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SUMMARY 

Courtship behavior in Drosophila is programmed by the ac 
tion of genes that control the development and function of the 
nervous system. Seve ral genes have heen identified that appear 
to be involved in reproduction, because the mutations at these 
loci have specific defects in courtship. The mutations affect 
steps in the courtship pathway ranging from the early stage of 
wing vibration song to the final stage of copulation. Other 
single-gene mutants, not isolated on the basis of defective court
ship, have been used to dissect further the behavioral pathway. 
All of these behavioral mutants exhibit particular defects in 
courtship, including expected abnormalities of general rvpro
ductive abilities in mutants that cannot see or smell, and more 
subtle changes caused by other mutations. The latter have re 
vealed connections between courtship and biological oscillations 
or experience-dependent phenomena. These higher behavioral muta
tions are likely to affect the central nervous system. 

Other experiments on genetic variants affecting the cen
tral nervous system have involved gynandromorphs. From couPt
ship tests of these mosaics, the presence of male tissue in a 
portion of the brain has been correlated with performance of 
the initial stages of courtship. If a gynandromorph is to ex
hibit later steps of courtship, such as ndrmal song or attempted 
copulation, there must be male neurons in the thoracic nervous 
system as well as in the brain. Neural tissues of different 
sex-chromosome genotype have been identified in these mosaics, 
using enzyme mutations that mark internal cells. Some of these 
mutations, in addition, lead to specific neurochemical defects 
in the metabolism of the neurotransmitter acetylcholine. When 
such mutations are expressed in the mosaics, they not only mark 
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tisdues of different genotype, but they can also lead to speci
fic defects in courtship behavior. 

INTRODUCTION 

Reproductive behavior in Drosophila has been studied ge
netically for many decades, beginning with the experiments of 
STURTEVANT (1915). Recently, genetic approaches toward dis
secting courtship and mating have involved specific, genetical
ly tractable variants that affect, or are likely to affect, ex
citable cells and tissues. Previous work tended to concentrate 
on mutations affecting the external morphology or on genetically 
complex strain differences and interspecific comparisons (e.g. 
MANNING 1965, EWING & MANNING 1967, GROSSFIELD 1975, EHRMAN 
1978). 

In this paper we discuss results from genetic dissection 
of Drosophila reproduction involving (1) single-gene mutants 
isolated on the basis of defective courtship; (2) mutants with 
defective sensory perception or processing; (3) mutants with 
known or strongly suspected abnormalities in the structure and 
function of the central nervous system (CNS); (4) genetic mo
saics, with internal cells and tissues marked ~nd whose ~ervous 
systems are mixed in sex genotype, or that express a neurologi
cally defective mutation in a known part of their CNS. 

Several of these genetic va~iants, such as the sex mosaics 
or mutants isolated on criteria of defective reproduction, appear 
to involve genotypes that specifically perturb the pro-
gramming of fixed action patterns, in courtship, tqat are 
controlled by particular portions of the fly's genome. Other of 
the mutants, originally isolated by behavi9ral geneticists 
inv 0 stiqatinq a variety of questions on the development and 
function of the nervous system, were found later to perturb 
courtship in informative ways. Surprisin_gJ.y, perhaps, some of 
the experiments using these "aeneral behavioral" mutants have 
undermined the idea that courtship and mating in Drosophila 
involve completely fixed action patterns. 

In general, this neurogenetic approach has also shown that 
mutants and mosaics are excellent tools for obtaining experi
mental information on the neural control of reproduction. We 
have been able to manipulate the flies in wavs that leave 
them free of the non-specific debilitative effects associated 
with other. kinds of perturbations, such as surgery or ablation, 
injection of drugs, and tethering or stimulation with electrodes. 
In addition to serving as tools, the mode of action of several 
of the genes whose mutants have been used will hopefully turn 
out to be~ intri-ns i-ca-lly i-nt-eresting-. - Fina-11-y, the genet-ic 
variants that were discovered on one behavioral criterion and 
then were shown to affect a very different behavior have re
vealed some startling connections between courtship and other 
features of higher behavior in Drosophila. 
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Drosophila males and females proceed along a courtship 
pathway in their reproductive behavior (reviewed by SPIETH 
1974). This pathway is shown in FIGURE 1. Most of the des
ignated steps refer to overt actions, the most conspicuous of 
which are wing extension (display and vibration of one wing at 
a time) and attempted copulation performed by the male. In D. 
melanogaster the female does not exhibit obvious, stereotyped 
behaviors during at least the early stages of courtship. In
deed, she need perform no behavior in order to stimulate many 
and sometimes all of the male's actions (discussed in detail 
later). Several of the male's actions are easily observed with 
the naked eye, as we routinely do using small plastic court
ship chambers (see HALL 1978a, 1979). In some of these tests, 
more detailed observations are done with a dissecting micro
scope, in order easily to see relatively subtle behaviors such 
as tapping (of the female's abdomen by the male's forelegs) and 
licking (contact of the female's genitalia by the male's ex
tended proboscis). The other salient features of these tech
niques involve (1) rearing the flies at 25°c in humidified in
cubators, under a 12 hr:12 hr light:dark (LD) regime; (2) 
collection of virgin male and female adults under ether anes
thesia, followed by 3-5 days of storage in food vials (one 
adult per vial), under the conditions just noted; and finally 
(3) behavioral testing in these same conditions (between mid
morning to early afternoon of the LD cycle), using the court
ship chambers that almost always contained two virgin flies. 
Additional more quantitative aspects of the behavioral testing 
are described in subsequent sections. 

FRUITLESS 
CACAPHONY AND CELIBATE COITUS 

MUTANT MU TANTS INT[RRUPTUS STUCK MUTANT 
I I MUTANT I 

NONJf~{TING~ TAPPING-FOLLOWING-WING-COURTSHIP-LICKING-ATTEMPTED- BEGIN ------- DISENGAGE 
EXTENSION SONG COPULATION COPULATION 

Figure 1. Behavioral pathway for the courtship of Drosophila 
meZanogaster . Mutants noted above the sequence per
turb or block the indicated steps. 

~he sequence of events in courtship can be thought of as 
a pathway, primarily because they essentially always occur in 
the indicated order. Thus, males have not been observed to per
form licking and attempted copulation without having previously 
extended their wings to produce the courtship song. It is true, 
however, that tapping does not always occur, especially in some 
wild-type strains of th i s species (BURNET & CONNOLLY 1974). 
Also, the courting flies can return to an earlier step in court
ship. They might break off courtship after an unsuccessful at
tempt to copulate, and then, when they resume, the male might 
start in again at the stage of wing extensions. 

Five mutants have been isolated that each disrupt a stage 
of the courtship pathway, or possibly even block that stage. As 
we will discuss below, each mutant is apparently due to a change 
in a single gene, and each has ostensibly normal viability and 
morphology. Morphological observations have been made by care-
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ful examination of the external morphology, sometimes using 
scanning electron microscopy (see below), and by serial sec
tioning of mutant individuals at 5 µ m (after embedding the adults 
in plastic) or 10 µ m (for frozen sections). These sections did 
not show any obvious defects in internal tissues, when examined 
at ca.200-400x; but the possibility that there are relatively 
subtle abnormalities of the internal (or even the external) mor
phology in these courtship mutants has not been ruled out. 

The mutants were each isolated based on abnormal male 
behavior, and they are listed in the order of steps in courtship 
that they affect: cacophony (defective courtship song); celi
bate and fruitless (virtually no attempted copulation); coitus 
interruptus (too-short duration of copulation); and stuck (fre
quent inability to disengage after copulation). These basic 
defects in the five mutants are summarized both in the diagram 
of the courtship pathway (FIGURE 1) and in Table 1. The latter 
lists the results of testing for the performance of each court
ship action, ranging from following of females to the end of 
copulation, either in males expressing an aberrant genotype or 
in wil9-type males (which almost always came from a Canton - S 
strain). 

COURTSHIP-SONG MUTANT 

The cacophony (cac ) mutant was isolated by SCHILCHER 
(1976a, 1977), after ethyl-methane-sulfonate (EMS) mutagenesis 
and a search for x cpromosomal mutations that caused males to 
take an abnormally long time to achieve copulation and subse
quently proved, as well, to have abnormalities of courtship 
song. It is thought that courtship wing vibrations from male 
Drosophila are important in stimulating the female to be re
ceptive to copulation, in conjunction with the presumed function 
of these sounds in species recognition (reviewed by BENNET
CLARK & EWING 1970). Thus, if there is no or reduced song from 
a male, due to surgery of all or part of his wings, he takes 
longer than usual to begin copulating (EWING 1964). If the 
song were qualitatively abnormal (not just less loud), this 
might also cause the male to be a poor mater. 

Males expressing cac were found to produce abnormal songs 
when they sing to females. Instead of the intervals between 
pulses of tone being ca. 35 msec, as is characteristic of D. 
melanogaster , they are ca. 45 msec in the mutant. The length 
of each pulse is also increased, from the normal 3 msec to 12 
msec; and there are a greater number of cycles of tone per 
pulse than in wild-type (for which each pulse has one cycle, 
and sounds like a click). Finally, the amplitude of pulses in 
cac males are increased, so the song is simply louder. All 
of these observations were made by SCHILCHER (1977). These 
kinds of data are collected (by him, and in our studies) by 
placing courting pairs_ in a__small chamber that rests __ on_ a_ ribbon 
microphone. This feeds into a tape recorder, and then the 
sound record can be displayed visually on an oscilloscope or 
onto film (via an oscillograph). 

All of the aforementioned abnormalities of courtship sonq 
induced by cac were mapped near the vermilion marker on the X 



NEUROGENETICS OF DROSOPHILA COURTSHIP 47 

chromosome, i.e. at map position 34.6 (SCHILCHER 1977, and see 
LINDSLEY & GRELL, 1968, for a description of the vermilion and 
other genetic markers described elsewhere in this paper). 

The cac mutation does not simply derange all aspects of 
wing behavior, because the humming noise generated in male 
courtship (the "sine song," e.g. SCHILCHER 1976b) is normal in 
cac males, as is the wing-beat frequency in flight (SCHILCHER 
1977). We have also found recently that both cac males and fe
males are normal in their basic ability to fly (using the test 
described by BENZER 1973). Females homozygous for this mutation 
are, in addition, ostensibly normal in their overall courtship 
abilities, but their behavior has not been analyzed thoroughly. 

Is the reduced mating success of cac males (Table 1) due 
solely to their altered courtship song? This cannot yet be 
answered, in that males from this strain are abnormal on other 
behavioral criteria (SCHILCHER 1976a). They exhibit a reduced 
number of flight buzzes, are less reactive to a shadow stimulus, 
and frequently hold their wings in an opened and raised position 
when in the presence of females. Most damaging to the notion 
that the aberrant song is solely responsible for lowered mating 
success is the finding that wingless cac males (after surgery) 
are still at a disadvantage, when compared to wingless wild-type 
males (SCHILCHER 1976a). However, the general deficits in be
havior, some of which are also found in homozygous cac females, 
have not been mapped to the same genetic locus which controls the 
specific parameters of the courtship song. F.V. SCHILCHER & 

J.C. HALL are currently analyzing genetic mosaics, each of which 
expresses cac in only a portion of its CNS (using internal cell 
markers discussed in detail in a later section). These experi
ments should reveal, not only the part of the CNS in which cac 
expression leads to abnormal song, but also if the other be
havioral defects have this same "focus" (as defined by HOTTA & 

BENZER 1972) or if, for instance, the aberrant shadow response 
is caused by expression of the mutation at another anatomical 
site. 

NON-MATING MUTANTS 

The celibate (eel) was isolated by D.L. LINDSLEY and 
colleagues, in a search for EMS-induced, X-linked male-sterile 
mutations affecting spermatogenesis. A small subset of these 
mutants proved to have ostensibly normal sperm, as shown simply 
by pulling out the testes with fine forceps, putting the tissues 
under a cover-slip in buffered saline, then drawing out the fluid 
with filter paper: the seminal vesicles burst, revealing many 
motile sperm that can be easily observed with brightfield micro
scopy. From these observations, it was found that eel males 
have sperm that seem normal in number and appearance. These 
mutant males, when observed with females in the courtship 
chambers, court females but do not copulate with them (Table 
1). The behavioral sterility was mapped to position 48.5 on 
the X chromosome, using the nearby markers raspberry, dusky, 
(dy), and forked (f). In conjunction with this genetic local
ization, a dy eel f chromosome was constructed, followed by 
removal of these flanking markers, that involved replacing dy 
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and f with alleles from our usual wild-type stock. The result 
was a eel strain nearly isogenic with the stock we use in con
trols (the eel stock also carries an X-chromosome balancer,+ 
FM?, in order that the mutation can be maintained in eel/eel 
females). 

Quantification of mutant ~el behavior showed that, where
as 95% of the tested males performed wing extension, only 16% 
even attempted to copulate (Table 1). These attempts were never 
more than a feeble curl of the abdomen, without genital-genital 
contact (cf. H~LL 1979). Courtship behavior was generally vigor
ous, in that the fraction of observation periods spent by eel 
males in courtship actions directed toward wild-type females was 
44 + 3% (mean+ SEM). This is near the normal range of "Court
ship Indices" or Cl's that are recorded routinely for wild-type 
males (defined as the fraction of an observation period in which 
the flies actively court, e.g. SIEGEL & HALL 1979, HALL 1979, 
JALLON & HOTTA 1979; and see below). 

The celibate males thus seem to be blocked midway in the 
courtship sequence (FIGURE 1), though they initiate and perform 
the earlier stages quite well. The interactions of celibate 
males with females are similar to what happens with mutant fruit
less males, (see below), but eel males do not court wild-type 
or other mutant males in any appreciable frequency, unlike what 
is the case with _fruitless. 

It can be interesting to ask if a genetic factor affecting 
male courtship has any influence on females, based on the notion 
that the male's ~ignal transmitter" and the female's "signal 
receiver" are genetically coupled (e.g. HOY 1974). However, the 
effects of eel in females can ostensibly not be tested, because 
eel is X-linked; thus a cross of heterozygous females and hemi
zygous males, necessary to produce eel/eel females, is sterile. 
This was circumvented by the construction of females heterozygous 
for eel and a marked X-chromosome inversion, and also homozygous 
for a meiotic mutant that cause~ chromosomal nondisiunct1on at 
the second meiotic division (DAVIS 1971). When the~e females 
are crossed to attached-XY/0 males, a fraction of the progeny 
are females homozygous for eel. These individuals were observed 
to be quite normal in receptivity, in additiop to copulation 
duration and fertility. 

Males expressing the fruitless (fru) mutation discovered 
by GILL (1963) behave similarly in the presence of males or fe
males. Thus they court other males, whether fruitless or wild
type, much more than normal; and they court females in a much 
reduced fashion (HALL 1978a). The poor courtship of females in
cludes almost no attempts at copulating (Table 1), and no fru 
male copulations have ever been observed (HALL 1978a). (Thus, 
fru is maintained in stocks using males heterozygous for fhe 
mutation and a balancer chromosome.) The mutant males- would 
probably be fertile if they copulated, because fru males have 
normally appearing reproductive systems and sperm. Females in 
the strain exhibit no apparent abnormalities (HALL 1978a). 



NEUROGEN.ETICS OF TJROSOPHILA COURTSHIP 49 

With respect to aberrant courtship seen when fru is 
expressed in males, it is important to note that wild-t ype males 
readily court the mutant males as well as the reverse case 
(HALL 1978a). The observations on two males courting are ~ade 
possible by, for example, making a small clip in the wing of the 
wild-type or the fru male, or by introducing a cuticular marker 
into one or the other genotype (e.g. HALL 1978a). 

Any of the courtship interactions involving fruitless 
males and other males are sustained, compared to the infrequent 
and brief courtship bouts recorded between two wild-type males 
(HALL 1978a, JALLON & HOTTA 1979). For instance, the CI re
corded for courtship of wild-type males by fru males is 18 + 2 
(N=43) (HALL 1978a), and for wild-type males courting fru males 
20 + 12 (N=20) (TOMPKINS et al. 1980a). These values are ca. 
10-20 fold elevated, compared to CI's routinely recorded from 
two wild-type males ( see below, Table 5). _) 

A commonplace sight in containers of fru flies is the 
formation of chains of courting flies (first noted by GILL 1963), 
which are not seen among wild-type flies (HALL 1978a). The rules 
governing stable chain formation are that a female, if present, 
will occupy the head position, since females never, or almost 
never (COOK 1975), pursue other flies in active courtship. A 
normal male in the chain tends to occupy the tail position, since 
he rejects pursuits by vigorous wing flicking (e.g. HALL 1978a). 
A fru male can occupy any position, since he does not reject 
pursuit as vigorously {HALL 1978a). It should be noted that the 
stimulation by fru males of courtship performed by wild-type 
males cannot be explained by an absence of rejection behavior 
on the part of the mutant males, because their wing flicking, 
while reduced, is appreciable. There are other defects in wing 
behavior of fr u males. When they are following another .male or 
female, they often show a fluttering of both wings simultaneously, 
with each wing extended less than its usual 90°. At other in
stances in courtship, the same f r u males will perform the reg
ular unilateral wing extension. With either kind of wing dis
play, the courtship song (see below) is anomalous as well (F.V. 
SCHILCHER & C.P. KYRIACOU, unpublished). 

All of the abnormalities in the fruitless strain just de
scribed apparently map to the same genetic locus on chromosome 3. 
After sterility was mapped to position 62 on this autosome (HALL 
1978a), the nearby flanking markers Stubble ( S b) and Delta ( Dl ) 
were recombined onto a fru-bearing chromosome. Sb and Dl were 
then removed, and this resulted in the re-extraction of not only 
male sterility, but the other characteristics as well, such as 
enhanced male-male courtship plus aberran,t wing behavior. In 
addition, all the behavioral defects in the strain are uncovered 
by a small deletion of the appropriate segment of chromosome 
(Table 1). 

Wing defects cannot explain all of the abnormalities in
duced by f ru; inadequate stimulation of females and abnormal 
rejection of males could have such an etiology but apparently 
not the active courtship by f ru males of other males. Visual 
factors too, are apparently not at issue. For instance, in 



Table 1. Courtship performance of wild-type and mutant males of D. melanogaBter. 
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fru/.fru 

fru/Df 

coi 
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Flies were observed fo~ 30-60 min. Virgin males and virgin females were 
placed in plastic matiri1g chambers, one pair per chamber (see e.g. HALL, 
1978a, 1979). All males that performed a later st~p in the courtship 
sequence (e.g. attempted copulation) had performed all of the previous 
steps (following, wing extension). See the text for explanation of 
mutant symbols. "Df" is a small 3rd-chromosomal deficiency that is missing 
the fru locus (HALL 1978a). 
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tests using a counter-current device (BENZER 1967), fru males 
have normal phototaxis (though they have to be tested singly, 
lest they court one another instead of running toward light!). 
The electroretinogram of the mutant is normal. Moreover, gene
tically blind males (see later section) court neither each other 
(N=39 pairs tested)nor wild-type males (N=40). Therefore, a 
male does not need to see that a potentially courted fly is male 
in order to ignore it. Blind males court fru males quite strong
ly. Double mutant blind-plus-fru males actively court wild-
type males and each other. 

Anesthetized fru males, but not wild-type males so immo
bilized, are courted quite vigorously by wild-type males (HALL 
1978a). This further shows that an absence of male rejection 
(in fru or wild-type males) is not sufficient to cause male-male 
courtship; and it suggests that fru males stimulate other males 
to court them in a "passive" sense, possibly through the pro
duction and release of volatile compounds. These sex pheromones 
in Drosophila are discussed in more detail later, especially 
with respect to such materials emanating from females. As to 
the possibility of anomalous pheromones being produced by males, 
we note here that it is almost certainly the case that some of 
the aberrant patterns of behavior have an olfactory etiology. 
Thus, both gas chromatographic analyses and bioassays of vola
tile compounds from fru males show that they make a compound 
(or compounds) that induces wild-type males to court males 
(TOMPKINS et al. 1980a). These materials are present in very low 
or zero amounts in extracts from wild-type males, whose volatile 
compounds do not induce courtship (TOMPKINS et al. 1980a). It 
is likely, therefore, that fru males stimulate themselves to 
court other males, through the production of their own phero
mone. This material may come from the posterior body segments 
of the mutant males, since severed abdomens from fru (but not 
from wild-type) males can trigger wing extension as performed by 
normal males (HALL 1978a). 

It must be noted that abnormal production of sex phero
mones by fru males cannot easily explain all aspects of the mu
tant syndrome, such as the observations of aberrant wing be
havior and the behavioral sterility (which is, after all, the 
criterion on which fru was discovered). Possibly, though, a 
too-high amount of courtship-stimulating pheromone, present 
throughout the adult life of fru males, causes them to become 
habituated to these kinds of chemical stimuli; or worse, causes 
their neural circuitries to become jammed, interfering with 
their transition to the later steps in courtship. 

Thus, it is useful still to think of the effects of this 
mutation as having one primary defect, and to consider further 
what such a defect might say about normal courtship. In this 
light, it must be pointed out that courtship solely involving 
wild-type males occurs very frequently and in a sustained 
fashion if the courted male has recently eclosed as an adult 
(COOK and COOK 1975, JALLON & HOTTA 1979, TOMPKINS et al. 1980a). 
However, these young flies do flick their wings when courted. 
Also, it has been known for some time that young adult males 
of D. me l an ogaster show low levels of courtship directed at fe-
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males (for recent data, see JALLON & HOTTA 1979, TOMPKINS et al. 
1980a). 

Thus, young wild-type males are somewhat similar in 
their courtship behavior to mature fPu males (though the for
mer do not actively court other males). Wild-type males, as 
they mature during the first 1-2 days of adult life, begin to 
be "abie" to court females vigorously and cease being stim~
lating targets (COOK and COOK 1975, JALLON & HOTTA 1979, 
TOMPKINS et al. 1980a). Could it be, then, that an important 
aspect of the defect induced by fpu is to block this matu
ration process? If this is so, then young wild-type males 
could have sex-stimulating pheromone associated with them, and 
indeed this has been shown to be the case (TOMPKINS et al. 
1980a). Also, young fpu males have the same stimulating ef
fects as young wild-type males (there is no additive effect 
or synergism--TOMPKINS et al., 1980a), once more suggesting that 
fpu may identify a gene that is normally concerned with "turn
ing ·off" pheromone production in maturing males. Howevei;-, it is 
not known if the volatile compounds associated with young wild
type or fpu males (but not with mature wild-type males) are 
chemically the same. Nor is it known if any oL these compounds are 
similar or identical to the female-specific volatile compounds 
which have also been identified in D. melanogasteP(HEDIN et al. 
1972, TOMPKINS et al. 1980a; and see below). Finally, it is not 
easy to think of the adaptive significance of courtship stimu
lating materials that are transiently associated with normal 
males of this species. · 

Courtship among male flies has been observed in other cir
cumstances, some of which .are artificial. For instance, sodium 
tungstate has been found to induce so-called homosexual behavior 
(AARON 1977). Other factors having no apparent relationship to 
chemical stimulation can lead to this behavior, such as playing 
simulated courtship song to groups of wingless males (SCHILCHER 
1976c), or a complex chromosome re-arrangement that is associ
ated with vigorous male-male courtship but requires light in 
order to have its effects (SHARMA 1977). One of the breaks ' in 
this aberrant genotype is on ch t omosome 3, but not near the fPu 
locus (.fpu was induced by X-rays, yet is not associated with 
any visible chromosome abnormalities, GILL 1963). 

Wild-type males in some DPosophila species have been ob
served routinely to court one another (e.g. WASSERMAN et al. 
1971). It is hoped that studies of fPu in D. melanogasteP will 
further reveal important components of wild-type bebavior that 
might not have been uncovered solely through observation of 
normal courtship in this species. 

COPULATION MUTANTS 

The final two courtship mutants to be discussed each in
volve abnormalities of copulation. The X-linked coitus in
terruptus (coi) mutant was another by-product of D.L. LINDSLEY'S 
search for EMS-induced mutants defective in spermatogenesis. 
The stuck (sk) mutation was found as an apparently spontaneous 
genetic variant by BECKMAN (1970). 
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Males expressing co 1: are usually sterile ( 70-90%), and 
it appeared as if the reasor, mi ght be a premature signal to ter
minate copulation: they ~8pulate =0r only about 60 % of the nor
mal 20-min duration, although having performed the earlier steps 
of courtship reasonably well (Table 1). The normal cooulation 
span (at 25°C) 'is quite invariant, and is characteristic of 
this species (e.g. FOWLER 1973). It is important carefully to 
control the temperature at which copulation is measured, because 
copulation is ca. 70% shorter at high temperature (28.5°C) than 
at low temperature (17°C) (S. BENZER, unpublished). The resi
dual variability of copulation duration {Table 1) could be due 
to intrinsic differences among individual males. This might 
explain why selection for separate lines of D. melanogaster with 
male-linked differences in copulation span is successful 
(MACBEAN & PARSONS 1967). When 34 wild-type males were tested 
i n two successive copulations each, the mean duration · for the 
first trials was 20.6 + 0 . 4 min and for the second was slightly 
but significantly shorter, 19.2 + 0.4 min (p <0.01, two-tailed 
Mann-Whitney test). The durations for the first and second 
copulations fo'r individual males were not, however, signifi
cantly correlated (Spearman's rs= 0.09, p>0.05). This sug
gests that variability among copulation durations is due to 
stochastic processes. 

In copulations of coi males, their mean 12-min duration 
has more variability from individual to individual compared to 
wild-type; and this may be due to individual differences among 
mutant males: In double copulation tests of 50 such flies, the 
first trials had a mean duration of 14.5 + 0.5 min, and the 
second was significantly shorter 12.5 + 0~5 min (p <0.01), as in 
wild-type; but different from some other species, e.g. LEOPOLD 
et al. 1971). Unlike what is found in wild-type the first and 
second copulations for coi individuals are significantly corre
lated (r = 0.38, p<0.01). 

5 

The variability among individual coi males is probably 
not associated with differences in "background" genotype, be
cause the mutants in these . tests were relatively isogenic. This 
had been accomplished in coniun c t1 o n with genetic mapping of the 
mutation responsible for aberrant behavior. Sterility was 
roughly mapped to position 20 on the X chromosome. Finer local
ization was achieved using the markers c armine, cut, s inqed, and 
tan; these crosses also involved construction of a coi-bearing 
chrqmosome flanked by nearby markers, followed by removal of 
them. The re-extracted coi factor, mapping at position 22.1, 
was still associated with poor fertility and dramatically re
duced lenqth of copulation time. 

Shorter-than-normal copulation could easily lead to poor 
fertility, including sterile copulati6ns in many cases. T~is is 
because sperm do not begin to be transmitted immediately after 
copulation begins. The kind of interrupted mating experiment 
(reviewed by FOWLER 1973) that leads to this conclusion is shown 
in FIGURE 2a, since details of these kinds of data have not been 
reported previously. Here, the male-female pairs were inter
rupted various times after the start of copulation. There is 
an abrupt transition from near-zero fertility to very frequent 
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fertility, with respect to separations occurring 5-6 min after 
copulation begins (combined data from J. HALL using pairs 
separated by vortexing, and S. BENZER, who separated copulating 
flies with forceps). In addition, counts of the numbers of 
progeny from such interrupted copulations shows that the sperm 
are not all transmitted at once, since the fecundity of females 
rises somewhat gradually to its maximum value (i.e. as seen 
after uninterrupted copulations), with respect to matings in
terrupted between 6 and 12 min (S. BENZER and J.C. HALL, un
published). Further, the kinetics of this rise in fecundity 
imply that "quanta" of approximately 40 sperm are transferred 
as separate, sequential units (S. BENZER, unpublished). 

Thus, if coi males freouently ceased copulating early--and 
at least one quarter of them terminate between 4-10 minutes-
they would frequently have done so before having a chance to 
transmit appreciable numbers of sperm. One alternative expla
nation would be that coi males are not able to transmit sperm 
normally, and that this could cause them prematurely to termi
nate their futile copulations. In attempts to distinguish be
tween these two explanations for the mutant behavior, durations 
of coi copulations were artificially extended. This was accom
plished through the use of the stuck ( sk ) mutation. This genetic 
variant, whose properties are described in detail below, causes 
males frequently not to withdraw from females. If an individual 
exhibits this mutant behavior he often remains stuck for a long 
time (Table 1). After such an aberrant copulation, followed by 
withdrawal by the male on his own or pulling him out with for
ceps, 90% of the females produce many progeny (with the re
mainder having no fecundity); thus there are relatively mild 
effects on fertility in males expressing stuck only. Double 
mutant coi , sk males were constructed. Several of the matings 
involving such males thus lasted beyond the time normally needed 
for appreciable numbers of sperm to be transmitted to females. 
(Table 2, cf. FIGURE 2a). However, it was found that even a 
substantial lengthening of copulation in the presence of coi 
frequently did not lead to fertility (Table 2). 

These results led to a detailed examination of the re
productive systems in coi males (which, near the time of the 
discovery of the mutant, had shown apparently normal sperm in 
the few mutant individuals dissected). Recently, 86 mutant 
males were dissected. Onl y 54 had motile sperm in their semi-
nal vesicles, and the remainder had either no detectable sperm 
or sperm that were immobile (not seen in each of 35 dissections 
of wild-type males). This was found for either the original 
coi stock, or for several of the coi stocks which had been re
extracted after out-crossing to wild-type. Thus, it appears 
as if the mutation leads to faulty sperm production, in ad
dition to abnormally short copulation. The former character
istic is probably not due to any residual genetic variability, 
but instead has a penetrance of less than 100%. Sperm produc
tion by the mutants does not eventually cease for all individuals, 
because the proportion of coi males with motile sperm (0.6 + 
0.2) was uncorrelated with their age post eclosion (2-18 days). 

It was asked if copulation behavior is correlated with the 
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Figure 2. Interrupted copulations of wild-type and stuck mutant 
males. 
a. Fecundity of females following artificial separa
tion, by vortexing or use of forceps, of copulating 
wild-type pairs. There were ca. 40 pairs tested per 
data point. 
b. Ease of separating males after the beg inning of 
copulation, expressed as% of pair s separable by 60 
s ec of vortexing (Vortex Genie Mixe r, Scientific In
dustries, speed #6). ca. 20 tested pairs per point. 
c. Ease of separatinq males after the beginning of 
copulation, expre s sed as mean sec+ SEM (not shown 
if t hp error was ~mallAr than the ~ata ooint) re
q uired for separation, for those pairs that did sep
aratE: ; cf. b). For b. and c., data from wild-type 
males are shown with clos ed circles, and from stuck 
males with open circles. 
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Table 2. Simultaneous expression of coitus interruptus and 
stuck mutations. Factors from the sk strain were in
troduced into c oi males, which were tested in copula
tion with attached- ½ females. Ten cases of stuck be
havior were observed. After the indicated durations 
of copulation (i.e. time when the male first attempted 
to dismount) the male either withdrew by himself or 
was pulled away with forceps. Each female was then 
tested for fecundity. 

Duration of copulation 
(min) before attempts 
to dismount began 

7.6 
7.9 

11. 5 
11. 6 
12.0 
13. 6 
14.4 
14.7 
15.0 
18.6 

Duration of stuck condition 
(min), after attempt to dismount 
(*separated artificially) Progeny? 

30.0* no 
45.5* yes 
26.6* no 
23.2 no 
3.0 no 
20.5* yes 
1.0 no 
l.~ yes 
5.0 no 
0.7 yes 

abnormalities of the reproductive system, and the results are as 
follows: males with motile sperm had a copulation span of 12.9 
+ 0.7 min (N=34); fertile copulations from among these males, · 
T4.3 + 0.7 min (N=l9); sterile copulations, 11~2 + 1.0 min 
{N=l5); and the males with non-motile sperm (all of whose copu
lations were sterile), 12.1 + 0.9 min (N=l2). The sperm-motile 
vs. sperm-immotile means are-not different {p=0.4); but the time 
spent copulating by fertile males with motile sperm is slightly 
longer (p=0.02) than that spent by sterile males with motile 
sperm. 

A final question was on the possibility that some coi 
males are sterile because their sperm cannot function, even 
though they are motile and transferred to the female. 45 coi 
copulations were observed, and the females were dissected 3-5 
days afterward (during which time fecundity could be assessed). 
28 of the copulations (duration, 12.2 + 0.8 min) did not result 
in sperm transfer, though 13 of the maTes proved to have motile 
sperm; all females here were cf course sterile. Of 17 copula
tions (duration, 13.3 ± 0.9 min) that led to motile sperm in 
the ventral receptacle or spermathecae, 4 were nonetheless 
sterile. 

It is therefore concluded that there is a wide range of 
sperm abnormalities among coi males, and that these abnormal
ities can be present even_ if_ the __ sperm_ are_mot_i _l _e _and are trans
missible to the female. Copulation behavior is routinely too 
short in the mutant, and this likely explains why many copula
tions do not result in sperm being transferred. In this light, 
the longer copulations tend to be those that resulted in sperm 
transmission and (usually) fertility. However, copulations 
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with no sperm transfer are not aue entirely to their shorter 
duration. This is partly because of the obvious lack of motile 
sperm in some of these males, whose copulations are not appre
ciably shorter than for males with motile sperm. And even the 
males with motile spe.rm may not always be able to transmit them, 
in spite of the fact that they may have copulated for what 
would appear to be a l ,ong enough time to do so. 

I~ the initial tests of the coi mutant, it seemed as if 
the abnormal gene might lead to a defect in the "copulation pro
gram." However, there are many abnormalities in reproduction 
caused by the mutation. And the abnormalities of sperm pro
duction or transmission cannot thoroughly explain the behavioral 
effect on copulation span. This is because other genetically 
defective males with abnormal sperm copulate much longer than do 
coi males. The former are males expressing no mutations, but 
missing their Y chromosome. They were constructed by crossing 
wild-type males to attached-X/0 females (using several different 
attached-X strains). The resulting XO males in the F 1 have no 
motile sperm (indeed no sperm could be seen at all when these 
males were dissected). Their general courtship behavior is os
tensibly normal (Table 1, and cf. HALL 1977, 1979; vs. one re
port of abnormal behavior of XO males, ASLUND et al. 1978). 
When they copulate, the mean duration is certainly in the normal 
range (Table 1), though it is actually significantly lower than 
the 20-min value from the XY males (carrying the same X chromo
somes used to generate the XO individuals). Obviously, though, 
the absence of motile sperm is insufficient to "feed back" on 
the control of copulation time and reduce ,it substantially. 

The stuck mutation was not only a useful tool for studying 
coi, but is also of intrinsic behavioral interest. These s k 
males behave normally until the end of the courtship pathway, 
but then· about half of the copulations are not terminated normal
ly (Table 1). In these cases, the male is apparently trying 
to dismount but cannot withdraw. Thus he and the female tug 
at each other, frequently facing in opposite directions. The 
duration of this state is . highly variable, in that about 70% 
of the pairs can separate within 4 x 10 2 min; 25% were stuck 
for 1-3 x 10 3 min; and the remaining 5% wer.e stuck for ca. 4-6 
x 10 3 min. For roughly half the cases in the range of 1-6 x 
10 3 min there was no withdrawal at all. Here, both the male 
and the female died, thus at an age much shorter than the normal 
lifespan of Drosophila (e.g. HALL 1969). The low penetrance 
(ca. 0.5) of the stuck phenotype may be underestimated, because 
in tests of mutant males that copulated twice, about one third 
of the individuals that did not get stuck on the first trial did 
on the second (Table 3). 

Residual genetic variability may, however, be in part 
responsible for variable behavior on the part of sk males. This 
is because the major genetic factor responsible, when re-ex
tracted after outcrossing, results in lower than usual pene
trance (which otherwise has remained invariant, during the 
course of mass transfer of the sk stock during the several 
years subsequent to its discovery). These genetic mapping 
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experiments first showed that sk is a semi-dominant, since 4% 
of F males (N=474) from a cross of mutants to wild-types ex
hibiled stuck behavior. This is in contrast to tests of 1155 
males from the wild-type stock: only 2 showed any sign of 
difficulty in dismounting after the normal copulation period. 
One pair remained stuck, apparently trying to pull away, and 
succeeded in doing so after 5 min; in the other case this re
quired one hr. On inbreeding progeny from these two matings, 
no males with stuck behavior were found in subsequent gener
ation. 

Table 3. Double copulations by stuck mutant males. Males ex
pressing sk were tested in copulation with wild-type 
virgin females. If they copulated and then withdrew 
immediately on dismounting or by finally pulling away 
after being stuck, they were tested again with fresh 
virgin females. 

Males Males 
Males getting getting 
showing stuck stuck Males 

Males stuck after 1st after 2nd showing 
copulating behavior copulation, copulation, no stuck 
twice twice not 2nd not 1st behavior 

39 4 2 14 19 

More detailed genetic tests showed that, when the X, 2nd, 
and 3rd chromosomes from the sk strain were totally replaced 
with dominantly marked, inverted balancer chromosomes, ca. 10% 
of the resulting males showed the stuck phenotype. This implies 
that the major genetic factor is on chromosome 4. Thus males 
from ask stock were crossed to eyebess-dominant females (which , 
carry the 4th chromosome marker, ey ); heterozygous F 1 females 
were taken only from crosses in which the parental males had 
been stuck for at least 1 hr. These F1 heterozygotes were back
crossed to stuck males, and the following F2 males (again, only 
from crosses in0 which there was strong0 stucR behavior) were 
tested: not-ey , 12% stuck (N=85); ey , none stuck (N=33). In 
further tests, when the 4th chromosomes from the stuck strain 
were totally replaced, none of the resulting males (N=83) were 
able _to get stuck. Finally, stuck males were crossed to at
tached-4/0 iemales, and the F males that were 4/ 0(with their 
4th chromosomes from the stuc~ strain) were tested: 7/20 copu
lations were of the stuck type (vs. 0/30 such cases from 4/0 
males with their 4th chromosome from a normal strain). The 
genetics of this behavioral mutant are discussed in some detail, 
because it is important to realize that it was not possible to ex
tract the original frequency of stuck behavior among the progeny 
of backcrosses (see the ca. roT values noted above, vs. usual 
R~Qe~ r~~ ~k, Table 1). Thus, other factors may be segre
gating in the original sk strain, several of which must be pre
sent for a relatively high-probability stuck phenotype. In this 
light, stuck males were inbred to their sisters for 15 genera
tions, in matings chosen because they always involved stuck 
behavior. The fraction of tested males that showed mutant be-



NEUROGENETICS OF DROSOPHILA COURTSHIP 59 

havior during the course of this attempted selection fluctuated 
from 30-60% during the course of this attempted selection, with
out a continual increase or decrease. It should be noted in this 
context that sisters of mutant males have no influence on the 
behavioral abnormality, in that a sk male can get stuck with an 
equal chance in females from the sk strain or those from any 
other source. Also, wild-type males (N=23) did not get stuck in 
mutant females. The females from this strain do not transfer 
the abnormality to their brothers (via copulation): 5 sk males, 
collected as very young virgins, were able to become stuck when 
they matured and were eventually tested with normal females; 
and 7 wild-type males, after copulating with one mutant female 
each, showed no abnormal behavior on subsequent testing. 

The biological, if not the genetic, etiology of stuck be
havior might have been rather simple. For example, sk could be 
thought of as leading to a defect in the cuticle of the male 
genitalia, causing the males to have "merely" mechanical diffi
culties in separating from females. This would be analogous 
to the stuck behavior observed in mating between D. sub
palustPis males and D. palust~is females, thought to be due to 
a difference in the morphology of the spines on the penis be
tween inter- and con-specific males (GROSSFIELD 1972a). But 
this hypothesis to explain sk in D. ~elanogasteP fails in its 
simplest version, because scanning electron micrographs at ca. 
l000x showed that for 20 virgin males from the stuek stock, or 10 
that had copulated and withdrawn normally, all were normal in ex
ternal morphology (compared to 20 virgin and 13 l!lated wild-
type males): with respect to the appearance of t he penis, its 
associated spines, or nearby bristles and appendages (Figure 
3a). Data fiom males that had bec6me stuck after copula~ing, 
and then were either pulled out or eventually. withdrew on 
their; _own, sh0wed a dramatic difference from wild-type: 30 
of 82 such males had their penis greatly extended and the 
clasper appendages had nearly disappeared (FIGUFE 3b). This 
chanqe could also be seen under liaht microscopy at 160x, so 
that affected males could be chosen and re-tested behaviorally. 
The abnorm·al - positions of the appendages were maintained for 
several days. Eight such males were re-mated, and 5 became stuck 
again while 3 terminated copulation normally. Of the 3 males 
that had normal ~opulaiions, the penises of 2 had returned to 
a normal position, and the claspers had re-emerged. ·The ab
normal positioning of claspers was not f~und in normal males 
w,ith penis extende.d due to an·esthesia (as sometimes happens with 
ether and is especially pronounced with n-pentane or n-hexane). 
Wild-type males separated from females by vortexing (cf. FIGURE 
2) before the end of copulation did not show extended penises 
or retracted claspers. Thus, sk leads to a rather unique pheno
type, which, as far as can now be determined, is related to the 
manipulation of the external genitalia, instead of their mor
phology per se. The mutation may even lead to a sex-specific 
change in neural or muscular phvsiology. 

That sk should be viewed as having a "dynamic" abnormality 
is further suggested by tests on vortexing copulating pairs. In 
the interrupted mating tests performed to assess the time of 
initial sperm entry, it was noticed that wild-type males are 
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quite difficult to separate early in copulation, and much easier 
to vortex apart during the secon~ half (FIGURES 2b & 2c). Stuck 
males, on the other hand, show only a slight decrease in coupling 
strength; and they may become even more strongly bound as the 
normal time for disengagement approaches (FIGURES 2b & 2c) total
ly unlike wild-type males. For copulations involving mutant stuck 
males and vortexed during the second half of copulation, those 
that did no t separate nearly all became stuck at the end; where
as those vortexed during the first 1-9 min that did not ' separate 
showed the more usual frequencies of eventually getting stuck 
.(10-40%). Finally, when 8 cases of stuck males were vortexed 
for 2-5 minutes, after the apparent end of ca. 20-min copulations, 
they were impossible to separate. 

Figure 3. Genitalia of mutant stuc k males in scanning electron 
micrographs . Ventral views; caudal end toward top . 
a. virgin stuc k male, with apparently normal penis 
(P) and claspers (C). b . stuck male, after copu
lating, becoming stuck, and eventually pulling away 
from the female . The penis is extended and the mark
edly retracted claspers are not v isible . The scale 
bar at the bottom of each micrograph represents 10 µm . 



NEUROGENETICS OF DROSOPHILA COURTSHIP 61 

These experiments show that sk affects essentially the 
entire process of copulation, not just its termination. And it 
seems even more likely thit stuck is a true behavioral mutant, 
not a "structural" one. 

MU~ANTS WITH ABNORMAL SIGHT AND SMELL 
THAT COURT DEFECTIVELY 

From the foregoing discussion of "courtship-specific" mu
tants, it was clear that no mutations yet discovered ~ffect the 
earliest stage of the pathway. Such mutations would, for in
stance, cause males not to initiate courtship. This begs the 
question as to what information passing between females and 
male~ is responsible for triggering courtship. Visual cues and 
chemical ones might be expected to be important, since Dro
sophila see and respond to moving objects (e.g. KALMUS 1948), in
cluding, it seems, movinq females (COOK 1979). The importance 
of chemical communication might be invoked, due to observations 
that males tap female abdomens at the beginning of the pathway 
(FIGURE 1), and that something on or in the fly's abdomen must 
be female in order that this individual trigger courtship. The 
latter conclusion comes from experiments on gynandromorphs, the 
results of which have shown that the behavioral focus for fe
male sex appeal is most closely associated with abdominal tis
sue (reviewed by HALL 1978b, GREENSPAN & HALL 1979). Thus, 
when the male taps the abdomen, he m~y be stimulated by con-
tact chemoreception from female-specific surface substances. 
These stimuli would enter through the tarsus of the foreleg, 
which is rich in chemoreceptors (e.g. FALK & ATIDIA 1975). Al
ternatively, or additionally, the mapping of female sex appeal 
to the abdomen could mean that volatile compounds are produced 
under the sex-specific control of these body segments, and 
possibly released from such posterior tissues as well. The 
suggestions of a role for sex pheromones in Drosophila came 
initially from behavioral experiments, some of which have test
ed th~ possibility that females can influence male behavior 
wh~n individuals of the two sexes are physically separate 
(e.g. SHOREY & BARTELL 1970, AVERHOFF & RICHARDSON 1974, JALLON 
& HOTTA 1979). 

If sight and smell are important in at least the initial 
stages of courtship, then mutations that interfere with either 
sensory modality might block the pathway at the beginning, 
causing, for example, male sterility. Here we discuss results 
showing that visually or olfactorily defective mutants are able 
to court and mate; this would explain why no male-sterile mu
tants have been found which then turned out simply to be blind 
or unable to sense odors. However, males expressing these kinds 
of mu.ta tions have been found to have abnormalities in their 
courtship. 

VISUAL MUTANTS 

Of the many blind mutants isolated in D. melanogaster (re
viewed by PAK 1975, HALL & GREENSPAN 1979), all are able to mate. 
Even the most severe mutants, expressing alleles of the no-re
ceptor-potential (norpA ) gene, court females with a high proba-
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bility; and they achieve copulations with only a 2-3 fold lower 
frequency than that recorded for wild-type males in 10-min ob
servation periods (SIEGEL & HALL 1979, cf. MARKOW & MANNING 
1980). These findings are not surprising, because it has been 
known for some time that D. metanogaster can mate in total dark
ness (for the most recent reports, see HARDELAND 1972 and 
GROSSFIELD 1972b). Other Drosophita species, however, require 
light to mate (see below). 

The observations on genetically blind flies, however, pro
vide a bit more detail on the role of vision, because it is easy 
to observe that norpA males are badly misdirected in many of 
their courtship actions, and that their Courtship Index (CI, as 
defined above) is significantly reduced (see below, Table 5). 

Since the absence of vision does cause defective mating 
behavio~ is it most important that a normal male simply see the 
object of his courtship, or is it more important that he detect 
her movement? This question has been addressed by testing mutant 
males with more subtle visual defects than tot3t blindness. The 
courtship performance of optomotor-btind (ombH ) males was 
measured. Flies expressing this mutation are able to see, but 
are very aefecrive i!'lthei~ turning resp-o-nses- to- mo-vements--in 
their environment (HEISENBERG et al. 1978). This beh~iforal rie
fect is almost certainly related to the fact that omb flies 
have severe reductions in giant fibers normally present in one 
of the optic lobes. More peripheral genetic defects in the eye 
or the optic lo~3tjust proximal to it (which is apparently not 
affected by omb ) lead to marked abnormalities of the electro-
retinogram (ERG). 837or instance, many norpA alleles abolish 
the ERG. The omb mutation, however, has a normal ERG 
(HEISENBERG & GOTZ 1975). 

When observed in courtship, omb83 tmales show the same 
two-fold decrement in CI as found for norpA males (TOMPKINS 
et al. 1980b, and see below, Table 5). Moreover, the turning 
responses toward moving females are severely depressed: when 
two lines interecting at 90° were placed beneath the court
ship chamber (dividing it into quadrants), wild-type males 
crossed 41 ± 2 lines per min (these males were from a Bertin 
strain, unlike all other control flies we have used, because 
ombH3t was isolated on that genetic background). The ombH 3l 
males crossed only 2 ± 0 lines per min (TOMPKINS et al. 1980b). 
These mutant males therefore perform essentially no orientation 
toward moving females, which apparently is necessary for ini
tiating sustained courtship bouts between normal flies. The 83 t 
number of courtship bouts is increased 3-fold in tests of omb 
males, compared to wild-type; the bout lengths, however, are 
much shorter, accounting for the reduction in CI. 

Thus the observations of this mutant suqgest that the de
tection, using vision, of female movement (not merely her 
presence) isan important feature7Yf - th-e inpu-t- from- female to 
male in the courtship of D. metanogaster. The adaptive sig
nifican:eof optomotor responses to female movement is furthHJt 
emphasized by the results of mating tests involving the omb 
males: they take an abnormally long time to achieve copu-
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lation. Whereas wild-type males took only about 2 hrs (at 
most) for 80-100% of the individuals to copulate, the mutant 
males required approximately 2 days to reach this same level 
of success {TOMPKINS et al. 198Gb). This re-enforces the ori
ginal suggestion, from the measurements of dnfrctive courtship 
actions in short-term tests of nor>pA and omb males, that 
visual cues are far more important than would be concluded 
merely from the fact that light is not required for mating. 

However, though it is helpful for the D. me l a nogaster> male 
to see a moving female, female actions in the courtship of other 
species seem to be more critical. For instance, if av. sub
obscur>a or D. aur>ar>ia female is immobilized by decapitation, she 
is courted poorly or almost not at all by a male of her species 
(SPIETH 1966). This is consistent with the crude results on the 
absolute requirement for light, if mating is to occur in these 
species (reviewed by GROSSFIELD 1966). And the notion that the 
male and female must see each other performing fixed action 
patterns is strongly suggested by observations on the complex 
movements performed separately by individuals of each sex in 
D. subobs c ur>a (BROWN 1965, PINSKER and DOSCHEK 1979). On the 
contrary, D. melan ogaster> females appear as if they are onl y 
"requir~d" to move as such, during at least the early stages of 
courtship, instead of exhibiting ritualized postures and other 
positive actions. Indeed, when D. melanogas t er> females are im
mobilized by decapitation {SPIETH 1966), or anesthesia (e.g. 
HALL 1978a), courtship is sub-normal but still occurs at a 
reasonably high frequency; and copulation involving immobile 
females is possible. 

We have recently examined the role of female movement in 
D. me lanoga s ter> courtship in more depth (also see COOK 1979). 
Our tests first involved males present with females that ex
pressed shibire-temperature-sensitive (s hi ts) mutations (cf. 
GRIGLIATTI et al. 1973). Such females can fe almost completely 
immobilized, due to paralysis caused by sh i s at 27°c (or 
higher). At this temperature, courtship involving a wild-type 
male and a wild-type female is normal, or, if anything, slight
ly enhanced (SIEGfL & HALL 1979). However, when wild-type males 
were put with sh i s females and the temperature raised to 27°c, 
the female soon became paralyzed, and the CI values abruptly 
plummeted SO-fold. In the reverse experiment with a separate 
group of flies, the temperature was lowered from 27° to 20 ° (a 
permissive temperature for the mutant); and when the females re
covered from paralysis, Cl's increased almost 4-fold (TOMPKINS 
et al. 198Gb). Thus, we can modulate courtship up and down by 
causing the female to start moving or to stop, respectively. But 
there is not, for example, a complete turn-off in these kinds of 
experiments, because females are able to stimulate courtship le
vels that are significantly above zero, even when they are not 
actively involved in interactions with the courting males. 

Additional experiments on female movement led eventually to 
a connection between visual behavior and olfactory responses in 
the courtship of D . mel a nogast e -,,. First, we note that in the 
tests involving genetically blind males, a change in the 
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patterns of female activity was found to be correlated with the 
longer-than-normal times required for-copulation to begin. When 
it takes a male "too long" to initiate copulation, the female 
slows her general movements dramatically. These data were col
lected in a manner similar to those relating to turning re
sponses of optomotor-bZind ~ales; that is, a line was placed 
through the test chambers, and the numbers of femaZe crossings 
were noted during successive time intervals after a male had 
been introduced into the chamber. For wild-type males in the 
light, there was no substantial decrease in female activity, 
apparently because these normal courting pairs copulate so 
soon after the first male wing extension occurs: an average 
of 0.5 min to the first wing extension, and an additional 1.9 
min required for copulation to begin (Table 4). In only 3 of 
these 24 tests was the female "brought to a stop" (defined as 
0-5 line crossings per min) for a full minute or more (Table 
4). The females generally crossed ca. 20 lines per min, during 
the 2-3 min required for the average copulation to begin. 

Visually defective flies were tested in a similar manper, 
using wild-type pairs in the dark (observed under red light, in 
which conditions D. meZanogaster cannot see, HAMILTON 1922) or 
near:-1511nd males expressing t~ran mutation (e~ g-. - He>TTA_ &_ 
BENZER 1969). The times to the first wing display were an 
average of 1.0 and 2.2 min, in 24 tests each of normal flies in 
the dark or tan males, respectively. Copulations were initi
ated a relatively long time later (compared to normal pairs in 
the light) in these two aberrant situations (Table 4). During 
the course of these relatively long time intervals, the females 
were often brought to a stop: in 12 of 24 tests for wild-type 
pairs in darkness, and in 19 of 24 tests with the mutant males. 
But they did not "stop" until the last 1-2 min before copulation, 
and continued to cross ca. 20 lines per min during the pre
ceding 4-9 min. 

This kind of female behavior apparently is a positive re
sponse on her part to relatively sustained courtship by a male 
that nonetheless takes "too lonq" to be fulfilled. This is be
cause in tests of females with very young males (which court 
little if at all, and do not copulate (e.g. JALLON & HO'I'TA 
1979)], we found that the female is rarely brought to a stop (2 
of 24 tests), even after long periods of time 'during which these 
pairs are left together. 

COOK (1973, 1977, 1979) has also concluded that the fe
males of D. meZanogaster must slow their general movements if 
copulation is to occur. His and our results would suggest that 
she must be a reasonably immobile target if the male is to in
itiate copulation successfully. Her near cessation of movement 
is only momentary when she is courted by a wild-type male under 
normal cond-itionsT-but she will respond to abnormally long 
courtship in an exaggerated way, by markedly slowing down. Re
c"alr,t nougn, t hat 1f a female 1s absolutely immobile andtis not 
even standing up (due to anesthesia or effects of the shi 8 mu
tation) she mates very poorly. Successful courtship, then, 
appears to require an optimal "medium" between the ·extremes of 
zero activity from the female and "too much" movement. 
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Table 4. Influence of visual and olfactory behavior on female 
behavior and mating success. Male-female pairs of the 
indicated genotypes were observ,ed for 30 minutes, in 
the plastic mating chambers described by HALL (1977, 
1979), which were divided in half by a diagonal line. 
The conditions involved either the use of fluorescent 
white light or dim red light ("dark" for the flies). 
The "% of females stopping" refers to cases in which 
these females eventually ceased significant movement 
throughout a one-minute period (i.e. crossed the line 
only 0-5 times during that minute). The "mean time 

male 
genotype 

wild-type 

wild-type 

tan 

wild-type 

wild-type 

tan 

to start of copulation" was calculated for those pairs 
which did begin copulating within 30 minutes. 

% of % of mean time 
number females pairs to start 

female condi- of pairs stopping copu- of copu-
genotype tions tested for 1 min la ting lation (min) 

sbl+ liqht 24 13 100 2.4 

sbl+ dark 24 50 67 5.1 
sbi+ light 24 79 96 11.1 

sbl light 24 0 63 7.4 

sbl dark 25 0 24 14.2 

sbZ light 29 0 10 16.8 

OLFACTORY MUTANTS 

What does the female detect, in order to respond by slow
ing down when a male is taking a long time to achieve copu
lation? We suggest that the male may generate an odor that the 
female senses, and whose effects eventually accumulate, result
ing in her reduced activity. This conclusion comes from tests 
of the effects of a mutation, smell-blind (sbl,) tha~ was re
covered by ACEVES-PINA & QUINN (1979) on the basis of an in
ability to sense certain artificial odorants. Perhaps such 
flies cannot smell any airborne chemical stimuli, or ' cannot pro
cess such sensory information because of a chemical defect. It 
is the case that sbZ females in the presence of defectively 
courting tan males do not respond by corning to a near halt in the 
courtship chambers. None of the females stopped (re the criter
ion s ,tated above) in 30-rnin tests (Table 4) . They continued to 
make at least 20 line crossings per minute, for many minutes. 
Analogous tests were also conducted using wild-type males and 
females in the dark; none of these females stopped either (Table 
4). Some previous experiments using olfactometers have given 
precedence to the idea that females in this species can respond 
to volatile compounds emanating from males (VENARD 1980). 

Correlated with the apparent inability on the part of 
sbl females to sense the lengthy presence of a defectively 
courting tan male, and hence for the females to slow their move-



66 HALL, SIEGEL, TOMPKINS and KYRIACOU 

ments, is the fact that copulation was even more inefficient in 
these tests: there was no copulation at all in 26/29 cases 
vs. only 1/24 such failures in analogous tests of tan males 
with normal females (Table 4). 

Mutant sbl females are defective in their stopping and 
copulation behavior, even under more optimal conditions involv
ing wild-type males observed in the light. In these tests, all 
the females eventually stopped, but only momentarily, not by 
the standard criterion (Table 4). Correlated with this rela
tively poor "stoppage" was a mediocre copulation frequency: 
9/24 pairs failed to initiate copulation in 30 min, vs. 0/24 
such failures in t~ts of wild-type males plus wild-type fe
males in the light (Table 4). 

It has been found that males as well as females of D. 
melanogasteP apparently respond to courtship pheromones from 
other flies. These relatively recent studies have substantially 
augment~d the earlier suggestions of the relevance of sex- · -
stimulating volatile compounds in these flies (e.g. SHOREY & 

BARTELL 1970). The current work has made important use of 
the sbl mutant. It was found first that females produce vola
tile compounds that (1) are different from male materials on 
gas chromatographic criteria (HEDIN et al. 1972, TOMPKINS et 
al. 1980a); (2) stimulate two males to court each other at 
greatly accentuated levels--compared to such male-male inter
actions in the presence of nothing else or volatile compounds 
from mature male flies (TOMPKINS et al. 1980a, VENARD 1980); 
(3) can stimulate males to court one another when the phero
mones are in the chamber with the males or are as much as 7-8 
mm removed (TOMPKINS et al. 1980a); (4) have an optimum con
centration for courtship stimulation above and below which 
they are less effective. (TOMPKINS et al. 1980a, VENARD 1980) 
and (5) will stimulate males of a closely related species to 
court, but have no effect on males of a distant species (TOMP
KINS et al. 1980a). 

These volatile compounds from virgin females are thus 
similar in their effects to those from the fruitless mutant 
males discussed earlier. The experiments on substances from fe
males again show that the usual near-zero level of male-male 
courtship in D. melanogasteP can be dramatically enhanced by 
chemical stimuli. In male-female interactions, the chemical 
stimuli seem to be important, because mutant sbl males show sub
stantially reduced courtship activity in the presence of virgin 
females--about the same 2-fold reduction in CI as effected by 
mutations affecting vision, and associated with similar ab
normalities of male orientation toward the female (Table 5). In 
addition, tests of pairs of sbt males in the presence of vola
tile compounds from females show no response of these mutant in
dividuals, no matter what concentration of the pheromones was 
used (TOMPKINS et al. 1980a). 
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Table 5. Cc'..Jrtshii:, i.>y D. melanogaster males with visual anc ol
factory defects. Blind norpAEE5 or ~7, 3 males, ol
faction-rninus sbl males, and sbl, gl males, which a.re 
both blind and cannot smell, were tested in courtship 
chambers, with either two males of the same genotype 

Number of 
males in 
each test 

per chamber, or with one male plus one virgin female 
per chamber. See TOMPKINS et al. (1980a) for expla
nation of virgin female extract, how it is used in these 
courtship tests, and the Courtship Index (CI) that re
sults. 

% of tested 
males or pairs 

Number performing CI + SEM Stimulus of tests wing extension 

1 wild-type virgin female 20 100 68 + 2 

1 nor>pA 
EE5 virgin female 10 100 37 + 4 

1 gl,3 virgin female 10 90 27 + 4 

1 sbl virgin female 25 88 31 + 3 

1 sb l, gl,3 virgin female 12 17 5 + 1 

2 wild-type none 112 6 1 + 1 

2 nor>pA 
EE5 none 10 0 2 + 1 

2 sbl none 10 0 2 + 1 

2 wild-type virgin female 10 40 16 + 2 
extract 

2 nor>pA 
EE5 virgin female 10 40 9 + 1 

extract 

2 sbl, virgin female 10 0 2 + 0 
extract 

Therefore, it appears as if one can eliminate either sight 
or smell in tests of the roles that these sensory modalities 
play in courtship. These tests of the individual mutants sug
gested that a double mutant might court essentially not at all, 
since either a blind mutant or an olfactory-deficient mutant has 
about one-half of its courtship "removed" (Table 5). This ore
diction was partially borne out: sbl was combined with a blir.d, 
gZass-eye (gl, 3 ) mutation. (Males expressing these mutations sepa
rately gave CI's that are 46% and 40%, respectively, of the wild
type value; Table 5). When the double-mutant males were tested 
with virgin females, they courted with the extremely low CI of 5 
(TOMPKINS et al. 1980a, Table 5). This courtship perfor-mance 1s 
barely greater than the "background" level seen between two ma
ture males that are together in a chamber with no other stimuli 
(Table 5), or, for example, volatile compounds from mature males 
(TOMPKINS et al. 1980a). 
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In spite of the low level ,of cou3tship activity recorded 
in short-term observations of sb'l, g'l males, when double-mutant 
individuals were put with females for several days (one male 
plus five females per food vial), most of these males insemi
nated at least one female (TOMPKINS et al. 1980a). It would 
seem, therefore, that other sensory modalities are sufficient 
for .mating, if the two "major" ones are removed by mutations. 
For instance, contact-chemoreception or even mechanoreception 
that is hypothetically associated with male tapping may eventu
ally provide enough male-female "communication" for copulation 
to occur. In addition, or instead, sound communication of some 
kind from female to male may ~ell the sensorily deprived sbZ, 
fj7 3 male of her presence, stimulate the low-level courtship that 
1s observed, and finally overcome the absence of vision and ol
faction. The "important" sound stimuli in DPosophi'la courtship 
are usually thought to travel from male to female (see above), 
but auditory stimulation of the male's own reproductive activity 
has been reported (SCHILCHER 1976c). 

MUTATIONS AND MOSAICS AFFECTING THE CNS'S 
CONTROL OF COURTSHIP 

GYNANDROMORPHS AND PHYSIOLOGICAL MUTANTS 

Genetic variants affecting the central nervous system and 
higher behavior in DPosophi'la have begun to be used intensively 
in studies of courtship. Sex mosaics (gynandromorphs) have 
different nervous systems from normal flies. Through the use of 
a cell marker involving acid phosphatas~ activity, it was found 
that the brain must have haplo-X male tissue in order that a 
gynandromorph court a female (HALL 1977, 1979). This confirmed 
the suggestion from earlier work that involved cuticular markers 
only (reviewed by MANNING 1967a, and studied more quantitatively 
by HOTTA & BENZER 1976). In addition, studies of marked nervous 
systems showed that male tissues in only a portion of the brain, 
in dorsal posterior regions in the left or right side of the 
head (or both), are sufficient to control qualitatively normal 
behavior at least at the beginning of the pathway (cf. FIGURE 
1). However, subsequent stages of courtship are under the sex
specific control of the ventral ganglia in the thorax. Thus 
the courtship song is aberrant or absent, and there is no at
tempted copulation, unless both the brain and the thoracic gang
lia have male neurons (SCHILCHER & HALL 1~79, HALL 1979). 

It has been suggested that these courtship foci relate to 
male-specific intracellular aspects of neurons in certain 
portions of the CNS, and/or sex-specific connectivity among 
neurons (e.g. HALL 1979). The latter possibility would be a
nalogous to sex specificity of morphology seen in parts of 
mammalian brains whose structure and function is related to re
production (e.g. RAISMAN & FIELD 1973, GORSKI et al. 1978). 
There is recent evidence along these lines from diptera: the 
lobula optic lobe in the visual system of larger flies has sex
specific patterns of fibers (STRAUSFELD 1980); and a thoracic 
ganglion in DPosophi'la has extra or more extensive fibers in 
males (STRAUSFELD & SINGH 1980). In the first case, at least 
some of the cell bodies of neurons whose axons innervate this 
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optic lobe are in the dorsal posterior brain (STRAUSFELD 1980), 
to which a courtship focus in D. melanogaster has been mapped. 
However, it is unlikely that sex-specific input through the 
visual system is solely responsible for male courtship in 
Drosophila, be~ause male flies that have no such input still 
court females (see above). 

It has been suggested that the male courtship focus in the 
brain could relate to male-specific structure or function of the 
dorsal mushroom bodies; these are bundles of axons, some of 
whose cell bodies lie at or near the focus in the posterior 
cortex of the fly brain (cf. STRAUSFELD 1976, and ··Figure 4, 
below). Such axonal bundles, forming various lobes, have been 
postulated to control many (perhaps too many) features of 
higher behavior in insects (reviewed by HOWSE 1975, and see 
recent evidence from WADEPUHL & HUBER 1979). Genetic evidence 
on the -possible role of the mushroom bodies in courtship comes 
from HEISENBERG (1980), who has isolated a mushroom-bodies
deranged (mbd) mutant in D. melanogaster. Axons in at least 
one major lobe of the mushroom bodies appear to be "rolled 
up" near their cell bodies in the dorsal, posterior cortex; few 
fibers, then, run through this lobe in the normal locations. 
Yet, when males expressing mbd are. tested in courtship, they are 
strikingly normal (HEISENBERG 1980)--even in the dark; and even 
in subtle features of male-female interactions, such as those 
involving experience-dependent actions (discussed below, cf. 
SIEGEL & HALL 1979). However, the one mutant allele of mbd that 
is extant does not allow a definitive test of the function of 
the mushroom bodies in controlling various behaviors, beca.use 
even the most severely af~cted individuals in the strain still 
have ca. 20% of the normal numbers of fibers present in the 
relevant lobe of the dorsal brain. An mbd allele leading to no 
fibers--if it would still allow survival--is needed if one is to 
rule out the importance of the mushroom bodies in court~hip. 

Even if the male courtship focus in the brain of 
Dr.osovhila is dramatically abnormal, male behavior can 
still be mediated. This conclusion comes from studies of gyn
andromorphs expressing the neurochemically defective acetyl
cholinesterase (AChE) mutations (Ace) in the male parts of their 
central nervous systems. The mutations cause embryonic lethal
ity if the whole animal is mutant (HALL & KANKEL 1976); but many 
of· the mosaics expressing an Ace- allele in only part of the fly 
survive to adulthood. Several anatomical and functional ab
normalities have been seen in these mosaics, including defects 
in higher behavior (HALL et al. 1979, GREENSPAN et al. 1980). 
The fact that the Ace- male tissues in the dorsal brain of such 
mosaics have aberrant metabolism of the neurotransmitter acetyl
choline and are associated with condensation, apparent dis
organization and even degeneration of the axonal neuropile, but 
can still mediate male courtship suggests the following possi
bility: What if male-specific structure and function per se 
were irrelevant and it is only necessary to have non-female 
tissues at the courtship focus? This requirement would be met 
if the relevant brain tissues were male and normal or male and 
defective (FIGURE 4). Thus, female tissues, if present in both 
left and right brain, might actively inhibit courtship. This 
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inhibition would be released--and thus visual, olfactory, and 
other sexual stimuli would be processed--if the focus in one 
side of the brain had its female-specific function "destroyed." 

This hypothesis could be tested, perhaps, through brain 
ablation experiments on adult flies; but an attractive al
ternative, still in the realm of known neurochemical dis-

Figure 4. Mosaicism for acetylcholinesterase in Drosophila 
gynandromorph that courted. This horizontal frozen 
section (10 µm thick) is from the dorsal brain of a 
sex mosaic constructed so that haplo- X male tissues 
(left side) would be mutant (Ace, for the gene that 
codes for acetylcholinesterase in the CNS. +The 
diplo-X female tissues (right side) are Ace. This 
mosaic exhibited courtship, including wing display, 
when placed with a female. After subsequent section
ing and histochemical staining, essentially the only 
Ace~ male tissue proved to be in the dorsal, poster
ior brain, as shown by the absence of AChE staining 
in the cellular cortex {CT); the neuropile (NP) ad
jacent to this mutant cortex shows differences from 
normal morphology that are characteristic of Ace-clones 
in the CNS (see GREENSPAN et al. 1980, who reported be
havioral results from tests of this and other acetyl
cholinesterase mosaics), The scale bar represents 
100 µm. 

ruptions, would be to construct mosaics for AChE activity that 
are not gynandromorphs.+ Instead, these flies would be female 
throughout but part Ace , part Ace- (all cells would be diplo-x, 
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but the Ace tissues would have undergone somatic loss of a 
small genetic duplication that has been constructed to carry the 
normal allele of a cuticular marker along with Ace+--J.C. HALL & 
A. GROSS, unpublished). If the Ace- tissues are in the dorsal 
posterior brain (cf. FIGURE 4), such a femaie might couPt otheP 
femaies. Such aberrant behavior has been observed in some DPos
ophiia strains (e.g. COOK 1975). 

The thoracic courtship foci have also been studied in AChE 
mosaics that are not gynandromorphs; diplo-X tissues were turned 
into male ones through the use of the transformer mutation of 
STURTEVANT (1945). These thoroughly male mosaics were tested in 
their courtship song, which is at least in part under thoracic 
control (SCHILCHER & HALL 1979). In spite of the usual morph
ological defects seen in association with the Ace- neural tis
sues in the thorax, rather subtle defects have been observed. 
These relate to the regular fluctuations of intervals between 
pulses of tone that have recently been discovered to be a 
feature of normal courtship wing vibration in DPosophiia 
(KYRIACOU & HALL 1980). Such inter-pulse intervals (IPI's) in
crease and decrease in a sinusoidal fashion (FIGURE 5). A full 
cycle of this variation lasts ca. 1 min in the song of wild-type 
D. meianogasteP males (but only ca. 60% of that value in D. simu
ians, FIGURE 5). In the male Ace mosaics, if one side of the 
thoracic ganglion is AChE-negative, then the corresponding wing 
has been observed to show an absence of the oscillations of IPI 
(HALL et al. 1980). This is perhaps remarkable, because (1) the 
courtship song producedby this wing does not merely degenerate 
to random noise or silence, in spite of the severe morphological 
defects in the underlying ganglion; and (2) the opposite wing, 
corresponding to Aee+ tissue, shows the usual sinusoidal pattern 
of fluctuation, during moments of courtship when that wing is 
used; it, and the abnormally singing one, were extended nor
mally at various morr.ents. Finally (3) the independent control 
of one wing or the other, by the respective halves of the tho
racic ganglia, is not what might have been expected from studies 
of gynandromorphs. These courting mosaics (with male tissues 
labelled by the benign acid phosphatase marker) showed that 
thoracic maleness in only the left or right part of the ventral 
ganglia is sufficient to control normal song from either wing 
(SCHILCHER & HALL 1979). 

The brains were thoroughly Ace+ in most of the male mo
saics we have analyzed,and showed abnormal song (C.P. KYRIACOU, 
J.C. HALL and A. GROSS, unpublished). Thus, thoracic control 
of the IPI fluctuations is strongly implicated. However, the 
Ace- clones analyzed so far have not been localized enough to 
determine if only a particular small portion of the ventral 
nervous system is relevant. 

Oscillating aspects of courtship song have been analyzed 
preliminarily with another kind of neurophysiologically de
fective mutation. The no-action-potential (napt 6 ) mutant is a 
temperature-sensitive paralytic whose electrical impulses vanish 
when larval nerves are treated with high temperature (WU et al. 
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1978). We have assumed that such action potentials would be 
absent during high temperature treatments of n a pts adults as 
well. In this light, it was interesting to find out that a 
napts male, which courts normally under our standard conditions 
of (e.g.) 25°c, can have his reproductive behavior interrupted by 
heat-induced paralysis, but then will resume courtship almost 
immediately if the temperature is lowered. When he resumes sing
ing, his fluctuations of IPI begin to occur again in the regular 
manner (cf. FIGURE 5). Two such mutant males have had their 
song patterns analyzed in detail, before and after na pt"-induced 
paralysis. It has been found that the sinusoidal oscillations 
are not resumed "in phase" (cf. below), in that the IPI produced 
is out of phase by the same amount of time that the malt was 
paralyzed (KYRIACOU & HALL, unpublished). Thus, the mechanism 
controlling these oscillations has not "kept running" during the 
time when the mutant males were paralyzed. 

In striking contrast are the results from normal males: 
either those tested under our usual conditions (N=32 males tested, 
cf. FIGURE 5) or those treated transiently with high tempera
tures (N=2). In these cases, it appears as if the males are 
"singing to themselves" during intervals when they break off 

--courtship (as happen s routinely, since Courtship Indices are 
never 100%, cf. Table 5). This means that, when a male resumes 
his following of and wing display at a female, it is often seen 
that the courtship song is resumed with an IPI that would be pre
djcted if the curves drawn to define the oscillations were sim
ply extrapolated onward (FIGURE 5). Whatever the mechanism is 
that keeps running during non-singing intervals, the results 
from the napts males suggest that it requires normal nerve im
pulsts to be maintained. 

Other attempts to disrupt the normal patterns of IPI os
cillations have involved the application of different tempe'r
atures or light-dark regimes to wild-type males during develop
ing and/or adult stages. These treatments have been found not 
to affect these highly regular, built-in periods of fluctuating 
acoustical behavior (KYRIACOU & HALL 1980). 

CIRCADIAN-RHYTHM MUTANTS 

The fluctuations of IPI in courtship song are so regular 
that it seemed as if it would be valuable to test the effects on 
this behavior of other mutations, nart1cularly those in 
Drosophila that were isolated on the basis of abnormal "timing". 
These are the period ( per) mutants of KONOPKA & BENZER (1971) 
which express aberrant circadian rhythms. Three different EMS
induced alleles of this X-chromosomal gene alter periodicity 
of diurnal rhythms in different ways: either shortening them 
ca. 20% (from the usual 24 hours), lengthening them ca. 20%, 
or abolishing them altogether. Rhythms of both eclosion and 
_g_e n_eral_ l .9_como_t_Qr~ LLv_Lt_y _a_r_e aff~cted in the same way~ n each 
mutant. But it was not known whether these relatively long
term rhythms--in Drosophila or in other organisms--have a 
relationship to mechanisms controlling short-term oscillations 
(e.g. PYE 1969, 1971). 
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Figure 5. Variation in inter-pulse-interval (IPI} for courtship 
songs of wild-type DPosophila males. These males had 
the wing vibrations they directed at females re
corded; Mean intervals between pulses of tone (IPI's 
in millisec = ms} were calculated for successive 10-
sec (=s} fractions of the 3-6 min observation peri
ods. Each point represents such a mean IPI (the 
standard errors range from the same size to 2-fold 
the height of the symbols}. Symbols (x} do not ap
pear for all time frames monitored, because the males 
often broke off their courtship during some of the 
10-sec intervals. When they resume singing, their 
mean IPI for that 10-sec interval tends to be what 
would be predicted from the functions that are ex
pressed as dashed lines (see arrows for examples}. 
These sinusoidal curves were fitted by eye to have a 
near-constant period length (X} of ca. 1 min from 
(a} 3 Canton-S wild-type males of D. melanogasteP 
and (b) 2 0Pegon-K wild-type males from this species; 
the D. simulans male (c} had a much shorter period 
length. All of these IPI's do fluctuate in a non
arbitrary sinusoidal fashion, as shown by the sta
tistical analysis presented in KYRIACOU & HALL (1980). 
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When the three per mutations were tested (N=at least 12 
for each mutant) in males for effects on courtship song, it was 
found, strikingly, that males expressing the per-short allele 
have period-lengths of IPI fluctuations of only 40-45 sec; 
per-long males have 80-90 sec periods; and the ~rrhythmic 
per0 males sing with different IPI's during different moments 
of courtship, but there was neither a sinusoidal nor any other 
regular pattern of fluctuation (KYRIACOU & HALL 1980). All 
of these mutant males, like wild-type, had IPI's that were in the 
range of 30-38 msec. Males expressing per0 showed more vari
ability of IPI per se, in addition to no regular periodicity of 
fluctuation. Yet neither the two mutants with regular oscil
lations, nor the wild-type males with their ca. 1-min periods 
have anything approaching invariant lengths of time between 
pulses. 

LEARNING MUTANTS 

The final kinds of higher behavioral variants to be dis
cussed involve learning and memory. It would seem that con
ditioning is irrelevant to courtship and mating in Drosophila, 
because of anecdotal reports showing that, for instance, male 
flies if isolated from eclosion, then put with females, will 
nonetheless court them. No previous "experience" would ap
parently be required. However, detailed measurements of this 
kind of courtship have not been made. What if, for example, the 
fluctuating features of courtship song were not performed, un
less the male had previously been exposed to all the details of 
normal auditory behavior? It is conceivable that this is the 
reason for the newly emerged male to release pheromones that 
cause him to be courted so vigorously (see above). 

The fact that conditioned behavior is sometimes relevant 
to Drosophila courtship comes from studies involving olfactory 
information passing from female to male. It is known 
that mated females of D. melano,aster stimulate relatively little 
courtship, compared to virgin females (e.g. SIEGEL & HALL 1979), 
addition to the well-known fact that the former kind of females 
do not readily re-mate until a few days after their initial 
copulation (e.g. MANNING 1967b, BURNET et al. 1973). Further 
examination of this phenomenon showed that the mated females 
are almost certainly producing an aversive pheromone, along with 
th~ stimulating substances made by virgins (TOMPKINS & HALL 
1980). 

The possible relationship of learning to the effects on 
males of mated females came from experiments showing that there 
is an after-effect on male behavior: that is, a male put with a 
mated female for an hour or more shows poor courtship when sub
sequently put with a virgin female (SIEGEL & HALL 1979). This 
after-effect lasts at least 2 hours. It was first thought that 
the male is merely debilitated, because he was exposed to 
"noxious" materials associated with mated females, and thus 
needs many minutes to recover. However, these males do not ap
pear to suffer decrements in their general behavior after being 
exposed to mated females (SIEGEL & HALL 1979). More interesting 
is the fact that a bona fide memory mutation, amnesiac (amn--
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QUINN et al. 1979) results in a much shorter-than-normal after
effect, when mutant males are tested with mated females and then 
virgins (SIEGEL & HALL 1979). The memory mutant was isolated 
on criteria unrelated to courtship, and, in addition, appears 
to have normal olfaction (QUINN et al. 1979); moreover, amn 
males definitely sense that females have mated, when they are in 
the presence of such females (SIEGEL & HALL 1979). They simply 
"forget" rather quickly that they were with the flies that had 
given them negative cues. If males were generally debilitaced 
by exposure to mated females, or, more subtly, had poor function 
of olfactory receptors induced, then both wild-type and amn 
males should show similar after-effects. The results from the 
mutant, then, suggest that wild-type males show poor courtship 
of potential partners for some time after having been with mated 
females, in order to "avoid" such aversive stimulation. 

It was predicted that another mutation affecting con
ditioned behavior, dunee (DUDA! et al. 1976), would also show 
abnormal responses to "treatment" by mated females. Flies ex
pressing this mutation essentially co not learn, let alone re
men,ber. Thus, dunee males were exan,ined with mated £err.ales (and 
found to court such females poorly, as usual), with the idea 
that the males would show no after-effect when subsequently 
placed with virgins. However, these mutant males do show the 
normal decrease in courtship in the second test. This negative 
result does not necessarily undermine the idea that learning is 
involved in male-female interactions. This is because dunee, 
after being isolated on the basis of defective learning in 
"shock-odor" experiments {DUDA! et al. 1976), was later found to 
be able to learn in other kinds of tests (DUDA! & BICKER 1978, 
DUDA! 1979). 

Other non-learning mutants were induced after dunee was 
found (QUINN et al. 1979, W.G. QUINN, unpublished). Two of 
these X-chromosomal mutations, turnip and rutaba~a, have been 
found in preliminary tests to result in males being poorly 
trained, if at all, by exposure to mated females (R.W. SIEGEL 
& D. GAILEY, unpublished). Additional learning mutants should 
be tested, to ask further if dunee is an exceptional case in 
the mated-female experiments. It will also be important to 
analyze the involvement of all of these genes in courtship 
situations that do not involve mated females, in which the 
effects of previous experience are suspected (O'HARA et al. 
1976, PRUZAN 1976, PRUZAN et al. 1977, SCHILCHER 1976b). 

CONCLUSIONS 

It is obvious that courtship in Drosophila 1s complex, in
volving many sensory modalities and also the function of, no 
doubt, many portions of the central nervous system in order that 
the sophisticated actions performed by males and females take 
place. However, we believe that it has been possible to dissect 
this complexity, by interfering with different aspects of the 
fly's excitable tissues, one at a time. The mutant genes have, 
we hope, allowed relatively specific perturbations to be made 
so that only sight, only smell, or only learning are affected in 
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the courting flies expressing the relevant genetic variants. 

One problem with our approach is that we cannot prove that 
a given mutation, with hopefully one specific defect in neural 
structure or function, is devoid of other non-specific defects 
in its behavior. Decrements in courtship could t~us have un
known causes. Therefore, it may be better to use non-genetic 
intervention for some courtship experiments. For instance, it 
is easy to cut off all or part of a male winq, and test the 
effects of defective courtship song on female receptivity. A 
wingless mutant with defective courtship might have other ab
normalities besides the overtly observable ones. For visual 
defects, which we have induced genetically in order to ask if 
blind flies do not court properly, it might be best to turn off 
the lights and monitor behavior. However, some of the aspects 
of vision we have tested involved more subtle genetic defects, 
that is, normal sight per se but defective detection of movement. 
Such an abnormality might be impossible to induce by surgically 
manipulating the fly or changing its environment. The flies 
with defective olfaction were rather easily obtained genetically; 
and there is no alternative method known to remove all sensory 
input of this kind. When disruptions of the central nervous 
system were used to~ see what aspects of highe r funct1on might 
be ~elated to courtship, it was perhaps essential to use cir
cadian-rhythm mutants, learning mutants, and genetic variants 
of neurotransmitter metabolism. For these aberrant gen6types, 
we again do not claim to know that the various mutations are 
entirely specific in their action. But drug treatments aimed 
at blocking learning or various features of acetylcholine 
function would very likely also cause the fly to be generally. 
debilitated. With mutants, though, even lethal variants (such 
as those eliminating acetvlcholinesterase} are available for 
use in courtship experiments: because the expression of such 
mutations can be readily removed in a particular portion of the 
nervous system. This kind of genetic mosaicism of enzyme ex
pression was important in other experiments on courting flies, 
and it is important to stress the desirability of directly 
identifying the genotype of various parts of the CNS, after 
behavioral testing and sectioning of the genetically mixed in
dividuals. 

All of these genetically abnormal flies--whether ex
pressing simple genotypes such as an individual sensory mu
tation, or a complex one, such as sex-chromosomal mosaicism in 
conjunction with a neurotransmitter mutation--were readily test
able in courtship. The altered fly was usually "healthy" in 
general, and thus could simply be put with a potential courting 
partner. Since a male and a female must move about, use their 
appendages, and achieve various postures as they court, it is 
very desirable to allow them to do all of their actions except 
for those one would like to perturb selectively. To probe the 
neurobiology_ underlying ostensibly simple reflex behaviors may 
be possible using tethered animals or physiological "pre pa
rations." To study complex action patterns, though, often re
quires observation and measurements of the whole, freely moving 
organism. 
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What have we found to be important for the initiation and 
successful conclusion of reproduction in this organism? Without 
re-iterating the details of the results, it is important to re
call our findings that the flies can still court even in the ab
sence of visual behavior, auditory behavior, olfaction, and even 
in the presence of rather severe abnormalities of the CNS. 
Thus none of these features of neural structure or function are 
necessary. Are they important at all? They seem to be, because 
significant quantitative decrements are found if only one factor 
is perturbed, and times required for actual mating to occur can 
be substantially lengthened. Furthermore, if two known factors 
are perturbed simultaneously--such as sight and smell--then 
mating ability nearly vanishes, similar to what is found for 
mutants actually blocked at an intermediate stage of the court
ship pathway. These mutants, thouqh they were found with 
respect to defects in courtship, are not yet known to 
have specific defects in the nervous system's morphology, phys
iology, or neurochemistry. But the genes defined by such 
variants will hopefully prove to be interesting etiologies. It 
will be important to keep these mutants in mind, because the 
wild-type function of genes such as ~elibate and fruitless can 
be absolutely required for successful reproduction. Even the 
genes whose functions are not absolutely required may be more 
important than could be suooested from our laboratory studies. 
Mutants such as cacophony, no-receptor-potential, optomotor
blind, smell-blind, or per0 might have little or no chance of 
mating in the wild. Thus, the decrements in courtship that we 
have shown to be associated with such variants are possibly of 
considerable significance. 
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