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Abstract
Courtship behaviours are common features of animal species that reproduce sexually. Typically, males are involved in courting
females. Insects display an astonishing variety of courtship strategies primarily based on innate stereotyped responses to
various external stimuli. In Drosophila melanogaster, male courtship requires proteins encoded by the fruitless (fru) gene that
are produced in diﬀerent sex-specific isoforms via alternative splicing. Drosophila mutant flies with loss-of-function alleles of
the fru gene exhibit blocked male courtship behaviour. However, various individual steps in the courtship ritual are disrupted
in fly strains carrying diﬀerent fru alleles. These findings suggest that fru is required for specific steps in courtship. In distantly
related insect species, various fru paralogues were isolated, which shows conservation of sex-specific alternative splicing and
protein expression in neural tissues and suggests an evolutionary functional conservation of fru in the control of male-specificcourtship behaviour. In this review, we report the seminal findings regarding the fru gene, its splicing regulation and evolution
in insects.
[Salvemini M., Polito C. and Saccone G. 2010 fruitless alternative splicing and sex behaviour in insects: an ancient and unforgettable love
story? J. Genet. 89, 287–299]

Introduction
Many animal species that sexually reproduce have marked
gender diﬀerences in a variety of behavioural traits, such as
mating and courtship behaviours. Insects, in accordance with
their enormous number of species, exhibit a wide range of
fascinating courtship rituals including songs, dances, nuptial
gifts, physical touch, and even the use of aphrodisiac substances.
In the fruit fly Drosophila melanogaster, males perform a series of stereotyped courtship steps involving the
interplay of multiple sensory inputs. When near a female, Drosophila males vibrate one wing producing a
species-specific song, which exerts an aphrodisiac eﬀect
on the female (Hall 1994; Greenspan and Ferveur 2000;
Shirangi and McKeown 2007; Kimura et al. 2008). In
addition, mosquitoes can sing; males of most mosquito
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species lack stereotyped courtship behaviour but are able,
together with females, to produce special harmonic duets
by adjusting the frequencies of their songs simultaneously
as they near the moment of copulation (Cator et al. 2009).
Cricket and grasshopper males produce calling songs, which
are broadcast from a distance to help females locate them,
and they use species-specific courtship songs when a female
is nearby to convince her to mate (Shaw and Lesnick 2009).
Another smart stratagem employed by some male insects in
their quest for a mate is gift giving. Dance fly males oﬀer a
captured arthropod prey to a swarming female. After examining the gift, and only if she finds it to her liking, will the
female mate (Bussiere et al. 2008). Balloon flies have further
improved gift giving techniques. For example, they wrap the
arthropod prey in a pretty, silken balloon before they present
it to females. A female will select her partner from a mating swarm of males according to her most highly-rated silk
package (LeBas et al. 2004). When all else fails, insects may
try aphrodisiac substances to make a partner willing to copulate. Queen butterfly males are capable of seducing females
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by transferring an aphrodisiac secretion associated with the
hair pencils, two extrusible brush-like structures at the rear of
their abdomen, to the antennae of females using tiny cuticular
‘dust’ particles. The secretion contains a chemical messenger
that induces the females to mate (Pliske and Eisner 1969).
These complex courtship behaviours constitute outstanding examples of innate, species-specific and stereotyped sequences that mostly do not require any previous sensory
or behavioural experience of the individual or any contact
with members of the species. Do all of these fascinating behaviours have a common evolutionary origin and underlying
homologous genetic regulatory mechanisms?
In 1981, the father of ethology, Konrad Lorenz, observed
that homologous schemes of innate behaviour in diﬀerent
species suggest that behaviour, like body morphology, could
be defined by developmental and genetic information within
the genome (Lorenz 1981). Understanding the molecular basis and evolutionary mechanisms of complex traits, such
as sexual behaviour, constitute one of the most intriguing
and challenging aims in biology. Inspired by the success
of forward genetics in identifying developmental regulators
of complex morphological structures such as animal wings,
legs, or body plans, researchers including Seymour Benzer
(Benzer 1973) and Bruce Baker (Baker et al. 2001) predicted that single or few genes act during brain development as master regulators of behaviour (Dulac 2005). Like
developmental ‘switch’ genes, whose actions are both necessary and suﬃcient to induce the development of a complete
anatomical structure, behavioural ‘switch’ genes may exist
and set the potential for complex innate behaviour (Baker
et al. 2001). Alternatively, these innate behaviours may be
specified through the interactive actions of numerous genes
involved in nervous system development and function control (Demir and Dickson 2005; Greenspan 1995).
Compared to vertebrate nervous systems, insect systems
have relatively low complexity with a reduced number of
neurons. As reported in Drosophila, their sexual behaviour is
often rather simple, stereotyped and easily measurable. Together with available powerful molecular genetics, these features make insects ideal organisms for dissecting the genetic
underpinnings of these crucial traits. Above all species, the
fruit fly D. melanogaster is an exceptional model organism to
investigate higher neural functions because of a high number
of identified neurons with known projection patterns, the applicability of classic genetical analyses, a sequenced genome
and the potential for advanced molecular biological analysis.
Therefore, it is not astounding that most research of last 20
years on the genetics of sexual behaviour was performed in
this fruit fly.
In Drosophila, almost all aspects of male sexual behaviour are regulated by the fru gene (Demir and Dickson
2005). In fru mutant males, the later steps of courtship, from
singing through copulation, are abnormal or absent. These
males fail to copulate, which results in sterility (Ryner et
al. 1996), and they court both males and females indiscrim288

inately. When fru mutant males are grouped together, they
form male–male courtship chains in which each male is both
courting and being courted (Ito et al. 1996). An additional
fru phenotype is that the male-specific muscle of Lawrence
(MOL) is totally absent (Gailey et al. 1991). Alternatively,
there are no eﬀects of fru in females (reviewed by Hall 1994).
These findings led to suggestions that fru is a behavioural
switch gene, both necessary and suﬃcient for the generation
of sex-specific patterns of behaviour (Billeter et al. 2006b;
Demir and Dickson 2005). This notion has been revised by
more recent findings indicating that fru function requires a
male-specific neuronal substrate determined by the doublesex gene (dsx), to specify many sexually dimorphic features
of neural circuitry and behaviour (Billeter et al. 2006b).
Evidently, sexual behaviour is interlinked with the regulatory pathway that controls sex determination in insects,
which appears to be widely conserved among insects. In
Diptera, female sex determination is achieved by a key master gene trans f ormerep (traep ) that can positively autoregulate itself, which was first identified in the tephritid fly, Ceratitis capitata (Pane et al. 2002). Later, traep was identified
in other related species such as Bactrocera and Anastrepha
(Lagos et al. 2007; Ruiz et al. 2007) and, recently, isolated
in other dipteran families such as Calliphoridae (Lucilia cuprina) (Concha and Scott 2009) and Muscidae (Musca domestica) (Hediger et al. 2010). Recently, an orthologue of the
traep gene was also identified in the hymenopteran species
Apis mellifera (Hasselmann et al. 2008; Gempe et al. 2009),
suggesting that it is conserved in non-dipteran insect species
too. Apparently, only Drosophilidae species have a defective version of transformer (tra) that lost its ability to autoregulate (O’Neil and Belote 1992; Hediger et al. 2010).
traep genes encode SR proteins that regulate sex-specific alternative splicing of their own pre-mRNA and the splicing
of downstream target genes dsx (Pane et al. 2002; Concha
and Scott 2009; Gempe et al. 2009; Hediger et al. 2010) and
most likely fru (Salvemini et al. 2009). Interestingly, in C.
capitata, it has been shown that, in contrast to Drosophila,
Cctraep regulates sex-specific splicing of its own pre-mRNA,
and, as in Drosophila, it is able to control the alternative
splicing of Ccdsx (mainly somatic sexual diﬀerentiation) and
Ccfru (male sex behaviour) pre-mRNAs (Salvemini et al.
2009). The traep > dsx/ f ru regulatory module may be conserved in most dipteran and non-dipteran species, suggesting that various insect courtship behaviours, if controlled by
fru, may share a common evolutionary origin and common
genetic regulatory mechanisms. However, further molecular
genetic investigations are needed to confirm this hypothesis.
In the last 5 years, fru homologues were identified in
other dipteran species and insect orders. Furthermore, striking conservation of some aspects of fru gene structure and
regulation were discovered. This article, starting from these
recent findings and focussing attention on the fru splicing
regulatory mechanism and its evolution, review the seminal
findings regarding the fruitless gene in insects.
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fru in D. melanogaster
Most of the major insect orders, including Diptera, have a
typical life cycle that consists of an egg that hatches into
a larva that feeds, moults, grows larger, pupates, and then
emerges as an adult insect that looks very diﬀerent from
the larva. These insects are often called ‘holometabolous’,
meaning they undergo a complete (holo = total) change
(metabolous = metamorphosis or change). Other typical
holometabolous insect groups are Coleoptera (beetles), Lepidoptera (moths, butterflies and skippers), and Hymenoptera
(sawflies, wasps, ants and bees).
The fru gene is one of the largest and most complex D.
melanogaster genes. The first fru mutant was isolated in 1963
by K. S. Gill, and the mutation was the result of an inversion breakpoint at the cytogenetic map location 91B (Gailey
and Hall 1989). Mutant males show courtship defects leading to behavioural sterility and high levels of male to male
courtship. Other genes were discovered to aﬀect courtship
performance of Drosophila males, but fru is one of the very
few genes that appears to be specifically involved in male
courtship (Hall 1994; Taylor et al. 1994).
The name fruitless was introduced by J. Hall in
1978 (Hall 1978) with permission of K. S. Gill, to replace the acronym fruity (from the compression of the D.
melanogaster common name fruit fly), which is also an offensive slang word (Gill 1963). Thus, the gene was re-named,
in a more ‘politically correct way’, as fruitless, alluding to the
lack of oﬀspring produced by flies with the mutation. Interestingly, in 1996, Ito and colleagues isolated a new fruitless
mutant. This mutation inhibited male courtship or copulation with females, but they exhibited homosexual courtship.
In accordance with their philosophy and their sense of humour, the mutant was named satori ( f ru sat ), which means
nirvana in the Japanese language, spiritual illumination and,
therefore, distance from the terrestrial-material dimension
(including interests in sex).
The fru gene spans approximately 130 kb and encodes 18
diﬀerent isoforms due to the complex coordination of four
promoters (P1–P4) and alternative splicing at both the 5 and
the 3 ends. All of the isoforms belong to the BTB-ZnF (BTB
for broad-complex, tramtrack and bab; ZnF for zinc finger)
family of transcription factors (Zollman et al. 1994; Ito et
al. 1996; Ryner et al. 1996). Many members of this large
family have been characterised as important transcriptional
factors, and several of these proteins are implicated in developmental functions (Stogios et al. 2005). Functions exerted
by FRU isoforms include the control of sexual behaviour and
the diﬀerentiation of imaginal-disc derivatives. Male sexual
behaviour functions, the control of sexually dimorphic fighting patterns and the formation of the male-specific MOL are
mediated by fru transcripts derived from the most distal promoter (P1) (Demir and Dickson 2005; Vrontou et al. 2006).
These transcripts (called P1-transcripts) are spliced in a sex-

specific manner under control of the sex-determination hierarchy. Specifically, in males, the transcript is spliced via
a default splicing mechanism. In females, the transcript is
spliced through a regulated splicing mechanism controlled
by transformer (TRA) and transformer-2 (TRA-2) proteins
(Heinrichs et al. 1998; Ryner et al. 1996). Transcripts derived
from other studied promoters (P2, P3 and P4) are present in
both sexes, and their transcriptional regulators are still unknown. Some non-sex-specific fru transcripts are detected
in early embryonic stages (Song et al. 2002; Dornan et al.
2005) and mediate the correct development of neuronal tissues (Anand et al. 2001; Song et al. 2002); however, other
transcripts appear later in time and are necessary for the
diﬀerentiation of imaginal-disc derivatives such as legs and
wings (Anand et al. 2001; Dornan et al. 2005). Expression
analysis and functions of Drosophila fru transcripts in CNS
neurons have recently been excellently reviewed (Billeter et
al. 2006a; Manoli et al. 2006; Shirangi and McKeown 2007;
Yamamoto 2007; Dickson 2008; Villella and Hall 2008; Siwicki and Kravitz 2009).
Considering the complexity of the fru gene and the lack
of a synthetic graphic summary of the available molecular
genetic data, we prepared a scheme (figure 1) that presents
the primary Drosophila fru transcripts, protein isoforms and
the corresponding expression patterns in brain tissues.

Alternative sex-specific splicing of Dmfru
In D. melanogaster, splicing of fru P1-primary transcripts is
under the control of the sex-determination hierarchy (Heinrichs et al. 1998). In this model system, sex determination and sexual diﬀerentiation is achieved by initial transient sex-specific transcription of the master gene Sex-lethal
(Sxl) and a cascade of alternative sex-specific splicing of
Sxl, tra, dsx and fru pre-mRNAs (Cline and Meyer 1996).
The primary signal for this regulatory pathway is constituted by XSEs (X-linked signalling elements) (Erickson
and Quintero 2007), which control the activity of downstream genes that are organized in a cascade of regulatory events (XSE > Sxl > tra + tra − 2 > dsx/fru). The
choice between male and female development is made by
the switch gene, Sxl, in response to this transient primary
signal. The Sxl gene, active only in XX individuals, promotes femaleness through its downstream regulatory cascade
and ensures female-specific maintenance of its own activation through a positive epigenetic autoregulatory loop. In
XX individuals, the SXL protein promotes splicing of tra
pre-mRNA so that full-length TRA is produced only in females (Sosnowski et al. 1989; Inoue et al. 1990; Valcarcel
et al. 1993). In males, the Sxl gene is ‘OFF’ and tra malespecific splicing occurs by a default mechanism resulting
in a small, non-functional TRA peptide (Boggs et al. 1987;
McKeown et al. 1987). In XX individuals, TRA protein, together with the non-sex-specific TRA-2 protein, controls the
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Figure 1. Graphic summary of the available molecular genetic data of Drosophila fru transcripts and protein isoforms and the corresponding expression patterns in brain
tissues. The fru gene structure of D. melanogaster is schematized as follow: boxes represent exons and lines represent introns. White boxes represent the four alternative
promoters; light blue boxes are male-specific regions of the P1 exon, and pink boxes represent female-specific regions of the P1 exon, containing stop codon (indicated by
asterisk). Black boxes represent common BTB domain and connector domain encoding exons. 3 alternative exons are indicated by A–D letters.
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downstream components of the cascade. Therefore, fru and
dsx are responsible for the development of behavioural traits
and sex-specific somatic tissues, respectively (Burtis and
Baker 1989; Heinrichs et al. 1998; Hoshijima et al. 1991;
Ryner et al. 1996).
In males, Dmfru P1 pre-mRNA undergoes maturation by
a default mechanism that splices out the female-specific region of exon 2, joining the male-specific 5 SS (splicing site)
with the 3 SS of exon 3, encoding for the BTB domain. As a
result, the encoded male-specific FRU protein (FRUM ) has a
unique N-terminus upstream of the BTB domain that is 101
amino acids long (figure 2). In females, TRA and TRA-2
proteins mediate the female-specific splicing maturation of
the Dmfru P1 pre-mRNA. The TRA/TRA-2 complex binds
a splicing enhancer, constituted by three nearly identical 13
nucleotides (nt) tandem repeats, previously identified in the
dsx gene and named as dsxRE (Tian and Maniatis 1993) or
TRA/TRA-2 binding sites (Hedley and Maniatis 1991; Inoue et al. 1992). These elements are located at the 3 end
of female-specific part of exon 2. TRA/TRA-2 binding activates a female-specific weak 5 SS that is located 1590 nt
downstream of the male-specific 5 SS; therefore, the femalespecific region of exon 2, containing a stop codon, is included
in the mature fru female-specific transcript, and no FRUM
protein is produced (figure 2). The female-specific mature fru
transcript contains two potential ORFs within the frame that
encodes the FRUM isoform. One ORF is short and encodes
approximately 90 residues, and a second ORF is downstream
and encodes nearly 700 amino acids. In XX flies of tra and
tra-2 mutant strains, male-specific fru splicing is detected,
and these mutant XX flies exhibit male courtship behaviour.
Moreover, Drosophila transgenic male flies expressing the C.
capitata TRA protein simultaneously exhibit male-specific
and female-specific splicing of fru (Pane et al. 2005). These
findings indicate that both genes are required for femalespecific splicing of fru (Ryner et al. 1996; Pane et al. 2005).
Both tra and tra-2 regulate also the female-specific splicing
of the dsx gene, which is at the bottom of the sex determination cascade. The splicing of dsx is regulated through the
binding of an exonic splicing enhancer containing six copies
of the 13 nt TRA/TRA-2 binding sites (Nagoshi et al. 1988).
The dsx TRA/TRA-2 binding sites constitute the first splicing enhancer described by Tian and Maniatis in 1993. Interestingly, the cloning of the female-specific region of fru
exon 2 was performed by Ryner and colleagues using a synthetic oligonucleotide probe containing three copies of the
13 nt dsx repeat sequence to probe a genomic library (Ryner
et al. 1996).
The single sex-specific splicing of fru-P1 transcripts,
controlled by TRA and TRA-2, is the key regulatory event
that is both necessary and suﬃcient to induce the emergence
of male courtship with females. Demir and Dickson (2005)
engineered the constitutive transcription of male-specific and
female-specific splicing variants through elegant use of gene
targeted transgenic Drosophila strains, providing the first di-

rect evidence of this regulatory event. In male wild-type
flies, the expression of FRUM is required in order to display courtship toward females. In males, the forced expression of the female FRU protein (the one encoded by the
second ORF of female-specific transcript-named FRUF by
Demir and Dickson), instead of FRUM , abolishes courtship.
Further, forcing the expression of FRUM in females leads to
the abolishment of all female-specific behavioural traits (egg
laying and reproduction with males), and these females acquire striking male behaviour and display the full sequence
of male-like courtship steps when placed with other females
(Demir and Dickson 2005).
Male-specific and female-specific fru-P1 transcripts were
detected at a similar level of expression in both the male
and female CNS in a restricted subset of approximately 2000
cells out of the 105 cells constituting the CNS of Drosophila
(Ryner et al. 1996; Kimura et al. 2008); however, FRU protein is not detected in the female CNS. Immunocytochemistry assays with a FRU antibody, specific for the common
region of the protein, detected FRU protein only in the CNS
of males (Lee et al. 2000; Usui-Aoki et al. 2000). These data
suggest that the fru gene is transcribed, and primary transcripts mature in a sex-specific manner; however, femalespecific transcripts are untranslatable or are translated into
proteins that are rapidly degraded (Lee et al. 2000; UsuiAoki et al. 2000). Therefore, a second mechanism is required
to avoid the production of FRU protein in the female CNS.
Usui-Aoki and colleagues proposed and provided evidence
that the TRA/TRA-2 binding sites located just upstream of
the ATG of the long female ORF mediate female-specific
translational repression by TRA and TRA-2 (Usui-Aoki et al.
2000). This mechanism is analogous to the regulation of msl2, which is required only in males, that occurs in Drosophila
XX females via the splicing factor SXL (Zhou et al. 1995).
In conclusion, the presence/absence of FRU protein
rather than its sex-specific structure is responsible for the
sexually dimorphic actions of the fru gene in the CNS of D.
melanogaster flies.

fru in other Drosophilidae species
fru homologues were partially isolated in other Drosophila
species. In two species of the Hawaiian picture-winged group
of subgenus Drosophila, D. heteroneura (Davis et al. 2000a)
and D. silvestris (Davis et al. 2000b), the non-sex-specific
region of the gene is highly conserved in respect to D.
melanogaster in exon–intron organization and in the encoded
FRU isoforms. Unlike D. melanogaster, the male-specific sequences of fru were not found in the two Hawaiian species,
indicating that sex-specific splicing does not occur in these
species. Moreover, in D. heteroneura, Northern blot analysis
on adult flies revealed that the fru homologue is not expressed
in adult females, suggesting a diﬀerent sex-specific fru regulatory mechanism. This unknown mechanism may rely on
the use of sex-specific alternative promoters.
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Interestingly, Hawaiian Drosophila species including D.
heteroneura and D. silvestris, lack the MOL as do many
Drosophilidae species. The loss of this muscle appears to occur repeatedly in the evolutionary history of Drosophilidae
(Gailey et al. 1997). The loss of MOL in the Hawaiian lineages may be correlated with the loss of the upstream malespecific fru sequences found in D. melanogaster. These regions of the fru gene are responsible for correct courtship
behaviour in D. melanogaster males; therefore, their loss in
the Hawaiian flies should also lead to behavioural defects.
It is interesting that mutations in the fru gene cause ‘male–
male aggressive interaction’ behaviour in D. melanogaster
(Lee and Hall 2000; Vrontou et al. 2006), and the Hawaiian
males indulge in male–male-aggressive behaviour. In several Hawaiian species including D. silvestris, flies display
a novel type of male–male behaviour and display aggression similar to lek behaviour. Males of D. silvestris, trying
to defend the lower leaves of their plant substrates, face each
other and ‘punch’ each other on the head. After a short time,
one of the flies leaves the lek area and the ‘winner’ successfully mates with incoming females that are visiting the lower
leaves (Shelly 1987). The fru gene is involved in male–male
behaviour in numerous Drosophila species; therefore, this
gene may also be involved in male–male behaviour in the
Hawaiian flies. It has been hypothesised that a mutation in
this gene caused by a loss of the upstream elements, which
results in male behavioural defects but is not severe enough
to prevent mating, may evolve into the male–male-aggressive
behaviour observed in Hawaiian species (Davis et al. 2000b).
Another interesting diﬀerence in fru expression was observed in a closely related species of a D. melanogaster
subgroup, D. suzukii (Yamamoto et al. 2004). D. suzukii
has the MOL; however, lacks female-specific repression of
FRU translation. Staining of the CNS of D. suzukii with
the anti-FRU antibody revealed that a number of cells in
the female CNS of D. suzukii express the FRU protein;
however, these FRU-positive cells in the females were different from male FRU-positive cells. This finding suggests
that the male-specific expression of the FRU protein is not
a conserved mechanism for neural sex determination in
Drosophila species, whereas its sex-specific expression is
conserved, and the absence or presence of the MOL does not
always correlate with the absence or presence of sex-specific
regulation of FRU translation (Yamamoto et al. 2004).

fru in Ceratitis capitata
In C. capitata, 120 million of years (Myr) phylogenetically
distant from Drosophila (Beverley and Wilson 1984), sex determination contrasts with findings in D. melanogaster in at
least three crucial aspects: the Sxl gene is not involved in Ceratitis sex determination (Saccone et al. 1998); the nature of
the primary signal, constituted in Ceratitis by a Y-linked still
unknown dominant male determining factor (Willhoeft and
Franz 1996); and the peculiar and novel epigenetic function
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of transformer and transformer-2 homologues of Ceratitis
(Cctraep and Cctra-2auxep ) (Pane et al. 2002; Salvemini et al.
2009), which is analogous to the Drosophila Sxl epigenetic
autoregulatory function (Cline 1984, 2005).
A putative C. capitata fru cDNA fragment was previously identified (Davis et al. 2000b) and encodes for a BTB
domain and corresponds to the non-sex-specific region. In
a recent study, a male-specific Ceratitis fruitless cDNA sequence (Cc f ru M ) was isolated by 5 RACE (Salvemini et
al. 2009). RT-PCR expression analysis showed that Cc f ru M
is expressed only in male head samples. These data suggest
that the Ccfru gene is regulated by alternative splicing, as
in Drosophila, and that the transcript corresponding to the
Cc f ru M cDNA is transcribed from a P1 homologous promoter.
Impairing Cctraep or Cctra-2aux-ep functions at the
early embryonic level by a transient RNAi experiment caused
a complete sexual reversion into XX adult pseudo-males,
due to the permanent collapse of Cctraep positive femalespecific autoregulation (Pane et al. 2002; Salvemini et al.
2009). XX pseudo-males exhibit the same mating behaviour
as XY wild-type males, based on a complex stereotyped
courtship steps including wing buzzing and head rocking
movements, and these XX pseudo-males produce fertile
sperm while exclusively carrying X chromosomes (Salvemini et al. 2009). Interestingly, in XX-pseudo-males that developed following embryonic injection of dsRNA against Cctra2 gene, male-specific mRNAs of Cctra, Ccdsx and also Ccfru
were detected by RT-PCR (Salvemini et al. 2009). Similarly Dmfru and Ccfru may produce sex-specific transcripts
via alternative splicing under the control of the Cctraep and
Cctra-2auxep . The finding of male-specific Ccfru mRNA detected in XX Cctra-2-RNAi treated pseudo-males, together
with the apparently normal male behaviours shown by these
XX pseudo-males, strongly suggests that as in Drosophila,
the Ccfru gene is involved in Ceratitis courtship regulation.

fru in mosquitoes
The first complete evidence of fru conservation in Diptera,
outside Drosophilidae, was reported by Gailey et al. (2006).
The authors provided the first molecular data that some structural and functional features of the fru gene have been narrowly maintained in the malaria vector, Anopheles gambiae.
A. gambiae belongs to the dipteran suborder Nematocera
and is distantly related to D. melanogaster, with 250 Myr
of evolutionary separation between the two species (Gaunt
and Miles 2002; Zdobnov et al. 2002). The genomic organisation of fru in A. gambiae and sequences of the known
Drosophila BTB, ZnF-A, ZnF-B and ZnF-C functional domains have remained amazingly conserved, with amino acid
identity ranging from 75% to 100%. Also, the sex-specific
splicing regulation of fru is conserved in A. gambiae, and
it leads to the expression of P1-like male transcripts, which
encodes homologous FRUMA , FRUMB and FRUMC proteins
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only in male heads (figure 2). Interestingly, sequence analysis of Agfru female-specific transcripts revealed the presence
of five putative TRA/TRA-2 binding sites (showing a consensus with few deviations with the respect to the Dipteran
sequence) near the regulated splice sites, indicating that the
underlying mechanism of sex-specific splicing may be conserved and under the control of co-evolved TRA and TRA-2
homologous proteins. Three copies of putative TRA/TRA-2
binding sites were also found in the female-specific exon of
the Agdsx gene (Scali et al. 2005), suggesting that both genes
may be regulated by conserved splicing regulators.
To analyse the male-determining capacity of the Agfru
gene, Gailey et al. (2006) ectopically expressed the
AgFRUMC isoform that has 33% identity to DmFRUMC ,
in transgenic Drosophila flies using the GAL4-UAS system. The Dmfru-P1 promoter-GAL4-driven expression of
AgFRUMC leads to the remarkable rescue of MOL development in Drosophila f ru3 mutant males, who otherwise develop no MOL (Villella et al. 1997) and to the induction of
MOL development in Drosophila f ru+ females. These findings led Gailey et al. to propose that Agfru is the master
switch gene for male sexual behaviour in A. gambiae. Moreover, the striking conservation of the fru gene across 250 Myr
of evolution, led authors to also conclude that fru is an ancestral gene regulating sex-specific behaviour determination
among at least dipteran insects. The finding of MOL-like differentiation within abdomen of male mosquitoes suggests a
primitive fru-like muscle determining function, conserved in
parallel with male sexual behaviour control. Gailey and colleagues proposed that these functions, specification of the
nervous system for male sexual behaviour and development
of the MOL, may represent the primitive state of fru in insect
evolution (Gailey et al. 2006).

fru in Hymenoptera
If the discovery of functional sex-specific fru transcripts in
A. gambiae was remarkable, the very recent observation
of the conservation of fru locus architecture and the sexspecific transcript splicing pattern in the haplo–diploid Nasonia vitripennis is even more outstanding. Recently, Bertossa
and colleagues reported a very detailed structural and transcript expression analysis of a fru homologue in this wasp
(Bertossa et al. 2009). The parasitoid wasp N. vitripennis (Hymenoptera: Pteromalidae) is quickly emerging as a
model system in many areas of biology (Beukeboom and Desplan 2003), and its complex stereotyped male courtship behaviour along with a sequenced genome (Beukeboom and
van den Assem 2001) make this organism well-suited for
studying the evolution of behaviour in insects (Beukeboom
et al. 2007; Bertossa et al. 2009).
The fru transcript architecture in Nasonia is essentially
identical to Drosophila. Transcripts begin primarily with an
exon linked to the BTB coding exon and, through two low
conserved connecting exons, end up with alternative zinc

finger domains coding exons (figure 2). Also, in Nasonia,
multiple alternative promoters were reported with transcripts
common to both sexes arising from promoters most proximal to the BTB exon (P2-P3-P4-P5-P6 promoters), whereas
sex-specific transcripts deriving from promoters more 5 upstream in the fru locus (P0–P1). As in Drosophila, Nasonia
P1-transcripts undergo sex-specific splicing regulation. Furthermore, in Nasonia, fru sex-specific splicing in the head
of adult gynandromorphs follows the sex of the tissue, indicating that fru is also likely processed by factors of the
sex-determination cascade (Kamping et al. 2007; Bertossa
et al. 2009). Despite this finding, no TRA/TRA-2 binding
sites were found in Nasonia fru exon P1. Bertossa et al. in
2009, by comparative analyses of N. vitripennis fru and dsx,
and Apis mellifera dsx and of an in silico identified A. mellifera fru sequences, identified a new repeat sequence clustered on a short sequence stretch in female Nasonia fru and
dsx exons and an Apis dsx female exon. Interestingly, one
of these 8-nt sites is also found in an in silico identified putative female-specific Apis fru exon. Moreover, the distance
from the downstream female splice sites to the upstream conserved sequences in Nasonia and A. mellifera and the 5 most
dsxRE element in Drosophila fru transcripts, is exactly the
same (240 bp). Taken together, these data suggest that the
new identified repeats, alone or in conjunction with other
sites, may constitute recognition sites for regulatory factors,
which are homologous in function to TRA and TRA-2 proteins and responsible for the activation of female-specific
splicing in Nasonia, Apis and possibly other hymenopteran
species. These findings led the authors to suggest that conserved fru sex-specific splicing evolved either prior to the
split between Hymenoptera and Diptera (250–300 Myr) or
was acquired independently in both lineages (Bertossa et al.
2009).
Bertossa et al. (2009) also reported new features of Nasonia fru transcripts compared with corresponding Drosophila
and Anopheles sequences, the more interesting of which are
the following: (i) P0-fru female-specific transcripts coding
for a large FRU protein exclusively in females; however, its
functionality still needs to be determined, but this finding
may be the first identified FRU female-specific protein in insects; and (ii) the presence of two new zinc finger domains
(ZnF-F and ZnF-G) absent in the Drosophila and Anopheles
fru loci.

fru in Lepidoptera
Adult males of the silkworm moth Bombyx mori achieve, in
response to the female sex pheromone, a mating dance composed of wing vibrations, walking, and occasional abdominal curvature. This mating dance is essential during the localization of the calling female (Kanzaki 1998). The wing
vibrations of males during the mating dance are in a sequential and rhythmic motor pattern at 30–40 Hz (Kanzaki 1998),
which are thought to be generated by neuronal networks
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named ‘central pattern generators’ (CPGs) (Delcomyn 1980)
and modified by external inputs, including essential sensory
signals that correctly shape the final motor pattern (HarrisWarrick and Marder 1991). When the males mate with females, they stop walking and then vibrate their wings for
several seconds. Next, males begin another series of rhythmic intermittent wing vibrations, which usually continue for
several minutes during mating.
Recently, Sasaki and colleagues, through a mutant analysis of a homeotic gene complex (the E complex) involved
in the specification to the larval body segments, showed that
B. mori mutant adult males display abnormal wing vibration
patterns during mating (Sasaki et al. 2009). Their results suggest that the wing vibration pattern is restricted by genetic
factors through reconstruction of the thoracic nervous system during metamorphosis. The B. mori fru homologue may
be one of candidate genes, responsible, also in Lepidopteran
species, for the development of the correct male-specific neural network involved in the control of wing vibration patterns.
A B. mori genome (SilkDB) Blast search reveals the presence of a putative fru homologue (Bmfru), with a well conserved BTB-domain (BGIBMGA006492-PA); however, it is
unknown if this homologue is involved in determining sex in
Bombyx neurons. Like Drosophila fru, Bmfru has numerous
isoforms produced by transcription initiation at diﬀerent promoters and by alternative splicing. Moreover, expression in
the adult head is quantitatively diﬀerent between the sexes,
suggesting a sex-dependent function for Bmfru in the silkworm brain (Fujii and Shimada 2007; Ohbayashi 2001).
The chromosomal sex-determination mechanism of the
silk moth is distinct from the mechanism in D. melanogaster,
with female (ZW) being the heterogametic sex and male
(ZZ) being the homogametic sex. Moreover, in B. mori, the
female sex is determined by the presence of a dominant
feminizing factor (Fem) on the W chromosome (Hashimoto
1993). Despite this diﬀerence, a dsx homologue, regulated
by sex-specific alternative splicing was identified in B. mori
(Ohbayashi et al. 2001). Diﬀerent from the Drosophila doublesex gene, which is regulated by the activation of splicing in females, the Bombyx doublesex gene (Bmdsx) encodes female-specific and male-specific mRNAs regulated
via male-specific repression of splicing. Moreover, it was determined that (i) the TRA/TRA-2 binding sites are not conserved (Suzuki et al. 2001); (ii) the default dsx splicing, when
tested in HeLa cells, is female-specific (Suzuki et al. 2001);
and (iii) that the repression of male-specific splicing is regulated by the BmPSI gene through the binding of the CE1 cis
element, present in the female-specific Bmdsx exon (Suzuki
et al. 2008).
In Lepidopteran species, male-specific dsx splicing needs
to be regulated and sex-specific splicing regulators exist that
are diﬀerent from TRA and TRA-2. This possible inversion
in the default dsx splicing regulation appears even more intriguing if one also considers that, in B. mori, the heteroga-
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metic sex is female. The cloning and analysis of a fru homologue in B. mori will help to unravel if it is involved in
courtship behaviour regulation and if an ‘inverse’ splicing
regulatory mechanism occurs with a female-specific default
state and a male-specific regulated state.

fruitless gene of hemimetabolous insects
In 2006, Ustinova and Mayer reported the cloning of a partial fru gene in hemimetabolous insects (insects species that
have immature stages, similar in shape to the adult without
wings, and that undergo partial or incomplete change: hemi,
part; metabolous, metamorphosis or change) in three closely
related grasshoppers species belonging to the genus Chorthippus (Orthoptera, Acrididae). Chorthippus spp. grasshoppers produce calling and courtship songs to attract and find
mating partners. It is believed that their complex bidirectional acoustic communication system led to the rapid radiation by evolution of pre-mating hybridisation barriers (vonHelversen and von-Helversen 1994). Grasshopper fru is similarly organised to the fru of holometabolous insects, with
conserved BTB and zinc finger domains separated by a linker
region, with less conservation and resemblance to the homologous region of hymenopteran fru. Corthippus fru ends with
a zinc finger domain similar to splice form B of Drosophila
fru (Ustinova and Mayer 2006). These findings suggest that
holometabolous and hemimetabolous insects share the domain architecture of FRU proteins.
As in Drosophila, Anopheles and Nasonia, diﬀerent transcripts of fru are found in grasshoppers produced by alternative starts of transcription and alternative splicing, but, in
contrast with these holometabolous species, the fru gene generate non-sex-specific mRNAs, (figure 2). Coding sequences
of these transcripts are identical and start immediately upstream of the BTB domain, which is the same site as P4 transcripts of D. melanogaster (Ustinova and Mayer 2006).
The absence of functional data on fru in grasshoppers
leaves an open question on its involvement in control of male
behaviour in these insects. Moreover although sex-specific
fru transcripts have not been found to date in these species,
a more extensive analysis of cDNA clones and gene expression is required, as suggested by the authors, to exclude the
existence of additional fru sex-specific mRNA (sex-specific
promoters or sex-specific splicing of additional exons still to
be identified).
In D. melanogaster fru mutants that lack the malespecific elements in the fru transcripts, hence resulting
similar to grasshoppers fru transcripts, exhibit aggressivelike head interactions (Lee and Hall 2000), and male–male
aggressive behaviour was found in Hawaiian Drosophila
species (Davis et al. 2000a). Interestingly, male rivalry is also
typical for Chorthippus species, where males ‘challenge’
other males without physical interaction but sing alternated
rival songs, which resemble courtship songs (Jacobs 1953).
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Figure 2. Gene structure alignment of the P1 sex-specific homologous region of fru genes in five insect species.
Boxes represent exons and lines represent introns. Light grey boxes represent male-specific regions of the P1 exon,
white boxes represent female-specific regions of the P1 exon, containing stop codons (indicated by asterisks) and
putative regulative sequences (red dots, dsxRE; green dots, putative Nasonia RE). Black boxes represent common
BTB domain encoding exon(s). The distance of the last regulative sequence from the regulated 5 female-specific
SS is reported in base pairs (bp). Female-specific and male-specific splicing is represented for each gene. The phylogenetic relationships among the six species are shown to the left of the gene structures. Approximate divergence
times among lineages are indicated in million of years ago.

Ustinova and Mayer (2006), by a detailed fru haplotype
analysis, reported the existence of several closely related
fru paralogues in the genomes of grasshoppers. This finding constitutes a novel feature of the fru gene not yet reported for any other insect species. The authors proposed
that diﬀerent functions of fru may adopted by diﬀerent fru
paralogues in Chorthippus spp., whereas in holometabolous
species, they are regulated by alternative splicing of transcripts derived from the unique fru gene. Moreover, Ustinova
and Mayer (2006) speculated that if one of the functions of
fru in grasshoppers is the production of male calling songs, it
is possible that duplication of fru, through a rapid birth-anddeath process (Nei and Rooney 2005), could have participated in a rapid speciation that is based on the divergence of
acoustic communication signals, without disruption of other
functions of fru.
If confirmed in other hemimetabolous species, the presence of multiple fru copies may constitute the primitive form
of fru functional diﬀerentiation in insects. A recombination event between two fru paralogues, which predates the

switch between holometabolous and hemimetabolous separation, may have led to a P1-like fru, able to transcribe sexspecific mRNAs by alternative splicing.

Conclusions
If a behavioural switch gene exists in the CNS of insects
that is able to determine the potential for a complex behaviour as courtship, then the fru gene is an excellent candidate. In Drosophila, the sex-specific alternative splicing
of P1-controlled fru transcripts, coupled with their translational repression in females, is necessary and suﬃcient to
create sex-specific neural substrates for the onset of male
sexual behaviour. The expression of fru-P1 transcripts begins at the 3rd instar larval stage and reaches its maximum
at the pupal stage, during metamorphosis, when development
of the imaginal CNS occurs by cell death and remodelling of
larval neurons to produce the adult CNS. After emergence,
Drosophila male flies will have a male-specific neural network that integrates environmental inputs, and they begin to
court females to produce oﬀspring.
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Sexual behaviours occur to find the best available partner and to convince it to mate and are one of the strongest
bottlenecks of natural selection. Indeed, we can imagine that
also the common ancestor of the innumerable species of insects alive today had to address this problem. In the approximately 500 Myr after the emergence of this ancestor, evolution has had much time to select and then gradually refine
a genetic system to control this key process. Cloning and
functional analysis of the fru gene in various insect species
suggest that, even with some minor changes, the alternative
splicing strategy used to define male sexual behaviour in
Drosophila has remained unchanged for the past 350 Myr.
The fru gene of hemimetabolous insects appears to be regulated by diﬀerent mechanisms other than alternative splicing.
For holometabolous insects instead, from the Hymenopteran
order through Diptera, sex-specific alternative splicing appears to be a common feature of fru homologues regulation
(figure 2).
Despite this conserved feature, very little is known about
the splicing regulators of the fru gene outside of Drosophila.
To date, only in the dipteran Ceratitis capitata is fru gene regulation under the control of upstream regulators (Cctraep and
Cctra-2aux-ep) of the sex-determination hierarchy (Salvemini et al. 2009). In other species, the upstream sex-specific
regulators of fru still need to be identified. The conserved
genomic structure of fru homologues and the presence of putative regulative cis-acting elements in conserved positions
of the female-specific region of fru P1-transcripts strongly
suggest that fru alternative splicing may be regulated by protein(s) belonging to a RNA binding protein family in these
species. Wilkins (1995) hypothesised that genes such as dsx
and fru that are at the bottom of the sex determining hierarchy are more conserved; however, some diﬀerences in the
nature and/or in the modulation of the functions of upstream
regulators are expected. Homology searches of the A. gambiae (Gailey et al. 2006) and the Aedes aegypti (Salvemini et
al. unpublished results) genomes yield a high homology hit
using TRA-2 as the virtual probe, but this is not found for
dipteran TRA. In Hymenoptera, a Ceratitis traep homologue
was recently identified in Apis mellifera, named fem (Hasselmann et al. 2008). This gene exhibits autoregulatory activity
like the Ceratitis traep gene and is involved in the splicing
regulation of the Apis dsx homologue (Gempe et al. 2009).
fem is the best candidate to be the upstream regulator of fru in
Apis mellifera and most likely in other hymenopteran species
such as Nasonia vitripennis. More striking surprises could
come from the isolation of a fru homologue in lepidopteran
species because most of these insects have female heteromorphic sex chromosomes and a female-specific default state of
dsx, the other gene at the bottom of sex-determination cascade.
For all these species, the control of male sexual behaviour
by fru is only theoretically inferred by gene structure conservation and sex-specific expression due to the lack of mutants and homologous experimental evidence. The only het296

erologous functional analysis was performed with Anopheles
male-specific FRUC protein expressed in Drosophila transgenic strains. This work results in MOL development in both
fru-mutant males and f ru+ females who otherwise develop
no MOL (Gailey et al. 2006). Further studies are required to
unravel if fru functions related to male sexual behaviour control are conserved in insects. In particular, if in these insect
species fru is necessary and suﬃcient for male courtship behaviour it will be interesting to understand how interspecific
diﬀerences in this trait are produced.
In species with isolated fru, except for A. gambiae,
courtship behaviour includes species-specific quantifiable
and stereotyped steps. fru is involved in the control of wing
buzzing in Drosophila males and most likely in other species.
Ustinova and Mayer (2006) described a correlation between
male courtship song diﬀerences of three grasshopper species
(genus Chorthippus) and nucleotide substitutions in their respective fru homologues. They speculated that if one of the
functions of fru in grasshoppers is the production of male
calling songs, it is possible that the duplication of fru may
have participated in rapid speciation that is based on the
divergence of acoustic communication signals without disruption of other functions of fru. Analysis of diﬀerences in
FRUM expression between closely related species that diﬀer
in having or not the complex male courtship behaviour (for
instances in mosquitoes Anopheles or Aedes spp. versus Sabethes spp.) may suggest that changes in the spatial-temporal
regulation of fru are important for the origin of sexually dimorphic behaviours.
A great challenge remains in deciphering the regulatory
mechanisms underlying the expression control of the fru
gene, also in Drosophila, during development and in various tissues. What is responsible for diﬀerential activation of
fru promoters? How extended is the conservation of fru promoters and their regulation between diﬀerent species? The
existence of at least seven promoters in Nasonia fru suggests
that additional levels of complexity in fru regulation may exist (Bertossa et al. 2009). Moreover, there is practically no
information regarding the mechanism underlying the spatial
and temporal regulation of alternative splicing at the 3 region of the fru gene in the nervous system and in others tissues.
In conclusion, fru with its complex system of multi-level
regulation is proposed to be one of the most interesting genes
to study the evolution of development and behavioural genetic control. Analysing the role of fru in the control of similar behaviours in diverse organisms may greatly enhance our
understanding of behaviour evolution. Waiting for such future discoveries, the ‘love story’ of fru, insect courtship behaviour and alternative splicing goes on to its ‘wing-buzzinglove soundtrack’.
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