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This paper reviews the courtship behaviour of Drosophila, focusing on courtship songs and
types and patterns of sounds in a variety of species with regard to phylogeny. Courtship song
is one of the most important signals from males to females during courtship. In most species,
males emit one or two types of courtship song, such as a pulse song and a sine song. Some
species produce two types of pulse songs, some a pulse song and a sine song, and others a pulse
song but no sine song. In the wmontium species subgroup of the Drosophila (Sophophora)
melanogaster species group, copulatory courtship songs are reported; some species produce
before and after mounting but others only after mounting. In the Drosophila (Drosophila) virilis
species group and Zaprionus, both sexes produce songs. Breeding sites, sex pheromones and
other courtship signals are also examined. Mate recognition in relation to the role of courtship

elements are discussed from an evolutionary point of view.

1. Introduction

Courtship behaviour in Drosophila was first re-
ported by Sturtevant (1915), who used Drosophila (So-
phophora) melanogaster (D. ampelophila) and described
several courtship elements, including vibration, scis-
sors movement, circling and licking. Wing vibration
was pointed out as “the most noticeable act” in the
courtship described in that report. A sound is
produced by the vibration, which was not known at
the time, but now the importance of courtship songs is
widely acknowledged.

More than 4,000 species are described in Drosoph-
ilidae and more than 1,000 belong to a single genus,
Drosophila. Although there are differences in quality
(behavioural elements) and quantity of courtship
behaviour between species, an outline of the courtship
behaviour of a particular species is helpful for under-
standing the function and diversity of courtship of
Drosophila. Here, like Sturtevant, we are concerned
with D. melanogaster.

Courtship begins with the orientation of the male.

He slows down his movements and points his head
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toward a female at a distance of one to two body
lengths. He approaches her and when she moves,
follows her. Vision is one of the most important
modalities in orientation and following. In D.
melanogaster, the frequency of and time spent on
orientation decline in the dark (Willmund and Ewing,
1982; Sakai et al., 1997). When the male moves close
to the female, he touches her with his foreleg (tap-
ping). There are taste-type chemosensory bristles on
the fore tarsi. He senses cuticular hydrocarbons on
her body by tapping. After several rounds of tapping,
he vibrates his wing at 90 degrees and produces a
courtship song (Fig.1A). The vibrating wing is, in
most cases, the one closest to the female. Although it
is less frequently observed, the male vibrates both
wings as scissors (scissoring, Fig. 1B). Then he licks
her genitalia after and/or with vibration. If the
female is receptive, she moves slowly, stops walking,
and spreads her vaginal plates. The male curls his
abdomen and tries to grasp her abdomen with his
forelegs and middle legs to copulate (a copulation
attempt). If she does not reject him, genitalic cou-
pling is achieved. If the female rejects him, she
escapes from him (decamping), kicks him with her
hindlegs (kicking), or moves both her wings (flutter-
ing).

In real observations, the sequence of courtship is
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not always the linear process mentioned above. In
some cases, a male repeats several behavioural ele-
ments back and forth. In other cases, especially
when the male is sexually excited, some elements are

omitted. If the female escapes from the male, he

A. Vibration (D. melanogaster)

B. Scissoring (D. simulans)

C. Wing display (D. suzukii)

D. Abdomen bending (D. quadrilineata)

Abdomen

Q @%@

Figure 1 : Wings used in courtship. Vibration in Droso-

phila melanogaster (A), scissoring in D. simulans (B), wing

display in D. suzukii (C) and abdomen bending in D. qua-

driliniata (D).

ceases courting.

Courtship elements are species specific. Some
species have elements that are different from D.
melanogaster. Others do not have some of the ele-
ments observed in D. melanogaster. Quantitative
differences between strains or species also exist.
Therefore, in order to compare courtship between
species in detail, the observer may sequentially record
when all the courtship elements begin and end. Data
can be summarized as an ethogram or a diagram that
shows transition probabilities from one element to
others and also can be used for several statistical
analyses.

Although vibration is the most remarkable behav-
iour in Drosophila courtship as Sturtevant (1915) de-
scribed, it was about a half century before Shorey
(1962) reported sounds produced by vibration (Fig. 2).
Since then, courtship songs of many species have been
described in Drosophila. In general, courtship songs
are species specific, especially between sympatric
species, playing an important role in the courtship of
Drosophila and affecting the female’s decision of
whether or not to accept the courting male.

This review summarizes the courtship behaviour
of Drosophila and provides an up-to-date catalog of
Drosophila songs. Since phylogenetic constraints are
one of the most important factors in the evolution of
behaviour, we will discuss the behaviour in relation to
the phylogeny of species of Drosophila. Hawaiian
picture-winged Drosophila exhibit diversified biologi-
cal traits including courtship behaviour (Spieth, 1984).
The diversity and evolution of the Hawaiian species
are quite interesting, but we deal with these species

only as a special topic.

2. Breeding sites

A wide variety of breeding sites are used by
Drosophila, including plants, fungi, fruits, fermenting
sap (slime fluxes), cacti, flowers and crabs (Spieth,
1951; Carson, 1971; Powell, 1997). Although many
species can be collected on rotting fruits and by
banana bait traps, there may exist host specificity or
preference. Some species use secondary host plants
and host switching may have played an important role
in the separation of lineages (Magnacca et al., 2008).
In D. melanogaster, courtship and mating usually take
place at feeding locations, rotting fruits, where
females oviposit. Both sexes are attracted to the
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Figure 2 © Oscillogram of courtship songs in Drosophila melanogaster, D. simulans, D. mauritiana and D. sechellia. Both
pulse and sine songs are observed in D. melanogaster, D. simulans and D. mauritiana, but only pulse song in D. sechellia.
Interpulse interval is a time interval between pulses. The original figure is from Tomaru and Oguma (2003) and modified

for this review.

odours. Some species have a specific host, for exam-
ple, Gecarcinus ruricola (black or mountain crab) for
crab fly, D. carcinophila of the mercatorum species
subgroup of the D. (D.) repleta species group and D.
endobranchia of the D. (D.) canalinea species group
(Carson, 1971); Morinda citrifolia for D. sechellia of the
D. (S.) melanogaster species subgroup (Lachaise et al.,
1988; R’Kha et al., 1991; Higa and Fuyama, 1993;
Jones, 1998); cacti for cactophilic species of the repleta
group (Krebs and Bean, 1991; Powell, 1997); and
flowers for many species in a variety of groups, for
example, D. florae of the D. (D.) bromeliae species
group, species of the D. (D.) flavopilosa species group,
D. (Phloridosa) lutzii (Carson, 1971), D. oshimai of the
suzukii species subgroup of the D. (S.) melanogaster
species group (Choo and Nakamura, 1973), and species

of the D. (S.) elegans species subgroup of the
melanogaster group (Sultana et al., 1999; Kimura and
Hirai, 2001).

Feeding, mating and ovipositing do not always
take place at the same site in a lot of species (Carson,
1971). Males of D. elegans hold territories on morn-
ing glory (lpomea) flowers (Hirai and Kimura, 1997;
Kimura and Hirai, 2001). In the early morning males
disperse to newly opened flowers from withered
flowers where they spent the night. Aggressive
behaviour or fighting with intruding males is ob-
served. A series of courtship behaviours is perfor-
med on flowers. The number of males on a single
flower increases from morning to evening and the
males can no longer defend their territories. In the

evening, the flies stay and spend the night. Females
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lay eggs on flowers in the daytime. Species of
Hawaiian picture-winged Drosophila court and mate
not at the feeding sites but on leks (Spieth, 1984). For
example, males make leks on tree trunks, the under-
surface of trees, or shrub stems. A female visits the
leks and chooses a male to mate. In cactophilic D.
(D.) mojavensis, males are distributed across the ne-
crotic cactus arms in the morning and courtship and
mating are observed there. The site of ovipositing is
not the necrotic arms but different parts of the cacti
(Krebs and Bean, 1991).

3. Courtship songs

3.1 Two types of courtship songs

Males of most species in the genus Drosophila
emit sounds (courtship songs) toward females by
vibrating their wing(s) during courtship rituals (Table 1,
where the species are arranged according to their

phylogenetic relationships shown in Fig.3). Some

— Scaptomyza

'— Hawaiian Drosophila
— polychaeta gr.

'— repleta gr.

— robustagr.

— virilis gr.

—— tenuicauda gr. (Dichaetophora)
— _[ Hirtodrosophila
Mycodrosophila

—— immigrans gr.

— — funebris gr.
— quinaria gr.

— quadrilineata (immigrans gr.)

_ — Zaprionus

— obscura gr.

— melanogaster gr.

— willistoni gr.

— saltans gr.

— denticeps gr. (Lordiphosa)

— fenestrarum gr. (Lordiphosa)

Scaptodrosophila

Figure 3 : Phylogenetic relationships of Drosophila. The
diagram is based on the consensus tree of Katoh et al.
(2000) and has been modified for the Drosophila immigrans
species group (Katoh et al.,, 2007). Genera or species
groups not listed in Table 1 are also presented.

species produce sounds by one wing, some by both
wings and others use one or both wings in a species
specific manner. Furthermore, males of some
species vibrate wings differently for each song reper-
toire even in a species (Asada et al., 1992; Demetriades
et al., 1999). Courtship songs of Drosophila can be
classified into two types based on the waveforms of
the sounds. The major type, “pulse song”, is ob-
served in most species producing songs. The other
type is “sine song” (or “humming sound”). Both
types are common in species of the genus Drosophila,
although different names have been sometimes used to
describe similar songs of different species by different
authors.

A pulse song consists of a series of separate
pulses (Fig. 2); although sometimes the pulses are
connected without intervals. Each pulse is composed
of several cycles of waves. A series of pulses is
called a “burst” or “train”. Pulse songs are char-
acterized by several parameters such as cycle length,
cycle number per pulse, pulse length, intrapulse fre-
quency, interpulse interval, pulse number per burst,
intraburst frequency and interburst interval. Differ-
ent terms may be used to describe song parameters by
different authors and the same terms are sometimes
defined differently. Thus, one should be careful when
comparing songs between species, since different
terms sometimes refer to the same parameter. Sine
songs are sounds without pulse structure (Fig. 2); the
name “sine song” comes from the waveform which is
similar to a sine wave. There are many species in
which males do not produce this type of song (Table 1).
Sine songs are characterized by the frequency and
length of the song.

3.2 Soneg repertoires

Concerning song repertoires, some species have
only one song and others have two or more song types.
In the former case, the songs are usually pulse songs.
In the latter case, combinations include two types of
pulse songs, a pulse song and a sine song, or two types
of pulse songs and a sine song. Thus, some species
have several types of pulse songs. To date, a species
with three song types (two pulse plus one sine) is D.
stamana of the hypocausta species subgroup, the D.
(D.) immigrans species group (Asada et al., 1992).

Several different terms for more than two pulse
songs have been used and there are also differences
how to classify the pulse songs. Two species in the
D. (S.) pseudoobscura species subgroup (D. pseudo-
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obscura and D. persimilis) have two pulse songs, a high
rate repetition song (HRR) and a low rate repetition
song (LRR), which differ in rates of repetition in a
burst (Ewing, 1969). Similarly, five species in the D.
(S.) affinis species subgroup (D. affinis, D. algonquin,
D. athabasca, D. azteca and D. tolteca) have two pulse
songs, high and low pulse repetition rate sounds
(Chang and Miller, 1978). Species in these two
species subgroups (the pseudoobscura and the affinis
subgroups) have similar two type songs and both
subgroups belong to the same species group, the D.
(S.) obscura species group. Two species in the D. (D.)

Sfunebris species group (D. multispina and D. mac-

rospina) have two pulse songs, primary and secondary
songs, the latter being characterized by polycyclic
pulses and long interpulse interval (Ewing, 1979).
Twelve species in the repleta group (D. anceps, D.
meridiana, D. navojoa, D. peninsularis, D. stalkeri, D.
mercatorum, D. canapalpa, D. limensis, D.
melanopalpa, D. hydei, D. eohydei and D. neohyder)
have two pulse songs, A and B songs; A songs consist
of simple, short pulse trains produced towards the
start of courtship, while B songs tend to be more
complex and occur later (Ewing and Miyan, 1986).
Four species in the bipectinata species complex of the
D. (S.) ananassae species subgroup of the melanogaster
group (D. bipectinata, D. parabipectinata, D.
pseudoananassae and D. malerkotliana) have two pulse
songs, short and long songs (Crossley, 1986).

In the melanogaster subgroup, six species have
both pulse and sine songs: D. melanogaster, D.
simulans, D. mauritiana, D. erecta, D. teissieri and D.
orena (Ewing and Bennet-Clark, 1968; Cowling and
Burnet, 1981; Cobb et al., 1989), whereas D. sechellia,
D. yakuba and D. santomea have no sine songs (Cobb et
al., 1989; Watson et al., 2007; Blyth et al., 2008).
Although D. yakuba and D. santomea have no sine
song, they have two types of pulse songs (Demetriades
et al.,, 1999; Watson et al., 2007; Blyth et al. 2008):
primary and secondary songs that differ in interpulse
interval and intrapulse frequency (Blyth et al. 2008).
Even though these two species are close relatives in
this species subgroup (Llopart et al., 2002), song
parameters are clearly different. Primary and sec-
ondary songs were first named as clack and thud
songs, respectively, by Demetriades et al. (1999), but
there is a confusion surrounding the terminology of
song types (Blyth et al., 2008). Therefore, here we

use new terminology, primary and secondary songs,

which are reclassified by Blyth et al. (2008). Two
closely related species, D. birchii and D. serrata of the
D. (S.) montium species subgroup of the melanogaster
group (Hoikkala and Crossley, 2000), three species of
the lini clade in the D. (S.) kikkawai species complex
of the montium subgroup (D. lini, D. ohnishii and D.
ogumai) (Wen et al., 2011), two species in the D. (D.)
virilis species group (D. littoralis and D. flavomontana)
(Hoikkala, 1985; Suvanto et al., 1994) and one species,
Hirtodrosophila mycetophaga (Crossley, 1989) also have
both pulse and sine songs. The order of pulse songs
and sine songs in courtship is also species specific;
species in the melanogaster species subgroup usually
produce sine songs before pulse songs. Songs of H.
mycetophaga look like those of D. melanogaster, that
is, sine song followed by pulse song. On the other
hand, three species of the Zini clade produce pulse
songs followed by sine song. A male of D. littoralis
usually produces pulse songs but he produces a hum-
ming sound while circling around a female when the
female does not spread her wings (acceptance pos-
ture).

Courtship songs are, in general, species specific.
As mentioned in the previous section, song repertoires
and structures are similar among species in the same
species subgroup or species complex; in this sense,
courtship songs reflect phylogenetic relationships.
But parameters, such as interpulse interval and
intrapulse frequency, are diverged even between close-
ly related species. Since species of Drosophila
producing courtship songs have at least one pulse song
and a part of the species have sine song, pulse song in
the genus Drosophila seems to be a single origin,
whereas sine song is likely to have multiple origins
because species producing sine song belong to differ-
ent groups (Crossley, 1990). Pulse songs are often
critical for species recognition for females, and there-
fore, it is difficult to lose. In contrast, sine songs are
not species identifiers in most cases, suggesting that
they are easily lost. The sound characteristics and
wing movements of sine songs are similar to those of
when flying (von Schilcher, 1976b; Crossley, 1990).
Therefore, sine songs are easier to generate than pulse
songs. An exception is the /ini clade, where sine
song seems to be more important than pulse song
(Wen et al., 2011).
3.3 Role of courtship songs

Courtship songs have been suggested to: (1) lower
female locomotor activity and increase female recep-
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tivity (Bennet-Clark and Ewing, 1967; von Schilcher,
1976a, b; Crossley and Bennet-Clark 1993; Crossley et
al., 1995), (2) increase male activity (von Schilcher,
1976a; Crossley et al., 1995; Eberl et al., 1997), (3) act as
an indicator for sexual selection, (4) provide species
specific signals for mating with an appropriate part-
ner.

Although the first role is suggested in both sine
and pulse songs in D. melanogaster (von Schilcher,
1976a, b; Crossley et al., 1995), pulse song acts as a
critical signal in species recognition. As shown by
playback song experiments, species specific interpulse
interval is a parameter fascinating to females in the
melanogaster subgroup (Bennet-Clark and Ewing,
1969; von Schilcher, 1976a, b), the D. (S.) auraria
species complex of the montium subgroup (Tomaru et
al., 1995) and the wirilis group (Isoherranen et al.,
1999b; Saarikettu et al., 2005). These findings mean
that the interpulse interval is one of the critical sig-
nals to maintain species and isolate different species.
Although mate recognition is performed by both
sexes, usually males act first in the courtship of
Drosophila. Males choose a mate by assessing signals
emitted from females; a well-known signal is female
cuticular hydrocarbons that function as a sex pher-
omone. The females then decide to accept or reject
male courtship by examining a male-producing signal;
a well-known signal is male courtship songs.

Interpulse intervals are reported to vary within a
series of songs in the species of the wmelanogaster
subgroup and the pseudoobscura subgroup (Kyriacou
and Hall, 1980; Alt et al., 1998; Noor and Aquadro,
1998; Demetriades et al., 1999). The fluctuating cycle
of interpulse interval variation within an individual is
thought to be important for mating in the melanogas-
ter subgroup (Kyriacou and Hall, 1982; Ritchie et al.,
1999), but not likely in the pseudoobscura subgroup
(Noor and Aquadro, 1998).

Importance and effects of conspecific and heter-
ospecific songs differ depending on the species. In
some cases, heterospecific songs are more important
to avoid an inappropriate mate and conspecific song is
not necessarily needed for a successful mating, for
example, a species pair of D. (S.) ananassae and D. (S.)
pallidosa (Yamada et al., 2002a, 2008), the awuraria
complex (Tomaru et al., 1995, 1998), D. virilis and D.
littoralis (Hoikkala and Aspi, 1993; Isoherranen et al.,
1999a). Even in such species, conspecific acoustic
signals have a role in enhancing female receptivity.

In some other cases, the priority of conspecific song is
very high, for example, D. (D.) montana (Liimatainen
et al., 1992; Hoikkala and Aspi, 1993), D. (D.) ezoana
(Hoikkala and Aspi, 1993), D. (Dorsilopha) busckii
(Bixler et al., 1992), D. sechellia (Tomaru et al., 2000,
2004) and one of the strains of D. pallidosa (Doi et al.,
2001); they do not mate without conspecific songs. In
other cases, species specificity in song parameters is
not critical but facilitates faster mating.
3.4 Copulating sonss

Males of the majority of Drosophila species pro-
duce songs during courtship rituals before mounting
females. Some species, however, are known to show
copulatory courtship (Spieth, 1952); they produce
songs during mounting (when a male is trying to get
on a female) and after mounting (when he is complete-
ly on her). Most of the species showing copulatory
courtship belong to the montium subgroup, including
the species of the awraria complex (Tomaru and
Oguma, 1994a, 1994b), of the lini clade in the kikkawai
complex (Wen et al., 2011) and of the D. (S.) serrata
species complex (Hoikkala and Crossley, 2000). Out-
side the montium subgroup, copulating songs are
reported in D. (S.) algonquin from the affinis subgroup
(Chang and Miller, 1978). Copulating songs were also
reported in two species from the melanogaster sub-
group, D. sechellia and D. orena, but it is not clear
which sex produces the sounds (Cobb et al., 1989).

Within the species producing copulating songs,
some species produce songs before and during/after
mounting and the others only during/after mounting.
Those which produce songs before and during/after
mounting are species of the auraria complex (Tomaru
and Oguma, 1994a, 1994b) and D. algonquin (Chang
and Miller, 1978). In contrast, three species of the
lini clade and two species of the serrala complex
usually do not produce songs before mounting, but do
only during/after mounting. In these species, a
female receives acoustic signals only after mounting.
If she judges that a mounting male is not an appropri-
ate mate, she refuses him physically, for example, by
fluttering and kicking. The situation in species of
the serrata complex and the /ini clade looks the same,
but the significance of the songs is very different.
Courtship song is unlikely to be a critical factor in the
discrimination between D. serrata and D. birchii,
because the females discriminate against wingless
males (i.e.,, no wing vibrations, no songs) during copu-
lation (Hoikkala and Crossley, 2000). On the other
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hand, in the three species of the /ini clade, male songs
emitted during/after mounting seem to be critical in
mate discrimination (Oguma et al., 1995; Wen et al.,
2011), even though they are produced only after
mounting.
3.5 Redecting sounds by females

In contrast to males, females usually do not emit
specific sounds (Ewing and Bennet-Clark, 1968).
Although female wing movements such as fluttering
produce sounds, they are usually not a constant acous-
tic signal but rather irregular sound noise, often
louder than male courtship songs (our observations).
These sound noises are considered a signal of rejec-
tion. Such wing fluttering is observed in many
species (Ewing and Bennet-Clark, 1968; Ikeda, 1985;
Crossley, 1986; Paillette et al., 1991; Satokangas et al.,
1994; Suvanto et al., 1994; Oguma et al., 1995; Tomaru
et al., 1998; Yamada et al., 2008). Female wing flut-
tering was observed especially in heterospecific pairs
between species of the /ini clade in the Fkikkawai
complex (Oguma et al., 1995; Wen et al., 2011), the
auraria complex (Tomaru et al., 1998) and the D. (S.)
ananassae species complex (Yamada et al., 2008);
furthermore, the flutterings cause male courtship ter-
mination (Yamada et al., 2008). This behaviour is
observed among not only females but also males
(Ikeda 1985; Paillete et al., 1991; Satokangas et al.,
1994; Suvanto et al., 1994; Saarikettu et al., 2005;
Yamada et al., 2008). Therefore, fluttering and its
effect are likely to be universal between species and
sexes in Drosophila, but it is not known which signals
emitted by the fluttering are effective among acoustic,
visual and pressure sense.
3.6 Female song: duet

Females of species in the virilis group (D. amer-
iwcana, D. kanekoi, D. borealis, D. lummei, D. ezoana,
D. montana, D. virilis, D. flavomontana, D. lacicola
and D. littoralis) are known to produce songs called
“duet”, because both males and females produce songs
during courtship (Donegan and Ewing, 1980; Hoikkala,
1985). Donegan and Ewing (1980) reported that the
female started singing before the male. The female
song has a role to induce the males to court. Actu-
ally, the female does not repel a male after producing
the songs and immediately accepts a courting male
(Satokangas et al., 1994). The female song observed
in the wvirilis group is not common in the genus
Drosophila, but similar female songs are known in

species of the genus Zaprionus, a close relative of the

genus Drosophila (Bennet-Clark et al., 1980).
3.7 Sounds produced not by wing
vibration

Insects are known to use various organs to pro-
duce sounds for communication (Ewing, 1989).
Drosophila males produce courtship songs by wing
vibrations, but there are exceptional instances where
organs other than the wings are used. Hawaiian
Drosophila species produce much higher carrier fre-
quency sounds that range from 500 Hz to greater than
10 kHz (Hoy et al., 1988; Hoikkala et al., 1989), while
the songs of most Drosophila are less than 500 Hz. In
one of the Hawaiian Drosophila species, D. fas-
ciculisetae, males vibrate their wings when they pro-
duce sounds, but those sounds are not produced by
movements of the entire wing vane because the sounds
were generated even when the wings were removed
(Hoy et al., 1988). Drosophila silvestris, another
Hawaiian Drosophila, produces pulse song and tone
song; the pulse song is generated by low-amplitude
abdominal vibration (Hoy et al., 1988).

The auditory organs of flies are considered to be
aristae and Johnston’s organs inside antennae. As
the range of frequencies those organs can perceive is
between 150 and 500 Hz (Ewing, 1978), the high fre-
quencies observed in the songs of the Hawaiian
Drosophila exceed the hearing ability by the organs.
Hoikkala and Moro (2000) examined the body struc-
tures of flies by scanning electron microscopy and
found several features on the legs and wings sensilla
which could play a part in sound/vibration perception,
although it is not known if these structures function to
hear the sounds or not.

3.8 Genetic basis of courtship song

Courtship songs are described in many species of
Drosophila (Table 1), but extensive analyses of behav-
iour, genetics and evolution have been done only in
some species groups including the melanogaster sub-
group, the virilis group, the auraira complex and the
pseudoobscura subgroup. Mutations and the genetic
basis of courtship songs were reviewed by Gleason
(2005).

Here we deal with the period gene for an exam-
ple. Fluctuation cycle of interpulse interval (IPI
cycle or Kyriacou and Hall cycle [K&H cycle]) is
controlled by a circadian clock gene, period (per)
(Kyriacou and Hall, 1980, 1986; Demetriades et al.,
1999; Ritchie et al., 1999). The IPI cycle is shorter in

pers, an allele that shortens circadian periods, longer
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in per’, an allele that prolongs circadian periods, and
arrhythmic in per’, an allele of arrhythmic circadian
periods. It should be noted that the period gene does
not affect the average value of interpulse interval,
indicating that interpulse interval is not determined

by the period gene.

4. Hearing of songs

Many insects produce sounds in various ways to
communicate between individuals, sexes and species.
Mechanisms of sound generation are classified into
several types: percussion, air expulsion, vibration,
tymbal mechanisms and stridulation (Ewing, 1989).
A mechanism most Drosophila species use is the vibra-
tion of their wings. This is typical not only in the
genus Drosophila, but also in the order Diptera (Ewing,
1989). As the characteristics of a sound depend on
the organ generating it, hearing ability and character
depend on the hearing organ. Major hearing organs
of insects are tympanal and flagellar organs.
Tympanal organs are sound pressure detectors, which
are good at detecting long distance sounds and wide
range of frequencies such as 3 to 150 kHz (Ewing,
1989). On the other hand, flagellar organs are parti-
cle velocity detectors suitable for detecting near field
sounds (Bennet-Clark, 1971; Eberl, 1999). Crickets,
one of the insects that have the tympanal organs, sing
a call song that is loud and high in frequency (more
than 10 kHz) from a long distance, but flies usually do
not produce such a call song. Flies in the genus
Drosophila sing small sound courtship songs that are
emitted from near field distance as they can touch and
that we cannot hear without amplification.

The auditory organs in Drosophila are the flagel-
lar type organs consisted from an arista that is the 6th
branch of antennae and Johnston’s organ located
inside the second segment of antennae (Todi et al.,
2004). The courtship songs are low frequency sounds
of less than 500 Hz. Furthermore, females whose
aristae were surgically removed showed reduced sex-
ual receptivity in conspecific crosses (Manning, 1967;
Tomaru et al., 1998; Tomaru et al., 2000; Doi et al.,
2001; Yamada et al., 2008). These results indicate
that the aristae and Johnston’s organs are the recep-
tors for courtship songs. Direct electrophysiological
experiments using D. funebris showed that the anten-
nae (including the aristae and Johnston’s organ) of

Drosophila can detect acoustic signals such as sine and

pulse songs; then the organs could detect species
differences in interpulse intervals (Ewing, 1978).
Eberl et al. (2000) examined electrophysiological
responses of the antennae using D. melanogaster.
They can respond to simulated sine songs of 160 and
250 Hz, but their response to a 500 Hz sine song was
very poor. Sine song frequencies of the species in the
melanogaster subgroup are 100-350 Hz (Cowling and
Burnet, 1981; Cobb et al., 1989). Frequency responses
are well tuned by physical structures of antennae,
neural inputs of sound signals and projection to the
center, and highly adapted for songs (Gopfert and
Robert, 2001, 2002; Kamikouchi et al., 2009; Yorozu et
al., 2009). From these lines of evidence, the aristae
and Johnston’s organs are well tuned to detect court-
ship sounds, or it can be said that males produce songs
tuned to female hearing ability.

5. Courtship without song

Although vibration is most noticeable in the
courtship of D. melanogaster (Sturtevant, 1915), there
are a number of species in which the males do not
vibrate to produce sounds (Table 1). In species with-
out songs, it is very likely that there is a courtship
signal from males to females. In some species, males
have a remarkable black spot on the tip of each wing.
The spots seem to be an important visual signal in
courtship. Species with spotted wings are found in
the elegans, the rhopaloa, the suzukii and the takahashii
species subgroups of the melanogaster group (Kopp
and True, 2002; Yeh et al., 2006). However, not all
male members of these subgroups have spotted wings.
During courtship, the male of a species with spotted
wings spread his wings in front of the courting female
as if to display the spots (Fig. 1C). In contrast, this
display behaviour is less frequently found, or absent,
in related species without spots. This behavioural
difference suggests that the wing spots are an impor-
tant visual signal during courtship. One such species
is D. suzukii, a pest of plants, especially cherries,
berries and other skinny fruits (Matsumura, 1931;
Baufeld et al., 2010; Walsh et al., 2010). Males whose
wing spots were surgically removed showed reduced
copulation frequency compared with intact males, but
there was no significant difference in copulation fre-
quency when the experiments were done in the dark
(Fuyama, 1979). Males of D. pulchrella, a spotted

wing species of the suzukii subgroup, produced high
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amplitude, nonrhythmic toot sounds (Lai et al., 2009),
suggesting that not only a visual signal but also
sounds may play a role in the courtship of this species.

In D. (D.) quadrilineata, the male bends his abdo-
men and points its tip towards a courting female
(Tomaru et al., 2006). The male never vibrates or
displays his wings during courtship but frequently
bends his abdomen (Fig. 1D). Although the abdomen
bending can be a visual signal from a male to a
female, the male may discharge volatile sex pher-
omones while bending his abdomen. A culture vial of
this species has a characteristic odour and human
observers can distinguish between a vial that has been
housed with males and that with females. Behaviour-
al assays will clarify whether or not volatile male sex
pheromones are involved in the courtship of D. qua-
drilineata.

In Hawaiian Drosophila, males’ liquid pheromones
seem to play a role in courtship. Males of some
species excrete a liquid from their anus onto the lek
substrate, and in other species males drag the tip of
their abdomen to advertise their presence to females
(Spieth, 1984). Again the odour can be detected by
the human nose. In addition, males of some species
curl the abdomen up and forward and direct its tip
towards the females’ face during their courtship.
The droplet is, therefore, released very close to the
antennae of the females. In other species, males
release a liquid during courtship and vibrate their

wing as if fanning the odour to the females.

6. Sex pheromone

Cuticular hydrocarbons cover the insect body
(Blomquist, 2010). They are long chain molecules
and less volatile, and protect insects from desiccation
and water. The components of cuticular hydrocar-
bons are classified into n-alkenes, methyl-branched
components and unsaturated hydrocarbons. The role
of cuticular hydrocarbons, their biosynthesis, their
production and their detection have been best studied
in Drosophila (Ferveur and Cobb, 2010). The contents
of cuticular hydrocarbons differ between species and/
or sexes. In Drosophila, species specific and/or sex
specific unsaturated cuticular hydrocarbons play a
role in contact sex pheromones. Ferveur and Cobb
(2010) recently reviewed the behavioural and evolu-
tionary roles of cuticular hydrocarbons, and Wicker-
Thomas and Chertemps (2010) did the genetics and

biosynthesis.

A female sex pheromone of Drosophila was first
identified in D. melanogaster (Antony et al., 1985). It
is (Z,Z)-7,11-heptacosadiene, a long chain diene (C,.,)
and a major component of cuticular hydrocarbons in
D. melanogaster females, and acts as a sex pher-
omone. Although some species have sexually
monomorphic cuticular hydrocarbons, D. melanogas-
ter is a sexually dimorphic species. A major compo-
nent of males of D. melanogaster is (Z)-7-tricosene
(Cy3). Sexual monomorphisms and dimorphisms do
not reflect the phylogenetic relationships of the
species concerned. The three species D. simulans, D.
mauritiana and D. sechellia are closely related and
members of the sister group of D. melanogaster. In
D. simulans and D. mauritiana, both sexes have (Z)
-7-tricosene (Cobb and Jallon, 1990), whereas D. sechel-
lia is a sexual dimorphic species, males having (Z)
-6-tricosene, a position isomer of (Z£)-7-tricosene and
females (Z,Z)-7,11-heptacosadiene (Cobb et al., 1989).
Sex pheromones identified by using synthetic
monoene or dienes are (Z)-11-pentacosene (C,s) of D.
virilis (Oguma et al., 1992; Doi et al., 1996), (Z,Z2)-5,
27-tritriacontadien (Cis,) of D. pallidosa (Nemoto et
al.,, 1994) and (Z,Z) -5,25-hentriacontadien (Cs;.,) of D.
ananassae (Doi et al., 1997). Cuticular hydrocarbons
of Drosophila were reviewed by Ferveur (2005).

Males’ cuticular hydrocarbons are species specific
and sexual dimorphisms are found in some species.
Therefore, cuticular hydrocarbons of males can act as
a sex pheromone. In D. melanogaster, (Z)-7-
tricosene, a major component of cuticular hydrocar-
bons of males, affects mating of females (Grillet et al.,
2006). Mating was enhanced by larger amounts of
(Z)-7-tricosene from males with a GS10164 insertion
driven by GAL4 compared with reduced (Z2)-7-
tricosene from desatI®” ' mutant males. Females
whose antennae were surgically removed showed
reduced mating, suggesting that females perceive

male sex pheromones via antennae.

7. Mounting position and
copulation

Spieth (1952) named two mounting positions, for-
ward and rearward, and unnamed for a few excep-
tional species. The forward position is a type ob-
served in D. melanogaster. A male places his forelegs

at the base of the wings of a female or grasps her
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thorax with his forlegs, grasps her abdomen with his
middle legs, and lays his hindlegs on the substrate or
grasps her abdomen. This mounting position seems
to be primitive. The other type, the rearward posi-
tion, is thought to be derived and seen in most species
of the subgenus Drosophila and some species of the
subgenus Sophophora. A male grasps a female’s
abdomen or wing tips with his forlegs and grasps her
abdomen with his middle and/or hindlegs. Although
there have been many reports describing the courtship
behaviour, the mounting position is poorly described
and clear descriptions were not found in many cases.

Positions of mounting and copulation are sym-
metric, that is, the axis of both sexes coincides.
However, in D. melanogaster, the removal of a single
sensillum of male genitalia affects the mating position
and results in a contralateral asymmetry in the male’s
mating posture (Acebes et al., 2003). Although this
sensillum affects the symmetry of the mounting posi-
tion, the male seems to mount in the forward position,
judging from the photograph in Figure 2 in Acebes et
al. (2003).

Copulation or intromission is achieved before or
after a male mounts a female. In the description of
Spieth (1952), all species belonging to the subgenus
Drosophila are classified as intromission after mount-
ing, or no description. Most species of subgenus
Sophophora are in the intromission before mounting or
at the same time. Exceptional species in Sophophora
are those belonging to the wmontium subgroup, D.
auraria, D. rufa and D. montium, and D. ananassae of
the ananassae subgroup; they are the species of the
intromission after mounting. Copulation after
mounting was observed in other species (D. serrata, D.
birchii, D. lini, D. ohnishii and D. ogumai) of the
montium subgroup (Hoikkala and Crossley, 2000; Wen
et al., 2011).

Spieth (1952) suggested that there is a relationship
between the male’s grasping of the female and the
presence of spines that species of the immigrans group
have on the inside of the fore femur. Similar spines
on the fore femur are also found in the genus Za-
prionus. In the courtship behaviour of D. silvestris, a
Hawaiian Drosophila, Carson (2002) argued for the
importance of tactile stimulus from the male. The
male of D. silvestris actively drums the tibial bristles
(cilia) on the dorsal surface of the female’s abdomen.
Males of D. mojavensis drum continuously upon the

underside of the female’s abdomen using their fore

tarsi (Krebs and Bean, 1991), suggesting the impor-
tance of tactile stimuli as well as courtship songs in
this species.

8. Conclusion

The female does not play a passive role in court-
ship as was pointed out in the first report of courtship
behaviour in Drosophila (Sturtevant, 1915). Since the
male behaviour is a response to female sex pher-
omones, a male may be evaluated by a female in his
ability of wing vibrations and following (Ferveur and
Cobb, 2010). Before mounting, a female moves slow-
ly as if the courting male can easily approach her. In
response to courtship songs, a female spreads both her
wings when she accepts the courting male in some
species (Ikeda et al., 1981; Oguma et al., 1996; Vuoristo
et al., 1996). In contrast, sometimes the female
moves rapidly and escapes from the male. The
female often kicks the male and/or produces rejecting
sounds when he attempts to copulate. Females of the
virilis group produce a song when accepting a court-
ing male. In species in which the males hold terri-
tories, females visit a territory or a lek to choose their
partner. Decision making based on a male’s visual
signal is also shown in D. suzukii females. In species
in which the males produce sounds during courtship,
songs seem to be a critical signal affecting the
female’s decision making. The females do not learn
how to choose a partner; decision making to choose
partners and its species specificity are genetically
determined (Pifeiro et al., 1993; Isoherranen et al.,
1999a; Doi et al., 2001).

The general structure and/or overall shape of
courtship songs are similar within closely related
species but the song parameters differ. For example,
between D. melanogaster and D. simulans, some song
parameters, such as interpulse interval, intrapulse
frequency and sine song frequency, differ. In some
cases, a gain or loss of song type is found. In the
melanogaster subgroup, males emit a pulse song and a
sine song, but D. sechellia, D. yakuba and D. santomea
do not have a sine song. In the virilis group, male
songs are polycyclic and females also sing. In con-
trast, a different but similar structure is found in
distantly related species. The males of D. lini and
related species in the kikkawai complex produce pulse
and sine songs, although the overall shape of the
courtship song of the Zini clade is different from that
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of D. melanogaster. In most cases, songs are species
specific in terms of parameters (Table 1). In the case
of closely related species that share similar values of
sound parameters, they are allopatrically distributed
(Tomaru et al., 1994a; Wen et al., 2011). Based on
circumstantial evidence, courtship songs play an
important role in sexual isolation between sympatric
species and could be shaped by the process of rein-
forcement and/or reproductive character displace-
ment.

Courtship songs are related not only to species
recognition between species but also to sexual selec-
tion within species. Female choice based on the
male’s signal is observed, but it is not easy to figure
out the evolutionary cause of female choice. Cost of
mating is reported in Drosophila (e.g., Ueyama and
Fuyama, 2003); however, it is poorly known how the
females evaluate the quality of the courting males
based on the male’s signal (Chapman, 2006). Experi-
ments were carried out to compare mating fre-
quencies between intact males and males whose wings
were partly removed in D. melanogaster (Robertson,
1982), D. littoralis, D. montana and D. ezoana (Hoik-
kala and Aspi, 1993). Females preferred intact or
long-winged males better. Examination with wild
caught females also showed preference to males that
produced short pulses with high frequency songs (Aspi
and Hoikkala, 1995). Variations are observed in
male song parameters and in mate preference of
females within species (Ritchie et al., 2005). Play-
back tests using artificially synthesised songs
revealed that D. montana females preferred songs
with a short pulse length and high pulse frequency
(Ritchie et al., 1998). Furthermore, their preferences
were not absolute but rather relative (Hoikkala and
Aspi, 1993). Females choose males with high fre-
quency songs (Hoikkala and Suvanto, 1999) and egg-
to-adult survival rates positively correlate with the
pulse frequency of the father’s song in D. montana
(Hoikkala et al., 1998); these results indicate that
females obtain an indirect benefit by choosing males
based on songs. Song divergence is not correlated
with genetic divergence in the D. (S.) willistoni species
complex, suggesting rapid evolution of song parame-
ters (Gleason and Ritchie, 1998). Sexual selection
seems to contribute, at least partly, to the evolution of
species specific courtship songs.
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