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Abstract Physiological and behavioral phenomena of many animals are restricted 
to certain times of the day. Many organisms show daily rhythms in their 
mating. The daily fl uctuation in mating activity of a few insects is controlled 
by an endogenous clock. The fruitfl y, Drosophila, is the most suitable mate-
rial to characterize the genetic basis of circadian rhythms of mating because 
some mutants with defective core oscillator mechanism, feedback loops, have 
been isolated. D. melanogaster wild-type display a robust circadian rhythm 
in the mating activity, and the rhythms are abolished in period or timeless 
null mutant fl ies (per01 and tim01), the rhythms are generated by females 
but not males. Disconnected (disco) mutants which have a severe defect in 
the optic lobe and are missing lateral neurons show arrhythmicity in mating 
activities. Thus, the lateral neurons seem to be essential for the circadian 
rhythm in mating activity of Drosophila. Furthermore, an anti-phasic rela-
tion in circadian rhythms of the mating activity was detected between D. 
melanogaster and their sibling species D. simulans. The Queensland fruit 
fl ies or wild gypsy moth also show species-specifi c mating rhythm, sug-
gesting that species-specifi c circadian rhythms in mating activity of insect 
appear to cause a reproductive isolation.
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 1. Introduction

Most organisms from prokaryotes to humans show 
the circadian, 24-hour rhythmicity, in their behavior 
or physiology. While only limited behavioral or physi-
ological data are available for most organisms, in the 
fruitfl y Drosophila melanogaster, a large amount of 
genetic approach is available on the studies of the 
circadian rhythms. In D. melanogaster, mutations 
at period (per) and timeless (tim) loci were found 
from the arrhythmic locomotor activity and eclosion 
rhythms [1, 2], and the subsequent cloning of these 
genes allowed a molecular approach to the Drosoph-
ila rhythm system [2–5]. Both per and tim undergo 
rhythmic transcription and show circadian oscillation 
in mRNA [6], and their gene products (PER and TIM, 
respectively) also show circadian oscillation in their 
abundance [7, 8]. TIM heterodimerizes with PER, 
which is likely important for clock function [9]. The 
circadian expression of per or tim mRNA required the 
fragment including an E-box (CACGTG) sequence 
[10–12]. Two basic helix-loop-helix (bHLH) transcrip-
tion factors, CYCLE (CYC) and dCLOCK (dCLK) [13, 
14], are known to bind to and activate the transcrip-
tion through the E-box by forming a heterodimer [15, 
16]. Doubletime (dbt) encodes a casein-kinase I homo-
log that has been suggested to regulate per phos-
phorylation and accumulation [17, 18]. These genes 
mentioned above are believed to regulate the core 
oscillator in circadian clock. Furthermore, Drosoph-
ila clocks display conservation with mammalian 
clocks at the sequence level, suggesting that mamma-
lian clocks are similar to Drosophila clocks [19, 20].

Mating is the most important and fundamental 
behavior to select the best partner and to produce 
progeny. Many organisms show daily rhythms in 
their mating activity [21–27]. In molluscs, Aplysia 
fasciate, mating was strongly modulated by 1/day 
oscillation under light-dark (LD) cycles, and the 
level of mating activity rose through the night and 
reached a peak in the early morning [25]. Nile grass 
rats (Arvicanthis niloticus) from tropical Africa mate 
before daybreak under LD cycles [26]. The daily 
rhythms of mating in some organisms are controlled 
by the endogenous clock. In the unicellular ciliate, 
Paramecium bursaria, cells of these exhibit high 
mating reactivity in the light phase and low mating 
reactivity in the dark phase under LD cycles. After 
they are transferred to constant light (LL, 1000 lux), 
they continue to show a clear circadian rhythm of 
mating reactivity for several days [28]. A mutant 
clone that did not show the mating rhythmicity in 
LL was isolated from the parent stock of Parame-
cium bursaria. The arrhythmicity in LL was inher-
ited cytoplasmically, and the rhythmicity in LL was 
recovered by injection of cytoplasm from the wild-

type cell [29]. These results suggest that the cytoplas-
mic factors seem to control the circadian rhythm of 
mating reactivity in the unicellular ciliate. Further-
more, some insects (e.g., Queensland fruit fl y, mos-
quito and moth) show circadian rhythms of mating 
activity under constant dark (DD) or LL [23, 30, 31] 
However, genetic mechanisms which modulate such 
a mating rhythm was unknown in such unicellular 
organism or insects. Drosophila are the most suitable 
material to characterize the genetic basis of circadian 
rhythms of mating because some mutants with defec-
tive the core oscillator mechanism, feedback loops, 
involving several clock genes such as per and tim 
have been isolated [1–4]. Furthermore, we have a 
large amount of data of mating behavior in Drosoph-
ila. The next section explains a Drosophila mating 
system.

2. Mating system of Drosophila

Mating behavior in Drosophila has been inten-
sively studied since it was fi rst described by Sturte-
vant [32]. Spieth [33] gave more detailed descriptions 
of the mating behavior of 101 species and subspecies. 
Mating of Drosophila consists of sequential elements 
of characteristic behavior and its sequence analysis 
has been extensively studied, particularly in D. 
melanogaster [34–36]. Many investigators described 
courtship elements in a male and a female of this spe-
cies. First the male orients to the female; he takes 
up and maintains a position near the female with his 
body axis oriented directly toward her. If she moves, 
he follows. He spreads one of his wings and vibrates 
near the female. Then the male licks the female’s 
genitalia after which he may attempt to copulate. 
A receptive female accepts the male attempted cop-
ulation, and they copulate. However, non-receptive 
females show a variety of rejection responses includ-
ing decamping, wing fl icking, kicking or fending off 
with the legs, curling of the abdomen or extruding the 
vaginal plates.

In the courtship sequence between males and 
females, fl ies utilize the signaling system between the 
sexes to make mating successful. Like many insects, 
both chemical and acoustic signals play important 
roles in successful Drosophila mating. Female sex 
pheromones are well known as chemical stimulants; 
species-specifi c chemical substances have been deter-
mined in some Drosophila species [37–40]. Such 
stimulants emitted by females are one of the most 
important signals to elicit courtship by males. Males, 
furthermore, use female sex pheromones to distin-
guish among species [41, 42]. The acoustic signal is 
also species specifi c, and females use it to distinguish 
among species [43–49]. Thus the chemical signals and 
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the auditory signals play active roles in triggering and 
controlling courtship in Drosophila [50–52].

Furthermore, there have been some interesting 
mating experiments involving vision. Grossfi eld [53] 
reported that many species show a characteristic 
degree of reduction in the rate of mating success in 
the dark as compared with that in light. He called 
this phenomenon ‘light-dependency of mating’. Many 
investigators reported that male visual mutants of 
D. melanogaster show low courtship activity [51, 54, 
55]. Sakai et al. [56, 57] reported that males, but 
not females, predominantly contribute to the light-
dependency of mating in the D. melanogaster species 
subgroup and that D. melanogaster males perceive 
female movement as a visual signal during court-
ship. These reports indicate that light stimuli facili-
tate male courtship activity and that males utilize the 
visual signals mediated by light while mating. How-
ever, the role of vision in female mating activity is 
unknown yet.

3. Circadian rhythms in Drosophila mating

Ikeda [22] reported that D. mercatorum show the 
daily rhythms of the mating activity under light-
dark (LD) 12:12 cycles, and several Drosophila spe-
cies show the daily rhythms of male courtship in 
LD cycles (Hardeland [21]. Recently, we found that 
D. melanogaster display a robust circadian rhythm 
in the mating activity controlled by clock genes and 
which sex is responsible for the generation of the 
rhythms. [58]. 

3.1. Daily rhythms of mating activity 
of Drosophila

In LD cycles, D. melanogaster wild-type strain 
showed a daily rhythm of mating activity in a day 
(Fig. 1A). The mating activity at ZT12 was signifi -
cantly lower than at other times in both strains (Fig. 
1A). To determine whether or not these rhythms are 
controlled by an endogenous clock, we measured the 
mating activities of fl ies on day 2 of constant dark-
ness (DD) after 7 days of entrainment in LD cycles. 
The reduction of mating activity at Circadian time 
(CT) 12 remained intact under DD as well as the 
result in LD (Fig. 1B). Hence, the mating activity of 
D. melanogaster is under a restricted control of an 
endogenous clock.

3.2 Circadian rhythms of mating activity 
governed by clock genes in Drosophila

In contrast to wild type strain under LD cycles, the 
recovery of the mating activity after 3 or 6 hours from 
lights-off was not observed in per01 and tim01 fl ies 
[58]. Furthermore, these fl ies did not show the reduc-
tion of mating activity at CT12 in DD. The results 

indicate that clock genes, per and tim, affect the circa-
dian rhythm in mating activity of Drosophila. Mating 
activities of the per01 and tim01 mutants were elevated 
in the morning. However, mating activity was not ele-
vated in the two mutants under DD. These results 
indicate that light signals also directly affect mating 
activity in the morning. Thus, light signal also acts to 
affect the mating activity directly.

3.3 Pacemaker neurons of the mating 
activity rhythms in Drosophila

In D. melanogaster, the specifi c neurons of the 
optic lobe seem to play a major role as the pacemaker 
neurons for locomotor activity rhythms because a 
transgenic line that per expression is restricted to 
the lateral neurons show rhythmic locomotor activ-
ity [59, 60]. Further evidence is provided by studies 
of disconnected (disco) mutants that have a severe 
defect in the optic lobe and are missing lateral neu-
rons [60, 61]. Both locomotor activity and eclosion 
of the disco mutant are arrhythmic under DD [62]. 
While over 95% of disco mutants are arrhythmic in 
locomotor activity, rhythmic individuals emerge on 
rare occasions [60] with intact single or some lateral 
neurons [63]. These results indicate that arrhythmic-
ity in the locomotor activity of disco mutants is due 
to the defective lateral neurons. In our study, disco 
mutants did not show the reduction of mating activ-
ity at CT12 as well as the results in per01 and tim01 

fl ies [58]. Thus, lateral neurons seem to be essential 
for the circadian rhythm in mating activity of Dro-
sophila.

3.4 Females are responsible for the mating 
activity rhythms in Drosophila.

In order to know whether or not the robust circa-
dian rhythm in mating activity shown in the wild-
type is specifi cally due to males, females or a com-
bination of both sexes, normal females were paired 
with disco males and normal males, and disco females 
were paired with disco males and normal males. 
When normal females are paired with normal or disco 
fl ies, the mating activity rhythm of such pairs is 
clearly detected [58]. In contrast, when disco females 
were used for the crossing with normal or disco 
males, mating activity rhythms were completely abol-
ished. It is indicated that females are responsible for 
the generation of the circadian rhythms in mating 
activity of Drosophila.

3.5. Species diversity of the mating 
activity rhythms in Drosophila

D. melanogaster and D. simulans are morphologi-
cally almost identical and genetically very similar and 
these two cosmopolitan species are sympatric [64, 
65]. In LD cycles, the mating activities of D. simu-
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lans at daytime (ZT0-9) and ZT12 were signifi cantly 
higher than the other times (ZT15–18) (Fig. 1C), indi-
cating that the mating activity of D. simulans is 
also subject to a daily rhythm, although the profi le 
was distinct from that of D. melanogaster (Figs. 1A, 
C). In constant darkness, the mating activities of 
D. simulans gradually elevated after CT0 and those 
at CT6–15 were the highest of all (Fig. 1D). In LD 
cycles, the mating activity during the day was high 
in both D. melanogaster and D. simulans (Figs. 1A, 
C). During the night (ZT12–21) however, D. simu-
lans frequently mated when the mating activity of D. 
melanogaster was low (ZT12), and D. melanogaster 
frequently mated when that of D. simulans was low 
(ZT18–21) (Figs. 1A, C). In DD, the rhythm of mating 
activity between D. melanogaster and D. simulans 
was species-specifi c in an anti-phasic fashion (Figs. 
1B, D). The mating activity rhythm of both strains of 
D. simulans in DD was obviously distinct from that 
in LD (Fig. 1C, D), suggesting that the mating activ-
ity of D. simulans is also controlled not only by an 
endogenous clock but also by light.

4. Mechanisms to oscillate the mating 
activity in Drosophila

Drosophila has two mechanisms to drive the 
mating activity; one is a mechanism controlled by a 
circadian pacemaker consisting of clock genes, and 
the other is a mechanism that light signal acts to 
affect the mating activity directly (Fig. 2). Mating 
activity rhythm in D. melanogaster females is under 
the restricted control of circadian clock genes, and the 
lateral neurons might be essential for the genera-
tion of the rhythm. Flies, especially males, utilize 
olfactory cues for mating [37, 41, 52] and the circa-
dian rhythm of the olfactory response is robust in 
Drosophila [66]. Olfactory responses of the wild-type 
were elevated in the middle of the night in LD cycles 
[66], but mating activities were decreased during the 
early part of the night (Fig. 1B). Furthermore, the 
lateral neurons are insuffi cient to sustain olfactory 
rhythm [66], but the optic lobe including the lateral 
neurons seemed to be essential for mating activity 
rhythm. Thus, the mechanism that generates the 
mating activity rhythms might be independent of 
that which generates olfactory rhythms.?A female 
sex pheromone attracts male courtship in Drosoph-
ila [37, 41, 52], and the sound produced by male 
wing vibration, referred to as courtship song, affects 
female receptivity [43, 47, 52]. One explanation for 
the generation of female mating activity in Drosoph-
ila is that females show circadian rhythms in phero-
mone release and/or responses to auditory signals.

5. Species-specifi c circadian rhythms of 
Drosophila mating and reproductive 
isolation

The behavioral characteristics of mating, habitat 
and breeding season vary in a species-specifi c manner 
between D. melanogaster and D. simulans, thus creat-
ing a barrier to interspecifi c hybridization referred to 
as reproductive isolation [64, 65]. During the night 
under LD cycles that were similar to conditions in 
the wild, mating activity rhythms between these two 
species differed in a species-specifi c manner. Such a 
difference might create an effective barrier against 
interspecifi c hybridization during the nighttime in 
nature.

Two siblilng species in the Queensland fruit fl ies, 
Dacus tryoni and D. neohumeralis, show the differ-
ence in time of mating between these two species 
under LD cycles [24]. In wild gypsy moth, two closely 
related species, Lymantria dispar and L. monacha, 
show the different daily rhythm pattern of phero-
mone oriented fl ight activity [31]. Taken together, 
species-specifi c daily rhythms of mating behavior in 
insects may affect the reproductive isolation among 
sibling species, and the species-specifi c circadian 
rhythm controlled by clock genes in insects may 
lead to the species-specifi c daily pattern in the 
mating activity. The transformation experiments, 
which introduce per gene from other species to D. 
melanogaster per01 fl ies, showed the existence of DNA 
sequence for the species-specifi c features of locomo-
tor activity rhythm or male courtship song rhythm in 
Drosophila [67–69]. Several clock genes including per 
and tim may also have DNA sequence for the species-
specifi c circadian rhythms in female mating activity 
of Drosophila. Further molecular analyses will clarify 
the possibility.
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Fig 1. Mating activities at different times of day in D. 
melanogaster and D. simulans. Error bars showed the SEMs. 
The values with the same superscript letters were not signifi -
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U test as multiple comparisons among every time points. 
All signifi cant differences in the fi gures pass the sequential 

Bonferroni test. (A) Daily changes in mating activity of D. 
melanogaster Canton-S strain on day 9 under LD 12:12 cycles. 
(B) Circadian rhythms in mating activity of Canton-S on day 
2 under DD. (C) Daily changes in mating activity of and 
D. simulans Og strain on day 9 under LD 12:12 cycles. (D) 
Circadian rhythms in mating activity of Og on day 2 of DD.

Fig 2. A model of daily fl uctuation in mating activity of Drosophila. In this 
model, light acts to affect mating activity directly (1) or indirectly through the 
entrainment pathway (2). The clock pacemaker (3) and the output pathway (4) 
control the circadian rhythms in female mating activity.

Takaomi Sakai & Norio Ishida



227Neuroendocrinology Letters ISSN 0172–780X Copyright © 2001 Neuroendocrinology Letters

 7 Hardin PE, Hall JC, Rosbash M. Feedback of the Drosophila 
period gene product on circadian cycling of its RNA levels. 
Nature 1990; 343:536–40.

 8 Myers MP, Wager-Smith K, Rothenfl ush-Hilfi ker A, Young MW. 
Light-induced degeneration of TIMELESS and entrainment of 
the Drosophila circadian clock. Science 1996; 271:1736–40.

 9 Gekakis N, Saez L, Delahaye-Brown AM, Myers MP, Sehgal A, 
Young MW, Weitz CJ. Isolation of timeless by PER protein 
interaction: defective interaction between timeless protein 
and long-period mutant PERL. Science 1995; 270:811–5.

10 Hao H, Glossop NR, Lyons L, Qiu J, Morrish B, Cheng Y, 
Helfrich-Forster C, Hardin, P. The 69 bp circadian regulatory 
sequence (CRS) mediates per-like developmental, spatial, and 
circadian expression and behavioral rescue in Drosophila. J 
Neurosci 1999; 19:987–94.

11 McDonald MJ, Rosbash M, Emery P. Wild-type circadian rhyth-
micity is dependent on closely spaced E boxes in the Dro-
sophila timeless promoter. Mol Cell Biol 2001; 21:1207–17.

12 Okada T, Sakai T, Murata T, Kako K, Sakamoto K, Ohtomi M, Kat-
sura T, Ishida N. Promoter analysis for daily expression of Dro-
sophila timeless gene. Biochem Biophys Res Commun 2001; 
283:577–82.

13 Allada R, White NE, So WV, Hall JC, Rosbash M. A mutant 
Drosophila homolog of mammalian Clock disrupts circadian 
rhythms and transcription of period and timeless. Cell 1998; 
93:791–804.

14 Rutila JE, Suri V, Le M, So WV, Rosbash M, Hall JC. CYCLE is a 
second bHLH-PAS clock protein essential for circadian rhyth-
micity and transcription of Drosophila period and timeless. 
Cell 1998; 29:805–14.

15 Darlington TK, Wager-Smith K, Ceriani MF, Staknis D, Gekakis 
N, Steeves TDL, Weitz CJ, Takahashi JS, Kay SA. Closing the 
circadian loop: CLOCK-induced transcription of its own inhibi-
tors per and tim. Science 1998; 280:1599–603.

16 Lee C, Bae K and Edery I. PER and TIM inhibit the DNA bind-
ing activity of a Drosophila CLOCK-CYC/dBMAL1 heterodimer 
without disrupting formation of the heterodimer: a basis for 
circadian transcription. Mol Cell Biol 1999; 19:5316–25.

17 Kloss B, Price JL, Saez L, Blau J, Rothenfl uh A, Wesley CS, 
Young MW. The Drosophila clock gene double-time encodes a 
protein closely related to human casein kinase Ie. Cell 1998; 
94:97–107.

18 Price JL, Blau J, Rothenfl uh A, Abodeely M, Kloss B, Young 
MW. Double-time is a novel Drosophila clock gene that regu-
lates PERIOD protein accumulation. Cell 1998; 94:83–95.

19 Dunlop JC. Molecular bases for circadian clocks. Cell 1997; 
96:271–290.

20 Ishida N, Kaneko M, Allada R. Biological clocks. Proc Natl Acad 
Sci USA 1999; 96:8819–20.

21 Hardeland R. Species differences in the diurnal rhythmicity 
of courtship behaviour within the melanogaster group of the 
genus Drosophila. Anim Behav 1972; 20:170–4.

22 Ikeda H. Effects of light conditions on mating speed in Dro-
sophila mercatorum. Behav Genet 1976; 6:305–13.

23 Charlwood JD, Jones MDR. Mating behaviour in the mosquito, 
Anopheles gambiae s.l. I. Close range and contact behaviour. 
Physiol Entomol 1979; 4:111–20.

24 Smith RH. Genetic manipulation of the circadian clock’s timing 
of sexual behaviour in the Queensland fruit fl ies, Dacus tryoni 
and Dacus neohumeralis. Physiol Entomol 1979; 4:71–8.

25 Ziv I, Lusting C, Ben-Zion M, Susswein AJ. Daily variation of 
multiple behaviors in Aplysia fasciata: Integration of feed-
ing, reproduction and locomotion. Behav Neur Biol 1991; 
55:86–107.

26 McElhinny TL, Smale L, Holekamp. Patterns of body temper-
ature, activity, and reproductive behavior in tropical murid 

rodent, Arvicanthis niloticus. Physiol Behav 1997; 62:91–6.
27 Miyatake T. Correlated responses to selection for develop-

mental period in Bactrocera cucurbitae (Diptera: Tephritidae): 
time of mating and daily activity rhythms. Behav Genet 1997; 
27:489–98.

28 Tanaka M, Miwa I. Signifi cance of photosynthetic products 
of symbiotic Chlorella to establish the endosymbiosis and to 
express the mating reactivity rhythm in Paramecium bursaria. 
Zool Sci 1996; 13:685–692.

29 Miwa I, Izumo T, Sonoda T. Cytoplasm rescues an arrhythmic 
mutant on the circadian rhythm of mating reactivity Parame-
cium bursaria. J Eukaryot Microbiol 1996; 43:231–6.

30 Tychsen PH, Fletcher BS. Studies on the rhythm of mating in 
the Queensland fruit fl y, Dacus Tryoni. Physiol Entomol 1971; 
17:2139–56.

31 Giebultowicz JM, Zdarek J. The rhythms of sperm release from 
testis and mating fl ight are not correlated in Lymantria Moths. 
J Insect Physiol 1996; 42:167–70.

32 Sturtevant AH. Experiments on sex recognition and the prob-
lem of sexual selection in Drosophila. J Anim Behav 1915; 
5:351–66.

33 Spieth HT. Mating behavior within the genus Drosophila (Dip-
tera). Nat Hist 1952; 99:395–474.

34 Bastock M, Manning A. The courtship of Drosophila melano-
gaster. Behaviour 1955; 8:85–111.

35 Cobb M, Burnet B, Connolly K. The structure of courtship in the 
Drosophila melanogaster species sub-group. Behaviour 1986; 
97:182–212.

36 Welbergen P, van Dijken FR, Scharloo W. Collation of the court-
ship behaviour of the sympatric species Drosophila melanogaster 
and Drosophila simulans. Behaviour 1987; 101:253–74.

37 Jallon JM. A few chemical words exchange by Drosophila 
during courtship and mating. Behav Genet 1984; 14:441–78.

38 Oguma Y, Nemoto T, Kuwahara Y. A sex pheromone study of a 
fruit fl y Drosophila virilis Sturtevant (Diptera: Drosophilidae): 
Additive effect of cuticular alkadienes to the major sex phero-
mone. Appl Entomol Zool 1992; 27:499–505.

39 Nemoto T, Doi M, Oshio K, Matsubayashi H, Oguma Y, Suzuki 
T, Kuwahara Y. (Z,Z)-5,27-tritriacontadiene: Major sex phero-
mone of Drosophila pallidosa (Diptera; Drosophilidae). J Chem 
Ecol 1994; 20:3029–37.

40 Doi M, Nemoto T, Nakanishi H, Kuwahara Y, Oguma Y. 
Behavioral response of males to major sex pheromone compo-
nent, (Z,Z)-5,25-hentriacontadiene, of Drosophila ananassae 
females. J Chem Ecol 1997; 23:2067–78.

41 Cobb M, Jallon JM. Pheromones, mate recognition and court-
ship stimulation in the Drosophila melanogaster species sub-
group. Anim Behav 1990; 39:1058–67.

42 Coyne JA, Crittenden AP, Mah K. Genetics of a pheromonal dif-
ference contributing to reproductive isolation in Drosophila. 
Science 1994; 265:1461–4.

43 Bennet-Clark HC, Ewing AW. Pulse interval as a critical param-
eter in the courtship song of Drosophila melanogaster. Anim 
Behav 1969; 17:755–9.

44 von Schilcher F. The function of pulse song and sine song in 
the courtship of Drosophila melanogaster. Anim Behav 1976; 
24:622–5.

45 Cowling DE, Burnet B. Courtship songs and genetic control of 
their acoustic characteristics in sibling species of the Drosoph-
ila melanogaster subgroup. Anim Behav 1981; 29:924–35.

46 Crossley SA. Courtship sounds and behaviour in the four spe-
cies of the Drosophila bipectinata complex. Anim Behav 1986; 
34:1146–59.

47 Kyriacou CP, Hall JC. The function of courtship song rhythms 
in Drosophila. Anim Behav 1982; 30:794–801.

48 Tomaru M, Oguma Y. Differences in courtship song in the spe-

Time, love and Species



228

cies of the Drosophila auraria complex. Anim Behav 1994; 
47:133–40.

49 Tomaru M, Matsubayashi H, Oguma Y. Heterospecifi c inter-
pulse intervals of courtship song elicit female rejection in Dro-
sophila biauraria. Anim Behav 1995; 50:905–14.

50 Ewing AW Functional aspects of Drosophila courtship. Biol Rev 
1983; 58:275–92.

51 Tompkins L. Genetic analysis of sex appeal in Drosophila. 
Behav Genet 1984; 14:411–40.

52 Hall JC. The mating of a fl y. Science 1994; 264:1702–14.
53 Grossfi eld J Geographic distribution and light-dependent 

behavior in Drosophila. Proc Natl Acad Sci USA 1971; 
68:2669–73.

54 Crossley SA, Zuill E. Courtship behaviour of some Drosophila 
melanogaster mutants. Nature 1970; 225:1064–5.

55 Markow TA, Manning M. Mating success of photoreceptor 
mutants of Drosophila melanogaster. Behav Neur Biol 1980; 
29:276–80.

56 Sakai T, Isono K, Tomaru M, Oguma Y. Contribution by males to 
the intraspecifi c variation of the light dependency of mating 
in the Drosophila melanogaster species subgroup. Genes Genet 
Syst 1997; 72:269–74.

57 Sakai T, Isono K, Tomaru M, Oguma Y. Light-affected male fol-
lowing behavior is involved in light-dependent mating in Dro-
sophila melanogaster. Genes Genet Syst 1997; 72:275–81.

58 Sakai T, Ishida N Circadian rhythms of female mating activity 
governed by clock genes in Drosophila. Proc Nat Acad Sci USA 
2001; (in press).

59 Frisch B, Hardin PE, Hamblen-Coyle MJ, Rosbash M, Hall JC. A 
promoterless period gene mediates behavioral rhythmicity and 
cyclical per expression in a restricted subset of the Drosophila 
nervous system. Neuron 1994; 12:555–70.

60 Kaneko M. Neural substrates of Drosophila rhythms revealed 
by mutants and molecular manipulations. Curr Opin Neurobiol 
1998; 8:652–8.

61 Zerr DM, Hall JC, Rosbash M, Siwicki KK. J Neurosci 1990; 
10:2749–62.

62 Dushay MS, Rosbash M, Hall JC. The disconnected visual 
system mutations in Drosophila melanogaster drastically dis-
rupt circadian rhythms. J. Biol. Rhythms 1989; 4:1–27.

63 Helfrich-Forster C. Robust circadian rhythmicity of Drosophila 
melanogaster requires the presence of lateral neurons: a brain-
behavioral study of disconnected mutants. J Comp Physiol 
1998; 182:435–53.

64 Parsons PA. The comparative evolutionary biology of the sib-
ling species, Drosophila melanogaster and D. simulans. Q Rev 
Biol 1975; 50:151–69.

65 Lachaise D, Cariou ML, David JR, Lemeunier F, Tsacas L, 
Ashburner M. Historical biogeography of the Drosophila 
melanogaster species subgroup. Evol Biol 1988; 22:159–225.

66 Krishnan B, Dryer SE, Hardin PE Circadian rhythms in olfac-
tory responses of Drosophila melanogaster. Nature 1999; 
400:375–8.

67 Petersen G, Hall JC, Rosbash M. The period gene of Drosophila 
carries species-specifi c behavioral instructions. EMBO J 1988; 
7:3939–47.

68 Wheeler DA, Kyriacou CP, Greenacre ML, Yu Q, Rutila JE, Ros-
bash M, Hall JC Molecular transfer of a species-specifi c behav-
ior from Drosophila simulans to Drosophila melanogaster. Sci-
ence 1991; 251:1082–5.

69 Peixoto AA, Hennessy JM, Townson I, Hasan G, Rosbash M, 
Costa R, Kyriacou CP. Molecular coevolution within a Drosoph-
ila clock gene. Proc Natl Acad Sci U S A 1998; 95:4475–80.

Takaomi Sakai & Norio Ishida


