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Peptidergic control of food intake and digestion in
insects1

J. Spit, L. Badisco, H. Verlinden, P. Van Wielendaele, S. Zels, S. Dillen, and
J. Vanden Broeck

Abstract: Like all heterotrophic organisms, insects require a strict control of food intake and efficient digestion of food into
nutrients to maintain homeostasis and to fulfill physiological tasks. Feeding and digestion are steered by both external and
internal signals that are transduced by a multitude of regulatory factors, delivered either by neurons innervating the gut or
mouthparts, or by midgut endocrine cells. The present review gives an overview of peptide regulators known to control
feeding and digestion in insects. We describe the discovery and functional role in these processes for insect allatoregulatory
peptides, diuretic hormones, FMRFamide-related peptides, (short) neuropeptide F, proctolin, saliva production stimulating
peptides, kinins, and tachykinins. These peptides control either gut myoactivity, food intake, and (or) release of digestive en-
zymes. Some peptides exert their action at multiple levels, possibly having a biological function that depends on their site
of delivery. Many regulatory peptides have been physically extracted from different insect species. However, multiple
peptidomics, proteomics, transcriptomics, and genome sequencing projects have led to increased discovery and prediction of
peptide (precursor) and receptor sequences. In combination with physiological experiments, these large-scale projects have
already led to important steps forward in unraveling the physiology of feeding and digestion in insects.
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Résumé : Comme tous les organismes hétérotrophes, les insectes requièrent un contrôle strict de leur ingestion de nourriture
et la digestion de leur nourriture en nutriments afin de maintenir leur homéostasie et de compléter leurs tâches physiologi-
ques. L’alimentation et la digestion sont gouvernées par des signaux tant externes qu’internes qui sont transmis par un mul-
titude de facteurs régulateurs, livrés ou bien par les neurones qui innervent le tube digestif ou les pièces buccales ou alors
par les cellules endocrines du tube digestif moyen. Notre revue fournit une synthèse des régulateurs peptidiques connus
pour contrôler l’alimentation et la digestion chez les insectes. Nous décrivons la découverte et le rôle fonctionnel de ces pro-
cessus dans le cas des peptides allatorégulateurs, des hormones diurétiques, des peptides apparentés aux amides FMRF, du
neuropeptide F (court), de la proctoline, des peptides stimulateurs de la production de salive, des kinines et des tachykinines
des insectes. Ces peptides contrôlent la myoactivité du tube digestif, l’ingestion de nourriture et(ou) la libération des enzy-
mes digestives. Certains peptides agissent à de multiples niveaux, possédant une fonction biologique qui dépend de leur site
d’action. Plusieurs peptides régulateurs ont été extraits physiquement de différentes espèces d’insectes. Cependant, plusieurs
projets de peptidomique, de protéomique, de transcriptomique et de génomique ont mené à de nombreuses découvertes sup-
plémentaires et des prédictions de séquences de peptides (précurseurs) et de récepteurs. En combinaison avec les expériences
physiologiques, ces projets à grande échelle ont déjà mené à des progrès importants dans l’élucidation de la physiologie de
l’alimentation et de la digestion chez les insectes.

Mots‐clés : insecte, tube digestif moyen, digestion, neuropeptides, système nerveux stomogastrique.

[Traduit par la Rédaction]

Received 16 November 2011. Accepted 17 January 2012. Published at www.nrcresearchpress.com/cjz on 4 April 2012.

J. Spit,* L. Badisco,* H. Verlinden, P. Van Wielendaele, S. Zels, S. Dillen, and J. Vanden Broeck. Department of Animal Physiology
and Neurobiology, Zoological Institute, KU Leuven, Naamsestraat 59, B-3000 Leuven, Belgium.

Corresponding author: Jozef Vanden Broeck (e-mail: Jozef.VandenBroeck@bio.kuleuven.be).
1This review is part of a virtual symposium on recent advances in understanding a variety of complex regulatory processes in insect
physiology and endocrinology, including development, metabolism, cold hardiness, food intake and digestion, and diuresis, through the
use of omics technologies in the postgenomic era.
*Equally contributing authors.

489

Can. J. Zool. 90: 489–506 (2012) doi:10.1139/Z2012-014 Published by NRC Research Press

C
an

. J
. Z

oo
l. 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

K
u 

L
eu

ve
n 

U
ni

v.
 L

ib
. o

n 
04

/1
1/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Introduction

Eumetazoa are heterotrophs that acquire organic com-
pounds through feeding. Therefore, strict control of food in-
take and efficient digestion of food into nutrients are
indispensible for these organisms to maintain energy supply
and metabolism, as well as to support growth, development,
and reproductive capacities. Feeding and digestion are steered
by both external and internal stimuli, such as the perception
of food and the nutritional status of the organism. By means
of a range of signaling molecules, these stimuli are ultimately
translated into a certain response by the organism.
The physiology of the insect digestive system is largely co-

ordinated by neurohormones, as well as by multiple regula-
tory peptides produced by endocrine cells located in the gut
epithelium and (or) by neurons innervating different parts of
the gut (reviewed by Audsley and Weaver 2009; Woodring et
al. 2009; Lwalaba et al. 2010). Many of these regulatory pep-
tides in insects have vertebrate homologues; however, much
less is known about their specific functions or modes of ac-
tion in invertebrates. Early studies on insect neuropeptides
have used relatively large model species such as locusts,
cockroaches, and moths, enabling the purification and identi-
fication of many biologically active peptides. Further identifi-
cation and localization of peptide hormones is now aided by
recent technological advances and by the vast increase in ex-
pressed sequence tag (EST), genomic, and peptidomic data
available for insects. For example, the genome of the red
flour beetle (Tribolium castaneum (Herbst, 1797)) contains
41 genes encoding over 80 mature neuropeptides and protein
hormones (Li et al. 2008) and 23 of those genes have ortho-
logues in the common fruit fly (Drosophila melanogaster
Meigen, 1830). Analysis of the Tribolium genome indicates
that during insect evolution, genes for neuropeptides are
often duplicated or lost (Li et al. 2008). To date, the reason
for such wide abundance and multiplication of neuropeptides
remains elusive. It is interesting to note that many of these
neuropeptides are shown to possess multiple functions and
one could postulate that the specific function is determined
by a combination of factors such as site of delivery and co-
operation between different peptides or hormones.
The insect’s supply of nutrients is regulated at multiple

control levels, namely food intake, gut motility, digestive
enzyme release, and nutrient absorption. These physiologi-
cal processes are inter-related and some regulatory peptides
exert their action at different levels. Some neuropeptides
present in the stomatogastric nervous system (SNS) have in-
deed also been localized in the midgut endocrine cells, sug-
gesting a more prominent role in the regulation of digestive
processes as well. In addition, some regulatory neuropepti-
des show stimulating or inhibitory effects on enzyme activ-
ity levels in the gut of insects, indicating that the control of
enzyme release in response to food is likely to be (at least
in part) under neuropeptidergic control (Harshini et al.
2002, 2003; Woodring et al. 2009; Lwalaba et al. 2010).
Understanding the endocrine control of digestion and feed-
ing mechanisms is important in understanding the physiol-
ogy of nutrition. In line with the complex innervation
patterns of the insect gut and mouthparts, it is not surpris-
ing that a multitude of regulatory signals on different levels
are involved. Recent developments in peptidomics, in com-

bination with the vast increase in available EST and genome
sequencing data are providing important tools for functional
analysis and for physiological studies regarding peptide hor-
mones. This review describes the current knowledge of pep-
tidergic control of feeding and digestion in insects and how
it has been greatly advanced by means of several “omics”
approaches.

The insect gut and its innervation
The insect digestive system is generally divided into three

main structures, each optimized for its specific function. The
foregut and hindgut are derived from ectodermal layers and
therefore lined with cuticle, whereas the midgut is of endo-
dermal origin. In most insects, the foregut is differentiated
into pharynx, oesophagus, crop, and proventriculus.
Although diminished in some insects, the crop can be an im-
portant site for digestion by regurgitated enzymes from
midgut and caeca in several species (Terra and Ferreira
2005). The midgut is the main site for digestion and absorp-
tion of nutrients. Together with the caeca, it is also the major
site of digestive enzyme production. The midgut lacks a cu-
ticle, but most insects possess a peritrophic membrane, which
surrounds the food bolus, compartmentalizes the midgut, and
enhances digestive efficiency (Terra 2001; Bolognesi et al.
2008). Unabsorbed remains in the midgut are further trans-
ferred to the hindgut, where water, salts, and useful metabo-
lites are reabsorbed before the faeces are excreted. Associated
with the hindgut are the Malpighian tubules, forming an
osmoregulatory and excretory system. Motility of the fore-,
mid-, and hind-gut and secretion of digestive enzymes are in-
dispensable aspects of both insect feeding and digestion.
Only when ingested food readily passes the foregut, the ani-
mal can proceed feeding. In addition, gut contractions are
necessary to allow food mobility and the flow of digestive
enzymes. Several myoactive neuropeptides have indeed been
associated with the nervous system innervating the gut, indi-
cating important roles for these peptides in the control of
feeding and the movement of food particles through the gas-
trointestinal tract (Clynen and Schoofs 2009; Robertson and
Lange 2010).
The insect gut and mouthparts are innervated by the cen-

tral nervous system (CNS) and the SNS. The SNS includes
the frontal ganglion (FG), laying on the dorsal surface of
the oesophagus. The FG is linked to the hypocerebral gan-
glion (HCG) through the recurrent nerve. In addition, the
FG is coupled to the tritocerebrum of the brain via two
frontal connectives. The hypocerebral ganglion in its turn is
connected to the corpora cardiaca (CC) and a proventricular
ganglion (PVG) located on the foregut wall, via a pair of
oesophageal nerves, running across the lateral surface of
the foregut. Nerves from the PVG extend over the surface
of the foregut (reviewed by Audsley and Weaver 2009; Cly-
nen and Schoofs 2009; Robertson and Lange 2010). Addi-
tionally, cockroaches and locusts possess ingluvial ganglia
(IG) also located on the foregut wall and innervating the
foregut. In the migratory locust (Locusta migratoria (L.,
1758)), neurons from within the CNS project via the frontal
connectives towards the SNS, indicating complex innerva-
tion of the gut and interactions between CNS and SNS
(Bräunig 2008). The hindgut is innervated by proctodeal
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and rectal nerves originating from the terminal abdominal
ganglia of the CNS (Copenhaver 2007). The suboesopha-
geal ganglion (SOG) is situated below the brain and oeso-
phagus. It is a part of the CNS and linked to the brain via
a pair of circumoesophageal connectives. The SOG regu-
lates among others the insect mouthparts and thus plays a
crucial role in the initiation of feeding and in food uptake
(reviewed by Audsley and Weaver 2009).
It has been shown that the FG plays a key role in feeding

behavior, as its removal in both the desert locust (Schisto-
cerca gregaria Forsskål, 1775) and the corn earworm species
Helicoverpa zea (Boddy, 1850) decreased feeding activity
and prevented the crop from emptying, resulting in accumu-
lation of food (Highnam et al. 1966; Hill et al. 1966; Bush-
man and Nelson 1990). The FG constitutes a source of
innervation to the foregut dilator muscles. Rhythmic motor
patterns recorded from the nerves of the FG coordinate the
peristaltic movements of the foregut, and this rhythm in-
creases as the foregut fills (Robertson and Lange 2010).
Rhythmic activity of the foregut depends on the amount of
food present in the crop, resulting from higher or lower fron-
tal ganglion burst frequencies in animals with full or empty
crop, respectively (Ayali and Zilberstein 2004).

The “omics” era
Although a range of regulatory peptides have been ex-

tracted and purified from different insect species, over the
last few decades huge data sets generated by insect genome
sequencing projects, transcriptomics, proteomics, and pepti-
domics, together with improved gene discovery and annota-
tion tools, have led to an increased discovery rate of putative
peptide and receptor sequences in insects. These omics tech-
niques not only allow for discovery and prediction, they also
constitute the basis for transcriptome- or genome-wide (dif-
ferential) expression profiling and broad-range localization
studies.
Like other physiological research domains, unraveling the

peptidergic control of insect feeding and digestion was
greatly advanced by these modern approaches. Recently, a
neuropeptidomic study provided an inventory of different
neuropeptides occurring in different parts of the CNS and
SNS of S. gregaria and L. migratoria (Clynen and Schoofs
2009). The resulting peptidome acts as a guide map, showing
the distribution of different neuropeptides throughout the
nervous tissues, the presence in the SNS providing important
clues for a regulatory function in food mobility and (or) proc-
essing. In addition, peptidomic studies are greatly aided by
the availability of genomic or EST data and have proven use-
ful in identification of new peptides that had never been de-
scribed before. Recently, a role in saliva production has been
proposed for such peptides by means of a differential pepti-
domics survey studying the postfeeding neuropeptide dynam-
ics in the kissing bug (Rhodnius prolixus Stål, 1859) (Sterkel
et al. 2011). A recent peptidomic analysis of the D. mela-
nogaster midgut demonstrated the presence of 24 peptides
originating from nine different precursors. Remarkably, all
these peptides also occur in the CNS and are thus brain–gut
peptides. There are indications that these peptides are pre-
dominantly produced in endocrine cells of the midgut, rather
than being delivered by innervating neurons (which are

scarce on the midgut surface) (Reiher et al. 2011). It remains
to be investigated how these different brain–gut peptides act
according to their site of production and release. Their pres-
ence in the D. melanogaster midgut is a strong indication for
a regulatory role in controlling the many functions of the in-
testine, including the processing of ingested food.
These few examples illustrate that omics approaches, that

very often result in a plethora of information, may form the
basis for the elucidation of the physiological role(s) of a
given brain–gut peptide. An active interplay is nowadays ob-
served between the technological, omics and molecular ge-
netics driven research in model insects and the more classic
approaches in large nonmodel insect species that may be
more appropriate for performing “wet-laboratory” physiologi-
cal experiments. Combinations of both have already led to
large steps forward in understanding important aspects of in-
sect physiology and will remain crucial in elucidating the sig-
nal transduction mechanisms involved in the control of
feeding and digestion in insects, a field in which many ques-
tions still remain unanswered.

Peptide hormones controling food intake and
digestion
Several insect peptides, such as sulfakinins, tachykinins,

allatoregulatory peptides, proctolin, and myoinhibitory pepti-
des, have already been shown to stimulate or inhibit contrac-
tions of the foregut in several insect species, while some of
them also regulate feeding behavior (reviewed by Audsley
and Weaver 2009). Moreover, myoactive neuropeptides
present in the SNS have also been localized in endocrine
cells of the midgut, suggesting a diversity of intestinal func-
tions for these peptides. For example, type-A, B, and C alla-
tostatins (respectively, FGLa/ASTs, MIPs, and PISCF/ASTs;
according to the nomenclature based on Coast and Schooley
2011), (short) neuropeptide F, diuretic hormone, and tachyki-
nins were all identified in endocrine cells in the midgut of
D. melanogaster (Veenstra 2009a; Reiher et al. 2011).
FGLa/AST immunoreactivity was also observed in all gan-
glia of the CNS and within the open-type endocrine cells in
midguts of L. migratoria (Robertson and Lange 2010) and
the Pacific beetle cockroach (Diploptera punctata (Es-
chscholtz, 1822)) (Reichwald et al. 1994). In addition, some
regulatory peptides show stimulatory or inhibitory effects on
enzyme activity levels in the gut, indicating that the control
of enzyme release in response to food is likely (at least parti-
ally) mediated through these neuropeptides (Harshini et al.
2002, 2003; Woodring et al. 2009; Lwalaba et al. 2010). The
following sections provide an overview of neuropeptides as-
sociated with the SNS and (or) endocrine cells in the midgut
and thus potentially involved in control of feeding and diges-
tion mechanisms in insects.

Allatoregulatory peptides
The insect allatoregulatory peptides were originally identi-

fied by their inhibitory (allatostatins) or stimulatory (allato-
tropins) effects on juvenile hormone (JH) synthesis by the
CA. In addition, they have been shown to control the move-
ment of food through the gut in response to sensory informa-
tion from food intake and the gut, by inhibitory and
excitatory mechanisms, appropriate to absorption and diges-
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tion (reviewed by Audsley and Weaver 2009). The insect al-
latostatins (ASTs) are classified in three families (FGLa/
ASTs, MIPs, and PISCF/ASTs; nomenclature based on Coast
and Schooley 2011) based on their characteristic amino acid
sequences, YXFGLamide–allatostatins (cockroach or type-A)
(FGLa/ASTs), W(X6)Wamide–allatostatins (cricket or type-
B) (myoinhibitory peptides, MIPs) and PISCF-allatostatins
(type-C) (PISCF/ASTs) (Bendena et al. 1999; Coast and
Schooley 2011).
The FGLa/type ASTs are characterized by a common Y/

FXFGL/Iamide C-terminal sequence. Thirteen members of
the FGLa/AST family, expressed as a prepropeptide, were first
identified in D. punctata (AST 1–13) (Donly et al. 1993).
Since then, they have been found in Orthoptera, Dictyoptera,
Isoptera, Lepidoptera, Diptera, and Hymenoptera (reviewed
by Stay and Tobe 2007). Their wide distribution throughout
the CNS suggests pleiotropic functions. Neurophysiological
studies demonstrated that FGLa/ASTs take part in the neuro-
modulation of the locust frontal ganglion, allowing it to gen-
erate different rhythmic patterns (Zilberstein et al. 2004).
FGLa/ASTs are also known for their myoinhibitory effects in
locusts (Vanden Broeck et al. 1996; Veelaert et al. 1996) and
Lepidoptera (Audsley et al. 2008). In addition, the FGLa/AST
neural network over the surface of the foregut is well placed
to deliver these peptides to the gut muscles (Duve et al.
1995). Interestingly, FGLa/AST immunoreactivity was also
found in the midgut endocrine cells from L. migratoria (Rob-
ertson and Lange 2010), the corn earworm species Helico-
verpa armigera (Hübner, 1805) (Davey et al. 1999), and D.
punctata (Reichwald et al. 1994), proving that they are typical
examples of brain–gut peptides. In the cricket species Gryllus
bimaculatus De Geer, 1773, AST-A5 is released from gut en-
docrine cells and binds to enzyme-producing caecal cells. In
these animals, digestive enzymes are secreted at a basal rate
in unfed animals. Nonetheless, feeding stimulates amylase
and trypsin release in G. bimaculatus. AST-A5 also stimulates
amylase and trypsin activity in G. bimaculatus, indicating that
the release of these enzymes possibly involves the release of
FGLa/AST as a response to food intake (Woodring et al.
2009). In contrast to this, in larvae of the lepidopteran fall ar-
myworm (Spodoptera frugiperda (J.E. Smith, 1797)), AST-A5
inhibits amylase and trypsin release (Lwalaba et al. 2010). In
addition, FGLa/AST also influences the carbohydrase levels
in the cockroach midgut. Taken together, this suggests that
FGLa/ASTs not only affect gut contractility but also regulate
enzyme secretion (Fusé et al. 1999; Woodring et al. 2009).
AST-B peptides, having the typical WX6Wamide motif,

were identified in G. bimaculatus (Lorenz et al. 1995). Previ-
ously, a member of this peptide family had already been iso-
lated from brain-CC-CA-SOG complexes of L. migratoria
and was named myoinhibiting peptide (MIP), as it suppressed
spontaneous contractions of both the hindgut and the oviduct
(Schoofs et al. 1991). Therefore, AST-B peptides are also re-
ferred to as MIPs (Coast and Schooley 2011). MIPs have
been identified in a range of other insects, such as D. mela-
nogaster (Vanden Broeck 2001; Williamson et al. 2001), the
tobacco hornworm (Manduca sexta (L., 1763)) (Blackburn et
al. 1995, 2001), the American cockroach (Periplaneta ameri-
cana (L., 1758)) (Weaver et al. 1994; Predel et al. 2001), the
silkworm (Bombyx mori (L., 1758)) (Hua et al. 1999), and
T. castaneum (M. Abdel-latief and K.H. Hoffmann, direct

GenBank submission: accession No. FJ415747.1). MIPs of
M. sexta and G. bimaculatus also display strong inhibitory
effects on fore- and hind-gut contractions and can inhibit
food intake in the German cockroach (Blatella germanica L.,
1767) (reviewed by Audsley and Weaver 2009). In P. ameri-
cana, a MIP is present in the FG, HCG, oesophageal nerve,
and the IG. Although this peptide could also be localized in
the axons innervating the muscles of the foregut, they only
have slight myoinhibitory effects on foregut contractions in
P. americana (Predel et al. 2001).
Arthropods also possess genes encoding a PISCF/AST

peptide. The first PISCF/AST was characterized in M. sexta
(Manse-AS) (Kramer et al. 1991), and genomic data from
the model species D. melanogaster, the mosquito species
Anopheles gambiae Giles, 1902, and T. castaneum confirm
the occurrence in other insect species as well (Stay and Tobe
2007). More recently, “AST-CC” neuropeptides were identi-
fied as a novel group of peptides displaying some sequence
similarities to and occurring as paralogs of PISCF/AST-C-
type allatostatins (Veenstra 2009b). Masses corresponding to
PISCF/AST were found in extracts of the protocerebrum,
SOG, and some of the abdominal ganglia (Clynen and
Schoofs 2009). In vivo and in vitro studies in Lepidoptera
showed that Manse-AS is capable of inhibiting contractions
of the gut and of suppressing feeding in some, but not all,
species (Matthews et al. 2008; reviewed by Audsley and
Weaver 2009). Similarly, injection of Manse-AS suppresses
feeding behaviour and reduces growth and fecundity in the
aphid species Acyrthosiphon pisum (Harris, 1776) (Down et
al. 2010) and Myzus persicae (Sulzer, 1776) (Matthews et al.
2010).
Receptors for the different AST types have been identified

and characterized in various insect species. Two FGLa/AST
receptors were first identified in D. melanogaster (Birgül et
al. 1999; Lenz et al. 2000). They are related to mammalian
galanin, somatostatin, and opioid G-protein coupled receptors
(GPCRs). Subsequently, FGLa/AST receptors were also
found in P. americana, the common stick insect (Carausius
morosus (Sinety, 1901)) (Auerswald et al. 2001), B. mori
(Secher et al. 2001), and D. punctata (Lungchukiet et al.
2008). Agonistic activity is mediated by the conserved
C-terminal pentapeptide YXFGL-amide, amidation of the
C-terminus being necessary to maintain activity (Auerswald
et al. 2001). In some insects, FGLa/AST receptors appear to
be predominantly expressed in gut and brain (Secher et al.
2001; Lungchukiet et al. 2008), whereas in other species
they seem to be more widely distributed throughout the body
(Gäde et al. 2008).
MIPs are the ancestral ligands of a promiscuous GPCR that

was first identified as the Sex Peptide receptor in D. mela-
nogaster (Kim et al. 2010; Poels et al. 2010). The C-terminus
of Sex Peptide displays some structural similarities to MIPs:
there are two Trp residues present in both Sex Peptide and
MIPS, which are necessary for full receptor activation (Poels
et al. 2010).
Two GPCRs (Drostar1 and Drostar2) were deorphanized

from D. melanogaster and identified as PISCF/AST recep-
tors. Structurally, the two Drostars are most closely related
to the mammalian opioid–somatostatin receptor family. By
studying the transcript levels of the receptors, it was sug-
gested that they have roles in the visual information process-
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ing and endocrine regulation (Kreienkamp et al. 2002). These
two receptors also were characterized in the yellow fever
mosquito (Aedes aegypti Linnaeus in Hasselquist, 1762).
The receptor paralogs are differentially expressed and re-
spond differentially to the different PISCF/ASTs present,
which may contribute to the pleiotropic functions of PISCF/
ASTs (Mayoral et al. 2010).
Allatotropins (ATs) were first shown to stimulate JH bio-

synthesis in the CA of adult female lepidopteran insects in
vitro (Kataoka et al. 1989a). In addition, the ATs play multi-
ple neural, endocrine, and myoactive roles, some of which
may be species-specific (reviewed by Elekonich and Horody-
ski 2003). In L. migratoria, a member of the AT family was
first identified as the accessory gland myotropin 1, as it was
isolated from the male accessory glands and it was shown to
stimulate contractility of the locust gut and oviduct (Paemen
et al. 1991a, 1991b). AT immunoreactivity could be demon-
strated in the SNS from several lepidopteran species (re-
viewed by Audsley and Weaver 2009). Subsequently, AT
was also found in the brain of S. gregaria (protocerebrum,
antennal lobes, and tritocerebrum), the circumoesophageal
connectives, the SOG, the SNS, and all thoracic and abdomi-
nal ganglia, but no AT was detected in the retrocerebral com-
plex (Homberg et al. 2004; Clynen and Schoofs 2009). In
larvae of T. infestans, the presence of an AT-like peptide was
described in the Malpighian tubules, the brain, the retro-
cerebral complex, the anterior midgut, and the aorta. More
recently, AT was reported in the open-type endocrine cells in
the anterior midgut of T. infestans as well (Riccillo and Ron-
deros 2010). The presence of ATs throughout all these tissues
including the SNS suggests roles in feeding or regulation of
digestion as well. In haematophagous insects, like T. infes-
tans, secretion of an AT-like peptide by the Malpighian tu-
bules stimulates peristaltic contractions of the hindgut in an
endocrine way, facilitating the mixing of urine and faeces,
and inducing the voiding during postprandial diuresis (San-
tini and Ronderos 2007, 2009). An immediate increase in to-
nus and frequency of gut contractions was also observed ex
vivo and in vivo after administering the T. castaneum AT-
like peptide (Vuerinckx et al. 2011). Also in Lepidopteran
species such as H. armigera and the bright-line brown-eye
(Lacanobia oleracea (L., 1758)), AT was shown to stimulate
gut contractions (Duve et al. 1999, 2000). Additionally, in
larvae of S. frugiperda, Manse-AT did not only display myo-
stimulatory activity on the gut, but also significantly stimu-
lated amylase and trypsin release (Lwalaba et al. 2010).
ATs exert their effects on their cellular targets by binding

to high-affinity receptors, which are members of the GPCR
superfamily (Yamanaka et al. 2008; Horodyski et al. 2011;
Nouzova et al. 2011; Vuerinckx et al. 2011). In A. aegypti,
an AT receptor was characterized and found to be expressed
in the CC, but also in the heart, hindgut, accessory glands,
and testes (Nouzova et al. 2011). Blood feeding resulted in a
decrease in transcript levels. In feeding larvae of M. sexta, an
AT receptor is predominantly expressed in the Malpighian tu-
bules, followed by relatively high expression in both midgut
and hindgut, the corpora allata, and the testes (Horodyski et
al. 2011). The AT-like peptide receptor of T. castaneum is
expressed in the head, gut, fat body, and the reproductive
system (Vuerinckx et al. 2011).

CRF-related diuretic hormone
Diuretic hormones (DH) related to the vertebrate cortico-

tropin-releasing factor (CRF) have been characterized in di-
verse insect species such as D. melanogaster (Cabrero et al.
2002), the mealworm beetle (Tenebrio molitor L., 1758)
(Furuya et al. 1998), R. prolixus (Te Brugge et al. 2011a),
L. migratoria (Kay et al. 1991; Lehmberg et al. 1991),
P. americana (Kay et al. 1992), and M. sexta (Kataoka et al.
1989b). These neuropeptides are designated as CRF-like,
CRF-related DH, or simply CRF/DH (Coast and Schooley
2011). They mainly originate from the brain but also occur
throughout the rest of the CNS. They stimulate primary urine
production in the Malpighian tubules, the insect excretory or-
gans (reviewed by Gäde 2004). Using a radioimmunoassay
for determination of L. migratoria CRF/DH levels, this DH
was shown to be progressively released during the meal
(Audsley et al. 1997a, 1997b). By analyzing the effect of
this peptide on feeding behavior of L. migratoria nymphs, it
was demonstrated that injection of the CRF/DH (or ana-
logues or truncated forms of this peptide), reduced meal du-
ration and increased the latency to feed before the locusts
started feeding (Goldsworthy et al. 2003). It was suggested
that CRF/DH may regulate satiety and signal the end of the
meal in locusts (Gäde and Goldsworthy 2003). Starting from
partial precursor sequences found in the S. gregaria EST
database (Badisco et al. 2011), two full precursor sequences
were obtained, each encoding the CRF-like DH as well as
one of both long “ovary maturating parsin” (OMP) isoforms
(Van Wielendaele et al. 2012). The encoded DH proved to be
identical to the CRF/DH of L. migratoria (Kay et al. 1991;
Lehmberg et al. 1991). Feeding experiments with S. gregaria
adults showed that injection of CRF/DH prior to the meal
caused a significant reduction in food intake. When the pre-
cursor transcripts encoding this DH were down regulated by
RNA interference, feeding was stimulated, whereas injection
with CRF/DH overruled this effect and again caused a clear
reduction in food intake (Van Wielendaele et al. 2012). It
was postulated that this effect of CRF/DH on food intake
may result (partially) from a lower peripheral sensitivity to
food stimuli (Gäde and Goldsworthy 2003). It was already
known that the apical pores of the taste sensilia on the mouth
parts of locusts are opened or closed depending on the feed-
ing state (Bernays and Mordue 1973). CRF/DH seemed to
influence the closure of these pores and would in that way
be able to modulate taste perception and influence feeding
behavior, at least in locusts (Gäde and Goldsworthy 2003).
Very few reports have been made about antifeedant activities

of CRF/DH in other insect species. Injection of the M. sexta
CRF/DH in larvae of the tobacco budworm (Heliothis virescens
Fabricius, 1777) also caused decreased food consumption (and
increased mass loss), although high doses of the peptide were
needed (Keeley et al. 1992). When neonates of M. sexta were
fed leaf discs treated with the shorter M. sexta CRF/DH (the
Manduca diuresin, a 30 amino acid peptide), they exhibited re-
duced food consumption. However, this effect was not seen
when the peptide was injected (Ma et al. 2000).

FMRFamide-like peptides
The superfamily of FMRFamide-like peptides (FaLPs) is

named after the tetrapeptide FMRFamide that was initially
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discovered and characterized from the sunray venus clam
(Macrocallista nimbosa (Lightfoot, 1786)) (Price and Green-
berg 1977). In insects, FaLPs comprise a wide array of neu-
ropeptides that are longer than four amino acids and are
characterized by the C-terminal (H/FL/M)RFamide consensus
sequence (reviewed by Audsley and Weaver 2009). There are
at least three families: the FMRFamides, the HMRFamides,
and the FLRFamides (Orchard et al. 2001). Different mem-
bers of these peptide families display strong modulating ef-
fects on the activity of visceral muscles in insects. They are
able to inhibit contractions of heart and skeletal muscles
(Robb and Evans 1994), oviduct (Peeff et al. 1994), foregut
(Banner and Osborne 1989), midgut (Lange and Orchard
1998), and salivary glands (Orchard and Te Brugge 2002).
They also modulate the release of digestive enzymes (Har-
shini et al. 2002; Schoofs and Nachman 2006) and influence
feeding behavior (Wei et al. 2000; Nagata et al. 2011). The
FaLPs are distributed over the central and peripheral nervous
system and may perform diverse roles as neurohormones,
neuromodulators, or endocrine factors acting on the gut
(Tsang and Orchard 1991). Recent peptidomic studies identi-
fied different FaLPs in flies (Rahman et al. 2009; Audsley et
al. 2011), locusts (Clynen and Schoofs 2009), true bugs (Ons
et al. 2009; Huybrechts et al. 2010), beetles (Li et al. 2008;
Marciniak and Rosinski 2010), and wasps (Hauser et al.
2010) and their physiological functions have been subject to
a number of studies.
FMRFamides have only been identified in dipterans (Rah-

man et al. 2009) and hemipterans (Ons et al. 2009). Neverthe-
less, there are several immunocytochemical studies in which
FMRF-like reactivity has been found in other insects (reviewed
by Audsley and Weaver 2009). FMRFamide-expressing neu-
rons innervating the hindgut were identified in B. mori (Na et
al. 2004), while FMRFamide-like immunoreactivity was also
detected in the midgut and gastric caeca, as well as in the nerv-
ous system associated with the gut of L. migratoria (Hill and
Orchard 2003). The localization of these peptides in different
parts of the gut can again hint to a role in digestive regulation.
The tetrapeptide FMRFamide causes contraction of the locust
foregut in vitro. FMRFamide also inhibited proctolin-induced
contraction and potentiates 5-HT induced relaxation of the fore-
gut (Banner and Osborne 1989). In D. melanogaster, the
FMRFamide tetrapeptide affected crop contractions, although
the endogenous, N-terminally extended, FMRFamides had no
effect (Duttlinger et al. 2002).
Some extended FLRFamides are designated as myosup-

pressins because they are able to inhibit muscle contractions.
The first myosuppressin identified in insects was termed leu-
comyosuppressin (pEDVDHVFLRFamide) and was purified
from the Madeira cockroach (Leucophaea maderae = Rhy-
parobia maderae (Fabricius, 1781)). It inhibited spontaneous
contractions of the cockroach hindgut (Holman et al. 1986a).
Myosuppressins are found throughout the body in a multi-
tude of tissues, including the foregut, hindgut, suboesopha-
geal ganglion, and abdominal ganglia, organs which are all
involved in controlling feeding and digestion (Clynen and
Schoofs 2009). In another study, a myosuppressin was iso-
lated from L. migratoria midgut tissue, which further sup-
ports the assumption that this neuropeptide is involved in
digestive regulation (Hill and Orchard 2007). Myosuppressins
influence both muscle contraction and enzyme secretion in

the gut of locusts. Locmi-FLRFamide-1 lowers the basal to-
nus and has an inhibitory effect on the contractions of circu-
latory muscles in L. migratoria midgut (Lange and Orchard
1998). Furthermore, it increased total amylase and a-glucosi-
dase activity in L. migratoria midgut in a dose-dependent
manner, an observation that was even more pronounced with
longer exposure to Locmi-FLRFamide-1 (Hill and Orchard
2005). In the lepidopteran coconut blackheaded caterpillar
(Opisina arenosella Walker, 1864), FXRFamides (X: methio-
nine or leucine) were shown to increase intestinal protease
activity (Harshini et al. 2002). Besides their regulatory func-
tions in the gut, myosuppressins are also able to influence
food uptake. When administered to aphids in an artificial
diet, leucomyosuppressin was able to suppress feeding activ-
ity (Down et al. 2011). After injection of myosuppressin, B.
mori larvae showed a dose-dependent delay in the initiation
of feeding. The delay is probably caused by a decrease in
contractile activity of the gut (Nagata et al. 2011). Larvae of
the African cotton leafworm (Spodoptera littoralis Boisduval,
1833) that were injected with myosuppressin stopped feeding
after 3 h, whereas control larvae kept feeding, leading to
lower total leaf consumption and illustrating a significant
antifeeding activity of myosuppressin (Vilaplana et al. 2008).
Similarly, injection of leucomyosuppressin in S. littoralis and
L. oleracea significantly reduced food consumption and mass
gain, and led to increased mortality (Matthews et al. 2008).
The HMRFamides in insects are also termed sulfakinins

(SKs) because they possess a sulphated tyrosine residue
which is essential for their biological activity. The C-terminal
active core sequence of insect SK is made up of the hexapep-
tide Y(SO3H)GHMRFa (Schoofs and Nachman 2006). The
SKs are structural and functional homologues of the verte-
brate gastrin and cholecystokinin (CCK) peptides, which do
not only have a regulatory role in digestion, but also influ-
ence feeding behavior (reviewed by Baldwin et al. 2010).
SKs were found in the brain, foregut and hindgut, which
make them a typical example of brain-gut peptides (Clynen
and Schoofs 2009). SKs were able to inhibit feeding in S. gre-
garia. Locusts that were injected with SK exhibited a signifi-
cantly reduced food uptake (Wei et al. 2000). It was shown
that the sulphate group is essential for the anorexic effect in
S. gregaria, since non-sulphated SK did not reduce the
amount of food eaten (Wei et al. 2000). Similar antifeedant
effects were observed upon injection of SK in P. regina
(Downer et al. 2007) and B. germanica (Maestro et al.
2001). An RNAi study in G. bimaculatus confirmed the ano-
rexic effect of sulfakinin. After a systemic knockdown of the
sulfakinin transcript, food intake and food transport through
the gut of crickets increased (Meyering-Vos and Müller
2007). SK stimulates crop contractions in adult D. mela-
nogaster in a dose-dependent manner, suggesting a role in
transport of food through the gut (Palmer et al. 2007). SK is
also able to increase the frequency of hindgut contractions in
the giant mealworm beetle (Zophobas atratus (Fabricius,
1775)) (Marciniak et al. 2011). Another function of SK regu-
lating digestion is a stimulatory effect on the release of amy-
lase from the gut (Schoofs and Nachman 2006). In addition
to amylase, in mammals, CCK released into the blood also
stimulates the pancreas to secrete trypsin. This release of
CCK may be coupled to the presence of a pancreatic secre-
tory trypsin inhibitor (PSTI), functioning as monitor peptide.

494 Can. J. Zool. Vol. 90, 2012

Published by NRC Research Press

C
an

. J
. Z

oo
l. 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

K
u 

L
eu

ve
n 

U
ni

v.
 L

ib
. o

n 
04

/1
1/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



When no food is present in the intestine, trypsin binds the
monitor peptide. However, when food is present, trypsin
binds to the dietary protein, allowing the monitor peptide to
interact with putative receptors in the intestine, resulting in
the release of CCK and hence stimulating digestive enzyme
release (Graf and Bimmler 2006). PSTI-like proteins are
identified in several insect species among which B. mori
(Zheng et al. 2007), D. melanogaster (Niimi et al. 1999),
A. aegypti (Santos et al. 2007), R. prolixus (Friedrich et al.
1993) and T. infestans (Lovato et al. 2006). Another member
of the PSTI family was recently identified and characterized
from the gut of L. migratoria, where its protective role
against premature proteolytic activation was elucidated for
the first time in insects (van Hoef et al. 2011). However, the
presumable monitor function of PSTI has yet to be proven in
insects. Nevertheless it is possible that PSTI homologues in
insects may influence SK levels, as the protostomian counter-
part of CCK, contributing to the regulation of protease tran-
scription or release (Broadway 1997).

Insect kinins
Insect kinins, also designated as “myokinins” or “leucoki-

nins”, are peptides with a characteristic FXXWGamide C-
terminus. The first members of this family were identified
from L. maderae, as myotropic peptides acting on the
hindgut (Holman and Cook 1983a, 1983b, Holman et al.
1986a, 1986b, 1987a, 1987b). Subsequently, kinins were
found to be more widespread in arthropods, having myosti-
mulatory activities in all species tested. In addition to their
myotropic activities, kinins also display potent diuretic activ-
ity via a mechanism that differs from that of CRF-like DH
(Hayes et al. 1989; Coast et al. 1990; Beyenbach 2003). Fur-
thermore, they also appear to control digestive enzyme re-
lease. Treatment of O. arenosella midguts with leucokinins
mainly resulted in inhibition of amylase and protease release
(only leucokinin VIII appeared to stimulate protease release)
(Harshini et al. 2002).
Insect kinins are localized throughout the CNS and in the

digestive system (Nässel and Lundquist 1991; Te Brugge et
al. 2001; de Haro et al. 2010). A detailed localization study
in R. prolixus showed kinin-like immunostaining in neurons
innervating the hindgut and lower posterior midgut, as well
as in endocrine midgut cells (Te Brugge et al. 2001).
Although only one kinin has been identified in D. mela-
nogaster (Terhzaz et al. 1999; Vanden Broeck 2001),
B. mori (Roller et al. 2008), L. migratoria (Schoofs et al.
1992) and A. pisum (Smagghe et al. 2010), other species,
such as L. maderae, A. aegypti, the house cricket (Acheta do-
mesticus L., 1758), the mosquito Culex salinarius Coquillett,
1904, H. zea, P. americana (reviewed by Torfs et al. 1999),
and R. prolixus (Te Brugge et al. 2011b), appear to contain
multiple isoforms of this peptide. These different isoforms
appear to be encoded by one precursor (Veenstra et al. 1997;
Te Brugge et al. 2011b). The first insect kinin receptor was
identified from D. melanogaster and was shown to be a
GPCR that is related to tachykinin receptors (Radford et al.
2002). The subsequently characterized A. gambiae kinin re-
ceptor proved to be a multiligand receptor, responding to all
three mosquito kinins (Pietrantonio et al. 2005). In these dip-
teran species, the receptor is expressed in the CNS, as well as

in Malpighian tubules and in the hindgut (Radford et al.
2002, 2004).
Interestingly, oral administration of biostable A. pisum ki-

nin analogs to aphids leads to anti-feedant activities after-
wards, clearly observable by a reduction in honey dew
production. In addition, these analogous compounds also
seemed to have aphicidal properties, although their mode of
action could so far not be demonstrated (Smagghe et al.
2010). In agreement with anti-feedant activities upon kinin
analog administration in aphids, fruit flies mutant in either
kinin or the kinin receptor consume larger meals, although at
lower frequency than wild type flies. It was hypothesized that
kinin acts in this context as a peptide neurotransmitter that is
crucial in the feedback mechanism that transfers information
from stretch receptors in the gut towards the brain (Al-Anzi
et al. 2010). Kinins are therefore likely to be pleiotropic fac-
tors acting at multiple levels to control food intake and proc-
essing.

Neuropeptide F and short Neuropeptide F
In vertebrates, Neuropeptide Y (NPY) plays an essential

role in the regulation of energy homeostasis by regulating
food intake (reviewed by Chee and Colmers 2008 and Va-
lassi et al. 2008). In several insect species, NPY-like pepti-
des, with a C-terminal amidated F-residue instead of the
vertebrate amidated Y-residue, have been identified. These
peptides were designated Neuropeptide F (NPF) and short
Neuropeptide F (sNPF), based on structural differences of
both the peptides and the corresponding prepropeptides (re-
viewed by Nässel and Wegener 2011). In some insect spe-
cies such as L. migratoria, S. gregaria, and H. zea, only a
C-terminal fragment of the NPF could be identified, while
the “full-length” NPF peptide was not found (Clynen et al.
2009; Huang et al. 2011). Comparison with the NPF precur-
sor sequences suggests that these naturally occurring shorter
peptides are truncated forms of the larger normal sized
”long” NPF (Clynen et al. 2009; Huang et al. 2011). In
R. prolixus both the truncated form and the “full-length”
peptide were found (Ons et al. 2009).
In D. melanogaster, NPF plays an important role in the reg-

ulation of feeding. By modulating the expression of the NPF
receptor in D. melanogaster larvae, feeding behaviour was al-
tered (Wu et al. 2005; Lingo et al. 2007). Overexpression of
the NPF receptor caused larvae, that were not food-deprived,
to display feeding behavior typical of food-deprived larvae
(higher ingestion of noxious food and feeding at a deleteri-
ously cold temperature). Loss of the receptor caused opposite
effects (Wu et al. 2005; Lingo et al. 2007). This corresponds
with the finding that NPF modulates the response to stressful
stimuli in Drosophila and acutely mediates hunger-regulated
food preference (Wu et al. 2005; Xu et al. 2010). Further indi-
cations of the involvement of NPF in the regulation of feeding
were provided by in situ RNA hybridization experiments
which showed that Drosophila larvae display higher NPF
mRNA levels during the feeding stage, compared to the subse-
quent wandering stage, in which the larvae migrate away from
their feeding sites. These authors also showed that flies with
loss-of-function NPF mutations exhibit a precocious transition
to the wandering stage, while overexpression of the NPF pre-
cursor results in an uninterrupted feeding stage (Wu et al.

Spit et al. 495

Published by NRC Research Press

C
an

. J
. Z

oo
l. 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

K
u 

L
eu

ve
n 

U
ni

v.
 L

ib
. o

n 
04

/1
1/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2003). The fruit fly NPF also seems to regulate appetitive
memory (Krashes et al. 2009) and is involved in a neuronal
circuit of the sensory system that mediates food signaling and
food availability (Shen and Cai 2001). The localization of NPF
(and NPF-precursor mRNA) in the brain, SOG and (endocrine
cells of the) midgut of D. melanogaster is in accordance with
its role in the regulation of feeding (Bausenwein et al. 1994;
Brown et al. 1999; Veenstra 2009a). In other insects, NPF has
been suggested to be involved in the regulation of food intake
as well. In the honey bee (Apis mellifera L., 1758), the npf
gene is upregulated in the brain of foragers compared to young
bees and nurses (Ament et al. 2011). Feeding influences the
hemolymph NPF titre in A. aegypti, while it also causes con-
siderable changes in NPF immunoreactivity in the CNS of the
hemipteran R. prolixus (Gonzalez and Orchard 2008; Stanek et
al. 2002). Tissue-dependent expression of NPF (or its precur-
sor mRNA) also suggested or confirmed a role of NPF in the
regulation of feeding in insects such as A. aegypti, R. prolixus,
H. zea, P. americana, the eastern subterranean termite (Reticu-
litermes flavipes (Kollar, 1837)) and S. gregaria (Zhu et al.
1998; Stanek et al. 2002; Gonzalez and Orchard 2008; Nuss
et al. 2008; Huang et al. 2011).
Although sNPF has several other described functions, it

seems to be mainly involved in the regulation of feeding. In
D. melanogaster, sNPF was shown to exert a positive influ-
ence on appetite. By means of a feeding assay, gain-
of-function sNPF mutants were shown to display higher food
intake, whereas the loss-of-function mutants displayed the
opposite phenotype (Lee et al. 2004). Recent studies in
D. melanogaster indicated that sNPF is expressed in the ol-
factory receptor neurons (Nässel et al. 2008; Carlsson et al.
2010). In these neurons, sNPF signalling mediates odor-
driven food search and has been shown to play an undisput-
able role in the starvation-dependent stimulation of food
search behaviour (Root et al. 2011). Analysis of the expres-
sion of the sNPF receptor in D. melanogaster and A. melli-
fera indicated that this receptor is upregulated by food
deprivation (Ament et al. 2011; Root et al. 2011). Further in-
dications of the positive influence of sNPF on food searching
were obtained in studies on the silkworm, B. mori. In this an-
imal, the injection of Bom-sNPF-2 was shown to decrease the
latency of feeding. This effect could however not be demon-
strated for Bom-sNPF-1 and –3 (Nagata et al. 2011). These
observations suggest that sNPF positively regulates food
search and feeding in these insect species.
Several studies, however, on other insect species also de-

scribe opposite effects. In the red imported fire ant (Solenop-
sis invicta Buren, 1972), the expression of a putative sNPF
receptor was shown to be lower in starved mated queens
compared to non-starved congeners (Chen and Pietrantonio
2006). These effects are exactly the opposite as the previ-
ously mentioned effects seen in D. melanogaster and A. mel-
lifera (Ament et al. 2011; Root et al. 2011). When female
A. aegypti were injected with Head Peptide I (Aea-HP-I, the
first identified sNPF), host seeking behaviour was inhibited
(Brown et al. 1994). Interestingly, the hemolymph titre of
this sNPF seems to rise after a blood meal, corresponding
with the period of the naturally occurring inhibition of host
seeking behaviour (Brown et al. 1994). This suggests that
sNPF negatively regulates host seeking behaviour in A. ae-
gypti. In these insects, sNPF does not appear to have a stim-

ulatory effect on food search behaviour (as seen in
D. melanogaster, A. mellifera, and B. mori) but rather seems
to act as a satiety factor, although further experimental con-
firmation of this hypothesis is necessary.
In light of this hypothesis, it is interesting to note the re-

semblance between the effects of these sNPFs and that of a
recently discovered Drosophila NPY-like peptide (dRY-
amide-1). Similar to the effect of injection of HP-I in A. ae-
gypti, where host-seeking was inhibited, injection of this
dRYamide-1 in the black blow fly (Phormia regina Meigen,
1826) resulted in a reduced sensitivity to sugar in the me-
dium, suggesting that dRYamides attenuated the feeding mo-
tivation of the flies (Ida et al. 2011).

Proctolin
The pentapeptide proctolin (RYLPT) was originally iso-

lated from the cockroach P. americana as a myotropic pep-
tide acting on hindgut muscles (Brown and Starratt 1975). It
was subsequently immunolocalized in the central and periph-
eral nervous system of various other arthropod species (Or-
chard et al. 1989; Konopińska and Rosiński 1999), although
some authors suggest that the proctolin signaling system
may be absent in lepidopteran insects (Nagata et al. 2011;
Roller et al. 2008). A detailed localization study in L. migra-
toria showed that proctolin-like immunoreactive material is
present throughout the central, peripheral and stomatogastric
nervous system, the retrocerebral complex as well as in proc-
esses associated with the gut muscles. These findings also
suggested that proctolin may act either as a neurotransmitter,
neuromodulator and (or) neurohormone. The fact that proc-
tolin-like immunoreactive material could also be localized in
the FG (Clark et al. 2006) might indicate that it is possibly
involved in regulating foregut motor activity associated with
feeding.
Evidence exists that proctolin stimulates muscle contrac-

tions in foregut, midgut and (or) hindgut of some locust and
cockroach species (Banner and Osborne 1989; Lange et al.
1993; Fusé and Orchard 1998; Lange and Orchard 1998;
Gray et al. 2000). The release of the D. melanogaster ge-
nome sequence allowed for the identification of both a proc-
tolin precursor (Taylor et al. 2004) and a receptor (Egerod et
al. 2003; Johnson et al. 2003) from this organism. More re-
cently, other insect proctolin precursors have been predicted
from T. castaneum (Tribolium Genome Sequencing Consor-
tium 2008) and B. mori (L. Gan et al., direct GenBank sub-
mission: accession No. HQ386686.1) genome sequence data.
Until now, no sequence information is available for other in-
sect proctolin receptors. Nevertheless, proctolin-binding sites
were demonstrated in the S. gregaria hindgut (Gray et al.
2000) and the foregut of the death’s head cockroach (Blabe-
rus craniifer Burmeister, 1838) (Mazzocco and Puiroux
2000). These putative gut-expressed receptors may mediate
the myostimulatory signal.

Saliva production stimulating peptides
The first digestive processes that follow the intake of food

already occur in the mouth and foregut, partly owing to di-
gestive enzymes present in the saliva. Therefore, factors that
control salivation indirectly also regulate the processing of
food. Very few peptidergic factors controlling saliva produc-
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tion in insects are known to date. Thirtheen FMRFamides
have been identified from the blue bottle fly (Calliphora
vomitoria (L., 1758)) (calliFMRFamides 1–13) and three of
these were proven to stimulate fluid secretion in blow fly
salivary gland bioassays (Duve et al. 1992). Another peptide
that stimulates saliva production in insects is the “L. migrato-
ria salivary gland salivation stimulating peptide” (Lom-SG-
SASP). Lom-SG-SASP has been isolated from salivary
glands based on its ability to increase cAMP levels in sali-
vary gland tissue and to stimulate salivation (Veelaert et al.
1995). No homologue of this peptide could hitherto be found
in other insects.
A recent study concerning the neuropeptidergic postfeed-

ing response in R. prolixus reported a change in NPLP1
(neuropeptide-like precursor 1) derived neuropeptide levels
in the CNS. Because the peptides encoded by NPLP-1 also
occur in the salivary glands (to where they may be trans-
ported after production in the CNS), it was hypothesized that
some of these peptides contribute to the control of saliva pro-
duction and (or) release elicited by a meal (Sterkel et al.
2011). Previously, three neuropeptides showing no homology
to other known neuropeptides were identified from a D. mel-
anogaster CNS extract. These peptides appeared to be en-
coded by the same precursor, which was consequently
termed “neuropeptide-like precursor” (NPLP) (Baggerman et
al. 2002). Later, similar precursors were identified or pre-
dicted from A. mellifera (Hummon et al. 2006), T. castaneum
(Li et al. 2008), A. gambiae (Riehle et al. 2002), B. mori
(Roller et al. 2008), the grey flesh fly (Neobellieria bullata
(Parker, 1916)) (Verleyen et al. 2009), and S. gregaria (Bad-
isco et al. 2011). The current findings in R. prolixus are the
first that suggest a functional role for the NPLP1-encoded
peptides.

Tachykinin-related peptides
Tachykinins or neurokinins constitute an evolutionary con-

served family of brain–gut peptides. First described and studied
in vertebrate species, they were found to exert a variety of bio-
logical functions in both the central and the peripheral nervous
system, as well as in several other tissues. Insect members of
this family are also referred to as “tachykinin-related peptides”
(TRPs) or “insectatachykinins” (TK) (Nässel 1999; Vanden
Broeck et al. 1999). In insects they have, among other roles,
been associated with the regulation of food intake and process-
ing (reviewed by Audsley and Weaver 2009). TK/TRPs are
characterized by a C-terminal FXG/AXRamide motif. How-
ever, a few invertebrate peptides have an FXGLMamide C-ter-
minus and are therefore more closely related to the vertebrate-
type tachykinins. These include the mosquito peptides sialoki-
nin I and II, isolated from salivary glands of A. aegypti. Be-
cause adult mosquitoes feed on vertebrate blood, it was
postulated that these sialokinins probably function in the ani-
mal’s host(s) as vasodilators by interacting with vertebrate-type
tachykinin receptors (Champagne and Ribeiro 1994). By means
of an HPLC-based purification strategy, the first true insect
TK/TRPs were identified from L. migratoria brain-retrocerebral
complex-SOG extracts and were termed “locustatachykinins” or
Lom-TKs (Schoofs et al. 1990a, 1990b). These Lom-TKs were
isolated and identified based on their myotropic properties on
the L. maderae hindgut, and they were shown to stimulate con-

tractions of the L. migratoria foregut, midgut, and oviduct. A
myostimulatory activity on the gut was subsequently also ob-
served for several other insect TK/TRPs (Nässel 1999; Vanden
Broeck et al. 1999). Several immunolocalization studies in
other species demonstrated the presence of these peptides in
the insect CNS, SNS, in gut innervating nerve fibers, and in
endocrine cells of the midgut and Malpighian tubule ampullae
(Nässel 1999; Winther and Nässel 2001; Johard et al. 2003).
Most insects express several TK/TRPs that are alike in se-
quence and that generally result from a larger precursor, which
appears to be expressed in nervous tissue and the gut (Muren
and Nässel 1996; Predel et al. 2005). Differential processing of
the pre-pro-TK/TRP precursor results in a tissue-specific distri-
bution of the individual peptides and is also responsible for the
occurrence of N-terminally extended TK/TRPs in the gut that is
observed in some insect species (Muren and Nässel 1996; Vee-
laert et al. 1999; Predel et al. 2005).
The fact that TK/TRPs are localized in the nervous sys-

tem, in nerve fibers innervating the gut, and in midgut en-
docrine cells suggests that these peptides may fulfil a
diversity of functions and can act as neurotransmitters, neu-
romodulators, and (or) (neuro)hormones. A likely role for
the TK/TRPs in food intake and processing is their myoac-
tivity on the gut, via either direct innervation or indirectly
by acting as a circulating hormone. Moreover, in L. migra-
toria and cockroaches, starvation appears to be a trigger for
the release of TK/TRPs from midgut endocrine cells
(Winther and Nässel 2001; Pascual et al. 2008). Although
the functional role of circulating TK/TRPs has so far not
been proven, it is possible that their myotropic properties
on the gut aid in optimal processing of food left in the ali-
mentary canal. Increased frequency of gut contractions may
in that case improve food motility, the flow of digestive en-
zymes, and therefore the absorption of nutrients (Winther
and Nässel 2001). In addition, at least one locustatachykinin
was shown to have potent diuretic activities (Johard et al.
2003), whereas TK/TRPs have also been shown to stimulate
tubule writhing (Coast 1998). Because feeding and diuresis
are activities that are linked, TK/TRPs may (also) be in-
volved in controlling excretory fluid flow and ionic balan-
ces in response to the nutritional status of the animal.
Because TK/TRPs are suggested to stimulate processing of

food in the gut and because they are released in response to
starvation, the idea arose that they might also stimulate the
intake of food. A peptide identical to L. maderae TRP1
(Lem-TRP1) was identified in B. germanica and was shown
to be released from midgut endocrine cells in response to
starvation. Interestingly, injection of the synthetic peptide sig-
nificantly increased food intake in adult females (Pascual et
al. 2008). In addition, a study in B. mori larvae demonstrated
that synthetic tachykinin shortened the period of latency to
feeding after a period of starvation (Nagata et al. 2011).
These observations are indeed indicative of a stimulatory
role for the insect TK/TRPs in food intake.
Until now, only five invertebrate TK/TRP receptors (three

of which are insect receptors), belonging to the GPCR class
of receptors (Vanden Broeck 1996), have been functionally
characterized. Two types of TK/TRP receptors were identi-
fied in D. melanogaster, namely the Drosophila tachykinin
receptor (DTKR) (Li et al. 1991) and the neurokinin receptor
of Drosophila (NKD) (Monnier et al. 1992). Whereas DTKR
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responds to all six Drosophila tachykinins (DTKs), NKD ap-
pears to be more specific, because it can only be activated
with DTK-6, a peptide that has the C-terminal FXAXRamide
motif (Poels et al. 2009). Another insect TK/TRP receptor
has been identified in the stable fly (Stomoxys calcitrans (L.,
1758) and its sequence is much more similar to DTKR than
to NKD (Guerrero 1997; Torfs et al. 2000). Based on the
agonist-dependent functional properties of this stomoxy-
tachykinin receptor, STKR (Poels et al. 2004), it has been hy-
pothesized that different isoforms possibly activate different
receptor conformations and hereby may initiate different sig-
nalling effects. Therefore, the different TK/TRP isoforms oc-
curring in an organism may not be fully redundant, but on
the contrary, may be necessary to elicit specific physiological
responses (Van Loy et al. 2010). DTKR and NKD appear to
be mutually exclusively distributed throughout the organism
(Poels et al. 2009). Both receptor types are expressed in the
nervous system. DTKR was also immunolocalized in Mal-
phighian tubules and hindgut, whereas NKD could also be
found in endocrine cells and muscle fibers of the midgut.
These findings are indeed indicative of a regulatory role of
insect TK/TRPs in gut contractility and diuresis, in addition
to the many other (neural) functions that have been associ-
ated with these peptides

Conclusions

The physiological control of digestion and feeding in in-
sects is a very complex process, with a multitude of regula-
tory signals involved at different levels. In response to
nutritional or sensory signals, various neuropeptides are re-
leased from the CNS, the SNS, or from endocrine cells in
the gut itself. These peptides have stimulatory (allatotropin,
proctolin, sulfakinins, tachykinins, kinins) or inhibitory (alla-
tostatins, myoinhibitory peptides, myosupressins) effects on
fore-, mid-, or hindgut contractions, influencing feeding and
the transportation of food and faecal particles through the in-
sect’s gastrointestinal tract. Allatostatins A, B, and C, (short)
neuropeptide F, kinins, and tachykinins have been localized
in endocrine cells of the insect midgut. Several regulatory
peptides, such as allatostatins, allatotropins, sulfakinins, and
myosupressins, are capable of influencing digestive enzyme
activities in the gut, indicating the existence of important
roles for neuropeptides in the regulation of digestion. How-
ever, some of these effects seem to be species-dependent and
further study of this aspect will be needed. Other peptides,
such as diuretic hormone(s), (short) neuropeptide F, and sul-
fakinins, are suggested to regulate appetite or satiety, food
search behavior, and food intake.
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