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A receptor that mediates the post-mating
switch in Drosophila reproductive behaviour
Nilay Yapici1*, Young-Joon Kim1*, Carlos Ribeiro1 & Barry J. Dickson1

Mating in many species induces a dramatic switch in female reproductive behaviour. In most insects, this switch is triggered
by factors present in the male’s seminal fluid. How these factors exert such profound effects in females is unknown. Here we
identify a receptor for the Drosophila melanogaster sex peptide (SP, also known as Acp70A), the primary trigger of
post-mating responses in this species. Females that lack the sex peptide receptor (SPR, also known as CG16752), either
entirely or only in the nervous system, fail to respond to SP and continue to show virgin behaviours even after mating. SPR is
expressed in the female’s reproductive tract and central nervous system. The behavioural functions of SPR map to the subset
of neurons that also express the fruitless gene, a key determinant of sex-specific reproductive behaviour. SPR is highly
conserved across insects, opening up the prospect of new strategies to control the reproductive and host-seeking behaviours
of agricultural pests and human disease vectors.

At various stages in their lifespan, animals can undergo marked
switches in their innate behavioural patterns. Such behavioural
switches are attractive models to explore the genetic and neural
control of innate behaviours more generally, and are particularly
apparent in the dimorphic behaviours involved in mating and repro-
duction. For example, males and females of most species have distinct
mating behaviours that are usually specified during development1,2,
but in some species these can also be switched in the adult3. In
Drosophila melanogaster, the switch that specifies male or female
mating behaviour is thought to be set during development1 by the
sex-specific transcripts of the fruitless (fru) gene4,5.

Another type of behavioural switch found in many species is the
marked change in female behaviour that occurs on mating. For
example, in many insect species, virgin females are receptive to court-
ing males and retain their eggs, whereas those that have recently
mated are unreceptive and lay eggs. These changes in female beha-
viour are induced by factors present in the male seminal fluid6. In
Drosophila, the primary trigger of this behavioural switch is the sex
peptide (SP), a 36-amino-acid peptide produced in the male acces-
sory gland7–9. How SP exerts its effects on female behaviour is
unknown, although it has been suggested that the SP might act in
part by modulating the activity of neurons that express fru (ref. 10).
Here, we identify a SP receptor, SPR, and show that it is specifically
required in the fru neurons for the post-mating switch in female
reproductive behaviour.

SPR mediates the post-mating switch

We identified the gene CG16752, henceforth referred to as SPR, in a
genome-wide transgenic RNA interference (RNAi) screen for genes
required in the female nervous system for post-mating reproductive
behaviour. Specifically, we found that pan-neuronal expression of an
RNAi transgene11 targeting SPR (elav-GAL4 UAS-SPR-IR1) led to a
marked reduction in egg laying. To examine this egg-laying pheno-
type more carefully, and to assess other reproductive behaviours,
we used a protocol in which individual virgin females were first tested
for receptivity towards a naive male (Fig. 1a). Those females that
mated were then allowed to lay eggs for 48 h before being retested

for receptivity with a second naive male. In the initial mating assays,
virgin SPR RNAi females were as receptive as the control females
(Fig. 1b). However, in contrast to control females, SPR RNAi females
laid very few eggs after mating (Fig. 1c), mated again at high fre-
quency (Fig. 1d), and did not actively reject the second male (Fig. 1e).
In all these assays, mated SPR RNAi females behaved indistinguish-
ably from wild-type virgin females, as well as from females previously
mated to SP null males (Fig. 1c–e).

To control for potential off-targeting effects of the initial RNAi
transgene, we generated a second independent line, UAS-SPR-IR2,
which targets a different region of the SPR gene (Fig. 1f). In all four
assays, this new RNAi line gave results similar to those obtained with
the original line from the genome-wide library (Fig. 1b–e). We also
identified a molecularly defined deficiency12, Df(1)Exel6234, which
removes 88 kilobases (kb) from the X-chromosomal region that
includes SPR and four other annotated genes (Fig. 1f). We verified
the molecular breakpoints of this deficiency and confirmed that it
deletes the entire SPR gene. Females homozygous for this deficiency
were fully viable and had no obvious defects in the gross anatomy of
their nervous system or reproductive organs. When tested in parallel
in the same series of receptivity and egg-laying assays, Df(1)Exel6234
homozygous females showed the same post-mating defects as
observed on RNAi knockdown of SPR (Fig. 1b–e).

By mating SPR RNAi or deficiency females to males with sperm
labelled by GFP (green fluorescent protein)13, we confirmed that
sperm were transferred and stored normally in these animals. The
few eggs laid by these females are also fertilized and develop normally.
We therefore postulated that the abnormal post-mating behaviours
of these females could be due to a lack of sensitivity to SP, rather than
due to a more general defect in reproductive physiology. To test this,
we injected SP into the haemolymph of SPR RNAi or deficiency
virgin females. The receptivity of these females was then tested 5 h
later in pairings with naive wild-type males. As controls, we con-
firmed14 that wild-type virgins injected with SP were unreceptive,
whereas those injected with buffer alone were just as receptive as
uninjected virgins (Fig. 1g). In contrast, SPR RNAi and deficiency
virgins remained receptive even after injection with SP (Fig. 1g).
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These genetic data demonstrate that SPR is required in the nervous
system for the behavioural switch triggered by SP.

SPR is a specific SP receptor

The SPR gene is predicted to encode a G-protein-coupled receptor
(GPCR). To test whether this GPCR might be the SP receptor itself,
we expressed SPR complementary DNA in mammalian Chinese ham-
ster ovary (CHO) cells together with the Ca21 reporter aequorin. In
this assay, ligand-mediated GPCR activation triggers a luminescent
flash by means of the Gaq- or Ga 11-dependent Ca21 pathway15. We
detected only a very weak response to SP in these cells, even at con-
centrations as high as 10mM (Fig. 2a). It has been suggested that SP
responses might involve the cAMP rather than the Ca21 pathway16,17,
and so one reason for this poor response might be that SPR normally
couples to G proteins other than Gaq/11. Accordingly, we cotrans-
fected these cells with constructs encoding one of three different
chimaeric G proteins (Gaqs, Gaqi or Gaqo) designed to divert Gas-,
Gai- or Gao-dependent signals, respectively, from the cAMP pathway
into the Ca21 pathway18,19. Indeed, co-expression of Gaqi or Gaqo, but
not Gaqs, resulted in robust Ca21 responses to SP (Fig. 2a).

The response to SP is highly specific, because we did not detect
comparable levels of activation by any of eight other Drosophila pep-
tides, even at 10 mM (Fig. 2b; see Methods). Amongst the closest
relatives of SPR in Drosophila are CG2114 (also known as FR) and

CG8784, receptors for FMRFamides and hugin-c, respectively20–23.
Neither FMRFamide nor hugin-c activated SPR, and, conversely,
expression of CG2114 or CG8784 in CHO cells conferred sensitivity
to their respective ligands, but not to SP (Fig. 2b). In a dose–response
assay, we determined that SP activates SPR with an effector concen-
tration for half-maximum response (EC50) of 1.3 nM (Fig. 2c). The
closely related peptide, DUP99B, which induces the same post-
mating responses as SP in injection assays24, activates SPR with an
EC50 of 7.3 nM. Thus, both SP and DUP99B specifically activate SPR
at physiological concentrations, with EC50 values in the low nano-
molar range typical for such peptide–GPCR interactions22. We con-
clude that SPR encodes a functional receptor for SP that couples to
Gai and/or Gao to regulate cAMP levels.

SPR is in the reproductive organs and the CNS

To define the cellular targets of SP, we generated antisera against an
amino-terminal region of SPR. These antisera revealed high levels of
SPR expression in the female reproductive organs, in particular in the
spermathecae, the primary sites for long-term sperm storage25, and
the lower oviduct (Fig. 3a, c, d). Staining with the anti-SPR antisera
was restricted to the cell membrane (Fig. 3d) and was absent in
Df(1)Exel6234 homozygous females (Fig. 3b), confirming the specifi-
city of our antisera. SPR could not be detected in the male repro-
ductive organs.

f

Chromosome X : 5322577–5410664

CG15784 CG16752 CG4151

CG32762CG3239

CG16752-RA

IR1 (301 nt)

IR2 (352 nt)

P{XP}d09225 P{XP}d00314

C
op

ul
at

io
n 

w
ith

in
 1

 h
 (%

)

0

20

40

60

80

100

g

+ – + –SP

**

+ – + – + –

1 4 6 7 8

(30)(30)(30)(30)(34)(36) (29)(30)(30) (29)

** **

1 3 4 5 6 7 8 9 10

C
op

ul
at

io
n 

w
ith

in
 1

 h
 (%

)

0

20

40

60

80

100

b
(72)(64)(96)(95)(96) (168)(95)(71) (96)

1 2 3 4 5 6 7 8 9 10

E
gg

s 
la

id
 p

er
 fe

m
al

e 
in

 4
8 

hr

0

10

20

30

40

50

c

** ** ** ** **

(53)(46)(87)(73)(42)(72) (73)(56)(78) (136)

1 2 3 4 5 6 7 8 9 10

Genotype

Genotype

Genotype

Genotype

C
op

ul
at

io
n 

w
ith

in
 1

 h
 (%

)

0

20

40

60

80

100

d

** ** ** ** **

*

(52)(46)(84)(73)(42)(72) (71)(56)(74) (135)

1 2 3 4 5 6 7 8 9 10

(24)(28)(30)

O
vi

p
os

ito
r 

ex
tr

us
io

ns
 p

er
 m

in

0

0.5

1.0

1.5

2.5

3.5

e

** ** ** ** **

3.0

2.0

(14)(30)(26) (35)(39)(25) (27)

a

Eclosion

Day 4 Day 6

Receptivity
assay

Re-mating or
rejection assay

Egg laying

Genotype

1

2

3

4

5

6

7

8

9

10

+/+

+/+

elav-GAL4/UAS-SPR-IR1

elav-GAL4/+

+/UAS-SPR-IR1

Df(1)Exel6234/Df(1)Exel6234

Df(1)Exel6234/+

elav-GAL4/UAS-SPR-IR2

+/UAS-SPR-IR2

+/+

+/+

SP0 / ∆

+/+

+/+

+/+

+/+

+/+

+/+

+/+

none

5,330k 5,410k5,340k 5,350k 5,360k 5,370k 5,380k 5,390k 5,400k

Figure 1 | SPR is required for the post-mating switch induced by SP.
a, Protocol for behavioural experiments in b–e. b, Receptivity of virgin
females, scored as the percentage of females that copulated within 1 h.
P . 0.01 for all comparisons against 1/1 (genotype 1); x2-test with
Bonferroni correction. Numbers in parentheses in the figure represent the
number of samples. c, Number of eggs laid per female. Data are shown as
mean 6 s.e.m. Double asterisk, P , 0.001; Student’s t-test. d, Re-mating
frequency. Asterisk, P , 0.01, and double asterisk, P , 0.001, for
comparisons against 1/1 (genotype 1); x2-test with Bonferroni correction.
e, Ovipositor extrusions per minute during a ten-min courtship assay with a

naive wild-type male. Females used in these assays formed a separate cohort
to those in b–d. Data are mean 6 s.e.m. Double asterisk, P , 0.001;
Student’s t-test. f, Organization of the SPR genomic region. Df(1)Exel6234 is
a precise deletion of the interval between P-element insertions P{XP}d09225
and P{XP}d00314. UAS-SPR-IR1 targets nucleotides 552–852 of the
CG16752-RA transcript, and UAS-SPR-IR2 targets nucleotides 869–1,220
(spanning four exons). g, Receptivity of virgin females assayed 5 h after
injection with either 12 pmol SP (1) or Ringer’s solution alone (2).
Genotypes were as in a, except that all females were virgins. Double asterisk,
P , 0.001 for comparison to 1/1; x2-test with Bonferroni correction.
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SP is thought to pass from the reproductive tract into the haemo-
lymph, and ultimately to act directly on targets in the central nervous
system (CNS)26,27. Indeed, staining the adult female CNS with anti-
SPR revealed a broad expression on the surface regions of both the
brain (Fig. 3e–g) and the ventral nerve cord (VNC, Fig. 3h). This
staining was absent or greatly reduced in SPR deficiency or RNAi
females (Supplementary Fig. 1). Expression was most prominent in
ventral regions of the suboesophageal ganglion (SOG), the cervical
connective and many nerve roots in the brain and VNC. The
restricted staining on the surface of the CNS is consistent with SPR
detecting a ligand that circulates in the haemolymph and crosses the
blood–brain barrier. It is unlikely to be an artefact caused by poor
antibody penetration, because we could reliably detect SPR in central
brain regions on ectopic expression of a UAS-SPR transgene. Overall,
the distribution of SPR concords remarkably well with the reported
binding sites of radiolabelled SP applied to whole-female-tissue sec-
tions in vitro28. Intriguingly, a very similar distribution was also
observed in the male CNS (Supplementary Fig. 1), although at this
point we cannot ascribe any function to SPR in males.

SPR acts in fru neurons

Post-mating responses can be induced in virgin females not only by
injection of SP (ref. 14) but also by blocking synaptic transmission of
neurons that express the sex-specific transcripts of the fru gene10. We
also found that some of the central neurons that express SPR are also
positive for fru, as revealed by the fruGAL4 driver29 (Fig. 3e–l). In
particular, SPR seemed to be expressed in many fruGAL4-positive
neurons in the SOG and throughout the VNC. To test whether
SPR function is specifically required in fru neurons, we used the
fruGAL4 driver and UAS-SPR-IR1 to knockdown SPR only in these

cells. Just like the SPR-deficiency mutants, these females showed
normal receptivity as virgins (Fig. 4a), but then laid very few eggs
(Fig. 4b) and re-mated at high frequency (Fig. 4c).

To test whether expression in fru neurons is also sufficient for the
post-mating switch, we introduced fruGAL4 and UAS-SPR into SPR-
deficient females. In these females, SPR is only expressed in the fru
neurons, yet we observed complete rescue of the re-mating pheno-
type (Fig. 4c) and partial but significant rescue of the egg-laying
phenotype (Fig. 4b). Together, these RNAi and rescue experiments
strongly support the notion10 that SP triggers the post-mating beha-
vioural switch primarily by modulating the activity of a subset of the
fru neurons.

Structural and functional conservation of insect SPRs

The post-mating switch in female behaviour is not unique to
D. melanogaster, but is common to most insect species6. Although
SP genes are difficult to identify outside the Drosophilidae, perhaps
because of their small size, we could readily identify putative SPR
orthologues in most sequenced insect genomes, including Drosophila
pseudoobscura, the mosquitos Aedes aegypti and Anopheles gambiae,
the moth Bombyx mori and the beetle Tribolium castaneum (Fig. 5
and Supplementary Fig. 2). More distant relatives can also be
detected in Caenorhabditis elegans, but potential vertebrate ortholo-
gues are less apparent (Fig. 5a).

To test for functional conservation of the insect SPR family, we
isolated SPR cDNAs from each of these five other insect species and
tested them for responses to D. melanogaster SP in the CHO cell assay.
SP was shown to be a potent activator of the D. pseudoobscura, A.
aegypti and B. mori receptors, with EC50 values of 4.3 nM, 167 nM
and 63 nM, respectively (Fig. 5b–d). These receptors also responded
to DUP99B (Fig. 5b–d), but not to any of the eight control peptides,
including FMRFamide and hugin-c. The A. gambiae and T. casta-
neum receptors were not activated by either SP or DUP99B
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Figure 2 | SPR is a specific SP receptor. a, Luminescence (LU) responses of
CHO cells expressing SPR, aequorin and one of the three chimaeric
G-proteins (Gaqs, Gaqi or Gaqo) or no additional G protein (endogenous
Gaq). Cells were treated with either 0.1mM or 10 mM SP, and responses were
normalized against the response to 25mM ATP. Data are shown as
mean 6 s.d. (n 5 4–8). b, Luminescence responses of CHO cells expressing
the indicated GPCR and aequorin on exposure to various peptide ligands
(10 mM), normalized against responses to 25 mM ATP. Cells expressing SPR
or no additional GPCR were co-transfected with Gaqi. Data are shown as
mean 6 s.d. (n 5 5–8). FMRFa, FMRFamide; MS, myosuppressin; SK-0,
sulfakinin-0. c, Dose–response curves of CHO cells expressing SPR,
aequorin and Gaqi, and treated with SP or DUP99B. Each data point is
mean 6 s.d. (n 5 8).
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k, l), orientated as in e–g. LN, leg nerve. Scale bars, 25 mm in i and j, and
50 mm in k and l.

NATURE | Vol 451 | 3 January 2008 ARTICLES

35
Nature   ©2007 Publishing Group



(Supplementary Fig. 3), possibly because they do not bind the
Drosophila ligands or were not functionally expressed in CHO cells.
Nonetheless, the structural and functional conservation of SPR
genes from Drosophila, Aedes and Bombyx (Fig. 5), together with
the observation that D. melanogaster SP can induce post-mating
responses in the moth Helicoverpa armigera30,31, indicates that the
family of receptors we have identified are likely to mediate post-
mating changes in female reproductive behaviour in many different
insect orders.

Conclusions

The data presented here provide strong evidence that SPR is a recep-
tor for SP, and that activation of SPR in fru neurons induces the
switch to post-mating reproductive behaviour. Our identification
of SPR is the critical first step in explaining this behavioural switch
at the molecular, cellular and circuit levels. Furthermore, because
SPR is highly conserved across insect species, it provides the basis
for cellular assays to identify SP-like activities in other species, and to
develop new approaches for controlling the reproductive or host-
seeking behaviours of various agricultural pests and human disease
vectors.

METHODS SUMMARY

UAS-SPR-IR1 was obtained from the Vienna Drosophila RNAi Center11. UAS-

SPR-IR2 was prepared by cloning a 352-base-pair (bp) fragment from the

RE15519 cDNA as an inverted repeat into a UAS vector32 modified for integ-

ration using the wC31 system33. UAS-SPR was obtained by cloning the full open

reading frame of RE15519 into a similar vector. Df(1)Exel6234 (ref. 12) was

obtained from the Bloomington Drosophila Stock Center and was backcrossed

into a wild-type Canton S background. SP null mutants were SP0/D130 mutants9.

The elav-GAL4 (ref. 34) and fruGAL4 (ref. 29) stocks used for the RNAi experi-

ments additionally carried UAS-Dcr-2 (ref. 11). Virgin males and females were

collected at eclosion and were aged individually for five days, or in groups of

10–15 for four days, respectively. Canton S was used as wild type. SP injections

into the abdomens of female virgins were performed as described14.

CHO-K1 cells were transiently transfected, and luminescent signals were mea-

sured as described previously35. All peptides were synthesized in-house using the

9-fluorenyl-methoxycarbonyl (FMOC) strategy on an ABI 433A Peptide

Synthesizer and were purified by high-performance liquid chromatography

(HPLC). Anti-SPR antisera were raised in rabbits against the predicted

N-terminal 21 amino acids of the mature SPR, and were cleared by incubating

with Df(1)Exel6234 embryos. Antibody stainings and confocal microscopy were

performed essentially as described previously29.

SPR orthologues were predicted by TBLASTN and Genscan analyses, and the

complete open reading frame was amplified by RT–PCR on RNA extracted from

the relevant species. D. pseudoobscura was obtained from the Tucson Drosophila

Stock Center, T. castaneum from G. Bucher, and B. mori from D. Zitnan. Frozen
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stocks of A. aegypti and A. gambiae were obtained from the MR4 Rescource
Center.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Fly stocks. UAS-SPR-IR1 was obtained from the genome-wide transgenic RNAi

library11 maintained at the Vienna Drosophila RNAi Center. UAS-SPR-IR2 was

generated by cloning a 352 bp PCR product from the RE15519 cDNA

(Drosophila Genomics Resource Center) as an inverted repeat into a custom-

designed UAS vector, and then inserting this transgene into a specific second

chromosome site (defined here as VIE-28b) using the wC31 system33. UAS-SPR

was generated by cloning the entire SPR coding region from RE15519 into a

similar custom-designed UAS vector, followed by integration at a different site

on the second chromosome (VIE-72a). The Df(1)Exel6234 stock12 was obtained
from the Bloomington Drosophila Stock Center and verified by a series of PCRs

on genomic DNA extracted from homozygous and control flies. The original line

was then recombined with white1 and crossed for three generations into a

Canton-S background. Canton-S was used as wild type in all experiments.

Other stocks used were elav-GAL4 (ref. 34), fruGAL4 (ref. 29), SP0/TM3, Sb

(ref. 9), D130/TM3, Sb (ref. 9), UAS-lamin-GFP (ref. 36) and dj-GFP (ref. 13).

SP null males were SP0/D130 (ref. 9). Both the elav-GAL4 and fruGAL4 stocks

additionally carried a UAS-Dcr-2 insertion on the X chromosome11.

Behavioural assays. All flies were raised on semi-defined medium37 at 25 uC in a

12 h:12 h dark:light cycle. Virgin males and females were collected at eclosion.

Males were aged individually for five days; females were aged for four days in

groups of 10–15. All assays were performed at circadian time 6:00–10:00, and on

at least three independent occasions. For assays performed according to the

protocol in Fig. 1a, single female and male virgins were paired in 10-mm-

diameter chambers and were videotaped for 1 h. The time to copulation was

recorded for each female. The females that copulated were then transferred

individually to food vials for 48 h, and the number of eggs laid by each female

was counted manually. Females were then either re-tested for receptivity in the
same manner in pairings with naive Canton-S males, or for rejection behaviour

in 10-min assays that were videotaped at higher magnification and scored manu-

ally for ovipositor extrusions. For the elav-GAL4/1 controls, the elav-GAL4

driver was crossed separately to each of the respective parental strains for the

two UAS-SPR-IR transgenes. These two sets of elav-GAL4/1 controls were not

significantly different in any of the assays, and so the data for the two lines were

pooled (genotype 7 in Figs 1a–e). Injections of SP into the abdomen of virgin

females were performed as described previously14. After injection, females were

transferred to individual food vials and were tested after 5 h for receptivity with a

naive Canton S male.

CHO cell assays. CHO-K1 cells were transiently transfected essentially as

described previously35. The relevant GPCRs were expressed from constructs pre-

pared by cloning the entire open reading frame in a pcDNA3.1(1) vector

(Invitrogen). Expression constructs for CG2114 (ref. 38), CG8784 (ref. 22), the

chimaeric G proteins (Gaqs/qs5–HA, Gaqi/qi5–HA and Gaqo/qo5–HA)18,19, and

codon-optimized aequorin (hucytaeqpcDNA3)39 have been described previously.

Luminescent signals were measured with a Synergy2 photometer (BioTek). The

Drosophila peptides used in this study are as follows (where a represents amidated
C termini; pQ, pyro-glutamic acid; P, hyroxyproline; and C, cysteine residues

linked by disulphide bridge): FMRFamide 2 (DPKQDFMRFa), FMRFamide 3

(TPAEDFMRFa), sulfakinin 0 (NQKTMSFa), sulfakinin 1 (FDDYGHMRFa),

sulfakinin 2 (GGDDQFDDYGHMRFa), myosuppressin (TDVDHVFLRFa),

hugin-c (pQLQSNGEPAYRVRTPRLa), pyrokinin 2 (SVPFKPRLa), synthetic

SP (WEWPWNRKPTKFPIPSPNPRDKWCRLNLGPAWGGRC), and synthetic

DUP99B (pQDRNDTEWIQSQKDREKWCRLNLGPYLGGRC). These peptides

were synthesized using the FMOC strategy and solid-phase method on an ABI

433A Peptide Synthesizer and were purified with HPLC. For SP and DUP99B,

purified peptides were folded before a second HPLC purification by incubating

them in 0.01 M ammonium bicarbonate (pH 8) containing 3% DMSO for 36 h.

Immunohistochemistry. A synthetic peptide corresponding to the predicted

N-terminal 21 amino acids of the mature SPR (PTNESQLEIPDYGNESLDYPNC-

OH) was conjugated to keyhole limpet haemocyanin (KLH) and was used to

generate rabbit antisera (Gramsch Laboratories). SPR antisera were cleaned by

incubating with equal volumes of Df(1)Exel6234 embryos overnight at 4 uC.

Wandering third-instar larva and 8–10-day-old virgin females and males were

dissected under PBS (pH 7.4). Tissues were fixed for overnight at 4 uC in 4%
paraformaldehyde in PBS (or in some cases at room temperature (25 uC) for 2 h).

The tissues were incubated in primary antibody (1:500) for 48 h at 4 uC, and in

secondary antibody for 24 h at 4 uC. Other antibodies used were: rat anti-ELAV40

(1:500), mouse anti-GFP (1:1,000; Chemicon), Alexa 488-conjugated goat

anti-rabbit, Alexa 568-conjugated goat anti-mouse and Alex 633-conjugated goat

anti-rat (all 1:1,000; Molecular Probes). Images were acquired with a Zeiss LSM

510/Axiovert 200M and were processed in Adobe Photoshop.

Cloning of other insect SPR genes. SPR orthologues were identified by

TBLASTN searches on the relevant genome assemblies, and gene structures were

predicted using Genscan (http://genes.mit.edu/GENSCAN.html). The complete

open reading frame of each SPR orthologue was amplified by RT–PCR using the

following primers: D. pseudoobscura forward 59-ATGGGCGGCGATCAA-

GGGGT, reverse 59-GGCACCAACATCACCAATTA; A. aegypti forward 59-

ATGTCAATTGATGCTGCGGTA, reverse 59-CGTTGGTTCTGTGTGACAAA;

A. gambiae forward 59-ATGATTGAAAAAAATAATTTCAAG, reverse 59-

CCTGCTATCTAACCACAGT; B. mori forward 59-ATGGCGGTCACCAT-

AGACAA, reverse 59-GGCTTAAAGCACAGTTTCGT; T. castaneum forward

59-ATGGGCGAGATGGCGTCGAAC, reverse 59-TCAACATTGAGTTTGTCC-

TAA. D. pseudoobscura was obtained from the Tucson Drosophila Stock Center

(stock number, 14011-0121). Frozen stocks of A. aegypti (MRA-735B) and

A. gambiae (MRA-132B) were obtained from the MR4 Resource Center. T.
castaneum and B. mori were gifts from G. Bucher and D. Zitnan, respectively.

The predicted protein sequences were analysed with TMpred (http://

www.ch.embnet.org/software/TMPRED_form.html) to confirm the presence

of seven transmembrane domains.

Phylogenetic analysis. Using the insect SPRs, we performed NCBI-BLASTP

searches41 against the NCBI non-redundant-protein database, and collected all

Homo sapiens, D. melanogaster and C. elegans entries that were below a highly

significant e-value of 1 3 10–5. In an alternative approach, we built a profile

hidden Markov model (HMM)42 out of the insect SPR conserved region and

collected additional proteins with a significant e-value below 0.001. A 90%

redundant protein set (without recent duplications, sequencing errors and splice

variants) was aligned using MUSCLE43 and graphically processed with

ClustalX44. The phylogenetic tree was calculated with PHYLIP45 using the

Jones–Taylor–Thornton matrix as the distance algorithm and the neighbour-

joining method for tree calculation. Sequences and NCBI accession numbers are

as follows. Drosophila melanogaster: CG13229 (GenBank accession number,

AAM28948.1), CG13803 (AAF47633.2), CG8985 (AAF47635.2), CG2114

(DAA00378.1), CG33696 (NP_001027122.1), ETHRa (AAO20966.1), CG8795
(NP_731788.1), CG8784 (NP_731790.1), CG14575 (NP_996140.1) and

CG6857 (NP_523404.2). Caenorhabditis elegans: R03A10.6 (CAA93674.2),

Y69A2AR.15 (AAK68559.2), F42D1.3 (CAB03091.2), F57B7.1a (CAA98492.1),

C35A5.7 (CAA94909.2), C35A11.1 (AAB66039.3) and F39B3.2 (AAB07577.2).

Homo sapiens: GPR142 (NP_861455.1), GPR139 (Q6DWJ6), TRHR

(NP_003292.1), NMUR2 (NP_064552.2), NMUR1 (AAH36543.1), A2b_R

(NP_000667.1), NK-1_R (AAA59936.1), NK-2_R (AAB05897.1), NK-3_R

(AAB21706.1), GPR50 (AAI03697.1), SSTR3 (NP_001042.1).

36. Aza-Blanc, P., Lin, H. Y., Ruiz i Altaba, A. & Kornberg, T. B. Expression of the
vertebrate Gli proteins in Drosophila reveals a distribution of activator and
repressor activities. Development 127, 4293–4301 (2000).

37. Backhaus, B., Sulkowski, E. & Schlote, F. W. A semi-synthetic, general-purpose
medium for Drosophila melanogaster. Dros. Inf. Serv. 60, 210–212 (1984).

38. Johnson, E. C. et al. Identification of Drosophila neuropeptide receptors by G
protein-coupled receptors–b-arrestin2 interactions. J. Biol. Chem. 278,
52172–52178 (2003).

39. Vernon, W. I. & Printen, J. A. Assay for intracellular calcium using a codon-
optimized aequorin. Biotechniques 33, 730–734 (2002).

40. O’Neill, E. M., Rebay, I., Tjian, R. & Rubin, G. M. The activities of two Ets-related
transcription factors required for Drosophila eye development are modulated by
the Ras/MAPK pathway. Cell 78, 137–147 (1994).

41. Altschul, S. F., Gish, W., Miller, W., Myers, E. W. & Lipman, D. J. Basic local
alignment search tool. J. Mol. Biol. 215, 403–410 (1990).

42. Eddy, S. R. Profile hidden Markov models. Bioinformatics 14, 755–763 (1998).
43. Edgar, R. C. MUSCLE: a multiple sequence alignment method with reduced time

and space complexity. BMC Bioinformatics 5, 113 (2004).
44. Jeanmougin, F., Thompson, J. D., Gouy, M., Higgins, D. G. & Gibson, T. J. Multiple

sequence alignment with Clustal X. Trends Biochem. Sci. 23, 403–405 (1998).
45. Felsenstein, J. PHYLIP (Phylogeny Inference Package) version 3.6. Distributed by

the author. Department of Genome Sciences, University of Washington, Seattle
(2005).
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