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Summary
We demonstrate that Drosophila melanogaster provides a rich model system for

studying behavioral development. Two additions to the many well-known advantages of
this species are exploited here. First, as in mammals and higher vertebrates, early
experience affects behavioral development of Drosophila. Second, the affected behaviors
are complex and yet readily studied in the laboratory. Thus, Drosophila can be used to
study the developmental mechanisms by which organisms can optimize their behavioral
repertoires to enhance their chances for survival. Evidence that early experience affects
development of preferences for specific visual patterns, male courtship and female
responsiveness to courting males is reviewed; in each case, experience modifies
responses to behavioral targets. Our results demonstrate that developmental plasticity
allows adjustment of intrinsically determined responses to visual targets so that they can
take into account the actual characteristics of the developing animal’s environment.
Furthermore, plasticity makes it possible to introduce ‘cultural’ and ‘social’ elements into
courtship and mate choice in insects. This previously unrecognized role for
developmental plasticity in insects has broad theoretical and practical implications.

Drosophila: a model system for studying developmental behavioral plasticity

Early experience can affect the development of the brain and behavior of vertebrates.
Exposure to an impoverished environment typically diminishes performance of the adult,
whereas exposure to an enriched environment can have beneficial consequences.
Growing up in total darkness retards the development of visually guided behavior of cats
(e.g. Timney et al. 1978). In contrast, being housed in an enriched environment rather
than in standard laboratory cages leads to improved performance of rats in learning tests
(Greenough, 1976). Similarly, deprivation adversely affects human children’s
performance on intelligence tests (Dennis, 1973), whereas enrichment can have long-
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term beneficial effects (Tamis-LeMonda and Bornstein, 1987). The consequences of
early experience can be very specific. Exposing cats or rats to a visual environment
consisting of lines of only one orientation produces long-lasting changes in the cues to
which the animals will attend (Hirsch, 1985; Tees et al. 1980). Exposure to appropriate
stimuli early in life also has specific and dramatic effects on the behavior of adult birds.
For example, some species of songbirds must hear species-specific songs during early
development if they are to sing normally when they become sexually mature (Marler,
1987, 1991), and exposure to specific imprinting stimuli during a bird’s early life can
affect its choice of mates (Immelmann, 1972).

At which anatomical sites and by what mechanisms does early experience produce
long-term changes in adult behavior? Brain structures that are affected by early
experience have been identified in birds, and biochemical, physiological and
morphological changes in those structures have been associated with song-learning and
imprinting (Bradley and Horn, 1987; Nottebohm, 1991). The behavioral effects of early
experience or deprivation have also been related to neural changes in mammals (Hirsch,
1985; Greenough, 1988; Fregnac and Shulz, 1994). Nonetheless, we need to examine a
broader range of organisms to find additional model systems for studying both the
functional significance of experience-dependent changes in the nervous system and the
underlying cellular and molecular mechanisms. Preferably, these should be systems in
which it is possible to elucidate the effects of experience at many different organizational
levels in the nervous system.

Developmental plasticity was long thought to be an exclusive characteristic of
mammalian brains, but for more than a decade evidence has been mounting that the
nervous systems of lower vertebrates and invertebrates can exhibit similar plastic
phenomena (e.g. Murphey, 1986; Lnenicka, 1991; Meinertzhagen and Hanson, 1993;
Schmidt, 1994). Several years ago, we realized that the common laboratory fruitfly (more
correctly, pomace fly), Drosophila melanogaster, provides numerous advantages for an
analysis of both neuronal and behavioral developmental plasticity. First, adult flies
perform dozens of simple and complex behaviors in laboratory settings. Second, flies
have a short generation time (10 days at 25˚C) and are easy to culture, making it possible
to manipulate their early exposure readily. Third, large numbers of flies can be
maintained under the same environmental conditions at different stages of the life cycle,
making it possible to look for critical periods during which early experience can have
effects on the nervous system and on behavior. Fourth, geneticists have isolated hundreds
of single-gene mutations that disrupt the development and function of the Drosophila
nervous system (Hall, 1982; Lindsley and Zimm, 1992), which can be used as molecular
scalpels to disrupt, and thus study, the effects of experience on neuronal and behavioral
development.

The first step in utilizing the potential offered by Drosophila was to determine whether
adult behavior of this species shared with that of vertebrates the property of being
influenced by early experience. We focused on the preference for specific visual patterns
that walking flies of either sex exhibit, the courtship that male flies perform in response to
sexually attractive virgin females, and sexually receptive females’ opening of their
vaginal plates to permit intromission in response to a courting male’s attempt to copulate.
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The advantages of these behaviors are that much is already known about the behaviors
themselves, the stimuli to which the flies respond when performing the behaviors and the
manner in which the central nervous system functions during the execution of these
behaviors. Furthermore, although responses to visual targets can be measured within 24 h
of eclosion, and are thus likely to be determined intrinsically, it is possible that visual
experience adjusts and stabilizes this behavior, as it appears to do for localization of
targets in some vertebrates (e.g. Knudsen, 1987). The other two behaviors mature
gradually during the first few days of the adult stage; flies do not become fully competent
to perform courtship or indicate their receptivity to copulation until several days after
they eclose from their pupal cases (Manning, 1967; Ford et al. 1989). It is possible that
experience before and during the appearance of these behaviors could play a role in their
development, much as it does for singing and mate choice in birds.

Will any conclusions from laboratory studies be applicable to flies in a natural setting?
In their natural habitat, flies utilize visual cues to orient themselves within their
environment (Heisenberg and Wolf, 1984); at food sources, where flies of this species
engage in sexual behavior, males perform courtship and females respond to courting
males as they do in laboratory settings (see Spieth and Ringo, 1983; Tompkins, 1984).
Thus, we are confident that what we are studying in the laboratory are manifestations of a
neural plasticity that has been selected because it is advantageous in the flies’ natural
habitat.

Early experience affects responses to visual patterns

The behavior

Hecht and Wald (1934) first studied the ‘reflex response’ to a large array of vertical
stripes by allowing a fly to go back and forth along a very narrow glass corridor
paralleling the pattern; movement of the pattern in the direction in which the fly was
walking caused the fly to stop, proceed backwards, and then turn and head in the opposite
direction. By varying the spatial frequency and intensity of the pattern, they were able to
measure the visual acuity of Drosophila, which they then related to the morphology of the
compound eye. Their thoughtful approach to studying the visual responses of Drosophila
set a foundation for much of the work that has followed.

Flies’ responses to visual targets can be studied in a large, cylindrical arena that has
black vertical stripes mounted on its white interior wall (Fig. 1). A fly that has been
rendered flightless and is released on the floor of such an arena usually walks rapidly
towards the patterns (Horn and Wehner, 1975; Wehner, 1972; Wehner et al. 1969). Once
the fly reaches the wall, it is likely to climb up it, often proceeding along the pattern or its
outer edge (Osorio et al. 1990).

Vertical stripes are useful as stimulus patterns because they elicit two different
responses. First, the flies appear to use vertical patterns to help them maintain a constant
heading (Wehner and Wehner-von Segesser, 1973; see also Collett, 1988). Thus, flies
may use an interocular difference in the movement of the pattern across the receptor
surfaces as a signal that they have made a turn, i.e. that there has been a change in course
(Wehner and Wehner-von Segesser, 1973). In addition, flies are attracted to stripes,
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which can serve as targets. The flies’ final destination, as indicated by their pathway,
suggests that they are attracted by the darkest region in their visual field (i.e. they are
exhibiting scototaxis; Osorio et al. 1990).

If two patterns are present on the cylinder wall, the flies appear to make a choice. When
the two patterns are less than 60˚ apart, they tend to head for the space between them
(Horn and Wehner, 1975); when they are more than 60˚ apart, they tend to approach one
pattern or the other. By varying the characteristics of two or more patterns that are at least
60˚ apart, it is possible to determine quantitatively the effects of stimulus variables, such
as stimulus width and number, on flies’ preferences (Wehner, 1972; Hirsch et al. 1990).

The effects of visual deprivation

Early experience affects the responses of flies (Hirsch et al. 1990; Mimura, 1986, 1987)
and of other insects (e.g. crickets, Campan et al. 1987; Meille et al. 1994) to visual
patterns as well as the responses of crickets to sound stimuli (Shuvalov, 1990).
Experience may thus play an important role in the development and/or maintenance of the
neuronal mechanisms that govern responses to visual (and auditory) targets.

To study the effects of early visual experience on flies’ preferences for black vertical
stripes, two groups of D. melanogaster were raised from the egg stage, a control group
housed in normal cycling illumination (12h of light followed by 12h of darkness, ‘light-
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Fig. 1. Cylindrical arena (61cm tall and 51cm in diameter) for testing visual choices of
walking flies. The four sets of patterns consist of black vertical stripes of different widths (one
single wide stripe, two stripes, four stripes and eight narrow stripes; the two, four or eight
stripes together are as wide as the single stripe). The wall is blank between patterns. Since the
white stripe separating any two stripes in a pattern is as wide as the black stripe on either side,
the overall luminance of the four patterns is the same. The patterns are positioned 90˚ apart so
that flies will not be likely to head for the blank spaces between them. The dotted line shows a
path taken by a fly. The sector in which the fly crossed the outermost concentric ring, which is
90% of the way from the arena center to the wall, was recorded. The fly shown started to head
towards the two-stripe pattern, then turned and walked to the four-stripe pattern. Adapted from
Fig. 1 of Hirsch et al. (1990).



reared’) and an experimental group kept in total darkness (‘dark-reared’) (Hirsch et al.
1990). Flies from the two groups were placed one at a time at the center of a cylindrical
arena (Fig. 1), which had four sets of black vertical stripes mounted on its white inside
wall. Each fly was observed for up to 2min to determine whether it approached the
cylinder wall and, if so, which set of vertical bars or intervening blank wall segment was
approached. Most subjects were from the flightless mutant strain raised (Mahaffey et al.
1985) chosen for the ease of testing. For comparison, flies from the Canton-S normal
laboratory strain which 1h prior to testing had had their wings clipped under CO2

anesthesia were also studied.
Irrespective of the rearing conditions, most flies of either strain walked to the one-,

two- or four-stripe patterns, avoiding both the eight-stripe pattern and the blank wall
between patterns. Thus, development of the visually guided approach to patterns on the
cylinder wall does not require that flies be given prolonged exposure to light during early
life. The flies’ responses to targets in the arena could be tested within 24h of eclosion. At
that point in development, the preferences of the light-reared flies (which had received
12h of light exposure as adults) and of the dark-reared flies (which had received between
1 and 2h of light exposure as adults and none as larvae or pupae) were indistinguishable
(Fig. 2; Hirsch et al. 1990). However, the flies’ responses changed as the duration of the
dark-rearing and the age at the time of testing increased. The distribution of responses to
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Fig. 2. Averaged responses of light- and dark-reared raised flies tested at different ages of
adult life to the four patterns presented in the test arena shown in Fig. 1. Responses to the
blank wall are also shown. Note that responses of the light-reared flies (left) are quite stable, as
are responses of the dark-reared flies (right) to the two-stripe pattern. Responses of dark-
reared flies to the one-stripe pattern increase with age and/or duration of the deprivation,
whereas responses to the four- and eight-stripe patterns and to the blank wall decrease. Error
bars indicate S.E.M., N=1020, ages 1–2; N=1697, age 4; N=1229, ages 6–8.
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the four patterns for light- and dark-reared raised flies at 1, 2, 4, 6 and 7–8 days of adult
age (Hirsch et al. 1990) revealed that differences between light- and dark-reared flies
gradually developed over the course of the first 8 days of adult life. These differences
reflected changes in the dark-reared flies and not in the light-reared ones. As Fig. 2
shows, responses to the four sets of patterns and the intervening blank wall remained
relatively constant over the first 8 days of adult life for the light-reared raised flies.
Similarly, responses to the two-stripe pattern remained relatively constant throughout this
period for the dark-reared flies. In contrast, responses to the one-stripe pattern increased
with age for the deprived flies, while responses to the four- and eight-stripe patterns and
to the blank wall decreased.

The timing as well as the duration of the deprivation is important (Hirsch et al. 1990).
First, darkness alone for several days before testing was not sufficient to produce a
behavioral change; flies reared in normal illumination until day 4 of adult life and then
kept in total darkness for the next 6 days did not differ in their preferences from 10-day-
old light-reared controls. Second, dark-rearing during larval and pupal stages did not have
as pronounced an effect on visual preferences in the adult stage as it did during the first 4
days of adult life. These results suggest that there is a ‘critical period’ during the first few
days of Drosophila adult life for the effect of visual deprivation on pattern preference.

Experience may adjust response characteristics of developing sensory systems

The environment poses challenges and provides opportunities to all species. Each
individual’s behavior in a given situation represents its response to those challenges and
opportunities and can be thought of as the product of a unique combination of information
– some gathered by past generations, the rest during the individual’s life span. This
information is used by the programs that construct and modify the organism’s nervous
system (e.g. Hirsch, 1985; Hirsch and Tieman, 1987; Lnenicka et al. 1991; Schmidt,
1994). By examining the ‘design characteristics’ of sensory systems, we may gain some
insights into the functional significance of developmental plasticity.

One approach to the design of a sensory system is to optimize its function by using past
and current inputs to predict those in the future. For example, sensory neurons have a
limited response range (e.g. the voltage range over which receptor potentials can change),
and this response range must in some way be matched to the range over which stimuli
actually vary in the animal’s environment. Information theory provides one approach to
optimizing this matching; it is based on knowing the relative frequency with which
different stimuli occur in the organism’s sensory world (Laughlin, 1981). Such
information about the organism’s world can be transmitted either genetically or by
allowing the developing organism to ‘sample’ the actual inputs to which it is exposed
during early life, then using this sample to match the response range of cells in its sensory
pathways to the characteristics of its early environment (Laughlin, 1984). The
neurophysiological effects of exposing cats to a limited range of stimulus orientations
during early life are consistent with such a hypothesis (Hirsch, 1985).

In this regard, we note that, in light-reared Drosophila, responses to the four sets of
visual patterns remain relatively constant over the first 8 days of life. In contrast, when
dark-rearing of Drosophila continues for more than 1 or 2 days of adult life, deprived flies

6 H. V. B. HIRSCH AND L. TOMPKINS





increase their number of responses to the one-stripe pattern and decrease their number of
responses to the four- and eight-stripe patterns as well as to the intervening blank wall.
The number of responses of dark-reared flies to the two-stripe pattern remains relatively
constant. Dark-rearing thus shifts at least some of what seem to be intrinsically set
preferences for vertical targets. Ultimately, these preferences must stabilize, since dark-
rearing flies from 6 to 10 days does not produce any shifts in preferences (Hirsch et al.
1990). Whether experience plays a role in this stabilization, as it may in vertebrates
(Hirsch and Tieman, 1987), remains to be determined. The neural basis of such
stabilization may be related to changes in the density of feedback synapses, which occur
in the fly visual system during the first 4 days of adult life (Meinertzhagen, 1989; Kral and
Meinertzhagen, 1989; reviewed in Meinertzhagen and Hanson, 1993).

Early experience affects courtship

The behavior

The courtship of Drosophila melanogaster males was first described by Alfred
Sturtevant (1915), one of the founders of modern genetics. Sturtevant noted that males
from the species D. ampelophila, as D. melanogaster was then called, extend and vibrate
one wing in response to females, lick the female’s genitalia and attempt to copulate by
curling their abdomens under their thoraces. If the flies are observed in shallow acrylic
courtship chambers (volume approximately 2cm3) with a dissecting microscope, it is
apparent that male courtship is more complex than Sturtevant realized. When an
unanesthetized male and virgin female are transferred into an observation chamber with
an aspirator, the male initiates courtship within a few seconds; he approaches the female,
orients his body so that he is facing the female’s abdomen while standing beside her, and
briefly vibrates his own abdomen. He then taps her abdomen with one of his foretarsi
(Fig. 3) and vibrates the wing that is closest to the female in order to produce a courtship
song. If the female runs away, the male maintains contact with her, pivoting to maintain
his orientation relative to her abdomen (‘orient back’ behavior) or following her from
behind. As Sturtevant noted, a male that has performed several minutes of courtship will
usually lick the female’s genitalia and attempt to copulate; in addition, the male often
performs ‘orient front’ behavior, in which he moves in semicircles in front of the female.
Analysis of gynandromorphs (male–female mosaics) has revealed that a small group of
neurons on one side of the dorsal posterior brain is required to be male for orientation,
following, tapping and wing extension. For wing vibration, there is an additional
requirement for male neurons in the thoracic ganglion (Hall, 1977, 1979; von Schilcher
and Hall, 1979). If a female is stimulated by a male’s courtship to be receptive to
copulation, she will respond to one of the male’s copulation attempts by opening her
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Fig. 3. A Drosophila melanogaster male (top) courting a conspecific female. The male is
performing two courtship behaviors: he is pivoting to face the female’s abdomen as she runs
along the side of the observation chamber (‘orientation’) and he is extending his left foreleg to
tap her abdomen (‘tapping’). Photograph taken by Laurie Tompkins with a Yashica FX-D
SLR camera, focused through an aus Jena Citoval stereomicroscope, using Fujicolor 400 film.
Magnification approximately 703.



vaginal plates to permit intromission. Analysis of gynandromorphs has revealed that a fly
must have a small group of female neurons on both sides of the dorsal anterior brain to
mate with a courting male (Tompkins and Hall, 1983).

Courtship behavior has a complex structure. First, it is not a continuous process, but
occurs in bouts. Irrespective of whether he is ultimately successful in stimulating the
female to be receptive to copulation during the observation period (typically 10–15min),
a D. melanogaster male usually performs several bouts of courtship, each lasting from a
few seconds to more than a minute, and attempts copulation at least two or three times. To
quantify the vigor with which a male performs courtship, it is useful to define a courtship
index (the percentage of time during the observation period, or before mating if it occurs,
that a male performs courtship).

Second, courtship bouts are not invariant. Different females elicit courtship that varies
with respect to the timing and duration of the component behaviors and the sequence
according to which one component follows another. Markow and Hanson (1981)
developed a multivariate courtship profile to describe and quantify the transitions
between different courtship behaviors. By studying courtship performed by mutant
sensory-deficient males in response to wild-type females, Markow (1987) was able to
demonstrate that visual input and, to a lesser extent, chemical stimuli associated with
females are very important to males and affect the transitions between different stages of
courtship and the probability of copulating (reviewed by Tompkins, 1984). For their part,
female flies are stimulated by males’ courtship to open the vaginal plates so that an
attempted copulation by the male can result in intromission. Analysis of mutant sensory-
deficient females’ responses to normal males and normal females’ responses to wingless
males has revealed that auditory stimuli produced when males vibrate their wings play a
major role in stimulating females’ receptivity to copulation, whereas chemical stimuli
associated with courting males have relatively minor effects (von-Schilcher, 1976;
Tompkins et al. 1982; Markow, 1987).

To describe courtship further, its outcome can be quantified in two ways. First, one can
define a population’s copulation frequency (the percentage of pairs that initiate
copulation during an observation period). Second, one can define a male–female pair’s
copulation latency (the interval between the time that the male starts courting and the
time that the flies begin to mate, if they copulate during the observation period).
Copulation latencies and frequencies are affected by the age of the flies (3- to 6-day-old
flies have the highest copulation frequencies and the lowest copulation latencies); by the
temperature and humidity (for flies that were raised at 22 or 25˚C: testing temperatures of
22–25˚C and moderate humidity are optimal); by the time of day (the proportion of pairs
copulating rapidly peaks during a 1h ‘window’ 6h after sunrise); and by the social and
experiential factors described below.

Visual deprivation and mate choice

To study the effects of visual deprivation during adult life on courtship behavior, two
males, one light-reared (raised throughout life in normal cycling illumination) and one
dark-reared (raised in the same cycling illumination until eclosion, then maintained in
total darkness during the first 4 days of adult life), were placed into a courtship chamber
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along with a single light-reared female. To identify the male, if any, with which the
female copulated, each triad was observed for a maximum of 15min, during which time
the female elicited courtship from both males. To distinguish the light-reared males from
the experimental males, they were tagged by ‘wing-clipping’ (amputating the distal tip of
one wing during the first day of the adult stage), which did not have a significant effect on
either copulation frequency or latency (H. V. B. Hirsch, M. Barth, L. Sun, H.
Sambaziotis, M. Huber, D. Possidente, H. Ghiradella and L. Tompkins, in preparation). If
the female mated during the observation period, her copulation latency was calculated.
Males that had been deprived of light during the first 4 days of the adult stage were
significantly less likely to copulate than were the control males (Fig. 4). Thus, dark-
rearing of males for the first few days of adult life has a dramatic effect on their courtship
success in a competitive situation (H. V. B. Hirsch, M. Barth, L. Sun, H. Sambaziotis, M.
Huber, D. Possidente, H. Ghiradella and L. Tompkins, in preparation).

To see whether the effects of deprivation could also be demonstrated in a non-
competitive situation, individual males were observed with individual females (Barth,
1994). The exposure conditions were varied during the first 4 days of adult life for both
males and females. In the control group, males and females were light-reared; in the three
experimental groups, one or both members of the pair were dark-reared. In those
experimental groups in which the two members of a pair had received different visual
exposure as adults, copulation frequencies were lower and copulation latencies were
longer than for the control group (H. V. B. Hirsch, M. Barth, L. Sun, H. Sambaziotis, M.
Huber, D. Possidente, H. Ghiradella and L. Tompkins, in preparation). The deficit
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resulting from dark-rearing was approximately the same whether it was the female or the
male that had been deprived. Surprisingly, when both the males and the females were
dark-reared, their copulation latencies and frequencies were indistinguishable from those
of the control group in which both flies were light-reared (H. V. B. Hirsch, M. Barth, L.
Sun, H. Sambaziotis, M. Huber, D. Possidente, H. Ghiradella and L. Tompkins, in
preparation) (Fig. 5). Thus, visual deprivation affects both the courtship responses of
males and the likelihood that females will open their vaginal plates to permit
intromission. Moreover, the effects are complementary in the two sexes and, for each sex,
the consequences of dark-rearing depend on their partner’s exposure history.

Homosexual courtship and adult males’ copulation success

The courtship targets of Drosophila melanogaster males are not always virgin females.
When males first eclose from their pupal cases, they are as attractive to older, sexually
mature males as are virgin females (Tompkins et al. 1980; McRobert and Tompkins,
1983). After 4h, males gradually lose their ‘sex appeal’; by the time they are 2–3 days
old, they elicit very little courtship (Curcillo and Tompkins, 1987). During the time that
males lose their sex appeal, they also become sexually mature, in the sense that they can
perform the aforementioned courtship behaviors and copulate with females (Ford et al.
1989).

Since performance of courtship entails an expenditure of time and energy and renders
the courting male vulnerable to predation, the evolutionary significance of homosexual
courtship was not obvious. Accordingly, to determine whether immature males’
experience of being courted by older males affected their behavior as adults, two groups
of males were raised. In one group, isolated males were housed in individual vials from
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the time they were larvae until they were 5 days old; in the second group, newly eclosed
males were confined with 3–5 mature forked males (forked is an X-linked mutation that
does not affect males’ sexual behavior, but does alter the length and morphology of their
bristles, making it possible to distinguish forked and wild-type males). After 3 days, the
forked males were removed, and the wild-type males in the second group were stored
individually in vials for 2 days. When the isolated males and the males that had been
confined with mature males were 5 days old, they were tested individually with virgin
females. Males that had been courted (by older males) when they were immature had
shorter copulation latencies than males that did not elicit courtship, although their
copulation frequencies were not significantly different (Table 1), suggesting that
homosexual courtship benefitted the immature males (McRobert and Tompkins, 1988).

The species-specific courtship song, produced by vibration of courting males’ wings, is
a prominent element of courtship in this species. To test the hypothesis that early
exposure to the courtship song of mature males affects males’ courtship (McRobert and
Tompkins, 1988), the experiments described above were repeated, substituting mature
forked males whose wings had been surgically removed for intact forked males; wingless
males perform courtship that is qualitatively and quantitatively normal except for the
absence of courtship song (S. P. McRobert, F. B. Schnee and L. Tompkins, in
preparation). Males courted by wingless males subsequently mated more quickly than
isolated males, but not as quickly as males courted by intact males (Table 1). We interpret
these results to mean that early exposure to the visual and/or auditory stimuli associated
with courtship song is important, but it is not the only stimulus component that affects the
adult behavior of males exposed to homosexual courtship during early life.

Developmental plasticity of courtship in a mutant strain lacking circadian rhythmicity

In the course of measuring circadian variations in copulation latency of wild-type flies,
evidence was obtained suggesting that a well-known null mutation of the period gene,
identified through its effects on circadian rhythms (Konopka and Benzer, 1971), may also
modulate the effects of dark-rearing on copulation latency. Investigation of this mutant,
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Table 1. Mean copulation latencies and frequencies for young males exposed to
homosexual courtship from either intact forked males or from wingless (and thus

non-singing) forked males, or raised in isolation without exposure to any other males

Copulation latency Copulation frequency
Experience (min) (%)

Intact males 5.89±0.6 82
Wingless males 9.72±1.6 80
None 12.26±1.9 76

Copulation latencies are shortest for males courted by intact males and longest for males raised in
isolation; copulation latencies for males exposed to wingless males are intermediate.

There are no significant differences in mean copulation latencies among the three groups. Taken from
McRobert and Tompkins (1988).

Values for copulation latency are mean ± S.E.M., N=50 per group.



per0, was motivated by the discovery that there is a 1h window, about 6h after ‘sunrise’,
during which there is a sharp increase in the proportion of pairs that copulates rapidly
(D. Possidente, B. Possidente and H. V. B. Hirsch, in preparation). To determine whether
this rhythm was driven by the cycling illumination or by an internal clock, one group of
male flies was kept in darkness throughout the first 4 days of adult life (‘dark-rearing’)
and copulation latencies were measured (using light-reared females) at hourly intervals
throughout the day and night. The rhythm persisted despite the dark-rearing of the male
flies, although their copulation latencies were significantly longer than for light-reared
male flies courting light-reared females. There is thus a circadian rhythm of courtship
which persists despite dark-rearing of the males. It will be necessary to dark-rear the
females to determine whether they are responsible for maintaining the rhythm.

As a first step in determining whether this rhythm was controlled by the period gene,
copulation latencies of per0 males raised in cycling illumination and of per0 males raised
in constant darkness during the first 4 days of adult life, then tested with light-reared
females, were determined. The circadian rhythm of copulation observed in Canton-S flies
was not evident in the per0 flies, nor was there a difference in the mean copulation
latencies of light- and dark-reared per0 flies (Fig. 6). Both groups of per0 flies had longer
latencies than either group of Canton-S flies. Thus, the developmental plasticity of
courtship was reduced in the per0 strain. Whether this is due to the absence of a functional
period gene product or to some other background characteristics of the specific strain that
was tested remains to be determined.
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Fig. 6. Mean copulation latencies for two strains (Canton-S wild-type, CS, and mutant strain
per0) of light- and dark-reared males, tested with light-reared females from the same strain.
For Canton-S, but not for per0, mean copulation latencies of light-reared (LR) males were
significantly shorter than for dark-reared (DR) flies. There was no difference in the mean
copulation latencies of light- and dark-reared per0 flies; moreover, both groups of per0 flies
had longer latencies than did either group of Canton-S flies. Error bars indicate S.E.M., N=738,
CS; N=621, per0.



Are these strain differences in developmental plasticity of courtship behavior
accompanied by differences in developmental plasticity of responses to vertical stripes?
Preliminary results of a comparison of responses to vertical stripes in light- and dark-
reared raised and per0 flies revealed no difference between the two strains, in that both
dark-reared raised flies and dark-reared per0 flies responded to wider bars than did light-
reared controls of either strain (H. Epstein and H. V. B. Hirsch, unpublished results). This
result suggests that the two manifestations of visual plasticity may be mediated, in part,
by different gene products.

Effects of early experience on use of sensory cues in courtship

Visual deprivation affects courtship behavior in Drosophila melanogaster. Do the
neuronal changes produced by visual stimulation in invertebrates help account for this
behavioral plasticity? The electroretinogram is reduced in visually deprived locusts
(Bloom and Atwood, 1980) and in bees exposed to selected wavelengths of light (Hertel,
1983). In dark-reared locusts, a major visual interneuron (the descending contralateral
movement detector, DCMD) is less responsive to stimuli and fatigues more rapidly than
the corresponding neuron in light-reared controls (Bloom and Atwood, 1980). Moreover,
light exposure increases synaptic frequencies at an excitatory synapse in the visual
system of the housefly, while decreasing synaptic frequencies at an inhibitory synapse
whose activity also exhibits circadian rhythmicity (reviewed by Meinertzhagen and
Hanson, 1993).

In general, then, visual deprivation reduces responsiveness. Activity-dependent
modulation of nervous system function could thus enhance the salience of stimuli to
which the fly was exposed during its critical period and thereby facilitate behavioral
responsiveness to the sensory channels carrying these stimuli. This modulation could
influence the extent to which flies ‘attend to’ (make use of) the many different cues
provided by other individuals and could thereby have an indirect impact on
communication. For example, dark-reared flies may pay less attention to visual
information and more attention to non-visual information than do their light-reared
controls. This might adversely affect reproductive behavior unless a common early
exposure history has led both the male and the female to make comparable adjustments in
their attention to different sensory modalities; courting pairs would perform best when
both members have been reared in the same environment. Early experience would thus
ensure that males use ‘language’ in the same manner as do females.

The role of tutoring: homosexual courtship in flies and song-learning in birds

Our observation that adult male flies subjected to homosexual courtship during early
adult life perform better than ‘untutored’ males when courting females has striking
similarities to observations on the development of bird song. In both cases, the immature
male receives the stimulation during early life, before he expresses the behaviors that are
influenced by the exposure. In birds, the effect of early exposure to the adult song has
been explained by postulating that the young male lays down an auditory template of
what he has heard and later compares his own output with that template, modifying the
output until there is an adequate match. Male Drosophila may be engaged in a similar
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process. During the episodes of homosexual courtship, they may be storing something
analogous to a neural template representing certain key features of courtship; when they
mature, this template may in some way facilitate development of appropriate behaviors.

One prediction of this model is that the effects of homosexual experience should be
very specific, since a young male is exposed to particular behaviors that he will later have
to mimic when he starts courting. For example, if the courting males are unable to sing
because their wings have been removed, the young males would be expected to sing
abnormally when they become adults. Similarly, if the homosexual courtship occurs in
darkness and the young males do not receive visual information about courtship, they
would be less able to use vision in courtship later. Experimental tests of these predictions
would involve a detailed analysis of the component behaviors of ‘tutored’ and ‘untutored’
males, perhaps using a sequence analysis procedure such as that developed by Markow
and Hanson (1981).

Since elicitation of homosexual courtship benefits males, why do males gradually lose
their sex appeal and, thus, their ability to elicit vigorous homosexual courtship as they
become sexually mature? One possibility is suggested by the observation that females
courted by two mature males, which occasionally perform brief bouts of homosexual
courtship in response to each other (Tompkins et al. 1980), are less likely to mate during a
1 h observation period than females courted by one male (Tompkins and Hall, 1983).
Thus, elicitation of vigorous homosexual courtship by sexually mature males may have
been selected against because a male that elicited vigorous homosexual courtship while
courting a female would take longer to mate than a male that did not elicit much
homosexual courtship.

Sexual selection and mate choice plasticity

Mate choice, which has an important role in mediating sexual selection (Halliday,
1983), is influenced both by genotype (Tebb and Thoday, 1956; O’Donald, 1978;
Partridge, 1983) and by early experience (D’Udine and Alleva, 1983; Bateson, 1983;
H. V. B. Hirsch, M. Barth, L. Sun, H. Sambaziotis, M. Huber, D. Possidente, H.
Ghiradella and L. Tompkins, in preparation). Female Drosophila raised in a cycling
illumination (comparable to that of their natural habitat) discriminate against males that
have been deprived of all visual stimulation during the first 4 days of adult life.
Furthermore, light-reared flies are less likely to mate with dark-reared flies; in some test
situations, light/dark-reared couples also take longer to initiate copulation when they do
mate. The effects of visual deprivation are not likely to involve simply debilitation of the
flies or reductions in their overall responsiveness to stimuli; in this case, one would expect
dark-reared flies to have low copulation frequencies and high copulation latencies
regardless of the exposure history of the flies with which they are paired. Rather, light
deprivation in our experimental conditions does not have deleterious effects on flies’
reproductive behavior unless only one fly is light-deprived.

Experience-dependence of mate choice may have implications for the natural history of
these insects. A Drosophila melanogaster female typically lays her eggs in the food
source on which she copulated (Spieth and Ringo, 1983), making it likely that her
offspring will eclose in the environment in which she chose a mate. Presumably, if both
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parents matured in this same environment, they were well adapted to it, so that preference
for a mate from a similar background (in our case similar environmental exposure
history) might enhance the fitness of the resulting offspring in that particular
environment. The ability to identify potential mates from similar backgrounds and/or
with the same exposure history may provide a selective advantage, enabling flies whose
genotype is compatible with survival in a given environment to identify others that can
also survive there. This strategy would maximize the probability that progeny would
inherit, from both parents, alleles that facilitate survival in the same conditions. Thus,
what we have learned about developmental plasticity of mate choice may help us to
understand better the factors affecting fitness in this species.

Genetic dissection of complex behaviors

The discovery of a possible link between plasticity of mate choice and circadian
rhythmicity may help us to understand survival within an ecological community of
different Drosophila species that share a common food source. Since males approach any
nearby Drosophila, sexual interactions involving different species often occur (Spieth
and Ringo, 1983). While inappropriate pheromonal cues or rejection responses by the
female will eventually discourage the courting male, interspecific differences in circadian
courtship rhythms could reinforce species isolation by reducing the extent to which males
court non-conspecific flies. The possibility that the period gene product could be involved
both in the regulation of courtship rhythms and of developmental plasticity affecting mate
choice is thus intriguing. This relatively simple system provides us with an analytical
probe that may allow us to gain new insights into the genetic control of two important
behavioral processes, rhythmicity and developmental plasticity. Once again Drosophila
can open a window – this time into the behavioral world.
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