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More than 20 years ago, an oxytocin/vasopressin-like peptide,
CLITNCPRGamide, was isolated from the locust, Locusta migratoria
[Proux JP, et al. (1987) Identification of an arginine vasopressin-like
diuretic hormone from Locusta migratoria. Biochem Biophys Res
Commun 149:180–186]. However, no similar peptide could be
identified in other insects, nor could its prohormone be cloned, or
its physiological actions be established. Here, we report that the
recently sequenced genome from the red flour beetle Tribolium
castaneum contains a gene coding for an oxytocin/vasopressin-like
peptide, identical to the locust peptide, which we named inotocin
(for insect oxytocin/vasopressin-like peptide) and a gene coding
for an inotocin G protein-coupled receptor (GPCR). We cloned the
Tribolium inotocin preprohormone and the inotocin GPCR and
expressed the GPCR in CHO cells. This GPCR is strongly activated by
low concentrations of inotocin (EC50, 5 � 10�9 M), demonstrating
that it is the inotocin receptor. Quantitative RT-PCR (qPCR) showed
that in adult Tribolium, the receptor is mainly expressed in the head
and much less in the hindgut and Malpighian tubules, suggesting
that the inotocin/receptor couple does not play a role in water
homeostasis. Surprisingly, qPCR also showed that the receptor is
30� more expressed in the first larval stages than in adult animals.
The inotocin/receptor couple can also be found in the recently
sequenced genome from the parasitic wasp Nasonia vitripennis but
not in any other holometabolous insect with a completely se-
quenced genome (12 Drosophila species, the malaria mosquito
Anopheles gambiae, the yellow fever mosquito Aedes aegypti, the
silk worm Bombyx mori, and the honey bee Apis mellifera), sug-
gesting that this neuropeptide system is confined to basal holo-
metabolous insects. Furthermore, we identified an oxytocin/
vasopressin-like peptide and receptor in the recently sequenced
genome from the water flea Daphnia pulex (Crustacea). To our
knowledge, this is the first report on the molecular cloning of an
oxytocin/vasopressin-like receptor and its ligand from arthropods.

inotocin � neuropeptide � GPCR � evolution � reproduction

H istorically, vasopressin and oxytocin are the earliest char-
acterized neuropeptides. These peptides were discovered in

the beginning of the last century as biological activities from the
mammalian posterior pituitary, causing antidiuresis and an
increase in blood pressure (vasopressin) or powerful contrac-
tions of estrogen-treated uterus preparations and the ejection of
milk from the mammary glands (oxytocin). In 1953, they were
purified and sequenced by Acher and Chauvet (1) and du
Vigneaud et al. (2, 3), i.e., clearly before the sequencing of any
other neuropeptides. Both vasopressin and oxytocin are cyclic
nonapeptides, containing a cystine bond between the cysteine
residues at positions 1 and 6 (Table 1). The essential difference
between vasopressin and oxytocin is the presence of a basic
amino acid residue (mainly Arg) at position 8 in vasopressin and
a neutral residue at position 8 in oxytocin (Table 1).

In the beginning of the 1980s, the preprohormones of vaso-
pressin and oxytocin were cloned (4–6). Both precursor proteins

contained, in addition to their neuropeptide sequences, a larger
polypeptide sequence named neurophysin, which initially was
thought to be a vasopressin- or oxytocin-carrier protein but
nowadays is believed to play a crucial role in the proper folding
and sorting of the vasopressin and oxytocin prohormones (7).
Subsequently, one G protein-coupled receptor (GPCR) for
oxytocin and three GPCRs for vasopressin (V1a, V1b, and V2)
have been cloned and characterized from humans and other
mammals (8–13).

Vasopressin and oxytocin have a wide range of partially
overlapping biological activities. Vasopressin has antidiuretic
actions in mammals by stimulating water reabsorption from the
renal collecting ducts. It also increases blood pressure and is
involved in various aspects of reproduction, such as male/female
pair bonding and parental care (14–16). Oxytocin induces
contractions of the uterus during birth and milk ejection from
the mammary glands during lactation. However, this neuropep-
tide is also involved in parental care, and in female and male
sexual and reproductive behaviors, such as lordosis and penis
erection (15–17).

Most animals belong to two evolutionary lineages, the Pro-
tostomia (to which most invertebrates belong, among them
insects), and Deuterostomia (some invertebrates and all verte-
brates). Vasopressin- and oxytocin-like neuropeptides have been
identified in representatives from both lineages (Table 1), indi-
cating that the vasopressin/oxytocin hormonal system is evolu-
tionary very old, originating before the split of Proto- and
Deuterostomia, 640–760 million years ago (18).

Insects comprise �75% of all animal species. Together with
other arthropods, such as crustaceans, they contribute to �80%
of all animals. The presence of vasopressin/oxytocin in the
phylum Arthropoda has long been unclear. Twenty years ago,
using a RIA for vasopressin, two forms of a vasopressin-like
peptide have been isolated from the locust Locusta migratoria,
CLITNCPRGamide and its antiparallel dimer (19). The dimer
was reported to have a diuretic activity in the locust, whereas the
monomer was reported to be inactive (19). Other laboratories,
however, could not confirm these results (20). The subsequent
inability to clone the locust peptide gene and the fact that an
oxytocin/vasopressin-like peptide could not be isolated from

Author contributions: E.S. and K.K.H. contributed equally to this work; F.H. and C.J.P.G.
designed research; E.S., K.K.H., M.S., G.C., and M.W. performed research; E.S., K.K.H., F.H.,
M.S., G.C., and M.W. analyzed data; and C.J.P.G. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database (accession nos. EU128495, EU156489, XP�001606547, and XP�001600203).

*To whom correspondence should be addressed. E-mail: cgrimmelikhuijzen@bi.ku.dk.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0710897105/DC1.

© 2008 by The National Academy of Sciences of the USA

3262–3267 � PNAS � March 4, 2008 � vol. 105 � no. 9 www.pnas.org�cgi�doi�10.1073�pnas.0710897105

http://www.pnas.org/cgi/content/full/0710897105/DC1
http://www.pnas.org/cgi/content/full/0710897105/DC1
http://www.pnas.org/cgi/content/full/0710897105/DC1
http://www.pnas.org/cgi/content/full/0710897105/DC1
http://www.pnas.org/cgi/content/full/0710897105/DC1


other insects did cast further doubt on the presence of such
peptides in insects. These doubts were strengthened by the
absence of oxytocin/vasopressin-like genes in the sequenced
genomes from the fruitf ly Drosophila melanogaster and 11 other
Drosophila species (21), the malaria mosquito Anopheles gambiae
(22), the yellow fever mosquito Aedes aegypti (23), the silkworm
Bombyx mori (24, 25), and the honey bee Apis mellifera (26). To
our great surprise, however, we and others have discovered a
gene in the recently sequenced genome from the red flour beetle
Tribolium castaneum, coding for an oxytocin/vasopressin-like
peptide (27–29). In our present paper, we cloned this peptide
gene and also described the cloning and functional character-
ization of a Tribolium oxytocin/vasopressin-like receptor gene,
thereby firmly establishing the presence of this neuropeptide
signaling system in the beetle. Furthermore, we have discovered
the oxytocin/vasopressin system in the parasitic wasp Nasonia
vitripennis and in the water flea Daphnia pulex (Crustacea).

Results
Cloning of the Inotocin Preprohormone. We have recently anno-
tated a gene (GLEAN�06626), coding for a Tribolium prepro-
hormone, containing an oxytocin/vasopressin-like peptide with
the structure CLITNCPRGamide (Table 1) (27, 28). We call this
monomeric peptide inotocin (insect oxytocin/vasopressin-like
peptide; for nomenclature, see also the footnote of Table 1). To
confirm that the annotated protein is correct and that it is
expressed in Tribolium tissues, we have cloned its cDNA [Fig. 1;
supporting information (SI) Fig. 6]. We could also find a similar
preprohormone gene in the recently sequenced genomes from
the parasitic wasp N. vitripennis and the water flea D. pulex
(Table 1, Fig. 1). A comparison with the mouse vasopressin and
oxytocin and the Lymnaea stagnalis (mollusk) conopressin pre-
prohormones shows that these proteins have conserved their
structural organizations since the split of Proto- and Deuteros-
tomia, �700 million years ago (18). The vasopressin- and

TcIT   ------MSTIITSIILLVLSESLVSGCLITNCPRGGKRSKFAI-SENAVKPCVSCGPGQSGQCFGPSICCG-PFGCLVGTPETLRCQREGFFHEREPC   87
NvIT   ---------MSKVIIVLTTLVALSYGCLITNCPRGGKRGDPTFLLENIARECPACGREEQGRCFGPHICCSPSMGCLIGTPETLRCRKESLYS--RPC   87
DpOP   -MAGLWTFCLIALSMTEMIIPLTAKPCFITNCPPGGKRSSQLV-EPSSYLECAPCGPAGKGTCLGANLCCGSHFGCFFKTEETNVCLLTNLKS-TQIC   95
MmVP   ---MLARMLNTTLSACFLSLLAFSSACYFQNCPRGGKRAISD----MELRQCLPCGPGGKGRCFGPSICCADELGCFVGTAEALRCQEENYLP--SPC   91
MmOT   -------MACPSLACCLLGLLALTSACYIQNCPLGGKRAVLD----LDMRKCLPCGPGGKGRCFGPSICCADELGCFVGTAEALRCQEENYLP--SPC   87
LsCP   MMSSLCGMPLTYLLTAAVLSLSLTDACFIRNCPKGGKRSLDT--GMVTSRECMKCGPGGTGQCVGPSICCGQDFGCHVGTAEAAVCQQENDSS--TPC   96

TcIT   -------IAGSAPCRKN----TGRCAFDGICCSQDSCHADKSCASDDKSP-------------IDLYTLINYQAELAGDK-----------   143
NvIT   -------VAGFAMCQGN----SGRCAANGICCSQESCFIDSACKLVDETG-------------NDRKIGAEFGAFLLENAGTNEHIL----   150
DpOP   NQHFWKTDLKSASCSLNGDKIDGICVADLLCCSLDQCKPNLACRVAPNQN------------RNQGKDRMMSQSFFLDDK-----------   163
MmVP   -------QSGQKPCGS-----GGRCAAVGICCSDESCVAEPECHDGFFRLTRAREPSNATQLDGPARALLLRLVQLAGTRESVDSAKPRVY   168
MmOT   -------QSGQKPCGS-----GGRCAATGICCSPDGCRTDPACDPESAFSER---------------------------------------   125
LsCP   -------LVKGEACGSRD---AGNCVADGICCDSESCAVNDRCRDLDGNAQANR---------GDLIQLIHKLLKVRDYD-----------   155

SP PC

Fig. 1. Alignment of the preprohormones for T. castaneum inotocin (TcIT; GenBank accession no. EU156489), N. vitripennis inotocin (NvIT; GenBank accession
no. XP�001606547), D. pulex oxytocin/vasopressin-like peptide (DpOP), mouse (Mus musculus) vasopressin (MmVP; GenBank accession no. NP�033862), mouse
oxytocin (MmOT; GenBank accession no. NP�035155), and L. stagnalis conopressin (LsCP; GenBank accession no. AAA29289). The amino acid residues identical
to TcIT are highlighted. The common intron positions are indicated by vertical boxes. The cleavage sites for the signal peptidases (SP) and prohormone convertases
(PC) are indicated by dotted arrows. These proteinases liberate dodecapeptides that are further processed to the amidated oxytocin/vasopressin-like
nonapeptides. There are three domains containing cystine bridges: the nonapeptide domain (one cystine bridge), and two neurophysin domains containing four
and three cystine bridges, respectively. This overall structure and many amino acid sequences, have been conserved in all six proteins. The N. vitripennis and D.
pulex sequences have been annotated, the others have been experimentally determined (cDNA cloning). The introns for the L. stagnalis sequence could not be
determined because of the lack of genomic information.

Table 1. Structures of vasopressin, oxytocin, and some selected vasopressin- and oxytocin-like peptides

Name Peptide structure Source Ref.

Vasopressin CYFQNCPRGamide Mammals 1, 3
Lys-Vasopressin CYFQNCPKGamide Pig, some marsupials 49
Phenypressin CFFQNCPRGamide Some marsupials 50
Insect oxytocin/vasopressin-like peptide (inotocin) CLITNCPRGamide** Locusta migratoria 19

CLITNCPRGamide Tribolium castaneum Ref. 28, this paper
CLITNCPRGamide* Nasonia vitripennis This paper

Crustacean oxytocin/vasopressin-like peptide CFITNCPPGamide* Daphnia pulex This paper
Vasotocin CYIQNCPRGamide Nonmammalian vertebrates 51
Arg-conopressin CIIRNCPRGamide Conus geographicus 52
Lys-conopressin CFIRNCPKGamide Leech, various mollusks 53
Oxytocin CYIQNCPLGamide Mammals 2
Isotocin CYISNCPIGamide Fish 54
Annetocin CFVRNCPTGamide Annelids 55
Cephalotocin CYFRNCPIGamide Octopus vulgaris 56
Octopressin CFWTSCPIGamide Octopus vulgaris 57

All the above nonapeptides are cyclic and have a cystine bridge between amino acid residues 1 and 6. The amino acid residues in common with vasopressin
are highlighted in bold. The vertebrate peptides listed above oxytocin are vasopressin-like (characterized by a basic residue in position 8); those below oxytocin
are oxytocin-like (characterized by a neutral residue in position 8). The peptides marked with one asterisk are annotated only, using the recently sequenced
genomes from D. pulex and N. vitripennis. The biologically active form of the peptide marked with two asterisks was originally reported to be its antiparallel
dimer, whereas the monomer was reported to be inactive (19). This dimer was originally named arginine vasopressin-like insect diuretic hormone (19). Other
laboratories, however, could not confirm the diuretic activity of the dimer (20). Our current paper now shows that the monomer is the biologically active form
interacting with the receptor (Fig. 3) and, thus, the correct sequence. The monomer, which was originally referred to as fraction 1 (19), was renamed in the current
paper as inotocin.
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oxytocin-like peptide sequences are located directly after the
signal sequence, followed by dibasic cleavage sites and neuro-
physin-like sequences (Fig. 1). These neurophysin-like sequences
have 14 cysteine residues, suggesting that the prohormones have
three rigid cage-like domains: the neuropeptide-containing do-
main (containing one cystine bridge) and two neurophysin
domains (one containing four and the other three cystine
bridges; Fig. 1; refs. 30 and 31). All three domains are highly
conserved in mammals, insects, and mollusks. Five (of six)
preprohormone genes have two introns in common (Fig. 1),
confirming that these genes have a common evolutionary origin.

Cloning of the Inotocin Receptor. The Tribolium genome also
contains a gene (GLEAN�16363), coding for a GPCR that is
structurally clearly related to the mammalian oxytocin and
vasopressin receptors (27, 32). We cloned the cDNA of this
GPCR gene, which contained a start codon preceded by several
in-frame stop codons in the 5� untranslated region and a
polyadenylation consensus sequence in the 3� untranslated re-
gion (SI Fig. 7). A comparison of the receptor cDNA with the
genomic sequence revealed two nucleotide differences, of which
one resulted in a changed amino acid residue (SI Table 2). This
comparison also revealed five introns (SI Table 3). The cDNA
codes for a protein which shows all of the hallmarks of a family-A
GPCR (33).

Fig. 2 gives an alignment of the Tribolium receptor protein
with the mouse oxytocin and vasopressin (V1a) receptors and
the Lymnaea conopressin receptor. Furthermore, we discovered

similar oxytocin/vasopressin-like receptors in the recently se-
quenced genomes from Nasonia and Daphnia (Fig. 2). The
Tribolium GPCR and the mouse oxytocin receptor have 46%
amino acid residue identities in the transmembrane regions
(40% when the complete proteins are compared). Compared
with the mouse vasopressin (V1a) receptor, these numbers are
48% and 42%, respectively.

A phylogenetic tree analysis confirms that the cloned Tribolium
receptor is about equally related to the mouse oxytocin and
vasopressin (V1a) receptors (SI Fig. 8). This analysis also shows that
the Tribolium receptor is more closely related to the mammalian
oxytocin and vasopressin receptors than to its closest Tribolium
receptors, which are Tc 43 and Tc 44 [both orthologues of the
Drosophila crustacean cardioactive peptide (CCAP) receptor
CG6111] and Tc 46 and Tc 47 [both orthologues of the Drosophila
adipokinetic hormone (AKH) receptor, CG11325], suggesting that
it is an oxytocin/vasopressin-like receptor (SI Fig. 8).

Functional Expression in Cell Culture and Characterization of the
Inotocin Receptor. We stably transfected CHO cells in cell culture
with DNA coding for the Tribolium oxytocin/vasopressin-like
receptor and selected a cloned cell line expressing the receptor
most effectively. Low concentrations of inotocin strongly acti-
vated the receptor (giving a Ca2�-signal, which is measured as a
bioluminescence response) with a signal to noise ratio of �250
(Fig. 3 A and B) and an EC50 value of 5 � 10�9 M (Fig. 3C),
demonstrating that the receptor is indeed an inotocin receptor.

The receptor was not activated by any other compound from our

TcITR   -----------------------------------MYTPKLSQMDISENSTYLFDKHEDRNNTDRDENLARVEVATLAIIFL    47
NvITR   ------------------------------------------------MEESATSMIAAPAEDWRDESLAVWEVIVLALILT    34
DpOPR   ------------------------------------------------MSTNMSNATEEPSSSLRDEKLASVEISTLSVILV    34
MmVPR   -------------------MSFPRGSHDLPAGNSSPWWPLTTEGANSSREAAGLGEGGSPPGDVRNEELAKLEVTVLAVIFV    63
MmOTR   -----------------------------MEGTPAANWSIELDLGSGVPPGAEGNLTAGPPR—-RNEALARVEVAVLCLILF    51
LsCPR   MDLELNLTNGFMLMPPTKRAVIQIASNEKVGYDVSKSQPVNATTDLNTTRMNATNSTEVSYFHGVDEDLLKIEIAVQATILY    82

TM I TM II TM III
TcITR   VTVIGNSTVLLALWTRRRYAGRKKLSRMYFFILHLSIADLITAFLSVLPQLAWDITYRFYGGFLLCKVVKYGQTLGPYLSSY   129
NvITR   TTFMGNVLVLFAIYLKRCRGKRQRLTRMHFFVMHLSVADLITGLLNVLPQLAWDVTFRFQGGPILCKLVKFCQPLGSYLSSY   116
DpOPR   LAVTSNLTMLIAIWRQRR---NRPLSRMYFFMMHLSLADLLVALFNILPQLAWDITYRFQGGDVLCRFVKYAQVMTLYLSTY   113
MmVPR   VAVLGNSSVLLALHRTP-----RKTSRMHLFIRHLSLADLAVAFFQVLPQLCWDITYRFRGPDWLCRVVKHLQVFAMFASSY   140
MmOTR   LALSGNACVLLALRTTR-----HKHSRLFFFMKHLSIADLVVAVFQVLPQLLWDITFRFYGPDLLCRLVKYLQVVGMFASTY   128
LsCPR   MTLFGNGIVLLVLRLRR-----QKLTRMQWFIAHLAFADIFVGFFNILPQLISDVTIVFHGDDFTCRFIKYFQVIAMYASSY   159

TM IV
TcITR   VLMATAIDRHQAICYPLTYCSWTSRRSKVMVYLAWVASLAFCIPQLTIFTYTSVGED----EYDCWATFQEPWGKRAYVTWY   207
NvITR   VLIATAVDRYHAICYPLSYCRTTSRRSRITVYVAWLLALLFCLPQVFIFSYQEISAG----VWDCWATFTVPYGERAYVTWY   194
DpOPR   ILMFMAVDRYRAVCCRNLHWN-SLKVAKCFVAASWVMAILFSIPQAVIFHEEEISVG----VTDCWVQFVEPWGAKAYVTWF   190
MmVPR   MLVVMTADRYIAVCHPLKTLQQPARRSRLMIAASWGLSFVLSIPQYFIFSVIEFEVNNGTKAQDCWATFIPPWGTRAYVTWM   222
MmOTR   LLLLMSLDRCLAICQPLR--SLRRRTDRLAVLATWLGCLVASVPQVHIFSLREVADG----VFDCWAVFIQPWGPKAYVTWI   204
LsCPR   VLVMAAIDRYLSICHPLTSQTLSPKRVHLMIALAWLISFLCALPQVFIFSLQAVGPD----QYDCLATFEPDWGMQAYITWV   237

TM V 
TcITR   SISVFMVPLVVLIFTYTSICIEIWQSSESSLRPRSSQKSAPG----------------------------------------   249
NvITR   SVTVFLLPFCVLTFTYAEICCSIWRNREVMVLASHERQQALTKEG-------------------------------------   247
DpOPR   VVSIFGAPLLVIGVCYGVICRQIWIYSQSALPSSQQPPTSSAYPALTSETG-------------------------------   248
MmVPR   TSGVFVVPVIILGTCYGFICYHIWRNVRGKTASRQSKGGKGSGEAAG---------------------------PFHKGLLV   277
MmOTR   TLAVYIVPVIVLAACYGLISFKIWQNLRLKTAAAAAAAEGSDAAGG-------------------------------AGRAA   255
LsCPR   FVANYVIPFLLLAFCYGRICHVVWMSVAAKESAAYSSMRNGCTESSRPIKMRISFHRRRDNTNATLTSLDRHDASAVTSSDS   319

TM VI TM VII
TcITR   ----KRTPLISRAKINTVKQTIAVIVMYIACSTPFILAQLWATWDPQSPFID---GPVFVILTLLYSLNSCVNPWIYLAFNR   324
NvITR   ---RSQTTLISKAKINTVKQTLAVVTLYAASSIPFVGCQLWATWDPFASSSAFFDGPIFTILSLLSSLTSCVNPWIYLTFSY   317
DpOPR   ---STLSNRITKAKMKTIKLTLAVVLCFVACWAPFCITQLIMVYCPPTSHVS----PVAVIILLLASLNSCSNPWIYLAFSG   315
MmVPR   TPCVSSVKSISRAKIRTVKMTFVIVSAYILCWTPFFIVQMWSVWDTNFVWTDS-ENPSTTITALLASLNSCCNPWIYMFFSG   359
MmOTR   LARVSSVKLISKAKIRTVKMTFIIVLAFIVCWTPFFFVQMWSVWDVNAPKEAS----AFIIAMLLASLNSCCNPWIYMLFTG   334
LsCPR   KKPRGHQRGVSKSKMKTIKLTLTVVLCYLFCWAPFFVVQMWSAFDDDSGIEH----PVTVICMLLASLNSCTNPWIYLAFSG   398

TcITR   ELPRLLLRHYTASSKNYRSATGGNSASNSSGDAQSTSLRPFSRWSLCNSARSNKYPTRVPHRPYVAQYNARRWIVTTTT      403
NvITR   ELRAALTKFLRSLIKRDRTSRFE-RTMKLKRMRLVTELEHMQRRTRECARGLQQLPRIHRELGNKPSAI                386
DpOPR   ---SLLNQMRVCSILLLRSTH--------LFIEQLLVFIRVSRKSRNI                                     353
MmVPR   HLLQDCVQSFPCCQSIAQKFAKDDSDSMSRRQTSYS----NNRSPTNSTGTWKDSPKSSKSIRFIPVST                423
MmOTR   HLFHELVQRFLCCSARYLKGSRPGETSISKKSNSST----FVLSRRSSSQRSCSQPSSA                          388
LsCPR   RTCQRNHANRNTSRSWGPSTHVTSGGDSHEFKTRSSFIDLSHARMNARSSSPRFSEMN---KLNHSKC                 462

Fig. 2. Alignment of the T. castaneum inotocin receptor (TcITR; GenBank accession no. EU128495), N. vitripennis inotocin-like receptor (NvITR; GenBank
accession no. XP�001600203), D. pulex oxytocin/vasopressin-like receptor (DpOPR), mouse V1a vasopressin receptor (MmVPR; GenBank accession no. NP�058543),
mouse oxytocin receptor (MmOTR; GenBank accession no. NP�001074616), and L. stagnalis conopressin receptor (LsCPR; GenBank accession no. AAA91998)
proteins. The residues identical to TcITR are highlighted. The transmembrane �-helices are indicated by TMI-TMVII. Introns are indicated by boxes. Potential
glycosylation sites, occurring mainly in the extracellular N terminus, are underlined. The N. vitripennis and D. pulex sequences have been annotated, the others
have been experimentally determined (cDNA cloning). The introns for the L. stagnalis sequence could not be determined because of the lack of genomic
information.
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library of �40 insect neuropeptides and biogenic amines. The
receptor was also not activated by mammalian vasopressin; how-
ever, it could be activated by vasotocin, oxytocin, isotocin, and Arg-
and Lys-conopressin, although much higher concentrations were
needed than for inotocin (EC50, �10�6 M). These results indicate
that the Ile residue in position 3 present in inotocin and the other
five neuropeptides, but absent in vasopressin (Table 1) is more
important for receptor activation than the Arg residue in position
8, present in inotocin, vasopressin, vasotocin, and Arg-conopressin,
but absent in oxytocin, and isotocin. Thus, functionally, the receptor
is more oxytocin- than vasopressin-like.

Expression of the Inotocin Receptor and Peptide Genes in Tribolium.
We used qPCR to investigate the expression of the inotocin
receptor gene in Tribolium. This gene is mainly expressed in the
head of adult animals (�5� higher concentration of receptor
mRNA compared with the rest of the body; Fig. 4A, bars b and
c). There is no significant difference between male and female
tissues (Fig. 4B, bars h and i). Of all tissues or regions investi-
gated, the hindgut and Malpighian tubules showed the lowest
receptor mRNA concentration (Fig. 4A, bar d). These results
argue against a role of the inotocin receptor in water reabsorp-
tion in the kidneys (Malpighian tubules) or hindgut of the beetle.

We also investigated the expression of the inotocin receptor
gene in various developmental stages (Fig. 4B). Eggs produce
moderate amounts of receptor mRNA (depending on the de-
velopmental stage of the eggs: 1–8� the concentrations of adult
animals) but, surprisingly, early larval stages (0–24 h after
hatching) have a 30� higher concentration of receptor mRNA
compared with adult beetles (Fig. 4B, bar d). These high
concentrations of receptor mRNA decrease in later larval stages
(Fig. 4B, bars e and f) but increase again in pupae (5� compared
with adult animals; Fig. 4B, bar g). We also measured the
expression of the inotocin peptide gene in the same samples as
shown in Fig. 4 A and B. These peptide expression patterns
paralleled and, thus, supported those from the receptor (Fig. 4
C and D).

Discussion
In terms of numbers, insects (or arthropods) are extremely
important animals, but the presence of oxytocin- or vasopressin-
like peptides and their receptors in this vast group of animals has
long remained uncertain. In our current paper, we describe the
cloning of an oxytocin/vasopressin (inotocin) preprohormone
and an oxytocin/vasopressin (inotocin) GPCR from the red flour
beetle T. castaneum, thus firmly establishing the presence of this
neuropeptide system in arthropods.

Intriguingly, however, not all arthropods use the oxytocin/
vasopressin signaling system, and many insects appear to live
perfectly well without it. Insects can be subdivided into Holo-
metabola (insects with a complete metamorphosis: egg, several
larval stages, pupa, adult) and Hemimetabola (insects without a
clear metamorphosis, where the young animals, also called
nymphae, resemble the adults). The major orders belonging to
the Holometabola are Diptera (flies), Lepidoptera (butterflies
and moths), Coleoptera (beetles), and Hymenoptera (bees,
wasps, and ants). So far, all insects with a completely sequenced
and published genome belong to the Holometabola, such as the
fruitf ly D. melanogaster and 11 other Drosophila species, the
mosquitoes A. gambiae and A. aegypti (all three genera belonging
to the Diptera), the silkworm B. mori (Lepidoptera), the beetle
T. castaneum (Coleoptera), and the honey bee A. mellifera
(Hymenoptera) (21–27). Bioinformatic screenings by our group
showed that genes coding for oxytocin/vasopressin-like peptides
and their GPCRs do not occur in any of the above-mentioned
Diptera, Lepidoptera, or Hymenoptera (34). Surprisingly, how-
ever, the recently sequenced but unpublished genome from the
parasitic wasp N. vitripennis does contain an inotocin and a
putative inotocin GPCR gene (Figs. 1 and 2), suggesting that this
neuropeptide system, within the Holometabola, is confined to
Coleoptera and some basal groups of the Hymenoptera. Because
the Coleoptera and Hymenoptera are basal orders within the
Holometabola (35), the inotocin system appears to be confined
to basal holometabolous insects.

The oxytocin/vasopressin system does also occur in Hemi-
metabola, because the locust L. migratoria, from which inotocin
has been isolated (19), belongs to this group of insects. When we
go further back in evolution, a special group of freshwater
crustaceans, the Branchiopoda, is regarded to be the ancestor
group of insects, from which insects evolved �420 million years
ago (36). The water flea D. pulex is a branchiopod and the first
crustacean, for which a genome has been fully sequenced
(http://daphnia.cgb.indiana.edu). We have found that also Daph-
nia has an oxytocin/vasopressin-like peptide and an oxytocin/
vasopressin-like GPCR gene (Figs. 1 and 2). Furthermore, other
protostomian invertebrates, more basal than arthropods, such as
annelids and mollusks, do also have oxytocin/vasopressin-like
neuropeptides (Table 1) and their corresponding GPCRs (37–
40). From these data, the following picture emerges (Fig. 5). The
oxytocin/vasopressin hormonal system is an evolutionary old
hormonal system, emerging before the split of Proto- and
Deuterostomia. This system has persisted until arthropods,
where it is present in crustaceans, and in basal insects. In the
holometabolous insects, however, it has been preserved only in
the evolutionary lines leading to coleopterans and basal hym-
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Fig. 3. Bioluminescence responses of non-transfected CHO/G-16 cells (A) and CHO/G-16 cells, expressing the inotocin receptor gene (B), 0–5 s (black), 5–10 s
(gray) and 10–15 s (white) after addition of 5 � 10�6 M inotocin. Note that the scales in A and B are different. (C) Dose–response curve of the effect of inotocin
on CHO/G-16 cells expressing the inotocin receptor. The EC50 of inotocin is 5 � 10�9 M. SEM are given as vertical bars, which are sometimes smaller than the symbols
used (squares or lines). In these cases, only the symbols are given. In addition to inotocin, the inotocin receptor is also activated by Arg- and Lys-conopressins,
vasotocin, oxytocin, and isotocin (EC50 values, �10�6 M). Vasopressin did not activate the receptor. Thirty-three other insect neuropeptides and eight biogenic
amines (SI Text, Materials and Methods) did also not activate the receptor (tested up to 10�5 M).
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enopterans, whereas the other major orders have abandoned it.
This loss of the oxytocin/vasopressin system must have occurred
at least two times during evolution (see dead-end signs in Fig. 5).

How is it possible that the oxytocin/vasopressin hormonal system
has been conserved for several hundred million years in protosto-
mian invertebrates, but that a large portion of the holometabolous
insects are able to live without it? The answer to this intriguing
question is difficult to give, but it could be that other hormonal
systems have overtaken the function of inotocin and its GPCR. The
inotocin GPCR is evolutionarily closely related to the insect AKH,
CCAP, and corazonin receptors (SI Fig. 8; refs. 32 and 34). This
implicates that these receptors have one common origin. It is
interesting that also the AKH and corazonin neuropeptides are
structurally related, again pointing to a common evolutionary origin
of these hormonal systems. This ancestral hormonal system was
responsible for the coordination of a certain physiological process.
When the need arose for better fine tuning of this coordination,
gene duplications of GPCR and ligand genes followed by mutations,
created two hormonal systems that, however, still might have
retained some overlap. A similar overlap might still persist between
the physiological actions of the four (AKH, corazonin, inotocin, and
CCAP) neuropeptide receptors shown in SI Fig. 8. This overlap

might allow an insect group to abandon one of the hormonal
systems, especially when the other receptors have duplicated, as is
the case in Tribolium, where there are two CCAP and two AKH
receptor genes compared with one of each in Drosophila (SI Fig. 8;
refs. 32 and 34). We have recently learned that Tribolium has
abandoned the corazonin receptor (SI Fig. 8; ref. 32). Similarly, the
Diptera, Lepidoptera, and some groups of the Hymenoptera have
abandoned the inotocin hormonal system, perhaps because they
have preserved the corazonin system (SI Fig. 8; refs. 32 and 34).

What, then, might be the role of inotocin in insects? If the
arguments of the above paragraph hold, the actions of inotocin
should overlap with those of AKH (stimulation of carbohydrate
and lipid mobilization), CCAP (stimulation of heart beat and
induction of ecdysis behavior) or corazonin (induction of ecdysis
behavior) (41–44).

The inotocin receptor is mainly expressed in the head (pre-
sumably the brain) and there is only low expression in the
Malpighian tubules or hindgut (Fig. 4A), suggesting that inotocin
does not stimulate water reabsorption as does mammalian
vasopressin (14). The very high expression of the inotocin
receptor in the early larval stages and in eggs and pupae (Fig. 4B)
might point to a role in development of the animal. Future
genetic studies, using RNAi, which works very well in Tribolium
(45), might clarify the function of the inotocin signaling system
in insects.

Materials and Methods
Animals, PCR, qPCR, and software are described in SI Text. Based on the
annotated sequences of GLEAN�16363 and GLEAN�06626 (27, 32), PCR and
qPCR primers were designed as described in the SI Text. All PCR products were
cloned into pCR4-TOPO (Invitrogen) using the TOPO TA cloning kit (Invitro-
gen) and sequenced. The PCR product of the receptor coding sequence was
subcloned into the pIRES2-EGFP expression vector (Clontech) using the Rapid
DNA Ligation Kit (Roche Applied Science) and sequenced.

CHO cells stably expressing the human G protein G16 (CHO/G16) were
grown as described (46) and transfected by using FuGENE HD transfection
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Fig. 4. qPCR of inotocin receptor and preprohormone mRNA in adults or
different developmental stages from Tribolium. In each column, at least 60
animals were pooled. The qPCR experiments were run as triplets; the bars (which
sometimes are smaller than the lines) represent SEM. Two different ribosomal
proteins (rpL32 and rps3) were used as references and gave similar results. Each
experiment was repeated at least twice. (A) Inotocin receptor mRNA in adult
mixed male and female animals: a, whole bodies; b, heads; c, torsi (body minus
head); and d, pooled hindguts and Malpighian tubules. The receptor mRNA
concentrations given are relative to bar a (�1). (B) Inotocin receptor mRNA in
different developmental stages (the sexes were mixed except for adult animals):
a, eggs 0–24 h after egg laying; b, eggs 24–48 h after egg laying; c, eggs 48–72
h after egg laying; d, larvae 96–120 h after egg laying (�0–1 d after hatching); e,
larvae15–16dafteregglaying; f, larvae20–21dafteregglaying;g,pupae(24–25
d after egg laying); h, adult female, and i, adult male animals (27 d or more after
egg laying). The receptor mRNA concentrations given are relative to bar h (�1).
(C) Inotocin preprohormone mRNA in the same tissues as given in A. The mRNA
concentrations given are relative to bar a (�1). (D) Inotocin preprohormone
mRNA in the same developmental stages as given in B. The mRNA concentrations
given are relative to bar h (�1).

Fig. 5. Schematic representation of the appearance of the major orders of
holometabolous insects and the occurrence of the inotocin hormonal system
(highlighted in red). This hormonal system has been conserved only in the
evolutionary lines leading to basal holometabolous insects: Coleoptera (bee-
tles) and Hymenoptera (wasps). The inotocin system must have been aban-
doned at least two times during the evolution of the Holometabola (see
dead-end signs).
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reagent (Roche Applied Science). The bioluminescence assay was performed
as described (47). We tested our library of 8 biogenic amines and 33 inverte-
brate neuropeptides (48) and the neuropeptides mentioned in Fig. 3 (synthe-
sized by GeneMed or Bachem).
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