelviPBANR subtypes arise
from alternative splicing, a common transcriptional regulation
event in GPCR genes (Minneman, 2001; Markovic and Challiss,
2009). Because alternative splicing can generate protein isoforms
that are structurally, functionally, and/or spatially distinct, the
presence of multiple PBANR variants raises questions regarding
the functional role and relevance of the individual variants in reg-
ulating sex pheromone biosynthesis. To address these questions,
we sought to examine and characterize PBANR variants from the
PGs of multiple moth species.

MATERIALS AND METHODS

INSECTS

Insects were maintained in a rearing chamber at 25°C under a 16L
(light): 8D (dark) regime. Larvae of the inbred p50 strain of B. mori
were reared on an artificial diet as described previously (Fonagy
et al., 1992). Pupal age was determined based on morphological
characteristics as described (Matsumoto et al., 2002). Larvae of
Pseudaletia separata and Helicoverpa armigera were reared on an
artificial diet (Insecta-LFS; Nihon Nosan Kogyo Ltd., Yokohama,
Japan) under the same conditions as described (Fonagy et al.,
2011). Pupae were sexed such that the newly emerged females were
collected and kept separately in boxes and provided with a special
sucrose solution energy drink (Pocari sweat”; Otsuka Pharmaceu-
tical Co., Ltd, Tokyo, Japan). The newly emerged females were
designated as day 0. H. zea pupae were purchased from Benzon
Research (Carlisle, PA, USA) and maintained in a rearing cham-
ber at 25°C under a 16L (light): 8D (dark) regime until adult
emergence.

DEGENERATE PCR AND RACE-BASED CLONING OF PBANR VARIANTS
Total RNA was isolated from PGs of B. mori (p50), P. separata,
H. armigera, and H. zea with first strand cDNAs synthesized

using a SMARTer™RACE ¢DNA Amplification kit (Clontech,
Palo Alto, CA, USA) according to the manufacturer’s instruc-
tions. Fragments of Pseudaletia separata PBANR (PsesePBANR)
and Helicoverpa armigera PBANR (HelarPBANR) transcripts were
amplified with Advantage 2 polymerase (Clontech, Palo Alto, CA,
USA) using multiple combinations of degenerate oligonucleotide
primers described previously (Hull et al., 2004). PCR products
of the expected sizes were sub-cloned using a TOPO TA cloning
kit (Invitrogen Co., Ltd., Tokyo, Japan) and sequenced. RACE was
performed using cDNAs generated above with Advantage 2 poly-
merase in conjunction with adaptor specific primers (UPM and
NUP) and gene-specific primers (Table 1; P1-P7). Thermacycler
conditions consisted of 94°C for 2 min, followed by 35 cycles at
94°C for 30s, 65°C for 30's, and 68°C for 3 min, and a final exten-
sion at 68°C for 7 min. PCR products were sub-cloned as before
and sequenced.

Table 1 | Species-specific PCR primers used to amplify the PBANR

variants.
Primer Name Sequence (5'-3')
P1 BommoPBANR3'F1  CAGGAACGCTTTCAAGGTAAGATTAAA

CTAG

P2 PsesePBANR3'F1 CACACCATGTCGAAGCTGTCAAGAG

P3 PsesePBANR3'F2 GCATCTCCAACTCCAGTCTTCGCGAG

P4 PsesePBANRS'R CAACTTAATGCCTATCAACGCGTACAAC

P5 HelarPBANR3'F1 GCGATGCAGTTCGGTATAGTGTCGTAT

P6 HelarPBANR3'F2 GCATCTCCAACTCCAGTCTTCGCGAG

P7 HelarPBANRS'R GCATCTGACCAGGTCTTTCATTGCT

P8 BommoPBANR ATGATGGCAGATGAAACCGTCAAC

P9 BommoPBANR-As-A  CCTTTAAGAGTTTCGTACTAGTTTAATCT
TACC

P10 BommoPBANR-B-C ~ TCCTAATGAAACCCACAACAGCTGAATC

P1 PsesePBANR ATGACCTTACCAGCGCCTCCGAGCATC

P12 PsesePBANR-As-A CAGTCAGCCGGCTGCCGGCCTGAAT

P13 HelarPBANR ATGACATTGTCAGCGCCCCCGAGCATCG

P14 HelarPBANR-As-A TTAATCATAGACTCTTACCTTAAAGGC
GTTC

P15 PsesePBANR-B-C TCAGGTGAGTCCGCCGATGTTACAGTTC

P16 Bommo-AF CGTATTTTGCATCCCGTTAAGAAGCTG

P17 Bommo-AR CCTTTAAGAGTTTCGTACTAGTTTAATC
TTACC

P18 Bommo-BCF TCGTTTTTCATCTGTTGGGCTCCATTT

P19 Bommo-BR ATCGCGATTTTGGTAGCACTGCG

P20 Bommo-CR CGCGATTTTGGTAGCACTCACCT

P21 Psese-AF TGATAGGCATTAAGTTGCGGACCTCTC

P22 Psese-AR GTTCCGCGAGGTAACAATACAAGTAG

P23 Psese-BCF TGCAGTATAGGAACGGAGCATCACA

P24 Psese-BR CGCGCCCGTTGTAGCACTGCG

P25 Psese-CR GCCCGTTGTAGCACTCACCTG

P26 HelarAF CAGTGTTGTACGCGTTGATAGGCATT

P27 Helar-AR GTCGTGAGATGTAAGACAACAAGGAG

P28 Helar-BCF AGTCATCAGAATGCTCGTTGCAGTG

P29 Helar-BR CGCGCCCGTTGTAGCACTGCG

P30 Helar-CR GCCCGTTGTAGCACTCACCTG
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SPECIFIC AMPLIFICATION OF BOMMO, PSESE, HELAR, AND HELZE
PBANR VARIANTS

To amplify the BommoPBANR variants, total RNA was isolated
from 10 B. mori (p50) PGs immediately after adult eclosion
with first strand cDNAs synthesized as before. BommoPBANR-As
and BommoPBANR-A were amplified using Advantage 2 poly-
merase with a general BommoPBANR sense primer (Table 1;
P8) and a short variant antisense primer (Table 1; P9), while
BommoPBANR-B and BommoPBANR-C were amplified using
the same sense primer and a long variant antisense primer
(Table 1; P10). Thermacycler conditions consisted of 94°C for
2 min, followed by 35 cycles at 94°C for 30s, 62°C for 30s,
and 68°C for 3min with a final extension at 68°C for 7 min.
PCR products were sub-cloned as before and sequenced. To
amplify the PsesePBANR, HelarPBANR, and HelzePBANR vari-
ants, total RNA was isolated from 120 P. separate, 850 H. armigera,
and 30 H. zea PGs dissected 1-3 days after adult eclosion. First
strand cDNA was synthesized as before. PsesePBANR-As and
PsesePBANR-A transcripts were amplified using Advantage 2
polymerase with a general PsesePBANR sense primer (Table 1;
P11) and a short variant antisense primer (Table 1; P12). Ther-
macycler conditions consisted of 94°C for 2 min, followed by
35 cycles at 94°C for 30s, 65°C for 30s, and 68°C for 2 min
with a final extension at 68°C for 7 min. HelarPBANR-As and
HelarPBANR-A were amplified using a general HelarPBANR sense
primer (Table 1; P13) and a short variant antisense primer
(Table 1; P14). The resulting PCR products were sub-cloned
and sequenced. Full-length PsesePBANR-B and PsesePBANR-C
transcripts were amplified using a GC-optimized polymerase,
KOD-FX (Toyobo, Osaka, Japan), with the previous PseseP-
BANR sense primer and a long variant-specific antisense primer
(Table 1; P15) with thermacycler conditions consisting of 94°C
for 2 min, followed by 32 cycles at 98°C for 10s, 65°C for 30s,
and 68°C for 2min with a final extension at 68°C for 7 min.
HelarPBANR-B and HelarPBANR-C transcripts were similarly
amplified using the HelarPBANR sense primer and the long
variant-specific PsesePBANR antisense primer (Table 1; P15).
Transcripts for the HelzePBANR variants were amplified using
PCR conditions identical to those of the HelarPBANR variants.
All resulting PCR products were sub-cloned and sequenced. The
sequences reported in this paper have been deposited in the
GenBank database (B. mori accession nos. JN228346-228349; H.
armigera accession nos. JN228350-228353; P. separata accession
nos. JN228354-JN228357; H. zea accession nos. JN206677 and
JQ255024).

PRIMER CHECK PCR USING GENE-SPECIFIC PRIMERS

Primer check PCR was performed using 1 ng plasmid DNA con-
taining the full-length sequence of each PBANR variant (PBANR-
As, -A, -B, or -C) as template with primer sets designed for
specific amplification of each PBANR sequence (Table 1; P16—
P30). Primer check PCR using a general polymerase, Ex Tag DNA
polymerase (Takara Bio Inc., Otsu, Japan), was performed using
thermacycler conditions consisting of 94°C for 2 min, followed by
30 cycles at 94°C for 30's and 68°C for 1 min. Primer check PCR
using KOD-FX was performed using thermacycler conditions con-
sisting of 94°C for 2 min, followed by 30 cycles at 98°C for 10 s and

68°C for 1 min. PCR products were analyzed on a 2% agarose gel
and visualized with ethidium bromide.

RT-PCR TISSUE EXPRESSION ANALYSIS

Total RNAs isolated using TRIzol reagent (Invitrogen) were pre-
pared from various newly emerged adult B. mori female tissues
or adult female P. separata and H. armigera tissues 3 days after
adult eclosion. cDNAs were generated using a Onestep RT-PCR kit
(Qiagen, Tokyo, Japan) with RT-PCR performed using HotStarTaq
DNA polymerase (Qiagen) and primer sets designed for specific
amplification of each PBANR sequence (Table 1; P16-P30). Ther-
macycler conditions consisted of reverse transcription for 30 min
at 50°C, then 95°C for 15 min followed by 20-30 cycles at 94°C for
305, 62°C for 30, and 72°C for 1 min. PCR products were ana-
lyzed on a 2% agarose gel and visualized with ethidium bromide.
A separate cDNA synthesis was carried out in parallel using 500 ng
total RNA with an RNA PCR kit (Takara Bio Inc.,) according to
the manufacturer’s instructions. RT-PCR with Ex Taqg DNA poly-
merase was performed using thermacycler conditions consisting
of 94°C for 2 min, followed by 26-32 cycles at 94°C for 30s and
68°C for 1 min. RT-PCR using KOD-FX DNA polymerase was per-
formed with thermacycler conditions consisting of 94°C for 2 min,
followed by 26-32 cycles at 98°C for 10's and 68°C for 1 min. PCR
products were analyzed on a 2% agarose gel and visualized with
ethidium bromide.

SEQUENCE ANALYSIS

The guanine—cytosine (GC) content of the full-length cDNA
sequences for the PBANR-As, -A, -B, and -C variants of B. mori,
P. separata, and H. armigera was determined following alignment
of the putative translation initiation sites. The average GC con-
tent was calculated using 100 base windows over a range of 700
bases. GC content distribution diagrams were generated using
GENETYX-MAC Version 12.0.0 (Genetyx, Tokyo, Japan).

CONSTRUCTION OF EXPRESSION PLASMIDS

Expression plasmids encoding the respective BommoPBANRs,
PsesePBANRs, and HelarPBANRs fused at their respective C ter-
mini to enhanced green fluorescent protein (EGFP) were gener-
ated using a pIB/V5-His-TOPO TA Expression kit (Invitrogen).
Chimeric genes were constructed via overlap extension PCR using
plasmid DNAs with KOD-plus (Toyobo) and KOD-FX. Gene-
specific primers described above were used with species-specific
chimeric primers (Table 2) and an EGFP antisense primer. The
resulting products were sub-cloned into the pIB/V5-His expres-
sion vector and sequenced to confirm presence and orientation of
the insert.

PREPARATION OF A FLUORESCENT PBAN ANALOG

A fluorescent PBAN analog was prepared from a synthetic pep-
tide corresponding to the terminal 10 residues of B. mori PBAN
(i.e., SRTRYFSPRLamide) with Lys substitution of Arg2. The
Lys residue was labeled with Rhodamine Red succinimidyl ester
(Molecular Probes, Eugene, OR, USA) following overnight incu-
bation in 0.1 M sodium bicarbonate (pH 8.2). The conjugated
peptide, designated RR-C10PBANR;k, was purified by reversed-
phase high-performance liquid chromatography on a Senshu
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Table 2 | Primer sets used for generating fluorescent PBANR chimeras.

Name Orientation Sequence (5'-3')

BommoPBANR-As-EGFP Sense CTGATACATTTTATCTGGTAATGGTGAGCAAGGGC
BommoPBANR-As-EGFP Antisense GCCCTTGCTCACCATTACCAGATAAAATGTATCAG
BommoPBANR-A-EGFP Sense TTTCAAGGTAAGATTAAACATGGTGAGCAAGGGC
BommoPBANR-A-EGFP Antisense GCCCTTGCTCACCATGTTTAATCTTACCTTGAAA
BommoPBANR-B-EGFP Sense TAATATAGAAGGACTTACCATGGTGAGCAAGGGC
BommoPBANR-B-EGFP Antisense GCCCTTGCTCACCATGGTAAGTCCTTCTATATTA
BommoPBANR-C-EGFP Sense ATCGCGATCTCTCCAATGGTGAGCAAGGGC
BommoPBANR-C-EGFP Antisense GCCCTTGCTCACCATTGGAGAGATCGCGAT
PsesePBANR-As-EGFP Sense CTTTTACCTGGTAAACTTGATGGTGAGCAAGGGC
PsesePBANR-As-EGFP Antisense GCCCTTGCTCACCATCAAGTTTACCAGGTAAAAG
PsesePBANR-A-EGFP Sense CGGCTTTGTTATTAATACTTATGGTGAGCAAGGGC
PsesePBANR-A-EGFP Antisense GCCCTTGCTCACCATAAGTATTAATAACAAAGCCG
PsesePBANR-B-EGFP Sense ATCGGCGGACTCACCATGGTGAGCAAGGGC
PsesePBANR-B-EGFP Antisense GCCCTTGCTCACCATGGTGAGTCCGCCGAT
PsesePBANR-C-EGFP Sense CCTACATGTACCACGATGGTGAGCAAGGGC
PsesePBANR-C-EGFP Antisense GCCCTTGCTCACCATCGTGGTACATGTAGG
HelarPBANR-As—-EGFP Sense GGAATCTATAGATACATGGTGAGCAAGGGC
HelarPBANR-As-EGFP Antisense GCCCTTGCTCACCATGTATCTATAGATTCC
HelarPBANR-A-EGFP Sense GTAAGAGTCTATGATATGGTGAGCAAGGGC
HelarPBANR-A-EGFP Antisense GCCCTTGCTCACCATATCATAGACTCTTAC
HelarPBANR-B-EGFP Sense ATCGGCGGACTCACCATGGTGAGCAAGGGC
HelarPBANR-B-EGFP Antisense GCCCTTGCTCACCATGGTGAGTCCGCCGAT
HelarPBANR-C-EGFP Sense CCTACATGTACCACGATGGTGAGCAAGGGC
HelarPBANR-C-EGFP Antisense GCCCTTGCTCACCATCGTGGTACATGTAGG
EGFP Antisense TTACTTGTACAGCTCGTCCAT

The EGFP portion of the chimeric oligonucleotides is underlined.

Pak PEGASIL ODS column (10 mm x 150 mm; Senshu Scientific
Co., Ltd., Tokyo, Japan) with absorbance monitored at 225 nm.
RR-C10PBANR k was stored at 4°C until needed.

FLUORESCENT CONFOCAL MICROSCOPY IMAGING

A monolayer of adherent Sf9 insect cells (Smith et al., 1985)
was transfected with 1 pug plasmid DNA encoding the respective
fluorescent PBANR chimeras and 8 pl Cellfectin II (Invitrogen)
according to the manufacturer’s instructions. Ligand-induced
internalization of the fluorescent PBANR chimeras was performed
as described previously using a Leica TCS NT confocal system
(Hull et al., 2004) but with 50 nM RR-C10PBANRk. Fluorescence
images were obtained. Images were processed using Photoshop 6.0
(Adobe Systems Inc., San Jose, CA, USA).

NORTHERN BLOT ANALYSIS

Northern blots were performed using denatured total RNAs (1 pg
of each) prepared from various B. mori, P. separata, and H.
armigera tissues electrophoresed on a 1.0% gel in 2 M formalde-
hyde/1X MOPS buffer and then transferred to a nylon mem-
brane (Hybond N, Amersham Biosciences, Piscataway, NJ, USA)
by capillary blotting. cDNA probes (BommoPBANR-A nt 1-
1265, BommoPBANR-C nt 1591-2616, PsesePBANR-A nt 254—
1378, PsesePBANR-C nt 1586-2608, HelarPBANR-A nt 242—
1282 and HelarPBANR-C nt 1574-2597) were labeled with DIG
(digoxigenin-11-UTP) using a DIG northern starter kit (Roche

Applied Science, Indianapolis, IN, USA). Probe hybridization was
performed at 68°C for 18 h at which point the blot was washed
twice in an initial solution of 0.1% SDS/2 x SSC for 5 min at 22°C
and then transferred to 0.1% SDS/0.1 x SSC for two 15 min washes
at 68°C. Signals were detected using a LAS-3000 image analyzer
(Fujifilm, Tokyo, Japan).

RESULTS

IDENTIFICATION OF MULTIPLE BOMMOPBANR VARIANTS

To determine if multiple PBANR variants are expressed in the
B. mori PG, we PCR-screened our B. mori PG cDNA library
(Yoshiga et al., 2000) using primers designed to BommoPBANR
(AB181298). Sequencing multiple cDNA clones resulted in the
identification of transcripts encoding the 413-aa BommoPBANR
reported previously (Hull et al., 2004) and a new 475-aa protein
(Figure 1). Despite large differences in the amino acid sequences
of the respective C-terminal tails, the nucleotide sequence of
the clones differed by five nucleotides. The larger cDNA was
only present in ~10% of the clones sequenced, suggesting that
it was poorly represented in our cDNA library and thus that its
PG transcript levels are lower than the 413-aa variant. Because
the 475-aa variant exhibited significant homology (82%) to
HelviPBANR-B, we sought to present a uniform nomenclature
system for the PBANR variants. Consequently, we designated
the 475-aa variant as BommoPBANR-B and the 413-aa variant,
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FIGURE 1 | Multiple sequence alignment of B. mori PBANR variants.

The seven predicted TM domains are overlined. Location of the YXX®
endosomal sorting motif is outlined. Alignment was performed using
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MAFFT v6.814b (Katoh et al., 2002) with certain gaps removed. Species
abbreviations are per National Center for Biotechnology Information/Swiss
Prot: Bommo, B. mori.

which shares 81% sequence homology with HelviPBANR-C, as
BommoPBANR-C.

PCR primers designed from B. mori genomic data based on
sequence similarity with HelviPBANR-A lead to the identification
of cDNA clones encoding 345-aa and 306-aa proteins. Because
the 345-aa variant is similar in size to HelviPBANR-A, we des-
ignated it BommoPBANR-A. The 306-aa variant, which has an
incomplete seventh transmembrane domain (TM7), was des-
ignated BommoPBANR-As. The four BommoPBANR variants
identified in these experiments are differentiated only by the
size and sequence of their respective C-terminal tails (Figure 1).
The sequence data for all four variants have been deposited with
GenBank (JN228346-228349).

GENOMIC STRUCTURE AND ALTERNATIVE SPLICING OF THE
BOMMOPBANR GENE

Using the Silkworm Genome Research Program (http://sgp.dna.aff
rc.go.jp/KAIKObase/), we localized the BommoPBANR gene to
scaffold Bm_scaf84 of chromosome 12 and determined that it
is composed of six exons and five introns covering >50kb of
sequence (Figure 2). The majority of the BommoPBANR cod-
ing sequence (N-terminus through TM7) is carried on exons 2—4
while exons 5-6 encode the C-terminal tail and exon 1 the 5
untranslated region. BommoPBANR-As and A arise from alter-
native splice events that retain introns 3 and 4 respectively. The
inclusion of intron 3 introduces a premature stop codon (TGA)
in BommoPBANR-As that truncates TM7 at residue 306, whereas
the inclusion of intron 4 in BommoPBANR-A results in a prema-
ture stop codon (TAG) that truncates the protein at residue 345.
BommoPBANR-C arises from an insertion of 5 nt at the 3’ end

of exon 5 that shifts the reading frame of the last 10-aa (residues
404-413) and introduces a stop codon (TAG) that generates a
C-terminal tail truncated 62-aa compared to BommoPBANR-B
(Figure 1).

EXPRESSION ANALYSIS OF BOMMOPBANR VARIANTS

RT-PCR analyses showed that all four PBANR variants are pref-
erentially expressed within the PG (Figure 3A). Amplification of
BommoPBANR-As and -A was barely detectable at cycle 30 while
BommoPBANR-B generated a robust, but non-saturating, signal
(Figure 3A). In contrast, BommoPBANR-C was saturating by PCR
cycle 28, indicating that it is the most abundant PBANR transcript
expressed in the PG. Amplimers corresponding to the PBANR-
B and C variants were also amplified in other tissues, albeit at
significantly lower levels (Figure 3A). The amplification of lower
abundance PBANR transcripts in non-PG tissues is not without
precedence (Rafaeli et al., 2007; Watanabe et al., 2007) and may
either reflect a novel regulatory role for the receptor in those tis-
sues or may be an indication of leaky transcription and thus are of
questionable physiological relevance. Regardless, our results, and
those of others, clearly demonstrate that PBANR expression in
adult moths is predominantly PG-directed, which is congruous
with its role in mediating sex pheromone production.

Consistent with our previous report, which described the
developmental profile of the BommoPBANR-C transcript (Hull
et al., 2004), all four BommoPBANR variants are up-regulated
on the day preceding adult emergence (Figure 3B). Similar up-
regulation has been observed for other genes crucial to B. mori
pheromonogenesis, i.e., pgFAR, Bmpgdesatl, pgACBP, BmFATP,
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FIGURE 2 | Schematic diagram of the B. mori PBANR genomic structure and alternative splice sites. The four BommoPBANR variants (As, A, B, and C)
are depicted. The filled boxes represent exons. Initiation (ATG) and stop sites (TGA or TAG) are indicated by their respective codons.
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PBANR-B 30
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actin 20

FIGURE 3 | Expression profile of BommoPBANR transcripts in adult
female tissues. (A) Expression in adult tissues. Tissues were dissected
from newly emerged (day 0) p50 female moths. PG, pheromone gland;

Br, brain; FM, flight muscle; Eg, unfertilized egg; MT, Malpighian tubule;
FB, fat body; MG, midgut. (B) Expression in the PG at different

FM Eg MT FB MG (cycles)

Days after eclosion

-3 -1 0 +1 +3 (cycles)

PBANR-As 30

PBANR-A 30

PBANR-B 30

PBANR-C 28

actin 20

developmental stages. PGs were dissected from p50 female pupae at
3days (—3) and 1 day (—1) before eclosion and from p50 adults at 0 day
(0), 1day (+1), and 3 days (+3) after eclosion. cDNAs were normalized to
actin expression levels. The PCR cycle number is indicated to the right of
the gels.

and BmLsdl (Matsumoto et al., 2001; Moto et al., 2003, 2004;
Ohnishi et al., 2009, 2011).

IDENTIFICATION OF PBANR VARIANTS IN NOCTUID SPECIES

We next investigated the pervasiveness of PBANR splice variants
in three other moths. In the Oriental armyworm, P. separata, we
identified clones encoding 374-aa and 309-aa proteins with 98 and
82% identity to HelviPBANR-A and BommoPBANR-As respec-
tively, which we designated PsesePBANR-A and PsesePBANR-
As (Figure 4). Initial attempts to identify PsesePBANR-B and
PsesePBANR-C variants via 3’-RACE using conventional poly-
merases were unsuccessful. Because conventional polymerases
often fail to amplify GC-rich targets, we switched to a commer-
cially available GC-optimized polymerase to identify the 469-aa
PsesePBANR-C and the 476-aa PsesesPBANR-B (Figure 4). As
before, sequencing of multiple clones suggested that PsesePBANR-
C was the predominantly expressed variant. Applying the same
cloning strategy to females of the cotton bollworm, H. armigera,
we isolated four PBANR variants from a PG-specific cDNA
library: a 330-aa protein designated HelarPBANR-As, a 346-aa
protein designated HelarPBANR-A, a 476-aa protein designated
HelarPBANR-B, and a 469-aa protein designated HelarPBANR-
C (Figure 5). HelarPBANR-A is 99% identical to the deposited
HelarPBANR (AY792036) with nucleotide sequence variations
largely restricted to the third codon position; the lone exception
was Leu substitution of Trp118 (Figure 5). The sequence data
for the H. armigera and P. separata PBANR variants have been

deposited with GenBank (H. armigera — JN228350-228353 and P.
separata — IN228354-JN228357).

Because the only PBANR identified in H. zea to date corre-
sponds to the PBANR-A variant, we sought to determine if the
longer PBANR-B and PBANR-C variants are also expressed in the
PG of this species. Using RT-PCR methods as above, we identi-
fied H. zea homologs of both variants (Figure 6). HelzePBANR-B
(JQ255024) is a 476-aa protein with 99% sequence identity to
HelviPBANR-B while HelzePBANR-C (JN206677) is a 469-aa pro-
tein with 98% sequence identity to HelviPBANR-C. Based on our
results and those of Kim et al. (2008), the concurrent expression
of multiple PBANR variants that arise from alternative splicing
of the 3’ coding region appears to be extremely prevalent, if not
absolute, across moth species.

RT-PCR EXPRESSION ANALYSES OF PBANR VARIANTS

Sequence analyses revealed that, regardless of moth species, the
~300-nt coding sequence unique to the PBANR-B and -C vari-
ants (Figure 7, red bars) is GC-rich. In P. separata and H.
armigera, the GC content of this region ranges from 65-80%
while that of the B. mori gene is 55-60%. The C-terminal cod-
ing sequence of the PBANR-As and -A variants, in contrast, is
more AT-rich (Figure 7). In preliminary experiments, we con-
firmed that species-specific primer sets capable of amplifying both
PBANR-A and -As (Figure 8, primer set A) generated distinct
amplimers of the expected sizes for each transcript from each
species assayed. We also found that while the PBANR-B and -C
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FIGURE 4 | Multiple sequence alignment of the P separata PBANR
variants. The seven predicted TM domains are overlined. Location of the
YXX® endosomal sorting motif is outlined. Alignment was performed using

MAFFT v6.814b (Katoh et al.,
abbreviations are per National Center for Biotechnology Information/Swiss
Prot: Psese, Pseudaleti separata.
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FIGURE 5 | Multiple sequence alignment of the H. armigera PBANR
variants. The seven predicted TM domains are overlined. Location of the
YXX® endosomal sorting motif is outlined. Alignment was performed using

MAFFT v6.814b (Katoh et al.,
abbreviations are per National Center for Biotechnology Information/Swiss
Prot: Helar, Helicoverpa armigera.

2002) with certain gaps removed. Species

variants were poorly amplified from P. separata with a conven-
tional polymerase, both were robustly amplified with a commer-
cially available GC-optimized polymerase (Figure 8). Based on
these results, we performed RT-PCR using PG cDNAs with both
the GC-optimized polymerase as well as the conventional DNA
polymerase (Figure 9). In all moth species, we observed higher
expression levels for PBANR-C than either of the shorter vari-
ants. To further confirm the expression levels of PBANR isoforms
in the three moth species, we performed Northern blots using
total RNA prepared from PGs during pheromonogenesis. Using
probes that recognize the “short” (PBANR-As and A) and “long”
(PBANR-B and C) variants, we detected a single band correspond-
ing to the “long” variant transcript of 3.4—4.1 kb in the PG of each
species (Figure 10A). No bands corresponding to the “short” vari-
ant transcript were detected. Furthermore, Northern blots using

total RNAs prepared from various female tissues during this same
time period confirmed PG-specific expression of the long variants
as single bands were only detected in PGs (Figure 10B).

CELL SURFACE LOCALIZATION AND FUNCTIONAL ACTIVATION OF THE
PBANR VARIANTS

To confirm the functionality of the PBANR variants, cultured S9
insect cells were transfected with plasmid DNAs encoding fluores-
cent chimeras of the B. mori, P. separata, and H. armigera PBANR
variants in which EGFP was fused in frame to the receptor C-
terminus. Cell surface localization of each variant was confirmed
using laser confocal microscopy (Figure 11). Regardless of moth
species, the PBANR-B and -C variants localized exclusively to
the plasma membrane (Figure 11A). The BommoPBANR-A and
HelarPBANR-A variants exhibited varying degrees of intracellular
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FIGURE 7 | Guanine-cytosine content distribution diagrams of
PBANR variants. The distribution of GC content in full-length cDNA
sequences for the PBANR variants of B. mori, P separata, and H.

Psese Helar

armigera was calculated using 100 base windows over a range of 700
bases. Red bars indicate the ~300-nt coding sequence unique to the
PBANR-B and -C variants.

localization with some cell surface localization (Figure 11A).
The PsesePBANR-A variant, in contrast, was completely intra-
cellular (Figure 11A), as were all of the PBANR-As variants
(Figure 11A), suggesting that an intact TM7 is necessary for cell
surface trafficking and localization.

Ligand-induced receptor internalization is a key element
in regulating the strength and duration of receptor-mediated
cell signaling. We have previously shown that PBAN induces
BommoPBANR-C (formerly referred to as BomPBANR) inter-
nalization (Hull et al., 2004, 2005, 2011). We consequently sought
to determine if the other PBANR variants are regulated in a sim-
ilar fashion. Cells transiently expressing the fluorescent PBANR
variant chimeras were incubated with a Rhodamine Red-labeled
PBAN derivative (RR-CIOPBANRQK). RR-CIOPBANRQK induced

internalization of the PBANR-C and -B variants from each species
as evidenced by the intracellular accumulation of red fluores-
cent vesicles that co-localized with the EGFP chimera-derived
green fluorescent signals (Figure 11B). In contrast, despite clear
cell surface binding, RR-C10PBANR,x failed to induce internal-
ization of BommoPBANR-A and HelarPBANR-A (Figure 11B).
In addition, consistent with a lack of cell surface localization,
no RR-C10PBANRyx binding was observed in cells expressing
PsesePBANR-A (Figure 11B).

DISCUSSION

Following ligand binding, receptor trafficking is crucial for the
temporal and spatial control of GPCR signaling. The magni-
tude and duration of GPCR signaling is tightly regulated by
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mechanisms that terminate initial signaling and prime the cells
to respond to new ligand exposure. Consequently, endocytosis of
GPCRs from the cell surface allows for the fine-tuning of signal
magnitude and duration by playing a crucial role in signal desensi-
tization, re-sensitization, and down-regulation (Moore et al., 2007;
Marchese et al., 2008). Initially, our understanding of the molecu-
lar mechanisms underlying PBANR signaling was restricted to the
PBANRs identified in H. zea and B. mori (Choi et al., 2003; Hull
et al., 2004). These receptors, however, are structurally differen-
tiated by a 67-aa C-terminal extension in BommoPBANR that is
essential for receptor internalization (Hull et al., 2004). Given the
significance of GPCR endocytotic trafficking in signal termination,
it seems clear that the C-terminal extension present in BommoP-
BANR plays an essential role in regulating the duration of the
PBAN signal. This conclusion, however, raises questions regard-
ing PBANR signaling in general given that HelzePBANR lacks this
domain. The functional significance of the two receptor subtypes
was initially ascribed to differences in signal transduction cascades

primer set: A B C A B C
Plasmid: MAsAB CAs ABCAs ABC MAsAB CAs ABCAsABC
Bommo

Psese

Helar

KOD FX

Ex Taq

FIGURE 8 | Amplification of PBANR variants using species- and
variant-specific primers. Amplification efficiencies of the primers were
determined using plasmids containing the full-length sequence of each
PBANR variant (PBANR-As -A, -B, or -C). Specific primer sets used are listed
inTable 1. Amplification was performed for 30 cycles using either a
conventional polymerase (Ex Taqg) or a GC-optimized polymerase (KOD-FX).
Species abbreviations are per National Center for Biotechnology
Information/Swiss Prot: Bommo, B. mori; Psese, P separata, and Helar,

H. armigera.

activated (H. zea: cAMP dependent vs. B. mori: cAMP indepen-
dent). However, it was recently reported that multiple PBANRs,
two of which have extended C-terminal tails and YXX® endo-
somal sorting motifs similar to BommoPBANR, are concurrently
expressed in the H. virescens larval CNS (Kim et al., 2008). The
presence of multiple PBANR transcripts that are concomitantly
expressed and that differ only in the length of their C-terminal
loop suggests that our understanding of PBAN signaling may be
more incomplete than previously thought and raises questions
regarding their physiological role.

In the current study, we sought to assess the prevalence of
PBANR variants in the PGs of various moth species, and found
that multiple variants were expressed in the PGs of every moth
examined (Figures 1, 4-6). Genomic structure analysis of the B.
mori gene showed that the PBANR variants arise from alterna-
tive splicing at the 3'-end of the receptor gene on chromosome
12 (Figure 2). Taken together, our findings and those of Kim
etal. (2008) provide clear evidence that the PBANR gene in moths
undergoes a number of alternative splice events involving the 3'-
portion of the gene and suggest that expression of multiple PBANR
variants in moth PGs is pervasive.

To determine the potential functionality of the PBANR vari-
ants, we expressed EGFP-tagged PBANR variants in Sf9 cells
and examined their localization and ability to undergo ligand-
induced internalization (Figure 11). The PBANR-As from all
the species studied failed to localize to the plasma membrane,
a functional deficiency likely attributable to the incomplete TM7
(Markovic and Challiss, 2009). Even though the PBANR-A vari-
ant of H. armigera and B. mori partially localized to the plasma
membrane and specifically bound RR-C10PBANRyk, there was
no indication of ligand-induced internalization (Figure 11B). In
contrast, all of the PBANR-B and -C variants localized to the
plasma membrane and exhibited ligand-induced internalization
(Figure 11B). Because internalization is dependent on an active
signaling cascade (Hull et al., 2005, 2011), we concluded that
the PBANR-A variant is either functionally deficient or has dis-
tinct intracellular signaling properties. The lack of an internaliza-
tion response in cells expressing the PBANR-A variants, however,
was not completely unexpected as C-terminal truncations lack-
ing the YXX® motif, which is present in the PBANR-B and -C
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FIGURE 9 | RT-PCR analysis of PG-derived PBANR variants. RT-PCR was performed using B. mori, P. separata, H. armigera, and H. zea PG cDNAs with either
(A) a conventional DNA polymerase (Ex Tag) or (B) a GC-optimized DNA polymerase (KOD-FX). Amplifications were performed using 26-32 PCR cycles as
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variants but not the PBANR-A variants, exhibited drastically dif-
ferent internalization kinetics (Hull et al., 2005). Interestingly,
while capable of mobilizing extracellular Ca?* in response to
PBAN, the initial HelzePBANR variant identified by Choi et al.
(2003) also lacks this motif. This suggests that functional dif-
ferences between the H. zea receptor and the B. mori receptor
likely extend beyond the C-terminus. Notable sequence variations
between BommoPBANR-A and HelzePBANR-A include the last
four to five residues (BommoPBANR-A: VRLN vs. HelzePBANR:
FKTTA) of the respective C-terminal tails and a four residue
span in the third intracellular loop (BommoPBANR-A: AHTP vs.
HelzePBARN: QMQ). What role, if any, these residues may play in
PBANR signal transduction remains to be determined.

In the course of our efforts to clone transcripts encoding
PBANR variants, we found that conventional 3'-RACE PCR
failed to amplify cDNAs for the PBANR-B and -C variants.
In addition, RT-PCR using gene-specific primers with conven-
tional polymerases likewise failed to amplify the cDNAs encoding
PsesePBANR-B and -C. In contrast, these transcripts were suc-
cessfully amplified with a GC-optimized polymerase (Figure 9).
Regardless of moth species, the coding sequence unique to the
PBANR-B and -C variants is GC abundant, while the C-terminal
coding sequence of the PBANR-As and -A variants is AT-rich
(Figure 7). We speculate that this may be the reason why tran-
scripts encoding PBANR-A have been so frequently amplified
(Rafaeli et al., 2007; Zheng et al., 2007; Cheng et al., 2010; Lee
et al.,, 2011) despite the higher expression levels of PBANR-B
and -C (see Figure 9). As a consequence, we believe that conclu-
sions drawn regarding the in vivo functional role of the PBANR-A
variant should be reconsidered within the context of coincident
PBANR-B and -C expression.

While evidence for the four PBANR splice variants is cur-
rently limited to the transcript level, their conservation across
multiple species, in conjunction with similar observations of con-
served splicing patterns in mammalian receptors (Markovic and
Grammatopoulos, 2009), suggests that the variants are likely physi-
ological relevant. Concomitant expression of the multiple variants
within a single cell type could represent a fine-tuning mech-
anism for cellular responsiveness to the extracellular signal. In
one scenario, a non-responsive receptor (e.g., BommoPBANR-A)
expressed at the cell surface might function as a decoy receptor
that competes with the wildtype receptor (e.g., BommoPBANR-
C) for ligand binding. The net result would be less bioactive
peptide available to trigger the cellular response thus decreasing
overall sensitivity. Alternatively, heterodimerization of the short
receptors (e.g., BommoPBANR-A and/or -As) with the longer
wildtype receptors (e.g., BommoPBANR-C or-B) could trap the
active receptors within the secretory pathway, thereby decreasing
the pool of available receptor for ligand binding and effectively
decreasing overall cellular sensitivity. Truncated variants of the
calcitonin receptor, corticotropin releasing factor receptor type 1,
and, more recently, growth hormone secretagogue receptor type
la have all been shown to exhibit dominant negative effects on sig-
naling when co-expressed with wildtype variants (Seck et al., 2005;
Zmijewski and Slominski, 2009; Chow et al., 2012). Receptor vari-
ants have also been shown to be functionally distinct with respect
to spatial and temporal expression, ligand binding, regulation, and
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FIGURE 10 | Northern blot analyses of PBANR variants in adult female
tissues. (A) PG. (B) Adult tissues. Using two probes (BommoPBANR-A:
1-1265, BommoPBANR-C: 1591-2616, PsesePBANR-A: 254-1378,
PsesePBANR-C: 1586-2608, HelarPBANR-A: 242-1282 and
HelarPBANR-C: 1574-2597) that recognize either the “short” PBANR
variants or the “long” variants. A single 3.4-4.1 kb band corresponding to
the “long” (i. e., PBANR-B and -C) transcripts is detectable only in the PG
for each species. PG, pheromone gland; Br, brain; FM, flight muscle; Eg,
unfertilized egg; MT, malpighian tubule; FB, fat body; MG, midgut.

Helar

downstream effector pathways (Markovic and Challiss, 2009). A
naturally occurring variant of the neurokinin 1 receptor that essen-
tially lacks a C-terminus has been shown to mediate intracellular
signaling mechanisms distinct from those initiated by the full-
length receptor including: an inability to mobilize extracellular
Ca’*, decreased protein kinase § phosphorylation, slowed activa-
tion of the extracellular signal-regulated kinase (ERK) pathway,
and decreased desensitization and internalization (DeFea et al.,
2000; Lai et al., 2008). A similar differentiation in signaling path-
ways activated downstream of ligand binding has been observed
for the PBANR variants. When expressed in mammalian CHO-
WTA11 cells, only the HelviPBANR-C variant generated a robust
Ca’* signal in response to PBAN, little to no Ca?* mobilization
was observed in cells expressing the HelviPBANR-A or -B vari-
ants (Kim et al., 2008). Furthermore, given the pleiotropic nature
of PBAN and PBAN-like peptides (Rafaeli, 2009), it is likely that
PBANR variants expressed in other tissues/developmental stages
may govern tissue-dependent physiological functions. Indeed, the
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Bommo Psese Helar
B 568-nm
PBANR-A
PBANR-B
PBANR-C

FIGURE 11 | Confocal imaging of fluorescent chimeras of the PBANR
variants transiently expressed in Sf9 cells. (A) Localization of EGFP-tagged
PBANR variants. For control purposes, Sf9 cells were transfected with an

488-nm _ 568-nm Merie 488-nm _ 568-nm Merge

EGFP only

Helar

Helar

expression plasmid containing EGFP (B) Ligand-induced internalization of
EGFP-tagged PBANR variants. Internalization was triggered with 50 nM
RR-C10PBANg,. Co-localization is indicated by yellow in the merged images.

PBANR-A variant in Spodoptera littoralis was cloned from fifth
instar larvae as part of an effort to identify the receptor responsi-
ble for cuticular pigmentation, a physiological effect mediated by
the PBAN family of peptides (Zheng et al., 2007).

In conclusion, our results show that PBANR-C is the pre-
dominant variant expressed in the PG during pheromonogenesis
regardless of moth species, and, given the functional significance of
the C-terminus (Hull et al., 2004, 2005, 2011), strongly suggest that
this variant is the principal receptor molecule involved in PBAN
signaling. This conclusion is supported by Northern blot analy-
ses (Figure 10) as well as specific photoaffinity-based binding of
biotin-labeled PBAN to a membrane-bound protein of ~50 kDa
in H. armigera PGs (Rafaeli et al., 2003), which is more consistent
with the molecular weight of HelarPBANR-C (51.1kDa) than

HelarPBANR-A (38.7 kDa). Furthermore, preferential amplifica-
tion of the PBANR-C variant was also demonstrated in H. virescens
PGs (Kim et al., 2008). Lastly, in contrast to PBANR-C, the shorter
PBANR-A variant localizes poorly at the cell surface and fails to
undergo typical ligand-induced internalization (Figure 11), which
suggests that desensitization of this variant either does not occur,
or at the very least that its regulation is mediated by a distinct
intracellular pathway.
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To facilitate further evaluation of pheromone biosynthesis activating neuropeptide receptor
(PBANR) functionality and regulation, we generated cultured insect cell lines constitutively
expressing green fluorescent protein chimeras of the recently identified Bombyx mori
PBANR (BommoPBANR) and Pseudaletia separata PBANR (PsesePBANR) variants. Fluo-
rescent chimeras included the BommoPBANR-A, -B, and -C variants and the PsesePBANR-
B and-C variants. Cell lines expressing non-chimeric BommoPBANR-B and -C variants were
also generated. Functional evaluation of these transformed cell lines using confocal laser
microscopy revealed that a Rhodamine Red-labeled PBAN derivative (RR-C10PBANR2k)
specifically co-localized with all of the respective PBANR variants at the plasma membrane.
Near complete internalization of the fluorescent RR-C10PBANRok ligand 30 min after bind-
ing was observed in all cell lines except those expressing the BommoPBANR-A variant, in
which the ligand/receptor complex remained at the plasma membrane. Fluorescent Ca%t
imaging further showed that the BommoPBANR-A cell line exhibited drastically different
Ca2* mobilization kinetics at a number of RR-C10PBANR2k concentrations including 10 wM.
These observations demonstrate a clear functional difference between the BommoPBANR-
A variant and the BommoPBANR-B and -C variants in terms of receptor regulation and
activation of downstream effector molecules. We also found that, contrary to previous
reports, ligand-induced internalization of BommmoPBANR-B and BommoPBANR-C in cell

lines stably expressing these variants occurred in the absence of extracellular Ca2+.

Keywords: PBAN receptor, GPCR, splice variants, ligand-induced internalization, stable transformation

INTRODUCTION

Since mating in insects is often limited to a specific phase of
the photoperiod, the biochemical processes that comprise sex
pheromone biosynthesis must be precisely regulated. In most
moth species, sex pheromone production in pheromone gland
(PG) cells is initiated following the activation of a G protein-
coupled receptor (GPCR) by a neurohormone termed pheromone
biosynthesis activating neuropeptide (PBAN; Raina et al., 1989;
Rafaeli, 2009). In the silkmoth, Bombyx mori, activation of the
PBAN receptor (PBANR) triggers an intracellular signal trans-
duction cascade that comprises a canonical store-operated chan-
nel (SOC) pathway in which Gq-mediated phospholipase C
(PLC) activation triggers the coupling of endoplasmic reticulum-
resident STIM with cell surface-localized Orai channels. The influx
of extracellular Ca?t that follows STIM-Orai coupling drives
the species-specific enzymatic reactions that culminate in sex
pheromone production and release (Matsumoto et al., 2010).
Consequently, PBANR plays a critical role in turning the extracel-
lular PBAN signal into the biological response of sex pheromone
production.

Based on predicted structural similarities with the mammalian
neuromedin U receptor (Park et al., 2002), PBANRs were cloned
from PGs of the corn earworm, Helicoverpa zea, and B. mori (Choi
et al., 2003; Hull et al., 2004). Both PBANRs were characterized as
rhodopsin-like GPCRs that belong to the neuromedin U recep-
tor family and exhibit significant sequence similarities (76%). The
B. mori PBANR (BommoPBANR), though, is structurally differ-
entiated by a 67-aa C-terminal extension absent in HelzePBANR
that is essential for ligand-induced receptor regulation (Hull et al.,
2004, 2005). Until recently, a majority of the PBANRs identified
in other moths were of a single isoform that exhibited a truncated
C-terminal tail similar to the HelzePBANR, suggesting a poten-
tial correlation with species-specific signal transduction pathways
(Rafaeli, 2009). Multiple PBANR variants (identified as A, B, and
C) that arise from alternative splicing at the 3’-end of the PBANR
gene, however, were identified in the tobacco budworm Heliothis
virescens (Kim et al., 2008). The HelviPBANR-A variant is homol-
ogous to HelzePBANR, while the HelviPBANR-C variant has an
extended C-terminal intracellular loop that shares considerable
sequence similarity with BommoPBANR. Intriguingly, despite H.
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virescens and H. zea being derived from the same Heliothinae
sub-family, HelviPBANR-C, and not HelviPBANR-A, was prefer-
entially amplified from H. virescens PGs (Kim et al., 2008). The
expression of multiple PBANR variants (As, A, B, and C) that
arise from alternative splicing of the 3’-end of the PBANR gene
was recently confirmed in PGs of several moth species including
B. mori, Pseudaletia separata (the Oriental armyworm), Helicov-
erpa armigera (the cotton bollworm), as well as H. zea (Lee et al.,
2012). The unusually high GC-content of the C-terminal tail cod-
ing region of the PBANR gene is thought to have contributed to
the previous “preferential” amplification of the PBANR-A variant.

Transient expression of enhanced green fluorescent protein
(EGFP) chimeras of the PBANR variants in cultured insect Sf9
cells revealed that regardless of moth species the PBANR-B and -C
variants localized to the plasma membrane and internalized upon
ligand binding. PBANR-A variants likewise localized to the cell
surface, but failed to undergo ligand-induced internalization (Lee
et al., 2012). While these transient expression studies afforded the
opportunity for fast analysis of gene function, their effectiveness
in studies that require more reproducible gene expression levels is
limited. In the current study, we sought to expand on our previous
studies and establish a more advantageous system for evaluat-
ing receptor functionality by generating transformed Sf9 cells that
constitutively express the BommoPBANR and P. separata PBANR
(PsesePBANR) variants.

MATERIALS AND METHODS

CONSTRUCTION OF EXPRESSION PLASMIDS

Chimeric EGFP-fused expression plasmids for the BommoP-
BANR variants (A, B, and C) and PsesePBANR variants (B
and C) were prepared as described (Lee et al., 2012). Non-
chimeric expression plasmids for the BommoPBANR variants
(B and C) were amplified using a gene specific BommoP-
BANR sense primer (5'-ATGATGGCAGATGAAACCGTCAAC-
3’) with either a BommoPBAR-B antisense primer (5'-
TCAGGTAAGTCCTTCTATATTACAG-3') or a BommoPBANR-
C antisense primer (5'-CTATGGAGAGATCGCGATTTTGG-3')
from plasmids containing full-length BommoPBANR-B and
BommoPBANR-C, respectively. PCR was performed using ther-
macylcer conditions consisting of 25 cycles at 94°C for 30, 60°C
for 30 s,and 72°C for 2 min, and a final extension at 72°C for 7 min.
PCR products were sub-cloned using a pIB/V5-His-TOPO TA
expression kit (Invitrogen Co., Ltd., Tokyo, Japan) and sequenced
to confirm the presence and orientation of the inserts.

CELL CULTURE AND TRANSFECTION

Lepidopteran Sf9 insect cells derived from Spodoptera frugiperda
(Smith et al., 1985) were cultured in IPL-41 insect medium (Invit-
rogen) at 27°C. Cells were transfected using 1 g plasmid DNA
and 8 pl Cellfectin II (Invitrogen) according to the manufacturer’s
instruction. Forty-eight hours post-transfection, the transfection
medium was replaced with fresh IPL-41 insect medium sup-
plemented with 10% fetal bovine serum. Transfected cells were
further incubated for 3 weeks in selective medium containing
80 pg/ml (final concentration) blasticidin S (Invitrogen) at 27°C.
The selective medium was replaced every 3—4 days until foci for-
mation. To establish clonal cell lines, individual colonies were

isolated 3 weeks after transfection and the clonal cells were further
cultured for 6-24 months in IPL-41 insect medium containing
10 pg/ml (final concentration) blasticidin S at 27°C.

SOUTHERN BLOT ANALYSIS

Genomic DNAs were isolated from cell lines constitutively express-
ing the PBANR variants as well as untransformed Sf9 cells using a
NucleoSpin Tissue kit (TaKaRa Bio Inc., Tokyo, Japan) according
to the manufacturer’s instruction. Genomic DNAs (10 ug) were
digested with BamHI, separated by 0.8% agarose gel electrophore-
sis and then transferred to a nylon membrane (Hybond N,
Amersham Biosciences, Piscataway, NJ, USA) by capillary blotting.
The full-length EGFP sequence (720 base-pair) was used as probe.
Labeling of the probe, hybridization and signal detection were
done using a DIG DNA Labeling and Detection Kit and DIG Easy
Hyb (Roche Applied Sciences, Indianapolis, IN, USA) according
to the manufacturer’s instruction. Probe hybridization was per-
formed at 45°C for 18 h at which point the blot was washed twice
in an initial solution of 0.1% SDS/2x SSC for 5min at 22°C and
then transferred to 0.1% SDS/0.1x SSC for two 15 min washes at
65°C. Signal was detected using NBT/BCIP (nitro-blue tetrazolium
chloride/5-bromo-4-chloro-3'-indolphosphate p-toluidine salt).

PREPARATION OF A FLUORESCENT PBAN ANALOG

To facilitate preparation of a fluorescent analog of a syn-
thetic 10-aa peptide corresponding to the C-terminal part of B.
mori PBAN (SRTRYFSPRLamide), the Arg at position two was
changed to Lys to generate CLOPBANRyx (SKTRYFSPRLamide).
Lys2 was then labeled with Rhodamine Red succinimidyl ester
(Molecular Probes, Eugene, OR, USA) by overnight incuba-
tion in 0.1 M sodium bicarbonate (pH 8.2). The conjugated
peptide, designated RR-C10PBANR;,x, was purified by reversed-
phase high-performance liquid chromatography on a Senshu
Pak PEGASIL ODS column (10 mm x 150 mm; Senshu Scientific
Co., Ltd., Tokyo, Japan) with absorbance monitored at 225 nm.
RR-C10PBANR k was stored at 4°C until used.

CONFOCAL MICROSCOPY

For imaging of ligand-induced internalization of the fluorescent
chimera PBANR, Sf9 cells were washed with fresh IPL-41 insect
media and incubated in the presence of 50 nM RR-C10PBANR,k
for 1h at 4°C. Cells were then washed twice with cold phosphate-
buffered saline (PBS) to remove unbound label and incubated
for 30 min at 27°C in 2ml IPL-41. At the end of the incuba-
tion, cells were fixed for 30 min with 4% paraformalin at 4°C,
washed twice with cold PBS, and then imaged. For imaging of
Ca?* influx, Sf9 cells stably expressing PBANR variants were incu-
bated in IPL-41 containing 3 uM Fluo4-AM (Molecular Probes)
and 0.03% pluronic F-127 (Molecular Probes) for 60 min at 27°C
in the dark. Cells were then washed twice with 500 wl IPL-41, incu-
bated in 900 pl insect Ringer’s buffer [RB; 35 mM NaCl, 36 mM
KCl, 12mM CaCl2, 16 mM MgCl2, 274 mM glucose, and 5 mM
Tris (pH 7.5)] for 30 min at room temperature in the dark, and
imaged for basal Ca* levels. For experiments, cells were further
incubated for 2-30 min following addition of 100 pl of a 50-nM
RR-C10PBANRk solution and then imaged. Fluorescence images
were obtained with a Leica TCS NT or Olympus FV1000D confo-
cal system as described previously (Hull et al., 2004). Images were
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processed using Photoshop 6.0 (Adobe Systems Inc., San Jose, CA,
USA). Statistical analyses were performed in GraphPad Prism 4.0
(Graphpad Software Inc., San Diego, CA, USA) and calculated
using one-way analysis of variance with Tukey’s post hoc test for
multiple comparisons.

CONFOCAL MICROSCOPY-BASED Ca?* IMAGING

Cell lines constitutively expressing the PBANR variants were har-
vested and incubated in a 24 well glass bottom plate (AGC, Tokyo,
Japan) at 27°C for 2 days with 10% FBS in IPL-41. On the day
of the experiment, cells were washed three times with IPL-41 and
incubated in 250 wl IPL-41 with 0.75wl F-127 and 1 mM Fura
Red AM (Invitrogen) for 30 min in the dark. After incubation, the
cells were washed three times with IPL-41, and 300 jL1 IPL-41 was
added to each well. The plate was left in the dark for 20 min to allow
hydrolysis of the Fura Red AM ester bond. EGFP and Fura Red flu-
orescence were obtained on a FV1000D confocal laser microscope
(Olympus, Tokyo, Japan) using 488 and 548 nm laser lines, respec-
tively. To measure receptor activation, fluorescence was monitored
for 40 scans (1.08 s/scan) and a 100 pl peptide solution, prepared
at concentrations of 1, 10, 100, 1000, and 10000 nM, was added
to the well after 10 scans. The Fura Red fluorescence was analyzed
using the FV1000D software “Fluoview” (Olympus, Tokyo, Japan).

RESULTS

ESTABLISHMENT OF Sf9 TRANSFORMANTS THAT CONSTITUTIVELY
EXPRESS PBANR VARIANTS

We recently demonstrated that multiple PBANR variants (i.e.,
PBANR-As, -A, -B, and -C) differentiated only by alternative splic-
ing at the 3’ end of the PBANR gene are expressed in multiple
moth species (Lee et al., 2012). Transient expression assays in Sf9
cells revealed that, unlike the other variants, PBANR-As, which
lacks an intact seventh transmembrane domain, failed to localize
to the plasma membrane and that PBANR-A failed to undergo
ligand-induced internalization. Based on these results, we sought
to establish a more advantageous system for characterizing the
function and regulation of the PBANR-A, -B, and -C variants by
generating transformants of each in Sf9 insect cells.

Cultured Sf9 cells were transfected with plasmid DNAs cod-
ing for fluorescent chimeras of the BommoPBANR variants (A,
B, and C) and then cultured under selective medium contain-
ing blasticidin S (final concentration 80 pwg/ml) for 3 weeks. We
visually selected 24 colonies for expression of the respective
EGFP-fused BommoPBANR variants and separately cultured the
colonies for more than 6 months in selective medium to confirm
transgene integration. We similarly generated Sf9 cell lines con-
stitutively expressing EGFP-fused PsesePBANR-B and -C. Using
this approach, multiple transformed lines for the BommoPBANR
variants (four lines for A, six lines for B, and five lines for C)
and for the PsesePBANR variants (two lines for B and three lines
for C) were generated. There were no noticeable differences in
cell morphology and growth time amongst the variant cell lines
or compared to the non-transformed parent line. Confocal laser
microscopy revealed that both the B. mori and P. separata derived
PBANR variants were predominantly localized to the plasma
membrane (Figures 1Aa—e). In contrast, transiently expressed
EGFP localized only to the cytosol and nucleus (Figures 1Af).
Southern blot analysis using a probe designed to the EGFP coding

488-nm 488-nm

Ma,b

c d e Sf9

(base)

23130 =

9416 = s
6557 =/ —— n——

4361 ==

Mgala

2322 = | —
2027 = | —
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FIGURE 1 | Constitutive expression and genomic integration of PBANR
variants in cultured Sf9 cells. (A) Stable cell lines expressing the
following: (a) BommoPBANR-A-EGFP, (b) BommoPBANR-B-EGFP (c)
BommoPBANR-C-EGFP (d) PsesePBANR-B-EGFF and (e)
PsesePBANR-C-EGFP Sf9 cells transiently expressing EGFP (f). (B)
Southern blot analysis using a full-length EGFP cDNA fragment as a probe.
Genomic DNAs from stably transformed and non-transformed Sf9 cell lines
were digested with BamHI (single site in the pIB/V5-His-TOPO expression
vector). One to four bands are detected in the (a) BommoPBANR-A-EGFPR,
(b) BommoPBANR-B-EGFP (¢c) BommoPBANR-C-EGFFP (d)
PsesePBANR-B-EGFP and (e) PsesePBANR-C-EGFP cell lines. No band is
seen in the parental Sf9 cell. The positions of DIG labeled DNA size markers
are indicated on the left.
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sequence confirmed integration of the chimeric transgenes with
single to multiple copies present in the genomes of the trans-
formed cell lines but not in the untransformed parental Sf9 cell
line (Figure 1B).

FUNCTIONAL CHARACTERIZATION OF STABLY EXPRESSED
PBANR-EGFP VARIANTS

We next sought to confirm the functionality of the PBANR vari-
ants by assaying for the influx of extracellular Ca?* that occurs
in response to PBAN binding, an event that has been well doc-
umented in various moth species including B. mori (Hull et al,,

2007). Using scanning laser confocal microscopy in conjunction
with the fluorescent Ca’>* indicator Fluo4-AM, we observed a
robust increase (within 2 min) in the intracellular fluorescence
of cells expressing BommoPBANR-B-EGFP and BommoPBANR-
C-EGFP following the addition of 50 nM of a Rhodamine Red-
labeled PBAN derivative (RR-C10PBANRyk; Figure 2A). This
Ca’*-associated intracellular fluorescence persisted for 30 min
(Figure 2A). No increase was observed in the absence of extra-
cellular Ca?*. These results are consistent with PBAN triggering
an influx of extracellular Ca>* in response to binding and indi-
cate that BommoPBANR-B-EGFP and BommoPBANR-C-EGFP

BommoPBANR-A >
EGFP

EGFP

BommoPBANR-B

EGEP

BommoPBANR-C

(e}

488 nm 568 nm

RB

BommoPBANR-A
EGFP

FIGURE 2 | Ligand-induced influx of extracellular Ca* in stable Sf9 cell
lines. (A). RR-CT0PBANRy (50 nM) induced influx of extracellular Ca®* in Sf9
cell lines stably transformed with BommoPBANR-EGFP fluorescent
chimeras. Cells were incubated in insect Ringer's buffer (RB) or Ca**-free RB
buffer supplemented with 3mM EGTA [EGTA(+)]. Cells were imaged before
and after (2 and 30 min) addition of RR-C10PBANR,« solution. (B). The
fluorescence intensity profile of BommoPBANR-EGFP Sf9 cell lines
calculated as F/Fo (i.e., fluorescence prior to ligand application and 2 min after
ligand application) in response to RR-C10PBANg, (50 nM). Bars represent
mean values + SEM from independent cells (n= > 8). (C). Confocal imaging
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of BommoPBANR-A-EGFP cells incubated with RR-C10PBANg, (50 nM) in
the presence and absence of extracellular Ca?*. Co-localization is indicated by
yellow in the merged images. (D). Dose-response profile of BommoPBANR
cell lines to increasing concentrations (1 nM-10 M) of C10PBANgy.
Fluorescence intensity was measured on a FV1000D confocal laser scanning
microscope using Fura Red as the Ca?* indicator. The fluorescence intensity is
presented relative to BommoPBANR-C-EGFP activation with 100 nM
C10PBANR. Bars represent mean values + SEM of five replicates per
peptide concentration. Different letters denote a statistically significant
difference for each sample (one-way ANOVA, p < 0.001).
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are fully functional in our stable cell lines. Surprisingly, despite
clear cell surface localization, all four BommoPBANR-A-EGFP
cell lines exhibited significantly different Ca?* mobilization kinet-
ics (Figure 2A) with no indications of an increase in intracellular
Ca’* levels apparent at 2 and 30 min after ligand application.
Because no analyses were done at other time points we are unable
to rule out the possibilities that: (1) BommoPBANR-A may medi-
ate a more transient Ca® " signal that dissipates before the 2 min or
(2) that the BommoPBANR-A Ca?t signal is transient within the
time frame between our two assay points. Regardless, it is readily
apparent that the BommoPBANR-A cell line exhibits a signifi-
cantly different Ca?>* mobilization profile. Quantitative analyses
comparing the levels of fluorescence prior to ligand application
and 2 min after ligand application support the results of the imag-
ing experiments (Figure 2B). There was no statistical difference
in the fluorescence intensity among the three cell lines after 2 min
in the presence of the Ca** chelator EGTA, suggesting that any
release of intracellular Ca?* in response to PBAN binding within
the first 2 min is below the threshold of detection. In the presence
of media replete with Ca?>* both the BommoPBANR-B-EGFP and
BommoPBANR-C-EGFP cell lines exhibited a dramatic (~2.7-
fold) increase in intracellular fluorescence (Figure 2B). There,
however, was no statistically significant difference between the two
lines. As before, there was no PBAN-mediated Ca?t influx in the
BommoPBANR-A-EGFP cell line at this time point (Figure 2B).
This functional difference is not the result of impaired ligand bind-
ing as RR-C10PBANRyk clearly co-localized with BommoPBANR-
A-EGFP at the cell surface (Figure 2C). To examine the possibil-
ity that BommoPBANR-A may be functioning as a low affinity
receptor, we measured the relative fluorescence intensities of the
respective cell lines (normalized to BommoPBANR-C-EGFP acti-
vation with 100 nM C10PBANR,k) using a different Ca?t indi-
cator, Fura Red, following the addition of varying concentrations
(1nM-10 uM) of C10PBANRk (Figure 2D). No increase in flu-
orescence was observed in the BommoPBANR-A-EGEFP cell line
at the time point assayed even at the 10-wM concentration. The
BommoPBANR-B cell lines, both with and without the EGFP tag,
exhibited decreased response profiles when challenged with ligand
concentrations below 100 nM. In contrast, there was no significant
difference in the response profiles amongst the BommoPBANR-C
cell lines at any of the concentrations tested, suggesting that the
BommoPBANR-C variant is the more responsive variant.

To further examine the utility of the stably transformed lines,
we sought to confirm that the pathway underlying PBANR reg-
ulation remained functional. We have previously shown that the
PBAN-mediated influx of extracellular Ca?* activates a regulatory
pathway that promotes endocytosis of PBAN-bound PBANR from
the cell surface (Hull et al., 2004, 2005, 2011). Consequently, we
used RR-C10PBANRg;k to examine ligand-induced internalization
of the fluorescent chimera PBANR variants (Figure 3). Consistent
with previous results obtained in transient expression assays, we
found that all of the expressed PBANR variants specifically bound
RR-C10PBANg,k (Figures 3Aa—e), but only the PBANR-B and -
C variants underwent RR-C10PBAN-induced internalization, as
evidenced by the intracellular accumulation of red fluorescent
vesicles that co-localized with the EGFP-derived green fluores-
cent signals (Figures 3Bb—e). RR-C10PBANg,x binding failed

to induce internalization in cells expressing BommoPBANR-A
as the ligand/receptor complex remained at the plasma mem-
brane even 30 min after RR-C10PBANRk binding (Figures 3Ba).
Unexpectedly, we also observed ligand-induced internalization of
BommoPBANR-B and BommoPBANR-C in the presence of EGTA
(Figures 3Bg-h).

FUNCTIONAL CHARACTERIZATION OF STABLY EXPRESSED
NON-FLUORESCENT PBANR VARIANTS

To establish Sf9 stable transformants expressing unlabeled
(fluorescence-free) PBANR variants, cultured Sf9 cells were
transfected with the expression plasmids encoding intact
BommoPBANR-B or -C variants and cultured in selective medium
containing blasticidin S (final concentration 80 pg/ml) for 3 weeks
as described above. To select for the unlabeled BommoPBANR
lines, we chose 24 blasticidin-resistant foci and examined ligand-
induced PBANR internalization using the RR-CI0PBANR,x flu-
orescent ligand. This approach allowed us to perform precise
selection of unlabeled BommoPBANR lines. As a result, we were
able to establish three unlabeled BommoPBANR-B lines and
two unlabeled BommoPBANR-C lines. Scanning laser confocal
microscopy-based Ca?* influx assays demonstrated that the non-
chimeric BommoPBANR-B and BommoPBANR-C lines mobi-
lized extracellular Ca?* in response to RR-C10PBANRyk stimu-
lation (Figure 4A). The cell lines also underwent ligand-induced
internalization as evidenced by the accumulation of numerous
intracellular red fluorescent red vesicles (Figure 4B).

DISCUSSION

Molecular identification of PBANR in moths was initially attained
in H. zea (Choi et al., 2003) and B. mori (Hull et al., 2004).
Surprisingly, the respective PBANRs exhibited a striking struc-
tural difference at the C-terminus, a 67 amino acid extension in
BommoPBANR that is critical for ligand-induced internalization
(Hull et al., 2004, 2005). The functional significance of the two
receptor subtypes was initially ascribed to differences in signal
transduction cascades activated (cAMP dependent/no C-terminal
extension vs. (AMP independent/with the C-terminal extension).
However, given the significance of GPCR endocytotic trafficking
in signal termination, the absence of this domain in HelzeP-
BANR (and many of the other PBANRs identified to date) raises
questions regarding receptor regulation. Furthermore, the recent
determination that multiple PBANR variants, two of which have
C-terminal extensions, are concurrently expressed complicates our
understanding of PBANR regulation.

The expression of multiple alternatively spliced PBANR vari-
ants (PBANR-As, -A, -B, and -C) appears to be a conserved
phenomenon in moths as it has been observed now in six species
representing three families (Noctuidae, Sphingidae, and Bomby-
cidae; Lee et al., 2012). Using a transient expression system in
cultured insect cells, we initially characterized the functionality
of the BommoPBANR variants (Lee et al., 2012). However, while
this system provided a rapid means of assessing gene function, we
sought a more advantageous system that would offer the oppor-
tunity for more complex studies and which could help unravel
the current conundrum of PBANR regulation. Consequently, in
the current study, our goal was to establish a stable expression
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FIGURE 3 | Dynamics of EGFP-tagged PBANR variants stably expressed
in Sf9 cells following binding with RR-C10PBAN;,. (A) Confocal imaging
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system using insect Sf9 cells to constitutively express three of the
B. mori PBANR variants and two of the P. separata variants. The
shortest variant, PBANR-As, which lacks a complete seventh trans-
membrane domain, was omitted because it fails to localize to the
plasma membrane (Lee et al., 2012).

After establishing the respective cell lines, we sought to con-
firm that the expressed receptors remained capable of mediat-
ing the characteristic influx of extracellular Ca>* that occurs in
response to PBAN binding. Using the fluorescent Ca?" indica-
tor Fluo4-AM, we observed the robust increase in intracellular
fluorescence characteristic of extracellular Ca** influx in cells
expressing BommoPBANR-B or BommoPBANR-C following RR-
C10PBANRyk binding (Figure 2B). Surprisingly, despite clear
indications of RR-C10PBANRyk binding, no increase in fluores-
cence was observed in cells expressing BommoPBANR-A at the
time points assayed (Figures 2A,B). The dramatic difference in
extracellular Ca>* mobilization at high concentrations (10 LM) of
ligand suggests that the BommoPBANR-A variant most likely does

not function as a low affinity receptor. It is, however, possible that
the BommoPBANR-A variant may mediate a more transient Ca®™
signal that dissipated prior to our analysis. Because different Ca’*
mobilization kinetics were present in all four BommoPBANR-
A cell lines, we concluded that the difference is not the result
of a deleterious positional effect following gene insertion during
generation of the stable lines. These results in conjunction with
the finding that the RR-C10PBANg;x—BommoPBANR-A com-
plex does not undergo endocytotic internalization (Figures 3Ba)
suggest that the BommoPBANR-A variant is functionally differ-
entiated from the BommoPBANR-B and -C variants in terms
of receptor regulation and activation of downstream effector
molecules. Similar differentiation in signaling pathways activated
downstream of ligand binding has been reported for the HelviP-
BANR variants with only the C variant generating a strong Ca’*
signal when expressed in mammalian CHO-WTAI1 cells (Kim
et al., 2008). The presence of multiple receptor variants such as
BommoPBANR-A have been hypothesized to represent a means
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FIGURE 4 | Confocal imaging of Sf9 cell lines stably transformed with
non-chimeric BommoPBANR-B and BommoPBANR-C. (A) Dynamics of
non-chimeric PBANR variants stably expressed in Sf9 cells upon
RR-C10PBANRy. (B) Influx of extracellular Ca** upon RR-C10PBANg,«
binding to the intact PBANR variants stably expressed in Sf9 cells. Both
receptor internalization and the influx of extracellular Ca** were triggered
with 50 nM RR-C10PBANz.

of fine-tuning responsiveness to extracellular signals with non-
responsive receptors potentially functioning to decrease overall
cellular sensitivity. Alternatively, the BommoPBANR-A variant
may couple to different downstream effector pathways. This latter
hypothesis is especially intriguing given the pleiotropic nature of
PBAN (Rafaeli, 2009).

Our results have also implicated a role for the BommoPBANR-
C-terminus in PBANR signal transduction in addition to signal
termination as previously reported (Hull et al., 2004, 2005, 2011).
G protein interaction sites have been linked to all three intracel-
lular loops as well as the C-terminal tail of GPCRs (Kristiansen,

enth transmembrane domain) but diverges over its terminal four
residues via non-conserved mutations (M342V, T343R, A344N)
and C-terminal deletions of 130 and 68 amino acids respec-
tively. Basic residues in the membrane proximal C-terminal tail of
the human p1-adrenergic receptor and rat melanin-concentrating
hormone receptor 1 have been implicated in G protein cou-
pling (Tetsuka et al., 2004; Delos Santos et al., 2006). Intrigu-
ingly, basic residues (Arg350Arg351) near this region are present
in both the BommoPBANR-B and C variants but absent in
BommoPBANR-A. What specific role the BommoPBANR-C-
terminus plays in mediating G protein coupling remains to be
determined; however, it is clear that the absence of this region
contributes to the different functionality in BommoPBANR-A.
Perpelxingly, HelzePBANR, which has been shown to mediate
PBAN-induced Ca?* influx (Choi et al., 2003), also lacks this
region. While the first 16 residues of the severely truncated
BommoPBANR-A and HelzePBANR C-terminal tails are identi-
cal, the terminal 4-5 residues differ (BommoPBANR-A: VRLN vs.
HelzePBANR: FKTTA) with HelzePBANR possessing two thre-
onine residues, the hydroxyl groups of which potentially could
function via hydrogen bonds to stabilize G protein coupling.
Alternatively, a four residue span in the third intracellular loop
(BommoPBANR-A:AHTP vs. HelzePBANR:QMQ) could poten-
tially account for the differences in G protein activation. How
these residues affect PBANR-G protein coupling and/or activa-
tion, however, remains to be determined. Regardless, our findings
strongly suggest that the molecular basis of PBANR activation may
be species dependent.

We unexpectedly found that ligand-induced internalization in
the BommoPBANR-B and C cell lines proceeded even in the pres-
ence of EGTA, which limits the availability of extracellular Ca?*.
This observation suggests that PBANR internalization may be
under the control of intracellular PBAN signaling prior to the
influx of extracellular Ca**. While these findings deviate from
our previous report regarding the necessity of extracellular Ca**
(Hull et al., 2005), they do not necessarily change our model of the
mechanisms underlying PBANR function. We have proposed that
PBAN signaling comprises a canonical SOC activation pathway
utilizing Gq-mediated PLC activation, followed by a molecular
interaction between the SOC-linked proteins STIM and Orai, and
a subsequent calcium-signaling pathway associated with an influx
of extracellular Ca?* (Matsumoto et al., 2010). A possible expla-
nation for the differing results in the absence of extracellular Ca**
could be related to the levels of the expressed PBANR. Stable
cell lines generally have higher expression levels than transient
expression systems. It is possible that the efflux of Ca?* from
the ER following PLC activation is sufficient to trigger the inter-
nalization mechanism via heterologous desensitization, a path-
way that has been associated with second messenger dependent
kinases (Kristiansen, 2004). Previous studies using pharmacologi-
cal inhibitors of second messenger kinsases, mutation of consensus
protein kinase C sites in BommoPBANR-C, and RNA interference-
mediated knockdown of Sf9 protein kinase C are consistent with
the involvement of the heterologous desensitization pathway (Hull
et al,, 2005, 2011).
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In conclusion, we have established a series of Sf9 cell lines
that constitutively express functional BommoPBANR and PseseP-
BANR variants. Our attempt to utilize these stable transformants
for functional evaluation of the PBANR variants confirmed that
the cell lines were fully functional and should prove to be viable
models for further examining the molecular basis of PBANR acti-
vation and regulation. In addition, our current results have further
highlighted the functional relevance of both the PBANR-B and
PBANR-C variants and raised questions regarding the role of the
shorter A variant. It is our expectation that the stable cell lines
described will facilitate the development of a more clearly defined

understanding of the molecular mechanisms underlying PBANR
regulation and activation. This knowledge can then be used to pro-
vide greater insights into the broader physiological roles of PBAN
and could potentially serve as the basis for defining key targets for
novel agrochemical reagents.
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The G-protein coupled receptor (GPCR) family is comprised of seven transmembrane
domain proteins and play important roles in nerve transmission, locomotion, proliferation
and development, sensory perception, metabolism, and neuromodulation. GPCR research
has been targeted by drug developers as a consequence of the wide variety of critical
physiological functions regulated by this protein family. Neuropeptide GPCRs are the least
characterized of the GPCR family as genetic systems to characterize their functions have
lagged behind GPCR gene discovery. Drosophila melanogaster and Caenorhabditis ele-
gans are genetic model organisms that have proved useful in characterizing neuropeptide
GPCRs. The strength of a genetic approach leads to an appreciation of the behavioral plas-
ticity that can result from subtle alterations in GPCRs or regulatory proteins in the pathways
that GPCRs control. Many of these invertebrate neuropeptides, GPCRs, and signaling path-
way components serve as models for mammalian counterparts as they have conserved
sequences and function. This review provides an overview of the methods to match neu-
ropeptides to their cognate receptor and a state of the art account of neuropeptide GPCRs
that have been characterized in D. melanogaster and C. elegans and the behaviors that
have been uncovered through genetic manipulation.

Keywords: invertebrate neuropeptides, G-protein coupled receptor, insects, nematodes, Caenorhabditis elegans,

Drosophila melanogaster

INTRODUCTION

Animals respond to environmental cues through alteration of
neural circuits that modify behavior and metabolism. The mecha-
nism underlying the regulation of the neural circuit in response to
a simple sensory cue is extremely complex and difficult to disen-
tangle in mammals. The nematode Caenorhabditis elegans offers
an excellent model organism to analyze neural circuit function. C.
elegans is 1.3 mm in length and has several desirable features. The
hermaphrodite has 959 somatic cells that form different organs
and tissues including muscle, hypodermis, intestine, reproduc-
tive organs and glands, and the nervous system. The nervous
system comprises 302 neurons whose identity and connections
have been defined by morphology and ablation studies. C. ele-
gans is also transparent such that in vivo fluorescent proteins and
dyes can be used to visualize gene expression and fat metabo-
lism in the living animal. The advantage over other systems is
that alterations within a functional neuron can be studied in
the context of the whole organism and rather than measuring
changes in fluorescence, the actual behavioral response of the ani-
mal can be monitored directly. Drosophila melanogaster is more
complex in terms of physical organization and behaviors. Some
90,000 neurons of the brain reflect a similar level of complex-
ity as the different neural cell types in humans (Venken et al.,
2011). D. melanogaster, like C. elegans, has a variety of genetic tools
that allow for forward (mutagenic screens) and reverse (targeted

gene disruption) genetics. The Drosophila UAS-Gal4 system (and
derivatives there of) enable the use of specific promoters to target
reporter genes, structural genes (for overexpression), or expression
of ds RNA for selected gene inhibition (RNAi) to specific larval or
adult tissues (Seroude, 2002). D. melanogaster and C. elegans have
recently emerged as excellent paradigms for identifying the cel-
lular mechanisms underlying human disease. Disease models are
possible if the disease can be explained in molecular terms. Both
of these non-mammalian genetic models have a strong record
of uncovering disease-related genes that have orthologs in the
human genome. These include the uncovering of genes involved in
Alzheimer’s disease (Sundaram and Greenwald, 1993; De Strooper
etal., 1999; Chakraborty et al., 2011), Parkinson’s (Feany and Ben-
der,2000), diabetes type II (Nakae et al., 2002), polyglutamine and
other triplet repeat expansion diseases (Campesan et al., 2011),
depression (Ranganathan et al., 2001; Pandey and Nichols, 2011),
epilepsy, and schizophrenia (O’Kane, 2011).

Drosophila melanogaster and C. elegans produce and store most
classical small molecule neurotransmitters in synaptic vesicles that
cluster for release at pre-synaptic sites. These include acetylcholine,
y-aminobutyric acid (GABA), the biogenic amines octopamine,
tyramine, dopamine, and serotonin (5-hydroxytryptamine) and
glutamate (Bargmann, 2006) function in conjunction with neu-
ropeptides that are produced as precursor proteins that are packed
with processing enzymes and stored in large dense core vesicles
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in the trans-Golgi network. Release of neuropeptide-containing
dense core vesicles is not restricted to nerve terminals and can
occur at both axons and dendrites. In C. elegans, 113 neuropeptide
genes have been identified that potentially produce 250 neu-
ropeptides. These are classified into three groups: the insulin-like
peptides (40 ins genes), the FMRFamide-related/like peptides (31
FaRP or flp genes), and the neuropeptide-like peptides (42 nlp
genes; Nathoo et al., 2001). Two recent reviews summarize the
synthesis, processing, and function of C. elegans neuropeptides
(Husson et al., 2007; Li and Kim, 2008). In D. melanogaster, 119
neuropeptide genes have been predicted with 46 neuropeptide
families characterized biochemically from 19 precursors (Clynen
et al., 2010). In C. elegans, there are over 1100 G-protein cou-
pled receptors (GPCRs) with approximately 100 thought to be
specific for neuropeptides (Bargmann, 1998). D. melanogaster
has approximately 160 GPCRs (far less than C. elegans with 44
exhibiting characteristics consistent with peptide ligand receptors
(Hewes and Taghert, 2001). In both organisms, very few GPCRs
have been matched with their respective neuropeptides and much
less is known as to how each neuropeptide GPCR functions in
neurotransmission or behavior. GPCRs can be separated struc-
turally into several classes or subfamilies. The largest of these
are the rhodopsin-like which are activated by small ligands and
peptides. The secretin class of GPCRs have large extracellular
domains that selectively bind glycoproteins. The metabotropic
glutamate/pheromone GPCRs have domains that share sequence
similarity with periplasmic binding proteins of bacteria involved in
the transport of ions, amino acids, sugars, and peptides. The adhe-
sion and frizzled class of GPCRs also have unique N-terminal bind-
ing domains with unique binding properties (Fredriksson et al.,
2003; Krishnan et al., 2012). Given the diversity of GPCR types
and varied functions this review focuses on some of the genetic
and molecular techniques that have been used to specifically de-
orphan neuropeptide GPCRs in C. elegans and D. melanogaster
and decipher their role in regulating behavior and physiology.

MATCHING NEUROPEPTIDES TO ORPHAN RECEPTORS
METHODOLOGY

Only a limited number of reverse pharmacological approaches
have been applied to match a peptide ligand to its receptor (i.e., de-
orphanization) in D. melanogaster and C. elegans. All approaches
are based on expression of the GPCR in a membrane system that
will complete a signaling pathway that can be assayed. One of
the more common assays used to de-orphan GPCRs is the GTPyS
assay (Larsen etal.,2001). The GTPyS assay is one of the most sen-
sitive assays for screening GPCRs and is widely used to characterize
full and partial agonists and antagonists. In this assay, the GPCR of
interest is expressed in mammalian cells such as Chinese hamster
ovary (CHO) or human embryonic kidney (HEK293) cells. The
plasma membrane replete with the recombinant GPCR of interest
is purified and incubated with GDP and a potential neuropeptide
ligand. A radiolabeled non-hydrolyzable GTP analog [*°S] GTPyS,
is then added. The premise of the assay is that if the neuropep-
tide has activated the receptor, the G-protein a-subunit exchanges
GDP for GTP or in this case [**S]GTPyS which accumulates in the
membrane and is easily measured. A second type of assay monitors
cAMP levels. In this case, a receptor expressed in mammalian cells

can be activated by adding a neuropeptide to the culture media.
Upon activation, if exchange of GDP to GTP occurs using a Go
subunit, adenylate cyclase activity will be stimulated, converting
ATP to cAMP. Conversely, if the GDP to GTP exchange occurs
using a Ga; subunit, adenylate cyclase is inhibited, and cAMP levels
decline. In practice, a reporter construct that provides a promoter
with multiple cAMP response elements controlling expression of
the gene luciferase is co-transfected into cells with the receptor.
Enhanced expression of luciferase occurs when cAMP increases.
Luciferase catalyzes the oxidation of the firefly specific substrate,
p-luciferin, to produce light which can be directly measured. If sig-
naling occurs through Gao;, which depresses cAMP levels, cells can
be treated with forskolin (which activates adenylate cyclase) prior
to neuropeptide application. In this case, CAMP levels can be mea-
sured in cell extracts by incubation with a biotinylated-anti-cAMP
antibody and a anti-cAMP antibody coupled to an acceptor bead.
Streptavidin-coupled to a donor bead is then added to complex
with biotin. Excitation of the donor bead with a laser (680 nm)
produces singlet oxygen which can travel up to 200 nm and excite
the cAMP - antibody bound acceptor bead in the complex. The
acceptor bead then emits light which can be directly measured.
Intracellular Ca?" can also be used as a measure of GPCRs that
couple through Gq. Gq activates phospholipase CB which gener-
ates inositol triphosphate and diacylglycerol. Inositol triphosphate
activates release of intracellular Ca®* stores from the endoplasmic
reticulum. Ca®* can be measured by Ca?* sensitive indicators such
as Fluo-4. Alternatively, cells can be co-transfected with a gene
that expresses apoaequorin. In the presence of the cofactor coe-
lenterazine, a complex is formed that generates light proportional
to the quantity of Ca®". The relative simplicity of these assays
has resulted in their widespread use in matching neuropeptides
to their GPCRs, although the expression of C. elegans GPCRs in
mammalian cells has encountered a number of pitfalls. For exam-
ple, stable cell lines expressing some GPCRs cannot be generated
because of toxicity problems. In addition, some GPCRs appear to
be active only if cultured cells are incubated at 28°C rather than
the normal 37°C (Harada et al., 1987; Geary et al., 1999; Kubiak
et al., 2003a,b).

Drosophila melanogaster GPCRs have also been de-orphaned
using a P-arrestin2-green fluorescent protein (GFP) transloca-
tion assay (Johnson et al., 2003). In this assay, following ligand-
GPCR interaction in mammalian cells, B-arrestin2-GFP translo-
cates from the cytoplasm to the cell membrane or receptor-bearing
endosomes as part of termination of signaling (Barak et al., 1997).

G-protein coupled receptors of both C. elegans and D.
melanogaster have also been expressed in Xenopus laevis oocytes
along with a G-protein-gated inward rectifying potassium chan-
nel (GIRK; Harada et al., 1987). Gating results from release of
the GPy subunits, which, upon receptor activation, then inter-
act with GIRK. Measurement is through whole cell voltage-clamp
recordings.

Caenorhabditis elegans GPCRs have been expressed in the phar-
ynx of C. elegans by creating a transgenic animal with a GPCR
construct that is under the control of a heat shock promoter.
Action potentials are measured by placing a microelectrode into
an exposed terminal pharyngeal bulb. For C. elegans neuropeptide
receptor-1 (NPR-1), this method gave slightly different results than
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the Xenopus assay when the receptor was tested with several pep-
tides (see below). Human somatostatin receptor and chemokine
receptor 5 (CCR5) have been expressed in C. elegans nocicep-
tive neurons ASH and ADL by transformation of the genes under
the control of the gpa-11 promoter. Transgenic animals showed
an avoidance response to the cognate peptide placed between the
worms and an attractant (Teng et al., 2006). This study has been
extended to show that animals expressing CCR5 in nociceptive
neurons will avoid Escherichia coli that expressed the natural lig-
and MIP-1a (Teng et al., 2008). As a cautionary note, this approach
may only be applicable to non-modified peptides such as MIP-1a
because E. coli does not have the enzymes necessary for some mod-
ifications, such as C-terminal amidation that some neuropeptides
require for activity.

Despite the techniques outlined above, only a very small num-
ber of C. elegans and D. melanogaster receptors have been matched
to their cognate ligand. At present, most families of known neu-
ropeptides have been matched to receptors in D. melanogaster
(Hewes and Taghert, 2001; Johnson et al., 2003; Clynen et al.,
2010). The de-orphaning of C. elegans neuropeptide receptors has
not been as rapid as in D. melanogaster. However, some of the
C. elegans receptors that have been studied have provided bet-
ter insights into components of the signal transduction pathways.
Both model organisms though have advantages in that trans-
genic animals can be generated that overproduce neuropeptides
or GPCRs and the availability of mutants that give rise to spe-
cific phenotypes that result from the suppression of neuropeptide
and/or GPCR-linked functions.

COMPARING FUNCTION OF STRUCTURALLY CONSERVED
PEPTIDES AND RECEPTORS IDENTIFIED IN DROSOPHILA
AND CAENORHABDITIS

Insect systems have proven invaluable in revealing primary peptide
structures that define many neuropeptide families and for develop-
ing in vitro physiological assays that provide clues to in vivo func-
tions. The signal transduction pathways for most neuropeptides
though are only vaguely understood beyond their interaction with
their cognate receptor. Genetic systems such as D. melanogaster
and C. elegans are now extending our understanding of the steps
between neuropeptide release to final physiological action. Many
of these peptide-GPCR interactions lead to conserved functions.
For example, allatostatin-like peptides appear to influence forag-
ing behavior in D. melanogaster and C. elegans. These systems have
also been instrumental in uncovering additional neuropeptide and
neuropeptide GPCR functions.

NEUROPEPTIDE F, NPY/NPF PEPTIDES, AND RECEPTORS

In vertebrates, a 36 amino acid neuropeptide Y (NPY) functions
as a neuromodulator to stimulate feeding behavior (Clark et al.,
1984; Kalra, 1997). Roles of vertebrate NPY include suppression of
responsiveness to adverse stimuli and in promotion of food search
and acquisition under adverse conditions (Thorsell and Heilig,
2002). Destruction of NPY-expressing neurons in mice results
in starvation of the animals (Pedrazzini, 2004). NPY is thought
to work through a specific NPY receptor, to repress the activity
of inhibitory neural circuits that then promotes feeding behavior
(Klapstein and Colmers, 1993; Browning and Travagli, 2003).

In invertebrates, neuropeptide F is an ortholog of vertebrate
NPY but differs in a C-terminal phenylalanine rather than tyrosine
(Brown et al., 1999). Drosophila NPF (DromeNPF) is expressed in
the brain and midgut of larvae and adults (Brown et al., 1999).
A single receptor, Drome NPF receptor (DromeNPFR) has been
identified through expression of the receptor in mammalian cells
and binding assays (Garczynski et al., 2002; Table 1). In common
with vertebrate NPY, DromeNPEF, and its receptor have been asso-
ciated with the control of social and feeding behaviors. DromeNPF
levels are high in larvae, when they remain attracted to food,
then fall to lower levels in subsequent developmental stages in
which feeding is reduced. Overexpression of the DromeNPFR at
later developmental stages encourages feeding behaviors that differ
from wild type, whereas underexpression of DromeNPFR leads to
afood aversion response in earlier larvae that would normally feed
(Wuetal., 2003). Food-associated memory is promoted by starva-
tion and inhibited by satiety in Drosophila. Stimulation of neurons
that express DromeNPF mimics food deprivation and promotes
memory performance in satiated flies. This memory performance
requires the expression of the DromeNPFR in six dopaminergic
neurons whereas blocking these neurons releases memory per-
formance in satiated flies and suppresses memory performance
in hungry flies. This suggests that dopamine and DromeNPF act
together to coordinate memory performance, based on nutritional
status (Krashes et al., 2009). DromeNPF also functions in fly-
aversive responses to a variety of stressors. NPF appears to act
antagonistically to insulin signaling systems in regulating aversive
responses (Wu et al., 2005). In aversion responses, DromeNPF
suppresses PAIN neurons through attenuation of transient recep-
tor potential (TRP) channel-induced neuronal excitation (Xu
et al., 2010). iDromeNPF signaling has been implicated in a
wide range of behaviors and has recently been shown to have a
modulatory effect on fly aggression. Drug-induced increases of 5-
hydroxytryptamine (serotonin) amplify aggression amongst flies,
whereas silencing of the serotonergic circuits leads to a lack of
response following application of exogenous serotonin; however,
the aggression response still exists. Silencing of the DromeNPF
circuit leads to an increase in fly aggression, showing that sero-
tonin and DromeNPF signaling systems act together to regulate fly
aggression (Dierick and Greenspan, 2007). The DromeNPF signal-
ing pathways also modulate acute ethanol sensitivity (Wen et al.,
2005) and appear to have a male-specific function in courtship
behavior. DromeNPF also has a possible role in circadian rhythms
(Lee et al., 2006) and is potentially involved in the control of
evening activity (Hermann et al., 2012). The signaling pathways
regulating these later phenotypes are still poorly understood.

The C. elegans GPCR (C39E.6.6 = Caceel npr-1) shares homol-
ogy with the vertebrate NPY receptor family. Caeel npr-1 is
expressed in at least 20 neurons. Two natural alleles of NPR-1 that
differ by a single amino acid at position 215, which likely affects
G-protein signaling show two behavioral phenotypes termed “soli-
tary” versus “social.” Animals, typified by the N2 Bristol strain used
in most labs as a wild type strain, express Caeel npr-1 with valine
at position 215 (Caeel npr-1215V). This Caeel npr-1 allele results
in animals with reduced locomotory activity on a bacterial lawn
and they disperse over the lawn as solitary individuals. Animals
such as the Hawaiian isolate CB4856, express Caeel npr-1 with
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Table 1 | Receptor-ligand interaction affinities as measured in heterologous expression systems.

Receptor gene

Peptide ligand

Peptide sequence

ECso

Reference

C. elegans
Caeel C39E6.6 (NPR-1)

* %
* %
* %
* %
* %
* %

* %

Caeel npr2 TO5A1.1
Caeel npr3 C10C6.2

Caeel Y58G8A.4 (npr-5)
Splice variants a and b

Caeel C26F1.6

Caeel YBOH11AL.1

Caeel T19F4.1

Caeel C46F4.1 (egl-6)

Caeel C13B9.4 (pdfr-1)

Caeel;Y39A3B.5 (ckr2)

D. melanogaster
Drome NPFR CG1147

Drome sNPFR =
NPRF76F CG7395

FLP-21
FLP-21
FLP-18-1
FLP-18-2
FLP-18-3
FLP-18-4
FLP-18-5
FLP-18-6
Unknown
FLP-15-1
FLP-15-2
FLP-18-6
FLP-18-3
FLP-18-3
Truncated
FLP-18-5
FLP-18-4
FLP-7-2
FLP-7 Truncated
FLP-11-1
FLP-7-1
FLP-7-3
FLP-7-4
FLP-7-3
FLP-7-2
FLP-7-1
FLP-7-4
FLP-1-8
FLP-9
FLP-11-1
FLP-11-2
FLP-11-3
FLP-2-1
FLP-2-2
FLP-10
FLP-17-1
FLP-17-2
PDF-1a
PDF1b
PDF-2 NLP-37
NLP-12A
NLP-12B

DromeNPF
CG10342
Drome sNPF
CG13968

GLGPRPLRFa
GLGPRPLRFa
DFDGAMPGVLRFa
EMPGVLRFa
SVPGVLRFa
EIPGVLRFa
SEVPGVLRFa
DVPGVLRFa

GGPQGPLRFa
RGPSGPLRFa
DVPGVLRFa
(K) SVPGVLRFa
SVPGVLRFa

SEVPGVLRFa
EIPGVLRFa
TPMQRSSMVRFa
SMVRFa
AMRNALVRFa
SPMQRSSMVRFa
SPMDRKMVRFa
SPMERSAMVRFa
SPMERSAMVRFa
TPMQRSSMVRFa
SPMQRSSMVRFa
SPMDRSKMVRFa
KPNFMRYa
KPSFVRFa
AMRNALVRFa
ASGGMRNALVRFa
NGAPQPFVRFa
SPREPIRFa
LRGEPIRFa?
QPKARSGYIRFa
KSAFVRFa
KSQYIRFa

SNAELINGLIGMDLGKLSAVa
SNAELINGLLSMNLNKLSGAa
NNAEVVNHILKNFGALDRLGDVa

DYRPLQFa
DGYRPLQFa

SNSRPPRKNDVNTMADAYKFL

QDLDTYYGDRARVRFa
AQRSPSLRLRFa
SPSLRLRFa

PQRLRWa

PMRLRWa

215V 2.2-77nM, 215F 59-370 nM

215V —108, 215F —104
216V —9.3, 216F 0
215V —32, 215F 0
215V —9.7, 215F 0
215V -8, 215F 0

215V —6.8, 215F 0
215V —9.7 215F 0

162.4nM
250.6 nM
a: 32.3nM; b: 45.9nM
a: 28.3nM, b: 48.3nM
a: 14.4nM, b: 43.3nM

a: 25.9nM, b: 68.4nM
a:117.2nM, b: 124nM
1.02+0.24uM
0.096+0.016 uM
1.344+0.41uM
Inactive

Inactive

Inactive

<0.7 [28°C]-1.1 [37°CI pM
2.5uM

5.0uM

5.0uM

0.1uM

5.0uM

0.75uM

2.5uM

1.0puM

53.1+77nM
54.44+6.2nM

11 nM

28nM

nM

1274 nM

360 nM

33.8nM

56.7nM

14.7nM

65 nM*

5.1 x 1078
4.2x10°8
3.1x1078
75x 1078

Kubiak et al. (2003b)
Rogers et al. (2003)

Kubiak et al. (2003a)

Rogers et al. (2003)

Mertens et al. (2005b)

Mertens et al. (2006)

Mertens et al. (2005a)

Ringstad and Horvitz
(2008)

Janssen et al. (2008b)

Janssen et al. (2008a)

Garczynski et al.
(2002)
Mertens et al. (2002)

(Continued)
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Table 1| Continued

Receptor gene Peptide ligand Peptide sequence ECso Reference
DromeFR CG2114 Drome FMRF-1 DPKQDFMRFa 2.0nM Meeusen et al.
Drome FMRF-2 TPAEDFMRFa 2.8nM (2002)
Drome FMRF-3 SDNFMRFa 1.9nM
Drome FMRF-4 SPKQDFMRFa 2.5nM
Drome FMRF-5 PDNFMRFa 1.8nM
N. bullata APPQPSDNFIRFa 3.5nM
N. bullata pQPSQDFMRFa 2.0nM
Drome CG13229 Unknown
Drome PDFR CG1758 Drome PDF NSELINSLLSLPKNMNDAa 25nM Mertens et al.
CG6492 (2005¢)
Drome DHgz, TVDFGLARGYSGTQEAKHRMG 218.6nM
LAAANFAGGPa
Drome CCKLR Drome DSK FDDY(SO(3)H)GHLRFa 5.3nM Kubiak et al. (2002)

*Determined through a competition assay which displaced radioactive peptide from the receptor.

**Values represent alteration of current in response to neuropeptide application in the Xenopus assay.

phenylalanine at position 215 (Caeel npr-1215F). Caeel npr-1215F
animals display a “bordering” phenotype as they move rapidly on
bacterial food to areas where the food is thickest, and burrow.
These animals also show social behavior by interacting with each
other to form clumps that can contain hundreds of animals (de
Bono and Bargmann, 1998). Caeel NPR-1 acts as an inhibitor of
social behavior as Caeel npr-1 loss-of-function (If) mutants dis-
play social behavior. This results in part from Caeel npr-1 (If)
exhibiting enhanced attraction to low levels of the ascaroside
pheromone (Macosko et al., 2009). The Caeel npr-1 215 Valine
(V) allele is dominant to the Caeel npr-1 215 Phenylalanine (F)
allele so that heterozygotes will display solitary behavior. Genetics
and targeted expression studies have suggested that NPR-1 acts
through neurons AQR, PQR, and URX that are exposed to body
fluids (Coates and de Bono, 2002) to suppress aggregation and
bordering by inhibiting the expression/activity of two a/f soluble
guanylate cyclases GCY-35 and GCY-36 that are required to acti-
vate a cGMP-gated ion channel (TAX-2/TAX-4) encoded by the
tax-2 and tax-4 genes (Cheung et al., 2004; Gray et al., 2005). Social
animals may display aggregation and bordering activity as a means
of avoiding high O, levels (hyperoxia) on food. In solitary Caeel
NPR-1 215V animals, food suppresses avoidance of hyperoxia by
signaling through Caeel NPR-1 via GCY-35/GCY-36 and the TGF-
B homolog DAF-7 (Cheung et al., 2005; Chang et al., 2006). On
food, Caeel NPR-1 215V also promotes avoidance of high levels of
CO;, whereas the Caeel NPR-1 215F-bearing animal only exhibits
a weak avoidance to CO,. Indeed, an increase in CO, leads to
a burst of turning in wild type (N2) worms; however, the Caeel
npr-1 215F strain does not respond. Up or downshifting of O,
has a dramatic effect on turning in Caeel npr-1 215F. The activity
of Caeel NPR-1 may thus serve to integrate inputs from O;- and
CO;-sensing pathways and generate an appropriate response with
respect to availability of food (Bretscher et al., 2008; Chang and
Bargmann, 2008; Hallem and Sternberg, 2008). The O, and CO;-
sensing pathways may control which peptides become involved
in regulating Caeel NPR-1. A globin-like gene (glb-5) appears to

cooperate with Caeel npr-1 to mediate responses to O, and CO;
concentrations. Expression of the globin-like gene (glb-5) in ani-
mals with a Ifallele of Caeel npr-1 showed suppressed aggregation
behavior (McGrath et al., 2009).

Caeel NPR-1 has recently been shown to play a role in innate
immunity, with Caeel npr-1(lf) animals showing an increased sus-
ceptibility to infection by the bacteria Pseudomonas aeruginosa.
A similar initial signaling pathway may be used since one of the
soluble guanylate cyclases (GCY-35) expressed in AQR, PQR, and
URX neurons, and the cGMP-gated ion channel TAX-2/TAX-4
are required (Styer et al., 2008). Caeel npr-1 has been implicated
in hyperoxia avoidance in the presence of an exopolysaccharide
matrix characteristic of mucoid bacteria. OSM-9 is part of the
TRP Vanilloid (TRPV)-like ion channel that is within the ASH and
ADL nociceptive neurons (Kapfhamer et al., 2008). The TRPV-like
channel mutant (osm-9) mutant exhibited mucoid bacterial avoid-
ance as a consequence of the lack of induction of the Caeel NPR-1
pathway. Worms that lack the TRPV-like channel and guanylate
cyclase (gcy-35) showed restored Caeel NPR-1-dependent oxygen
sensitivity and absence of pathogen avoidance exhibited by TRPV
(0sm-9) mutant (Reddy et al., 2011).

The TRPV-like channel appears to work with Caeel NPR-
1 in several instances of behavioral adaptation/acute tolerance.
For example, following exposure of wild type C. elegans to
ethanol, intoxication can occur which is assayed by hyperexci-
tation followed by inhibition of locomotor activity and egg laying.
Decreased intoxication as a result of acute tolerance is observed
in Caeel NPR-1 215F animals which show a dramatic recov-
ery to ethanol exposure relative to Caeel NPR-1 215V animals.
Ethanol-induced clumping of animals was suppressed by the loss
of the cGMP-gated ion channel (tax-4) and the TRPV-like chan-
nel (osm-9; de Bono et al., 2002). Caeel npr-1 expression in RMG
interneurons acts synergistically with TRPV-like channel (osm-9)
in parallel pathways to regulate aversive behaviors at high temper-
ature with npr-1(If) animals show an increased threshold for heat
avoidance (Glauser et al., 2011).
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The initial study to de-orphan Caeel NPR-1 used expression of
Caeel npr-1 in a mammalian (CHO) cell line screened with 200
synthetic invertebrate peptide sequences. A single Ascaris suum
neuropeptide AF9 (Cowden and Stretton, 1995) was identified as
an activating ligand. AF9 is a FMRFamide-related peptide (FaRP)
unrelated in sequence to NPY. This peptide sequence has been
found in the C. elegans genome and is known as FMRFamide-
like peptide-21 (FLP-21; Kubiak et al., 2003b). FLP-21 activation
of Caeel NPR-1 results in inhibitory signaling through Gi/Go
proteins and inhibition of cAMP production. In GTPyS binding
assays, FLP-21 displayed higher activity with Caeel NPR-1 215V in
comparison to Caeel NPR-1 215F (Kubiak et al., 2003b; Table 1).
Higher FLP-21 activation of Caeel NPR-1 215V was also noted
when the receptor was expressed in Xenopus oocytes and assayed
for GIRK channel activation (Rogers et al., 2003; Table 1). This is
consistent with the observation that social behavior is repressed
in Caeel NPR-1 215V. In the Xenopus assay, in addition to FLP-21,
six unique FaRPs encoded by flIp-18 were found to activate Caeel
NPR-1 215V but not Caeel NPR-1 215F (Table 1). Using a differ-
ent assay system in which Caeel NPR-1 isoforms were expressed
in the C. elegans pharynx, both isoforms were activated by the sole
FLP-21 peptide and all FLP-18 peptides and signaling may occur
through Goq (Rogers et al., 2003). The expression patterns of flp-
18 and flp-21 have limited overlap. flp-18 is expressed in neurons
AVA, AlY, and RIG, motor neurons RIM and pharyngeal neurons
M2 and M3. fIp-21 is expressed in sensory neurons ADL, ASE, and
ASH, motor neuron MRA and pharyngeal neurons MC. M2 and
M4. Deletion of flp-21 has a limited effect on increasing aggrega-
tion and bordering in Caeel npr-1 215V animals but does enhance
aggregation in Caeel npr-1215F animals (Rogers et al., 2003). This
supports a role for FLP-18 peptides acting in conjunction with
FLP-21 to regulate behavior. However, this is not always the case as
FLP-21 does not appear to act in acute ethanol tolerance, suggest-
ing that FLP-18 may be the active ligand. FLP-21 may act solely
with Caeel NPR-1 in adaptation to heat avoidance (Glauser et al.,
2011).

C53C7.11s another C. elegans receptor related to the Drosophila
neuropeptide F-like receptor. Two isoforms of C53C7.1 are gen-
erated by alternative splicing. A single patent report identifies a
different FMRFamide-like peptide encoded by the fIp-3 gene as
the ligand for C53C7 (Lowery et al., 2003).

SHORT NPF AND sNPF RECEPTORS

The D. melanogaster gene for short NPF (sNPF) encodes a pre-
cursor polypeptide that, upon processing, would release two C-
terminal RLRFamides (sNPF-1, sNPF-2) and two RLRWamides
(sNPF3, sNPF4; Hewes and Taghert, 2001; Vanden Broeck, 2001).
Several thousand neurons in the CNS of D. melanogaster express
sNPFs suggesting an array of potential functions for these neu-
ropeptides (Nassel et al., 2008). A single neuropeptide GPCR
(NPRF76F, CG7395, sNPRF1) is activated by all four sNPFs
(Mertens et al., 2002; Table 1). Many sNPF-expressing neurons
also co-express classic neurotransmitters suggesting that sNPF
could act as a co-transmitter or neuromodulator (Nassel et al.,
2008). sNPFs are also produced in the hypocerebral ganglion and
in the anterior and middle midgut of D. melanogaster although
the function of sNPF at these sites is unknown (Veenstra et al.,

2008).In D. melanogaster, sNPF and sNPFR1 regulate body growth
and metabolism by activating extracellular signal-related kinases
(ERK) that mediate insulin-like peptide signaling (Lee et al.,
2004). This response appears to show evolutionary conservation
as mammalian NPY also mediates growth, metabolism, and lifes-
pan through ERK-mediated insulin signaling. Olfactory receptor
neurons also express sSNPF (Carlsson et al., 2010) and this expres-
sion is responsible for starvation-dependent enhancement of food
searching behavior. Starvation results in an insulin signal that
functions via the phosphoinositide 3-kinase pathway to upregu-
late sSNPFRI1 expression in odorant receptor neurons which in turn
sensitizes select sensory neurons to promote food search behavior
(Root et al., 2011).

In C. elegans, the sequence of NPR-2 (T05A1.1) shares 26%
amino acid sequence identity with the D. melanogaster sSNPFR1.
Three isoforms of NPR-2, one of 430 aa and two of 387 aa that
differ at their amino-terminus, could potentially be generated by
alternative splicing. RNAi experiments have demonstrated that
knockdown of NPR-2 expression leads to a reduction in loco-
motion (Keating et al., 2003). Reduction in NPR-2 expression is
also associated with an increase in accumulation of intestinal lipid
(Cohen et al., 2009). The endogenous ligand is unknown. FLP-
18 and FLP-21 were tested in the Xenopus oocyte assay and were
unable to activate NPR-2 (Cohen et al., 2009).

Caenorhabditis elegans npr-3 (C10C6.2) is currently thought to
specify only one GPCR of 376 aa that is expressed in the nerve
cord and in excitatory and inhibitory motorneurons in the region
of the nerve cord. The NPR-3 sequence, like NPR-2 is most related
to the D. melanogaster sSNPFR1 sharing 30% amino acid sequence
identity. In C. elegans, the functions of this GPCR are still being
established. In one RNAIi screen, a knockdown of NPR-3 led to
abnormal locomotion, with animals exhibiting sluggish behavior
and a flat locomotory path as body bends were reduced (Keating
etal., 2003). A second RNAI screen found that reduction of NPR-3
in a lin-35 background (loss of lin-35 results in enhanced RNAi)
led to reduced brood size and protruding vulvas (Ceron et al,,
2007). Neuropeptides specified by flp-15 appeared to be the only
peptides that could activate NPR-3 in a GTPyS assay with mem-
branes prepared from npr-3 transiently transfected CHO cells. In
this assay, FLP-15-2 was a more potent activator than FLP-15-1
(Table 1). This interaction appears to be specific since a pep-
tide such as FLP-21 (Table 1), which shares the carboxyl-terminal
GPLRFamide, was inactive. NPR-3 appears to require a distinct
conformation as activity was only observed when transiently NPR-
3 transfected cells were incubated at 28°C. Membranes prepared
from cells incubated at 37°C were inactive. Attempts to make a
stably transformed NPR-3 cell line with CHO, HEK293, or COS7
cells were unsuccessful and resulted in cell death. In a transient
expression assay; NPR-3 appears to activate via pertussis toxin-
sensitive Gi/Go coupled signaling pathways which suggests that
NPR-3 action is inhibitory (Kubiak et al., 2003a).

A second potential sSNPF-like GPCR in C. elegans is Y58G8A.4
(NPR-5). NPR-5 RNA is spliced to generate two receptor isoforms
of 397 aa (NPR-5a) and 433 aa (NPR-5b) that differ in sequence
at the carboxyl-terminus. NPR-5 is most similar (31% amino acid
sequence identity) to the D. melanogaster receptor CG7395 that
encodes a NPF-like GPCR; that binds sSNPF (Mertens et al., 2002).
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Both isoforms of NPR-5 were assayed for activation with 150 syn-
thetic peptides in a transient expression system in CHO cells. The
most potent activators in a Ca>* mobilization assay were peptides
derived from the flp-18 gene. FLP-18 peptides showed activation
with ECs¢ values in the nM range, with most having similar poten-
cies using either NPR-5a or b (Table 1). The least active peptide
was the longest FLP-18-1 which is also the least active when assayed
with the NPF-like receptor NPR-1 (Rogers et al., 2003). FLP-18-1
has been isolated as a processed peptide with the first three amino-
terminal amino acids removed which may result in a more potent
form of the peptide (Clynen et al., 2009). The sole FLP-21 peptide,
that is the cognate ligand for NPR-1, was found to activate both
forms of NPR-5 but with far less potency (Kubiak et al., 2008).
This is not surprising since FLP-18 peptides have been shown to
activate NPR-1 in oocyte expression assays as well as in a C. ele-
gans pharyngeal expression assay (Rogers et al., 2003). It is unclear
whether the FLP-18 and FLP-21 peptides work together. The two
isoforms of NPR-5 may activate multiple signal transduction path-
ways as contributions from Ggq, Gs, and G; were observed (Kubiak
et al., 2008). Deletion mutants of flp-18 display no measurable
phenotype.

FMRFAMIDES AND FMRFAMIDE-RELATED RECEPTORS

In vertebrate systems, neuropeptides with C-terminal sequence
FMRFamide and FaRPs function in regulation of muscle contrac-
tion, feeding behavior, and learning and memory (Panula et al.,
1996).

In D. melanogaster, FMRFamides are expressed from a single
gene that encodes a precursor specifying 8 FMRFamide peptides.
Five copies of the peptide Drome FMRF-1 would be released from
the precursor (Table 1; Schneider et al., 1993). In vitro assays have
established that FMRFamides function as modulators of muscle
contraction, including in larval heart muscle; crop, foregut, and
muscle of the body wall (Nichols et al., 2002; Nichols, 2003).
The D. melanogaster FMRFamide GPCR (CG2114; Drome FR)
is expressed in most larval and adult tissues. Drome FR was
de-orphaned in two independent studies. In an aequorin biolu-
minescence assay, Drome FMRFamides 1-5 (numbered as unique
FMRFamide-terminating peptide sequences from amino to the
carboxyl-terminus of the precursor) were found to elicit a cal-
cium response in a dose-dependent manner in CHO expressing
(Table 1). Neobellieria bullata FMRFamide peptides were found
to be active with the Drome FR with comparable potencies
to native Drome FMRFamides (Table 1; Meeusen et al., 2002).
Drome FMRFamide-5 was the most potent ligand in both studies
(Cazzamali and Grimmelikhuijzen, 2002; Meeusen et al., 2002).
Both studies found that the Drome FR can be activated by non-
FMRFamide peptides such as Drome sNPF-1 and Drome myosup-
pressin; however, these peptides require much higher concentra-
tions to elicit a response. Despite the high concentration required,
FMRFamides were recently shown to act post-synaptically, induc-
ing slow larval body wall contractions and increased tonus of
the body wall muscles. The latter action of Drome FMRFamide
requires activation of Drome FR and the Drome myosuppressin
GPCR as well as an influx of calcium through L-type calcium
channels (Klose et al., 2010). A role in reproduction had been
suggested for Drome FR (Meeusen et al., 2002) as it is related in

sequence to a sex peptide receptor (CG16752); however, the Drome
FR could not replace the sex peptide receptor in in vitro expression
assays (Yapici et al., 2008). Drome CG2114 shares 16-20% amino
acid identity with C. elegans GPCRs F21C10.9 and C26F1.6. Fol-
lowing knockdown of the expression of the C. elegans receptor
C26F1.6 by RNAIj, a hyperactive egg laying phenotype is observed
suggesting that this GPCR functions in control of egg produc-
tion (Keating et al., 2003). Using expression of Caeel C26F1.6
in mammalian cells, only two neuropeptide sequences elicited a
dose-dependent response Peptide FLP-7-2 which is found as two
copies within the flp-7 gene-encoded precursor was the most active
followed by FLP-11-1 which is one of four peptides specified by
the flp-11 gene. Related peptides FLP-7-1, FLP-7-3, and FLP-7-4
processed from the FLP-7 precursor were inactive (Mertens et al.,
2004, 2005b; Table 1). The FLP-7-2 peptide is likely cleaved at
the arginine at the fifth position from the amino-terminus, as
truncating the peptide to the terminal 5 amino acids was more
active in receptor activation than the predicted full-length peptide
(Mertens et al., 2005b). If processing does occur, all peptides from
the FLP-7 precursor could be active peptides for receptor Caeel
C26F1.6. Alternatively, the unique amino-terminal sequences may
be required for targeting.

Caeel Y59H11AL.1 is a FaRP receptor that is related to the inver-
tebrate tachykinin/mammalian neurokinin family of receptors.
Caeel Y59H11AL.1 is most closely related to the Drosophila NPY-
like receptor (CG5811, DromeNepYr) which is a tachykinin family
member. Drome NepYr has not been assigned a functional role.
However, the Caeel Y59H11AL.1 receptor appears to play a role
in growth and reproduction as knockdown of Caeel Y59H11AL.1
gene expression results in small animals with a reduced brood size
(Ceron et al., 2007). Expression of the Caeel Y59H11AL.1 gene
results in two potential RNA splice variants that lead to two recep-
tors of 427 aa and 434 aa. The two receptors differ by alteration of
peptide sequence at the carboxyl-terminal region of the receptor.
Of 68 neuropeptides tested against Caeel Y59H11AL.1 expressed
in mammalian cells, the Caeel flp-7 gene-encoded peptide FLP-
7-3 was the most potent peptide (Table 1; Mertens et al., 2006).
Three other peptides processed from the Caeel FLP-7 precursor,
FLP-7-1, FLP-7-2, and FLP-7-4 were less active. Peptide FLP-7-4
appears to be the only Caeel FLP-7 precursor-derived peptide that
uniquely activates Caeel Y59H11AL.1, as the others activate Caeel
C26F1.6 as well. This result is surprising since the two receptors
share limited sequence identity. Other peptides that showed weak
activation of Caeel Y59H11AL.1 were Caeel FLP-1-8, FLP-9, and
FLP-11-1-3 (Table 1; Mertens et al., 2006). Activation by multi-
ple related peptides suggests a functional redundancy in peptide
binding or possibly a less selective requirement of the receptor to
respond to a variety of signals.

Another FaRP receptor in C. elegans is T19F4.1. RNA splice
variants give rise to two receptors of 402 aa (Caeel T19F4.1a) and
432 aa (Caeel T19F4.1b). The difference between the receptors
resides with the intracellular carboxy-terminus. After transient
expression of each receptor in mammalian cells, two peptides,
FLP-2-1 and FLP-2-2 derived from the Caeel flp-2 gene precur-
sor were found to activate in a dose-dependent manner either
Caeel T19F4.1a or Caeel T19F4.1b (Table 1). A stable transformed
mammalian cell line expressing Caeel T19F4.1b showed far less
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activation with FLP-2-1 and was less responsive when challenged
with FLP-2-2 (Mertens et al., 2005a). The reasons for this are
unclear. In a genome-wide RNAI screen, knockdown of the Caeel
flp-2 gene resulted in lethality in the embryo or larval stages or
resulted in postembryonic growth defects (Simmer etal.,2003). No
visible phenotypes have been identified in a Caeel FLP-2 receptor
knockdown that would affect both splice variants.

Caeel C46F4.1 GPCR was found to be involved in an egg laying-
defective phenotype (egl) in C. elegans. The most related receptor
in D. melanogaster is Drome CG13229; however, no ligand or
function has been ascribed to this unnamed fly receptor. Flyat-
las lists low expression in the D. melanogaster nervous system.
Caeel C46F4.1 is equivalent to egl-6 (Ringstad and Horvitz, 2008)
and two receptor isoforms that differ at the amino-terminus are
produced by alternative splicing and alternate start sites. Caeel
egl-6 is predominately expressed in HSN motor neurons that
innervate vulval muscles and glia-like cells located in the head
region. Weaker expression was also noted in DVA tail interneurons.
Expression was sometimes seen in lateral interneurons SDQL and
SDQR (Ringstad and Horvitz, 2008). A gain-of-function mutant
(n592¢f) that results from a single amino acid change, Alanine 135
to Threonine 135, in the third transmembrane domain enhances
EGL-6 activity. The result of this receptor activation is an egg
laying-defective phenotype. Thus, EGL-6 normally transduces sig-
nals that confer inhibitory activity on the HSN motor neurons.
This activity is dependent, in part, on G, signaling. Transgenic
overexpression of Caeel flp and other neuropeptide genes in both
wild type and animals that carried an egl-6 deletion suggested
that the ligands for EGL-6 were dependent on Caeel flp-10 and
Caeel flp-17 genes. This was further supported by the demonstra-
tion that a Caeel flp-10 deletion mutant suppressed the egg laying
defect in the gain-of-function mutant and suppression was further
enhanced by deletion of the Caeel flp-17 gene. Peptides FLP-10 and
two unique peptide sequences FLP-17-1 and 2, proved to be potent
activators of EGL-6 when expressed in X. laevis oocytes. A GIRK
channel assay, used to monitor expression, demonstrated that all
peptides were potent activators, with ECsg values in the nM range
(Table 1). Expression of Caeel flp-17 is confined to anterior BAG
sensory neurons and this expression is necessary for EGL-6 func-
tion in egg laying. Expression of Caeel flp-10 occurs in numerous
neurons ASIL, ASIR, DVB, PVCL, PVCR, PVR as well as in non-
neuronal tissues including head mesodermal cells, vulval tissue,
uterine cells, and spermathecae. Only non-neuronal expression of
Caeel fIp-10 appears to be important in EGL-6 action on egg laying
(Ringstad and Horvitz, 2008).

PIGMENT DISPERSING FACTOR AND RECEPTOR

Pigment dispersing hormone is a light adapting hormone origi-
nally identified as responsible for daily rhythms of color change in
Crustacea (Meelkop et al., 2011). Similar peptides known as pig-
ment dispersing factors (PDFs) have been identified in arthropods
and they are required for normal circadian control of locomotion.
In D. melanogaster, the PDF receptor (DromePDFR; CG13758)
null mutant does not show any apparent morphological defects.
Drome PDFR immunostaining revealed that DromePDFR was
localized in 13 neurons in each hemisphere of the adult brain,
4 I-LNV neurons, one of the six LNd neurons, seven neurons

in the DN1 area, and one neuron in the DN3 area. In a 12-h
Light/Dark cycle, the receptor null mutants started morning activ-
ity later than wild type and began evening activity earlier than wild
type. Placing animals in 24 h dark conditions for 8 days resulted
in a loss of rhythmic activity. This behavior is seen in Drosophila
PDF mutants, suggesting that DromePDF and DromePDFR may
be part of a pathway that controls rhythmic circadian behavior.
DromePDEFR can be activated with Drome PDF, pituitary adeny-
late cyclase activating polypeptide (PACAP), or calcitonin-like
peptides (Drome DH3;; Mertens et al., 2005¢).

A search of the C. elegans database for a PDF receptor (PDFR)
ortholog using the Drosophila PDFR (CG13758) as a query
sequence (Renn et al., 1999) resulted in the identification of the
gene Caeel C13B9.4 as coding for a Caeel PDFR. Transcription and
alternate splicing of gene Caeel C13B9.4 mRNA gives rise to six
mRNAs (Wormbase). Two mRNAs that differ by variable length
of the 5" untranslated region specifies one of three related recep-
tors. These three receptor isoforms differ at the amino-terminal
region of the proteins, generating receptors of 543 aa (Caeel PDFR-
1a); 536 aa (CaeelPDRF-1b), and 541 aa (Caeel PDRF-1c¢). Caeel
C13B9.4 promoter-driven reporter expression showed that expres-
sion of this receptor is extensive. Expression was observed in
chemosensory neurons PHA and PHB, mechanosensory neurons
PLM, ALM, FLP, OLQD, and OLQV, the ring motor neuron RMED,
the I1 pharyngeal interneuron pair, and a single sensory neuron R3
in the male tail. In non-neuronal tissue, expression was found in 95
body wall muscles and two vulval cells (Janssen et al., 2008b). This
localization is similar to the localization of PDF-like neuropep-
tides which are found in neurons involved in chemosensation,
mechanosensation, oxygen sensing, and locomotion (Janssen et al.,
2008b). Expression of each of the three receptor isoforms in stably
transformed CHO cells demonstrated that only three of 156 syn-
thetic C. elegans peptides were active in a calcium bioluminescence
assay. These included Caeel PDF-1a, PDF-1b, and PDF-2 = NLP-
37 (Table 1). These three peptides were most active with Caeel
PDFR-1b but showed reduced activity with Caeel PDFR-1a. Caeel
PDFR-1c was inactive in this assay. In a cAMP activation assay in
transiently transfected HEK293 cells, all three receptor isoforms
were activated by Caeel PDF-1a, Caeel PDF-1b, and Caeel PDF-2,
which suggests signaling through Gas. In this assay, Caeel-PDFR-
1b was the most active and responded particularly to Caeel PDF-2.
Caeel PDFR-1c was the least active isoform. Cells expressing Caeel
PDFR-1 responded to all three peptides in a dose-dependent man-
ner, using the ability to inhibit forskolin-induced cAMP formation,
which suggests that Caeel PDFR-1c may participate in coupling
with additional G-proteins such as Gai/o.

A Caeel pdf-1 (If) results in a decrease in the speed of movement
of worms, an increase in the reversal frequency and an increase
in the frequency of directional change. The net result is that the
distance that animals travel in the forward direction is dramati-
cally reduced. These locomotor defects are not seen in animals in
which Caeel pdf-1 is over-expressed. In contrast, overexpression of
Caeel pdf-2 results in a phenotype equivalent to the Caeel pdf-1(If).
Overexpression of Caeel pdfr-1 (expressing all 3 isoforms) results
in animals that show a dramatic increase in reversal frequency but
lack changes in speed of movement or directional change. The cur-
rent model is that Caeel PDF-1 peptides activate Caeel PDFR-1 to
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stimulate forward movement and/or inhibit backward movement
and this effect is counter-balanced by Caeel PDF-2 acting on Caeel
PDFR-1 to inhibit forward movement and/or stimulate backward
movement (Janssen etal.,2008b). D. melanogaster clock genes have
counterparts in C. elegans. Null alleles of C. elegans clock genes
reduced mRNA levels of Caeel pdf-1a, pdf-1b, and pdf-2 which
implicates Caeel PDF-1 and 2 activity as dependent on the clock
genes. Caeel pdf-1 appears to work independently of Caeel pdf-2
as the level of one does not affect the other (Janssen et al., 2009).

CHOLECYSTOKININ AND ITS RECEPTOR

Cholecystokinin (CK) is known in vertebrates as a regulator of
food intake as it functions to stimulate smooth muscle contraction
which, in vertebrates, includes intestinal and gall bladder contrac-
tions. CK also stimulates the secretion of digestive enzymes such
as a-amylase (Dufresne et al., 2006). The D. melanogaster CK-like
receptor (Drome CCKLR) was identified based on homology to
mammalian CK receptors (CKR) and was found in mammalian
expression assays to bind to a sulfated FMRFamide-like peptide,
drosulfakinin (Drome DSK). The sulfated form of Drome DSK is
necessary to achieve specific interaction with EC50 values in the
nM range (Kubiak et al., 2002). Analysis of loss-of-function muta-
tions in either Drome CCKLR or Drome DSK results in neuromus-
cular junction undergrowth suggesting that both GPCR and ligand
are required pre-synaptically to promote neuromuscular junction
growth. Genetically, Drome CCKLR and Drome DSK were found
to function upstream of Gas which in turn regulates a cAMP-
dependent protein kinase which then acts on a transcriptional
regulatory protein CREB2 which is the primary effector of the
pathway (Chen and Ganetzky, 2012). In C. elegans, CaeelY39A3B.5
shares 67% similarity with mammalian CKR (CCK2R) and 64%
with sulfakinin receptors (DK-R1; Johnsen, 1998; Janssen et al.,
2008a). Through computer predicted alternate splicing, Caeel
Y39A3B.5 produces four isoforms of 582 aa (Y39A3B.5a), 552 aa
(Y39A3B.5b), 471 aa (Y39A3B.5¢), and 617 aa (Y39A3B.5; Worm-
base). Additional isoforms may exist as two further isoforms were
identified as a result of sequencing DNA generated experimen-
tally by reverse-transcriptase PCR. Both contained the first eight
exons of isoform c but then differed, as one contained the last
two exons of isoform b (Y39A3B.5¢/b = Caeel CKR-2a) and the
second the last four exons of isoform d (Y39A3B.5¢/d = Caeel
CKR-2b). These two receptors were de-orphaned by transient
expression in CHO cell lines, using a calcium bioluminescence
assay. Caeel NLP-12a and Caeel NLP-12b were the only peptides
tested that activated Caeel CKRs in a dose-dependent manner
(Table 1). The most potent ligand for Caeel CKR-2a was Caeel
NLP-12b whereas NLP-12a showed a higher potency than NLP-
12b with CKR-2b. NLP-12 is localized to a tail interneuron DVA
and to processes from DVA that extend around the nerve ring.
Expression was also observed in all six coelomocytes. In com-
mon with vertebrates, Caeel NLP-12 can regulate digestion since
Caeel ckr-2(If) have decreased intestinal a-amylase and both Caeel
ckr-2(If) and Caeel nlp-12(If) animals gain fat even though there
is no difference in pharyngeal pumping rate or defecation rate.
Caeel ckr-2 and its ligand, Caeel nlp-12, may also be involved in
a mechanosensory feedback loop that couples muscle contraction
to changes in pre-synaptic ACh release (Hu et al., 2011).

ALLATOSTATIN-LIKE PEPTIDES AND RECEPTORS

Mammalian galanin is a neuropeptide that regulates numerous
physiological processes including neurotransmission, nociception,
feeding and metabolism, energy, and osmotic homeostasis as well
as learning and memory (Lang et al., 2007). Insect allatostatins
(ASTs) have a carboxyl-terminal sequence Y (Xaa) FGL-amide and
have multiple functions that include inhibition of juvenile hor-
mone biosynthesis (Bendena et al., 1999; Tobe and Bendena, 2012)
inhibition of muscle contraction, regulation of digestive enzymes,
and neuromodulation (Tobe and Bendena, 2012). In Drosophila
Drome FGL-amide ASTs do not inhibit juvenile hormone biosyn-
thesis. RNAi reduction in Drome AST or Drome ASTR transcripts
results in reduced locomotory behavior in the presence of food.
Locomotion is normal in the absence of food. Reduction in Drome
AST and Drome ASTR is correlated with decreased for tran-
script levels which encodes cGMP-dependent protein kinase. A
reduction in the for transcript is known to be associated with a
naturally occurring allelic variation that creates a sitter pheno-
type in contrast to the rover phenotype which is caused by a for
allele associated with increased for activity (Wang et al., 2012). In
C. elegans the gene Caeel npr-9 expresses a single GPCR isoform
of 444 aa that shares 33 and 37% amino acid sequence identity
with mammalian galanin receptor 2 and the Drome allatostatin
receptor (Drome ASTR), respectively. Promoter-driven reporter
expression suggests that Caeel npr-9 is transcribed exclusively in
interneuron AIB. Caeel NPR-9 appears to function as an inhibitor
of local search behavior in the presence of a food stimulus. In
the absence of food. Caeel npr-9 (If) mutants display locomo-
tory activity that is identical to wild type animals. Caeel npr-9
(If) mutants behave as if AIB is stimulated (increased pivoting
and local search). Caeel npr-9(If) animals also accumulate fat at
an accelerated rate relative to wild type and thus again resem-
ble galanin/allatostatin neuropeptides that affect metabolism. This
contrasts with Caeel npr-9(gf) animals (overexpression of Caeel
NPR-9) which display enhanced forward locomotion that mimic
the phenotype displayed by AIB laser ablation or a mutation in the
glutamate receptor-1 (Bendena et al., 2008). Caeel npr-9(gf) ani-
mals travel long distances off food, presumably as a result of over-
riding dopamine, and glutamate signals that evoke “area restricted
search” behavior in wild type animals. Area restricted search is
characterized by frequent reversals and sharp omega-turns that
function to maximize the time spent on an abundant food source
(Hills et al., 2004). The ligands for Caeel NPR-9 have not yet been
identified. Two genes, Caeel nlp-5 and Caeel nlp-6, specify peptides
that resemble ASTs. Caeel nlp-5 and Caeel nlp-6 specify peptides
with carboxyl-terminal MGLamide and MGFamide, respectively.
Caeel nlp-6 encodes a peptide with carboxy-terminal FGFamide.
A mutation in Caeel nlp-5 has been reported to result in animals
with altered locomotory behavior on food (Bargmann, Worm-
base), which appears to be similar to behaviors exhibited by Caeel
npr-9(If) animals.

PERSPECTIVES

High throughput neuropeptide projects are expected to facilitate
de-orphanization of all of the predicted D. melanogaster and C.
elegans neuropeptide receptors. These neuropeptides and their
receptors will serve as starting points to understand the functional
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significance of these signaling events. Both organisms serve as
genetic models not only for matching GPCRs with their respec-
tive neuropeptide ligand but offer a means of uncovering signal
transduction pathways that lead to novel behaviors. Genetic mod-
ifier screens and genome-wide RNAi screens will certainly identify
many of the neuropeptide signaling components. C. elegans trans-
genic studies will allow the manipulation of neuropeptide receptor
signaling at the level of a single cell or tissue within an entire
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Signal transduction of the insect steroid hormones, ecdysteroids, is mediated by the ecdys-
teroid receptor, EcR. In various cells of the insect Rhodnius prolixus, EcR is present in both
the nucleus and the cytoplasm, where it undergoes daily cycling in abundance and cellular
location at particular developmental times of the last larval instar that are specific to differ
ent cell types. EcR favors a cytoplasmic location in the day and a nuclear location in the
night. This study is the first to examine the potential mechanisms of intracellular transport
of EcR and reveals close similarities with some of its mammalian counterparts. In dou-
ble and triple labels using several antibodies, immunohistochemistry, and confocal laser
scanning microscopy, we observed co-localization of EcR with the microtubules (MTs).
Treatments with either the MT-stabilizing agent taxol or with colchicine, which depolymer
izes MTs, resulted in considerable reduction in nuclear EcR with a concomitant increase
in cytoplasmic EcR suggesting that MT disruption inhibits receptor accumulation in the
nucleus. EcR also co-localizes with the chaperone Hsp90, the immunophilin FKBP52, and
the light chain 1 of the motor protein dynein. All these factors also co-localize with MTs.
We propose that in Rhodnius, EcR exerts its genomic effects by forming a complex with
Hsp90 and FKBP52, which uses dynein on MTs as a mechanism for daily nucleocytoplas-
mic shuttling. The complex is transported intact to the nucleus and dissociates within it. We
propose that EcR utilizes the cytoskeletal tracks for movement in a manner closely similar
to that used by the glucocorticoid receptor. We also observed co-localization of EcR with
mitochondria which suggests that EcR, like its mammalian counterparts, may be involved
in the coordination of non-genomic responses of ecdysteroids in mitochondria.

Keywords: microtubules, Hsp90, immunophilin, dynein, nucleocytoplasmic receptor shuttling, mitochondria,

steroid hormone, Rhodnius

INTRODUCTION

Ecdysteroids, the steroid hormones of insects, coordinate a wide
variety of developmental and physiological processes by binding to
a specific cellular receptor protein called the ecdysteroid receptor
(EcR) and regulate tissue- and stage-specific gene transcription.
EcR is a ligand-activated transcription factor and a member of
the steroid receptor superfamily (reviewed by Henrich, 2009). The
functional ecdysone receptor in insects is a heterodimer of the
EcR protein and a RXR homolog, Ultraspiracle (Usp; review by
Spindler et al., 2009). EcR and Usp and their isoforms have been
cloned from many insects and other arthropods and their differ-
ential expression is considered a major factor in regulation of the
diversity of cellular responses to ecdysteroids during development
(review by Riddiford et al., 2003). There is an extensive literature
on the molecular structure, mechanisms of partnership with Usp
and transcriptional activity of EcR (e.g., reviews by Henrich, 2009;
Nakagawa and Henrich, 2009; Spindler et al., 2009). In mammals,
steroid receptors and most of the nuclear factors involved in signal-
ing cascades are continually shuttling between the nucleus and the
cytoplasm (review by Echeverria and Picard, 2010). EcR possesses
both nuclear localization and nuclear export signals (Gwozdz et al.,
2007) and interacts with exportin 1 (Betanska et al., 2011). The

presence of cytoplasmic EcR in insects has been noted but no
significance has been attributed to it (Lammerding-Koppel et al.,
1998; Gwozdz et al., 2007; Nieva et al., 2007; Betanska et al., 2011).
The only evidence that EcR undergoes shuttling derives from evi-
dence in Rhodnius prolixus (Vafopoulou and Steel, 2006). More
recently, it was found that the orphan nuclear receptor DHR4 also
undergoes nucleocytoplasmic shuttling in prothoracic gland (PG)
cells of Drosophila (Ou et al., 2012) suggesting that shuttling of
nuclear receptors may be a common phenomenon in insects.
Rhodnius is a historically favored model system for studies
of the hormonal control of insect development (Wigglesworth,
1985). A blood meal is required by each stage to initiate develop-
ment to the next stage, which results in remarkable synchrony in
a group of insects fed simultaneously throughout the 21-days of
larval-adult development. This synchrony results in unmatched
precision of timing of developmental events. It has also enabled
this laboratory to identify the first circadian rhythms in insect hor-
mones, particularly in the levels of the steroid molting hormones
(ecdysteroids; Ampleford and Steel, 1985; Vafopoulou and Steel,
1991; review by Steel and Vafopoulou, 2006). Recently we also
showed that EcR shuttles between nucleus and cytoplasm of several
cell types and that this shuttling occurs with a circadian rhythm.
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The abundance of EcR in the nuclei peaks during the night and
decays during the day, whereas the abundance in the cytoplasm
shows an inverse trend and peaks during the day and reaches low
levels in the night. This shuttling rhythm persists in continuous
darkness, emphasizing its circadian nature (Vafopoulou and Steel,
2006). The circadian rhythm of shuttling is in synchrony with
the circadian rhythm of circulating ecdysteroids (Vafopoulou and
Steel, 2006; Vafopoulou, 2009). Circadian shuttling had not been
seen previously in any animal. The present paper confirms these
initial findings but also shows that shuttling can be restricted to a
period of only a few of the 21-days of development in certain cell
types, but occurs on every day of development in others.

The mechanisms underlying EcR transport within cells has
never been studied. We proposed recently, using double immuno-
labels, that EcR may utilize molecular machinery involving
cytoskeletal tracks, similar to vesicle transport (Vafopoulou, 2009).
The cytoskeleton has been implicated as a system for targeted
movement of several mammalian steroid receptors. The primary
objective of the present article is to investigate the relationship
between EcR in the cytoplasm and the motor machinery of micro-
tubules (MTs) and mitochondria in several cell types of Rhod-
nius. We report that EcR in the cytoplasm becomes co-localized
with both the chaperone Hsp90 and co-chaperone immunophilin
FKBP52 and also with the light chain 1 of the motor protein
dynein of microtubules (MTs) and tubulin of MTs, indicating
that EcR may form a complex with Hsp90 and FKBP52, simi-
lar to that of its mammalian counterparts. This complex may use
dynein as the motor protein on MTs for targeted movement to the
nucleus. This movement system is very similar to that utilized by
the glucocorticoid receptor (GR). We also found that the inferred
EcR-Hsp—FKBP52 complex shuttles intact into the nucleus and
that EcR dissociates from the chaperones inside the nucleus. These
findings bring EcR into closer alignment with the more thoroughly
analyzed mammalian steroid hormones.

A second objective of the present work was to examine rela-
tionships between EcR and cytoplasmic organelles, to identify
potential non-genomic roles for cytoplasmic EcR. Many examples
of rapid actions of ecdysteroids cannot be explained by genomic
actions and imply potential non-genomic actions of ecdysteroids
(reviewed by Schlattner et al., 2006), which indicate a functional
significance for the presence of EcR in the cytoplasm. Many actions
of ecdysteroids are rapid and transient and usually involve electro-
chemical changes at the cell membrane (review by Schlattner et al.,
2006). Membrane-bound molecules that appear to be related to
conventional EcR have been reported (Elmogy et al., 2004, 2007).
We reported recently that EcR associates with mitochondria in the
cytoplasm of PG cells of Rhodnius (Vafopoulou, 2009). Here, we
report co-localization of cytoplasmic EcR with mitochondria in all
cell types studied, showing that the mitochondria are a potential
site for non-genomic actions of ecdysteroids.

MATERIALS AND METHODS

ANIMALS

Fifth (last) larval instar males of R. prolixus were raised at 28°C in
a 12-h light:12 h dark regime. Animals exist in a state of arrested
development until given a blood meal, which initiates larval-adult
development. The day of feeding was designated day 0. Days of

development were counted from the day of feeding. Ecdysis is
gated with a median on day 21. Tissues were dissected at day 13
after a blood meal.

ANTIBODIES, PROTEINS, AND REAGENTS

A mouse monoclonal EcR antibody (9B9) was purchased from
Developmental Studies Hybridoma Bank (University of Iowa).
This antibody detects an epitope between residues 127 and 354
of Manduca sexta EcR; these sequences are present in all EcR
isoforms of Manduca, hence they were designated EcR-common
(Fujiwara et al., 1995; Jindra et al., 1996). This antibody has been
used previously to localize EcR in PG cells (Vafopoulou, 2009).
Several lines of evidence validated the specificity of this antibody
in recognizing the EcR of Rhodnius. First, this antibody recog-
nizes only three proteins in Rhodnius PGs on Western blots at
79, 64, and 56 kDa (Vafopoulou, 2009). Proteins of closely similar
molecular masses to those above were also identified in various
Rhodnius tissue extracts using two other antibodies (15C3 and
10F1) which were also produced against the common region of
Manduca EcR (Vafopoulou et al., 2005). These three immunoreac-
tive proteins possess very similar molecular masses to EcR isoforms
reported in other insects and have been considered to represent
the isoforms of Rhodnius EcR (references in Vafopoulou et al,
2005; Vafopoulou, 2009). Upregulation of EcR was seen with all
three antibodies in response to an increase in ecdysteroid levels
in vivo and in vitro (Vafopoulou et al., 2005; Vafopoulou, 2009),
as is expected for ligand inducible receptors such as EcR (Hen-
rich, 2009). The 9B9 antibody was used immunohistochemically
to demonstrate a circadian rhythm in abundance and cytoplas-
mic location of EcR in PGs (Vafopoulou, 2009). This circadian
rhythm was of the same phase and period length as had been
reported earlier using the other two EcR antibodies (Vafopoulou
and Steel, 2006). We conclude that all three antibodies recog-
nize the native Rhodnius EcR. This antibody was used at a 1:1000
dilution.

A rabbit polyclonal antibody against the whole human Hsp90
was purchased from Stressgen (Enzo Life Science International,
Plymouth Meeting, PA, USA) and was used at a 1:250 dilution.
This antibody recognizes a protein of about 90kDa in samples
from many eukaryotes, including Drosophila (supplier data). Blast
searches revealed that Hsp90 is a highly conserved protein among
animals; it displays a 60-80% amino acid identity between a variety
of mammals and insects. The nucleotide sequences of the Hsp90
genes of insects are highly conserved showing 80-99% identities
(see references in Zhang and Denlinger, 2010; Shu et al., 2011). A
Blast search of the Rhodnius trace archive revealed two sequential,
long stretches (total of about 1000 nucleic acids) that share about
73% identity with the Hsp90 genes of humans and insects.

One class of Hsp90-binding co-chaperones is the FK506
immunophilin FKBP52. A rabbit polyclonal antibody against
amino acids 1-50 at the amino end of human FKBP52 was pur-
chased from Novus Biologicals (Littleton, CO, USA) and was
used at a dilution of 1:100. A Blast search revealed that human
FKBP52 shares about 50% amino acid identity with its insect
homologs; the amino acid identity in the 1-50 sequence ranges
between 30 and 63% between humans and several insect species
like Drosophila, Bombyx, and Apis. A Blast search of the Rhodnius
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trace archive revealed two sequential, highly conserved regions that
share 85-100% identity with the coding sequence of the 50 amino
acids at the amino end of human FKBP52.

A rabbit polyclonal antibody (DNLL1/2) against the whole
molecule (89 amino acids) of human dynein light chain I (DNLL1)
was purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA) and was used at a dilution of 1:100. This antibody also rec-
ognizes the closely similar DYNLL2 in humans. DYNLL1 is highly
conserved across species. For example, the amino acid sequence
of Drosophila DYNLL1 shares about 92% similarity with the
DYNLLI1 of humans, Chlamydomonas reinhardtii, and Caenorhab-
ditis elegans (Dick et al., 1996). A Blast search of the Rhodnius trace
archive revealed five sequential regions that share 78-93% identity
with the coding sequences of human DYNLLI.

Native human Hsp90 (Enzo Life Science International, Ply-
mouth Meeting, PA, USA), full-length, recombinant, His-tagged
FKBP52 (Novus Biologicals, Littleton, CO, USA), and lysate of
human DYNLLI from transfected 293 T cells (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) were used as positive controls
on Western blots. Each of these proteins produce single bands
when they immunoreact with their respective antibodies listed
above (manufacturers’ data sheets); their respective migration
positions correspond to approximately 90 kDa for Hsp90, 54 kDa
for FKBP52, and 10 kDa for DYNLLI.

MTs were labeled with a rat monoclonal antibody against tyro-
sylated a-tubulin (YL 1/2) which was purchased from AbD Serotec
(Raleigh,NC, USA) and was used ata 1: 400 dilution. This antibody
specifically recognizes a linear sequence with an aromatic residue
at the C-terminus, with two adjacent, negatively charged, amino
acids; this sequence is represented by Gly-Gly-Tyr in tyrosylated
a-tubulin (manufacturer’s information).

Mitochondria were labeled with a cell-permeant, mitochondria-
selective fluorescent dye, MitoTracker Deep Red 633, which has
been used before to localize mitochondria in Rhodnius PGs
(Vafopoulou, 2009). Acidic organelles, including lysosomes, were
labeled with a cell-permeant, fluorescent dye LysoTracker Red
DND-99. Both dyes were purchased from Molecular Probes
(Eugene, OR, USA) and used according to manufacturer’s instruc-
tions.

For single and double label immunohistochemistry the follow-
ing fluorescent secondary antibodies were used: an Alexa fluor 488
(green) goat anti-mouse IgG was used to localize EcR; an Alexa
fluor 555 (red) goat anti-rat IgG was used to localize tubulin; an
Alexa fluor 555 (red) goat anti-rabbit IgG was used to localize
Hsp90 and FKBP52. For triple label experiments, an Alexa fluor
488 (green) goat anti-mouse IgG was used to localize EcR, an Alexa
fluor 555 (red) goat anti-rat IgG was used to localize tubulin and an
Alexa fluor 633 (far red) goat anti-rabbit IgG was used to localize
DNLLI. All secondary antibodies were purchased from Molecular
Probes (Eugene, OR, USA) and were used at 1:200 dilutions.

Taxol (paclitaxel) and colchicine were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Vectashield mounting medium
was purchased from Vector Laboratories (Burlingame, CA, USA).
PVDF filters were purchased from Millipore (Billerica, MA, USA).
Ten percent SDS-PAGE gels, 15% Tris-Tricine gels, and kaleido-
scope pre-stained standards were purchased from Bio-Rad (Her-
cules, CA, USA). Amicon Ultra-0.5ml (Ultracel-PL membrane)

centrifugal tubes for protein purification and concentration were
purchased from Millipore (Billerica, MA, USA). Four types of
tubes were used for protein filtration with molecular sizes cut-off
at 10, 30, 50, and 100 kDa.

IMMUNOHISTOCHEMISTRY AND IMAGE COLLECTION

Tissues were fixed according to an established protocol
(Vafopoulou, 2009). In order to preserve the cytoskeleton and
have good visualization of nuclear and cytoplasmic EcR, tissues
were dissected in PBS (pH 7.4) containing 10 mM EGTA and
1 mM MgSOy; MT assembly was induced by decreasing Cat™
concentration by addition of the chelating agent EGTA. In sin-
gle label experiments with anti-EcR (to demonstrate the presence
of cytoplasmic EcR), tissues were incubated in PBS at 37°C for
30 min to allow MTs to polymerize. In double label experiments,
co-localization of EcR with MTs or mitochondria was visualized
in tissues where MTs were stabilized in live cells with 10 WM taxol
in PBS for 1h at 37°C, prior to fixation. Taxol was obtained
from a 10-mM stock solution in dimethyl sulfoxide (DMSO).
DMSO was added to aid dissolution of taxol. Likewise, in order
to ascertain co-localization of anti-EcR with mitochondria, the
taxol-treated tissues were incubated for 45 min at 37°C in 400 nM
MitoTracker Deep Red 633, a cell-permeant fluorescent probe spe-
cific for mitochondria. This probe was well retained following cell
fixation. In order to ascertain co-localization of EcR with acidic
organelles (like lysosomes), tissues were incubated for 45 min at
37°C in 50 nM LysoTracker Red DND-99. All tissues were then
fixed in freshly prepared 4% paraformaldehyde containing 0.15%
glutaraldehyde (2 h at 37°C). Addition of glutaraldehyde to the fix-
ative enhances preservation of MTs by cross-linking them inside
the cell. The tissues were washed thoroughly in PBS and then
pre-incubated in 5% control serum containing 1% Triton X-
100 as a permeabilizing agent followed by secondary antibody
incubation (2h at room temperature). Tissues were mounted in
Vectashield.

The pattern of co-localization of EcR with MTs was compared
in tissues where MTs were depolymerized with colchicine. Depoly-
merization was achieved by incubating live cells with 10 uM
colchicine in PBS for 1h at room temperature. For controls, the
primary antibodies were replaced with non-immune serum or
the secondary antibodies were replaced with PBS, or MitoTracker
Deep Red 633 was omitted. Fluorescence levels in controls were
indistinguishable from the background and autofluorescence was
not detected. Fluorescence resulting from antibody binding to cells
is called here EcR, HsP90, FKBP52, DYNLLI, or tubulin fluores-
cence depending on the antibody. Ten animals were dissected at
each indicated time point.

Digital optical sections at 1 um distances were viewed with
an Olympus FV300 confocal laser scanning microscope. Red and
green fluorescence were scanned using separate channels to excite
Alexa fluor 488 at 488 nm, Alexa fluor 555 at 568 nm, and Mito-
Tracker Deep Red 633 and Alexa fluor 633 at 644 nm. Stringent use
of filter blocks was employed to prevent bleed-through between
channels. Settings were kept identical for all scanning sessions.
Images were processed using Image J 1.41 (NIH) and Adobe Pho-
toshop CS5. Images were modified only to adjust contrast and
merge files.
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SDS-PAGE AND WESTERN BLOTS

To confirm the specificities of the antibodies against proteins
related to human Hsp90, FKBP52, and DYNLLI, protein sam-
ples from day 13 salivary glands (SGs) were immunoblotted.
Batches of 30 SGs each were homogenized by sonication in lysis
buffer (50 mM Tris—HCI pH 7.4; 150 mM NacCl, 1% Triton X-100,
1mM EDTA, 1 mM dithiothreitol (DTT), 1 mM phenylmethyl
sulfonylfluoride (PMSF), 2 pg/ml leupeptin, and 1 mg/ml each
antipain, aprotinin, and pepstatin A and centrifuged at 15,000 x g
for 10 min at 4°C to remove cell debris. The supernatant was
retrieved and fractioned into different molecular size fractions
using Amicon Ultra centrifugation tubes. In order to concentrate
and partially isolate the Hsp90-related proteins from other pro-
teins, supernatants were centrifuged using a 100-kDa filter mem-
brane. The retentate was discarded to remove proteins >100 kDa
and the filtrate was re-centrifuged using a 50-kDa filter mem-
brane to remove proteins <50kDa. Then the retentate, which
contained proteins in the range of 50-100 kDa was used on West-
ern blots. For FKBP52, the supernatant was first centrifuged with
a 50-kDa filter membrane to remove proteins >50kDa and the
filtrate was re-centrifuged using a 10-kDa filter membrane. The
retentate, which contained proteins in the range of 10-50kDa
was used on Western blots. For DYNLLI, the supernatant was
centrifuged using a 30-kDa filter membrane to remove all pro-
teins >30kDa and the filtrate was used on Western blots. 10%
SDS-PAGE was used for identifying Hsp90- and FKBP52-related
proteins and 15% Tris-Tricine PAGE was used for identification
of DYNLL1-related proteins. Western blots were performed using
standard procedures. Proteins were electrophoretically transferred
onto PVDF filters. Signal detection on filters was performed using
the O-dianisidine reaction. As positive controls, purified proteins
for human Hsp90, FKBP52, and DYNLL1 were used.

The Western blots in Figure 1 show that Rhodnius contains
proteins that immunoreact with the antibodies against Hsp90
(left blot), FkBP52 (middle blot), and DYNLL1 (right blot). Two
immunoreactive protein bands were revealed with anti-Hsp90, a
major one at approximately 90 kDa and a minor one at approx-
imately 85kDa. The major 90kDa immunoreactive band co-
migrated with the single control human Hsp90 band. A single
immunoreactive protein band was revealed with anti-FKBP52
that co-migrated with the single control human FKBP52 band
at approximately 45 kDa. A single immunoreactive protein band
was revealed with anti-DYNLLI that co-migrated with the single
control human DYNLL1 band at approximately 15kDa. Various
gels were prepared using the unused fractions from these fraction-
ations, but were found to contain no bands that were immunoreac-
tive with the relevant antibody. Therefore, the SG cells of Rhodnius
contain proteins electrophoretically and immunologically related
to human Hsp90, FKBP90, and DYNLLI.

RESULTS

CYCLING OF EcR IN RHODNIUS CELLS

We reported before the presence of a circadian rhythm in abun-
dance and subcellular localization in EcR in several different
cell types using a different EcR antibody (Vafopoulou and Steel,
2006) and a clear daily rhythm in PG cells using the 9B9 anti-
body (Vafopoulou, 2009). Presently, we confirmed the presence

anti-Hsp90 anti-FKBP52 anti-DYNLL1
H R H R H R
199.8 —
1222 — —37.8
—90
859 — —85
—29.2
— 45
404 —
316 —
—17.8
172 —
15—
73 — 9.0

FIGURE 1 | Western blots showing immunoreactivity of control human
proteins Hsp90, FKBP52 and DYNLL1 (lanes labeled H), and proteins
extracted from Rhodnius SG cells (lanes labeled R) to anti-Hsp90 (left
panel), anti-FKBP52 (middle panel), and anti-DYNLL1 (right panel)
respectively. The standards are shown on left and right. The relative
molecular sizes of the proteins recognized by these antibodies are shown in
the middle. Two proteins approximately at 90 and 85 kDa immunoreact with
the anti-Hsp90 in SG cell extracts; the 90-kDa protein co-migrates with the
90-kDa control Hsp90. A Rhodnius protein at approximately 45kDa
immunoreacts with anti-FKBP52 and co-migrates with the control FKBP52
protein. A Rhodnius protein at approximately 15 kDa immunoreacts with
anti-DYNLL1 and co-migrates with the control DYNLL1 protein.

of an EcR rhythm in various cell types using the 9B9 EcR anti-
body (Figure 2). Tissues which are known ecdysteroid targets
(Vafopoulou et al., 2005), were dissected twice on day 13, in
the middle of scotophase (7 h after lights-off) and in the mid-
dle of photophase (7h after lights-on). In scotophase, strong
and abundant nuclear EcR fluorescence was observed in all cell
types (Figures 2A,C,E,G,L,K) accompanied by moderate (arrows
in Figures 2C,E,G) or nil cytoplasmic EcR fluorescence, suggest-
ing genomic effects of ecdysteroids at this time. Both PG and SG
cells possess enormous polyploid nuclei carrying a large number
of nucleoli (non-fluorescent areas in nuclei; Figures 2C,E respec-
tively); SG cells are binucleate (Figure 2E). The nucleoli were not
labeled with the exception of oenocytes (Figure 2K) suggesting
that ecdysteroids may also affect nucleolar activities like rRNA
synthesis in this cell type.

In contrast, in photophase, widespread distribution of EcR was
evident in the cytoplasm of all cell types (Figures 2B,D,EH,J,L),
whereas nuclear EcR fluorescence was significantly diminished,
but not entirely absent (e.g., Figures 2B,D,H,L). Cytoplasmic EcR
usually appeared either as densely packed fluorescent dots and
small rods over most of the cytoplasm (Figures 2EH) or dif-
fuse and uniform (Figures 2B,D). In several cell types such as
the fat body cells (Figure 2H) and oenocytes (Figure 2L), EcR flu-
orescence exhibited a distinct pattern of accumulation around the
nuclei similar to that seen with the distribution of mitochondria in
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FIGURE 2 | Images show changes in the subcellular distribution and
relative intensity of EcCR immunofluorescence in the nucleus and the
cytoplasm between scotophase (left column) and photophase (right
column) during larval-adult development in brain neurons (A,B), PG
cells (C,D), SG cells (E,F), fat body cells (G,H), epidermal cells (I,J), and
oenocytes (K,L). Arrow in (B) shows EcR fluorescence in axons. Arrows in
(C,E,G) show reduced cytoplasmic fluorescence in scotophase. Scale

bars =10 pm.

Figure 10. Importantly, EcR fluorescence was also seen in the axons
of brain neurons, indicating axonal transport of EcR (Figure 2B,
arrow; see Discussion). The cytoplasm of fat body cells was highly
vacuolated. These vacuoles represent the areas of fat deposits that
were not preserved with paraformaldehyde—glutaraldehyde and
were extracted during fixation (Figures 2G,H). Two conclusions
are derived from these findings: first, a clear daily rhythm of

nuclear EcR fluorescence exists in many cell types of Rhodnius
at the beginning of the late period of larval-adult development,
confirming our previous findings. Second, this daily rhythm shows
daily shuttling of EcR to the nucleus.

DEVELOPMENTAL PROFILES OF EcR FLUORESCENCE IN NUCLEUS AND
CYTOPLASM IN DIFFERENT CELL TYPES
Developmental profiles of EcR distribution in the cytoplasm and
nuclei of the cell types described in the previous section were
constructed based on cytological evaluation for the presence or
absence of EcR fluorescence during the entire larval-adult devel-
opment (Figure 3). Tissues were dissected throughout this period,
beginning at 2 h after feeding and every 2 days thereafter until day
18; ecdysis occurred around day 21. Dissections were carried out
twice a day, once in middle photophase and once in middle sco-
tophase. These time points were selected because EcR fluorescence
is confined at these times to either the nucleus or the cytoplasm
(see Figure 2). At each time point, 10 animals were sacrificed and
whole mounts of six different tissues were scored for the presence
of EcR fluorescence in the nuclei and in the cytoplasm. Cytoplas-
mic EcR fluorescence was scored from the photophase tissues (light
bars in Figure 3) and nuclear EcR fluorescence was scored from
the scotophase tissues (dark bars in Figure 3). In both cases, fluo-
rescence was scored as either positive (hatched regions of bars) or
as negative (unhatched regions of bars). A positive score required
at least one cell in each tissue sample to show fluorescence, while
a negative score required all cells in each sample to be devoid of
fluorescence. Therefore, the bars in Figure 3 do not imply quanti-
tative differences. The bars show the periods of time (days) during
development where nuclear and cytoplasmic EcR fluorescence is
present in each of the six tissues. It is striking that this time period
is tissue-specific (see below). Daily shuttling of EcR between cyto-
plasm and nucleus can only occur on days when both light and
dark bars are hatched, showing that shuttling is constrained to
different developmental times in different tissues (see below).
Two general conclusions can be made: first, within a particu-
lar cell type, nuclear EcR fluorescence was restricted to a specific
developmental period. For example, abundant nuclear EcR flu-
orescence was apparent almost throughout development in cells
of the PGs, epidermis, and fat body. In contrast, nuclear fluores-
cence was present during short periods of time in brain neurons,
SG cells, and oenocytes. These profiles are in general agreement
with previous findings and their importance to development has
been discussed elsewhere (Vafopoulou et al., 2005). Second, the
profiles of cytoplasmic EcR fluorescence corresponding to a par-
ticular cell type are rarely completely coincidental within a day
with those of nuclear EcR fluorescence. This is the case for all
cell types except PG cells in which both nuclear and cytoplasmic
EcR fluorescence were present throughout development. In three
cell types, brain neurons, SG cells, and oenocytes the presence
of EcR fluorescence in the nuclei was brief whereas the appear-
ance of cytoplasmic EcR fluorescence was significantly longer; in
the case of brain neurons in particular, presence of cytoplasmic
EcR fluorescence spanned almost throughout development. Curi-
ously, in fat body and epidermal cells nuclear EcR fluorescence
appeared almost immediately after feeding, whereas cytoplasmic
EcR fluorescence appeared only 6 days later. We conclude, first that
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FIGURE 3 | Schematic diagram of the periods during development (in
days after feeding) during which cytoplasmic (light bars; day) and
nuclear (dark bars; night) EcR fluorescence was found in six different
tissues. Hatched areas of each bar show the length of time (in days) during
which EcR fluorescence is seen in the cytoplasm during the day and in the

Days of larval-adult development

12 14 16 18 20 /\ 22
ecdysis

nucleus during the night of each tissue. Note that EcR is present for different
lengths of developmental time in different tissues. Cytoplasmic-nuclear
shuttling of EcR is necessarily confined to the developmental times when
both the light and dark bars are hatched, i.e., EcR is present in both
compartments during the same 24 h period. For details, see text.

presence of EcR in the cytoplasm is a widespread phenomenon in
Rhodnius cells. Second, during larval-adult development nuclear
and cytoplasmic EcR are seen in the same 24 h period only at cer-
tain cell-specific periods during the course of development. This
observation indicates that daily shuttling between cytoplasm and
nucleus (see Cycling of EcR in Rhodnius cells) is also confined to
certain specific time periods during development and that these
periods vary between cell types. These periods vary in duration
and their position on the developmental time scale depending on
the cell type. In general, during development, EcR fluorescence is
found more frequently in the cytoplasm than in the nucleus. The
finding of cytoplasmic EcR throughout extended periods of devel-
opment raises interesting questions as to the significance of EcR
in the cytoplasm of Rhodnius cells. The spatial relationship of EcR
with cytoplasmic organelles suggests functions for cytoplasmic
EcR.

CO-LOCALIZATION OF EcR WITH MTs

The spatial relationship of cytoplasmic EcR fluorescence with MTs
was determined in double label experiments using the EcR anti-
body and an antibody against tyrosilated a-tubulin (Figures 4 and
5). Tissues were obtained from scotophase animals at day 13. Sev-
eral types of cells were pre-treated with taxol which stabilizes M Ts
against disassembly and promotes excess assembly. Taxol caused a
marked reduction in the relative intensity of EcR fluorescence in

the nucleus (compare left column of Figure 2 with left columns
in Figures 4 and 5). Therefore, it appears that MT stabilization
inhibits the accumulation of EcR within the nucleus.

Ecdysteroid receptor fluorescence is shown in the left column
(green), tubulin fluorescence is shown in the right column (red).
Co-localization is shown as yellow/orange in the merged column;
the cytoplasmic areas enclosed in small white rectangles in the
merged column are shown enlarged in the enlarged column from
the left. Extensive networks of M Ts were revealed with anti-tubulin
label in PG cells (Figures 4A—C), brain neurons (Figures 4D-I),
SG cells (Figures 4J-L), fat body cells (Figures 4M-0O), oeno-
cytes (Figures 5A-F), and epidermal cells (Figures 5D-F). In
epidermal cells (Figure 5E) and oenocytes (Figures 5C,F) in
particular, MTs were arranged radially from well defined cen-
trosomes. Strong cytoplasmic EcR fluorescence is seen in all cell
types, which exhibited a closely similar distribution to that of
MTs and extensive co-localization with MTs (merged columns
in Figures 4 and 5); this is particularly evident in oenocytes
(Figures 5A,D) and epidermal cells (Figure 5D), where specks
of EcR fluorescence follow closely the radial pattern of MTs within
the cell bodies (Figures 5B1,El, arrows). The enlarged images
(enlarged columns) show clearly that EcR fluorescence forms
punctate spots that are aligned along MTs. Therefore, an inti-
mate spatial relationship exists between EcR fluorescence and
tubulin fluorescence suggesting a potential association between
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FIGURE 4 | Cells double-labeled with anti-EcR (left column, green)
and anti-tubulin (right column, red). Merged images of left and right
are shown in the merged column. Co-localization is shown as
yellow/orange. Cells were pre-incubated with the MT-stabilizing agent
taxol. PG cells (A-C), brain neurons (D-I), SG cells (J-L), fat body cells
(M-0). Areas enclosed in the white lined boxes in (B,E,H,K,N) are

shown in the enlarged column as (B1,E1,H1,K1,N1) respectively; these
images show details of co-localization of EcR fluorescence with tubulin
fluorescence on MTs. Note the alignment of EcR fluorescence with MTs
in these images; this is particularly evident in (H1) that shows an axon.
Arrows in (B1,K1,N1) show that not all EcR fluorescence co-localizes
with MTs. Scale bars =10 um.

EcR and MTs. This co-localization between MTs and EcR was
also observed in axons of brain neurons shown in Figure 4H1,
suggesting that ECR may be moved along axons (above) by MTs.
However, it should be noted that not all cytoplasmic EcR fluores-
cence co-localized with MTs; this is evident in Figures 4B1,K1,N1
and 5B1,E1 (arrows).

Pre-treatment of scotophase cells with colchicine, a MT dis-
rupting agent, disrupted the MT network, and anti-tubulin fluo-
rescence became re-distributed into discrete cytoplasmic pockets
in the form of bright dots (Figure 6, right column). The co-
localization of tubulin and EcR fluorescence persisted in these

pockets (Figure 6, merged column). Critically, the nuclear EcR
fluorescence was greatly diminished (Figure 6, left column). This
pattern of distribution of EcR fluorescence resembles that of the
photophase (see Figure 2) rather than the scotophase. Therefore,
disruption of MTs causes a loss of nuclear EcR fluorescence (like
that with stabilization of MTs by taxol) and a re-distribution of
cytoplasmic EcR fluorescence into the photophase configuration
rather than that of the scotophase. We conclude that some EcR
co-localizes with MTs in various cell types of Rhodnius, suggesting
that EcR may be transported within the cytoplasm using the MT
network.
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FIGURE 5 | Cells double-labeled with anti-EcR (left column,
green) and anti-tubulin (right column, red). The merged column
shows merged images of left and right. Co-localization is shown as
yellow/orange. Cells were pre-incubated with the MT-stabilizing agent
taxol. Large cells are oenocytes and small cells are epidermal cells.
Both rows show different aspects of oenocytes. (C,F) Show the radial

anti-tubulin

enlarged

arrangement of MTs from a well defined centrosome. Areas enclosed
in the white lined boxes in (B,E) are shown in the enlarged column as
(B1,E1) respectively. Note the co-localization of EcR fluorescence
with MTs (yellow specks) in (B1,E1). Some EcR fluorescence does
not associate with MTs [green specks, arrows in (B1,E1)]. Scale

bars =10 um.

ant
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FIGURE 6 | PG cells (A-C), brain neurons (D-F), and SG cells (G-I)
pre-treated with colchicine to disrupt MTs and double-labeled with
anti-EcR (left column, green) and anti-tubulin (right column, red).
Co-localization is shown as yellow/orange in the merged images of left and
right in the middle column. Note the disruption of MTs in (C,Fl), which
appear as fluorescent specks and re-distribution of tubulin fluorescence.
Co-localization is retained after colchicine treatment (B,E,H). Scale
bars=10pum.

CO-LOCALIZATION OF EcR WITH THE MOLECULAR CHAPERONE Hsp90

Co-localization of EcR with the molecular chaperone Hsp90 was
examined in SG cells. Rhodnius SGs consist of a single lobe which is
composed of an epithelial monolayer of flat binucleate cells (about
68 um thick) surrounding the lumen that contains the salivary
secretions. These cells are very large (about 40 wm in diameter)
which makes them ideal for cytological analysis of their cytoplas-
mic constituents. The cellular distribution of Hsp90 (Figure 7
right, red) and its co-localization with EcR (Figure 7 left, green)

were both revealed in double label experiments with antibodies
against both proteins (Figures 7A-L). Hsp90 was seen in abun-
dance forming a punctate pattern in the cytoplasm of cells in
photophase (Figures 7I,L,M), where much, but not all, Hsp90 co-
localized with EcR (EcR seen in Figures 7G,J). Co-localization
is seen in particular in the merged images in Figures 7H,K
and the enlarged images in Figures 7H1,K1; the abundance of
Hsp90 in these images agrees with its ubiquitous presence in
animal cells. Likewise, not all of the green specks of EcR fluo-
rescence co-localized with the red specs of Hsp90 fluorescence
(Figure 7H1), showing that only a portion of cytoplasmic EcR is
associated with Hsp90. This close spatial relationship of EcR with
Hsp90 suggests that an ECR—Hsp90 receptor-chaperone complex
may be formed, as is common with other steroid receptors (see
Discussion).

In nuclei from the scotophase, Hsp90 was found as a diffuse
stain in many cells of the same sample (Figure 7F), (but not
all, Figure 7C), where it co-localizes with EcR fluorescence (yel-
low/green nuclei in Figure 7E). When co-localization of Hsp90
and EcR was seen in nuclei, Hsp90 presence in the cytoplasm was
considerably reduced (Figure 7E1; compare with Figure 7B1) and
no co-localization was seen with EcR, suggesting that most EcR had
been transported to the nucleus during the scotophase (compare
Figures 7A,D with Figure 7G, which shows nuclei in photophase).
Images Figures 7C,F suggest the existence of two different states
of Hsp90 in nuclei, one potentially associated with EcR and the
other potentially dissociated from it.

In the cytoplasm, pre-treatment with taxol caused a dra-
matic re-organization of both EcR dots (Figure 7J) and Hsp90
dots (Figure 7L); both formed elongated rods arranged in lines
that presumably correspond to MTs. Even after taxol treatment,
the cytoplasmic co-localization of Hsp90 with EcR was main-
tained (Figures 7K,K1). Double labels with anti-Hsp90 and anti-
tubulin revealed a co-localization of Hsp90 (Figure 7M) with MTs
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anti-EcR merged

FIGURE 7 | SG cells double-labeled with anti-EcR and anti-HsP90 (A-L).
Anti-EcR is shown on the left column (green) and anti-Hsp is shown on the
right column (red). (M-0) Shows double labels with anti-Hsp90 (left, green)
and anti-tubulin (right, red). The merged column shows the merged images of
left and right. Co-localization is shown as yellow/orange. Areas enclosed in the
white lined boxes in (B,E,H,K,N) are shown in the enlarged columns as in
(B1,E1,H1,K1,N1) respectively; these images show details of co-localization
of EcR fluorescence with Hsp90 fluorescence (B1,E1,H1,K1) and details of

enlarged

B1

nti-tu bulin

i o

co-localization of Hsp90 fluorescence with anti-tubulin (N1). (A-F) Show SG
cells in scotophase and (G-1) shows cells in photophase. Note absence of
co-localization in the cytoplasm in scotophase [abundance of red and green
specks in (B1,E1)] and widespread co-localization in photophase [abundance
of yellow/orange specks in (H1)]. (J-L) Shows cells pre-treated with taxol.
Note the arrangement of co-localized EcR and Hsp90 fluorescence in yellow
lines (K1). In (N1), note co-localization of Hsp90 fluorescence with tubulin
fluorescence (yellow specks along MTs). Scale bars =10 um.

(Figure 70) as seen in Figure 7N; this co-localization was in the
form of fine lines along the tracks of MTs as seen in the enlarged
image in Figure 7N1. Therefore, the putative ECR—Hsp90 complex
is co-localized with the MT network in the cytoplasm of Rhodnius
SG cells.

CO-LOCALIZATION OF EcR WITH THE IMMUNOPHILIN FKBP52

The cellular distribution of immunophilin FKBP52 (Figures 8C,E],
red) and its spatial relationship with EcR (Figures 8A,D,G, green)
was revealed with double labels using antibodies against both
proteins (Figures 8A-I). FKBP52 fluorescence appears punctate
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anti-EcR

FIGURE 8 | (A-1) Show SG cells double-labeled with anti-EcR (left column,
green) and anti-FKBP52 (right column, red). (J-L) Show SG cells
double-labeled with anti-FKBP52 [(J), green] and anti-tubulin [(L), red]. The
merged column shows merged images of left and right. Co-localization is
shown as yellow/orange. Areas enclosed in the white lined boxes in (B,E,H,K)
are shown enlarged in (B1,E1,H1,K1) respectively; these images show details
of co-localization of EcR fluorescence with FKBP52 fluorescence (B1,E1,H1)
and details of co-localization of FKBP52 fluorescence with anti-tubulin (K1).

anti-FKBP52

anti-tubulin

(A-C) Show scotophase and (D-F) show photophase. Note the absence of
cytoplasmic co-localization of EcR fluorescence and FKBP52 fluorescence in
scotophase and its presence in nuclei [red and green specks in (B1)]. In
contrast, note extensive co-localization in the cytoplasm in photophase and its
absence from nuclei [yellow specks in (E1)]. (G-1) Show cells pre-treated with
taxol. Note the alignment of yellow dots and rods in lines in (H1). In (K1), note
co-localization of FKBP52 fluorescence with anti-tubulin (yellow specks along
MTs). Scale bars =10 um.

and broadly distributed throughout the cytoplasm in photophase
(Figure 8F) and is partially co-localized with the green EcR dots
(Figure 8E). The enlarged image in Figure 8E1 clearly shows yel-
low dots, indicating a co-localization of EcR and FKBP52 in the
cytoplasm of SG cells. In the nucleus, co-localization is seen in
the scotophase, where fluorescence of FKBP52 (Figure 8C) co-
localizes with that of EcR (Figure 8A) as shown in Figures 8B,B1,
where nuclear stain appears as diffuse yellow/green. In the sco-
tophase, little, or no EcR fluorescence remains in the cytoplasm
(see Figure 8B1), and the remaining FKBP52 fluorescence appears
as red dots (free FKBP52; compare Figure 8E1 with Figure 8B).
Two conclusions can be drawn from these findings: first, EcCR may
form a complex with the co-chaperone FKBP52 in photophase
and second, this complex seems to translocate to the nucleus in

scotophase. When photophase SG cells were pre-treated with taxol,
the previously scattered dots of EcR and FKBP52 seen in the cyto-
plasm of untreated cells (see Figures 8E,E1), became re-organized
to elongated rods (Figure 8G for EcR fluorescence and Figure 8I
for FKBP52 fluorescence) that aligned in tandem in the direc-
tion of MTs as seen in the merged images in Figures 8H,H1. This
alignment of ECR-FKBP52 into rows suggests they may attach to
MTs. This inference is supported by double labels of scotophase
SGs with anti-FKBP52 (Figure 8]) and anti-tubulin (Figure 8L),
in which FKBP52 fluorescence co-localizes with MTs as shown
in the merged image in Figure 8K and the enlarged image in
Figure 8K1. These observations suggest that FKBP52 is probably
attached to MTs. We conclude that the inferred EcR-FKBP52
complex co-localizes with MTs.
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CO-LOCALIZATION OF EcR WITH LIGHT CHAIN 1 OF DYNEIN

The co-localization of EcR with the light chain 1 of dynein,
DYNLL1, was revealed in photophase SG cells with triple
labels using antibodies against EcR (Figure 9A; green), tubu-
lin (Figure 9B; red) and dynein (Figure 9C; blue). Stain-
ing of cytoplasmic dynein was punctate throughout the cyto-
plasm (Figure 9B) and co-localized with both EcR and tubulin
(Figure 9D). Co-localization of all three appears as white dots
throughout the cytoplasm, which appear to follow the tracks of the
MT as seen in the enlarged area in Figure 9D1. It is therefore prob-
able that that EcR co-localizes with both DYNLL1 and tubulin.

CO-LOCALIZATION OF EcR WITH MITOCHONDRIA

The spatial relationship of EcR and mitochondria was exam-
ined in brain neurons (Figures 10A—C), PGs (Figures 10D-F),
SGs (Figures 10G-I), epidermal cells (Figures 10J-L), and fat
body cells (Figures 10M—-O) in double label experiments using
anti-EcR (left column, green) and MitoTracker Deep Red 633
(right column, red); co-localization is shown as yellow/orange
in the merged column. All dissections were carried out in pho-
tophase. Mitochondria were widely distributed in the cytoplasm
of all cells forming fluorescent webs with a relatively high den-
sity in the perinuclear region; this is particularly evident in PG
cells (Figure 10F), epidermal cells (Figure 10L), and fat body
cells (Figure 100). The distribution of mitochondria in fixed cells
closely reflects that in live cells, where the mitochondria tend to
aggregate in the perinuclear area of cells, showing that fixation
preserved organelle structure satisfactorily (not shown). In all cell
types there was considerable co-localization of EcR fluorescence
with that of MitoTracker (arrows in the merged column). However,
not all EcR fluorescence co-localized with mitochondrial fluores-
cence as it is seen as a widespread green label in Figures 10B,E,H,N.
Likewise, not all mitochondrial fluorescence co-localized with EcR

anti-EcR

FIGURE 9 | Triple labeling of SG cells with anti-EcR [(A), green],
anti-tubulin [(B), red] and anti-dynein [(C), blue]. Co-localization is
shown in (D,D1) as white. Area enclosed in the white lined boxes in (D) is
shown enlarged in (D1) to show details of co-localization. Note
co-localization of EcR, tubulin, and dynein fluorescence in (D1) as white
dots (arrows). Scale bars =10 um.

fluorescence (seen as red specks in the middle column). The
degree of co-localization depended on the cell type. Brain neu-
rons (Figures 10A—C shows a large neurosecretory cell and smaller
neurons), PG cells (Figures 10D-F), SG cells (Figures 10G-I), and
fat body cells (Figures 10M—-0O) showed moderate co-localization
whereas, epidermal cells (Figures 10J-L) showed extensive co-
localization. Therefore, a considerable amount of, but not all,
cytoplasmic EcR fluorescence, co-localizes with mitochondria in
Rhodnius cells, depending on the cell type.

ABSENCE OF CO-LOCALIZATION OF EcR WITH ACIDIC ORGANELLES
The spatial relationship of EcR with cytoplasmic acidic organelles,
such as lysosomes, was examined in double label experiments
(Figure 11) using anti-EcR (left column; green) and LysoTracker
(right column; red); co-localization is shown in the central column
as orange/yellow. Lysosomes have been implicated in EcR elimina-
tion in some animals (see Discussion). Animals were selected at the
same developmental days as above. None of the cell types tested
showed any significant co-localization of EcR fluorescence with
LysoTracker fluorescence as in the examples shown Figures 11A-C
for brain neurons and Figures 11D-F for SG cells. We conclude
that EcR in Rhodnius does not appear to associate with acidic
organelles.

DISCUSSION

NUCLEOCYTOPLASMIC SHUTTLING OF EcR AND THE ROLE OF
MICROTUBULES

The temporal and spatial profiles of EcR reported here during
larval-adult development, revealed that shuttling between the
nucleus and cytoplasm was restricted to specific developmental
periods in most cell types. In many cases, the presence of EcR in the
cytoplasm exceeded the period of shuttling. This finding empha-
sizes that not all of the cytoplasmic EcR is necessarily involved
in shuttling. This conclusion raises the prospect that EcR may
also be involved in specific cytoplasmic events, i.e., non-genomic
actions. Further investigation of the function(s) of cytoplasmic
EcR is clearly required. In Rhodnius, daily shuttling of EcR to
the nucleus implies EcR transport mechanisms. Extensive work
with mammalian nuclear receptors has established that receptors
employ various methods for nuclear import, including conven-
tional nuclear localization signal machinery or use of cytoskeletal
tracks (review by Echeverria and Picard, 2010). Conventional
machinery involving nuclear signaling has been until now assumed
the only mechanism of intracellular ECR movement (reviews by
Henrich, 2009; Nakagawa and Henrich, 2009).

We studied details of nucleocytoplasmic trafficking of EcR in
Rhodnius cells. We found that in a variety of cells types, substantial
amounts of EcR co-localized with the MT network when MTs were
stabilized with taxol. In epidermal cells and oenocytes in partic-
ular, where well defined centrosomes were present, specks of EcR
fluorescence were detected attached to radiating lines of MTs (see
Figure 5). This relationship of EcR with the cytoskeleton in insects
has only been reported before in Rhodnius PG cells (Vafopoulou,
2009). No such association has been reported for any other insect.
In contrast, this association is quite common in mammals where
shuttling of nuclear receptors in and out of the nucleus has been
the focus of in depth study. Association of steroid receptors with
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anti-EcR

Brain

FIGURE 10 | Cells double-labeled with anti-EcR (left column, green) and
MitoTracker (right column, red). Co-localization is shown as yellow/orange in
the merged images of left and right in the middle column. Brain neurons

merged MitoTracker

(A-C), PG cells (D-F), SG cells (G-), epidermal cells (J-L), and fat body cells
(M-0). Arrows in the merged images (B,E,H,K,N) show co-localization as
yellow dots. Scale bars =10 um.

MTs has been reported, both for the ligand-free receptor (e.g., GR,
Akneretal., 1991; reviews by Akner et al., 1995 and by Dvordk etal.,
2004) and for the ligand-bound receptor (e.g., estrogen receptor o,
Azuma et al., 2004; Manavathi et al., 2006; progesterone receptor,
Shimazu, 2003; GR, Galigniana et al., 1998, 2001; Dvorak et al.,
2005, 2007; Harrell et al., 2004; vitamin D receptor, Barsony et al.,
1997). These precedents raise the prospect that MT may play a
critical role in EcR shuttling in Rhodnius and potentially in insects
in general.

Our present and previous data (Vafopoulou, 2009) showed that
treatment of scotophase cells with the MT-stabilizing agent taxol
resulted in a considerable reduction in nuclear EcR with the con-
comitant increase in cytoplasmic EcR. This finding suggests that
MT stabilization inhibits receptor accumulation in the nucleus
and further supports the notion that M Ts may serve as movement
machinery for EcR. Possibly, stabilization of MTs prevents move-
ment of EcR to the nucleus by tethering it to MTs. Evidence in
support of this idea was provided by Manavathi et al. (2006) who

found that taxol inhibited ERa transcriptional activity in human
breast cancer cells and taxol increased tubulin association with the
mineralocorticoid receptor (MR)-Hsp90 heterocomplex (Galig-
niana et al., 2010). We also observed that disruption of MTs in
cells using colchicine (Vafopoulou, 2009 and present evidence)
resulted in depletion of nuclear EcR, suggesting that destruction
of cytoskeletal tracks also inhibited transport of EcR from cyto-
plasm to nucleus. A comparable inhibition of nucleocytoplasmic
shuttling of GR and aryl hydrocarbon receptor by agents that
disrupt MTs was reported by Dvordk et al. (2007). In colchicine-
treated cells of Rhodnius, the association of EcR with tubulin
was maintained but became fragmented into scattered dots in
pockets of cytoplasm with the normal organized network of MTs
being lost. This finding again supports the idea that nucleocy-
toplasmic shuttling of EcR requires an intact cytoskeleton. The
directional movement through the cytoplasm to the nucleus using
MTs implied by the above argument clearly indicates genomic
action of EcR.
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anti-EcR

FIGURE 11 | Cells double-labeled with anti-EcR (left column, green)
and LysoTracker (right column, red). The middle column shows merged
images of left and right. Brain neurons (A-C) and SG cells (D-F). Note the
low level of co-localization in the merged images in the middle column. EcR
fluorescence and fluorescence from LysoTracker labeling are shown as
distinct red and green dots in the cytoplasm. Scale bars =10 um.

RELATIONSHIPS OF EcR WITH THE CHAPERONE Hsp90 AND THE
FKBP52 IMMUNOPHILIN

Proteins require molecular chaperones for protection from prote-
olysis, normal folding, and maturation. Generally, steroid recep-
tors form large multiprotein heterocomplexes with the ubiquitous
and essential chaperone proteins, the heat shock proteins 90 and
70 (Hsp90 and Hsp70) and many co-chaperones including the
immunophilins FKBP51 and FKBP52 that bind to an acceptor site
on Hsp90 via a tetratricopeptide repeat (TPR; reviews by Nollen
and Morimoto, 2002; Pratt and Toft, 2003; Pratt et al., 2004a,b).
Immunophilins are intracellular receptors for immunosuppres-
sant drugs such as FK506, rapamycin, and cyclosporine A and
have been implicated as modulators of steroid receptor function
(Ratajczak et al., 2003).

We used antibodies against human Hsp90 and FKBP52 to
localize intracellularly related proteins within Rhodnius SG cells.
We used these cells as model cells for Rhodnius because of their
large size, flat morphology, and expansive cytoplasmic area. Hsp90
is a ubiquitous and highly conserved protein crucial to cellu-
lar signaling involved in numerous cellular regulations including
steroid hormone signaling, the regulation of folding, activity, and
stability of a wide range of client proteins such as steroid recep-
tors (reviews by Pratt et al., 2004a,b; Picard, 2006; Echeverria
and Picard, 2010). The FK506-binding protein 52, FKBP52, is
part of the mature steroid receptor heterocomplex and it plays
a crucial role in the intracellular trafficking of receptors (reviews
above). On Western blots of SG protein extracts, the antibody
against human Hsp90 recognized a peptide around 90kDa and
the antibody against human FKBP52 recognized a peptide of
molecular size about 45kDa showing that Rhodnius contains
immunoreactive peptides of similar molecular size to their human
equivalents. Double immunolabels showed extensive and inti-
mate co-localization of EcR with both the ubiquitous chaperone

Hsp90 and the co-chaperone FKBP52. These close spatial relation-
ships provide the first evidence that EcR may associate with both
chaperone proteins, suggesting that these proteins may form het-
erocomplexes with EcR in Rhodnius as they do with mammalian
steroid receptors. Information is scarce about the requirement
of chaperones or even their presence, for EcR function, with a
few exceptions. For example, purified EcR/USP heterodimer from
Drosophila acquires DNA binding activity only with the addition
of chaperones such as Hsp90 and FKBP52 (Arbeitman and Hog-
ness, 2000). Also, FKBP52 was immunoprecipitated along with
EcR in the PGs of M. sexta, raising the possibility of a functional
role of this immunophilin in this insect (Song et al., 1997).

Importantly, both Hsp90 and FKBP52 co-localize with MTs in
Rhodnius SG cells. Association of FKBP52 with MTs and tubulin
in particular has also been shown in mammalian cells (Perrot-
Applanat et al., 1995; Chambraud et al., 2007). Since EcR co-
localizes with both Hsp90 and FKBP52 and all three proteins also
co-localize with MTs, it is reasonable to suggest that the EcR asso-
ciation with MTs occurs in the form of a EcR—-Hsp90-FKBP52
heterocomplex as does its mammalian counterparts (see below).

Interestingly, the intimate association of EcR with either chap-
erone is maintained in both the photophase and scotophase. In
the photophase, associations of EcR with either Hsp90 or FKBP52
appear as scattered fluorescent dots in the cytoplasm with no
fluorescence present in the nucleus. On the other hand, in sco-
tophase, both Hsp90 and FKBP52 fluorescence co-localize with
EcR fluorescence in the nucleus. At the same time, the cytoplasm
becomes largely devoid of fluorescent dots from co-localization
of EcR with either chaperone, suggesting that the bulk of EcR
has become transported to the nucleus as a complex with Hsp90
and FKBP52. In scotophase, we detected EcR-positive nuclei both
with and without Hsp90 in the same tissue sample, which is
consistent with the expectation that Hsp90 dissociates from the
receptor within the nucleus following transport. Dissociation from
FKBP52 may also occur inside the nucleus. A widely accepted
model is that the receptor—Hsp90 based heterocomplex dissoci-
ates in the cytoplasm following receptor transformation by ligand
binding. However, recent evidence showed that the MR-Hsp90—
immunophilin complex accumulates in the nucleus in a hormone-
dependent manner and dissociates within the nucleus (Galigniana
etal.,2010),1.e., receptor transformation occurs inside the nucleus.
Even in the absence of ligand, GR—Hsp90—immunophilin complex
can translocate into the nucleus as an intact complex (Echeverria
et al., 2009). Our results are consistent with the view that disso-
ciation of EcR from the chaperones Hsp90 and FKBP52 occurs
within the nucleus, indicating that transformation of the recep-
tor occurs inside the nucleus. Considering the fact that daily EcR
shuttling occurs in synchrony with daily ecdysteroid peaks in the
hemolymph (Vafopoulou and Steel, 2006; review by Steel and
Vafopoulou, 2006), we envisage that EcR is transformed rhyth-
mically every day inside the nucleus in response to daily pulses of
the ligand.

RELATIONSHIP OF EcR WITH CYTOPLASMIC DYNEIN AND ROLE OF THE
COMPLEX IN EcR TRAFFICKING

The cytoskeleton is considered a vital biological network for inte-
gration of signal transduction pathways. Bi-directional transport
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of cargo is achieved by motor-driven structures like MTs (review
by Welte, 2004). MTs have plus and minus ends. They are orga-
nized in such a way that their minus ends are clustered around
the centrosome, which is located near the nucleus and their
plus ends are near the periphery. This arrangement is suit-
able for transport of cargo from the cytoplasm to the nucleus
and back. Cytoplasmic dynein is a multisubunit high molecu-
lar weight ATPase that transports cargo to the minus end of
MTs. In mammals, two of its components are the very closely
related light chains 1 (DYNLLI also designated DLC8 because
of its low MW about 8kDa, or PIN) and 2, which are ubig-
uitous and among the most highly conserved proteins among
species (see review by Pfister et al., 2006). A Blast search revealed
a 95% amino acid sequence similarity with DNLL1 of Aedes
aegypti and Culex quinquefasciatus and the “cut—up” protein of
Drosophila melanogaster. The Drosophila homolog to DYNLL1
(Cdlcl, also known as ddlcl and “cut-up”) is ubiquitously
expressed during development and in the adult and is required
for both embryogenesis and cell differentiation (review by Pfis-
ter et al., 2006). In Rhodnius SG cells, the antibody against
human DNLL1/2 recognized a small protein of about 15kDa on
SDS-PAGE immunoblots that co-migrated with human DYNLLI,
showing that Rhodnius possesses a peptide related to human
DYNLLI.

We investigated the structural association between EcR and
MTs in triple labeled experiments with the light chain dynein,
DYNLL1 component of the dynein motor protein. We detected
abundant dynein fluorescence in the cytoplasm of SG cells, sub-
stantial amounts of which co-localized with both EcR and with
tubulin on MTs. Altogether, these findings imply that all four pro-
teins EcR, Hsp90, FKBP52, and light chain dynein 1 are found
together and with tubulin on MTs. Therefore, we suggest that EcR
forms a heterocomplex with Hsp90 and FKBP52 that co-localizes
on MTs with the motor protein dynein. These considerations sug-
gest that the intracellular movement of EcR in Rhodnius cells
employs the cytoskeletal tracks of MTs. The suggestion that MTs
may use the ECR-Hsp90 heterocomplex as cargo for cytoplasmic
transport has not been considered in any previous work. The rela-
tion of EcR with the MT network would also explain the present
finding of EcR in axons of brain neurons in Rhodnius. Steroid
receptors in axons have been detected in many mammalian sys-
tems (e.g., ER, Milner et al., 2005; AR, Milner et al., 2007). It is
well-known that retrograde transport of cargo in axons requires
cytoplasmic dynein and MTs (review by Hirokawa and Takemura,
2004).

There is a growing body of information, mostly derived from
studies with the GR that supports the hypothesis that FKBP52
provides a link between the receptor—-Hsp90—immunophilin het-
erocomplex and the cytoplasmic dynein motor complex (Harrell
etal.,2004). For example, FKBP52 is required for dynein/dynactin-
dependent retrograde movement of GR (Harrell et al., 2004), MR
(Piwien Pilipuk et al., 2007; Galigniana et al., 2010), aryl hydro-
carbon (Kazlauskas et al., 2001), p53 (Galigniana et al., 2004), and
possibly estrogen receptor (Rayala et al., 2005). Interestingly, GR
heterocomplexes isolated from the cytosol also contained tubulin,
indicating that the dynein motor links the receptor heterocomplex
to MTs (Harrell et al., 2004).

The above suggestions that EcR forms a complex with both
Hsp90 and FKBP52 that attaches itself to the motor protein
dynein on MTs for transport to the nucleus provides a mecha-
nism by which EcR could exert its genomic effects. The complex
seems to dissociate inside the nucleus. Therefore, we infer that
the daily nucleocytoplasmic shuttling of EcR that occurs during
defined periods of larval-adult development of Rhodnius employs
cytoskeletal tracks for movement. Nucleocytoplasmic shuttling of
EcRis further supported by the fact that EcRs in other species pos-
sess several nuclear export signals in addition to a nuclear import
signal (Gwozdz et al., 2007; Betanska et al., 2011). Because the
nuclear EcR rhythm is synchronous to the robust circadian rhythm
of circulating ecdysteroids it is inferred that Rhodnius cells detect
and respond to the daily signals in the rhythmic ecdysteroid titer.

These inferences raise some interesting questions. Is EcR trans-
ported to the nucleus alone or in the form of a heterodimer
with Usp? It has been shown that EcR binds to ecdysteroids in
the absence of its heterodimerization partner Usp (Grebe et al.,
2000; Nieva et al., 2007) and EcR import to the nucleus increased
in a hormone-dependent manner (Lammerding-Koppel et al.,
1998; Nieva et al., 2007). Further, in a mammalian cell line which
expresses either EcR or Usp, tagging of the proteins with the yellow
fluorescent protein showed that Usp resides almost exclusively in
the nucleus whereas EcR is found in both the nuclear and cyto-
plasmic compartments (Nieva et al., 2005; Gwozdz et al., 2007).
Indeed, Usp possesses only nuclear localization signals but no
nuclear export signals, whereas EcR possesses both (Gwdzdz et al.,
2007). Therefore, one view that we cannot exclude is the possi-
bility that EcR in Rhodnius shuttles undimerized to the nucleus.
Indeed, EcR undimerized with Usp induces transcription of glue
genes in the SGs of Drosophila (Constantino etal.,2008). However,
when both Usp and EcR are co-expressed in the above mam-
malian cell line, the presence of Usp favors nuclear localization of
EcR (Gwozdz et al., 2007). Further, stable residency of EcR in the
nucleus requires the formation of a heterodimer with Usp (Nieva
etal.,2005). These findings support the opposite view that because
EcR in Rhodnius cells resides in nuclei for many hours every night,
it might require partnership with Usp in the nucleus. Such an
arrangement would imply that Usp transport to the nucleus is also
rhythmic in Rhodnius.

ASSOCIATION OF EcR WITH THE MITOCHONDRIA

A substantial amount of cytoplasmic EcR fluorescence does not
co-localize with MTs. When we examined the association of EcR
with mitochondria in double label experiments with a vital flu-
orescent dye that labels mitochondria, we detected substantial
co-localization. Mitochondria are visible as punctate arrays of dots
and rods that in many cases form dense aggregates, particularly in
the perinuclear region. This perinuclear aggregation of mitochon-
dria is a well-known distribution pattern of mitochondria within
cells. The distribution pattern of EcR fluorescence in this area is
similar to that of other nuclear receptors in mammalian cells (e.g.,
for GR, Scheller et al., 2000; for ER, Chen et al., 2004). Associa-
tion of steroid receptors with mitochondria has been documented
for many mammalian steroid receptors (references in Vafopoulou,
2009), where they are thought to influence mitochondrial gene
activity. Indeed, hormone response elements in mitochondrial
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DNA and active hormone receptors were found to be imported
into mitochondria and enhance the transcription of mitochon-
drial genes (references in Vafopoulou, 2009). The association of
EcR with mitochondria of several cell types in Rhodnius raises
the possibility that EcR, like its mammalian counterparts, may
be involved in the coordination of ecdysteroid-responsive genes in
mitochondria. The present finding of EcR along nerve axons highly
remote from the nucleus (as seen for other steroid hormones; see
above), emphasizes the generality of such non-genomic functions
of steroid hormones.

We did not find much association of EcR with acidic organelles
in cells such as lysosomes. The absence of EcR from acidic
organelles suggests that lysosomes may not be involved in the

removal of EcR from the cell. This is unlike estrogen receptor
o presence in lysosomes of mammalian cells, which suggested a
role for lysosomes in receptor degradation as it shuttles out of the
nucleus (Qualmann et al., 2000).

Since EcR exhibits a daily rhythm in Rhodnius that is driven by
the rhythm in circulating steroid hormone levels (Vafopoulou and
Steel, 2006; review by Steel and Vafopoulou, 2006), it is likely that
both genomic and non-genomic effects will show synchronous
daily rhythms.
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In most lepidopteran insects, the biosynthesis of sex pheromones is regulated by
pheromone biosynthesis-activating neuropeptide (PBAN). Bombyx mori PBAN (BomPBAN)
consists of 33 amino acid residues and contains a C-terminus FSPRLamide motif as the
active core. Among neuropeptides containing the FXPRLamide motif, the arginine (Arg,
R) residue at the second position from the C-terminus is highly conserved across several
neuropeptides, which can be designated as RXamide peptides. The purpose of this study
was to clarify the role of the Arg residue in the BomPBAN active core. We synthesized
10-residue peptides corresponding to the C-terminal part of BomPBAN with a series of
replacements at the second position from the C-terminus, termed the C2 position, and
measured their efficacy in stimulating Ca2* influx in insect cells expressing a fluorescent
PBAN receptor chimera (PBANR-EGFP) using the fluorescent CaZt indicator, Fura Red-
AM. The PBAN analogs with the C2 position replaced with alanine (Ala, A), aspartic acid
(Asp, D), serine (Ser, S), or |-2-aminooctanoic acid (Aoc) decreased PBAN-like activity. RC2A
(SKTRYFSPALamide) and R°2D (SKTRYFSPDLamide) had the lowest activity and could not
inhibit the activity of PBAN C10 (SKTRYFSPRLamide). We also prepared Rhodamine Red-
labeled peptides of the PBAN analogs and examined their ability to bind PBANR. In contrast
to Rhodamine Red-PBAN C10 at 100 nM, none of the synthetic analogs exhibited PBANR
binding at the same concentration. Taken together, our results demonstrate that the C2

Arg residue in BomPBAN is essential for PBANR binding and activation.

Keywords: FXPRLamide peptides, GPCR, Lepidoptera, neuropeptide, PBAN, PBANR, sex pheromone silkmoth

INTRODUCTION

Virgin female moths attract conspecific males using sex
pheromone for species-specific mating. Pheromone biosynthesis
and emission from the pheromone gland are activated during a
calling period that is synchronized with the photoperiodic cycle
through the function of pheromone biosynthesis-activating neu-
ropeptide (PBAN), which is produced in the subesophageal gan-
glion (Kitamura et al., 1989; Raina et al., 1989; Raina, 1993; Rafaeli,
2002). In Bombyx mori, PBAN consists of 33 amino acid residues
and contains as its active core a C-terminal FXPRLamide motif
(X=S, T, G, or V) that is essential for PBAN activity (Kuniyoshi
etal., 1992).

Several neuropeptides containing the FXPRLamide motif at
the C-terminus have been identified from a number of insect
orders including Lepidoptera, Diptera, and Orthoptera (Predel
and Wegener, 2006). These peptides have been reported to regulate
various biological activities such as initiation of B. mori embry-
onic diapause (Imai et al., 1991) and heliothine pupal (Xu and
Denlinger, 2003), melanization of larvae in lepidopteran species
(Matsumoto et al., 1990), hindgut/oviduct contraction in the

cockroach and the locust (Nachman et al., 1986; Schoofs et al.,
1992),and acceleration of pupariation in several flies (Zdarek et al.,
1998). Moreover, PRX or RXamide (X=F L, V, or Y) peptides
have also been identified in many organisms as biologically active
peptides (Predel and Wegener, 2006; Walker et al., 2009). These
peptides have been widely identified from insect species (Bagger-
man et al., 2002; Hummon et al., 2006; Hauser et al., 2008; Weaver
and Audsley, 2008). The presence of a C-terminal amide and an
Arg residue at the second position from the C-terminus, termed
the C2 position, in so many diverse insect neuropeptides suggests
some functional importance.

The receptors for many of the peptides discussed above have
been identified as G protein-coupled receptors (GPCRs). The
insect GPCRs have been identified using cultured cells such as
HEK293, CHO mammalian cells (Iversen et al., 2002; Yamanaka
etal.,2008),and Sf9 insect cells (Choi et al., 2003; Hull et al., 2004).
The PBAN receptor (PBANR) was first cloned from the corn ear-
worm, Helicoverpa zea, asahomolog of the neuromedin U receptor
(NmUR) in vertebrates that recognized FXPRNamide peptides
(Fujii et al., 2000; Choi et al., 2003). Since then, PBANRs have been

www.frontiersin.org

March 2012 | Volume 3 | Article 42 | 67


http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/about
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=39232&d=1&sname=TakeshiKawai&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=36603&d=1&sname=Jae_MinLee&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=46670&d=1&sname=KojiNagata_1&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=29819&d=2&sname=ShogoMatsumoto_1&name=Medicine
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=45721&d=3&sname=MasaruTanokura&name=Technology
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=40296&d=1&sname=HiromichiNagasawa&name=Science
mailto:anagahi@mail.ecc.{\penalty -\@M }u-tokyo.ac.jp
http://www.frontiersin.org
http://www.frontiersin.org/Experimental_Endocrinology/archive
http://www.frontiersin.org/Experimental_Endocrinology/10.3389/fendo.2012.00042/abstract

Kawai et al.

The C-terminal Arg is essential for receptor binding

identified as class-A GPCR family members from B. mori, Heliothis
virescens, Manduca sexta, and Plutella xylostella (Hull et al., 2004;
Kim et al., 2008; Lee et al., 2011). In B. mori, PBAN binding has
been shown in vitro using isolated pheromone glands to trigger
an influx of extracellular Ca?* in the pheromone producing cells
(Mastumoto, 2010), as well as insect cells transiently expressing
PBANR (Choi et al., 2003; Hull et al., 2004).

In the course of our study on the structure-activity rela-
tionship of PBAN and search for PBAN antagonists to control
pests and to obtain a B. mori PBANR (BomPBANR)/ligand
complex appropriate for crystallographic structural analysis, we
established an in vitro PBAN assay system by observing Ca’*
influx into Sf9 cells, which had been prepared from immature
ovaries of Spodoptera frugiperda (Vaughn et al., 1977), consti-
tutively expressing BOmPBANR-EGFP (Hull et al., 2011; Kawai
et al., 2011). We first focused on the C6 residue and determined
that a syntheticY “°N [SKTRNFSPRLamide] was a partial agonist
(Kawai et al., 2010). Next, we prepared cyclic peptides, cycloY®®
[cyclo(TCYFSPRL)] and cycloNC6 [cyclo(TCNFSPRL)], from lin-
ear precursor peptides fused to an intein protein (Kimura et al.,
2006) and determined that these partial peptides were also partial
agonists (Kawai et al., 2011). These results showed that BomP-
BANR recognizes the amino acid residue at C6 position and type
I B-turn secondary structure (Nachman et al., 1993). We also syn-
thesized and examined a peptide substituted with p-Phe at C4
position [RYFdFPRLamide, LA-4] which had been reported as
a linear antagonist (Zeltser et al., 2000; Ben-Aziz et al., 2005)
and demonstrated that LA-4 was a partial agonist to BomPBANR
(Kawai et al., 2009).

In this study, we focused on the Arg residue at the C2 position
in the PBAN active core, because this residue is highly conserved in
not only PBAN but also many other related neuropeptides. We syn-
thesized four PBAN analogs consisting of 10 amino acid residues,
in which the Arg residue was substituted with Ala, Asp, Ser, or L-2-
aminooctanoic acid (Aoc), and assessed their in vitro PBAN-like
activities by a Ca’* imaging assay using stably transformed Sf9
cells expressing BOmPBANR-EGFP and a confocal laser scanning
microscope.

RESULTS

AGONISTIC ACTIVITIES OF SYNTHETIC PBAN C-TERMINAL PEPTIDES
To investigate the effect of the Arg side chain on in vitro PBAN-like
activity, we prepared four synthetic PBAN analogs, in which the
Arg residue at the C2 position was substituted with amino acid
residues exhibiting different side chain properties (Figure 1A).
For this purpose, we selected Ala, Asp, Ser, and Aoc for the fol-
lowing reasons: Ala has a simple small side chain that lacks a
functional group, Asp has a negatively charged carboxyl group,
Ser has a hydroxyl group with an uncharged polarity, while the
Aoc side chain is similar in length to the Arg side chain but lacks
any functional groups. To determine the agonistic activities of the
Ala (RC2A),Asp (RCZD), Ser (R©2S), and Aoc (R2Aoc) analogs, we
compared the Ca®>* response of the respective analogs with a cor-
responding PBAN analog composed of the C-terminal 10 residues
(PBAN C10). Sf9 cells stably expressing BomPBANR-EGFP were
loaded with Fura Red—AM, a fluorescent Ca?* indicator, and their
fluorescent profile in response to the each ligand was examined

A Peptide Sequence

PBAN C10 SKTRYFSPRLamide

RZA SKTRYFSPALamide

RD SKTRYFSPDLamide

RS SKTRYFSPSLamide

R“Aoc SKTRYFSPAocLamide
B
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FIGURE 1 | Pheromone biosynthesis-activating neuropeptide-like
activities of R®X peptides. (A) Amino acid sequences of the R®X
peptides. (B) Dose dependency of PBAN-like effects of the R®*X peptides
measured via a Ca** imaging technique with Fura Red as the Ca?* indicator.
Bars represent the mean + SD of five replicates. Different letters (a and b)
indicate significant difference at P < 0.05 by the Tukey—Kramer test.

with a confocal laser scanning microscope (Kawai et al., 2011). As
shown in Figure 1B, the PBAN-like activities of all of the R“*X
peptides were much lower than that of PBAN C10 at 1 nM. R®?A
and R“?D showed full PBAN-like activity at 100 nM, while R®*S
and R“?Aoc showed full activity at 10 nM.

EXAMINATION OF ANTAGONISTIC ACTIVITIES OF R°2X PEPTIDES
Because R“?A and R®?D showed lower PBAN-like activities than
the other two mutations, we also examined their antagonistic activ-
ities against PBAN C10.We found that the activity of PBAN C10 at
1 nM decreased to 87 and 85% following the addition of a 10-fold
concentration of R“>A and R“? D, respectively (Figure 2), although
this reduction in activity was not statistically significant.

FLUORESCENT BINDING ASSAY

To confirm the binding of the R®*X mutations to BomPBANR-
EGFP, we prepared fluorescent analogs of the synthetic peptides via
conjugation with Rhodamine Red-X succinimidyl ester. As before,
we used Sf9 cells stably expressing BomPBANR-EGFP to exam-
ine binding of each labeled peptide, Sf9 cells were imaged using
a confocal laser scanning microscope using excitation at 488 and
560 nm for EGFP and Rhodamine Red-X, respectively. The bind-
ing intensity was assessed by the fluorescence ratio of Rhodamine
Red-X to EGFP. Figure 3 shows the results. The expression of
BomPBANR-EGFP on the cell surface was visualized as a ring of
green fluorescence by EGFP in all cases. It was clearly demon-
strated that PBAN C10 bound to BomPBANR-EGEFP as observed
as a red fluorescent ring on the cell surface, which was merged
with green fluorescence to be yellow. However, the binding of
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FIGURE 2 | Antagonistic effects of R®A and R®D. Effects were measured
using the Ca?* imaging technique with Fura Red as the Ca?* indicator.
PBAN C10 was added after the addition of R®A and R*?D. Bars represent
the mean + SD of five replicates.
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FIGURE 3 | Confocal imaging of BomPBANR-EGFP expressing Sf9 cells
after incubation with synthetic peptides labeled with Rhodamine
Red-X. Each fluorescence labeled peptide was added at a final
concentration of 100 nM. Co-localization is indicated by yellow in the
merged images.

the R®?X peptides to BomPBANR-EGFP could not be detected
clearly.

DISCUSSION

Neuropeptides mediate various biological events in both ver-
tebrates and invertebrates. Among them, there is a group of
neuropeptides that share chemical characteristics of C-terminal
amidation and the presence of Arg at the C2 position. PBAN,
an insect neuropeptide, belongs to this group. In this study, we
sought to clarify the role of the Arg residue in PBAN activity.
Instead of an ordinary in vivo PBAN assay using female moths, we
adopted a bioassay assessing PBAN-like activity in vitro by using
insect (Sf9) cells artificially expressing BomPBANR-EGFP, which
we have previously established (Mastumoto, 2010; Kawai et al.,
2011). We synthesized and examined four synthetic peptides, in
which Arg at the C2 position was replaced by each of four repre-
sentative amino acid residues with different chemical properties
from Arg.

The activity of R“?A was significantly lower than PBAN C10,
which is consistent with previous results demonstrating the effect
of Ala substitutions of this position in a Heliothis virescens PBAN
C-terminal hexapeptide (Kim et al., 2008). It has also been

reported that the substitution of Arg at the C2 position of neu-
ropeptideY, a vertebrate neuropeptide, with Ala reduced the affin-
ity toboth humanY; and Y; receptors (Beck-Sickinger et al., 1994).
In addition, the reduced in vivo PBAN activity was reported fol-
lowing Gln, Lys, or norvaline substitution of Arg at the C2 position
in B. mori (Kuniyoshi et al., 1991). While these results suggest the
potential importance of the Arg guanidine group, the length of the
side chain may also influence the activity. We consequently pre-
pared a peptide with Aoc at the C2 position because Aoc has a side
chain of similar length to Arg but without any functional groups,
thus making it hydrophobic. Unexpectedly, the R“>Aoc peptide,
showed higher activity than R“?A (Figure 1B). While the guani-
dino functional group is important for binding, it is apparent that
the length of the side chain is also important.

Concerning the hydrophilicity of the side chain, we compared
the activity of R“?A with that of R®2S. R“2S was found to be more
active than RC?A, indicating some contribution of the hydroxyl
group. However, the increased bulkiness of the Ser hydroxymethyl
group over the Ala methyl group may also contribute to some
extent. RG2S was a little less active than R%2Aoc, indicating the
side chain length is more important than hydrophilicity. R®?D,
which carried a charge opposite to the natural peptide, showed
activity stronger than R“2A, but was weaker than R“?S, indicating
that a negative charge is not preferable for binding to the receptor.

Neither RA nor R®>D was able to inhibit the activity of 1 nM
PBAN C10 even at a 10-fold higher concentration (10 nM), at
which concentration that R“?A and R®?D exhibited almost no
and very low agonistic activity, respectively. This result suggests
that both R“?A and R®?D bind very weakly to BomPBANR; it
is unlikely that they bind BomPBANR as strongly as PBAN C10
but cannot trigger the Ca?" influx. The weak binding of the four
synthetic analogs was directly demonstrated by observation of the
Rhodamine Red-labeled conjugates. We therefore concluded that
the Arg residue at C2 position is important for PBANR binding.
Although the four mutants exhibited PBAN-like activity compa-
rable to PBAN C10 at 100 nM, we failed to observe any binding at
that concentration, perhaps because the Rhodamine Red-labeled
analogs were weakly bound and removed during the final washing
steps prior to imaging. It is unlikely that the Rhodamine Red-
labeled analogs have lower activity than non-labeled peptides,
because the possible labeling sites are the e-amino group of Lys
at the C9 position and the N-terminal amino group, which are
far from the active core. Experiments at higher concentrations of
labeled peptides will be needed.

MATERIALS AND METHODS

SYNTHESIS AND PURIFICATION OF PEPTIDES

Pheromone biosynthesis-activating neuropeptide analogs were
synthesized with an automated peptide synthesizer Apex 369
(AAPPTec, Louisville, KY, USA) using the Fmoc solid-phase strat-
egy according to the manufacturer’s instructions. The Arg residue
at the C9 position of all PBAN analogs was replaced with Lys for
labeling with Rhodamine Red-X succinimidyl ester. After depro-
tection and cleavage from the resin, synthetic peptides were puri-
fied by HPLC with a PEGASIL ODS column (10 i.d. x 150 mm,
Senshu Kagaku, Tokyo, Japan) using two solvents, 0.05% triflu-
oroacetic acid (TFA; solvent A) and 90% CH3;CN/0.05% TFA
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(solvent B). Peptides were eluted at a flow rate of 4.0 ml/min using a
step-gradient program starting from 0% B in 2.5 min, then to 75%
B in 15 min, and then 100% B over the next 30 min. Reagents for
peptide synthesis were purchased from WATANABE CHEMICAL
IND.,LTD (Hiroshima, Japan). Synthetic peptides were lyophilized
and stored at —20°C until use.

PREPARATION OF FLUORESCENT PBAN ANALOGS

A 200-p] aliquot containing 250 g Rhodamine Red succinimidyl
ester (Life technologies, Tokyo, Japan) was added to a solution of
0.1 M sodium bicarbonate (pH 8.2) and 1.0 pmol synthetic pep-
tide. The mixture was stirred overnight at room temperature and
the conjugated peptide purified by HPLC under the same condi-
tions as above. RR-C10 PBAN and RR-R®?X were stored at 4°C
until use.

PREPARATION OF STABLE PBANR-EGFP TRANSFORMANTS

An expression plasmid encoding the BOmPBANR fused with EGFP
at its C-terminus was produced using a pIB/V5-His TOPO TA
cloning kit (Life Technologies). Sf9 cells in IPL-41 insect cell
medium (Life Technologies) supplemented with 10% fetal bovine
serum (FBS) were transfected with the expression plasmid using
Cellfectin (Life Technologies). Transfected Sf9 cells were selected
using blasticidin S according to the manufacturer’s procedures.

CONFOCAL LASER SCANNING MICROSCOPE-BASED CA%+ IMAGING
ASSAY

BomPBANR-EGFP stably expressing cells were harvested and
incubated in 24 well glass bottom plate (AGC, Tokyo, Japan) at
28°C for 2 days with 10% FBS in IPL-41. On the day of experi-
ment, cells were washed three times with IPL-41 and incubated in
250 il of IPL-41 with 0.75 pl of Pluronic F-127 and 1 mM Fura
Red AM (Life Technologies) for 30 min in the dark. After incu-
bation, the cells were washed three times with IPL-41, and 300 1
IPL-41 was added to each well. The plate was left in the dark for
20 min to allow hydrolysis of the Fura Red AM ester bond. EGFP
and Fura Red fluorescence were obtained on a FV-1000D confocal

laser microscope (OLYMPUS, Tokyo, Japan) using 488 and 548 nm
laser lines, respectively. To measure agonistic activity, fluorescence
was monitored for 40 scans (1.08 s/scan), and a 100-pl peptide
solution which were prepared to the concentration of 1, 10, 100,
and 1000 nM was added to the well after 10 scans. For measur-
ing antagonistic activity of R©>A and R“?D, the fluorescence was
monitored for 50 scans. R“2A and R“2D solution (100 pl) was
added to the well after 10 scans, and then 100 1l PBAN C10 was
added after 25 scans. The Fura Red fluorescence was analyzed
using the FV-1000D software “FluoView” (OLYMPUS). The data
obtained were statistically analyzed using a Tukey—Kramer test.
These experiments were performed with five replicates.

CONFOCAL LASER SCANNING MICROSCOPE-BASED PEPTIDE BINDING
ASSAY

The binding ability of Rhodamine Red—-R“*X peptides (X = Ala,
Asp, Ser,and Aoc) to BomPBANR-EGFP was analyzed using a con-
focal laser scanning microscope. Sf9 cells adherently cultured on
35 mm glass bottom dishes (AGC, Tokyo, Japan) were transfected
with 5 g of expression plasmid containing BomPBANR-EGEFP.
Sixteen hours after transfection, the Sf9 cells were washed with
10% FBS/IPL-41 containing kanamycin at the final concentra-
tion of 200 wg/ml and incubated for 1day at 28°C. On the day
of the experiment, transfected cells were washed with serum free
IPL-41 medium and incubated at 4°C for 15 min. To examine the
binding of the labeled peptides to BomPBANR-EGEFDP, transfected
cells were incubated in 500 pul IPL-41 containing each RR-peptide
at the concentration of 100 nM at 4°C for 60 min in the dark,
and then fixed with 4% formaldehyde/PBS. The fluorescence of
BomPBANR-EGFP and RR-peptides were obtained on a FV-
1000D confocal laser scanning microscope with 488 and 548 nm
laser lines, respectively.
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Neuropeptides are the largest group of insect hormones. They are produced in the cen-
tral and peripheral nervous systems and affect insect development, reproduction, feeding,
and behavior. A variety of neuropeptide families have been identified in insects. One of
these families is the PBAN/pyrokinin family defined by a common FXPRLamide or similar
amino acid fragment at the C-terminal end. These peptides, found in all insects studied
thus far, have been conserved throughout evolution. The most well studied physiological
function is regulation of moth sex pheromone biosynthesis through the pheromone biosyn-
thesis activating neuropeptide (PBAN), although several developmental functions have also
been reported. Over the past years we have extended knowledge of the PBAN/pyrokinin
family of peptides to ants, focusing mainly on the fire ant, Solenopsis invicta. The fire
ant is one of the most studied social insects and over the last 60years a great deal has
been learned about many aspects of this ant, including the behaviors and chemistry of
pheromone communication. However, virtually nothing is known about the regulation of
these pheromone systems. Recently, we demonstrated the presence of PBAN/pyrokinin
immunoreactive neurons in the fire ant, and identified and characterized PBAN and addi-
tional neuropeptides. We have mapped the fire ant PBAN gene structure and determined
the tissue expression level in the central nervous system of the ant. We review here our
research to date on the molecular structure and diversity of ant PBAN/pyrokinin peptides
in preparation for determining the function of the neuropeptides in ants and other social

insects.

Keywords: ant, social insect, PBAN, pyrokinin, neuropeptide, gene structure, diversity

PBAN/PYROKININ PEPTIDES IN INSECTS

Neuropeptides are part of a large group of neurohormones that
have important regulatory functions and are found in most
animals. The pheromone biosynthesis activating neuropeptide
(PBAN)/pyrokinin family is a major group of insect neuropep-
tides, and they are expected to be found in all insect groups, and
to have multiple functions during insect development and repro-
duction. The first peptide identified from the pyrokinin family
of peptides was leukopyrokinin from the cockroach, Leucophaea
maderae (Holman et al., 1986). Leukopyrokinin has a pyrogluta-
mate at its N-terminal end, and it functions by stimulating the
contraction of hindgut muscles in cockroaches, locusts, and crick-
ets (Nachman et al., 1986; Schoofs et al., 1990a,b, 1991; Holman
et al., 1991; Predel et al., 1995, 1997; Predel and Nachman, 2001).
Independently, the first PBAN was isolated from Helicoverpa zea
(Raina et al., 1989), since then many PBAN family peptides have
been identified from different insect groups based on their ability
to stimulate sex pheromone biosynthesis in moths and/or peptide
sequence homology (Rafaeli, 2009; Choi et al., 2010; Jurenka and
Rafaeli, 2011).

The PBAN/pyrokinin peptide family is defined by a similar
5-amino-acid C-terminal sequence (ex: FXPRLamide) that is the
minimal sequence required for physiological activity (Raina and
Kempe, 1990, 1992; Fonagy et al., 1992b; Kuniyoshi et al., 1992).

This motif has been identified in a variety of orders as well as
some crustaceans, and has been shown to regulate a variety of
insect functions: (1) stimulate pheromone biosynthesis in female
moths (Raina et al., 1989); (2) induce melanization in moth lar-
vae (Matsumoto et al., 1990; Altstein et al., 1996); (3) induce
embryonic diapause and seasonal polyphenism in moths (Suwan
et al., 1994; Uehara et al,, 2011); (4) stimulate visceral muscle
contraction in cockroaches (Nachman et al., 1986; Predel and
Nachman, 2001); (5) accelerate puparium formation in several
flies (Zdarek et al., 1997; Verleyen et al., 2004); (6) terminate
pupal diapause in heliothine moths (Sun et al., 2003; Xu and Den-
linger, 2003). To date, about 200 PBAN/pyrokinin family peptides
have been reported from over 40 species (GenBank and unpub-
lished). It is one of the largest neuropeptide families in insects;
however, the physiological function of most of these peptides is
unknown.

Although a variety of fire ant pheromones have been identified,
little is known about the regulation of their production and release.
PBAN is synthesized in the subesophageal ganglion (SG), located
near the brain (Br), and released into the hemolymph, where it
acts on pheromone glands to stimulate pheromone biosynthe-
sis in moths. The mechanism of PBAN control over pheromone
production is well understood for sex pheromone biosynthesis in
a number of lepidopteran moths (Tillman et al., 1999; Rafaeli,
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2009; Jurenka and Rafaeli, 2011). However, thus far no other
insect group has been shown to regulate pheromone biosynthe-
sis using PBAN. PBAN acts directly on pheromone glands by
stimulating specific receptor linked G-proteins to open a ligand-
gated calcium channel to allow the influx of extracellular Ca?t,
which is the critical second messenger for PBAN signal trans-
duction (Jurenka et al., 1991, 1994; Fonagy et al., 1992a; Rafaeli
and Soroker, 1994; Ma and Roelofs, 1995a; Matsumoto et al.,
1995a,b; Choi et al., 2003; Choi and Jurenka, 2004, 2006). Signal
transduction is activated quickly once PBAN binds with the spe-
cific PBAN receptor (Choi et al., 2003; Hull et al., 2004; Rafaeli
et al., 2007; Zheng et al., 2007; Kim et al., 2008; Jurenka and
Nusawardani, 2011; Lee et al., 2011). Details of the PBAN mode
of action regarding pheromone biosynthesis in moths is reviewed
in the regulatory role of PBAN in moths (Jurenka and Rafaeli,
2011).

FIGURE 1 | Diagram of the central nervous system of the fire ant adult.
Photomicrographs of brain and subesophageal ganglion (A),
immunoreactive neurons in thoracic ganglia [(B), arrows], and abdominal
ganglia (C). Schematic drawing of fire ant adult CNS and PBAN-like
immunoreactivity (D). Posterior view of an adult B—SG complex showing
somata in the SG and near the esophageal foramen [(E), arrows].
Immunoreactive neurons projecting into perisympathetic organs in
abdominal ganglion [(F), arrows]. Terminal ganglion (sixth—-eighth
neuromeres) containing a densely stained region of varicosities [(G), arrow;
Br, brain; SG, subesophageal ganglion; CC, corpora cardiaca; CA, corpora
allata; PSO, perisympathetic organ; T1-3, first-third thoracic ganglia; A1-8,
first—eight abdominal ganglial. Bar =50 wm (Choi et al., 2009).

LOCATION OF PBAN/PYROKININ IN ANTS
Immunocytochemical tools were used to locate PBAN/pyrokinin
peptides in the central nervous system (CNS) of the fire ant
(Chot et al., 2009). This system visualized PBAN immunore-
activity in dissected Br, SG, and ventral nerve cord (VNC) of
the fire ant (Figure 1). The number and location of PBAN-like
immunoreactive neurons showed a similar pattern for all sexual
forms and workers (sterile). The distribution pattern of PBAN-
like immunoreactive materials in the fire ant CNS was similar
to that already shown in moths (Blackburn et al., 1992; Kingan
et al., 1992; Sato et al., 1994; Ma and Roelofs, 1995b; Davis et al.,
1996; Ma et al., 1996; Duportets et al., 1998; Sun et al., 2003;
Choi et al., 2004; Wei et al., 2008), locust (Tips et al., 1993),
and Drosophila (Choi et al., 2001). However, unlike moths, the
last fire ant abdominal ganglion (AG) does not contain PBAN
immunoreactive neurons (Figure 1G). Three clusters of neurons
were found in the SG (Figures 1A,D,E) and five pairs of neurons
in the ventral nervous system (Figures 1B,C,D). The three cell
clusters present in the SG are composed of one pair in the most
posterior, four pairs in the medial, and three pairs in the anterior
ganglia (Figure 1E).

The ganglia in the VNC contained five pairs of PBAN-like
immunoreactive neurons (Figures 1B-D). One pair was located in
the first thoracic ganglion, and another pair in the second thoracic
ganglion (Figure 1B). Neurites along the midline and lateral side

1
! Thorax ! Abdomen

Head

So1PBAN

ISSRNA
tissue Head Thorax Ab
copy | 1990+280 [ 149+47 62

FIGURE 2 | Schematic drawing of fire ant tissues for SoiPBAN mRNA
transcription levels analyzed by reverse transcription (RT) (upper) and
quantitative (Q)-PCR (lower). Total RNAs from head, thorax, and abdomen
(Ab) were amplified by RT-PCR and gene copies were quantified by Q-PCR.
Gene copies per microgram RNA were significantly different (t-test,

P <0.05, N=3).The fire ant 18S rRNA gene is a positive control (Choi
etal., 2011).
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in the thoracic ganglion appeared to descend to the abdominal
ganglia (AGs; Figures 1B-D). The other three pairs of neurons
exhibiting PBAN-like immunoreactivity were found in the third,
fourth, and fifth AGs where the neurons were associated with
a distended neurohemal organ (presumably a perisympathetic
organ, PSO) located on the surface of each ganglion (Figure 1F).
However, there were no neurons with PBAN-like immunoreac-
tive material in the fused terminal AG (A6-A8). A network of
neurite varicosities descended from the somata of the fifth AG
(Figure 1G). The immunoreactive material in the last ganglion
(arrow in Figure 1G) could have traveled from the fifth ganglion
or from the SG for release into hemolymph through the neurohe-
mal organs. The origin of this immunoreactive material remains
to be determined.

The VNC in ancestral insects has been shown to consist of eight
discrete AGs. In evolutionarily advanced insects, the number of
AGs varies. In most cases, the first abdominal and/or the terminal
AGs are fused with one or more neuromeres; therefore, the number
of discrete ganglia is reduced (Niven et al., 2008). The ventral nerve
structure of fire ant female alates and queens shows only two tho-
racic and four AGs. The pro-thoracic ganglion (T1) is discrete,
but the meso- (T2), and meta- (T3) thoracic ganglia, and the first
(A1) and second (A2) AGs are fused together to form the second
structurally discrete thoracic ganglia, as found in most insects. Of
the four discrete AGs, A3, A4, and A5 are distinct ganglia; however,
the last three AGs (A6, A7, A8) are likely fused forming the sin-
gle terminal ganglion in the fire ant. A similar fusion pattern for
both thoracic and abdominal neuromeres in the VNC has been
shown in lepidopteran and hymenopteran species (Niven et al.,
2008).

PBAN GENE EXPRESSION IN THE ANT CNS

Recently, the results for SoiPBAN (Solenopsis invicta PBAN)
mRNA expression levels in different tissues of fire ants (Choi et al.,
2011) contradicted the strong PBAN immunoreactivity detected in
the fire ant VNC (Choi et al., 2009). As anticipated, the strongest
transcriptional signal and maximum number of SoiPBAN gene
copies were detected in the head (Figure 2), indicating that the
gene products including PBAN are actively produced in the SG
as shown in Figure 1. SoiPBAN gene transcription and copies
in the thoracic tissue were relatively low. However, only a mini-
mal level of PBAN gene transcription was observed in abdominal
tissue (Figure 2), in contrast to the strong PBAN-like immunore-
activity observed from abdominal neurons associated with the
PSO in the AG (Figure 1). If these peptides were only from SoiP-
BAN gene products, then gene expression and copy number in
abdominal tissue would be expected to be at least similar to or
higher than the thorax tissue. Therefore, these results suggest
that a FXPRL peptide is dominantly expressed in the abdomen
that is derived from a gene other than the SoiPBAN gene. Thus
far, only two gene families are known to produce FXPRL pep-
tides: PBAN and the capability (CAPA) genes in insects. PBAN
(-DH) genes produce four or five FXPRL or similar sequenced
peptides including PBAN and the diapause hormone (DH). The
CAPA gene encodes one FXPRL neuropeptide with a very con-
served motif, WFGPRL at the C-termini (Predel and Wegener,
2006).

PBAN anti-sera reacts with any C-terminus FXPRL peptide
sequence regardless of what gene is producing the peptide, thus
the cross-reactivity does not allow the determination of the num-
ber genes responsible for the observed reactivity. Interestingly, the

FIGURE 3 | Comparison of amino acid sequences of PBAN and
neuropeptides expected from PBAN mRNA of the moth (H. zea), ant (S.
invicta), mosquito (A. gambiae), and beetle (T castaneum) (A), schematic
diagram of PBAN-DH mRNA (B), and gene architecture (C). The nucleotide
numbers of each exon in lepidopteran PBAN represent means of three moth

A PBAN and Neuropeptides
DH o-NP B-NP PBAN v-NP
Moth HDVKD GAASGAHSDRLGLWFGPRL VIFTPKL SLAYDD ---KSF -ENVEFTPRL -LSDDMPATPAD QE—-MYRQDPEQ -IDSRTKYFSPRL T-- -MHFSPRL
Ant ~---TSQDIAS -----1 GMWFGPRL ------- —-—- Q-PQ---------] FTPRL GSGEDL ------ - SYGDAYEVDED ---DH-PLFVPRL -LPWIP-SPRL
Mosquito ----DDGAEGLNKRAAAMWFGPRL ------- ----] PQPIF----YHTT-SPRL —-----—==—==-—===-] DSVGE --NHQRPPFAPRL N---LPFSPRL
Beetle  ----ND-----] DSKETYFWFGPRL ------- —---] HYVH- - ——~~--] FTPRL ESGEEF YQRSPPFAPRL H--SSPFSPRL
B PBAN mRNA structure of Moth and Ant
s—{___ ENESNE
o] o M
c PBAN gene architecture
531-nt
( ] I I 727-nt
Ant o =
- Exon2 \ Exon 3
1 [ pHi | —{ fo[PBANRI]  Jisssent
94-nt 8725-nt 242-nt 3906-nt 195 nt
Moth
Exonl Exon 2 Exon3 Exond Exon 5 Exon &
I 1 | 1 Lol
| : s 1 I tlai B [PB|_|AN IV”_D
“82-nt ~“99-nt ~99-nt “141-nt ~107-nt “54-nt

species. DH, diapause hormone homolog; o, B, and y: neuropeptides encoded
from the cDNA; PBANSs are translated from exon 3 in ants, and exons 4 and 5
in moths, respectively. The shaded area represents PBAN coding regions.
Open areas represent untranslated regions. The alignment was made with
Genetyx-Tree software (ver. 10; Choi and Vander Meer, 2009; Choi et al., 2011).
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S. invicta :
S. pergandei :
S. geminata 1
S. richtri 4
S. caroliniensis 1
A. echinatior 1
C. floridanus 2
L. humile :
H. saltator 0
A. melifera 1
N. vitripennis i
S. invicta 21
S. pergandei 21 GSRASG

S. geminata 21 e ] E
S. richetri 21 He——-i

S. caroliniensis 21 He---i

A. echinatior 56 He——-)

C. floridanus 15 (e———h et e -1 -
L. humile pERRL CEE LA SRASAEYE SRE
H. saltator 1

A. melifera 22

N. vitripennis 24

S. invicta EEWFGPRLGKRYKSDEKQE
S. pergandei 74 EEQE
S. geminata ERFGPRLGKRYKSDEKQE,
S. richtri EEWE GPRUGKRYKSDEKQE

S. caroliniensis 74 geiideiabaicinaely
A. echinatior L FGPRLGKRRRSDEKQE

C. floridanus 70
L. humile 67
H. saltator 37
A. melifera 76
N. vitripennis 76
S. invicta 128
S. pergandei 128
S. geminata 128
S. richtri 128

S. caroliniensis 128
A. echinatior 156
C. floridanus 127
L. humile 122
H. saltator 94
A. melifera 131 13

N. vitripennis 130 P9

S. invicta 174
S. pergandei 175
S. geminata 175
S. richtri 174
S. caroliniensis 175

A. echinatior 206
C. floridanus 175
L. humile 1738
H. saltator 147

A. melifera 184 @
N. vitripennis 187

FIGURE 4 | Alignment of PBAN/pyrokinin peptides for
hymenopteran insects. The species names are follow: ants (Solenopsis
invicta, S. pergandei, S. geminate, S. richteri, S. carolinensis,
Acromyrmex echinatior, Camponotus floridanus, Linepithema humile,

ESREEGSNGGSSESRSESNNEGSCID
GSRASGENESRELGSNGGSSESRSESNDEGSCED
GSRASGENESRETGSNGGSSESRSESNDEGSCED
GSRASGENESREIGSNGGSSEGRSESNDEGSCID
GSRASGEYEAREMGL\IGGES\IEE SCIEGKCHK

176
177
177
176
177
208
<l
178
149
195
192

and Harpegnathos saltator), honeybee (Apis melifera), and wasp
(Nasonia vitripennis). The alignment was made with Genetyx-Tree
software (ver. 10). The translated peptide domains are indicated by
double dashes above the aligned sequences.

immunocytochemistry and the transcription studies strongly sug-
gest that PBAN/pyrokinin-like peptides are encoded from both
PBAN/pyrokinin and CAPA genes. Many FXPRL peptides encoded
from the CAPA gene have been isolated from the abdominal neu-
rohemal organs of several insect groups (Predel and Wegener,
2006). Recently, we identified a fire ant specific CAPA gene

(unpublished data). Though PBAN/pyrokinin family peptides,
characterized by the conserved penta-peptide at the C-terminus,
have been found independently in various insect groups, it is
clear that the PBAN gene is well conserved in Insecta, and prob-
ably extends to the entire Arthropod phylum (Neupert et al,
2009).
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MOLECULAR STRUCTURE OF ANT PBANs
The first ant PBAN was identified from the fire ant, S. invicta, and
specifically named SoiPBAN (Choi and Vander Meer, 2009), sub-
sequently four additional PBAN genes were reported from the fire
ant species complex (Choi et al., 2010). SoiPBAN cDNA contains
531 nucleotides covering the entire open reading frame (ORF)
and encoding 176-amino acids (AA), including four FXPRL-NH,
peptide domains. The structures of the four FXPRL peptides
and their homology with the known insect PBAN/pyrokinin
peptides are: (1) DH=15-AA (TSQDIASGMWFGPRL-NH,);
(2) B-neuropeptide = 8-AA (QPQFTPRL-NH;); (3) PBAN = 26-
AA (GSGEDLSYGDAYEVDED DHPLFVPRL-NH;); and (4)
y-neuropeptide (NP)=9-AA (LPWIPSPRL-NH,; Figure 3A).
Unlike the five peptides, DH, a, 8, PBAN, and NPs, encoded from
PBAN genes of lepidopteran moths, the domain of «-NP is not
present in the PBAN genes of ants, mosquitoes, or beetles based
on peptide homology (Figures 3A,B). Although C-terminal penta-
peptide sequences are slightly different from moths, all four pep-
tides from SoiPBAN cDNA induced inappropriate sex pheromone
biosynthesis in H. zea females (Choi and Vander Meer, 2009).
The entire S. invicta PBAN gene (Choi et al., 2011) is composed
of 13,358 nucleotides (Figure 3C). The gene is comprised of three
exons (94, 242, and 195 nucleotides translated, respectively) inter-
rupted by two large intron gaps; intron 1 and 2. SoiPBAN cDNA
encodes a DH-homolog peptide, which is translated from the sec-
ond exon, and the other peptides, 3-NP, y-NP, and SoiPBAN, are
translated from the third exon. The ant PBAN gene has three exons
and relatively large intron gaps compared to moth PBAN genes
that consist of six exons (Xu et al., 1999; Zhang et al., 2005; Jing
etal., 2007). A search of two hymenopteran species, Apis mellifera
(accession No: NP_001104182) and Nasonia vitripennis (acces-
sion No: NP_001161197) genomic DNAs from the NCBI database
revealed that these PBAN genes are also composed of three exons
as in the fire ant PBAN gene, but contrary to the fire ant PBAN
gene they contain very short intron sequence gaps. A comparison
of hymenopteran and lepidopteran PBAN genes suggests that exon
1 for both translates the signal peptide. The hymenopteran exon 2
and 3 corresponds to moth PBAN gene exons 2-3 and exons 4-6,
respectively (Figure 3C).

MOLECULAR DIVERSITY OF ANT PBANs

The Solenopsis group is a large genus with 185 described species
(Pitts et al., 2005). The genus is difficult taxonomically due to
the lack of reliable diagnostic characters. Most recently they have
been re-classified into four complexes: S. virulens, S. tridens, S.
geminata, and S. saevissima (Pitts et al., 2005). Since the elucida-
tion of the first ant PBAN gene (Choi and Vander Meer, 2009),
PBAN genes from four additional Solenopsis species and a hybrid
were identified: S. richteri and a S. invicta/S. richteri hybrid (Sae-
vissima complex), S. geminata (Geminata complex), S. pergandei,
and S. carolinensis (members of a large group classified as thief
ants that live primarily underground; Choi et al., 2010). Solenopsis
PBAN genes were divided into two groups of cDNAs translat-
ing 176-AA for S. invicta, S. richteri, and the hybrid, and 177-AA
for S. geminata, S. pergandei, and S. carolinenesis (Figure 4). The
one additional amino acid residue (F) in the later group was
associated with the PBAN domain. Comparison of the five fire
ant PBAN/pyrokinin genes showed that S. carolinensis was the
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FIGURE 5 | Phylogenetic tree based on the entire amino acid sequence
from PBAN/pyrokinin genes known from insect orders (A) and
hymenoptera (B). The tree was made using Genetyx-Tree software (ver. 10)
with the neighborjoining distance phylogram method using bootstrap
1,000 replicates. Compared full or partial amino acid sequences are from
Lepidoptera (Helicoverpa zea, U08109; H. assulta, U96761; H. armigera,
AY043222; Heliothis virescens, AY173075; Agrotis ipsilon, AJO09674;
Mamestra brassicae, AF044079; Spodoptera littoralis, AF401480; S. exigua,
AY628764; Bombyx mori, NM_001043856; B. mandarina (Xu et al., 1999);
Manduca sexta, AY172672; Samia cynthia ricini, AY286544; Antheraea
pernyi, AY445658; Clostera anastomosis, AY786305; Orgyia thyellina,
AB259122; Ascotis selenaria cretacea, AB308061; Adoxophyes sp.,
AF395670; Plutella xylostella, AY904342), Diptera (Anopheles gambiae,
XM_307885; Aedes aegypti, Q16N80; Culex quinquefasciatus,
XM_001847366), Hemiptera (Rhodnius prolixus, GU230851), Hymenoptera
(Solenopsis invicta, ACL35348; S. pergandei, ADI88479; S. geminate,
ADI88478; S. richteri, ADI88481; S. carolinensis, ADI88480; Acromyrmex
echinatior, EGI64203; Camponotus floridanus, EFN67760; Linepithema
humile, unpublished data; Harpegnathos saltator, EFN90009; Apis melifera,
NP_001104182; Nasonia vitripennis, NP_001161197), and Coleoptera
(Tribolium castaneum, EFA11568).

most distant from the other species based on nucleotide sequence
homology (Figures 4 and 5B). This phylogenetic classification
by neuropeptide sequence is consistent with the morphological
cladistic analysis of the Solenopsis genus (Pitts et al., 2005), except
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that S. pergandei most closely resembled S. geminata, and both
were very distant from S. carolinensis, indicating significant evo-
lutionary distance between the two thief ant species (Figure 5B).
Although the PBAN gene products, neuropeptides, are not charac-
terized functionally except for lepidopteran moths, the phylogenic
relationship of all known PBAN genes is similar to the taxo-
nomic phylogeny based on the family level of classification and
evolutionary tree of Insecta (Figure 5A). This indicates that neu-
ropeptide gene sequences can be used to infer insect phylogenetic
relationships. As anticipated, ant PBAN genes are similar within
hymenopteran insects, but are distant from moth and mosquito
species. Interestingly, if amino acid sequences of PBAN genes
are compared in hymenopteran species, the non-social parasitoid
wasp, N. vitripennis, is very distant from social insects includ-
ing the honeybee (Figures 4 and 5B). Based on the amino acid
sequences translated from PBAN genes from insects, the similarity
is correlated with the basic taxonomic or phylogenetic classifica-
tion of Insecta. The PBAN/pyrokinin gene is well conserved in
Insecta, however, the translated pre-propeptides might vary with
functional diversity, being retained or lost during the evolutionary

now known, their function in ants remains to be determined. The
well documented fire ant could be an excellent social insect model
to find a specific role of these neuropeptides during immature
development, as well as in adult castes. To clarify specific physi-
ological modes of action of PBAN/pyrokinin peptides in the fire
ant the identification and characterization of specific receptor(s)
for these peptides is required. The study includes measurement
of binding activity of PBAN and other peptides to the PBAN
receptor expressed in an in vitro system, and determination of the
receptor location, e.g., tissue, gland, or organ, which would sug-
gest a potential target site and role for PBAN/pyrokinin peptides.
PBAN/pyrokinin peptides have been reported and/or identified
from all insect orders investigated so far, thus these neuropeptides
including PBAN are expected to have both general and specific
roles, such as feeding, diapause, regulation of pheromone produc-
tion, and/or other endocrinal functions. The work reviewed here
lays the groundwork necessary for successfully determination of
these functions, which will add significantly to our understand-
ing of development, reproduction and social behavior in ants, and
may lead to novel control possibilities for economical important

process.

FUTURE DIRECTION

Although the amino acid sequences, gene transcription, and spe-
cific neuronal sites for ant PBAN/pyrokinin family peptides are
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INTRODUCTION

In our previous report, we demonstrated the possibility that various regulatory neuropep-
tides influence feeding behavior in the silkkworm, Bombyx mori. Among these feeding-
related neuropeptides, short neuropeptide F (sSNPF) exhibited feeding-accelerating activity
when injected into B. mori larvae. Like other insect sNPFs, the deduced amino acid
sequence of the cDNA encoding the sNPF precursor appears to produce multiple sNPF
and sNPFrelated peptides in B. mori. The presence of three sNPFs, sNPF-1, sNPF-2, and
sNPF3, in the brain of B. mori larvae was confirmed by direct MALDI-TOF mass spec-
trometric profiling. In addition, all three sNPFs are present in other larval ganglia. The
presence of sSNPF mRNA in the central nervous system (CNS) was also confirmed by
Reverse transcription-polymerase chain reaction. Semi-quantitative analyses of sNPFs in
the larval brain using matrix-assisted laser desorption ionization time-of-flight mass spec-
trometry further revealed that brain sNPF levels decrease in response to starvation, and
that they recover with the resumption of feeding. These data suggest that sNPFs were
depleted by the starvation process. Furthermore, food deprivation decreased the tran-
scriptional levels of the sNPF receptor (BNGR-A10) in the brain and CNS, suggesting that
the sNPF system is dependent on the feeding state of the insect and that the sNPF system
may be linked to locomotor activity associated with foraging behavior. Since the injection
of sNPFs accelerated the onset of feeding in B. mori larvae, we concluded that sSNPFs are
strongly related to feeding behavior. In addition, semi-quantitative MS analyses revealed
that allatostatin, which is present in the larval brain, is also reduced in response to starva-
tion, whereas the peptide level of Bommyosuppressin was not affected by different feeding
states.

Keywords: Bombyx mori, feeding behavior, peptide, short neuropeptide F

circadian rhythms at regular intervals of approximately every 2 h

Although phytophagous insects feed on their preferred host plants,
feeding is not continuous. A number of biochemical and behav-
ioral studies have found that chemical components extracted from
host plants serve as attractants or deterrents for plant feeders (Har-
borne, 1993; Hanson, 2003), and thus contribute to host selection.
Therefore, it is believed that feeding behavior in phytophagous
insects may be initiated by the chemical components present in
their preferred host plants.

The biology and physiology of the mechanisms that regulate
insect feeding behavior have been extensively investigated (Simp-
son, 1995). To date, sequential behaviors in regularly occurring
feeding patterns have been monitored using a number of phy-
tophagous insects, including orthopteran (Blaney et al., 1973;
Simpson, 1982; Simpson and Ludlow, 1986) and lepidopteran
species (Reynolds et al., 1986; Bowdan, 1988a,b; Timmins et al.,
1988; Bernays and Woods, 2000; Nagata and Nagasawa, 2006). In
the case of the silkworm, Bombyx mori, larvae exhibit characteris-
tic feeding behavioral patterns that are generated independent of

(Nagata and Nagasawa, 2006). Since these characteristic behaviors
are primarily timed by the mode-changing process from quiescent
status to feeding status, we assumed that some process might be
involved in the decision to initiate feeding activity.

Based on previous physiological reports, the feeding state of an
insect can be defined according to the following two indicators:
(1) duration elapsed from the end of the previous meal and (2)
head-swaying behavior immediately before the onset of eating or
under feeding-motivated states (Nagata et al., 2011a). These two
physiologically defined feeding states, hunger and satiety, support
the evaluation of feeding behavior in B. mori larvae by measuring
the latency period prior to the initiation of feeding (Nagata et al.,
2011b). We were previously able to identify several biologically
active peptides as feeding modulators by measuring the length of
the latency period prior to the initiation of feeding in B. mori larvae
(Nagata et al., 2009, 2011a,b). Among these peptides, two classes
of peptides with different biological activities on feeding behav-
ior were characterized: (1) inhibitory peptides, which prolong the
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latency to the initiation of feeding, and (2) acceleratory peptides,
which shorten the latency to feeding initiation. Consistent with a
previous proposal regarding control of invertebrate feeding behav-
ior (Simpson, 1995), we found that FMRFamide-related peptides
(FaRPs) and myosuppressin have inhibitory effects on the initi-
ation of feeding behavior by peptide administration in B. mori
larvae (Nagata et al., 2011b). In contrast, the administration of
short neuropeptide F (sNPF) was shown to shorten the latency
period, possibly resulting from the activation of locomotor activ-
ity. Quantitative analysis of sSNPF levels during different feeding
states, however, has not been fully examined.

The compiled genomic information from a number of insect
species has allowed us to identify in silico various conserved fac-
tors, including the identification of sNPFs from a number of
insect species. SNPFs belong to a very diverse neuropeptide group
sharing a C-terminal RF-amide or RY-amide. In vertebrates, a rep-
resentative RY-amide peptide, neuropeptide Y (NPY), has been
characterized as a neuromodulator controlling feeding behaviors
(Tatemoto et al., 1982). In invertebrates, a NPY homologous pep-
tide has been identified in the tapeworm, Moniezia expansa, as a
factor that regulates myo-stimulatory effects (Maule et al., 1991).
By using an antibody against NPF [antiserum against Arg-X-Arg-
Phe/Tyr-NH;: serum code 792(3)], shorter peptides that share the
C-terminal RF-amide sequence, subsequently designated as short
NPE have been identified in the Colorado potato beetle (Spit-
taels et al., 1996). However, the detailed function of sNPF in vivo
remains to be elucidated.

A cDNA encoding sNPF was first identified in the fruit fly,
Drosophila melanogaster (Vanden Broeck, 2001). The deduced
amino acid sequence contained four sNPFs, which were predicted
to be produced after the post-translational modification of a diba-
sic amino acid cleavage site and C-terminal amidation (Vanden
Broeck, 2001). In D. melanogaster, sNPF has been shown to be
pleiotropic including regulation of feeding behavior (Lee et al.,
2004,2008; Nassel and Wegener, 2011). sNPFs are conserved across
arthropod species with the number of sNPF isoforms encoded by
asingle cDNA varying depending on the insect species (Nassel and
Wegener, 2011). In B. mori, sNPF has been identified as a juvenile
hormone (JH) regulating peptide that functions in tandem with
allatotropin to regulate the secretion of JH from the corpora allata
(Yamanaka et al., 2008). Identification of a cDNA encoding sNPFs
revealed the presence of three sSNPFs in B. mori (Mita et al., 2003;
Roller et al., 2008; Yamanaka et al., 2008), which is consistent with
reports in other insects of multiple sNPFs.

In D. melanogaster, the presence of sNPFs isoforms has been
characterized by direct matrix-assisted laser desorption ioniza-
tion time-of-flight mass spectrometry (MALDI-TOF MS) profil-
ing (Predel et al., 2004; Baggerman et al., 2005; Yew et al., 2009;
Carlsson et al., 2010; Wegener et al., 2011). Although sNPF-2 and
a partial fragment of sNPF-3 were purified from B. mori brain
extracts (Yamanaka et al., 2008), there is currently no experimental
evidence for the presence of all three sNPF isoforms at the peptide
level in B. mori. We consequently performed direct mass spectro-
metric profiling of larval brains to reassess the presence of sNPFs.
In addition, to further address the mechanisms underlying sNPF-
mediated feeding behaviors, we semi-quantitatively measured the
levels sNPFs during different feeding states in B. mori.

MATERIALS AND METHODS

CHEMICALS AND REAGENTS

Chemicals and reagents, a-cyano-4-hydroxycinnamic acid (CCA),
ethidium bromide, agarose for electrophoresis and Trizma-base,
and EDTA used in the present study were purchased from Nacalai-
tesk (Osaka, Japan). Methanol, diethylether, formic acid, trifluoro
acetic acid (TFA), and acetonitrile for reversed-phase HPLC (RP-
HPLC) were purchased from Kanto Chemicals (Tokyo, Japan).
Fmoc derivatives of amino acids were purchased from Watanabe
Chemical Industries (Hiroshima, Japan).

INSECTS

Silkworm eggs from the hybrid B. mori strain (Kinshu x Showa)
were purchased from UEDA SANSHU Ltd. (Ueda, Japan). Larvae
were reared in plastic containers at 26 & 1°C with 70 & 10% rela-
tive humidity under long-day lighting conditions (16L: 8D) using
SILKMATE 2§ artificial diet purchased from NIPPON NOSAN
Co. Ltd. (Yokohama, Japan). Larvae were provided with fresh diet
on a daily basis. Only larvae whose growth was synchronized were
utilized for the present experiments.

PREPARATION OF STARVED AND RE-FED B. mori LARVAE

Bombyx mori larvae were starved by food deprivation with feces
frequently removed from the containers throughout starvation.
Food deprivation was initiated in synchronously growing fifth
instar, day-2 larvae (2.7 £ 0.3 g). Resumption of feeding was ini-
tiated with addition of an artificial diet block. One hour after
resumption of feeding, the re-fed-larvae were anesthetized on ice.
For mass spectrometric analyses, brains were dissected out from
the prepared larvae.

PREPARATION OF SYNTHETIC PEPTIDES

Short neuropeptide Fs were chemically synthesized based on the
Fmoc method using an automated peptide synthesizer (APEX-SC,
apex396, Advanced ChemTech, Louisville, KT, USA) and depro-
tection as previously reported (Nagata et al., 2011b). In brief, after
deprotection and cleavage from resins, the synthetic peptides in
diethylether were collected by centrifugation. The resulting crude
synthetic peptides were partially purified using Sep-Pak C18. The
adsorbed sample was eluted with 60% acetonitrile/0.1% TFA. The
eluate was subjected to RP-HPLC (Jasco SC 802, PU-880, UV-875,
Jasco; Tokyo, Japan) on a Senshu Pak Pegasil-300 ODS column
(4.6 mm 1i.d. x 250 mm, Shenshu Kagaku, Tokyo, Japan) with a
25-min linear gradient of 10-60% acetonitrile containing 0.05%
TFA at a flow rate of 1.0 ml/min. The purity of the synthetic pep-
tide was confirmed by MALDI-TOF MS using a Voyager-DE™STR
(Applied Biosystems, CA, USA) in the positive ion mode and CCA
as the matrix. A highly purified byproduct (m/z 983) of sNPF
synthesis was used for semi-quantitative analyses in the present
study.

REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION

Total RNA was extracted from fat body, silk glands,
foregut, midgut, hindgut, Malpighian tubules, hemocytes, cen-
tral nervous ganglia, brain, ovary, and testis using TRI-
ZOL reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s protocol. After treatment with DNase
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I (TaKaRaBio, Shiga, Japan), cDNA was synthesized using
a reverse transcriptase, Superscript III (Invitrogen), and
an oligo-dT3¢ primer. Gene specific primers were sNPF-
Fw (5'-GATGCTCCTAAAGAAGACAAT-3’) and sNPF-Rv (5'-
TCAGGCTTTCGGTGCTTCCG-3'). Primers for sNPFR (BNGR-
A10) were sNPFR-Fw (5'-GCTACAATCCATTCCTCTATGCTT-
3’) and sNPFR-Rv (5-AGGTTCCTTGTCTGAAGAAATCAC-
3’). Ribosomal protein 49 (rp49) was used as an exper-
imental control with the following gene specific primer:
Rp-Fw (5'-GACCTGTTTACAGGCCGACAATCG-3') and Rp-Rv
(5'-TTATATTTATTCATTCTCCTGGGAGCGGAG-3'). Amplified
fragments were electrophoresed on a 1.2% agarose gel and detected
by staining with ethidium bromide. The saturation of PCR prod-
ucts were observed after 35 cycles of amplification. We conse-
quently performed our analyses at 30 cycles. To quantitate the
sNPF expression levels (data not shown), gel images were analyzed
using the public domain NIH Image program (the U.S. National
Institutes of Health at http://rsb.info.nih.gov/nih-image/). The
analyzed PCR product bands were normalized to bands derived
from the PCR experimental control, rp49.

QUANTITATIVE RT-PCR

Extraction of total RNA and RT reaction were per-
formed as described above. The primers for Quantita-
tive  RT-PCR (qRT-PCR) for sNPFR were: forward 5'-
TGCTTGGCTCAACGAAAACT-3'; reverse 5'-GAAAGCACCCAA
ACATGGAA-3'. As a control, the following primers for rp49
were used: forward 5-TGGGAGGTTTCCCCCATT-3'; reverse
5'-CCATGCAGCAACCCTTGAT-3'. PCR was performed using
a 7300 Real-Time PCR system (Applied Biosystems). Thermal
cycling conditions were as follows: after initial denaturation at
95°C for 10 min, 40 cycles of 95°C, 155s; 60°C, 1 min. The singly
targeted qQRT-PCR product was confirmed by constructing a melt
curve to all reactions. The reaction was performed using Power
SYBR® Green PCR Master Mix (Applied Biosystems) and 50 nM

of each primer. Data were analyzed using the 7300 Real-Time PCR
system software v1.3 (Applied Biosystems). Results are represented
as a ratio of SNPFR and RpL3 by Ct method.

DIRECT MALDI-TOF MS ANALYSIS

Brain and other ganglia were isolated from B. mori larvae and
placed in a drop of distilled water. After removal of excess water,
the matrix solution was covered with the dried brain or ganglia
prior to mass spectrometry analysis. Mass spectra were measured
on a MALDI-TOF mass spectrometer with CCA as matrix in the
positive ion mode. The matrix solution was prepared by saturating
CCA in 60% acetonitrile containing 0.1% TFA.

SEMI-QUANTITATIVE ANALYSES USING MALDI-TOF MS

For semi-quantitative analyses, the intensities of the mass spectra
ion peaks were evaluated by comparing with an exogenously added
internal standard peptide as previously reported (Jimenez et al.,
1997). The internal standard peptide, which is not observed in the
spectrum of brain extracts, has a m/z 983 and is the byproduct of
Fmoc chemical synthesis of sSNPF-2 with Fmoc at the N-terminus
of sNPF-2. The internal standard was added in extraction solution
(90% methanol in 0.1% formic acid). The relative intensities of
each ion peak were compared with the intensity of the ion peak
corresponding to the internal standard peptide. Five samples were
measured for analyses of ion peak intensities. At least three mea-
surements were carried out per sample. Single measurement of
MALDI-TOF MS was carried out by accumulation of more than
50 shots using the same laser desorption settings.

STATISTICAL ANALYSIS

The intensities of the semi-quantitative analyses of SNPF were sta-
tistically compared with control samples derived from brains of
larvae fed ad libitum using one-way ANOVA. Significances were
determined with Dunnett’s post hoc test (data from larvae fed
ad libitum were used as experimental controls for comparison).
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FIGURE 1 | Bombyx mori sNPF precursor and MS spectrum of B. mori larval brain. Representative MS spectrum of the B. mori larval brain. A fifth instar B.
mori larval brain was isolated and directly analyzed by MALDI-TOF MS. The B. mori genomic database was used to facilitate identification of ion peaks in the
spectrum.
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RESULTS

sNPF IN THE SILKWORM, BOMBYX MORI

In B. mori, three sSNPFs, sNPF-1, sNPF-2, and sNPF-3, are encoded
by a single cDNA sequence (Yamanaka et al., 2008). Of these three
sNPFs, sNPF-2 and a partial fragment of sNPF-3 were purified
from brain extracts (Yamanaka et al., 2008). To confirm the pres-
ence of sNPFs in the central nervous system (CNS), we performed
direct MALDI-TOF mass spectrometric analyses using the iso-
lated brain of a last instar larva (Figure 1). In total, more than 15
detectable ion peaks were observed. As deduced from the cDNA
sequence encoding the sNPF precursor, ion peaks at m/z 1017.2,
887.2, and 976.1 corresponding to sNPF-1, sNPF-2, and sNPF-3,
respectively, were observed. These data suggest the presence of all
three forms of sNPF in the brain. A database search revealed that
these ion peaks coincided with those of known neuropeptides,
including sNPFs (Figure 1).

RT-PCR ANALYSES OF B. mori sNPFs

We subsequently confirmed the expression sites of the sNPF
precursor transcript in B. mori larvae. Reverse transcription-
polymerase chain reaction (RT-PCR) using specific primers for
the sNPF precursor cDNA sequence revealed that the expression
of sNPFs was observed in the brain and CNS (Figure 2A). To
analyze the detailed location of sSNPF expression, we examined
the expression profile in each ganglion. We found that all ganglia
expressed the sNPF precursor mRNA, even though biased cDNA
amplification was observed (Figure 2B). These RT-PCR data are
consistent with our MS data.

sNPF EXPRESSION DURING DIFFERENT FEEDING STATES

While determining the sNPF precursor expression profile, we
observed clear differences in expression levels. The resulting RT-
PCR products were compared between the tissues of ad libitum

A
Tissues 1 2 3 4 5 6 7 8 9 10 1 12 13
O e O O LY
B .
Ganglion 1 2 3 4 5 6 7 8 9 10 11 12
oo e et o

FIGURE 2 | Reverse transcription-polymerase chain reaction-based
tissue expression profile of the sNPF precursor. (A) Tissues were
isolated from 2-day-old fifth instar larvae: brain (lane 1), central nervous
system (CNS) (lane 2), prothoracic glands (lane 3), silk gland (lane 4),
foregut (lane 5), midgut (lane 6), hindgut (lane 7), Malpighian tubules (lane
8), fat body (lane 9), muscle (lane 10), hemocytes (lane 11), testis (lane 12),
and ovary (lane 13). PCR control consisted of rp49 amplification. (B) RT-PCR
of the sNPF precursor in each ganglion from a fifth instar B. mori larvae.
Brain (lane 1), subesophageal ganglion (lane 2), thoracic ganglia (lanes 3-6),
abdominal ganglia (lanes 7-12).

fed larvae and starved larvae. These results showed similar levels
for the sNPF precursor transcript in the brain and CNS in the
different feeding states (Figure 3A). Furthermore, the transcrip-
tional expression level of the sNPF receptor (sSNPFR, BNGR-A10)
was also analyzed by RT-PCR. The widely distributed expression
sites of the SNPFR were reconfirmed, supporting previous reports
(Yamanaka et al., 2008). Comparison of the transcriptional lev-
els of the sSNPFR between RT-PCR products derived from tissues
of ad libitum fed larvae and starved larvae revealed that starva-
tion reduces sNPFR transcript levels (Figure 3B). The reduced
levels of SNPFR transcript by starvation were confirmed using sev-
eral SNPFR expressing tissues, brain, CNS, midgut, and hindgut
by qRT-PCR (Figure 3C). We observed a significant reduction
in sNPFR expression levels following starvation in all tissues
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FIGURE 3 | Reverse transcription-polymerase chain reaction analyses
of the sNPF precursor and sNPFR (BNGR-A10) in B. mori in ad libitum
fed larvae and starved larvae. Tissues were isolated from 2-day-old fifth
instar larvae: brain (lane 1), central nervous system (CNS) (lane 2), foregut
(lane 3), midgut (anterior, medial, posterior, lanes 4-6), hindgut (lane 7),
Malpighian tubules (lane 8), fat body (lane 9), silk glands (lane 10), testis
(lane 11), ovary (lane 12), and hemocytes (lane 13). RT-PCR analyses were
performed for the sNPF precursor (A) and sNPFR (BNGR-A10) (B). PCR
control consisted of rp49 amplification. (C) gRT-PCR analyses for sSNPFR of
brain, CNS, foregut, and midgut. Black and white bars represent relative
expression levels of SNPFR compared with rp49 in the larvae fed ad libitum
and starved, respectively. N =5, Mean & SEM, *P < 0.05, t-test.
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examined except for the brain, which likewise showed a slight
albeit not significant reduction in sSNPFR.

SEMI-QUANTITATIVE ANALYSES OF sNPFs IN THE BRAIN

We next examined the peptide levels of sNPFs in the brain dur-
ing different feeding states. The amount of brain sNPFs were
semi-quantitatively analyzed by comparing the relative levels of
sNPFs in crude larval brain extracts with an exogenous inter-
nal standard peptide. A byproduct of sSNPF-2 chemical synthesis
was used as an exogenous standard peptide after separation from
sNPF-2 by RP-HPLC. In the resulting spectra, we observed ion
peaks at m/z 1017.2, 887.2, and 976.1 corresponded to sNPF-1,
sNPF-2, and sNPF-3, respectively. Reduced levels of sNPF-1 and
sNPEF-2 were observed in starved larval brains. The levels of sSNPF-
1 and sNPF-2 further decreased with an increase in the starvation
period (Figure 4). A resumption of feeding returned the levels of
brain sNPF-1 and sNPF-2 back to basal levels. It is noteworthy
that sNPF-1 and sNPF-2 were significantly reduced by starvation,
whereas sNPF-3 was not as clearly affected. However, there did
appear to be a similar trend, albeit not statistically significant, in
the reduction sNPF-3 levels, most noticeably after 2 days of star-
vation. The less pronounced reduction in sNPE-3 levels could be
due to a lower ionization efficiency.

The mass spectral profiles (Table 1) obtained while perform-
ing the semi-quantitative analyses of sSNPFs allowed us to examine
the effects of starvation two other significant ion peaks. These ion
peaks correspond to Bommyosuppressin (BMS) at m/z 1229.1 and
allatostatin-4 (AST-4) at m/z 909.1, which have been suggested to
be feeding-related peptides (Audsley and Weaver, 2009; Nagata
etal., 2011b). We found that, similar to sNPF-1 and sNPF-2, AST-
4 levels were reduced by starvation and were recovered following
a resumption of feeding (Figure 5). In contrast, the levels of brain
of BMS did not change significantly.

DISCUSSION

In B. mori, post-translational cleavage of the sSNPF precursor yields
three sNPF forms. In the current study, we examined the presence
and expression profile of these three cleavage products and have
shown that sSNPF mRNA is expressed throughout the CNS with
all three sNPF forms in each B. mori larval ganglion. Since sNPFs
have been linked to the regulation of feeding behavior (Nagata
etal., 2011b; Nassel and Wegener, 2011), the presence of sNPFs in
all ganglia is consistent with a putative role in regulating feeding
behavior in B. mori.

In other insect species, multiple SNPF forms (from one to
five) are present (Nassel and Wegener, 2011). This is consistent
with evidence showing the presence of three sNPFs in B. mori.
For example, based on the deduced amino acid sequence of the
sNPF precursor, the D. melanogaster sSNPF gene appears to encode
four separate sNPF forms (Vanden Broeck, 2001). The presence of
these four sNPFs at the peptide level has been confirmed by direct
mass spectrometry analyses (Predel et al., 2004; Baggerman et al.,
2005; Yew et al., 2009; Carlsson et al., 2010). In the mass spectrum
profiling, trypsin-like enzymatic processing of sNPFs appeared
to generate shorter sNPF-like products (Baggerman et al., 2005;
Wegener et al., 2011), which would suggest that at least six SNPF
isoforms are present in the D. melanogaster larval CNS. In contrast,
as demonstrated in Figure 1, no ion peaks corresponding to sNPF
precursor-derived peptides were observed in the crude B. mori
larval brain extract.

Both our direct mass spectrometry measurements and RT-PCR
analyses of the B. mori CNS indicated that sNPF expression is
localized, if not restricted to, the nervous tissues. However, it has
been reported that, in addition to the CNS, D. melanogaster sNPFs
are also expressed in the midgut (Reiher et al., 2011). In the case
of B. mori, we were unable to detect any ion signals for sNPFs in
the crude extract of the larval midgut nor could we detect SNPF
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FIGURE 4 | Semi-quantitative mass spectrometry analyses of were prepared as described in the Materials and Methods. N =5,
sNPFs. The sNPFs levels were measured by comparing with an Mean + SE. Data were statistically analyzed using a one-way ANOVA
exogenous nonsense peptide. Samples were prepared from 2-day-old with significant differences determined with a post hoc Dunnett's test,
fifth instar larvae. Larvae were starved for 1 and 2 days. Re-fed-larvae *P<0.05.
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precursor mRNA in the midgut via RT-PCR. As sNPFs exert a
number of biological events, including regulating feeding behav-
ior, sNPFs in the midgut might function as enterogastric peptides
in D. melanogaster. Although sNPF expression was not observed
in the B. mori larval midgut, sNPFs secreted from the individual
ganglia could potentially function in all tissues because receptor
expression has been reported to be widespread in B. mori larvae
(Yamanaka etal., 2008). Additionally, antiserum against RF-amide,
which can recognize sNPFs in addition to other RF-amide pep-
tides, indicated that RF-amide peptides are preset in many neurons
(Walker et al., 2009; Nassel and Wegener, 2011). Consequently,
even though sNPFs are not expressed in the midgut of B. mori, it
is possible that they function in gastric control.

Even though sNPFs were initially identified based on cross-
reactivity with an anti-neuropeptide F (NPF) antibody, our knowl-
edge of their functionality remains limited. A number of studies,
however, have proposed possible functions for sNPFs (Nassel and
Wegener, 2011). For example, in D. melanogaster, sNPFs are pro-
duced in numerous small neurons in the brain that are thought to
be associated with locomotor modulation and regulation as well
as other various functions (Hanesch et al., 1989; Strauss, 2002;
Kahsai and Winther, 2011). This possible function supports our
previous data, which showed that the injection of sNPFs into B.
mori larvae influenced the initiation of feeding behavior (Nagata
etal.,2011b). sNPFs sometimes co-express with other peptide hor-
mones in D. melanogaster, such as tachykinin and ion transport
peptides, resulting in a proposal that sSNPFs may regulate hormone
release (De Lange et al., 1997; de Jong-Brink et al., 2001; Kahsai
et al., 2010). In B. mori, sNPFs also appear to negatively act on
the allatotropin producing organ, the corpora allata, such that JH
secretion and biosynthesis are decreased (Yamanaka et al., 2008).

To have a better understanding of how sNPF may function in
B. mori, we estimated the amount of sNPFs at both the transcrip-
tional and peptide levels. The present data indicate that starvation
has no effect on the transcriptional level of sSNPFs (data not shown)

but did reduce the amount of mature sNPF peptides in the brain.
Although the sNPF content of the remaining ganglia was not mea-
sured in this study, we found that the brain sNPF levels changed
significantly in response to starvation (Figure 4). We speculate that
a reduction in brain sNPFs, which likely results from functional
consumption of the peptides, would trigger several biologically
important events in B. mori larvae such as the activation of loco-
motor activity accompanied with other functions. This would
be consistent with the observation that sNPFs drive locomotor
activity in D. melanogaster (Kahsai et al., 2010).

Table 1| lon peaks detected by direct MALDI-TOF MS analyses of fifth
instar B. mori larvae brain.

Observed ion peak Peptide
830.1 n.d
887.2 sNPF-2
899.1 AST-6
909.1 AST-4
928.0 n.d
943.1 AST-5
951.2 AST-3
976.1 sNPF-3
10172 sNPF1
1031.0 n.d
1100.9 PTSP
11270 n.d
1229.1 Bommyosuppressin
1246.1 n.d
1267.0 n.d
1295.1 n.d

SNPF, short neuropeptide F; AST allatostatin; PTST prothoracicostatic hormone,
n.d, not determined.
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FIGURE 5 | Semi-quantitative analyses of allatostatin (AST)-4 and
Bommyosuppressin (BMS). lon peaks corresponding to AST-4 at m/z 909.1
and BMS at m/z 1229.1 were analyzed. Analytical conditions were the same

BMS

relative intensity
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as those for sSNPFs analyses. N =5, Mean 4 SE. Data was statistically
analyzed by one-way ANOVA. Significant differences were determined by the
post hoc Dunnett's test, *P < 0.05.
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Intriguingly, the sNPF receptor transcript levels were reduced
in response to starvation (Figures 3B,C). Furthermore, different
behavioral states were observed after short versus long starva-
tion, with the latter showing much lower levels of locomotor
activity (Wolfgang and Riddiford, 1987; Nagata and Nagasawa,
2006). As sNPFs are possible locomotor modulators (Kahsai
et al., 2010), the reduction in sNPFR levels is consistent with
the fact that larvae starved for longer periods would exhibit
decreased locomotor activity as a means of conserving crucial
energy stores.

Database-assisted transcriptomic analyses revealed that several
GPCRs might be allocated to receptors for RF-amide peptides
in most insect species, including D. melanogaster (Mertens et al.,
2002) and Anopheles gambiae (Hill et al., 2002). In B. mori, there
are three sSNPF receptors, BNGR-A10, BNGR-A11, and BNGR-A7
(data not shown, manuscript in preparation). Interestingly, these
three receptors are expressed in almost all tissues of the larval body,
but exhibit biases in distribution (Yamanaka et al., 2008; unpub-
lished data by our group). This observation suggests that each
receptor has different ligands or different functions in vivo. There-
fore, careful analyses of sSNPF expression levels, in addition to that
of the associated receptors, are required to further develop our
understanding of the mechanisms underlying sNPF-modulated

Finally, as observed in sNPFs, there are a number of similar
cases where several homologous peptides are produced from a
single cDNA, such as AST (Secher et al., 2001) and tachykinin
(Roller et al., 2008). Interestingly, such multiple peptides have sev-
eral different receptors with high similarity (Roller et al., 2008;
Yamanaka et al., 2008). Hence, further information about how
various ligands may be recognized by various receptors requires
further elucidation.

CONCLUSION

In the present study, we monitored sNPF levels in the CNS and
brain of B. mori larvae. The level of sNPFs in the B. mori brain
was influenced by the feeding state of the specimens examined. As
previously proposed, sNPFs may function as possible neuromod-
ulators of locomotion in B. mori larvae. We suggest that one of the
pleiotropic functions of sNPFs is neuromodulatory in nature in
that they potentially drive feeding behavior associated locomotor
activity in response to the animal’s feeding state.
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BACKGROUND ON PBAN

The hormonal regulation of pheromone biosynthesis in moths
was first demonstrated in the heliothine Helicoverpa zea (Raina
et al., 1987) and a peptide isolated shortly thereafter (Raina et al.,
1989). Pheromone biosynthesis activating neuropeptide (PBAN)
was identified as a 33 amino acid C-terminal amidated peptide
from the brain—subesophageal ganglion complex of adult female
moths. Immunohistochemical procedures traced the neuronal
production of PBAN to three groups of neurons in the sube-
sophageal ganglion (Blackburn et al., 1992; Kingan et al., 1992;
Rafaeli and Jurenka, 2003). The gene encoding for PBAN was sub-
sequently identified (Davis et al., 1992; Ma et al., 1994, 1998). In
addition to encoding for PBAN four other neuropeptides could be
produced. One of these had been identified as the diapause hor-
mone that regulates embryonic diapause in the silkworm moth
(Imai et al., 1991). The analysis of mRNA from a number of moth
species now indicates that five peptides could be produced by the
PBAN gene (Choi et al., 2004). Evidence indicates that these pep-
tides could be processed and released into circulation as active
neuropeptides (Ma et al., 1996).

Sequence similarities to the pyrokinins became evident after
it was determined that the minimum activity required was the
last five C-terminal amino acids (Raina and Kempe, 1990, 1992).
Leukopyrokinin was first identified in the cockroach Leucophaea
maderae due to the stimulation of hindgut muscle contraction
(Holman et al., 1986). A variety of PBAN/pyrokinin peptides have
been found in all insects to date based on gene sequence and pep-
tide isolation (Jurenka and Nusawardani, 2011). These peptides
are found in neurons localized to the brain—subesophageal gan-
glion and ganglia of the ventral nerve cord. Most insects possess
another peptide produced by the capa gene. This gene, first iden-
tified in Drosophila melanogaster (Kean et al., 2002), can produce

Both males and females of heliothine moths utilize sexpheromones during the mating
process. Females produce and release a sex pheromone for the long-range attraction of
males for mating. Production of sex pheromone in females is controlled by the peptide
hormone (pheromone biosynthesis activating neuropeptide, PBAN). This review will high-
light what is known about the role PBAN plays in controlling pheromone production in
female moths. Male moths produce compounds associated with a hairpencil structure
associated with the aedaegus that are used as short-range aphrodisiacs during the mat-
ing process. We will discuss the role that PBAN plays in regulating male production of

Keywords: pheromone, PBAN, Heliothis, Helicoverpa, moth

three peptides. Two of the peptides are periviscerokinins that usu-
ally have an FPRVamide C-terminal ending. Periviscerokinins are
involved in a variety of functions including stimulating heart
rate and affecting Malpighian tubule functions. The third pep-
tide, that can be produced by the capa gene, is related to the
diapause hormone because it has a WFGPRLamide C-terminal
ending.

As indicated above the first functions described for
the PBAN/pyrokinin family of peptides was stimulation of
pheromone biosynthesis in female moths and stimulation of
hindgut muscle contraction in cockroaches. Other functions were
soon described for peptides in the family including induction of
embryonic diapause in females and cuticle melanization in larvae
of the silkworm moth, Bombyx mori (Matsumoto et al., 1990; Imai
etal., 1991). Once the peptides were identified it became apparent
that these peptides belong to the same family with cross-reactivity
of function. Subsequently other functions were identified includ-
ing acceleration of puparium formation in higher flies (Zdarek
etal., 1997) and pupal diapause development in heliothine moths
(Sunetal.,2003; Zhang et al., 2004). This list of functions indicates
the pleiotropic nature of the PBAN/pyrokinin family of peptides
across the Insecta. Other functions could potentially be found for
the family because these peptides are found in all insects (Jurenka
and Nusawardani, 2011).

The target tissue for the action of PBAN in adult female moths
is the pheromone gland, which is found as intersegmental tissues
located between the eighth and ninth abdominal segments of the
ovipositor in heliothines (Rafaeli and Jurenka, 2003). Pheromone
biosynthesis can be stimulated by either injecting peptides into
intact female moths or peptides can be incubated with an iso-
lated pheromone gland on saline. The in vitro studies demonstrate
that the PBAN-receptors are located in the epidermal cells of the
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pheromone gland. A biologically active biotinylated-PBAN ana-
log was used to demonstrate specific binding to a protein from
isolated pheromone glands (Rafaeli et al., 2003). Cloning and func-
tional expression of a PBAN-receptor was first reported in H. zea,
the same moth in which PBAN was first identified (Choi et al.,
2003).

PBAN-RECEPTOR

The PBAN-receptor was identified based on sequence similar-
ities with a group of three receptors from D. melanogaster.
After the D. melanogaster genome was sequenced and anno-
tated peptide G-protein coupled receptors (GPCR) were identi-
fied based on sequence alignment with known vertebrate peptide
GPCRs (Hewes and Taghert, 2001). One group of three recep-
tors (CG8784, CG8795, CG9918) had sequence similarities with
the neuromedin U (NmU) receptor from mammals. The ligand,
NmU, has a C-terminal ending of FRPRNamide, which is simi-
lar to the C-terminal ending of PBAN, FSPRLamide. Choi et al.
(2003) demonstrated that the vertebrate NmU peptide stimu-
lated pheromone biosynthesis in female moths indicating cross-
reactivity and receptor activation. The D. melanogaster sequences
were used in a PCR based sequencing approach to obtain the
full-length sequence from pheromone glands of H. zea. The three
receptors from D. melanogaster were also characterized as being
activated by pyrokinins (Park et al., 2002) indicating that all of
these receptors belong to a similar family.

The functional expression of the H. zea PBAN-receptor indi-
cated that PBAN activated the receptor at a half-maximum effec-
tive concentration of 25nM (Choi et al., 2003). Several other
peptides produced by the PBAN-gene were also active at similar
concentrations. Although, concentrations required to stimulate
pheromone biosynthesis in vitro in Helicoverpa armigera showed
that PBAN was active at 0.5 nM and the other peptides at signifi-
cantly higher concentrations (Stern et al., 2007). PBAN-receptors
have been characterized from several moths including B. mori
(Hull et al.,2004), Heliothis virescens (Kim et al., 2008), and Plutella
xylostella (Lee et al., 2011). These studies indicate that PBAN
will activate receptors at concentrations in the low nanomolar
range. Several other PBAN-receptors have been identified based
on sequence homology from other moths including H. armigera
(Rafaeli et al., 2007), Spodoptera exigua (Cheng et al., 2010), and
Spodoptera littoralis (Zheng et al., 2007).

Only one PBAN-receptor sequence was identified from
pheromone glands of H. zea (Choi et al., 2003). However, three
PBAN-receptor sequences were identified from ¢cDNA obtained
from the central nervous system of H. virescens fourth instar
larvae (Kim et al, 2008). All three receptor sequences were
identical except for C-terminal extensions. The N-terminal and
seven-transmembrane domain regions of the H. virescens PBAN-
receptors are about 98.5% identical with the H. zea and H. armigera
receptors. The H. virescens PBAN-receptor subtype C, was iden-
tified in pheromone glands of adult female H. virescens. The
other two were identified from the larval central nervous system
and did not have activity when tested in a calcium mobilization
assay using a heterologous expression system (Kim et al., 2008).
The C-terminal extension of H. virescens PBAN-receptor subtype
C is similar to the C-terminal of the B. mori PBAN-receptor

(Hull et al., 2004). The C-terminal extension in the B. mori
PBAN-receptor is involved in efficient internalization of the recep-
tor after activation (Hull et al., 2004). It is interesting to note
that the PBAN-receptors identified from pheromone glands of
other moths have a shortened C-terminal ending similar to that
of the H. zea PBAN-receptor. Functional significance of a short C-
terminal ending indicates that the receptor could remain active in
the pheromone gland cell membrane for a longer period of time.
Time course studies on induction of pheromone biosynthesis in
isolated pheromone glands indicated that the PBAN-receptor does
remain active for a period of time after stimulation by PBAN (Choi
et al., 2004).

The diapause hormone-receptor (DH-receptor) has high
sequence homology to the PBAN-receptor especially in the trans-
membrane domains (Jurenka and Nusawardani, 2011). In Lepi-
doptera the DH-receptor has only been characterized from B. mori
(Homma et al., 2006). Other insects have a pyrokinin 1-receptor
(PK1-receptor) that is similar to the DH-receptor in sequence
and are activated by DH-like peptides with an FGPRLamide C-
terminal ending. Other insects also have PK2-receptors that are
similar to the PBAN-receptor. A third GPCR is the perivicerokinin-
receptor (PVK-receptor) that is activated by PVKs but not by other
PBAN/pyrokinin-like peptides (Iversen et al., 2002; Park et al,,
2002; Olsen et al., 2007). Phylogenetic relationships of these recep-
tors from insects indicate three groups of receptors that follow a
typical evolutionary origin for orders of insects (Figure 1).

G-protein coupled receptors have a seven-transmembrane
domain motif that appears to be structurally conserved. With the
X-ray crystal structure of rhodopsin, $; and p, adrenergic recep-
tors, and Ay adenosine receptors published, it is possible to con-
struct homology models based on these solved three-dimensional
structures. A detailed model of the H. zea PBAN-receptor was built
using the crystal structure of rhodopsin as a template and in sil-
ico binding studies indicated possible interactions with PBAN as
a ligand (Stern et al., 2007). A putative ligand binding pocket was
indicated in a study utilizing an evolutionary trace approach in
comparing the insect PBAN-receptors (Jurenka and Nusawardani,
2011). The conserved nature of the transmembrane domains and
structural features of the ligand binding pocket for GPCRs allows
the prediction of ligand interactions in a binding pocket of the
PBAN-receptor. A model illustrating a putative H. zea PBAN-
receptor binding pocket is shown in Figure 2. This model will need
to be verified with mutation studies to determine if the specified
amino acids are involved in ligand binding.

Several mutation studies have been conducted to determine
which domains of the PBAN-receptor are involved in ligand recog-
nition and activation. One study utilized chimeras where the
extracellular domains were exchanged sequentially between the H.
zea PBAN-receptor and the D. melanogaster PK1-receptor (Choi
et al., 2007). All extracellular domain chimeras reduced activity
of the chimera receptor when challenged with PBAN. However
the H. zea PBAN-receptor chimera with the third extracellular
loop exchanged had increased activity when challenged with the
diapause hormone. The D. melanogaster PK1-receptor chimera
with the third extracellular loop exchanged had increased activ-
ity when challenged with PBAN. These results indicate that the
third extracellular loop is important for peptide recognition and
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FIGURE 1 | Phylogenetic relationships of the PBAN/PK2-receptor, Helicoverpa armigera; Hzea, Helicoverpa zea; Hvir, Heliothis virescens;
DH/PK1-receptor, and PVK-receptor. Species abbreviations: Aaeg, Msex, Manduca sexta; Nvit, Nasonia vitripennis; Othy, Orgyia thyellina;
Aedes aegypti; Agam, Anopholes gambiae; Agos, Aphis gossypii; Phum, Pediculus humanus; Pxyl, Plutella xylostella, Rpro, Rhodnius
Amel, Apis mellifera; Apis, Acyrthosiphon pisum; Bmor, Bombyx mori; prolixus; Sinv, Solenopsis invictus; Sexi, Spodoptera exigua; Slit,
Cfor, Coptotermes formosanus; Cqui, Culex quinquefasciatus; Dvir, Spodoptera littoralis; Tcas, Tribolium castaneum (Jurenka and
Diabrotica virgifera virgifera; Dmel, Drosophila melanogaster; Harm, Nusawardani, 2011).

could be involved in accepting the correct peptide for binding to a
receptor activation site which is the ligand binding pocket located
in the transmembrane domain area of the receptor. Alanine sub-
stitution mutations made in the third extracellular loop indicate

that specific amino acids could be involved in peptide recogni-
tion (Choi and Jurenka, 2010). Further studies will be required to
validate these models and establish how this family of receptors
recognize specific peptides and activate the receptor.
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PBAN MODE OF ACTION

Pheromone biosynthesis activating neuropeptide activation of the
receptor induces the influx of extracellular calcium and the subse-
quent increase in cytosolic calcium (Jurenka et al., 1991; Jurenka,
1996). In heliothine moths, as in all moth species examined to
date, the presence of calcium in the extracellular medium is a
prerequisite for PBAN action (Rafaeli, 1994; Choi et al., 2004;
Choi and Jurenka, 2006) suggesting that the opening of cation
channels and the concomitant influx of calcium are most likely
conserved features of PBAN activation. In the absence of cal-
cium or the presence of calcium—calmodulin inhibitors such as
W7, pheromonotropic activity is abolished (Rafaeli and Gileadi,
1996a) and, conversely, the pheromonotropic effects of PBAN
can be duplicated with calcium ionophores such as ionomycin,
thapsigargin, and A23187 (Rafaeli and Gileadi, 1996a; Rafaeli and
Jurenka, 2003).

However, unlike the signal transduction pathway determined
for the silkworm B. mori, in the heliothine moths there is evi-
dence that the increase in cystosolic calcium activates a calcium—
calmodulin sensitive adenylate cyclase which in turn promotes the
production of cyclic-AMP (Rafaeli and Soroker, 1989; Soroker and
Rafaeli, 1995; Rafaeli and Gileadi, 1996a). Furthermore, pharma-
cological compounds that affect cyclic-AMP levels such as cyclic-
AMP analogs, isobutyl methyl xanthine (a phosphodiesterase
inhibitor), and forskolin (an adenylate cyclase activator) have been
shown to stimulate downstream events and thereby pheromone
biosynthesis in H. armigera (Rafaeli and Soroker, 1989; Rafaeli,
1994) and H. zea (Jurenka et al., 1991). In addition, in H. armigera
sodium fluoride, a G-protein activator can induce intracellular
cyclic-AMP levels and subsequent downstream events leading to
pheromone production, independent of the ligand PBAN (Rafaeli
and Gileadi, 1996b). As an outcome of the activation of the second

FIGURE 2 | A model of the Helicoverpa zea PBAN-receptor illustrating
amino acids that could be involved in binding PBAN. Reproduced with
permission from Jurenka and Nusawardani (2011).

messengers, kinase, and/or phosphatase is activated, which, in
their turn, stimulate fatty acid biosynthesis in the pheromone
biosynthetic pathway (Figure 3).

What enzyme in the biosynthetic pathway is affected by the sig-
nal cascade brought about through PBAN binding to its receptor?
Demonstration of the enzymatic key regulatory step in the biosyn-
thesis of sex-pheromones primarily relies on following labeled
precursors and intermediates into pheromone molecules in the
absence and presence of PBAN. Thus, if production of a labeled
pheromone component from incorporation of labeled precursor
occurs in the absence of PBAN to the same extent as in its presence
the labeled precursor must be acting downstream of the regula-
tory enzyme and therefore regulation must occur upstream. The
effect of PBAN on the different steps in the biosynthetic pathway
has been investigated in several Lepidopteran species including B.
mori (Arima et al., 1991; Ozawa et al., 1993), Thaumetopoea pity-
ocampa (Arsequell et al., 1990), S. littoralis (Martinez et al., 1990
Fabrias et al., 1994), Manduca sexta (Fang et al., 1995; Tumlin-
son etal, 1997), H. zea (Jurenka et al., 1991), H. armigera (Tsfadia
etal.,2008), and Plodia interpunctella (Tsfadia et al., 2008). Studies
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FIGURE 3 | A diagrammatic representation of sex pheromone
biosynthesis resulting from PBAN release into the hemolymph and its
interaction with the PBAN GPCR in female pheromone glands (PG)
and male hairpencil-aedaegus-complexes of Helicoverpa armigera.
Up-regulation of female components in red and male components in blue.
(Male-complex illustration taken from Bober and Rafaeli, 2010 with
permission). Abbreviations: AC, adenylate cyclase; ACCase, acetyl-CoA
carboxylase; Br, brain; CaM, calcium-calmodulin; cAMP cyclic-AMP; CC,
corpora cardiaca; A11-des, A11 desaturase; FAS, fatty acid synthetase;
GPCR, G-protein coupled receptor; oxi, oxidase; PBAN, pheromone
biosynthesis activating neuropeptide; PK, protein kinase A; red, reductase;
SOG, subesophageal ganglion.
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of this nature have so far indicated that PBAN does not influence
desaturase activity.

Using both stable isotopes and specific enzyme inhibitors the
rate limiting step of PBAN pheromone biosynthesis regulation in
H. armigera was determined (Tsfadia et al., 2008). These studies
showed that only incorporation of labeled acetate is affected by
PBAN and that this incorporation can be inhibited by the acetyl
coenzyme A carboxylase (ACCase) inhibitor, tralkoxydim. Levels
of incorporation of labeled malonyl CoA or palmitic acid (down-
stream of acetate) were unaffected by the presence or absence of
PBAN (Tsfadia et al., 2008). Thus, in H. armigera, the rate limiting
step for PBAN control is regulation of the ACCase which catalyzes
the rate limiting enzyme of fatty acid biosynthesis, prior to the
action of fatty acid synthetase (Figure 3). PBAN is also thought to
influence ACCase activity in Argyrotaenia velutinana (Tang et al.,
1989), P. interpunctella (Tsfadia et al., 2008), and H. zea (Jurenka
etal., 1991). In contrast, in B. mori, T. pityocampa, S. littoralis, and
M. sexta PBAN stimulates a reductase that converts an acyl-CoA
to an alcohol precursor (Arsequell et al., 1990; Martinez et al.,
1990; Ozawa et al., 1993; Fang et al., 1995). In H. virescens a two-
step regulatory role for PBAN was demonstrated (Eltahlawy et al.,
2007). This two-step theory entailed a push (ACCase) and a pull
(acyl-CoA) for the action of PBAN and may explain the contro-
versial hypotheses suggested for identifying the rate limiting steps
controlled by PBAN in the different moth species.

An interesting feature revealed by studies on the mode of PBAN
action is that in those species in which PBAN has been shown
to regulate reductase activity, cyclic-AMP has proven to be inef-
fective as a pheromonotropic agent whereas in those species in
which PBAN regulates ACCase activity, cyclic-:AMP appears to be
involved as a second messenger. Moreover, it is interesting that
different receptor subtypes maybe correlated with the different
downstream intracellular signal cascades that are induced. It is
apparent that at least two subtypes of PBAN-receptors could be
located in pheromone glands: one with calcium signaling cascade
including cyclic-AMP and a shorter C-terminal tail (H. zea, H.
armigera); the other dependent only on calcium having a longer
C-terminal tail (B. mori). Allocating these characteristics may be
too premature until more evidence becomes available as to the
involvement of cyclic-cAMP in the signal transduction of other
PBAN-receptor subtypes. For example, PBAN induces calcium ele-
vations by the P. xyllostella PBAN-receptor, which also has a short
C-terminal tail; however cyclic-AMP levels were not analyzed in
the P. xyllostella study (Lee et al., 2011).

PBAN's INFLUENCE ON MALE PHEROMONAL COMPONENTS
Male pheromone production has been studied in several insect
species. Male insects often possess scent-releasing organs in the
form of hairpencils, coremata, or androconial scales (Birch et al.,
1990). In the Lepidoptera, studies have identified hairpencil secre-
tions produced by several species (Chow et al., 1986; Phelan et al.,
1986; Teal and Tumlinson, 1989; Heath et al., 1992; Thibout et al.,
1994; Huang et al., 1996). The behavioral role of these secretions is
not well understood, but most often these odors have been deemed
important in courtship behavior. In general male pheromones
can be considered to have many possible functions: they can act
as aphrodisiacs to stimulate female receptivity during courtship

(Birch, 1974); they have been reported to induce female calling
(Szentesi et al., 1975), females become immobile allowing copula-
tion; and they have been reported to function as male-to-male
inhibitory compounds, thereby minimizing male-competition
(Hirai et al., 1978; Teal et al., 1984; Teal and Tumlinson, 1989; Wu
etal., 1991; Huang et al., 1996). Odors released by male hairpencils
are important in male acceptance by the female and may play a
role in mate choice and species isolation (Hillier and Vickers, 2004;
Lassance and Lofstedt, 2009). In the European corn borer, Ostrinia
nubilalis, scents released during courtship by males provide critical
information for female acceptance (Lassance and Lofstedt, 2009).
Close-range chemical cues have also been proposed as a trait used
by females to assess male quality (Fisner and Meinwald, 1995).

In species of Lepidoptera belonging to the Arctiidae and
Danaidae, scent gland composition is related to host plant con-
sumption and sequestration of compounds during the larval and
adult stages (Birch and Hefetz, 1987). However, in other moth
species, as in the heliothine moths, these male odors are derived
from the fatty acid biosynthetic pathway, and as such are similar
to the female sex-pheromone blends (Teal and Tumlinson, 1989;
Huang et al., 1996). In O. nubilalis the male chemical signal is
also analogous to the female signal in that structurally similar
compounds are being used by both sexes and are governed by
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the same genes encoding biosynthetic enzymes (Lassance and
Lofstedt, 2009).

Pheromone biosynthesis activating neuropeptide was originally
isolated from female H. zea suboesophageal ganglia and its distri-
bution in the female nervous system was studied using ELISA
(Kingan et al., 1992) however the gene transcript was shown to
be present in both the male and female central nervous system
(Ma et al., 1998). Using an immunoassay, PBAN was also found
in both female and male H. armigera central nervous systems and
throughout the photoperiod (Figure 4; Hirsch, 1991; Rafaeli et al.,
1993).

The function of PBAN in the males, however, has been a mys-
tery since its discovery but its presence has been speculated to
have other functional significances particularly in light of the
pleiotropic action of PBAN and PBAN-like peptides in other
insects. However, a recent temporal differential expression study
of the PBAN-R revealed the presence of gene transcripts in both
the male-complexes (hairpencil-aedaegus complex) and female
pheromone glands of two moth species, H. armigera and B. mori
(Bober et al., 2010) with levels dependent on the age of the adults
and up-regulated on or just before eclosion. Whilst the presence
of PBAN in males can be understood in terms of the ubiqui-
tous characteristic of this peptide family, the presence, as well as
the transcriptional regulation of its receptor in the male-complex

called for a re-examination of a possible function for PBAN and
its receptor in this tissue.

As discussed above, and, since fatty acid-derived pheromonal
compounds were identified in male-complexes of several moth
species including heliothine moths, we aimed to determine
whether PBAN plays a role in the regulation of the biosynthesis
of these compounds in male H. armigera. We utilized both phys-
iological bioassays and RNA interference (RNAi) technology to
identify several male pheromone components that are responsive
to PBAN stimulation and to photoperiod, and are also significantly
affected by silencing of the PBAN-R (Bober and Rafaeli, 2010).
We hypothesized that these components are key in the chemi-
cal communication between females and males during copulation
(Figure 4). It remains to be demonstrated that those PBAN up-
regulated male produced compounds are indeed responsible for
a successful mating encounter by either arresting females for
copulation, increasing their receptivity, or deterring co-specific
males from competing.
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Species-specific sex pheromones released by female moths to attract conspecific male
moths are synthesized de novo in the pheromone gland (PG) via fatty acid synthesis (FAS).
Biosynthesis of moth sex pheromones is usually regulated by a neurohormone termed
pheromone biosynthesis activating neuropeptide (PBAN), a 33-aa peptide that originates
in the subesophageal ganglion. In the silkkmoth, Bombyx mori, cytoplasmic lipid droplets
(LDs), which store the sex pheromone (bombykol) precursor fatty acid, accumulate in PG
cells prior to eclosion. PBAN activation of the PBAN receptor stimulates lipolysis of the
stored LD triacylglycerols (TAGs) resulting in release of the bombykol precursor for final
modification. While we have previously characterized a number of molecules involved in
bombykol biosynthesis, little is known about the mechanisms of PBAN signaling that reg-
ulate the TAG lipolysis in PG cells. In the current study, we sought to further identify genes
involved in bombykol biosynthesis as well as PBAN signaling, by using a subset of 312
expressed-sequence tag (EST) clones that are in either our B. mori PG cDNA library or
the public B. mori EST databases, SilkBase and CYBERGATE, and which are preferentially
expressed in the PG. Using RT-PCR expression analysis and an RNAI screening approach,
we have identified another eight EST clones involved in bombykol biosynthesis. Further
more, we have determined the functional role of a clone designated BmACP that encodes
B. mori acyl carrier protein (ACP). Our results indicate that BmACP plays an essential role
in the biosynthesis of the bombykol precursor fatty acid via the canonical FAS pathway

during pheromonogenesis.

Keywords: bombykol, Bombyx mori, lipid droplet, triacylglycerol, acyl carrier protein

INTRODUCTION

In most moth species, sex pheromone biosynthesis is regulated
by the pheromone biosynthesis activating neuropeptide (PBAN),
a neurohormone consisting of 33 amino acid peptide that origi-
nates in the subesophageal ganglion and that is characterized by
the core C-terminal FSPRLamide sequence. Initially purified and
sequenced from the corn earworm, Helicoverpa zea (Raina et al.,
1989) and the silkmoth, B. mori (Kitamura et al., 1989), PBAN
has since been identified in numerous other lepidopteran species
(Rafaeli and Jurenka, 2003). In most species including B. mori,
PBAN is released into the hemolymph during a species-specific
period after adult emergence and acts on the pheromone gland
(PG) to trigger the production and release of species-specific sex
pheromones (Rafaeli, 2002, 2009). The PG is a functionally dif-
ferentiated organ in close proximity to the terminal abdominal
tip which originates in the intersegmental membrane between
the eighth and ninth abdominal segments (Percy and Weath-
erston, 1974; Fonagy et al., 2000; Matsumoto et al., 2007). In
the silkmoth, Bombyx mori, the sex pheromone, bombykol (E,
Z-10, 12-hexadecadien-1-ol), is synthesized de novo within PG
cells from acetyl-CoA via conventional long chain fatty acid syn-
thesis (FAS; Bjostad et al., 1987; Jurenka, 2003). The straight

chain fatty acyl intermediate, palmitate, is converted stepwise to
bombykol by the actions of a bifunctional Z11-10/12 fatty acyl
desaturase, Bmpgdesatl, and a PG-specific fatty acyl reductase,
pgFAR (Moto et al., 2003, 2004; Ohnishi et al., 2006). On the
day before adult emergence, B. mori PG cells rapidly accumulate
numerous lipid droplets (LDs) within the cytoplasm (Fonagy et al.,
2001). These LDs play an essential role in bombykol biosynthesis
by acting as a reservoir for the de novo synthesized bombykol pre-
cursor, 10,12-hexadecadienoate, which is deposited in the LDs in
the form of triacylglycerols (TAGs) with the precursor predomi-
nantly sequestered at the sn-1 and sn-3 positions of the glycerides
(Matsumoto et al., 2002). After adult emergence, the stored fatty
acid is cleaved and converted to bombykol in response to PBAN
stimulation (Matsumoto et al., 2007, 2010).

To identify functional proteins involved in bombykol biosyn-
thesis, we generated a PG expressed-sequence tag (EST) database
by constructing a normalized PG ¢cDNA library prepared from
newly emerged female B. mori moths of the inbred p50 strain
(Yoshiga et al., 2000). We next screened in silico for PG-specific
genes, using our own database as well as the public B. mori EST
databases (SilkBase and CYBERGATE). Of the approximate 11,000
independent EST clones, we identified a number of clones that are
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predominantly or specifically expressed in the B. mori PG. Apart
from this type of approach, we also established a method of RNAi-
mediated in vivo gene silencing in B. mori (Ohnishi et al., 2006).
Using this methodological tool, we have characterized a number
of genes that are specifically or predominantly expressed in the
B. mori PG during pheromonogenesis. These genes, which are
up-regulated on the day prior to adult emergence (i.e., pgFAR,
Bmpgdesatl, pgACBP, mgACBP, PBANR, BmFATP, and BmLsdl),
play critical roles in bombykol production triggered by the exter-
nal PBAN signal (Matsumoto et al., 2001; Moto et al., 2003, 2004;
Hull et al., 2004; Ohnishi et al., 2006, 2009, 2011). In the current
study, we describe the further identification of eight EST clones
involved in bombykol biosynthesis using similar methodologies.
Among these clones, we have also determined the functional role of
a clone (NRPG0659) that encodes the B. mori acyl carrier protein
(BmACP) critical for bombykol biosynthesis.

MATERIALS AND METHODS

INSECTS

Larvae of the inbred p50 strain of B. mori, originally provided by
T. Shimada of the University of Tokyo, were reared on an artificial
diet and maintained under a 16L:8D photoperiod at 25°C (Fénagy
et al., 1992). Pupal age was determined based on morphological
characteristics as described (Matsumoto et al., 2002).

RAPID AMPLIFYING cDNA ENDS (RACE)

Messenger RNA was isolated from about 100 g of PG total
RNA by using a Micro-Fast Track kit (Invitrogen). RACE was
performed using a GeneRacer kit (Invitrogen) according to the
manufacturer’s instructions. Computer-assisted sequence analy-
ses were performed using GENETYX-MAC Ver.15.0.5 (Software
Development Co., Tokyo, Japan).

RT-PCR ANALYSIS

Pheromone glands and other tissues were dissected into insect
Ringer’s solution [35 mM NaCl, 36 mM KCl, 12 mM CaCl,, 16 mM
MgCl,, 274 mM glucose, and 5mM Tris (pH 7.5)] and mechan-
ically trimmed as described (Ozawa and Matsumoto, 1996).
Total RNA was isolated from the trimmed PGs by the method
of Chomczynski and Sacchi (1987). First-strand cDNA synthe-
sis was performed with 500 ng total RNA using an RNA PCR
kit (Takara Bio, Otsu, Japan) according to the manufacturer’s
instructions. Fragments of BmACP and Actin were amplified
using a specific oligonucleotide primer set designed from the
published sequence [for BmACP, NRPG0659-F (sense primer): 5'-
GCACAATTAAAGCCGCTGTC-3" and NRPG0659-R (antisense
primer): 5-ATGTCTTTTGGTCTGACCAG-3'; for Actin, Actin-F
(sense primer): 5'-AGATGACCCAGATCATGTTTG-3’ and Actin-
R (antisense primer): 5'-GAGATCCACATCTGCTGGAAG-3).
PCR was performed using thermacycler conditions consisting of
30 cycles at 94°C for 30s, 55°C for 30s, and 72°C for 60s. PCR
products (5uL) were electrophoresed on a 1.5% agarose gel in
Tris—acetate—EDTA buffer and stained with ethidium bromide.

SYNTHESIS AND INJECTION OF DOUBLE-STRANDED RNA (dsRNA)
Templates for the synthesis of dsRNAs corresponding to
BmACP were prepared using gene specific primers containing

T7 polymerase sites [NRPG0659-T7-F (sense primer): 5-C
CGGATCCTAATACGACTCACTATAGGGCGGCACAATTAA-3,
NRPG0659-T7-R (antisense primer): 5 -CCGGATCCTAATACGA
CTCACTATAGGGCGCCAATACATTGC-3'; nucleotide sequences
corresponding to the T7 promoter region are underlined]. PCR
was performed using thermacycler conditions consisting of six
cycles at 94°C for 305, 56.5°C for 305, 68°C for 90's followed by
30 cycles at 94°C for 305, 66°C for 30, 68°C for 90 s using KOD-
Plus — (Toyobo, Osaka, Japan) with the resulting products purified
(Wizard SV Gel and PCR Clean-Up kit, Promega) and used as tem-
plates to generate dsRNAs using the AmpliScribe™T7 High Yield
Transcription kit (Epicentre Technologies, Madison, W1, USA)
according to the manufacturer’s instructions. After synthesis, the
dsRNAs were diluted with diethyl pyrocarbonate (DEPC) — treated
H,O, the RNA concentrations measured (Abs;eg), and the prod-
ucts analyzed by gel electrophoresis to confirm annealing. Samples
were diluted to the desired concentration (final volume 2 LL) and
injected into 1-day-old pupae (i.e., pupae 1 day removed from the
larval-pupal molt) using a 10 wL microsyringe (Hamilton, USA)
as described (Ohnishi et al., 2006; Hull et al., 2009, 2010). Control
pupae were injected with 2 wuL DEPC-treated H,O alone. After
injection, pupae were maintained under normal conditions until
adult emergence.

IN VIVO BOMBYKOL ANALYSIS

Adult females were decapitated within 3 h of emergence and main-
tained at 25°C for 24 h. They were then injected with either 2 L
(2.5pmol/nL) B. mori PBAN in PBS or PBS alone. Abdominal
tips were dissected 90 min after injection and bombykol produc-
tion was measured by HPLC as described (Matsumoto et al., 1990)
using a Senshu-Pak NO;, column [Senshu Scientific Co., Tokyo,
Japan; 4.6 mm inner diameter x 150 mm, pore size, 100 A)].

MICROSCOPIC EXAMINATION OF CYTOPLASMIC LDs

PGs were dissected and mechanically trimmed from normal,
decapitated, and RNAi-treated females. The excised glands were
fixed with a 4% formalin/PBS solution and stained with Nile
Red (a fluorescent probe for intracellular neutral lipids; Molecular
Probes, Eugene, OR, USA) as described (Fonagy et al., 2001). Flu-
orescence microscopy was performed with an OLYMPUS BX-60
system equipped with a PM-30 exposure unit and a BH20-RFL-
T3 light source (400 x magnification). Nile Red imaging was done
with a 330-385 nm band pass excitation filter, a 400 nm dichroic
mirror, and a 420 nm long pass barrier filter (Olympus cube WU).
Images were processed and merged using Photoshop CS (Adobe
Systems).

ANALYSIS OF LD TRIACYLGLYCEROLS

Lipid droplets TAGs were analyzed as described previously (Mat-
sumoto et al., 2002). Five trimmed PGs were prepared from
the desired stages of female moths and dipped in 100 nL ace-
tone for 10 min at room temperature. The dried acetone extracts
were dissolved in n-hexane and loaded on either a Senshu-Pak
PEGASIL-Silica 120-5 column (Senshu Scientific Co.; 4.6 mm
inner diameter x 250 mm, pore size, 120 A) equilibrated with
n-hexane/acetic acid (99/1) or a SSC—-C,, docosil column (Sen-
shu Scientific Co.; 4.6 mm inner diameter X 250 mm, pore size,
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120 A) equilibrated with acetonitrile/ethanol (6/4). Because vari-
ous TAG components comprise the cytoplasmic LDs, the entire
TAG fraction was separated and detected using an evapora-
tive light scattering detector (ELSD; SEDEX model 75, Sedere,
France). Fatty acyl groups in the TAGs were identified by fast
atom bombardment mass spectrometry (FAB-MS) and tandem
MS (MS/MS) analyses using a JMS HX/HX-110A tandem mass
spectrometer (JEOL, Tokyo, Japan) as described (Matsumoto et al.,
2002).

RESULTS

EXPRESSION ANALYSIS OF B. MORI EST CLONES USING RT-PCR

To identify proteins functionally involved in bombykol biosynthe-
sis, we selected 88 PG-specific genes in silico from approximately
11,000 independent clones in our PG EST database and/or the
public B. mori EST databases. To examine the in vivo expres-
sion patterns of the 88 gene transcripts, we performed RT-
PCR analysis using various tissues including PG, which were
prepared from B. mori females (p50 strain) before and after
eclosion. The results indicated that 26 clones were specifically
expressed in the PG and/or up-regulated the day prior to eclosion

(Table 1), suggesting potential functional roles for these genes in
pheromonogenesis.

RNAi SCREENING FOR GENES INVOLVED IN B. MORI
PHEROMONOGENESIS

We previously established a method of RNAi-mediated in vivo
gene silencing in B. mori (Ohnishi et al., 2006). To confirm the
in vivo function of the 26 genes described above, we performed
dsRNA-mediated RNAi knockdown of these target genes and
examined their inhibitory effect on bombykol production. Com-
pared to control pupae injected with DEPC-treated H, O, 1-day-
old p50 female pupa injected with 10 pug dsRNA corresponding
to the respective genes resulted in a significant reduction in bom-
bykol production for 8 of the 26 genes (NRPG0074, NRPG0604,
NRPG0659, NRPG0660, NRPG0873, NRPG0891, NRPG1860, and
NRPG1885; Figure 1). Because no decrease in bombykol pro-
duction was observed in control pupae injected with dsRNAs
for unrelated proteins including enhanced green fluorescent pro-
tein (EGFP), these findings suggest that disruption of bombykol
production results from specific knockdown of the target gene
sequences (Figure 1). These eight EST clones include two clones

Table 1 | Expressed-sequence tag clones identified in the Bombyx mori pheromone gland.

EST clone name GenBank homolog description Accession no." E-value? PG expression® Up-regulation®
NRPG0023 Triacylglycerol lipase (Bombyx mori) DQ311322 5.00E-94  + +
NRPG0034 Aldehyde dehydrogenase (Bombyx mori) DQ311433 1.00E-100 + +
NRPG0074 Chemosensory protein (Bombyx mori) DQ855507 2.00E-66 + +
NRPG0098 Scavenger receptor cysteine-rich protein (Culex pungens) DS232623 1.00E-13 + +
NRPG0203 B-cell receptorassociated protein 31 (Acromyrmex echinatior)  GL888216 2.00E-10 +

NRPG0204 ABC transporter (Aedes aegypti) EAT43031 8.00E-43  + +
NRPG0293 No homolog +

NRPG0414 No homolog +
NRPG0476 No homolog + +
NRPG0604 Glycerophosphoryl diester phosphodiesterase (Bombyx mori)  AB115083 3.00E-96  + +
NRPG0640 Serine protease (Aedes aegypti) CH477825 3.00E-4 + +
NRPG0659 Acyl carrier protein (Bombyx mori) DQ443383 8.00E-76 +
NRPG0660 Cuticle protein (Bombyx mori) BR000649 3.00E-98 + +
NRPG0733 Arylsulfatase (Culex quinquefasciatus) DS232119 2.00E-65 + +
NRPG0825 No homolog + +
NRPG0857 Yellow protein (Bombyx mori) DQ358081 1.00E-114  + +
NRPG0873 Glucose dehydrogenase (Aedes aegypti) EAT44639 4.00E-35 + +
NRPG0891 Perilipin (Bombyx mori) DQ311207 1.00E-110 + +
NRPG1106 Aldehyde oxidase (Bombyx mori) EU073423 1.00E-127 + +
NRPG1147 VLC acyl-CoA synthetase (Drosophila melanogaster) AY118315 6.00E-64  + +
NRPG1187 Lipase 3 (Drosophila melanogaster) CAA74737 4.00E-22 + +
NRPG1431 No homolog +

NRPG1860 Fatty acid transport protein (Bombyx mori) AB451529 1.00E-115  + +
NRPG1885 Lipase (Aedes aegypti) EAT48716 2.00E-17 + +
fpheP04_F_A15 Alcohol dehydrogenase (Bombyx mori) DQ512730 4.00E-23 +
fpheP07_F_F10 BmorCPR53 cuticle protein (Bombyx mori) BR000544 3.00E-68 +

" Accession number of the GenBank homolog.

2E-value for the comparison of the EST sequence information and the GenBank homolog (BLASTX).

°+ Indicates a gene that is predominantly expressed in the PG.
“+ Indicates a gene that is up-regulated from the day prior to eclosion in the PG.
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FIGURE 2 | cDNA and deduced amino acid sequence of BmACP.

848

that encode BmLsd1 and BmFATP (NRPG0891 and NRPG1860),
which we have recently characterized functionally associated with
LD dynamics during B. mori pheromonogenesis (Ohnishi et al.,
2009, 2011). From this group, five of the genes (NRPG0604,
NRPG0659, NRPG0891, NRPG1860, and NRPG1885) are pre-
dicted to encode proteins involved in lipid metabolism (Table 1),
which is consistent with a role in bombykol biosynthesis. The roles
of the other three genes, which encode a chemosensory protein

(NRPG0074), a cuticle protein (NRPG0660), and a glucose dehy-
drogenase (NRPG0873), in bombykol biosynthesis have yet to be
identified.

CHARACTERIZATION OF NRPG0659

Our RNAi-mediated gene silencing screen suggested the involve-
ment of NRPGO0659 in bombykol production (Figure 1).
NRPGO0659 is predicted to encode an acyl carrier protein (Table 1),
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FIGURE 3 | Multiple sequence alignment of BmACP and related proteins.
The predicted protein sequence of BmACP is compared with those of the
Aedes aegypti, Anopheles gambiae, Drosophila melanogaster, and Mus
musculus proteins (GenBank accession numbers: DQ443383, EAT36207,
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EAA07190, ADB57059, AAH92379). Numbering of each sequence begins at
the predicted initiator methionine. Amino acid residues identical to the B. mori
sequence are highlighted in black. The asterisk (%) indicates the prosthetic
group attachment site (Ser).

which is known to be a universal and highly conserved carrier
of acyl intermediates during FAS (Byers and Gong, 2007). Con-
sequently, we sought to characterize the functional role of the
BmACP expressed in the PG. Structural analysis using both 3'-
and 5-RACE confirmed that BmACP is comprised of a 848-
nt ORF encoding a 153-aa protein flanked by a 85-nt 5-UTR
and a 304-nt 3’-UTR (Figure 2). Comparison of the BmACP
sequence with sequences from other organisms revealed high
similarities with the Aedes aegypti ACP, Anopheles gambiae ACP,
Drosophila melanogaster ACP, and Mus musculus ACP (59, 59,
54, and 54% similarity, respectively; Figure 3). These ACPs
including BmACP are characterized by a highly conserved C-
terminal domain sequence that contains a conserved serine residue
necessary for interacting with acyl proteins (Figure 3; Byers and
Gong, 2007). While RT-PCR analysis revealed that BmACP is
ubiquitously expressed in adult tissues (Figure 4A), it under-
goes up-regulation 1day prior to adult emergence in the PG
(Figure 4B). This up-regulation profile is reminiscent of PG pro-
teins crucial to bombykol biosynthesis (Matsumoto et al., 2001;
Moto et al., 2003, 2004; Hull et al., 2004; Ohnishi et al., 2006, 2009,
2011).

IN VIVO EFFECT OF RNAi-MEDIATED BmACP KNOCKDOWN ON
BOMBYKOL PRODUCTION

To confirm the in vivo function of BmACP, we returned to dsRNA-
mediated RNAi knockdown and examined the effect on transcript
levels. When we injected 10 g BmACP dsRNA into newly emerged
adult p50 females, BmACP mRNA levels 2 days after injection in
the PG were selectively reduced compared to those in other tissues
as well as control females injected with DEPC-treated H,O alone
(Figure 5A). Although the reason for the PG-selective knockdown
of BmACP is presently unknown, a similar PG-selective decrease in
transcript levels was observed following knockdown of BmFATP
and BmLsd1 (Ohnishi et al., 2009, 2011). Because BmACP dsRNA
injections had no effect on pupal development or adult emer-
gence, we next injected varying concentrations (1, 5, and 10 pg)
of BmACP dsRNA into newly emerged female moths. A dose-
dependent reduction in bombykol production was observed with
1, 5, and 10 g dsRNA injections resulting in bombykol levels
73, 63, and 59% of the control level, respectively (Figure 5B).
To confirm the knockdown effect by BmACP, we also examined
other dsRNAs corresponding to non-overlapping 5 and 3’ regions

PG Br FM Eg MT FB Mg

BmACP

Actin

BmACP

Actin

I
w

I
(=
<
+
[
+
(%]

FIGURE 4 | (A) Expression profile of BmACP in adult female tissues. Adult
tissues were dissected from newly emerged (day 0) p50 female moths: PG,
pheromone gland; Br, brain; FM, flight muscle; Eg, unfertilized egg; MT,
Malpighian tubule; FB, fat body; Mg, midgut. (B) Developmental expression
profile of BmACP in the PG. PGs were dissected from p50 pupae at 3 days
(—3) and 1 day (—1) before eclosion, and from p50 adults at 0 day (0), 1 day
(+1), and 2 days (+2) after eclosion. cDNAs were normalized to actin
expression levels.

of BmACP; these dsRNAs had a similar knockdown effect on
bombykol production (data not shown).

IN VIVO EFFECT OF RNAi-MEDIATED BmACP KNOCKDOWN ON
CYTOPLASMIC LD DYNAMICS

We further examined the knockdown effect of BmACP on LD
dynamics during pheromonogenesis (Figure 6). The most obvi-
ous characteristic feature of PG cells is the abundance of LDs
within the cytoplasm (Fénagy et al., 2000, 2001). The role of the
LDs in bombykol biosynthesis is to store the bombykol precur-
sor fatty acid in the form of TAGs and release it in response
to the external signal of PBAN (Matsumoto et al., 2002). To
monitor the LD dynamics during pheromonogenesis, we have pre-
viously stained the LDs with the fluorescent lipid marker, Nile
Red, and found that they appear 1-2 days before eclosion, rapidly
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FIGURE 5 | Effect of RNAi treatment on in vivo bombykol production.
(A) RNAi-induced suppression of BmACP transcripts. RT-PCR was
performed using cDNAs generated from total RNA prepared from pupae
injected with 0 g (=) or 5ug (+) dsRNAs for BmACP. Tissues were
dissected from newly emerged (day 0) p50 female moths: PG, pheromone
gland; Br, brain; FM, flight muscle; Eg, unfertilized egg; MT, Malpighian
tubule; FB, fat body; Mg, midgut. (B) Effect of RNAI treatment on in vivo
bombykol production. Newly emerged female moths were injected with 1,
5, and 10 ug dsRNA for BmACP. Results are expressed relative to the mean
value for bombykol levels in non-RNAi-treated females following injection
with 5 pmol PBAN (**p <0.01; ***p < 0.001). Bars represent mean
values &+ SD from independent experimental animals (n=> 12).

accumulate on the day of eclosion, and decrease in size and num-
ber after eclosion in response to PBAN (Fonagy et al., 2001). In
RNAi-untreated controls, female moths accumulated numerous
large LDs in the PG cell, which underwent a striking reduction
following PBAN-induced LD lipolysis (Figure 6A,a,b, also see
Ohnishi et al., 2009, 2011). In contrast, PGs of female moths
treated with BmACP dsRNA accumulated noticeably smaller LDs
(Figure 6A,a,c). Because these LDs store the bombykol precur-
sor in the form of TAGs (14), we further examined the effects of
BmACP knockdown on the fluctuation of total TAGs. Following
extraction with acetone from dissected PGs, total TAG levels were
measured by normal-phase HPLC on a PEGASIL-Silica column
(Matsumoto et al., 1990). In BmACP knocked-down PGs, PBAN-
induced TAG lipolysis was comparable to that of the non-RNAi-
treated control (Figure 6B,b,d). In contrast, accumulation of TAG
content was significantly reduced (38%) in BmACP-knockdown
PGs compared to the RNAi-untreated control (Figure 6B,a,c).
Taken together, these results indicate that BmACP is integral to

Control

BmACP
knockdown

B -PBAN

+PBAN

(mV)
10001

500 500

0 L— 0 —J_L

L 1 1 L 1 e |
10 20 0 10 20 (min)

1000f 1000}

BmACP
knockdown 500 500f

0 L 0_—Xn}LL

10 20 0 10 20 (min)

S

FIGURE 6 | Effect of RNAi-mediated knockdown of BmACP on in vivo
LD dynamics. (A) Effect of RNAI treatment on cytoplasmic LD dynamics.
PGs were dissected from 1-day-old decapitated female moths previously
injected with either DEPC-treated H,O (control) or 10 ug BmACP dsRNA
(BmACP knockdown) shortly after pupation. After eclosion, females were
decapitated within 3h of emergence, maintained at 25°C for 24 h, and then
injected with PBS alone (—PBAN) or 5 pmol B. mori PBAN (+PBAN). PBAN
was injected three times at 3-h intervals. Cytoplasmic LDs were stained
with the fluorescent lipid marker, Nile Red. Magnifications, 400x. (B) Effect
of RNAI treatment on total TAG contents of the cytoplasmic LDs.
One-day-old pupae were injected with DEPC-treated H,O (control) or 10 g
BmACP dsRNA (BmACP knockdown). After eclosion, females were
decapitated within 3h of emergence, maintained at 25°C for 24 h, and then
injected with PBS alone (—PBAN) or 5 pmol of B. mori PBAN (+PBAN).
PBAN was injected three times at 3-h intervals. Five PGs were extracted
with acetone 90 min after PBAN injection, and the extract was subjected to
HPLC on a PEGASIL:Silica column (Matsumoto et al., 2002). The relevant
TAG fractions are underlined in red; TAGs were detected using an
evaporative light scattering detector (ELSD).

the bombykol biosynthetic pathway in that it plays an essential
role in accumulating the bombykol precursor for TAG storage in
the cytoplasmic LDs before eclosion.

IN VIVO EFFECT OF RNAi-MEDIATED BmACP KNOCKDOWN ON DE
NOVO SYNTHESIS OF THE BOMBYKOL PRECURSOR

The TAGs that compose cytoplasmic LDs in the PGs comprise
various TAG species in which the bombykol precursor is predom-
inantly sequestered at the sn-1 and/or sn-3 position as a major
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fatty acyl component (Matsumoto et al., 2002). Consequently, we
sought to assess the effects of BmACP silencing on de novo synthe-
sis of the bombykol precursor via the conventional FAS pathway. In
agreement with our previous results (Matsumoto et al., 2002) and
Figure 7, overall TAG contents in PGs of both control and RNAi-
treated moths were dramatically reduced in response to PBAN
(Figures 6B and 7). In addition, the total amount of TAGs in
RNAi-treated PGs was again reduced ~34% compared to that of

the non-RNAi-treated PGs (Figures 7A,C). Furthermore, there
was a significant difference in the TAG elution profiles between
non-RNAi-treated and RNAi-treated PGs before PBAN injection;
silencing BmACP brought about a striking reduction in specific
TAG peaks (see peaks 1, 1a, 2, 3 in Figure 7). MS analysis indicated
that the TAG species eluted in these peaks are mainly comprised
of the bombykol precursor fatty acid (Table 2; Matsumoto et al.,
2002).

-PBAN +PBAN
a b
(mV) (mV)
500 500F
Control
250 250+
4
0 ol L
0 25 (min)
[ d
(mV) 5 (mV)
500 < 500F
BmACP
knockdown 250 - 250+
6a ol b 3 Y s .

FIGURE 7 | Separation of PG-derived TAG components. PG cells were
dissected from 1-day-old decapitated female moths previously injected
with either DEPC-treated H,O (control) or 10 ng BmACP dsRNA (BmACP
knockdown) shortly after pupation. After eclosion, females were
decapitated within 3h of emergence, maintained at 25°C for 24 h, and
then injected with PBS alone (—PBAN) or 5 pmol B. mori PBAN (+PBAN).

(min) 0 25

(min)

PBAN was injected three times at 3-h intervals. Five PGs were extracted
with acetone 90 min after PBAN injection and the extracts were subjected
to HPLC on a C,, docosil column (Matsumoto et al., 2002). Peaks were
detected by ELSD and the fatty acyl composition of the TAG peaks was
identified by FAB-MS and MS-MS analyses as described previously
(Matsumoto et al., 2002).

Table 2 | Comparison of peak areas in Figures 7A,C.

Control (a) BmACP knockdown (¢)  Ratio (%)

Peak? Avg. peak area (AU) SD  Avg. peak area (AU) SD B/A x 100  Student’s t-test?  Fatty acyl compositions?

1 143+8 50+6 35.0 xxx (C16:2, C16:2, C16:2)

1a 134+3 57+ 1 42.2 *xx (C16:2, C16:2, C18:3)

2 211 +12 118+21 55.6 *xx (C16:2, C18:2, C16:2)

2a 941 4+ 166 678+ 155 72.0 * (C16:1, C18:3, C18:3) and (C16:2, C18:2, C18:3)

3 1,622 +204 492 + 62 30.3 *xx (C16:2, C18:1, C16:2)

3a 2,022+ 318 1,691 +£270 80.1 * (C16:2, C18:1, C18:3)

4 2,169 + 296 1,550 +329 71.5 ** (C16:2, C18:1, C16:1) and/or (C16:1, C18:1, C16:2)

4a 1,831+318 1,333+ 270 72.8 * (C16:1, C18:1, C18:3), (C16:1, C18:2, C18:2), and
(C16:2, C18:1, C18:2)

5 2,140 £ 248 1,638 £399 76.5 * (C16:2, C18:1, C18:1) and/or (C18:1, C18:1, C16:2)

ba 689 +67 595+ 116 86.4 NS (C18:1, C18:1, C18:3) and (C18:1, C18:2, C18:2)

6 624 +72 552 +42 88.5 NS (C16:1, C18:1, C18:1) and/or (C18:1, C18:1, C16:1)

6a 301 +£49 221445 73.3 NS (C18:1, C18:1, C18:2)

C16:1, A11-hexadecenoate; C16:2, A 10,12-hexadecadienoate; C18:1, A9-octadecenoate; C18:2, A9, 12-octadecadienoate; C18:3, A9, 12, 15-octadecatrienoate.

NS, not significant.

aStatistical analysis of avg. peak area control samples vs. BmACP knockdown samples performed using Student’s t-test (n=5).
bFatty acyl compositions of the TG(s) in each peak were identified with Fast Atom Bombardment MS and MS-MS analyses (Matsumoto et al., 2002).

*0< 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 8 | Schematic diagram of the proposed bombykol biosynthetic
pathway. Eight EST clones involved in bombykol biosynthesis are indicated in
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DISCUSSION

We have developed a method to facilitate identification of the genes
involved in bombykol biosynthesis, using RT-PCR expression
analysis and RNAi-mediated in vivo gene silencing in conjunc-
tion with EST databases. In the current study, we identified eight
EST clones that likely encode various proteins that play a role in
bombykol production (Table 1; Figure 1). These eight EST clones
include two clones that encode BmFATP and BmLsd1 (NRPG1860
and NRPG0891), two proteins that we have recently identified
and shown to be functionally associated with LD dynamics during
B. mori pheromonogenesis (Ohnishi et al., 2009, 2011). We have
reported that BmFATP plays a role in stimulating the TAG syn-
thesis required for LD accumulation via a process similar to the
so-called vectorial acylation that couples the uptake of extracel-
lular fatty acids with activation to CoA thioesters (Ohnishi et al.,
2009). In contrast, BmLsdl plays an essential role in the TAG
lipolysis associated with bombykol biosynthesis via phosphoryla-
tion with activation of BmCaMKII by influx of extracellular Ca?*
(Ohnishi et al., 2011).

Of the eight clones identified in the current study, we further
characterized the clone that encodes BmACP. ACP is a highly
conserved 70-100-aa carrier of acyl intermediates during FAS
(Byers and Gong, 2007). In yeast and mammals, ACP exists as
a separate domain within a large multifunctional fatty acid syn-
thase polyprotein (type I FAS), whereas it is a small monomeric
protein in bacteria and plastids (type II FAS). Because many
insect sex pheromones are synthesized de novo from acetyl-CoA
via the conventional long chain FAS pathway within PG cells
(Bjostad et al., 1987; Jurenka, 2003), identification of BmACP
in the PG suggests that it plays a significant role in the early

steps of bombykol biosynthesis. Accordingly, RNAi-mediated gene
silencing of BmACP in vivo resulted in a significant reduction
in bombykol production, suggesting the functional relevance of
BmACP in bombykol biosynthesis (Figure 5). In addition, RNAi
treatment resulted in accumulation of noticeably smaller LDs
in the PG (Figure 6), indicating that it plays an essential role
in LD accumulation prior to eclosion. While similar results was
observed when BmFATP gene expression was suppressed (Ohnishi
et al., 2009), the analysis of TAG contents revealed a significant
difference. BmACP suppression mainly reduced the TAGs con-
taining the bombykol precursor fatty acid, whereas the BmFATP
suppression mainly reduced the TAGs containing the essential
Cg-fatty acids derived from diet (Figure 7). These results are
consistent with the general properties of ACPs and strongly sug-
gest that BmACP plays an essential role in the biosynthesis of the
bombykol precursor palmitic acid via the canonical FAS pathway
in PG cells during pheromonogenesis. These results also indicate
that BmACP and BmFATP function cooperatively to populate
the TAGs comprising the cytoplasmic LDs (Figure 8). In addi-
tion, our present results validate the methodological approach
we have taken to mine EST databases for unidentified func-
tional molecules that play a critical role in moth sex pheromone
production.
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Moths produce species-specific sex pheromones to attract conspecific mates. The bio-
chemical processes that comprise sex pheromone biosynthesis are precisely regulated
and a number of gene products are involved in this biosynthesis and regulation. In recent
years, at least 300 EST clones have been isolated from Bombyx mori pheromone gland
(PG) specific cDNA libraries with some of those clones [i.e., B. mori PG-specific desaturase
1 (Bmpgdesat1), PG-specific fatty acyl reductase, PG-specific acyl-CoA-binding protein, B.
mori fatty acid transport protein, B. mori lipid storage droplet protein-1] characterized and
demonstrated to play a role in sex pheromone production. However, most of the EST
clones have yet to be fully characterized and identified. To develop an efficient system for
analyzing sex pheromone production-related genes, we investigated the feasibility of a
novel gene analysis system using the upstream region of Bmpgdesat1 that should con-
tain a PG-specific gene promoter in conjunction with piggyBac vectormediated germ line
transformation. As a result, we have been able to obtain expression of our reporter gene
(enhanced green fluorescent protein) in the PG but not in other tissues of transgenic B.
mori. Current results indicate that we have successfully constructed a novel in vivo gene
analysis system for sex pheromone production in B. mori.

Keywords: Bombyx mori, pheromone gland, EST analysis, piggyBac, germ line transformation

INTRODUCTION

Many species of moths (Insecta: Lepidoptera) produce and release
sex pheromones, which are species-specific multi-component
blends of semiochemicals, that attract conspecific mates (Tamaki,
1985). A major class of sex pheromones produced by these female
moths has been characterized by the presence of straight chain
C19—Cig unsaturated aliphatic compounds containing an oxy-
genated functional group such as alcohol, aldehyde, or acetate ester.
These components are synthesized de novo in the pheromone-
producing cells from acetyl-CoA through fatty acid synthesis,
chain shortening, desaturation, and reductive modification of the
carbonyl carbon (Tillman et al., 1999). In this biosynthetic path-
way, various combinations of limited chain shortening and regio-
and stereo-specific desaturation steps are involved in the produc-
tion of large numbers of species-specific pheromone blends in
Lepidoptera. Physiologically, moth sex pheromone biosynthesis
is regulated by pheromone biosynthesis activating neuropeptide
(PBAN), a 33-amino acid neuropeptide amidated at its C termi-
nus that originates from the subesophageal ganglion (Raina and
Menn, 1993).

In the silkmoth Bombyx mori, the sex pheromone bombykol,
(E, Z)-10,12-hexadecadien-1-ol, is synthesized during photophase
starting from the day of eclosion in the single layered epider-
mal cells located beneath the endocuticle between the eighth and
ninth abdominal segments (Ando et al., 1988; Fénagy et al., 2001).
Bombykol is biosynthesized de novo from acetyl-CoA through
palmitate, which is stepwise converted to bombykol by All

desaturation, A10, 12 desaturation, and reduction (Ando et al.,
1988).

The public B. mori EST databases constructed from 36 cDNA
libraries prepared using various tissues contains 35,000 EST clones,
which together yield more than 11,000 independent EST clones
(Mita et al., 2003). At least 300 independent EST clones have
been isolated from ¢cDNA libraries of the pheromone gland (PG),
and some of which have recently been characterized and shown
to function in sex pheromone production. B. mori PG-specific
desaturase 1 (Bmpgdesatl), initially referred to as Desatl but
since renamed, is a fatty acyl-CoA desaturase involved in A1l
desaturation and A 10, 12 desaturation (Yoshiga et al., 2000; Moto
et al,, 2004). PG-specific fatty acyl reductase (pgFAR) is involved
the reduction step (Moto et al., 2003b). PG-specific acyl-CoA-
binding protein (pgACBP) is involved in the incorporation of the
pheromone precursor fatty acyl groups in the triacylglycerols that
comprise the cytoplasmic lipid droplets (Matsumoto et al., 2001;
Ohnishi et al., 2006), while B. mori fatty acid transport protein
(BmFATP) plays a role in both triacylglycerol synthesis and lipid
droplet accumulation throughout the uptake of extracellular fatty
acids following activation to CoA thioesters in the pheromone-
producing cells (Ohnishi et al., 2009). B. mori lipid storage droplet
protein-1 (BmLsdl), which is a member of the PAT family of
proteins, plays an essential role in triacylglycerol lipolysis in the
pheromone-producing cells (Ohnishi et al., 2011). Despite these
efforts, the potential role the vast number of EST clones have in
sex pheromone production has yet to be clarified.
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In B. mori, some experimental methods for gene analysis have
been established. Transient gene transfer methods such as elec-
troporation and baculovirus infection are powerful tools for gene
promoter analysis because these methods are suitable for express-
ing a fluorescent protein as a reporter for a short period of time
(Moto et al., 1999, 2003a; Shiomi et al., 2003, 2005). However,
because these methods include potential negative effects due to
electric damage or pathogenic damage due to viral infection, their
suitability for characterizing target gene function is subject to
question. On the other hand, germ line transformation methods
using piggyBac transposase might be suitable for characterizing the
function of target genes if the transgene product has no deleterious
effect on the insect itself (Tamura et al., 2000). The combination
of germ line transformation with tissue-specific or cell-specific
gene promoters has the potential to provide exquisite experimen-
tal results (Thomas et al., 2002; Inoue et al., 2005; Yamagata et al.,
2008). In this paper, we report on the isolation of a novel PG-
specific gene promoter. In addition, we demonstrate the feasibility
of a gene analysis system using this promoter in combination with
the piggyBac transposon vector in B. mori, and show using an
enhanced green fluorescent protein (EGFP) report that expression
is specific to the PG of transgenic progeny.

MATERIALS AND METHODS

SILKMOTH STRAINS

Two B. mori strains were used in this study. The inbred strain
P50 was used to amplify the upstream regions of Bmpgdesat] and
pgFAR from genomic DNA via PCR. The pnd-wl (RK) strain,
which is a non-diapausing strain that has non-pigmented eggs
and eyes, was used for germ line transformation. Larvae were
reared on an artificial diet (Nihon Nosan, Japan) at 25°C under
16:8 (light:dark).

EST ANALYSIS

The public B. mori EST database (CYBERGATE)! was used in
this study. To determine the number of EST clones categorized as
Bmpgdesatl, pgFAR, and pgACBP in each ¢cDNA library, we per-
formed blastn analysis using the EST database and DNA sequences
corresponding to the open reading frame (ORF) of the three genes.

Uhttp://150.26.71.213/cgi-bin/main_MX

CONSTRUCTION OF TRANSFER VECTORS

When the following piggyBac vectors were constructed all of the
PCR experiments were conducted using KOD-plus DNA poly-
merase (Toyobo, Japan) and PTC Thermo cycler (M] Research,
USA). The nucleotide sequences of all PCR products were con-
firmed by DNA sequencing. For construction of pBac/3xP3-
DsRed2/Ds1USR-EGFP, a 3,870-bp DNA fragment comprising the
upstream region of Bmpgdesat] was amplified by PCR from B.
mori genomic DNA with the oligonucleotide primer pair, ds1USR-
F1 (5'-AAGGCGCGCCGTACAGCCTACCGCTTAGCG-3') and
ds1USR-EGFP-R (5'-TGCTCACCATTTTAGTAATTTAGATTTC-
3’), Figure 1. A 997-bp DNA fragment comprising the EGFP ORF
and SV40 terminator was also amplified by PCR from pEGFP-1
(Clontech, USA) with the oligonucleotide primer pair, ds1USR-
EGFP-F  (5'-AATTACTAAAATGGTGAGCAAGGGCGAGG-3')
and SV40T-R (5-AAGGCCGGCCATACATTGATGAGTTTGG-
3’). Primers ds1USR-EGFP-F and ds1USR-EGFP-R were partially
complementary to each other and were designed to connect
the 3’ end of the above PCR product containing the upstream
region sequence of Bmpgdesatl and the 5 end of the above
PCR product containing the EGFP ORF and the SV40 termina-
tor. These two primers were also designed to overlap the initi-
ation codon of Bmpgdesat] and that of the EGFP ORFE. To link
these two DNA fragments, PCR amplification was performed
with primers ds1USR-F and SV40T-R1 using the above two PCR
products as templates. The resultant product was digested at
the Ascl site in the ds1USR-F primer and the Fsel site in the
SV40T-R1 primer and inserted into the corresponding site of a
pBac (3xP3-DsRed2) transformation vector that carries inverted
repeats of the piggyBac element for integration and the Disco-
soma red fluorescent protein (DsRed) gene under the control of
an artificial eye-specific promoter (3xP3) as a selectable marker
(Figure 2A). For construction of pBac/3xP3-DsRed2/pgFARUSR-
EGFP, a 929-bp DNA fragment comprising the upstream region of
B. mori pgFAR was amplified by PCR from B. mori genomic DNA
with the oligonucleotide primer pair, pgFARUSR-F (5-AAGG
CGCGCCTCTCCATAAGCCTTACGAGG-3') and pgFARUSR-EG
FP-R (5'-TGCTCACCATCTTGGAGATTACGCGG-3'; Figure 1).
A 997-bp DNA fragment comprising the EGFP ORF and the SV40
terminator was amplified by PCR from pEGFP-1 (Clontech, USA)
with the oligonucleotide primer pair, pgFARUSR-EGFP-F (5'-
AATCTCCAAGATGGTGAGCAAGGGCGAGG-3') and SV40T-R1.

FIGURE 1 | Schematic representation of the gene structures of
Bmpgdesat1 and pgFAR. (A) Bmpgdesat1. (B) pgFAR. Exons and introns
are indicated by boxes and broken lines connecting the exon boxes,

1kp

respectively. Arrows indicate the position and direction of primers used to
amplify the upstream region of the genes in this study. Numbers denote
the exon number.
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3xP3 promoter SV40t SV40t
ITR \ / / ITR
A DsRed| = Upstream region of Bmpgdesat1 EGFP
3xP3 promoter SV40t SV40t
ITR \ / / ITR
B H DsRed EGFP
Upstream region of pgFAR
3xP3 promoter SV40t SV40t
ITR \ / ITR
c DsRed| ™ Upstream region of Bmpgdesat1 N GW
3xP3 promoter SV40t SV40t
ITR \ / / ITR
D DsRed| = Upstream region of Bmpgdesat1 N EGFP | BmlLsdl
1 kb
FIGURE 2 | Schematic representation of the piggyBac vectors used in this study. (A) pBac/3xP3-DsRed2/Ds1USR-EGFP (B) pBac/3xP3-DsRed2/
pgFARUSR-EGFP (C) pBac/3xP3-DsRed2/Ds1USR-GW. (D) pBac/3xP3-DsRed2/Ds1USR-EGFP-BmLsd1. ITR, inverted terminal repeat of piggyBac transposon;
DsRed, Discosoma red fluorescent protein; EGFP, enhanced green fluorescence protein coding region; SV40t, simian virus 40 terminator; GW, gateway
recombination cassette.

Primers pgFARUSR-EGFP-F and pgFARUSR-EGFP-R were par-
tially complementary to each other and were designed to con-
nect the 3’ end of the above PCR product containing the
upstream region sequence of pgFAR and the 5 end of the
above PCR product containing the EGFP ORF and the SV40
terminator. To link these two DNA fragments, PCR amplifica-
tion was performed with primers pgFARUSR-F and SV40T-R1
using the above two PCR products as templates. The resul-
tant product was digested at the AscI site in the pgFARUSR-F
primer and the Fsel site in the SV40T-R1 primer and inserted
into the corresponding site of the pBac (3xP3-DsRed2) trans-
formation vector (Figure 2B). For construction of pBac/3xP3-
DsRed2/Ds1USR-GW, a 3,868-bp DNA fragment comprising the
upstream region of Bmpgdesat]l was amplified by PCR from
B. mori genomic DNA with the oligonucleotide primer pair,
ds1USR-F (5-AAGGCGCGCCGTACAGCCTACCGCTTAGCG-
3’) and dslUSR-R (5'-TTACGCGTTTAGTAATTTAGATTTC-
3’). The resultant product was digested at the BssHII site
in the ds1USR-F primer and the Miul site in the dsIUSR-
R primer and inserted into the corresponding site of the
PMCS5 cloning vector (MoBioTec, Germany). The resultant

plasmid was named pMCS5-Ds1USR. A 244-bp DNA frag-
ment comprising the SV40 terminator was amplified by PCR
from pEGFP-1 with the oligonucleotide primer pair, SV40T-
F (5-AAGCATGCGATCATAATCAGCCATACC-3') and SV40T-
R2 (5'-AAAAGCTTACATACATTGATGAGTT-3"). The resultant
product was digested at the Sphl site in the SV40T-F2 primer
and the HindIIl site in the SV40T-R2 primer and inserted
into the corresponding site of the plasmid pMCS5-Ds1USR.
The resultant plasmid was named pMCS5-Ds1USR-SV40T. A
1730-bp DNA fragment comprising the Gateway recombi-
nation cassette was amplified by PCR from pYES-DEST52
(Invitrogen) with the oligonucleotide primer pair, GW-F (5'-
AAAGATCTACAAGTTTGTACAAAAAAGC-3) and GW-R (5'-
AAGGGCCCACCACTTTGTACAAGAAAGC-3'). The resultant
product was digested at the BglII site in the GW-F primer and
the Apal site in the GW-R and inserted into the correspond-
ing site of the plasmid pMCS5-Ds1USR-SV40T. The resultant
plasmid was named pMCS5-Ds1USR-GW-SV40T. A 5,968-bp
DNA fragment comprising the upstream region of Bmpgde-
satl, the Gateway recombination cassette and the SV40 termi-
nator was amplified from pMCS5-Ds1USR-GW-SV40T by PCR
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with the oligonucleotide primer pair, dslTUSR-F1 and SV40T-
R1. The resultant product was digested at the AscI site in the
pgFARUSR-F primer and the Fsel site in the SV40T-R1 primer
and inserted into the corresponding site of a pBac (3xP3-
DsRed2) transformation vector (Figure 2C). For construction of
pBac/3xP3-DsRed2/Ds1USR-EGFP-BmLsd1, a 745-bp DNA frag-
ment comprising the EGFP ORF was amplified by PCR from
pEGFP-1 with the oligonucleotide primer pair, CACC-EGFP-F (5'-
AAAGATCTACAAGTTTGTACAAAAAAGC-3’) and EGFP-A5-
R (5'-AAGGGCCCACCACTTTGTACAAGAAAGC-3'). A 1,113-
bp DNA fragment comprising the lipid storage droplet pro-
tein (BmLsdl) ORF was also amplified by PCR from EST
clone NRPGO0891, which contains the BmLsd1 ORF sequence
and is derived from the NRPG cDNA library (Table 1; Mita
et al., 2003), with the oligonucleotide primer pair, A5-BmLsd1-
F (5-GCAGCTGCAG CTGCAATGCC GAATCTTGAA-3') and
BmLsd1-R (5-TTAATTGACACCGTTAATGG-3"). The primers
EGFP-A5-R and A5-BmLsd1-F were bridging primers and were
designed to connect the 3’ end of the above PCR fragment con-
taining the BmLsd1 ORF sequence and the 5" end of the above
PCR fragment containing the EGFP ORF sequence by the follow-
ing PCR. To link these two DNA fragments, PCR amplification
was performed with primers CACC-EGFP-F and BmLsd1-R using
the above two PCR products as templates. The resultant product
was cloned into pENTR/D-TOPO (Invitrogen) according to the
manufacturer’s instruction. Furthermore, this fusion protein ORF
was cloned into the plasmid pBac/3xP3-DsRed2/Ds1USR-GW by
in vitro recombination using LR Clonase (Invitrogen, Figure 2D).

INJECTION OF DNA INTO EMBRYO0S

Plasmid DNAs for injection were purified using a Qiagen plasmid
midi kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s instruction. A vector plasmid was co-injected with the
helper plasmid pHA3PIG, which served as the of the piggBac trans-
posase (Kanda and Tamura, 1991; Tamura et al., 2000). Vector and
helper plasmid (each 200 ng/jLl) were dissolved in distilled water
and microinjected into eggs collected 3—6 after oviposition. The
injected eggs represented generation 0 (Gy). After microinjection,
the embryos were maintained at 25°C in a moist plastic case until
hatching. The larvae were reared and Gy adults were mated with
the same family or recipient strain. The resulting generation 1 (G;)
progenies were screened for 3xP3 promoter-driven DsRed fluores-
cence in the stemma of their embryo. The DsRed-positive larvae G;
were reared to adults and EGFP fluorescence was confirmed in the
PG. Fluorescence was observed using a fluorescence microscope
(Leica, MZ FL III) equipped with filter sets for DsRed and EGFP.
Fluorescence imaging was obtained with an AxioCam HRc camera

Table 1| List of the pheromone gland cDNA libraries in the B. mori
EST database.

Library name Strain Type

pg Shuko x ryuhaku General cDNA library
P5PG p50 General cDNA library
NRPG p50 Normalized cDNA library
fphe p50 Full-length cDNA library

(Carl Zeiss Microimaging GmbH) controlled by AxioVision Rel.
4.8 software (Carl Zeiss Microimaging GmbH).

CONFOCAL MICROSCOPY

Abdominal tips were dissected from female adults expressing the
EGFP-BmLsd1 fusion protein and immersed in PBS. Under a dis-
secting microscope, the ovipositor portion of the abdominal tip
was cut off and the resulting intersegmental membrane was spread
open and trimmed by cleaning off all internal tissues attached
(Fonagy et al., 2001). Fluorescence imaging was obtained with a
Leica TCS NT confocal system using the 488-nm laser of an argon
laser. Images were processed using Photoshop 6.0 (Adobe Systems,
San Jose, CA, USA).

RESULTS

EST ANALYSIS

While more than 50 papers using transgenic B. mori have already
been published, gene promoters related to PG-specific expres-
sion have yet to be reported. Based on Northern blot analysis,
we previously reported that the genes, Bmpgdesatl, pgACBP, and
PgFAR, are expressed predominantly in the PG and play essential
roles in bombykol biosynthesis (Yoshiga et al., 2000; Matsumoto
et al., 2001; Moto et al., 2003b, 2004). Consequently, we assumed
that these three genes contain certain promoters for PG-specific
expression. In the B. mori EST database (CYBERGATE)?, there
are >11,000 independent EST clones which have been generated
from 36 cDNA libraries containing four PG cDNA libraries pre-
pared by our group (Table 1; Mita et al., 2003). To investigate
whether these three genes were expressed exclusively in the B.
mori PG, we examined the relationship between these three genes
and the number of the categorized EST clones in every cDNA
library (Table 2). Although EST clones classified as Bmpgdesatl
were present in our PG cDNA libraries as well as the famL cDNA
library (prepared from antenna and Maxillary Galea of fifth instar
larvae), the ratio of the EST clones of the famL ¢cDNA library was
significantly lower than that of the PG cDNA libraries. EST clones
classified as pgFAR were likewise also present in the MFB ¢cDNA
library that was prepared from microbe-infected fat bodies of fifth
instar larvae. However, as above, the ratio of the pgFAR EST clones
in the MFB cDNA library was much lower compared to the PG
cDNA libraries. Moreover, no EST clone classified as pgFAR was
identified in the cDNA libraries prepared from non-infected fat
bodies. In contrast to the other two genes, EST clones classified as
PgACBP were present in various tissues. Compared with Bmpgde-
sat]l and pgFAR, the ratio of the unexpected pgACBP EST clones
was higher in other tissues. These results indicate that the gene
promoters of Bmpgdesat] and pgFAR could be exploited for PG-
specific expression of target genes of interest in vivo, but not that
of pgACBP.

TRANSFORMATION EXPERIMENTS

Because the promoter regions of Bmpgdesatl and pgFAR have not
been identified, we tried to obtain DNA sequence information
for the upstream regions of these genes by using the Kaikoblast

Zhttp://150.26.71.213/cgi-bin/main_MX
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database®. The size of the defined upstream regions for Bmpgde-
satl (GenBank accession numbers: AB693932) and pgFAR was
3,844 and 929-bp, respectively (Figure 1). To confirm whether the
upstream regions contained PG-specific gene promoters, the cor-
responding DNA fragments were amplified by PCR using genomic
DNA from the p50 strain with each fragment linked to the EGFP
coding region and the SV40 terminator. Each expression cassette
was then inserted into the cloning sites of a piggyBac vector,
pBac (3xP3)-DsRed2 (Inoue et al., 2005). The resultant transfor-
mation vectors were named pBac/3xP3-DsRed2/Ds1USR-EGFP

3http://kaikoblast.dna.affrc.go.jp/

and pBac/3xP3-DsRed2/pgFARUSR-EGFP (Figures 2A,B). These
vectors were separately co-injected with a piggyBac trans-
posase plasmid into pre-blastodermal eggs of B. mori pnd-wl
(RK) strain. Of the 686 eggs injected with the pBac/3xP3-
DsRed2/Ds1USR]EGFP plasmid, 348 larvae survived to the first
larval stage (Table 3). We recovered 114 females and 87 males.
After sibling mating, five of the Gy mating yielded progeny lar-
vae with DsRed fluorescent eyes. The yield of mating in Go
adults with transformed gametes was 5.3% (Table 3). Three
lines of DsRed-positive G; females survived to adult. In two of
these lines, EGFP fluorescence was detected in the PGs (Table 4;
Figure 3), but not in other tissues (data not shown). We also
confirmed that the Bmpgdesatl gene promoter did not drive

Table 2 | The relationship between individual genes and the frequency of their identified EST clones amongst the cDNA libraries that comprise

the B. mori EST database.

Library name Organ tissue Developmental stage Total no. of No. of No. of No. of
EST clones in Bmpgdesat1 PpgFAR EST PgACBP EST
the library EST clones (%) clones (%) clones (%)

pg Pheromone gland Newly eclosed adult 468 3(0.6) 0 (0) 4 (0.85)

P5PG Pheromone gland Newly eclosed adult 811 10 (1.2) 3(0.37) 9 (1.1)

NRPG Pheromone gland Newly eclosed adult 1,520 12 (0.8) 1(0.064) 11 (0.72)

fphe Pheromone gland Newly eclosed adult 14,983 193 (1.3) 26 (0.17) 490 (3.3)

famL Antenna + maxillary galea Fifth-instar larva 25,972 2 (0.0077) 0 (0) 54 (0.21)

calL Corpora allata Fifth-instar larva 10,831 0(0) 0 (0) 1(0.0092)

fcal Corpora allata Fifth-instar larva 33,462 0 (0) 0 (0) 58 (0.17)

fdpe Diapause-destined embryos 12-40 h after oviposition 5,714 0(0) 0 (0) 2 (0.035)

fe10 Embryo 100 h after fertilization 5,024 0(0) 0 (0) 2 (0.040)

fe8d Embryo 200 h after fertilization 17551 0(0) 0 (0) 21(0.12)

fufe Embryo Unfertilized egg 17,095 0(0) 0(0) 66 (0.39)

ffom Fat body Fifth-instar larva 9,843 0 (0) 0 (0) 32 (0.33)

MFBP Microbe-infected fat body Fifth-instar larva 5,846 0(0) 1(0.017) 6 (0.10)

fmxg Maxillary galea Fifth-instar larva 4,367 0 (0) 0 (0) 1(0.023)

MSV3 Middle silk gland Fifth-instar larva 4,829 0 (0) 0 (0) 3(0.062)

msgV Middle silk gland Fifth-instar larva 632 0 (0) 0(0) 1(0.16)

fmgV Midgut Fifth-instar larva 38,020 0 (0) 0 (0) 23 (0.064)

fner Nerve system + brain Fifth-instar larva 37074 0 (0) 0 (0) 32 (0.086)

ovS3 Ovary Spinning stage 2,71 0(0) 0 (0) 1(0.037)

PSV3 Posterior silk gland Fifth-instar larva 5,243 0(0) 0 (0) 2 (0.038)

fprw Prothoracic gland Wandering stage 5,501 0 (0) 0 (0) 2 (0.036)

ftes Testis Fifth-instar larva 29,670 0 (0) 0 (0) 6 (0.020)

fwgP Wing Pupal stage 18,225 0(0) 0(0) 23(0.13)

wdS2 Wing disk Spinning stage 760 0 (0) 0 (0) 1(0.13)

Total no. 296,152 220 31 853

Table 3 | Results of construct DNA injections into pnd-w 7 (RK) embryos.

Injected construct DNA Number of Number of Number of Number of Number of DsRed-

injected embryos

hatched embryos

fertile moths total G; broods positive Gq broods

Female Male
pBac/3xP3-DsRed2/Ds1USR-EGFP 686 348 (50.7%) 14 87 95 5 (5.3%)
pBac/3xP3-DsRed2/pgFARUSR-EGFP 803 276 (34.3%) 79 79 81 11 (13.6%)
pBac/3xP3-DsRed2/Ds1USR-EGFP-BmLsd1 522 122 (23.4%) 27 31 26 2 (7.7 %)
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Table 4 | Number of G; GFP-positive adults.

Lines No. of No. of DsRed- No. of
DsRed- positive GFP-
positive G; moths positive
larvae Female

Female Male

Ds1USR-EGFP no. 23 6 4 1 0

Ds1USR-EGFP no. 25 7 2 2 2

Ds1USR-EGFP no. 28 1 1 0 1

Ds1USR-EGFP no. 82 2 0 0 0

Ds1USR-EGFP no. 89 3 0 1 0

pgFARUSR-EGFP no. 5 1 0 0 0

pgFARUSR-EGFP no. 14 1 0 0 0

pgFARUSR-EGFP no. 19 5 0 2 0

pgFARUSR-EGFP no. 20 10 5 1 0

pgFARUSR-EGFP no. 23 1 1 0 0

pgFARUSR-EGFP no. 26 2 0 0 0

pgFARUSR-EGFP no. 29 2 1 0 0

pgFARUSR-EGFP no. 32 2 0 0 0

pgFARUSR-EGFP no. 45 4 2 1 0

pgFARUSR-EGFP no. 51 8 1 1 0

pgFARUSR-EGFP no. 52 3 0 0 0

Ds1USR-EGFP-BmLsd1 no.2 5 2 1 2

Ds1USR-EGFP-BmLsd1 no.8 2 1 0 0

FIGURE 3 | DsRed expression in G, transgenic animals. DsRed
expression was visible in the stemmata of larvae (A,B) and the compound
eyes of pupa (C,D). (A,C) Bright-field images. (B,D) Fluorescence images.
Arrows indicate DsRed expression in the stemmata.

expression in various tissues at different developmental stages
(e.g., embryo, larvae, pupae, adult) for DsRed-positive G, females
(data not shown). This result indicates that the PG-specific gene
promoter resides within the 3,844-bp DNA sequence correspond-
ing to the upstream region of Bmpgdesatl. Of the 803 eggs
injected with the pBac/3xP3-DsRed2/pgFARUSR-EGFP plasmid,

348 larvae survived to the first larval stage (Table 3). We recov-
ered 79 females and 79 males. After sibling mating, 11 of the
Gp mating yielded progeny larvae with DsRed fluorescent eyes.
This yield was 13.6% (Table 3). Six lines of DsRed-positive G;
females survived to adult. However, EGFP fluorescence was not
detected in the PGs of all of the lines (Table 4). Because we con-
firmed that the EGFP reporter gene was specifically expressed
in the PG of B. mori by using the above-mentioned 3,844-
bp DNA sequence in conjunction with the conventional pig-
gyBac transposon system, we next sought to construct a novel
piggyBac vector pBac/3xP3-DsRed2/Ds1USR-GW containing the
3,844-bp DNA sequence and the Gateway recombination cassette
(Figure 2C), which allows for various genes of interest to be fused
to many reporters and tags through a simple and uniform pro-
cedure using the Gateway cloning technology (Walhout et al.,
2000).

EXPRESSION AND LOCALIZATION OF AN EGFP FUSION PROTEIN

As an application of the gene transformation system in this study,
we sought to investigate whether EGFP-tagged proteins respon-
sible for sex pheromone production exhibit the expected sub-
cellular localization pattern in the pheromone-producing cells of
B. mori. NRPGO0891 is one of the EST clones derived from the
NRPG cDNA library (Table 1 and 2) and encodes a member of
that PAT family of proteins known to localize to the surface of lipid
droplets in Metazoan cells (Greenberg et al., 1991; Brasaemle et al.,
1997; Heid et al., 1998; Wolins et al., 2001; Miura et al., 2002). This
PAT family protein has recently been identified as BmLsdl and
shown to be involved in triacylglyceride lipolysis associated with
sex pheromone production in B. mori (Ohnishi etal., 2011). Using
immunocytochemistry, BmLsd1 was shown to localize to both the
surface and core regions of lipid droplets, an inconsistency with
the known localization pattern of mammalian PAT family proteins
(Ohnishi et al., 2011). In the current study, we made a novel piggy-
Bac vector pBac/3xP3-DsRed2/Ds1USR-EGFP-BmLsd1 to express
EGFP-tagged BmLsd1 in vivo in the pheromone-producing cells of
B. mori (Figure 2D). Of the 522 eggs injected with the pBac/3xP3-
DsRed2/Ds1USR-EGFP-BmLsd1 plasmid, 122 larvae survived to
the first larval stage (Table 3). We recovered 27 females and 31
males. After sibling mating, two of the Gy matings yielded prog-
eny larvae with DsRed eye fluorescence (Table 3). The yield of
this mating was 7.7% (Table 3). Two lines of DsRed-positive G;
females were maintained to adulthood. In one line, EGFP fluo-
rescence was detected in the PGs (Table 4). After the abdominal
tip was dissected from the EGFP-positive female and the ovipos-
itor tip removed, the obtained intersegmental membrane was
spread open and trimmed by cleaning all internal tissues attached
to allow for confocal microscopic examination. The differential
interference contrast image showed that lipid droplets were abun-
dant in the pheromone-producing cells as described previously
(Figure 4; Fonagy et al,, 1999, 2001). The green fluorescence
image showed that BmLsd1 was localized exclusively to the sur-
face of the lipid droplets in the pheromone-producing cells of
B. mori (Figure 4). This result is consistent with the localiza-
tion of other PAT family proteins in Metazoa (Greenberg et al,,
1991; Brasaemle et al., 1997; Heid et al., 1998; Wolins et al., 2001;
Miura et al.,, 2002). While the reason for the discrepancy with
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/ Transgenic moth

-

lon-iniected co .
’ . / Non-injected control

FIGURE 4 | Enhanced green fluorescent protein expression in the PG of
G1 female adults. (A) EGFP expression was visible in the PG of transgenic
moths but not non-injected controls. (B) The expressions of two reporter

genes via whole-body fluorescence imaging. Red fluorescence is derived
from DsRed expressed in the compound eye and green fluorescence is
derived from EGFP expressed in the PG of the transgenic B. mori.

the immunocytochemistry results remains to be clarified, our
present results on the specificlocalization of EGFP-tagged BmLsd1
strongly suggest that we can further apply this system, which
uses a 3,844-bp DNA sequence corresponding to the upstream
region of Bmpgdesat]l and a fluorescence protein like EGFP in
conjunction with the conventional piggyBac-mediated transpo-
son system, for the functional identification of genes expressed in
PG cells.

DISCUSSION

To date, at least 300 independent EST clones have been isolated
from four different types of separately prepared B. mori PG cDNA
libraries (Table 1). Using heterologous gene expression systems,
a number of these genes have been characterized and their func-
tional roles in bombykol production determined (Yoshiga et al.,
2000, 2002; Matsumoto et al., 2001; Moto et al., 2003b, 2004;
Hull et al., 2009, 2010); however, they have yet to be character-
ized in vivo in the PG of B. mori to unequivocally demonstrate
their physiological functional significance. To address this issue,
we sought to construct an in vivo system that could be utilized
for functional analysis of genes involved in sex pheromone pro-
duction in B. mori. In the current study, we successfully showed
that genes of interest could be expressed specifically in the PG
cells by utilizing the conventional piggyBac transposon system in
conjunction with a 3,844-bp DNA sequence corresponding to the
upstream region of Bmpgdesatl. Interestingly, EGFP expression
was not observed in the line 23 carrying the DsITUSR-EGFP con-
struct even though DsRed expression was present. We inferred
that the absence of EGFP expression was due to the conven-
tional chromosomal position effect as previously reported (Suzuki
et al., 2005). On the other hand, we could not confirm the
expression of the EGFP reporter gene in PG when we used the
929-bp DNA sequence corresponding to the upstream region of

PgFAR in this study. We were unable to adequately determine
whether the PG-specific gene promoter is contained within the
929-bp DNA sequence corresponding to the upstream region of
PgFAR because the number of the transgenic female moth exam-
ined in this study was too few. It is possible that the promoter
region might not be contained in the fragment used in this study
because the size of the fragment was too short or that the EGFP
expression was not observed due to the chromosomal position
effect.

Using this methodology with the 3,844-bp DNA sequence cor-
responding to the upstream region of Bmpgdesatl, we examined
the in vivo localization of BmLsd1 in the pheromone-producing
cells of B. mori. BmLsdl is an insect PAT family protein associ-
ated with cytoplasmic lipid droplets and plays an essential role
in bombykol biosynthesis via triacylglycerol lipolysis following
Ca?*/calmodulin-dependent protein kinase II phosphorylation
(Ohnishi et al., 2011). In the previous study, BmLsd1 was shown
using immunocytochemistry to localize to both the surface and
core region of the lipid droplets (Ohnishi et al., 2011). In the cur-
rent study, however, EGFP-tagged BmLsd1 localized specifically
to the surface of the lipid droplets in PG cells, a distribution
consistent with other general mammalian PAT family proteins
(Figure 5; Greenberg et al., 1991; Brasaemle et al., 1997; Heid
et al., 1998; Wolins et al., 2001; Miura et al., 2002). Consequently,
the results suggest that the piggyBac transposon system used in
the current study is more suitable than the traditional immuno-
cytochemistry method to localize BmLsdl in the pheromone-
producing cells and thus help clarify the dynamics of pheromone
production-related proteins in vivo in the living pheromone-
producing cells of B. mori. For example, the dynamics of PBAN
receptor and stromal interaction molecule 1 (i.e., STIM1), which
have been shown in transient expression assays using fluorescent
reporter-based chimeras in Sf9 cells to change their sub-cellular
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BmLsdl1

(merge) are shown.

DIC

FIGURE 5 | Localization of BmLsd1 in the pheromone-producing cells of B. mori. Following dissection and trimming of the PG, pheromone-producing cells
were analyzed by confocal microscopy. EGFP-BmLsd1 fluorescence image (BmLsd1), differential interference contrast image (DIC), and the merged image

Merge

localization in response to PBAN stimulation (Hull et al., 2004,
2005, 2009, 2010), could be clearly demonstrated in vivo in B.
mori PGs.

Double-stranded RNA-mediated interference (RNAi) was orig-
inally applied in Caenorhabditis elegans and has been developed
as a powerful tool for gene silencing in a range of organisms
(Fire et al., 1998; Hannon, 2002; Agrawal et al., 2003). In B.
mori, injection of dsRNAs for target genes provided unequivo-
cal demonstrations for the roles of Bmpgdesatl, pgFAR, pgACBP,
and PBANR in sex pheromone production (Ohnishi et al., 2006).
This simple in vivo system using developing B. mori could also be
applied to elucidating the molecular mechanisms underlying sex
pheromone production in other Lepidoptera if DNA sequences
of target genes are available. However, some genes related to sex
pheromone production could be expressed in tissues other than
PG (Matsumoto et al., 2001; Yoshiga et al., 2002; Ohnishi et al.,
2009,2011). In addition, because the insect circulatory system is an
open system where hemolymph flows freely inside the body cav-
ity, injection of target gene dsRNAs into the hemolymph might
have unfavorable knockdown effects on tissues other than the
PG. To prevent such side effects, our PG-specific gene expression
system could be adapted as a novel in vivo PG-specific RNAI sys-
tem that specifically expresses PG restricted dsRNAs for the target
gene.

Sex pheromone production in B. mori is regulated by PBAN,
which is released into the hemolymph after eclosion and acts
directly on the PG to stimulate bombykol biosynthesis (Fonagy
et al, 1992; Matsumoto et al,, 2009). In contrast, transcrip-
tional levels of the three pheromone production-related genes,
Bmpgdesatl, pgFAR, and pgACBP, which are expressed predom-
inantly in the PG, are synchronously up-regulated on the day
prior to eclosion, indicating that transcription of these genes
is regulated by factors other than PBAN (Yoshiga et al., 2000;
Matsumoto et al., 2001; Moto et al., 2003b). It has been demon-
strated that p-p-glucosyl-O-L-tyrosine, a humoral factor that
appears in the pupal hemolymph 1 day prior to eclosion, regulates

PZACBP transcription (Ohnishi et al., 2005). Surprisingly, while -
D-glucosyl-O-L-tyrosine titers rise dramatically prior to eclosion
and reach the maximum level on the day preceding eclosion, this
factor had no effect on the transcription of pgFAR and Bmpgdesat1,
indicating that the transcriptional mechanism of pgACBP is differ-
ent from that of pgFAR and Bmpgdesatl (Matsumoto et al., 2010).
The results of EST analysis in this study also suggest this discrep-
ancy because almost all of the EST clones classified as Bmpgdesatl
and pgFAR are obtained from the PG, whereas pgACBP EST
clones are present in various tissues (Table 2). In this study, PG-
specific expression of an EGFP reporter gene was observed when
using a 3,844-bp DNA sequence corresponding to the upstream
region of Bmpgdesatl but not the 929-bp DNA sequence corre-
sponding to that of pgFAR, indicating that the 3,844-bp DNA
sequence contains a transcriptional element involved in PG-
specific gene expression. Further studies are needed to investigate
the broader region surrounding pgFAR to identify the transcrip-
tion element involved in the PG-specific expression of pgFAR
(Figure 4). Consequently, it has yet to be determined whether
the transcriptional mechanisms of the two respective genes are
the same or not. It is possible that the transcriptional element
in the 3,844-bp DNA sequence is novel as database searches
failed to identify a transcriptional element. Therefore, further gene
promoter analysis of Bmpgdesat] may define the novel transcrip-
tional element and clarify a novel molecular mechanism of sex
pheromone production apart from the PBAN signal transduction
cascade.
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While many Plusiinae species commonly secrete (Z)-7-dodecenyl acetate (Z7-12:0Ac) as
a key pheromone component, female moths of the rice looper (Plusia festucae) excep-
tionally utilize (Z)-5-dodecenyl acetate (Z5-12:0Ac) to communicate with their partners.
GC-MS analysis of methyl esters derived from fatty acids included in the pheromone
gland of P festucae showed a series of esters monounsaturated at the w7-position,
i.e., (Z)-5-dodecenoate, (Z)-7-tetradecenoate, (Z)-9-hexadecenoate (Z9-16:Me), and (2)-
11-octadecenoate (Z11-18:Me). By topical application of D3-labled palmitic acid (16:Acid)
and stearic acid (18:Acid) to the pheromone glands, similar amounts of D3-Z5-12:0Ac
were detected. The glands treated with D43-labeled monoenoic acids (Z9-16:Acid and
Z11-18:Acid), which were custom-made by utilizing an acetylene coupling reaction with
D13-1-bromohexane, also produced similar amounts of D13-Z5-12:0OAc. These results sug-
gested that Z5-12:OAc was biosynthesized by w7-desaturase with low substrate specificity,
which could introduce a double bond at the 9-position of a 16:Acid derivative and the 11-
position of an 18:Acid derivative. Additional experiments with the glands pretreated with an
inhibitor of chain elongation supported this speculation. Furthermore, a comparative study
with another Plusiinae species (Chrysodeixis eriosoma) secreting Z7-12:0Ac indicated that
the pB-oxidation systems of P festucae and C. eriosoma were different.

Keywords: pheromone biosynthesis, Lepidoptera, Noctuidae, incorporation of deuterated precursors, w7-

desaturation, monoenyl fatty acid

INTRODUCTION

About 160,000 lepidopteran species are known world wide, and
each species is believed to establish a species-specific mating com-
munication system for species conservation. Not only nocturnal
moths but also diurnal moths utilize special sex pheromones as a
chemical cue. Lepidopteran sex pheromones have been identified
from more than 600 moth species and about three-quarters of
them are composed of C;p—Cig unsaturated fatty alcohols, their
acetates, and aldehyde derivatives, including one, two, or three
C=C bonds (Type I pheromones; Ando et al., 2004; Ando, 2011;
El-Sayed, 2011). These components are biosynthesized from satu-
rated fatty acyl intermediates, into which double bonds are intro-
duced at definite positions by desaturases working in a pheromone
gland (Jurenka, 2004). The double bonds locate at various posi-
tions, i.e., from the terminal methyl group to the next carbon to
the functional group. In addition to the different chain lengths and
kinds of terminal functional groups, the chemical structural vari-
eties are attributed to the different positions of the double bonds
(Ando et al., 2004).

Plusiinae is a well-assembled subfamily in Noctuidae, which
is the biggest family in Lepidoptera, and includes many pest
species secreting Type I pheromones. Since a pioneering study
on the chemical communication of the cabbage looper, Tri-
choplusia ni (Berger, 1966), sex pheromones have been iden-
tified from 22 Plusiinae species (Ando, 2011; El-Sayed, 2011).
Most of them secrete (Z)-7-dodecenyl acetate (Z7-12:0Ac) as a
main pheromone component and blend some structurally related

compounds to make species-specific pheromones, suggesting that
a primitive species in Plusiinae utilized Z7-12:0Ac and speciated to
many existing species while establishing the ability to produce new
pheromone components. Z7-12:0Ac is biosynthesized via A11-
desaturation of a saturated C;4 acyl compound (16:Acyl), probably
a CoA-derivative of palmitic acid (16:Acid; Bjostad and Roelofs,
1983), and this key step has been confirmed by identification of the
gene encoding All-desaturase from T. ni (Knipple et al., 1998).
The All-desaturation is an important biosynthetic step because
pB-oxidation of the produced (Z)-11-hexadecenyl intermediate in
different degrees yields a series of monoenyl compounds unsat-
urated at the w5-position, such as (Z)-9-tetradecenyl acetate
(Z29-14:0Ac) and (Z)-5-decenyl acetate (Z5-10:0Ac). Among the
Plusiinae species, Z9-14:0Ac is secreted by Macdunnoughia con-
fusa, and Z5-10:OAc is secreted by Anadevidia peponis as a minor
pheromone component (Inomata et al., 2000).

On the other hand, the sex pheromone of the rice looper, Plusia
festucae, is composed of (Z)-5-dodecenyl acetate (Z5-12:0Ac) as a
main component and (Z)-7-tetradecenyl acetate (Z7-14:0Ac) as a
minor component (Ando et al., 1995). Both components include
a double bond at the w7-position, and the female moths pro-
duced no pheromone components unsaturated at the w5-position.
This exceptional Plusiinae pheromone is noteworthy, and we are
interested in the biosynthetic pathway of the w7-unsaturated com-
ponents. Based on the information on the desaturation of many
lepidopteran sex pheromones (Jurenka, 2004), we speculated that
the P. festucae pheromone is produced by A9-desaturation of
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16:Acyl or All-desaturation of 18:Acyl. To clarify the pathway
in P. festucae, we analyzed fatty acids in the pheromone glands by
GC-MS at the start of the study. Next, deuterated C; and Cg sat-
urated and monoenoic fatty acids were treated to the pheromone
glands, and the manner in which they were incorporated into
Z5-12:0Ac was compared. The results suggested that both desatu-
ration made a contribution. The incorporation was also examined
with a pheromone gland pretreated with an inhibitor of chain
elongation to eliminate the possibility of the conversion of 16:Acid
into 18:Acid. Furthermore, a similar biosynthetic experiment was
carried out using another Plusiinae species, Chrysodeixis erio-
soma, which secretes Z7-12:0Ac as a main pheromone component
(Komoda et al., 2000). Incorporation of deuterium was observed
only in C. eriosoma females treated with the C;¢ acids, indicat-
ing different B-oxidation systems in P. festucae and C. eriosoma
females.

MATERIALS AND METHODS

INSECTS

Larvae of three Plusiinae species (P. festucae, C. eriosoma, and A.
peponis) were collected in a paddy field or a vegetable field of
Tokyo University of Agriculture and Technology (Fuchu, Tokyo).
The P. festucae larvae were also collected in a paddy field in Yama-
gata Prefecture. Rearing for successive generations was separately
carried out on an artificial diet consisting mainly of kidney beans
(Kawasaki et al., 1987) at 25°C under a 16L-8D cycle. The female
pupae were separated from the males, and 2- to 3-day-old vir-
gin females were used for experiments. Their sex pheromones are
composed of the following monoenyl compounds: P. festucae, Z5-
12:0Ac, Z7-14:0Ac, and Z5-12:0H (100:15:6; Ando et al., 1995);
C. eriosoma, Z7-12:0Ac and 79-12:0Ac (17:3; Komoda et al,,
2000); A. peponis, Z7-12:0Ac, Z5-10:0Ac, and Z7-12:0H (10:5:1;
Inomata et al., 2000).

LIPID EXTRACTION AND DERIVATIZATION

From 10 pheromone glands removed from the females of each
species, lipids were extracted with a mixed solvent of chloro-
form and methanol (v/v=2:1) and used for basic hydrolysis to
yield fatty acids. After purification by preparative TLC, the free
acids were converted to esters by diazomethane and quantitatively
analyzed by GC-MS. The fatty acid methyl esters (FAMEs) of
P. festucae were also analyzed after derivatization with dimethyl
disulfide (DMDS; Buser et al., 1983). The FAMEs were dissolved
in a mixture of DMDS (50 1) and diethyl ether (100 1) includ-
ing iodine (500 g) and then warmed at 40°C overnight. The
crude products, which were treated with a 5% sodium thiosul-
fate solution (0.5 ml), were extracted with hexane and analyzed by
GC-MS.

ANALYTICAL INSTRUMENTS

'H and '*C NMR spectra were recorded by a Jeol Delta 2 Fourier
transform spectrometer (JEOL Ltd., Tokyo, Japan) at 399.8 and
100.5 MHz, respectively, for CDCl3 solutions containing TMS as
an internal standard. GC-MS was conducted in the EI mode
(70eV) with an HP5973 mass spectrometer system (Hewlett-
Packard) equipped with a split/splitless injector. A DB-23 column
(0.25mm ID x 30 m, 0.25 wm film, ] & W Scientific, Folsom, CA,

USA) was commonly used for analyses of the pheromone compo-
nents and FAMEs, except for DMDS adducts, which were analyzed
with an HP-5 column (0.25 mm ID x 30 m,0.25 wm film, Hewlett-
Packard, Wilmington, DE, USA). The temperature program for the
DB-23 column was 80°C for 1 min and 8°C/min to 220°C, and that
for HP-5 column was 100°C for 2 min, 15°C/min to 280°C, and
held for 15 min. The carrier gas was He.

DEUTERIUM-LABELED PRECURSORS

[16,16,16-D3]Palmitic acid (Dg-16:Acid, 99.7 atom% of D)
and [18,18,18-Dj]stearic acid (D3-18:Acid, 99.7 atom% of
D) were purchased from ISOTEC Inc. The synthesis of
[13,13,14,14,15,15,16,16,16-Dg](Z)-11-hexadecenoic acid (Dg-
Z11-16:Acid) has been reported (Ando et al., 1998). Other deuter-
ated monoenyl fatty acids were synthesized by the routes described
below (shown in Figure 1).

Dy3-29-16:Acid
[11,11,12,12,13,13,14,14,15,15,16,16,16-D3](Z)-9-Hexadecenoic
acid was prepared starting from 1,8-octanediol (1, m = 8). By half-
bromination with HBr and protection of the remaining hydroxyl
group by dihydropyran, this alcohol was converted into the THP
ether of 8-bromooctan-1-ol (2, m =8). The bromide was treated
with lithium acetylide and the produced terminal acetylene com-
pound (3, m=28) was coupled with Dj3-1-bromohexane (98
atom% of D, ISOTEC, Inc., OH, USA) to yield a hexadecyne deriv-
ative (4, m =38, n=>5) that incorporated D;3. The triple bond of
4 was partially reduced to a double bond under hydrogen gas
with a Pd-BaSOy catalyst poisoned with quinoline, and D;3-(Z)-
9-pentadecen-1-ol (5, m=8, n=1>5) was obtained after cleavage
of the THP protective group. This alcohol was oxidized with the
Jones reagent to yield the D;3-Z9-16:Acid (5, m =8, n=5). NMR
(8 ppm); 'H: 1.30 (8H, broad), 1.63 (2H, tt, ] =7.5, 7.5 Hz), 2.02
(2H, dt, ] =7, 7Hz), 2.35 (2H, t, ] = 7.5Hz), 5.34 (2H, m), °C:
24.7,27.2,29.1 (x2),29.2,29.7, 34.1, 129.8, 130.0, 180.2. GC-MS
of methyl ester: Rt 13.75 min, m/z 281 (M™, 11%), 249 (38%), 74
(100%).

D13-Z11-18.'A8id
(13,13,14,14,15,15,16,16,17,17,18,18,18-D13](Z)-11-Octadecen-
oic acid was synthesized starting from 1,10-decanediol (1, m = 10)

b
OH(CH,),OH L LN Br(CH,),,OTHP —° CH=C(CH,),,OTHP
1 2 3
e f HH
CD4(CD,),C =C(CH,),,OTHP —»  CD4(CD,),C=C(CH,),,OH
4 5

.

g m=8,n=5 D,;Zo-16:Acid
T CDy(CDC=C(CH)n1COMH 1110 =5 D, Z11-18:Acid

6 m=12, n=3 Dy-Z13-18:Acid

FIGURE 1 | Synthetic routes to deuterated monoenyl acids (6);
D.;-(2)-9-hexadecenoic acid (D;;-29-16:Acid, m=8, n=5),
D,;-(2)-11-octadecenoic acid (D;;-Z11-18:Acid, m= 10, n=5), and
D,-(2)-13-octadecenoic acid (D,-213-18:Acid, m= 12, n=3). Reagents: a,
HBr; b, 3,4-dihydro-2 H-pyran; ¢, LIC=CH-EDA/DMSO; d, (1) BuLi/THF, (2)
CDs(CD,),Br/HMPA; e, H,/Pd-BaSO,-quinoline/hexane; f, p-TsOH/EtOH; g,
Jones reagent/acetone-H,0.

Frontiers in Endocrinology | Experimental Endocrinology

November 2011 | Volume 2 | Article 74 | 116


http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Experimental_Endocrinology
http://www.frontiersin.org/Experimental_Endocrinology/archive

Watanabe et al.

Pheromone biosynthesis in a Plusiinae moth

viaa deuterated 11-octadecyne derivative (4, m = 10, n = 5), which
was prepared by a coupling reaction between an acetylene com-
pound (3, m=10) and D;3-1-bromohexane. NMR (8§ ppm); 'H:
1.29 (12H, broad), 1.64 (2H, tt, ] =7.5, 7.5Hz), 2.01 (2H, dt,
J=7,7Hz),2.34 (2H, t, ] = 7.5 Hz), 5.34 (2H, m), 13C: 24.7,27.2,
29.1(x2),29.2 (x3),29.4,29.5,29.8,34.0,129.9 (x2), 180.0. GC-
MS of methyl ester: Rt 15.82 min, m/z 309 (M, 10%), 277 (33%),
74 (100%).

Dy-Z13-18:Acid
[15,15,16,16,17,17,18,18,18-Dg](Z)-13-Octadecenoic acid was
synthesized starting from 1,12-dodecanediol (1, m=10) via a
deuterated 13-octadecyne derivative (4, m = 12, n=3). This inter-
mediate was prepared by a coupling reaction between an acety-
lene compound (3, m = 12) and Dg-1-bromobutane, which was
derived from Djg-1-butanol (98 atom% of D,ISOTEC, Inc.). NMR
(3 ppm); 'H: 1.29 (14H, broad), 1.64 (2H, tt, ] = 7.5, 7.5 Hz), 2.01
(2H, dt, ] =7, 7Hz), 2.34 (2H, t, ] = 7.5 Hz), 5.34 (2H, m), 1*C:
24.7,27.2,29.1,29.2 (x2),29.4,29.5,29.8, 34.0,129.9 (x2), 180.1.
GC-MS of methyl ester: Rt 15.80 min, m/z 305 (M™, 12%), 273
(41%), 74 (100%).

APPLICATION OF LABELED PRECURSORS AND AN ELONGATION
INHIBITOR
Deuterated fatty acids were dissolved in dimethyl sulfoxide
(DMSO) at a concentration of 20 pg/pl, and 1 pl of each solu-
tion was topically applied to the pheromone glands of 2-day-old
virgin females of P. festucae and C. eriosoma 4 h after lights-off.
Pheromone components were extracted from the glands with
hexane 3 h after the application, and the extract was analyzed by
GC-MS under a cyclic scan mode (from m/z 40 to m/z 500) or
a selected ion monitoring (SIM) mode. The quantitative analysis
of labeled and unlabeled compounds was accomplished by peak
areas of [M-60]" ions, referring to calibration curves made with
authentic standards. Five groups of the extract from five females
were used for each treatment.

Conversion of Dj3-16:Acid was also examined with the
P. festucae females, which lost their ability for chain elongation
through treatment with an inhibitor, 2-hexadecynoic acid (Wood
and Lee, 1981). The acid was synthesized by an acetylene cou-
pling reaction between 1-pentadecyne and CO; in a similar man-
ner as that reported for the preparation of 2-octadecynoic acid
(Renobales et al., 1986). One microliter of the DMSO solution
of the acid at a 20 ug/pl concentration was topically applied
to each pheromone gland 30 min before treatment with D3-
16:Acid, and D3-Z5-12:0Ac produced in the gland was quantitated
by GC-MS.

RESULTS

FATTY ACIDS IN THE PHEROMONE GLANDS

Figure 2 shows the GC-MS analysis (total ion chromatogram,
TIC) of FAMEs derived from lipids in the pheromone gland
of P. festucae females. In addition to a large amount of esters
derived from generally observed fatty acids, such as methyl palmi-
tate (V, Rt 13.74 min), stearate (VIII, Rt 15.63 min), and oleate
(IX, Z9-18:Me, Rt 15.89 min), esters of several monoenyl acids
were detected. Methyl (Z)-5-dodecenoate (II, Rt 9.48 min) and

n v VIl IX

vi

N O U

100 120 140 160

Rt (min)

FIGURE 2 | GC-MS analysis (total ion chromatogram, TIC) of fatty acid
methyl esters derived from the lipids in pheromone glands of Plusia
festucae. |, methyl laurate (12:Me); ll, methyl (Z2)-5-dodecenoate
(Z5-12:Me); lll, methyl myristate (14:Me); IV, methyl (Z)-7-tetradecenoate
(Z7-14:Me); V, methyl palmitate (16:Me); VI, methyl (2)-9-hexadecenoate
(29-16:Me); VI, methyl (2)-11-hexadecenoate (Z11-16:Me); VIIl, methyl
stearate (18:Me); IX, methyl oleate (Z9-18:Me); X, methyl
(Z)-11-octadecenoate (Z11-18:Me); XI, methyl linoleate (29,212-18:Me); XII,
methyl linolenate (29,212,215-18:Me).

(Z)-7-tetradecenoate (IV, Rt 11.91 min) are expected to be direct
precursors of the pheromone components of Z5-12:0Ac and Z7-
14:0Ac, respectively. The Rts of Il and IV coincided with authentic
standards, and their chemical structures were further confirmed
by mass spectra of DMDS adducts, i.e., characteristic fragment
ions of DMDS adducts of II at m/z 161 and 145 and IV at m/z
189 and 145 revealed the double bond at the 5- and 7-positions,
respectively. This DMDS experiment also confirmed the structure
of other esters of monoenyl acids, methyl (Z)-9-hexadecenoate
(VI, Z9-16:Me, Rt 14.04 min), (Z)-11-hexadecenoate (VII, Z11-
16:Me, Rt 14.20 min), and (Z)-11-octadecenoate (X, Z11-18:Me,
Rt 15.97 min). Among the esters corresponding to the two possible
candidates for a biosynthetic intermediate with a long chain, the
titer of Z9-16:Me was remarkably higher than that of Z11-18:Me.

To understand the characteristic profile of FAMEs in P. festucae,
the contents of C;4 and C;3 monoenyl acids were compared with
those included in pheromone glands of the other two Plusiinae
species, C. eriosoma and A. peponis (Table 1). These two species,
which produce Z7-12:0Ac as a main pheromone component,
included more abundant Z11-16:Me than P. festucae, indicat-
ing All-desaturation of 16:Acid as a key step in their 7-12:0Ac
biosyntheses. On the other hand, while the titer of Z9-16:Me in P.
festucae was lower than those of the two species, the ratio of Z9-
16:Me to Z11-16:Me was notably higher than that of the others.
Both the titer of Z11-18:Me and its ratio to Z9-18:Me in P. festucae
were smaller than those of the other species.

INCORPORATION OF LABELED ACIDS INTO THE P, festucae
PHEROMONE

Figure 3 shows GC-MS analysis (TIC and mass chromatograms)
of the extracts, which were prepared from the glands treated
with deuterated Cj¢ acids. In addition to endogenous Z5-12:0Ac
(Rt 10.63 min) monitored by ions at m/z 166, 138, and 110,
ion peaks of m/z 169, 141, and 113 at 10.58 min suggested
the production of D3-Z5-12:0Ac by the topical application of
Ds3-16:Acid (Figure 3A). In the case of Dj3-Z9-16:Acid, an
ion peak of m/z 179 at 10.47 min suggested the production of
D3-7Z5-12:0Ac (Figure 3B). lon peaks of m/z 151 and 123
at 10.47 min, which were diagnostic for D;3-Z5-12:0Ac, were
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Table 1 | Composition of monounsaturated fatty acids in the pheromone glands of three Plusiinae species®.

Insect species C16 Acid (methyl ester)

C1g Acid (methyl ester)

Titer (ng/gland)® Ratio® Titer (ng/gland)® Ratio®
Z9-Isomer Z11-Isomer 29/211 Z9-Isomer Z11-Isomer 211/29
(VI, ®7-ene) (VIl, w5-ene) (w7/®w5) (IX, ®9-ene) (X, »7-ene) (07/09)
Plusia festucae 1.65+0.02 0.24+0.13 6.88+2.17° 8.08+2.64 0.17+£0.09 0.024+0.012
Chrysodeixis eriosoma 2.36+0.09 3.27+0.37 0.724+0.10P 10.51+0.53 0.48+0.03 0.05+0.01P
Anadevidia peponis 1.97+0.24 2.59+129 0.76 +0.35P 703+ 1.04 0.73+0.30 0.1040.05P

@Each acid was quantitatively analyzed by GC-MS as a methyl ester; Z9-16:Me W), Z11-16:Me VM), Z9-18:Me (IX), and Z11-18:Me (X) (see Figure 2).

bMean+ SE (n=4).

*Values within each test followed by a different letter are significantly different at P < 0.05 by Tukey—Kramer Test.

very small because the fragment ions were also produced by
75-12:0Ac and an unknown component. By treatment with
Ds3-18:Acid and D;3-Z11-18:Acid, the corresponding deuterated
pheromone components were detected in the pheromone gland
extracts. Table 2 shows the titers of unlabeled endogenous and
deuterated exogenous pheromone components. The titers of D3-
75-12:0Ac in the pheromone glands treated with D3-16:Acid
and D3-18:Acid were almost equal. The titers of D;3-Z5-12:0Ac
derived from D;3-7Z9-16:Acid and Dj3-Z11-18:Acid were also
almost equal. The incorporation ratios of D;3-Z9-16:Acid and
D;3-Z11-18:Acid were higher than those of Ds3-16:Acid and
D3-18:Acid.

EFFECT OF 2-HEXADECYNOIC ACID ON PHEROMONE BIOSYNTHESIS
The incorporation of D3-16:Acid and Dj3-Z9-16:Acid was
examined with the P festucae glands pretreated with 2-
hexadecynoic acid. The GC-MS analysis of the pheromone
gland extracts showed the following titers of deuterated
pheromone components and the incorporation ratios; D3-Z5-
12:0Ac (0.25 £ 0.09 ng/gland, 1.5 £ 0.7%, n = 3) from D3-16:Acid
and Dj3-Z5-12:0Ac (0.48 +0.22 ng/gland, 2.0 £0.8%, n=3)
from D;3-7Z9-16:Acid. These values were similar to those in the
glands untreated with the inhibitor (Table 2), indicating that
the chain elongation inhibitor did not affect the pheromone
biosynthesis.

INCORPORATION OF LABELED ACIDS INTO THE C. ERIOSOMA
PHEROMONE

Experiments with labeled acids were also carried out with
C. eriosoma females (Table 2). While D3-16:Acid was converted
into D3-Z7-12:0Ac, the labeled pheromone was not detected in
the pheromone gland treated with D3-18:Acid. Similarly, while
Dy-Z11-16:Acid was converted into Dg-Z7-12:0Ac, the labeled
pheromone was not detected in the pheromone gland treated
with Dg-Z13-18:Acid. The titer of Dg-Z7-12:OAc was higher than
that of D3-Z7-12:0Ac. The incorporation ratio of D3-16:Acid was
about five times higher than that of Dg-Z11-16:Acid.

DISCUSSION

In Lepidoptera, biosynthesis of Type I pheromones has been stud-
ied with several species and the results have proposed the following
pathway operating in pheromone glands; formation of saturated

fatty acyl compounds from acetyl CoA — desaturation — chain
shortening or elongation — reduction of the acyl moiety to a
hydroxyl group — acetylation of alcohols or oxidation to alde-
hydes (Jurenka, 2004). Pheromone glands usually include unsat-
urated fatty acyl intermediates, and they have been detected by
GC-MS analysis of FAMEs from lipids in the glands. For exam-
ple, Z11-16:Me and Z9-14:Me were found in FAMEs derived from
lipids in T. ni females in addition to Z7-12:Me, which possessed
the same chain structure as the main pheromone component (Z7-
12:0Ac; Bjostad and Roelofs, 1983; Roelofs and Bjostad, 1984).
The key step for the biosynthesis in T. ni is A11-desaturation (w5-
desaturation) of 16:Acyl, and Z11-16:Me is the main ester derived
from the pheromone gland lipids. Z11-16:Me was not the longest
one among the esters of monoenoic acids. A trace amount of the
ester of a Cjg acid unsaturated at the w5-position (Z13-18:Me)
was detected and estimated to be produced by chain elongation of
a Z11-16:Acyl intermediate.

On the other hand, a series of acyl intermediates unsaturated
at the w7-position was found in the lipids of the P. festucae
females, which secreted Z5-12:0Ac as a main pheromone com-
ponent (Figure 2). Z9-16:Me is most abundantly included among
the esters unsaturated at the w7-position and the ratio of Z9-
16:Me to Z11-16:Me detected in P. festucae is higher than those
of other Plusiinae species, C. eriosoma and A. peponis (Table 1),
which secrete Z7-12:0Ac as a main pheromone component, as
T. ni does. The data suggest that Z9-16:Acyl, which is produced
by A9-desaturation (w7-desaturation) of 16:Acyl, is a key biosyn-
thetic intermediate of Z5-12:0Ac. The content of Z11-18:Me is
very small in P. festucae, and the ratio of Z11-18:Me to Z9-
18:Me detected in P. festucae was also smaller than those in the
other two Plusiinae species (Table 1). We speculated that Z11-
18:Me might not be derived from a key biosynthetic intermediate
of P. festucae, similarly to Z13-18:Me found in the FAMEs of
T. ni females.

The biosynthetic pathway of Z5-12:0Ac was confirmed by
experiments with labeled fatty acids (Table 2). By topical appli-
cation of Dj3-16:Acid and Dq3-Z9-16:Acid, D3-Z5-12:0Ac and
D13-Z5-12:0Ac were respectively produced in the pheromone
glands of P. festucae. The incorporation ratio of D13-Z9-16:Acid
was higher than that of D3-16:Acid, supporting the desaturation
step of 16:Acyl. Moreover, D3-18:Acid and D;3-Z11-18:Acid were
also incorporated into Z5-12:0Ac. The incorporation ratios of
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FIGURE 3 | GC-MS analysis of pheromone gland extracts of
Plusia festucae females which were treated with D;-palmitic
acid [D;-16:Acid (A)] and D,;-(2)-9-hexadecenoic acid
[D,;-Z9-16:Acid (B)]. The mass chromatograms indicated the

B Z5-12:0Ac
'
D,;-Z5-12:0Ac

TIC

miz 110

m/z 123

mfz 138

mfz 151

m/z 166

m/z 179

100 102 104 106 108 (min)

following unlabeled and labeled pheromone components;

75-12:0Ac by the ions at m/z 166, 138, and 110, D3-Z5-12:0Ac by the
ions at m/z 169, 141, and 113, and D;5-Z5-12:OAc by the ions at m/z 179,
151, and 123.

Table 2 | Titers of endogenous and exogenous pheromone components in the sex pheromone glands of Plusia festucae and Chrysodeixis

eriosoma females, which were treated with deuterated fatty acids®.

Species Treatment Endogenous component Exogenous component Incorporation ratio
(%)€ [Y)/[X] x 100
Structure Titer [X] (ng/gland)? Structure Titer [Y] (ng/gland)P

P festucae D3-16:Acid 75-12:0Ac 15.6 £8.0 D3-Z5-12:0Ac 0.22+0.05 1.4+£0.5°
D3-18:Acid 75-12:0Ac 18.8+8.8 D3-75-12:0Ac 0.23+0.06 1.2+0.42
D43-29-16:Acid 75-12:0Ac 28.0+12.4 D13-25-12:0Ac 0.59+0.16 2.140.20
D13-Z211-18:Acid 75-12:0Ac 216+4.4 D13-25-12:0Ac 0.56+0.07 2.6+0.6°

C. eriosoma D3-16:Acid Z7-12:0Ac 102 +49 D3-Z7-12:0Ac 29+14 2.94+0.5°
D3-18:Acid 77-12:0Ac 141 +58 D3-27-12:0Ac Undetected 0
Dg-Z11-16:Acid 77-12:0Ac 179480 Dg-Z7-12:0Ac 25.0+9.9 14.0£4.2°
Dg-Z13-18:Acid 77-12:0Ac 131+47 Dg-Z7-12:0Ac Undetected 0

aEach acetate was quantitatively analyzed by GC-MS.
*Mean+ SE (n=3).

*Values within each species followed by a different letter are significantly different at P< 0.05 by Tukey—Kramer Test.

D3-16:Acid and D3-18:Acid were not significantly different, and
those of D;3-Z9-16:Acid and Dj3-Z11-18:Acid are also similar.
These results indicate that the above speculation for Z11-18:Me is
incorrect. The very low content of Z11-18:Me suggests the rapid
p-oxidation of Z11-18:Acyl. Thus, we concluded that not only A9-
desaturation of 16:Acyl but also Al1-desaturation of 18:Acyl are
at work in the pheromone biosynthesis in the P. festucae females,
as shown in Figure 4, if D3-16:Acid is not easily converted into
Ds3-18:Acid in the pheromone glands. Since this chain elongation
seems to be a common reaction, we examined the incorpora-
tion of D3-16:Acid using females pretreated with 2-hexadecynoic
acid. This acetylene compound is a known inhibitor of chain
elongation of 16:Acid (Wood and Lee, 1981). The inhibitor did
not affect the incorporation in P. festucae, indicating that Ds-
16:Acid was desaturated without elongation and D3-Z9-16:Acid
produced from Ds3-16:Acid was converted into D3-Z5-12:0Ac
(Figure 4).

As a comparative study, the biosynthesis of Z7-12:0Ac in C.
eriosoma was examined with labeled fatty acids (Table 2). The
incorporation ratios of the deuterated C;s acids demonstrated
the All-desaturation of 16:Acyl as a key step similar to T.
ni and other Plusiinae species (Komoda et al., 2000). On the
contrary, deuterated Cjg acids were not incorporated into the
pheromone. Chain shortening of the C;g acids did not pro-
ceed in the pheromone gland of C. eriosoma, and it was inter-
estingly revealed that the P-oxidation systems of P. festucae
and C. eriosoma were different. The ability of B-oxidation of
the Cjg chain is not necessary for the C. eriosoma females
and the inability might fit their pheromone biosynthesis. The
silkworm (Bombyx mori) secreted Cjg dienyl alcohol (bom-
bykol) as a sex pheromone. Among a series of labeled fatty
acids with a saturated Ci,-Cig chain, only 16:Acid was reli-
ably incorporated into the bombykol (Ando et al., 1986). The
other free acids did not enter into the biosynthetic pathway of
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bombykol. Although it is difficult to generalize, chain short-
ening and elongation of exogenous free acids do not seem to
happen easily in the B. mori females. If the enzymes in the
pheromone glands of P. festucae perform only a minimum nec-
essary function, our experiment with the labeled acids clearly
revealed their contribution to both types of desaturation in
pheromone production.

In Plusiinae, Thysanoplusia intermixta females secrete a mix-
ture of Z7-12:0Ac and (5E,72)-5,7-dodecadienyl acetate (E5,Z7-
12:0Ac¢) for mating communication (Ando et al., 1998). The
biosynthesis of the dienyl component was also investigated with
several deuterated acids (Ono et al., 2002). While the double bond
at the 5-position in the monoenyl pheromone of P. festucae is
introduced at an early stage of the biosynthesis, probably just
after construction of Cj¢ and C;s saturated fatty acids, desat-
uration at the same position in the dienyl pheromone of T.
intermixta is achieved on Z7-12:Acyl, which is produced by A11-
desaturation of 16:Acyl and p-oxidation of the produced Z11-
16:Acyl intermediate. This A5-desaturation is, in other words,
w7-desaturation. Some species in Plusiinae secrete pheromone
components produced by w3-desaturation, such as Z9-12:0Ac
of C. eriosoma and Z7-10:0Ac of Diachrysia chrysitis (Lofst-
edt et al.,, 1994). In these species, Al3-desaturation of 16:Acyl
and All-desaturation of 14:Acyl might proceed. Experimen-
tal proof for the actual substrate of w3-desaturase is antici-
pated.

Whereas some Plusiinae species produce more than 10 com-
ponents, only two or three compounds are essential for male
attraction. Based on the chemical structures of these primary com-
ponents, we have classified Plusiinae pheromones into nine groups
(Ando et al., 2004; Inomata et al., 2005). All monoenyl compo-
nents include the double bond at the w3-, w5-, or w7-position;
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We treat the biological significance of prostaglandins (PGs) and their known receptors in
insect biology. PGs and related eicosanoids are oxygenated derivatives of arachidonic acid
(AA) and two other C20 polyunsaturated fatty acids. PGs are mostly appreciated in the con-
text of biomedicine, but a growing body of literature indicates the biological significance
of these compounds extends throughout the animal kingdom, and possibly beyond. The
actions of most PGs are mediated by specific receptors. Biomedical research has discov-
ered a great deal of knowledge about PG receptors in mammals, including their structures,
pharmacology, molecular biology and cellular locations. Studies of PG receptors in insects
lag behind the biomedical background, however, recent results hold the promise of accel-
erated research in this area. A PG receptor has been identified in a class of lepidopteran
hemocytes and experimentally linked to the release of prophenoloxidase. PGs act in several
crucial areas of insect biology. In reproduction, a specific PG, PGE,, releases oviposition
behavior in most crickets and a few other insect species; PGs also mediate events in egg
development in some species, which may represent all insects. PGs play major roles in
modulating fluid secretion in Malpighian tubules, rectum and salivary glands, although,
again, this has been studied in only a few insect species that may represent the Class.
Insect immunity is a very complex defense system. PGs and other eicosanoids mediate
a large number of immune reactions to infection and invasion. We conclude that research
into PGs and their receptors in insects will lead to important advances in our understanding

of insect biology.

Keywords: prostaglandins, insect physiology, receptors, immunity, reproduction

INTRODUCTION

Prostaglandins (PGs) and other eicosanoids are oxygenated deriv-
atives of arachidonicacid (AA) and two other C20 polyunsaturated
fatty acids. Corey et al. (1980) put forth the term eicosanoid, based
on the Greek word for 20, “eikosi.” Eicosanoid is a broad term
for all biologically active AA metabolites. Three major groups of
eicosanoids are recognized. The cyclooxygenase (COX) pathways
lead to PGs; the lipoxygenase (LOX) pathways produce a myr-
iad compounds, including the leukotrienes; and the cytochrome
P-450 “epoxidase” pathways yield a group of epoxyeicosatrienoic
acids. PGs and LOX products have been identified and exert bio-
logical actions in insect tissues. The epoxyeicosatrienoic acids act
in mammalian tissues, but have not been reported for inverte-
brates. Figure 1 presents a broad outline of eicosanoid biosynthe-
sis; eicosanoid chemical structures and biosynthetic pathways are
treated in detail elsewhere (Stanley, 2000, 2005).

The roots of endocrinology go back to the 1850s, first
with Arnold Berthold’s castration/transplantation experiments on
roosters (Benedum, 1999). He showed that castrating roosters
led to atrophy of the comb and disinterest in hens. Also in the
1850s the French physiologist, Claude Bernard, discussed “inter-
nal secretions” that travel in blood circulation to distant target
cells within the body. Eicosanoids are relative newcomers to bio-
chemical signaling. The first known eicosanoids are dated to the
1930s, when von Euler (1936) reported that a substance(s) from

the human prostate gland stimulated contractions in isolated
uterine smooth muscle preparations. The contraction-stimulating
substances had the characters of an acidic lipid and von Euler
named them “prostaglandins” after their source. There was no
real progress on PGs until Bergstrom and Samuelsson (Bergstrom
et al., 1962) reported the chemical structures of PGE, PGF; and
PGF; nearly 30 years later. Once the chemical structures of these
PGs were revealed, it became clear immediately that AA is the
immediate precursor for all PGs. Although originally interested in
cholesterol reaction mechanisms, after the structural work on PGs,
Bergstrom devoted his research to understanding AA metabolism,
during which he discovered other eicosanoids, including endoper-
oxides, leukotrienes and thromboxanes. The pharmacologist John
Vane shared the 1982 Nobel Prize for Medicine or Physiology with
Bergstrom and Samuelsson for their pioneering work on PGs and
other eicosanoids. Vane’s contribution was his original demonstra-
tion that aspirin and other analgesics relieve discomforts associ-
ated with inflammation by inhibiting PG biosynthesis. Knowledge
of the chemical structures and clinical significance of PGs and
other eicosanoids launched a very large research enterprise in
industry, academia and government. We now know that PGs and
other eicosanoids are biosynthesized and exert important biologi-
cal actions in virtually all mammalian tissues and body fluids. For a
few examples, eicosanoids act in reproduction, immunity, smooth
muscle contraction, ion transport and in mucosal protection.

www.frontiersin.org

December 2011 | Volume 2 | Article 105 | 122


http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/about
http://www.frontiersin.org/Experimental_Endocrinology/10.3389/fendo.2011.00105/abstract
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=42697&d=1&sname=DavidStanley&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=29862&d=1&sname=JoeHull&name=Science
mailto:stanleyd@missouri.edu
http://www.frontiersin.org
http://www.frontiersin.org/Experimental_Endocrinology/archive

Stanley and Kim

Prostaglandins in insect biology

H
O0—

PR
s

< IlA

Base

FIGURE 1 | Eicosanoids are synthesized by oxygenation of
polyunsaturated fatty acids, mainly from arachidonic acid (AA;

20:4n — 6). AA (structure 2) is liberated from the membrane phospholipids
(structure 1) via activation of phospholipase A, (enzyme A). The free fatty
acids are subsequently metabolized via three different pathways: (i) The
cyclooxygenase pathway (enzyme B), forming prostaglandins,
thromboxanes or prostacyclins, (ii) the various lipoxygenase pathways
(enzyme D), forming leukotrienes, lipoxins, hepoxilins and hydro(pero)xy-
and hydroxy-fatty acids and (iii) the cytochrome P-450 (cyt P-450) pathways
(enzyme C), forming epoxy derivatives. Structure 3 is prostaglandin E,,
structure 4 is 5-hydroperoxyeicosatetraenoic acid, structure 5 is
leukotrienes B4, structure 6 is 11,12-epoxyeicosatrienoic acid and structure
7 is lipoxin A. (From Stanley, 2000 with permission).

The discovery of eicosanoids in a marine invertebrate came
from a broad research program on marine natural products. In
their 15th paper in a series, Weinheimer and Spraggins (1969)
reported on two PG derivatives in the gorgonian octocoral, Plex-
aura homomalla. As a side note, this discovery came before PGs
were available for physiological research. While P. homomalla
became the first commercial source of PGs for research purposes,
there were no insights into the biological significance of PGs or any
eicosanoids in invertebrates. Destephano and Brady (1977) pro-
vided the first suggestion that PGs act in insect biology with their
report on PG biosynthesis in reproductive tissues of the house
cricket, Acheta domesticus. They also showed that injecting 100 g
of PGE; into gravid virgin females led to release of egg-laying
behavior. This was the first report of a biological role of PGs in
insects.

In the context of this issue of Frontiers in Experimental
Endocrinology, we focus on PG receptor-mediated events in insect

physiology, including the release of egg-laying behavior in crickets,
roles of PGs in insect egg development, a PG receptor in tick sali-
vary glands and finally, a PG receptor-mediated action in insect
immunity. The main points of the paper are that (1) in most
cases, the PG receptors are postulated on the basis of specificity of
PG actions, rather than studied directly; (2) PGs are crucial ele-
ments in insect physiology; (3) PG actions are receptor-mediated;
and (4) research into insect PG receptors represents a very broad,
newly illuminated frontier with profound implications in basic
and applied biology.

A BIOMEDICAL BACKGROUND ON PG RECEPTORS

Drawing on the biomedical model developed in studies of mam-
malian physiology and pathophysiology, PGs and at least some
LOX products interact with specific cell surface receptors, par-
ticularly G protein coupled receptors (GPCRs) of the rhodopsin
family (Breyer et al., 2001). Figure 2 presents a model of one
mechanism of the influence of PGs on cellular events. The genes
encoding GPCRs account for relatively large proportions of animal
genomes; GPCRs are organized into a variety of families (Vanden
Broeck, 2001). GPCRs selectively couple with various intracellular
G proteins, each of which regulates the activities of specific cellu-
lar effector proteins, including adenylyl cyclase and others (Blenau
and Baumann, 2001). Some mammalian PG receptors influence
events related to homeostasis, such as ion transport physiology
and others influence gene expression in target cells.

The detailed situation is still more complex. Whereas most PG
receptors are thought to be located on cell surfaces, nuclear PG
receptors also have been reported (Bhattacharya et al., 1999). Cell
surface PG receptors also exist in various subtypes. PGs D, E, E,
I, and Thromboxane A have specific receptors, each denoted by
a letter associated with the PG and a P: DP, EP, FP, IP, and TP
receptors. Still more complexity attends the EP receptors, which
occur in subtypes, EP1, EP2, EP3, and EP4 and each of these inter-
act with separate G proteins. EP3 receptors are further subdivided
into variants due to splice variations (Hatae et al., 2002). All this
variation in PG receptors allows various PGs to exert multiple and
even contradictory influences on cells. For example, EP3 variant
EP3A, once activated, can stimulate increased intracellular cAMP
concentrations, while EP3 variant EP3B lowers intracellular cAMP
concentrations. Compared to the huge body of literature on PG
receptors in the biomedical literature, there is only scant knowl-
edge these receptors in invertebrates. Here we assemble the diverse
information into a unified picture.

PROSTAGLANDINS IN INSECT REPRODUCTION

In decades of detailed research Werner Loher and his students
developed the most complete picture of a cricket mating sys-
tem, studying the Australian field cricket, Teleogryllus commodus.
Loher and Edson (1973) showed that mating exerts profound
influences on female crickets. They reported the apparently odd
situation that successful mating, per se, does not attenuate female
receptivity; instead, males tend to corral females within mat-
ing arenas after mating until they deposit their eggs. Males
call and court females, and this synchronizes sexual readiness
in both sexes. Males produce spermatophores and express call-
ing behavior on a circadian rhythm basis (Loher, 1984). Virgin
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FIGURE 2 | A model of PG action in hemocytes. A stimulator would
be a chemical component of an infecting microorganism, such as LPS
or laminarin. As modeled here, a phospholipase A, is activated by
translocation from the cytosol to intracellular and plasma membranes.
The activated phospholipase A, releases AA from cellular
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phospholipid pools. The AA is subsequently converted into PGE, or
other eicosanoids. PGs are exported from the cell by specific PG
transporter proteins. The PGs can interact with receptors located on
the exporting cell (autocrine action) or with receptors located on other
cells (paracrine action).

females express nightly locomotor behavior and are responsive
to male calling songs, both behaviors also organized on circa-
dian rhythms. Following successful mating (and not all copula-
tions are successful because the long tubes of the spermatophores
must find their way into the spermathecae), females stop their
locomotor behaviors and lose interest in male calling songs
(Loher, 1984). A third very important change in females is the
onset of oviposition behavior that can last for hours and culmi-
nate in deposition of hundreds of fertile eggs, each individually
deposited. Loher demonstrated that the physical stimulation of
mating is not responsible for these profound changes in female
behavior, because mating with castrated males does not pro-
duce the changes (Loher and Edson, 1973). He postulated that
a chemical factor, produced in testes and sexually transferred
to females, induced at least some of the behavioral changes in
females.

In his first experiment to identify a chemical factor, Loher
(1979) injected sexually mature virgins with PGE, (and saline
into control females), then recorded egg-laying each day for the
following 13 days. For the first 24 h following treatment, Loher
recorded an average of about 6 eggs/female in controls and
about 76 eggs/female in PG-treated experimental females. Over
the whole experiment experimental females deposited about 217
eggs/female/day, compared to about 11 by the control females.
This work laid a foundation for a lengthy research program on the
roles and actions of PG in releasing oviposition behavior in female
crickets.

The program began with analytic biochemistry to determine
quantities of PGE; in spermathecae from virgin and mated
females, using a high-performance liquid chromatography proto-
col, which at the time was sensitive to about 0.5 ng. They collected
and analyzed pools of 100 spermathecae, from which they recorded
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about 500 pg PGE,/spermatheca in glands from mated females and
none in spermathecae from virgins. Recalling that PGs took their
name from the prostate gland, mammalian semen is generally rich
in PGs. On the basis of mammalian semen, Loher guessed that
cricket seminal fluids, which are transferred to females in sper-
matophores, would contain a fair amount of PG. Similar chem-
ical determinations showed that spermatophores contain about
20 pg/spermatophore, far too little to account for the recorded
500 pg/spermathecae.

The next line of work was designed to determine PGE; biosyn-
thesis in spermatophores and spermathecae. They used a fairly
standard protocol in which the fluid contents of spermatophores
and spermathecae were incubated in the presence of radioactive
AA. After the incubations, the reactions were extracted and ana-
lyzed on thin-layer chromatography (TLC). This work showed
that spermathecal preparations from virgin females did not pro-
duce PGs, while similar preparations from mated females and from
spermatophores produced about 25-35 pmol PGE;/h/tissue and
about 12-13 pmol PGF,,/h/tissue. Because the presence and bio-
logical significance of AA and other C20 polyunsaturated fatty
acids was not appreciated at the time, the authors also recorded
the presence of AA in spermathecae of virgin females at about
2% of total fatty acids. These findings became the basis of the
“enzyme transfer model,” which specified that an enzyme with PG
biosynthetic activity was transferred from male to female along
with the other components of spermathecal seminal fluid; once
in the spermathecae of newly mated females, the enzyme converts
AA into PGE,, which subsequently releases oviposition behavior
(Loher et al., 1981). The model also prompted deeper study.

Stanley-Samuelson and Loher (1983) investigated the arrange-
ment of AA in spermatophores and spermathecae. They found
that spermathecae from mated females contained about 40-
fold more AA than spermathecae from virgin females (0.008 mg
AA/spermatheca for virgins and about 0.34 mg AA/spermatheca
for mated females). The difference between virgin and mated
females was roughly the amount of AA detected in sper-
matophores. Virtually all the AA in spermatophores was associated
with phospholipids, with none in neutral lipids. Within phospho-
lipids, AA made up about 4% of phosphatidylethanolamine fatty
acids and about 25% of phosphatidylcholine fatty acids. This is a
very unusual asymmetry in fatty acid arrangements, from which
the authors inferred that AA is arranged in spermatophores for a
special purpose.

All previous work had focused on the influence of a single PG,
namely PGE;, on releasing egg-laying behavior. Of course, there
are many PGs, which raises questions about the specificity of PG
actions in releasing oviposition behavior. If the PG mode of action
were similar to the mammalian background, specific PG receptors
would limit the number of different PGs that release oviposition
behavior. Stanley-Samuelson et al. (1986) investigated the rela-
tion between PG structures and egg-laying. They used groups of
15-day-old virgin females. Some were untreated as negative con-
trols, some were mated with intact males as positive controls and
experimental groups were injected with 100 jLg of a chemical. The
outcomes of these experiments are tabulated in Stanley-Samuslson
et al. (1986), where we see that the most effective treatments were
the positive mating controls and treatments with 15-keto-PGE,,

a metabolite of PGE,. PGE, treatments also released egg-laying
behavior, but at about 57% of the influence of mating. The authors
interpreted the results in terms of PG receptors, which at that time
were completed unknown in insect biology. There seemed to be
a clear specificity for PGs with the ring features of PGE, that is,
9-keto, 11-hydroxy substitutions. PGD is similar to PGE, with 9-
hydroxy, 11-keto substitutions, however, PGD treatments did not
lead to deposition of substantial numbers of eggs. Hence, it would
be postulated that PGs release egg-laying behavior via a specific
receptor.

Oviposition behavior in T. commodus is a complex operation
involving sense cells in the ovipositor used to assess the quality
of an egg-laying substrate, followed by fertilization and inserting
the ovipositor deep into the substrate. Eggs are moved into the
substrate by oviduct musculature. As mentioned just above, males
tend to guard their female partners until they have deposited their
eggs, a behavior thought to reduce sperm competition because
mated females remain receptive to other males even though they
do not respond to calling songs. By analogy to the mammalian
uterus, it was thought that PGs release oviposition behavior by
stimulating contractions of the oviduct musculature. This idea was
laid to rest by Loher (1984) and by Cook et al. (1984), who reported
that PGs do not stimulate contractions of oviduct muscles in the
cockroach, Leucophaea maderae. The T. commodus oviposition
behavioral program is located in the terminal abdominal gan-
glion. The current untested hypothesis is that PGE, releases the
oviposition via interactions with a PGE, receptor located in the
terminal abdominal ganglion.

Prostaglandins act in releasing oviposition behavior in a few
other insect species, including the 28 spotted ladybird, the rice
brown planthopper and possibly the silk moth, all reviewed in
Stanley (2000). Beyond this, PGs have been recorded in the female
reproductive tracts of several insect species and mating leads to
increases in PG titers (Stanley, 2000). Machado et al. (2007) were
the first to report on a biological role for PGs within female repro-
ductive tracts. They cultured ovarioles from the silk moth, Bombyx
mori (Daizo strain), then determined the influence of PG biosyn-
thesis inhibitors on ovarian development. B. mori ovarioles can
be cultured in vitro and they can enter and complete choriogen-
esis autonomously. Machado et al. (2007) showed that treating
cultured ovarioles with aspirin and other inhibitors of PG biosyn-
thesis sharply reduced choriogenesis and the inhibitory influence
could be reversed by adding PGF,,, to the cultures. They also used
a commercial polyclonal antibody in western blots to record the
presence of a COX protein, which increased as oogenesis moved
toward choriogenesis. Thus, PGF, acts in ovarian development
in B. mori and likely other insects. This is a specific PG action,
which presumably takes place via a specific receptor.

The Machado research group has a long history of research on
their model insect, the blood-sucking bug, Rhodnius prolixus. They
reported on the roles of PGs and other eicosanoids in immune
reactions of R. prolixus and the mosquito Anopheles albimanus,
which we will discuss in the immunity section of this article
(de Medeiros et al., 2009). They recently reported that fungal
infection increased production of PGE; in R. prolixus and that the
increased PGE; titers led to arrest of oogenesis in adult females.
This work connects PG actions to the growing understanding of
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ecological immunity, which informs understanding that immune
reactions to infection and invasion entail considerable fitness costs,
including reduced reproductive capacity (Rolff and Siva-Jothy,
2003). The positive influence of PGF,, on ovarian development
in B. mori and the inhibitory effect of PGE; on oogenesis in R.
prolixus prompt the hypothesis that these two PGs exert opposite
effects on ovarian development. The concept of two PGs exerting
opposite effects within a single system is solidly based in the bio-
medical background, because each of the PGs has its individual
receptor. Here we suggest insect ovarian tissues similarly express
individual receptors allowing two PGs to express opposite effects.
Recognizing the hypothesis suffers from recording the opposite
effects in two insect species, it remains a testable idea.

PROSTAGLANDINS IN ION TRANSPORT PHYSIOLOGY
Prostaglandins influence ion transport physiology in invertebrates
and in at least three insect ion transporting tissues, salivary gland,
Malpighian tubules and rectum (Stanley, 2000). In the first sugges-
tion that PGs act in insect biology, Dalton (1977a) reported that
PGE; did not alter basal fluid secretion rates in salivary glands iso-
lated from the blowfly, Calliphora erythrocephala, but did attenuate
the normal stimulating influence of serotonin on fluid secretion
rates. Serotonin influences fluid secretion via interaction with a
cell surface receptor that increases intracellular cAMP concentra-
tions. The attenuating effect of PGE; could be due to decreasing
activity of adenylate cyclase, the enzyme responsible for cAMP
production or by stimulating phosphodiesterase, the enzyme that
metabolizes cAMP into an inactive form. Dalton (1977b) con-
cluded that PGE; does not influence phosphodiesterase, but slows
adenylate cyclase. This work added PGs to the biochemicals known
to influence ion transport in insects, but the work was not carried
forward, probably because a theoretical basis for PG actions in
insect biology had not yet been established.

Petzel and Stanley-Samuelson (1992) hypothesized that PGs
modulate fluid secretion rates in Malpighian tubules in female
mosquitoes, Aedes aegypti. They used the classical Ramsey assay
in which isolated sets of five Malpighian tubules in 20 pl saline
drops were placed under light paraffin oil. Individual tubules were
drawn into the oil. Fluid excreted by the tubules was visible in the
oil and measured under a microscope. The experimental work
showed that specific inhibitors of PG biosynthesis slowed the
basal fluid secretion rates, while inhibitors of LOXs or epoxyge-
nases did not influence fluid secretion. They concluded that PGs
modulate basal fluid secretion in mosquito Malpighian tubules.
In follow-up work, they used immunohistochemistry to localize
PGE,; in principal, but not stellate cells, within Malpighian tubules
and also recorded the presence of AA in phospholipids, but not
neutral lipids, prepared from isolated Malpighian tubules (Petzel
et al., 1993). Using Ramsay procedures modified for very small
insects, Van Kerkhove et al. (1995) reported that inhibitors of PG
biosynthesis, but not inhibitors of LOXs or epoxygenase, severely
restricted basal fluid secretion in Malpighian tubule preparations
from the forest ant, Formica polyctena. Again, the authors con-
cluded that PGs modulate Malpighian tubule fluid secretion in
insects.

The insect rectum makes up a major component of insect renal
function, acting to transport water and selected metabolites from

the rectal lumen back into hemolymph. The rectum of the locust,
Locusta migratoria, is large enough to set up in an everted sac
preparation to directly investigate regulation of rectal transport
functions. Radallah et al. (1995) reported that treating everted
rectal sacs with AA or with PGE, led to dose-dependent increases
in fluid reabsorption. The experimental dosages were well within
a physiological range (107°~107¢ M) and similar treatments also
led to increased intracellular Ca*™ concentrations and increased
phospholipase C activity. This work allows the hypothesis that
PGE, acts via a specific receptor to stimulate the phospholipase
C-driven signal pathway.

Salivary glands of the tick, Amblyomma americanum, and other
tick species, produce copious amounts of PGs, which are injected
into their hosts, along with salivary gland secretions which may
also contain various pathogens. The PGs facilitate blood feeding
by down-regulating host immune responses to the presence of the
tick. The salivary glands also are responsible for renal functions
during blood feeding on vertebrate hosts by injecting water and
ions back into their hosts. The renal functions are regulated in part
by PGE,, which acts via a specific receptor. Qian et al. (1997) used
classical binding protocols to investigate a PGE, receptor from
salivary glands of the tick, A. americanum. The receptor meets all
criteria of a specific PG receptor. It is specific to PGE,, is reversible
and is saturable. PGE; acts through this receptor to mediate two
physiological processes in tick salivary glands. PGE; acts in sali-
vary secretions and acts in receptor-mediated protein exocytosis
(Qian et al.,, 1998). This work firmly establishes a PG receptor in
tick renal function. Taken with all the work on the roles of PGs in
fluid secretion, just described, we assert that PG-producing inver-
tebrates also express GPCRs for the PGs. We turn, now, to insect
immunity, another area of insect biology in which a specific PG
receptor operates.

PROSTAGLANDINS AND OTHER EICOSANOIDS ACT IN
INSECT IMMUNITY

Insects and other invertebrates have served as research model
systems since the beginning of immunological research. For a
couple of examples, Elie Metchnikoff, a Russian embryologist,
placed splinters into the transparent bodies of bipinnaria stage
starfish, and later observed phagocytes surrounding the splinter.
Aside from the early work on vaccines, this is probably the first
experiment in immunology. Another Russian, Serguei Metalnikov
worked in the Pasteur Institute, where he conducted research on
insect immunity in the 1920s. He is regarded as one of the founders
of insect immunology.

Insects lack the antibody-based adaptive immune systems seen
in vertebrates. Insect immunity is exclusively innate, that is, a nat-
urally occurring, non-specific immunity that does not depend on
previous infection experience. Nonetheless, insect immunity is a
highly effective protection system. Insect immunology is stud-
ied from several perspectives. Direct studies of immune functions
forms the basis of a large literature on the cellular and molecular
mechanisms of immunity, and immune signaling, some of which
has also guided biomedical research into mammalian immunity.
The significance of research into insect immunity is underscored
by recognition of Professor Jules Hoffmann, who led research
into Drosophila immunity, with a share of the 2011 Nobel Prize
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in Physiology or Medicine “for their discoveries concerning the
activation of innate immunity.” Immune functions are biologi-
cally expensive and studies of ecological immunity are revealing
physiological trade-offs, in which biologically expensive immune
functions are traded off for other biological functions, including
reproduction and migrations (Rolff and Siva-Jothy, 2003). For a
single example, Schmid et al. (2008) reported that adult honeybees
abandon cellular-based immunity in favor of prophenoloxidase-
based immunity when they reach the foraging stage of their behav-
ioral ontology. All this research highlights the breadth and depth
of insect immunology, which is now beyond the capacity of indi-
viduals or even groups to comprehensively review. Let us begin
with a brief glance of insect immune functions.

Insect integuments serve as exoskeletons and also as physi-
cal barriers to infectious agents. The gastrointestinal tract is a
common entry to insect bodies, although it is not a completely
open door for them. Insects express epithelial immunity in sali-
vary glands (Abdelsadik and Roeder, 2010), guts (Cronin et al.,
2009), Malpighian tubules (Davies and Dow, 2009), and tracheal
epithelia (Wagner et al., 2008) of Drosophila. Epithelial immu-
nity is a humoral response, based on induced expression of genes
encoding anti-microbial peptides. After infectious agents get into
hemolymph circulation, internal signaling coordinates and medi-
ates humoral and cellular immune reactions. Humoral reactions,
again, involve biosynthesis of anti-microbial peptides, the enzyme
lysozyme and release of prophenoloxidase (PPO) from circulat-
ing enocytoids, a type of hemocyte. These peptides appear in
the hemolymph of infected insects about 6-12h post-infection
(PI). Far more detailed descriptions of humoral immunity, includ-
ing non-self surveillance and the signaling pathways that lead
to anti-microbial peptide expression are available (Lemaitre and
Hoffmann, 2007).

The hemolymph of most insects contains approximately 4—
6 x 10° circulating hemocytes per ml. The main immune effecter
cells of Lepidoptera are plasmatocytes and granulocytes. These
cells clear microbes from circulation by phagocytosis and a process
called nodulation, a form of encapsulation. Nodulation begins
with microaggregation of hemocytes with adhering microbes
(Figure 3A), which grow into nodules. In the last phase of nodu-
lation, plasmatocytes surround the nodule and activate a PPO
system that melanizes nodules, which are finally attached to an
internal organ or inner body wall. The darkened nodules remain
in the body for the life of the insect and they are easily visi-
ble at 40x (Figure 3B). Nodulation is responsible for clearing
the majority of infecting microbes from circulation (Dunn and
Drake, 1983). Invaders too large for phagocytosis, such as para-
sitoid eggs, are encapsulated in layers of hemocytes within resis-
tant insects. These also are melanized and attached to the inner
body wall or an internal organ. The melanization process pro-
duces reactive oxygen forms that may directly kill the invaders.
Numbers of circulating hemocytes decline sharply during cellu-
lar responses and are replaced by hematopoiesis that takes place
in small hematopoietic organs typically located in abdomens,
but also in the thorax of some species. Millions of hemocytes
may be invested in responses to a single infection event, which
emphasizes the biological costs of hemocytic immunity (Stanley,
2006).

FIGURE 3| (A) Microaggregation reactions to bacterial infection in larvae
of the diamondback moth, Plutella xylostella. (B) Encapsulation in response
to parasitoid egg (200x). The cells in these photographs range from

10-12 pm. Nodulation is a form of encapsulation in which hemocytes
surround a mature nodule rather than a parasitoid egg.

Stanley-Samuelson and his colleagues investigated the hypoth-
esis that eicosanoids mediate insect hemocytic immunity. They
reported that injecting tobacco hornworms, Manduca sexta, with
pharmaceutical inhibitors of eicosanoid biosynthesis (the non-
steroidal anti-inflammatory drugs, NSAIDs) impaired the ability
to clear injected bacteria from hemolymph circulation (Stanley-
Samuelson et al., 1991). As all experiments were conducted within
2—4h PI, it was suggested that eicosanoids mediated cellular, as
opposed to humoral, immune reactions. A second paper reported
that treating hornworms with inhibitors of eicosanoid biosynthesis
impaired microaggregation and nodulation reactions to bacter-
ial infection (Miller et al., 1994). These ground-breaking papers
opened several lines of research. In one, several investigations of
eicosanoid biochemistry documented the presence of eicosanoid
precursor fatty acids in virtually all insects, recorded biosynthe-
sis of PGs and other eicosanoids and demonstrated the presence
of phospholipase A, (PLA;) activity in immune and other insect
tissues. These biochemical studies are beyond the scope of this
article and specific citations more detailed reviews can be found
elsewhere (Stanley, 2000, 2005, 20065 Stanley et al., 2009).

The biochemical work supported research into the influence of
immune challenge on PLA; activity and PG biosynthesis. Jurenka
etal. (1999) reported that bacterial infection increased biosynthe-
sis of PGF, in true armyworms, Pseudaletia unipuncta, at 30 min
post-infection. This work bolstered the idea that PGs and other
eicosanoids are key mediators of insect cellular immunity. Later
several authors reported that infection stimulated increased PLA;
activity in tobacco hornworms (Tunaz et al., 2003), in whole flies,
Sarcophaga peregrine (Yajima et al., 2003), in beet armyworms,
Spodoptera exigua (Shrestha and Kim, 2007), and in the red flour
beetle, Tribolium castaneum (Shrestha and Kim, 2010). Together,
these publications allow a generalization that PLA; acts in insect
cellular immunity.

In the context of PG receptors, we now consider specific cel-
lular actions mediated by eicosanoids. In the early work, Miller
et al. (1994) showed that eicosanoids mediate microaggregation
and nodulation reactions to bacterial infection. Mandato et al.
(1997) enhanced the list of eicosanoid-mediated actions, with
their report that eicosanoids act in PPO activation, phagocyto-
sis and cell spreading in larval Galleria mellonella. The influence
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of eicosanoids on PPO activation is quite interesting because
eicosanoids do not activate PPO in other species, such as a locust,
L. migratoria (Goldsworthy et al., 2003). Figueiredo et al. (2008)
also showed that inhibiting PLA, substantially reduced phago-
cytosis of the protozoan parasite, Trypanosoma rangeli, by R.
prolixus hemocytes and that the inhibition was reversed by treat-
ing R. prolixus with AA. They concluded that eicosanoids mediate
phagocytosis in Rhodnius and that T. rangeli somehow inhibited
eicosanoid biosynthesis. Carton et al. (2002) reported that the
PLA,;-inhibiting glucocorticoid, dexamethasone, inhibited encap-
sulation of parasitoid eggs in a resistant line of D. melanogaster.
Similarly, Miller (2005) confirmed eicosanoid actions in M. sexta
plasmatocyte spreading. Hemocyte adhesion is crucial in clearing
infecting bacteria from circulation. Marin et al. (2005) reported
that AA increased adhesion of G. mellonella granulocytes, but
not plasmatocytes, to a glass surface. More recently, Merchant
et al. (2008) reported that eicosanoids influence tobacco horn-
worm hemocyte migration in Boyden chambers. This may be a
specific PG function because a LOX inhibitor, esculetin, did not
influence hemocyte migration. Finally, Shrestha and Kim (2008)
discovered that eicosanoids mediate release of PPO from eno-
cytoids by inducing cell lysis in S. exigua. Hence, we have a list
of specific eicosanoid actions beginning with microaggregation,
encapsulation and nodulation as a form of encapsulation. These
are large-scale, visible actions, each involving a large, but unknown
number of discrete cell steps. For example, phagocytosis is a very
complex action, which in Drosophila S2 cells involves at least
184 genes (Stroschein-Stevenson et al. (2006). Cell spreading and
migration are similarly complex, although we do not have a direct
comparator with respect to numbers of genes. We conclude that
eicosanoids are crucial to the mediation and coordination of insect
cellular immunity, but they exert their actions in concert with other
biochemical signal systems, including biogenic amines and insect
cytokines. Recent work suggests how eicosanoids interacts with
other signal systems.

There are reports of specificity also in the broad groups
of eicosanoids acting in immune functions. Lord et al. (2002)
reported that eicosanoids, specifically LOXs products, but not by
PGs, act in cellular immunity to the insect fungal pathogen, Beau-
veria bassiana. Similarly, PGs, but not LOXs products, appear
to mediate microaggregation reactions to bacterial infection
in isolated hemocyte preparations (Phelps et al., 2003). These
reports also point to specific eicosanoid receptors, although the
operational receptors have not been identified.

Baines et al. (1992) reported that two biogenic amines,
octopamine (OA) and 5-hydroxy-tryptamine (5-HT), mediate
phagocytosis and nodulation reactions to bacterial infection in
the cockroach, Periplaneta americana, and subsequently showed
that 5-HT acts through a GPCR that influences adenylate cyclase
(Baines and Downer, 1992). Kim et al. (2009) were the first
to investigate the intracellular interactions between eicosanoids
and the biogenic amines in insect immunity. They showed that
OA and 5-HT independently mediated phagocytosis and nodu-
lation reactions in larvae of the lepidopteran, S. exigua. Two
monoamine receptor antagonists, phentolamine and ketanserin,
inhibited phagocytosis and nodulation and treating experimen-
tal larvae with the eicosanoid precursor fatty acid, AA, reversed

the inhibitory influence of the receptor antagonists. Similarly, the
mediating influence of OA and 5-HT on phagocytosis and nodu-
lation was inhibited in larvae treated with dexamethasone, a PLA,
inhibitor that blocks all eicosanoid biosynthesis. The authors con-
cluded that the immune-mediating influence of biogenic amines
is expressed through stimulation of eicosanoid biosynthesis. This
work demonstrated a solid intracellular connection between the
actions of biogenic amines and eicosanoids in two cellular immune
functions, phagocytosis and nodulation. This example of cross-
talk between biogenic amine and eicosanoid signaling probably
represents a common feature of signaling in insect immunity.
Plasmatocyte-spreading peptide (PSP) is an insect cytokine,
firstidentified in the soybean looper, Pseudoplusia includens (Clark
etal., 1997). Pro-PSP is activated by cleavage into a 23-residue PSP
that mediates plasmatocytes spreading (PS; Clark et al., 1998).
PSP acts through an approximately 190 kDa receptor to induce PS
(Clarketal.,2004). PSis a crucial action in insect innate immunity.
The process of nodule formation following microbial infection is
completed by plasmatocytes which spread over mature nodules,
then activate a PPO to form a melanized, dark layer that com-
pletely encapsulates nodules. Plasmatocyte spreading also acts in
responses to wounding by spreading over wounds to participate in
hemolymph clotting. PSP likely occurs in all insects that express
cellular immune reactions because the P. includens PSP also acts
in other lepidopterans, including S. exigua (Kim et al., 2008).
Srikanth et al. (2011) investigated the possible cross-talk
between PSP and eicosanoid signaling in S. exigua. They showed
that both PSP and PGE, independently mediate hemocyte spread-
ing, that pharmaceutical inhibitors of PLA; inhibit hemocyte
spreading in a dose-dependent manner and the same inhibitors
inhibit PSP-stimulated hemocyte spreading, also in a dose-
dependent manner. After cloning and sequencing the S. exigua
gene encoding PSP, they showed that dsRNA designed to silence the
gene effectively impaired cell spreading. The impairing influence
of the dsRNA was rescued, in separate experiments, by treating
dsRNA-injected larvae with AA and with PSP. The authors pro-
posed a model (Figure 4) depicting the cross-talk between PSP and
eicosanoid signaling. Infection stimulates production of activated
PSP, which interacts with hemocytes through the PSP receptor.
The PSP-receptor interaction activates a PLA;, which in turn stim-
ulates PGE; biosynthesis. The PSP-stimulated PGE, biosynthesis
leads to plasmatocytes spreading. This is another example of the
cross-talk between eicosanoid and other signaling systems. This
cross-talk between PSP and biogenic amine signaling establishes
eicosanoids as an integral element of immune signaling in insect
biology. The eicosanoid actions discussed in this section operate
on the assumption of specific receptors for PGs and possibly other
eicosanoids. Let us move on to the recent appreciation of a specific
PG receptor operating in an S. exigua immune response.
Phenoloxidase (PO) is responsible for the melanization reac-
tions to infection in insect and other invertebrates. These reactions
are an enzyme-based element of humoral immune responses to
infection, invasion and wounding. POs also act in other areas of
insect biology, including tanning during post-embryonic devel-
opment. Recent work on honeybee immunity emphasizes the
significance of PO-based immunity, showing that adult honeybees
abandon hemocytic immunity as they enter the foraging phase
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FIGURE 4 | A model of a cross-talk between plasmatocyte-spreading
peptide (PSP) and eicosanoids in mediating hemocyte-spreading
behavior in Spodoptera exigua. In response to pathogens, fat body (FB),
and hemocytes (HC) release PSP, which then binds to a hemocyte receptor
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(R). The binding to the PSP-receptor induces activation of phospholipase A,
(PLA,), which hydrolyzes arachidonic acid (AA) from phospholipid substrates.
AA is then oxygenated by COX or LOX enzymes to form PGs, and possibly
other eicosanoids, that mediate hemocyte-spreading behavior.

of behavioral ontogeny; their PO-based immunity remains intact
and even increases during foraging phase (Schmid et al., 2008).
Inactive PPO is activated into PO by a series of serine proteases.
In S. exigua, and likely most lepidopterans, PPO is produced and
stored in specialized hemocytes, the enocytoids. PPO is released
from enocytoids into hemolymph circulation by lysis and the lysis
action is mediated by eicosanoids (Shrestha and Kim, 2008).

Shresthaetal. (2011) went on to show that a specific eicosanoid,
PGE,, is responsible for enocytoid lysis. PGE; acts through a
GPCR, which they cloned and denoted Se-hcPGGPCRI. The
receptor is expressed in all life stages, although rather faintly
in eggs. Within larvae, it is expressed in hemocytes and gut,
but not fat body or epidermis. Fluorescence in situ hybridiza-
tion showed that the receptor is expressed in enocytoids, but
not the other hemocyte types, including the more abundant
plasmatocytes and granulocytes. The receptor is constitutively
expressed in low levels, which are increased following infection.
PGE, also mobilizes intracellular Ca™* during lysis (Shrestha
and Kim, 2009). Shrestha et al. (2011) used a Catt mobi-
lization assay to establish a functional link between PGE, and
Se-hcPGGPCRI. They used hemocytes prepared from S. exigua
larvae that were untreated (controls) or injected with dsRNA
specific to Se-hcPGGPCRI1. PGE, treatments increased intracel-
lular Ca™ concentrations in a dose-dependent manner over
the physiological range of 107'2-107*M in untreated con-
trol hemocyte preparations and in dsRNA treated preparations.
Ca*™* mobilization was significantly reduced in the experimen-
tal preparations in which the gene encoding hcPGGPCR1 was
silenced.

Downstream signaling of PGE, receptor binding was analyzed
in enocytoid cell lysis (Shrestha and Kim, 2009). U-73122 (a spe-
cific inhibitor of phospholipase C) inhibited enocytoid lysis of

S. exigua significantly after bacterial infection. EGTA (a calcium
chelator) treatment inhibited the cell lysis. Thus the enocytoid
lysis depends on calcium signaling in response to PGE,. Two PKC
inhibitors (staurosporine and calphostin C) significantly inhibited
the enocytoid lysis. Enocytoid lysis was likely induced by Na* entry
and subsequent osmotic shock because juvenile hormone analog,
pyriproxyfen, which activates Nat—K* ATPase and induces sub-
sequent cell shrinkage, antagonized the effect of eicosanoid on
cell lysis. Furthermore, ouabain (a specific Na* pump inhibitor)
significantly inhibited enocytoid lysis. These results suggest that
eicosanoids mediate enocytoid lysis by activating the intracellular
PKC pathway (Figure 5).

The specificity of PG actions in reproduction, fluid secre-
tion and in enocytoid lysis supports the view that PG actions in
insect biology are mediated via specific receptors. PGs express
two general actions in cells. In one, they modulate homeostatic
functions, such as basal fluid secretion rates, ovarian development
and immune reactions. In another, PGs also influence expression
of specific genes and proteins. Stanley et al. (2008) reported that
challenging a cell line established from Helicoverpa zea (HzAM1
cells) with PGA; and PGE; led to changes in protein expres-
sion. The affected proteins included proteins in lipid metabolism,
signal transduction, protection, cell functions and metabolism,
however, each of the two PGs exerted different influences on
protein expression. The specificity of the PG effects on protein
expression also supports the view that PGs act through specific
receptors.

SOME MICROBES CRIPPLE INSECT IMMUNITY VIA
INHIBITION OF PLA,

We close this article by looking at PG and other eicosanoid signal-
ing from the perspective of some microbes. The point here is the
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FIGURE 5 | A working hypothesis of the intracellular signal pathway of
enocytoid lysis in response to PGs in Spodoptera exigua. Following
bacterial challenge, PGs are produced and bind to membrane receptors
("GPCR") on enocytoids, which activates phospholipase C (PLC) and
releases inositol trisphosphate (IP;). The secondary messenger then
up-regulates intracellular calcium level and activates protein kinase C (PKC).
The activated PKC may induce opening of Na* channels and increase
osmotic pressure, which allows influx of water, responsible releasing
prophenoloxidase (PPO) by lyzing the enocytoids.

microbes produce and secrete compounds specifically tailored to
the active sites of some PLA;s. As described earlier, the first step
in eicosanoid biosynthesis is a PLA; step that hydrolyzes AA from
cellular phospholipid pools.

The entomopathic nematode, Steinernema carpocapsae, is
a mutualistic symbiont with the bacterium, Xenorhabdus
nematophila, a member of the family Enterobacteriaceae. After
entering an insect body, free-living, non-feeding juvenile nema-
todes void X. nematophila into the hemolymph. The bacteria
rapidly proliferate and kill the insect host. The freshly killed insect
body serves the mutualistic nematode partner in two ways. First,
the insect cadaver provides the nematode with an appropriate
microhabitat to complete development and reproduce, supply-
ing nutrients and restricting growth of other microbes. Second,
X. nematophila protects the nematode from hemocytic encap-
sulation by impairing the host immune reactions to the for-
eign nematode. In their research into the beet armyworm, S.
exigua, Park and Kim (2000) first suggested that the bacterium
impairs host immunity by inhibiting eicosanoid biosynthesis.
Outcomes of their experiments documented that treating the
nematode-challenged host larvae with AA reduced mortality by
about 40%. Deeper research revealed that X. nematophila pro-
duces and secretes heat-labile factors that directly inhibit secretory
PLA; (sPLA;) in the host. Moving beyond S. exigua, Park et al.
(2003) reported that X. nematophilus similarly suppresses cellular
immune reactions to infection by blocking eicosanoid biosyn-
thesis in M. sexta. The bacterial inhibitory factor(s) occurred
in the organic fraction of the bacterial culture medium and, as
seen in the first experiment of Park and Kim (2000), the influ-
ence of the factor on cellular immunity was reversed by treating

experimental hornworms with AA. In direct experiments with iso-
lated sPLA;s, the authors demonstrated the bacterial factors are
potent sPLA; inhibitors: they inhibit sPLA;s from insect, prokary-
otic and vertebrate sources (Park et al., 2004). The immuno-
suppressive action of the bacterium goes beyond Lepidoptera,
to at least one cricket species, Gryllus firmus (Park and Stanley,
2006). Kim et al. (2005) showed that a related bacterium, Pho-
torhabdus temperata (also a mutualistic partner of nematodes)
similarly inhibits PLA; and nodulation in its host, S. exigua. The
authors suggested that bacteria in the genera Xenorhabdus and
Photorhabdus generally share the ability to inhibit PLA; in their
hosts. The Enterobacteriaceae is a fairly large family of bacte-
ria and it is not unreasonable to suppose other bacterial species
in this family also impair insect host immunity by inhibition
SPLAzs.

The strategy of impairing host immunity via compromising
eicosanoid biosynthesis is not limited to bacteria. Garcia et al.
(2004) described the results of a subtle experiment in this area.
They first fed fifth-instar blood-sucking bugs, R. prolixus, on blood
containing juveniles of the protozoan T. rangeli. T. rangeli is non-
pathogenic protozoan parasite of R. prolixus. A few days later, they
injected additional T. rangeli into the insects. This double treat-
ment resulted in reduced hemocyte phagocytosis and increased
host mortality. These effects were reversed in experiments in
which protozoans were co-injected with AA (at 10 pg/insect).
The authors inferred that oral infection with T. rangeli inhibits
the release of AA for eicosanoid biosynthesis. They also found
that adding the glucocorticoid, dexamethasone, (which inhibits
PLA; in an indirect manner) to the blood meals of R. prolixus
inhibited phagocytosis. The inhibition was reversed by treating
experimental R. prolixus larvae with AA or, separately, with platelet
activating factor, a specialized phospholipid (Figueiredo et al,,
2008). They also showed that T. rangeli cells inhibit phagocy-
tosis and the inhibition was reversed by AA treatments. They
used a fluorometric assay to determine that T. rangeli cells inhibit
PLA; activity in R. prolixus hemocytes. This work shows that the
protozoan parasite suppresses a host immune function, phagocy-
tosis, by targeting the active site of PLA;s that act in eicosanoid
biosynthesis.

These findings support a broader generalization. Infectious
organisms have evolved a very wide range of strategies to avoid or
suppress insect immunity, most of which are outside the scope of
this paper. These many strategies emerged from the tremendous
selection forces on invaders. The fact that some of the invaders
operate by inhibiting a key enzyme in eicosanoid signaling is a
convincing argument that eicosanoids are crucial mediators of
insect immunity.
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Molting and metamorphosis are strictly regulated by steroid hormones known as ecdys-
teroids. It is now widely recognized that ecdysteroid biosynthesis (ecdysteroidogenesis)
in the prothoracic gland (PG) is regulated by the tropic factor prothoracicotropic hormone
(PTTH). However, the importance of PTTH in the induction of molting and metamorphosis
remains unclear, and other mechanisms are thought to be involved in the regulation of
ecdysteroidogenesis by the PG. Recently, new regulatory mechanisms, prothoracicostatic
factors, and neural regulation have been explored using the silkworm, Bombyx mori, and
two circulating prothoracicostatic factors, prothoracicostatic peptide (PTSP) and Bommo-
myosuppressin (BMS), have been identified. Whereas PTTH and BMS are secreted from
the brain, PTSP is secreted from the peripheral neurosecretory system —the epiproctodeal
gland - during the molting stage. The molecular basis of neural regulation of ecdysteroido-
genesis has been revealed for the first time in B. mori. The innervating neurons supply
both Bommo-FMRF related peptide (BRFa) and orcokinin to maintain low levels of ecdys-
teroids during the feeding stage. These complex regulatory mechanisms — involving tropic
and static factors, peripheral neurosecretory cells as well as the central neuroendocrine
system, and neural regulation in addition to circulating factors collaborate to regulate ecdys-
teroidogenesis. Thus, together they create the finely tuned fluctuations in ecdysteroid titers
needed in the hemolymph during insect development.

Keywords: neuropeptide, prothoracicostatic factor, innervating neuron, prothoracic gland, Bombyx mori, ecdys-

teroidgenesis, peripheral neurosecretory cell

INTRODUCTION

Insects are an ideal model system for studying how the regula-
tory mechanisms of developmental timing are coordinated with
growth. The developmental transitions of insects (i.e., molting
and metamorphosis) are strictly regulated by steroid hormones
known as ecdysteroids. The biosynthesis of ecdysteroids, referred
to as ecdysteroidogenesis, occurs predominantly in the protho-
racic glands (PGs) during larval development (Gilbert et al., 2002).
Since Kopec (1922) suggested that the larval brain of the gypsy
moth Lymantria dispar secretes a factor necessary for molting,
attempts have been made to purify and clone this insect “brain hor-
mone” (subsequently called prothoracicotropic hormone, PTTH).
It is now widely recognized that ecdysteroid biosynthesis in the
PGs is stimulated by PTTH (Kawakami et al., 1990; Mizoguchi
et al., 1990); however, the importance of PTTH in the induc-
tion of molting and metamorphosis remains unclear. Removal
of the brain in larvae does not result in developmental arrest,
and such animals can often initiate metamorphic development,
although their developments considerably delay both in the hawk-
moth Manduca sexta (Truman, 1972) and in the silkworm Bombyx
mori except for one hybrid race, J122 x C115 (Kobayashi, 1957).
The loss of PTTH signal in the fruit fly, Drosophila melanogaster,
does not cause mortality but leads to a delay in metamorphosis
due to a low ecdysteroid titer, and the extended feeding period
gives rise to bigger pupae and adults (McBrayer et al., 2007; Rewitz
et al., 2009b). These data suggest that PTTH is required for the

precise regulation of ecdysteroidogenesis but is not a crucial gate-
keeper to initiate and maintain steroid biosynthesis in the PGs. In
other words, other regulatory mechanisms may be involved in the
regulation of ecdysteroidogenesis by the PGs.

In this review, recent studies on the regulatory mechanism of
ecdysteroidogenesis by the PGs are described. In particular, I focus
on humoral factors and on the neural control of ecdysteroidogensis
that have been mostly explored in B. mori.

HUMORAL FACTORS

The importance of the negative regulation of ecdysteroidogenesis
has been recognized, and factors that inhibit ecdysteroidogenesis
in several insect species have been described and characterized
(Table 1). For example, hormonal inhibition of the PGs by the
brain has been reported in locusts (Carlisle and Ellis, 1968). Crude
extracts from the housefly, Musca domestica, reduce ecdysteroid
synthesis and inhibit egg development when injected into the
mosquito, Aedes atropalpus (Kelley et al., 1984). In the blow fly,
Calliphora vicina, ecdysteroid synthesis in the larval ring gland
appears to be regulated by a very potent inhibitory factor derived
from the abdominal ganglion and subesophageal ganglion (Budd
et al., 1993). A trypsin modulating oostatic factor (TMOF) iso-
lated from the ovaries of adult females of flesh fly, Neobellieria
bullata, is the first identified factor with prothoracicostatic activity
(Hua et al., 1994). N. bullata TMOF inhibits ecdysteroid biosyn-
thesis in the larval ring gland of flies (Hua and Koolman, 1995),
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Table 1| List of peptides and biogenic amine taken up in this review.

Name Structure Tropic/static References
B. MORI
PROTHORACICOTROPIC GNIQVENQAIPDPPCTCKYKKEIEDLGENSVPRFIET Tropic Kawakami et al. (1990)
HORMONE (PTTH) RNCNKTQQPTCRPPYICKESLYSITILKRRETKSQESL
EIPNELKYRWVAESHPVSVACCLCTRDYQLRYNNN
PROTHORACICOSTATIC PEPTIDES (PTSPs)
PTSP-I AWQDLNSAWa Static Hua et al. (1999), Yamanaka et al. (2010)
PTSP-II GWQDLNSAWa
PTSP-III APEKWAAFHGSWa
PTSP-IV GWNDISSVWa
PTSP-V AWQDMSSAWa
PTSP-VI AWSALHGTWa
PTSP-VII AWQDLNSVWa
PTSP-VIII AWSSLHSGWA
BOMMO-MYOSUPPRESSIN (BMS) pEDWHSFLRFa Static Yamanaka et al. (2005)
BOMMO-FMRF-AMIDE-RELATED PEPTIDE (BRFa)
BRFa-I SAIDRSMIRFa Static Yamanaka et al. (2006)
BRFa-II SASFVRFa
BRFa-llI DPSFIRFa
BRFa-IV ARNHFIRLa
ORCOKININ
Bommo-orc-| NFDEIDESSLNTFV Tropic Roller et al. (2008), Yamanaka et al. (2011)
Bommo-orc-II NFDEIDRSSMPFPYAI
FXPRL-AMIDE
Diapause hormone (DH) TDMKDESDRGAHSERGALWFGPRLa Tropic Watanabe et al. (2007)
BIOGENIC AMINE
Octopamine 0OH Tropic Hirashima et al. (1999)
,G)\/NHz
HO
OTHER INSECTS
N. bullataTMOF NPTNLH Static Hua et al. (1994), Hua and Koolman (1995)
G. bimaculatus AST-B1 GWQDLNGGWa Static Lorenz et al. (1998)
H. armlgera DH-like peptide NDVKDGAASGAHSDRLGLWFGPRLa Tropic Zhang et al. (2004)
N. bullata pyrokinin-I| SVQFKPRLa Tropic Verleyen et al. (2004)

but N. bullata TMOF is not present in the central nervous sys-
tem of the larvae (Bylemans et al., 1996). Allatostatin-B (AST-B)
isolated from adult brains of the cricket, Gryllus bimaculatus, has
been observed to decrease the hemolymph ecdysteroid titer in
the adult of G. bimaculatus (Lorenz et al., 1998) but the PGs do
not produce physiologically significant amounts of ecdysteroids
at this stage (Hoffmann et al., 1998). Thus, no endogenous pro-
thoracicostatic factor had been identified until the isolation of
prothoracicostatic peptide (PTSP) from larval brains of B. mori
(Hua et al., 1999).

Prothoracicostatic peptide has the same sequence as Manse-
myoinhibitory peptide-I (MIP-I), which was previously isolated
from the nerve cord of the adult M. sexta (Blackburn et al.,
1995). PTSP also shows high sequence homology to G. bimacula-
tus AST-B. This peptide inhibits both basal and PTTH-stimulated
ecdysteroidogenesis in vitro in a dose-dependent manner, and
injection of synthetic PTSP has been shown to temporally decrease
the hemolymph ecdysteroid titer in fifth instar larvae of B. mori

(Liu et al., 2004). Interestingly, the peripheral neuroendocrine
system — the epiproctodeal gland — is the principal site of neu-
rohemal release of MIP in M. sexta (Davis et al., 2003): MIP-
immunostaining in the epiproctodeal gland begins to increase
during the first half of the molting period, and then most of the
immunostaining is rapidly lost within several hours. This rapid
loss of immunostaining suggests that a massive release of MIP
from the epiproctodeal gland into hemolymph occurs at this stage,
when there is a rapid decline in the ecdysteroid titer. The release
of PTSP from the epiproctodeal gland also appears to occur at the
same stage in B. mori, while the expression of ptsp in the brain is
high during the feeding stage and low during the molting stage
(Yamanaka et al., 2010).

Recently, a B. mori G protein-coupled receptor, which had pre-
viously been identified as an ortholog of the Drosophila sex peptide
receptor (Yapici et al., 2008), is characterized as a functional PTSP
receptor (Yamanaka et al., 2010). This receptor responds specif-
ically to PTSP when examined using a heterologous expression
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system. The receptor is expressed at low levels during the feed-
ing stage, but is highly expresses in the PGs on the day before
each larval and pupal ecdysis, when massive release of PTSP from
the epiproctodeal gland occurs. These results suggest that PTSP
secreted from the epiproctodeal gland acts on the PGs through
the PTSP receptor during the molting cycle in B. mori and that
the peripheral neurosecretory cells, as well as the neurosecretory
system in the central nervous system, play a stage-specific role
in regulating ecdysteroidogenesis. PTSP is unlikely to be involved
in initiating the decrease in the ecdysteroid titer, but is probably
involved in either full inactivation or suppression of re-activation
of the PGs to finely regulate the ecdysteroid titer in the hemolymph
(Yamanaka et al., 2010).

Another prothoracicostatic factor purified from pupal brains
of B. mori is a decapeptide that shows the conserved struc-
ture of an insect myosuppressin, and has thus been named
Bommo-myosuppressin (BMS; Yamanaka et al., 2005). Myosup-
pressin is a member of a larger peptide family of FMRF-amide-
related peptides (FaRPs), which are known to regulate a wide
range of processes from behavior to physiology in invertebrates
(Mackey et al., 1987; Nelson et al., 1998; Nicols, 2003). BMS
dose-dependently suppresses the cAMP level and inhibits ecdys-
teroidogenesis in the larval PGs at much lower concentrations
than PTSP. The specific receptor for BMS is highly expressed in
the PGs at the feeding stage. Together, these results suggest that
BMS is secreted from the brain and plays an important role in
maintaining low ecdysteroid levels during the feeding stage in the
hemolymph. Vertebrates including humans have also been shown
to possess peptides with RF-amide at the C-terminus (Yang et al.,
1985), and at least one RF-amide peptide has been shown to inhibit
steroid hormone release in experiments using an in vitro adrenal
slice culture system (Labrouche et al., 1998). RF-amide peptides
may modulate steroid hormone secretion throughout metazoans,
thereby controlling post-embryonic development.

FXPRL-amide peptides, which are not homologous with
PTTH, can stimulate ecdysteroidogenesis by the PGs. Diapause

hormone (DH) which was identified as an inducer of embryonic
diapause in B. mori (Imai et al., 1991), stimulates ecdysteroidoge-
nesis by the PGs of late fifth instar larvae of B. mori (Watanabe
et al., 2007). The receptor for DH is expressed in the PGs, as well
as in pupal pheromone glands and ovaries prior to eclosion, and
the expression of this receptor in the PGs increases from the last
half of the fifth instar stage to the first day of the pupal stage.
These results suggest that DH regulates ecdysteroidogenesis during
the late stages of fifth instar larvae in B. mori. Possible protho-
racicotropic effects of FXPRL-amide peptides have been reported
in other insects. In the cotton bollworm Helicoverpa armigera,
DH-like peptide can break the pupal diapause by activating the
ecdysteroidogenesis by PGs in a temperature-dependent manner
(Zhang et al., 2004). The pupariation of N. bullata, is acceler-
ated by a FXPRL-amide peptide, N. bullata pyrokinin-II (Verleyen
et al., 2004). Taken together, these results suggest that FXPRL-
amide peptides can function as prothoracicotropic factors across
insect species and may play important roles in post-embryonic
insect development.

NEURAL REGULATION

Since the first report of neural innervation in the PGs by Lyo-
net (1762; Figure 1A), the importance of PG-innervating neu-
rons in the control of ecdysteroidogenesis has been well doc-
umented (Scharrer, 1964; Srivastava and Singh, 1968; Hintze-
Podufal, 1970; Giebultowicz and Denlinger, 1985). In B. mori,
the PGs are innervated by seven nerves starting from the sube-
sophageal ganglion, prothoracic ganglia and mesothoracic ganglia,
and by unpaired nerves between the above-mentioned ganglia
(Figure 1B, Yokoyama, 1956). A positive correlation between the
levels of electrical activity of PG-innervating neurons and the
ecdysteroid titer during the course of development in the last
larval instar has been reported in the American cockroach Peri-
planeta americana (Richter and Gersch, 1983), while the electrical
activity shows an inverse relationship with ecdysteroid titer in the
cabbage moth Mamestra brassicae (Okajima and Watanabe, 1989).

FIGURE 1 | Historical descriptions of neurons innervating the prothoracic
gland. (A) The first description of innervating neurons of the moth by Lyonet
(1762). (B) Innervating neurons in the larva of Bombyx mori reported by
Yokoyama (1956). Br, brain; SEG, subesophageal ganglia; PTG, prothoracic

SEG

ganglia; MTG, mesothoracic ganglia; PG, prothoracic gland. Arrows indicate
the neurons innvervating the PGs, and a dotted arrow indicates the
BRFa/Orcokinin-neuron. These figures are partially modified from the original
ones.
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However, studies revealing the molecular basis of regulation by the
PGs have been restricted to hormonal factors throughout the last
century.

Recently, for the first time we revealed the molecular basis of
neural regulation of ecdysteroidogenesis in B. mori (Yamanaka
etal.,2006). We found that Bommo-FMREF related peptide (BRFa)
regulates ecdysteroidogenesis through direct innervation of the
PGs in B. mori. BRFa is predominantly expressed in the protho-
racic ganglion, and neurons in the prothoracic ganglion innervate
the PGs and supply BRFa to the surface of PGs (Figure 1B). Elec-
trophysiological recordings during development confirmed the
increased firing activity of BRFa-expressing neurons in develop-
mental stages of low PG activity and decreased ecdysteroid levels
in the hemolymph. The prothoracicostatic function of BRFa has
been confirmed by the report that BRFa neurons suppress the
expression of several P450 genes induced by PTTH in the PGs
(Yamanaka et al., 2007).

We found that other neuropeptides are delivered to the sur-
face of the PGs through PG-innervating neurons (Yamanaka et al.,
2011). Using direct mass spectrometric profiling of axons associ-
ated with the PGs, we detected several peptide peaks corresponding
to orcokinin gene products in addition to BRFa. One of the two
pairs of BRFa-expressing neurosecretory cells in the prothoracic
ganglion co-expresses orcokinin, and these neurons project axons
through the transverse nerve and terminate on the surface of the
PGs (Figure 1B). Orcokinin was originally isolated from the ner-
vous system of the spinycheek crayfish Orconectes limosus as a
myostimulatory factor (Stangier et al., 1992). Orcokinin-like pep-
tides have subsequently been identified in several insects (Pascual
etal., 2004; Hofer et al., 2005; Liu et al., 2006; Christie, 2008; Roller
et al., 2008; Clynen and Schoofs, 2009), although their physio-
logical functions remain largely unknown except for a few cases
(Hofer and Homberg, 2006). In. B. mori, orcokinins have clear
prothoracicotropic activity and are able to cancel the static effect
of BRFa on ecdysteroid biosynthesis, whereas the suppressive effect
of BRFa on cAMP production remains unchanged in the presence
of orcokinins (Yamanaka et al., 2011). The acute effects of protho-
racicotropic or prothoracicostatic factors which becomes manifest
temporally during short-term in vitro incubation of the PG are
mediated by translation and phosphorylation of intercellular mol-
ecules involved in the signal transduction of ecdysteroidogenesis
(Gilbert et al., 2002; Huang et al., 2008; Rewitz et al., 2009a). On
the other hand, the chronic effects of these factors which become
obvious on a longer time scale during development are medi-
ated by the transcriptional regulation of some genes encoding
ecdysteroidogenic enzymes probably via cAMP-mediated path-
way (Gilbert et al., 2002; Huang et al., 2008). The chronic effects
of these factors are pharmacologically separable from the acute
effects (Yamanaka et al., 2007). Thus, orcokinins might regulate
ecdysteroidogenesis by the PGs via cAMP-independent way; that
is, they specifically eliminate the acute prothoracicostatic effect of
BRFa while maintaining the chronic inhibitory effect of BRFa. The
signaling pathway of orcokinin at the molecular level needs to be
elucidated to prove this hypothesis.

What is the functional significance of such a complex feature
of the PG-innervating neurons in B. mori? It is known that a low
level of ecdysteroid titer during the intermolt period has a complex

FIGURE 2 | Proposed regulatory mechanism of ecdysteroidogenesis by
the prothoracic gland in the larva of Bombyx mori. During the feeding
stage, BRFa and orcokinin are delivered through the innervating neurons to
maintain low levels of ecdysteroid in collaboration with circulating BMS.
Next, PTTH and DH are released to stimulate ecdysteroidogenesis after the
release of inhibition by BRFa and BMS. PTSP is secreted from the
epiproctodeal gland after the ecdysteroid level reaches a peak in order to
decrease ecdysteroid levels rapidly. Br, brain; PTG, prothoracic ganglia; PG,
prothoracic gland; EPG, epiproctodeal gland; Orc, orcokinin. Solid ovals
indicate tropic factors and dotted ovals indicate static factors.

effect on the regulation of tissue growth and proliferation (Cham-
plin and Truman, 1998; Colombani et al., 2005; Nijhout et al,,
2007). Therefore, orcokinins might maintain a low ecdysteroid
titer while BRFa suppresses full potentiation of the PGs prior to
the ecdysteroid pulse generated by PTTH (Mizoguchi et al., 2001).

Prothoracic gland-innervating neurons of other lepidopteran
insects are also stained by both FMRFa- and orcokinin-specific
antibodies (Tanaka, unpublished data). In D. melanogaster, a pair
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of bilaterally symmetric neurons located in the cerebral labrum
portion of the brain directly innervate the PGs (Siegmund and
Korge, 2001) and induce the production and secretion of ecdysone
by delivering PTTH directly (McBrayer et al., 2007); however, it
is not certain whether other peptides are delivered to the PGs
through these innervating neurons. By contrast, PG-innervating
neurons are not stained by PTTH-specific antibody in B. mori
(Tanaka, unpublished data). Different peptidergic systems may
regulate ecdysteroidogenesis among the various insect species.

FUTURE PROSPECTS

Bombyx mori has been a useful tool for insect endocrinology
since the discovery of PG function by Fukuda (1944), and stud-
ies have shown that ecdysteroidogenesis by the PGs is under the
control of a complex mechanism (Figure 2). Tropic and static fac-
tors, the peripheral neurosecretory system as well as the central
neuroendocrine system, and neural regulation in addition to cir-
culating factors all collaborate to regulate ecdysteroidogenesis by
the PGs. Thus, together they create the finely tuned fluctuations
in ecdysteroid titer needed in the hemolymph during the devel-
opment of B. mori. Moreover, we should carefully re-investigate
factors and mechanisms that have been ignored for a long time.
For example, the roles of biogenic amines in ecdysteroidgenesis
remain unclear, although it has been reported that octopamine
stimulates the production of ecdysteroids by larval PGs of B. mori
in vitro (Hirashima et al., 1999). How the PGs relay their con-

dition to the neural system is not yet fully understood, but the
PG-innervating neurons may be involved in this communication.
Three PG-innervating neurons contain afferent neurons as well
as efferent ones in M. brassicae (Okajima and Watanabe, 1989).
Although the function of these afferent neurons is unknown,
the CNS may be monitoring the condition of the PGs via these
neurons.

The neuropeptides responsible for the ecdysteroidogenesis in
B. mori are commonly present among insect species, but their
function in ecdysteroidogenesis remains to be elucidated in other
insects. No prothoracicostatic factor has been identified as yet in D.
melanogaster, and the importance of insulin signaling in regulating
ecdysteroid production by the PGs has been recently highlighted
(see the review by Marchal et al., 2010 and the recent topics by
Gibbens etal., 2011). The regulatory mechanisms of ecdysteroido-
genesis by the PGs may be diverse among insect species and need
to be elucidated in different insect models in order to understand
how the insects adapted to diverse environment.
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host signaling pathways
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genetic males, and male-killing) in order to increase the number of infected females. These
various phenotypic effects may be linked to differences in host physiology, and in particular
to endocrine-related processes governing growth, development, and reproduction. Indeed,
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manipulates one pathway, thus affecting other related metabolic networks, or if it targets
both pathways, even interacting at several points in each of them. Interestingly, in view of
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INTRODUCTION

The maternally transmitted alfa-Proteobacterium Wolbachia pip-
ientis (Rickettsiales) is a widespread endosymbiont of filarial
nematodes and arthropods, including crustaceans, mites, spiders,
scorpions, and especially insects, where it is estimated to infect up
to 66% of the species (Werren et al., 2008).

While in worms Wolbachia are obligate symbionts, in arthro-
pods they induce several reproductive manipulations in order to
increase the number of infected females. Effects of the infection
include cytoplasmic incompatibility, parthenogenesis, feminiza-
tion of genetic males, and male-killing, as well as influences on
host longevity and fecundity (Stouthamer et al., 1999; Werren
etal., 2008). Such a host phenotypic variability is generally linked
to the high genome plasticity of Wolbachia. However, experimen-
tal data also suggest a role for the symbiont in modulating the
host sexual phenotypes by interaction with the hormonal signal-
ing pathway. In particular, the various phenotypic effects may
be due to differences in host physiology, and in particular to
endocrine-related processes governing growth, development, and
reproductive behavior which display a high variability in insects.
In particular, a number of evidence links Wolbachia symbiosis
to insulin and steroid (i.e., ecdysteroid) signaling. Many studies
report antagonistic or cooperative relationships between steroid
hormones and insulin. Indeed, an extensive crosstalk between
the two hormonal signaling pathways has been demonstrated
in regulating metabolism, development, and reproduction. For
example, in the fly Drosophila melanogaster there is a mutual
antagonistic relationship between these metabolic networks for
nutrient homeostasis (Colombani et al., 2005). At a molecular
level, for example, the expression of the ecdysone receptor (EcR)

co-activator DOR (which is misregulated in diabetic mammals)
is controlled by insulin signaling via the forkhead transcription
factor FOXO (Francis et al., 2010). The two hormonal signaling
pathways may also cooperate: in mosquitoes they act in combina-
tion for the yolk protein precursor gene expression required for
vitellogenesis (Roy et al., 2007). In the larval prothoracic gland, the
insulin-signaling pathway modulates ecdysone release and influ-
ences both the duration and rate of larval growth (Shingleton,
2005); in adults, insulin-like peptides may trigger steroid syn-
thesis by the follicular cells in insect ovaries (Wu and Brown,
2006). A parallel regulation by ecdysone and insulin has also been
demonstrated in the Drosophila’s ovary where the hormones mod-
ulate the proliferation and self-renewal of germ-line stem cells
independently (Ables and Drummond-Barbosa, 2010).

In the following sections, data on the involvement of Wolbachia
in modulating both host hormonal pathways are discussed. Due
to the complexity of such metabolic pathways, at present, it is not
clear whether Wolbachia operates by attacking one pathway, thus
affecting other related metabolic networks, or if the symbiont tar-
gets both pathways, even interacting at several points in each of
them.

WOLBACHIA AND INSULIN SIGNALING

The insulin/IGF signaling (IIS) pathway plays key roles in growth,
metabolism, reproduction, and longevity in different organ-
isms. Recently, a specific interaction between IIS and Wolbachia
has been demonstrated in D. melanogaster, where insulin-like
peptide mutants display an extended lifespan if they harbor
the symbiont (Gronke et al., 2010). Another research involves
Drosophila insulin receptor mutants, characterized by a reduction
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in IIS signaling with pleiotropic effects on many traits, including
extreme dwarfism, sterility, increased fatlevels, and shortened lifes-
pan: interestingly, in presence of Wolbachia the I1S-related mutant
phenotypes resulted in significant moderate effects (e.g., reduced
fecundity and extended lifespan), suggesting that the symbiont
acts to increase insulin signaling itself (Ikeya et al., 2009).

Wolbachia also seems to interact with chico, a gene encoding an
insulin receptor substrate (Bohni et al., 1999). Drosophila carrying
homozygous chico alleles are sterile, but in presence of Wolbachia
the females produce progeny, even if significantly smaller than
their heterozygous siblings (Clark et al., 2005; Richard et al., 2005).

Additional data on the possible interaction between the sym-
biont and host IIS are provided by studies on crustaceans. Wol-
bachia is known to infect several species of crustaceans, and espe-
cially (but not exclusively) terrestrial isopods where the symbiont
can induce the feminization of genetical males through an inter-
action with host hormonal signaling pathways (Bouchon et al,,
2008). Crustacea are by default females, and male sex differen-
tiation is triggered by an androgenic hormone (AH) secreted by
the androgenic gland (AG; Legrand et al., 1987; Sagi and Kha-
laila, 2001). The current hypothesis about the feminizing action
of Wolbachia is that the symbiont interacts either with the AG
differentiation process or the AH receptors (Rigaud and Juchault,
1998; Bouchon et al., 2008). However, if Wolbachia bacteria are
experimentally inoculated in adult males, the host soon develops
female structures, despite the presence of the AG, which becomes
even hypertrophic (Martin et al., 1973, 1999). This suggests that
the AH receptors are no longer functional, favoring the hypothesis
that Wolbachia induces feminization by targeting the receptor of
the AH. Interestingly, the AH has been proven to be an insulin-like
peptide (Manor et al., 2007): in vivo silencing of the gene induces
an arrest of spermatogenesis, prevents the regeneration of male
secondary sexual characteristics, and also induces a lag in molt
and a growth reduction (Ventura et al., 2009). In sequential her-
maphrodites, the silencing of the AG insulin-like factor induces
the feminization of male-related phenotypes too (Rosen et al.,
2010).

WOLBACHIA AND ECDYSONE SIGNALING

Among invertebrates Wolbachia is known to infect exclusively (!)
Arthropoda and Nematoda, two Phyla belonging to the Ecdysozoa,
a clade of animals which share the ability to replace the exoskele-
ton. This process is called ecdysis and is controlled hormonally by
a class of steroids called ecdysteroids (Ewer, 2005).

In filarial worms, antibiotic curing of Wolbachia “infection”
inhibits nematode fertility and development, suggesting a spe-
cific role for the symbiont in host oogenesis, embryogenesis, and
molting (Casiraghi et al., 2002; Arumugam et al., 2008; Frank
et al., 2010). In arthropods, several data suggest that the pheno-
typic effects induced by Wolbachia may be linked to steroid-related
processes. As it is well known, insect steroids play key roles in the
coordination of multiple developmental processes, and in adults
they control important aspects of reproduction.

In particular, during development, insect molting is induced
by the systemic hormone 20-hydroxyecdysone (20E). 20E acts
on members of an evolutionarily conserved family of nuclear
receptors: it binds to the heterodimeric EcR/Usp receptor

composed of EcR and USP (ultraspiracle, homologous to the verte-
brate retinoid-X receptor), which shares many commonalities with
the human thyroid hormone receptor. Then the ECR/USP complex
activates the transcriptional processes underlying the cellular and
morphogenetic molting cascade events (Gilbert et al., 2002). A
biological action of 20E binding of un-partnered EcR has also
been demonstrated (Spindler et al., 2009).

Despite the fact that ecdysteroids are present throughout the
entire life of insects, their role in adults is quite elusive. Ecdys-
teroids, for example, may have a role in lifespan (Tricoire et al.,
2009; Schwedes et al., 2011) or in stress responses, such as nutri-
tional shortage, high temperature, dry starvation, and oxidative
stress (Hirashima et al., 2000; Terashima et al., 2005; Ishimoto
and Kitamoto, 2011). In adult flies ecdysone-mediated signaling
is also involved in stressful social interactions and in homeo-
static sleep regulation (Ishimoto and Kitamoto, 2011). Another
unconventional role of the “molting” hormone is the control of
important aspects of reproduction, including ovarian develop-
ment and oogenesis (Raikhel et al., 2005). In many insect species
20E is directly involved in the regulation of vitellogenin biosynthe-
sis by the female fat body, a metabolic tissue functionally analogous
to the vertebrate liver; and it can also induce vitellogenin synthesis
in males (Huybrechts and De Loof, 1977; Bownes et al., 1983; Zhu
etal.,2007). The 20F has also been shown to affect sexual behavior
(Ganter et al., 2007).

De Loof (2006) proposes that ecdysteroids may also act as sex
hormones. In particular, 20E secreted by the follicle cells of the
insect ovary could be the physiological equivalent of vertebrate
estrogens, while E — the precursor of the active molting hormone
20E — should act as a distinct hormone, being the physiological
equivalent of vertebrate testosterone (De Loof and Huybrechts,
1998; De Loof, 2006). Indeed, E can regulate a set of genes that
are distinct from those controlled by 20E, thus confirming that it
may exert different biological functions from 20E (Beckstead et al.,
2007). However, in insects the existence of sex hormones is under
debate, as the differentiation of primary and secondary sexual
characteristics is generally considered under the exclusive control
of the genotype of each single cell (Steinmann-Zwicky et al., 1989;
Schiitt and Nothiger, 2000). However recent data demonstrate that
in insects, as well as in vertebrates, non-autonomous (=hormonal)
sex determination controls sex dimorphism (DeFalco et al., 2008;
Casper and Van Doren, 2009). Thus, if ecdysteroids function as
molting and sex hormones, this could explain why Wolbachia
interferes with insect development and reproduction, as discussed
in the following section.

Last but not least, it is worth noting that Wolbachia establish
themselves in many host steroidogenic tissues, including the fat
body and the ovarian follicular epithelium, as demonstrated in
many insect species and shown in Figure 1 (Sacchi et al., 2010;
Gonella et al., 2011; Negri and Pellecchia, in press).

FEMINIZING WOLBACHIA: THE INDUCTION OF HOST FEMININE SEX
DIFFERENTIATION DESPITE MASCULINE SEX DETERMINATION
Feminization, that is the development of genetical males into
females, deals with sex differentiation much more directly than
the other Wolbachia-induced phenotypes, thus offering the
opportunity to shed light on the processes governing arthropod
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FIGURE 1 | Wolbachia’s localization in the host’s follicular epithelium
of the gonad. (A) TEM micrograph of a Wolbachia-infected Zyginidia pullula
(Hemiptera, Cicadellidae) follicle cell filled with bacteria (asterisks;

bar=0.9 um); (B,C) Immuno-histochemical reactions showing strong
positivity (orown) to anti-wsp (Wolbachia surface protein) antibody in the
leafhopper’s follicular epithelium (bars = 10 wm). Modified from Negri and
Pellecchia (in press).

sex development, and on the involvement of the endosymbiont in
such processes.

Until now, in insects, feminization induced by Wolbachia
has been demonstrated in lepidopteran and hemipteran species
(Hiroki et al., 2002; Kageyama and Traut, 2003; Negri et al., 2006;
Sakamoto et al., 2007). In the butterfly Eurema hecabe, it has been
demonstrated that the Wolbachia feminizing effect acts continu-
ously throughout the larval development for the maintenance of
the female phenotype (Narita et al., 2007). Accordingly, this sug-
gests that the bacterium acts on the insect sex differentiation rather
than sex determination, and ecdysteroids are the best candidate for
such an interaction. Evidences are in fact provided by the effects of
incomplete Wolbachia suppression by antibiotic treatments during
lepidopteran larval stages. In particular some tetracycline-treated
individuals show larval/pupal molting defects, and others do not
pupate: the dissection of dead pupae reveals that many of them
failed to escape from the pupal case (Narita et al., 2007). Similar
molting defects may be obtained, for example, in ecdysone receptor
knock-out individuals of Blattella Germanica and D. melanogaster
EcR-mutants (Davis et al., 2005; Cruz et al., 2006). Moreover,
antibiotic treatments in infected E. hecabe often induce also sex-
ually intermediate traits in wings, gonads, and genitalia (Narita
et al., 2007). Notably, in Lepidoptera a role for the ecdysteroid
titer in regulating sexual dimorphism, including sex specific wing
development, has been proved (Lobbia et al., 2003) strengthen-
ing the hypothesis of a link between Wolbachia and ecdysteroid
signaling. In particular, we cannot exclude a host/symbiont co-
adaptation where a partial symbiont removal leads to biological
imbalance. This may also explain the origin of intersex individuals
in E. hecabe, Ostrinia scapulalis, and O. furnacalis partially cured
by feminizing Wolbachia (Kageyama and Traut, 2003; Sakamoto
etal.,2007). Intersexes are specimens characterized by a genetically
homogeneous genotype (male in this case), but a mixture of male
and female phenotypes (i.e., feminized tissues in this case): the
appearance of these phenotypes may be the result of a partial but

evident conflict between male and female sex hormones and/or
receptors.

In Ostrinia species, in addition, a complete feminization is fatal
and genetical males die during the larval development (Kageyama
and Traut, 2003; Sakamoto et al., 2007), while in other species
the male-killing action of Wolbachia occurs during embryoge-
nesis (Werren et al., 2008). As discussed above, the role played
by ecdysteroids during the whole developmental cycle of insects
is crucial. Embryogenesis, in particular, takes place in a steroid
hormone-enriched environment, where steroids act for the coor-
dination of morphogenetic movements (Kozlova and Thummel,
2003; Gaziova et al., 2004). Thus, if male-killing Wolbachia inter-
acts with the host hormonal pathway involving ecdysteroids, this
could affect the processes required for a normal development of
males.

A sex-specific action of ecdysteroids during insect embryo-
genesis and development has been demonstrated in some stud-
ies concerning the effects of endocrine disrupting chemicals.
Indeed, ecdysteroid agonists and antagonists (e.g., bisphenol A,
tebufenozide, and ethinyl estradiol) are responsible for female-
biased sex ratios in the treated populations (Hahn et al., 2001;
Biddinger et al., 2006; Lee and Choi, 2007; Izumi et al., 2008).
According to some authors, the observed sex-specific effect could
be well explained by considering insect steroids as sex hormones.
In particular, larval or embryo males die because they are subjected
to an unsuitable, i.e., female, hormonal environment (Hahn et al.,
2001).

WOLBACHIA, HOST 00GENESIS DEFECT RESCUING AND FECUNDITY
ENHANCEMENT

In some cases Wolbachia is essential for insect reproduction, as in
absence of the “infection” the host is not able to perform a nor-
mal oogenesis. For example, in the hymenopteran Asobara tabida
the symbiosis with Wolbachia involves interference with the pro-
grammed cell death of nurse cells that is significantly higher in
Wolbachia-cured insects (where the ovary completely lacks mature
oocytes) than in naturally infected specimens (Dedeine et al.,
2001; Pannebakker et al., 2007). The role of ecdysone in regu-
lating cell apoptosis, a process required for insect development,
is well known: during metamorphosis, for example, the steroid
is a primary regulator of cell death in larval tissues which are
destroyed or remodeled into an “adult” form (Tsuzuki et al., 2001;
Mottier et al., 2004). Interestingly, in adults a higher level of 20E
causes apoptosis of nurse cells which blocks the oogenesis process
(McCall, 2004; Terashima et al., 2005; Ishimoto and Kitamoto,
2011). Therefore, it would be interesting to verify if Wolbachia
interacts by modulating ecdysone signaling in A. tabida, thus influ-
encing programmed cell death pathways occurring during host
oogenesis.

In D. melanogaster, partial loss of function mutants of sex-
lethal, the master regulator gene of the fly sex determination
cascade, are sterile due to overproliferation of undifferentiated
germ cells. In the infected line, Wolbachia is able to rescue oogen-
esis defects leading to partially fertile specimens (Starr and Cline,
2002). Stem cell behavior is regulated by intrinsic factors, signals
from their niches and systemic hormones. Ecdysone is known to
affect stem cell proliferation, also confirming current hypotheses
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of an involvement of steroids in cancer: in particular, altered
steroids signaling, as well as extensive molecular crosstalk between
steroid and insulin/insulin-like growth factors, are commonly
associated with cancer (Ables and Drummond-Barbosa, 2010).
Accordingly, we may speculate that the occurrence of “cancer”
germ cells could be due to a misregulation of ecdysone signaling
in mutant flies that is rescued by Wolbachia infection.

Wolbachia has also been implicated in improving the fitness of
several insect hosts (Dedeine et al., 2003).

New insights into the mechanisms underlying host fecundity
enhancement are provided by a recent study on D. mauritania:
Wolbachia improves fecundity both by enhancing stem cell pro-
liferation and reducing programmed cell death in the germarium
(Fast et al., 2011). The authors hypothesize that the presence of
the bacterium in the germ-line stem cell niche modulates stem
cell activity, although a contribution from systemic or stem cell
intrinsic signals cannot be ruled out. It remains unclear, however,
whether stem cells themselves sense and respond to Wolbachia.
According to us, the role of ecdysone might be of primary impor-
tance, as the systemic hormone is known to stimulate directly
germ-line stem cells in order to promote their self-renewal and
activity (Ables and Drummond-Barbosa, 2010), with Wolbachia
as the director of the scene.

INTERPLAY BETWEEN STEROID SIGNALING AND EPIGENETIC
PATHWAYS

A growing body of data suggests a role for hormones in modu-
lating epigenetic changes. In mammals, for example, steroids are
able to induce epigenetic differences necessary for a correct sex
differentiation of the brain (Nugent and McCarthy, 2011), and in
adults they actively maintain DNA methylation patterns (Auger
etal.,2011). An interaction between steroid/thyroid receptors and
the epigenetic machinery (e.g., histone modifying enzymes and
DNA methyltransferases) has been proposed too (Tsai et al., 2009;
Haddad et al., 2010; Pathak et al., 2010). Novel insights into the
mechanisms underlying such an interaction are provided by stud-
ies on nuclear receptor co-regulators (NRCs; i.e., co-activators and
co-repressors). Strikingly, NRCs are key epigenetic regulators and
utilize enzymatic activities to modify epigenetically the DNA and
chromatin (Mahajan and Samuels, 2000; Rosenfeld et al., 2006;
Hsia et al., 2010).

Thanks to studies on Drosophila, we now have compelling
evidences of a direct interaction between steroids (specifically
ecdysone) and epigenetic factors. For example, during fly develop-
ment, neural circuit sculpting is due to cooperation between EcR
and histone modifying enzymes (Kirilly et al., 2011). In addition,
in the fly’s ovary, ecdysone interacts with chromatin remodeling
factors for modulating the proliferation and self-renewal of germ-
line stem cells (Ables and Drummond-Barbosa, 2010). Ecdysone
receptor signaling also needs direct cooperation with nucleo-
some remodeling complexes, and many EcR co-activators and
co-repressors that contribute to the epigenetic memory have been
identified and characterized (Kimura et al., 2008; Sawatsubashi
et al., 2010; Kugler et al., 2011).

Interestingly, recent data demonstrate that Wolbachia infection
is able to modulate the host genomic imprinting through methy-
lation of the DNA (Negri et al., 2009a,b). In the leathopper Z.

pullula, Wolbachia-infected genetic males develop into intersexes
with a female phenotype. In particular, two kinds of intersexes
are described: “intersex females” which are feminized males with
ovaries, even able to produce progeny; and “intersex males” which
bear testes and are characterized by a very low Wolbachia den-
sity (Negri et al., 2009a). Remarkably, Wolbachia-infected “inter-
sex females” possess the same imprinting pattern of uninfected
females, thus demonstrating that the infection disrupts the male
imprinting (Negrietal.,2009a,b). In addition, the alteration occurs
only if the bacterium exceeds a density threshold, as “intersex
males” maintain a male genome-methylation pattern (Negri et al.,
2009a). The epigenetic modifications affect the expression of genes
involved in sex determination and development (Negri, unpub-
lished data), thus avoiding the need for Wolbachia to interfere
with each single gene separately.

In view of the interplay between hormone signaling and epige-
netic machinery, data on the whole suggest that the manipulation
of the host’s epigenetic pathways might be achievable through a
direct influence of Wolbachia on hormonal signaling involving
ecdysteroids.

The model proposed in Figure 2 tries to explain possible inter-
actions. Once 20E is biosynthesized, it binds the nuclear receptor
EcR which heterodimerizes with USP. The EcR/USP complex
binds DNA and complexes with nuclear NRCs. Then, NRCs cat-
alyze DNA methyltransferases for a correct methylation pattern of
differentially methylated regions or directly function as histone
modifying enzymes, thus activating proper selective transcrip-
tional programs. In infected insects, Wolbachia may interact with
the ecdysone pathway by synthesizing products competing with
20E or function as/interfere with NRCs. As a result, the EcR bind-
ing to DNA or the recruitment of DNA methyltransferases and/or
histone modifying enzymes should be affected.

Accordingly, studies on Wolbachia—host interactions should
give great attention for example to substances with an antagonist
action on the ecdysone nuclear receptor; selective nuclear receptor
modulators; or co-regulators of nuclear receptors, in view of their
emerging role in integrating the transcriptional co-regulation with
the epigenetic regulation (Rosenfeld et al., 2006; Kato et al., 2011).

CONCLUSION

Many experimental data support the role of Wolbachia in mod-
ulating the insect sexual phenotypes by interaction with the
host hormonal signaling pathway. Indeed, the various phenotypic
effects observed may be due to differences in host physiology and
in particular to endocrine-related processes governing growth,
development, and reproductive behavior.

In particular, a number of evidences links Wolbachia symbiosis
to insulin and ecdysteroid signaling.

Several studies report an extensive crosstalk between the two
hormonal signaling pathways, which may work antagonistically,
jointly or even independently. Like many other symbiotic bacteria,
Wolbachia could operate by attacking one crucial pathway in their
hosts, thus affecting other metabolic networks, or by targeting both
pathways, even interacting at several points in each of them for its
own benefit (that is the manipulation of host reproduction and
development in order to increase the number of infected females).
In view of the interplay between hormone signaling and epigenetic
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FIGURE 2 | Model illustrating the possible interplay between ecdysone
signaling and epigenetic regulation, and Wolbachia action. 20E binds the
nuclear receptor EcR which heterodimerizes with USP. Then, the EcR/USP
complex binds DNA and complexes with nuclear receptor co-regulators,
which catalyze DNA methyltransferases or directly function as histone
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modifying enzymes, thus activating proper selective transcriptional programs.
Wolbachia may interact by synthesizing products competing with 20E or
function as/interfere with nuclear receptor co-regulators, respectively. 20E,
20-hydroxyecdysone; EcR, ecdysone receptor; USP, ultraspiracle; NRc, nuclear
receptor co-regulator; Dmt, DNA-methyltransferase; W, Wolbachia bacteria

machinery, a direct influence of the “infection” on hormonal sig-
naling involving ecdysteroids might be achievable through the
manipulation of host epigenetic pathways.

Although further work is needed to fully clarify the genetic
and molecular bases of such an interaction, new work hypothe-
ses have been now offered for the study of the mechanisms used
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