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Abstract

Temperature-dependent induction of ecdysteroid deficiency in the ecdysoneless mutant ecd® adult
Drosophila melanogaster results in altered courtship behavior in males. Ecdysteroid deficiency
brings about significantly elevated male-male courtship behavior including song production
resembling that directed towards females. Supplementation with dietary 20-hydroxyecdysone
reduces male-male attraction, but does not change motor activity, courtship patterns or attraction
to females. These observations support the hypothesis that reduced levels of ecdysteroids increase
the probability that male fruit flies will display courtship behaviors to male stimuli.
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Introduction

Courtship behavior in male Drosophila requires the interplay among sex-determination
hierarchy mechanisms that regulate sex-specific differentiation of central nervous circuits,
perception and integration of attractive sensory cues, and precisely patterned motor output
(Villella and Hall, 2008). We investigated whether male courtship behavior is modulated by
alteration of ecdysteroid signaling in the adult fly. As demonstrated in various insect species,
this family of steroid hormones is involved in developmental processes including regulation
of apoptosis, cellular differentiation, ecdysis and metamorphosis (Riddiford, 1993; Cayre et
al., 2000), as well as adult physiological processes and behaviors such as memory formation,
sleep, feeding, locomotion and age-related division of labor in social hymenopterans
(Haskell and Moorhouse, 1963; Beach, 1979; Nemoto and Hara, 2007; Takeuchi et al. 2007;
Ishimoto et al., 2009; Ishimoto and Kitamoto, 2010). In addition, previous studies reported
the occurrence of male-male courtship in Drosophila melanogaster with reduced
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intracellular ecdysone receptor activity (Ganter et al., 2007; Dalton et al., 2009). In addition
to various isoforms of ecdysone receptor proteins that heterodimerize with ultraspiracle
protein to form a functional receptor that translocates to the nucleus after ecdysteroid
binding (Yao et al., 1993), Drosophila also contains membrane-bound steroid receptors that
mediate non-genomic effects on various cellular processes including reduction of synaptic
transmitter release (Li et al., 2001).

The ecdysoneless gene was identified in a mutant screen by its ecdysteroid-deficiency
phenotype, such that larvae homozygous for various mutant alleles of ecdysoneless fail to
progress through molts (Garen et al., 1977). Flies with mutations in ecdysoneless have
greatly reduced levels of ecdysteroid (eg. 2 pg per ecdysoneless? (ecdl) fly at 29°C,
compared with 14 pg for wild-type controls), and larvae provided with a diet supplemented
with 20-hydroxyecdysone (20E) can be rescued to successful pupariation (Garen et al.,
1977). The function of the Drosophila ecdysoneless gene product has yet to be described,
although a human ortholog has been shown to interact with the tumor suppressor p53
(Zhang et al., 2006) and has been implicated in cell cycle control (Kim et al., 2009).

We used a temperature sensitive allele of ecdysoneless, ecd?, to reduce ecdysteroid
availability in adult male flies. Since ecdysteroid signaling is necessary for development,
this conditional allele allows successful development when animals are maintained at a
permissive temperature of 18°C. Upon shift to a restrictive temperature of 29°C, ecdysteroid
levels drop to about 13% of normal (Garen et al., 1977). We found that when adult ecd®
males are deprived of normal ecdysteroid levels in this manner, they exhibit significantly
altered courtship behavior. Strikingly, ecdysteroid-depleted males court other males,
including unilateral wing extension and vibration that produces song patterns similar to
those directed towards females.

Materials and Methods

Flies and conditions

Wild-type (Canton-S) and ecd! / ecd! (FBgn0000543) flies were obtained from the
Bloomington Drosophila Stock Center (stocks #1 and #218, respectively). Flies were
maintained on dextrose-yeast-cornmeal medium, 18°C, 50-60% humidity, 12h light:12h
dark. To ensure social naiveté in behavioral trials, all flies were isolated in individual vials
as pharate adults. Three days after eclosion, male experimental flies were transferred to
29°C, then assayed five days after eclosion. Experimental flies in rescue experiments were
fed standard food supplemented with 1073M 20-hydroxyecdysone (20E: Sigma), control
diet consisted of the standard food supplemented with solvent only (ethanol, 0.03% total).

Assays and analysis

After the treatment period at 29°C or 18°C and within 4 hours of subjective dawn, test males
were aspirated without anesthesia into 35 mm diameter (1.25 cm?3) plastic assay chambers
containing a layer of food and decapitated wild-type or ecdysteroid depleted targets of
similar age (male in Fig 1, female in Fig 3A, male and female in Fig 3B); video recording
was initiated immediately. In Figure 2, a group of 12 intact ecdysone depleted males were
placed together in the 35 mm chamber. Target animals were decapitated using carbon
dioxide anesthesia and a razor blade, then allowed to recover to a standing position before
use. Assays were recorded by overhead video cameras placed in a 29°C incubator. Video
recordings were analyzed from minute 10 to minute 20 by trained observers blind to the
genotype and experimental treatment of the subjects, the first 10 minutes of the period being
excluded from analysis to allow acclimation following transfer. Stopwatches were used to
measure the total time each subject spent performing unilateral wing extension, licking, or
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attempting copulation with the target fly during the 10-minute period. Courtship index was
calculated as the percentage of total duration of these behaviors per 600 seconds of assay
time. In motor activity assays (Fig 4), flies were placed in courtship chambers not supplied
with courtship targets, and the number of times each fly crossed the midline was counted
from minute 10 to minute 20. Mann-Whitney (Fig 1), Wilcoxon rank sum test (Fig 3B) or
Student t-test (Fig 3A, 4) were used to analyze the results (InStat 3.0 from GraphPad).

Courtship songs were continuously recorded during 20-minute interactions of one wild-type
or one ecd! male with one decapitated wild-type female or male target at room temperature
(Fig 5). Acoustic signals were recorded with a microphone (Bruel & Kjaer Type 4165),
amplified (Bruel & Kjaer Type 2619 and 5935) and directly digitized. The software
Audacity 1.3.12beta (http://audacity.sourceforge.net) was used for data acquisition and
analysis. Frequency spectra of pulse songs and sine songs were determined by Fourier
transformation with a 2048 width Hanning window. Song sequences that contained similar
durations of both sine and pulse song were selected for comparison.

Adult ecd! males shifted from 18°C (the rearing temperature) to 29°C for 48 hours prior to
assaying their courtship behavior exhibited significantly higher levels of courtship toward
decapitated mature wild-type male targets than did identically treated wild-type subjects (p <
0.0001; Fig 1) and ecd! males that were not shifted to 29°C (p < 0.0002; Fig 1). This
temperature shift did not alter the behavior of wild-type males. The resulting homosexual
courtship in ecd! males included tapping, licking, unilateral wing extension, and attempted
copulation, although these components were not individually measured. When ecd! males
were fed 1073M 20E during the 48 hour 29°C treatment, a reduction in the resulting
homosexual courtship was observed (p = 0.0303, Mann-Whitney, Fig 1). Wild-type males
fed the same diet did not show any changes in courtship behavior (not shown). When
decapitated mature ecdysteroid-depleted ecd! males treated at 29°C were used as targets,
they did not elicit elevated levels of courtship from wild-type males treated at 29°C (Fig 1),
indicating that ecd! males are distinguished from females. ecd! males maintained at 18°C
courted wild-type male targets more intensively than wild-type males at the same
temperature. This difference was abolished by feeding these ecd! males with 20E. Groups of
intact ecd! males formed courtship chains, with each male following and singing to the male
ahead of him while at the same time being courted by a following male (Fig 2). Chaining
behavior was not observed in similarly treated wild-type males.

Ecdysteroid-depleted ecd! males courted both female targets and male targets (Fig 3). The
attraction of wild-type and ecd! male subjects to a decapitated female target was similar (Fig
3A). When mature ecd! males treated at 29°C were offered a choice between decapitated
wild-type targets of both sexes in the same assay chamber, they courted the female targets at
the same levels observed when using wild-type male subjects (Fig 3B, left panel). At the
same time, ecd! males showed elevated courtship towards the male targets, compared with
wild-type control subjects. In the presence of a female target, however, the attraction of the
ecd! male subject to the male target was diminished, in comparison with the levels observed
when the male target was presented alone (compare with Fig 1). Wild-type and ecd! males
discriminated significantly between male and female targets (p = 6.4 x 1072 and 0.007
respectively, Wilcoxon Matched Pairs). We did notice that in this assay, the overall levels of
courtship to both targets was significantly higher in ecd! males than were the total levels of
wild-type males (p = 0.009, Student t-test; Fig 3B right panel). This difference resulted from
an increase of total courtship activity of ecd! males in the presence of two courtship targets,
while courtship activity towards one or two targets was not different in wild-type males
(compare Fig 3A with Fig 3B right panel).
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Motor activity of ecdysteroid-depleted ecd! males was similar to that of wild-type (Fig 4).
When ecdysoneless! and wild-type males were analyzed individually in courtship chambers
without courtship targets provided, the centerline crossing rate of ecd! males was
comparable to that of wild-type. When these flies were fed 1073M 20E during the 48 hour
29°C treatment, activity of ecd! males was not affected, while activity of wild-type males
decreased (p = 0.016, Student t-test).

During courtship, ecd! males generated sound signals by vibration of one extended wing.
Both wild-type and ecd! mutants produced rather irregular series of pulse song and sine
song, the principal acoustic patterns of Drosophila courtship (Fig 5). Analysis of frequency
composition of pulse and sine song elements and of inter pulse intervals (IPI) of songs from
wild-type males courting a female (Fig 5A), ecd! males courting a female (Fig 5B) and the
same ecd! males courting a male target (Fig 5C) revealed no differences (Fig 5D),
suggesting that ecd! males are fully capable of producing attractive courtship songs.

Discussion

Ecdysteroid is known to exert influence on the fly nervous system in various ways. By either
membrane or nuclear mechanisms or both, ecdysteroid is capable of controlling neuron
development including proliferation and apoptosis (Riddiford, 1993; Freeman et al., 1999),
cell differentiation (Sprecher and Desplan, 2008), and neurite remodeling (Grueber and Jan,
2004). In addition to its canonical roles in insect development, ecdysteroid function has also
been described in adult physiology and behavior, although to a lesser extent. For example
ecdysteroid has been shown to influence excitability of Drosophila neurons (Srivastava et
al., 2005), and has been implicated in memory and sleep (Ishimoto et al., 2009; Ishimoto and
Kitamoto, 2010). It has been reported that reduction of the activity of the intracellular
ecdysone receptor leads to male-male courtship (Ganter et al., 2007; Dalton et al., 2009).
Using the well-characterized conditional ecdysoneless mutant ecd’, we show in this study
that male-male courtship can result from reduction of ecdysteroid levels in adult male flies
while details of courtship behavioral components and locomotor activity are not affected.
While absolute ecdysteroid levels were not determined in this study, the level of ecdysteroid
reduction was sufficient to cause failure of molting and metamorphosis at 29°C (not shown)
as described in earlier studies of this mutant (Garen et al., 1977; Gaziova et al., 2004).

ecd® adult males treated at 29°C to reduce ecdysteroid levels show significantly greater
male-male courtship than wild-type controls (Fig 1). The male-male courtship repertoire of
temperature shifted ecd! male subjects includes elements typical of male-female courtship
behavior, including orientation, following, unilateral wing extension, production of sine and
pulse song, tapping, licking, and attempted copulation, indicating that significant reduction
of ecdysteroid level after eclosion neither impair their performance nor the correct sequence
of their appearance. Rather, ecdysteroid depletion seems to modulate whether and how
frequently courtship behavior is induced by male-specific sensory stimuli. Groups of
ecdysteroid-depleted ecd! males form courtship chains (Fig 2) as does the fruitless® mutant
(Gailey and Hall, 1989), whereas wild-type males do not. Such chains are suggested to be
due to the failure of fruitless! males to recognize inhibitory male cues, and this may be the
case with ecd! males. Supplementation of an ecd! male’s food with 20E during the shift to
restrictive temperature (29°C) reduces his male-male courtship level significantly (Fig 1),
supporting the hypothesis that the ecdysteroid deficiency phenotype of ecd? flies underlies
the induction of elevated male-male courtship levels.

While ecdysteroid depleted male flies are attracted to one another such that groups will
exhibit chaining behavior (Fig 2), they are not strongly attractive to wild-type males (Fig 1).
This result indicates that ecd! male targets are fully recognized as males by wild-type male
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subjects and that the reduction of ecdysteroid signaling in this mutant does not alter a male
target’s detectable male phenotype. In comparison, certain fruitless mutants, in addition to
their courtship of male targets as mentioned above, are also themselves more attractive to
wild-type males (Gailey and Hall, 1989).

In the presence of a wild-type female target, ecdysteroid depleted males and wild-type males
are observed to court her at comparable levels (Fig 3A). Hence, the increased attraction of
ecd! males to other males is not connected to their reduced attraction to females. By
comparison, in some fruitless! mutants, male-male attraction is connected to a loss of
attraction to females, to the point of behavioral sterility (Gailey and Hall, 1989). When
offered both a male and a female target at the same time, wild-type and ecd! male subjects
court the female target significantly more than the male target (Fig 3B). Total courtship
duration in the ecd! male was significantly higher than that of the wild-type male (p = 0.009,
Student t-test), but duration of courtship of females was similar. Thus, ecdysteroid depletion
does not significantly raise or lower the attraction of male flies to females, instead it adds the
new element of male-male courtship to its otherwise unaltered courtship repertoire.

Apart from directing courtship toward both female and male targets, courtship behavior of
ecd! males is not different from wild-type (reviewed by Greenspan and Ferveur, 2000). ecd?
mutant males display all behavioral components of courtship, including approach, tapping,
licking, unilateral wing extension and copulation. Wing extension and its vibration
generated acoustic courtship signals that included pulse song and sine song elements. These
songs have been demonstrated to contain species-specific spectro-temporal patterns
(Kyriacou and Hall, 1982) and can clearly be distinguished from aggression songs generated
during male agonistic interactions (Jonsson et al., 2011). Analysis of the song patterns
generated by ecd! males (Fig 5) revealed similar carrier frequencies and inter pulse intervals
as recorded from wild-type males in the same setup (Fig 5D) and reported from earlier
studies (Rybak et al., 2002; Wheeler et al., 1988) suggesting that ecdysteroid signaling is not
involved in control of song pattern generating neuronal activity. Moreover, female target-
directed and male target-directed song patterns of ecd! males were the same and aggression
songs, that are produced by vibration of both wings, lack sine song elements and consist of
longer interpulse intervals (Jonsson et al., 2011), were never observed during male-directed
interactions. This suggests that ecd! males consistently recognize other males as potential
mating partners and not as competitors.

The male-male courtship results presented here agree with previous studies using ecdysone
receptor (EcR) mutants (Ganter et al., 2007, Dalton et al., 2009). In those experiments
utilizing assay conditions similar to those reported here, induced ecdysone receptor
hypomorphy resulted in a similar homosexual courtship phenotype. The observation of the
same courtship phenotype associated with mutations that reduce ecdysteroid signaling from
both the ligand availability and receptor aspects of the pathway, and in distinct genetic
backgrounds, is another indication that the homosexual courtship observed in each case is in
fact caused by disruption of ecdysteroid signaling.

The evidence presented supports the hypothesis that ecdysteroid modulates courtship
behavior in Drosophila. In adult males, reduction of the levels of this steroid hormone
significantly alters the gender orientation component of courtship behavior without changing
the behavioral modules of courtship behavior or attractiveness to wild-type males, and
rescue with dietary hormone restores behavior that is more similar to wild-type. Restoration
of normal behavior is not complete, however, perhaps because ecdysteroid levels at the
critical sites of action remain reduced despite the exogenous 20-hydroxyecdysone supplied.
Since individual components of courtship are unaffected and ecd! males can distinguish
males from females, altered levels of ecdysone do not seem to affect pattern-generating

J Insect Physiol. Author manuscript; available in PMC 2012 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ganter et al.

Page 7

circuits in thoraco-abdominal neuromeres and sensory organs involved in the perception of
sex-specific signals. The elevated male-male attraction observed in ecdysteroid-depleted
males rather indicates that ecdysteroids regulate courtship decision-making in the fly by
connecting male-specific cues to courtship initiation instead of to agonistic behavior.

General locomotor activity level does not appear to change with ecdysteroid deficiency (Fig
4), although we note that feeding wild-type males 1mM 20-hydoxyecdysone led to a
significant decrease in activity. This treatment did not have the same effect on ecd! males,
perhaps because these males were restored to more normal ecdysteroid levels by the
treatment, whereas wild-type males were subjected to ecdysteroid levels that are higher than
normal, and such overdose somehow leads to reduced motor activity. Regulation of cell
proliferation has been shown to depend on ecdysteroid “threshold” concentrations (Cherbas
and Cherbas, 1981; Peel and Milner 1992; Champlin and Truman, 1998) and similar
mechanisms may also regulate physiology and behavior of adult flies.

A male-male courtship phenotype resulted when EcR deficiency was specifically induced in
neurons that activate the P1 promoter of fruitless (fru-P1; Dalton et al., 2009) agreeing well
with the results presented here. In comparison with that study, however, we note an
interesting difference. While Dalton and coworkers noticed no increase in male-male
courtship when EcR hypomorphy was induced after eclosion, we measured a significant
increase in male-male courtship in ecd! flies shifted to 29°C three days after eclosion, and
noticed that longer incubations at that restrictive temperature produce a more dramatic
phenotype (not shown), both in the present study and in our previous study using EcR
hypmorphy (Ganter et al., 2007). Because the method used in this report produces a
hypomorphy in ecdysteroid signaling that is global rather than restricted to fru-P1 neurons,
as was the method in Dalton’s work, the discrepancy may suggest that cells other than fru-
P1 use ecdysteroid signaling to influence courtship behavior in the adult. In any case, it
seems that a certain ecdysteroid-dependent plasticity exists in the mechanisms that control
courtship behavior in adult male flies.

It is hypothesized that sex specific patterns of behavior in humans can be influenced in the
developing brain by exposure to varying levels of steroid hormones (Robinson and
Manning, 2000). Our results illustrate that steroids serve a behavioral role in the fruit fly
Drosophila melanogaster, and that study of this genetically tractable model organism may
illuminate our understanding of mechanisms at play in the shaping of courtship behavior in
other animals.

Conclusions

Our studies indicate that a steroid hormone exerts considerable control over courtship
behavior in male fruit flies. Steroids are known to be important modulators of courtship
behavior in many animals including fish, birds, and rodents (Bass, 2008; McCarthy and Ball,
2008). Our results support the hypothesis that ecdysteroids modulate courtship behavior in
Drosophila melanogaster. Study of this genetically tractable model organism will allow the
elucidation of the mechanisms by which steroids influence courtship and other sex-specific
behaviors in other animals.
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Figure 1. Male-male courtship

ecd! males treated at 29°C for 48 hours to reduce ecdysteroid availability show increased
male-male courtship. The descriptions underneath each histogram bar describe treatment
condition of subject males flies. Socially naive five-day-old ecd! male subjects (“ecd?
29°C”) court mature decapitated wild-type (Canton-S) target males with significantly longer
duration than do either similarly treated wild-type subjects (“wild-type 29°C”) or ecd! males
not heat-treated (“ecd! 18°C”). Male-male courtship levels of wild-type 29°C subjects was
not different from that of wild-type 18°C subjects (Mann-Whitney). ecd! 29°C subject males
fed diet containing 1073M 20E during exposure to 29°C show significantly less male-male
courtship than identically treated males fed normal diet (* indicates p < 0.05, Mann-
Whitney). Wild-type 29°C subject males courted ecd! 29°C objects at the same level at
which they court wild type 29°C objects (Mann-Whitney). Courtship Index (see Materials
and Methods) was measured for 10 minutes, beginning 10 minutes after male subjects were
introduced to the chambers. *** indicates p < 0.001 (Mann-Whitney), whiskers indicate
SEM.

J Insect Physiol. Author manuscript; available in PMC 2012 September 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Ganter et al. Page 11

Figure 2. Male courtship chains

ecd! males treated at 29°C for 48 hours to reduce ecdysteroid availability engage in male-
male courtship chains, in which males courts a more anterior male, while simultaneously
being courted by a following male.

J Insect Physiol. Author manuscript; available in PMC 2012 September 1.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Ganter et al.

(=2
o
)

Page 12

X 50
S
> 40
2
- 30
.9
L 20
£
= 10
O
O o
wild-type ecd’
70 - QL
60 - ~ 80
9 5.
L 50 - _E 70 - ok
s 47 = 60
T Ch 30 - — 2
£ ? £ 50
Q. 20 7 % 40
< 10 N S
) O 30
£ 0 S
| — — 20
S o " "g 10 -
220 ©
30 - 0
Subject: wild-type ecd’ wild-type ecd’

Figure 3. A. Attraction to females
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Adult ecd! males treated at 29°C to reduce ecdysteroid availability court females at levels
similar to those of wild-type males. B. Courtship preference. At left, adult ecd! males
treated at 29°C court females (Cl;) and males (Cl,) when offered a choice of decapitated
mature virgin male and female targets in the same experiment. In contrast, wild-type males
almost exclusively court the female target. Both wild-type (Canton-S) and ecd! males
significantly prefer to court females over males (compare Cly with Cly; ** indicates p <
0.01; *** indicates p < 0.001). In these choice experiments, the total duration of courtship to
both targets (Cl; + Cly) was significantly higher in ecd! males than in wild-type (right
diagram). The duration of all unilateral wing extension, tapping, licking, and attempting
copulation in a ten-minute period was measured. P values are from Wilcoxon Matched Pairs
test (left) and t-test (right), whiskers indicate SEM.

J Insect Physiol. Author manuscript; available in PMC 2012 September 1.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Ganter et al.

8

Centerline crossings per minute

Page 14

wild-type  wild-type . ecd'

+ 20E

Figure 4. Motor activity levels

Adult ecd! males treated at 29°C to reduce ecdysteroid availability show similar levels of
spontaneous locomotor activity as wild-type males. Flies were placed in courtship chambers
without courtship targets and analyzed for 10 minutes. Activity of wild-type decreased when
fed 1073M 20E during the 48-hour treatment at 29°C (* indicates p < 0.05), but this was not
the case with ecd! males. The number of centerline crossings was counted, and is presented
as number of crossings per minute. P values are from Student t-test, values inside bars are
means and whiskers indicate SEM.
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D Comparison of song characteristics
A B Cc
IPI of pulse song [ms] 41.73 t6.37 36.76 t4.59 36.156 £5.24
Principle frequency 191 203 196
of pulse song [Hz]
Principle frequency
of sine song [HZ] 167 164 175

Figure 5. Courtship songs

Adult ecd! males treated at 29°C to reduce ecdysteroid availability generate similar
courtship song patterns as wild-type males towards both female and male targets. Acoustic
signals that contained pulse and sine song elements of similar durations were selected from
20 min. recordings of a wild-type (A) and an ecd! mutant male (B) courting a decapitated
wild-type female and the same ecd! mutant male courting a decapitated wild-type male (C).
D. Acoustic parameters. Major frequency components of pulse song and sine song and
inter pulse intervals (IPI) were similar in all recordings displayed in A—C and in songs
recorded from other wild-type and ecd! mutant males under the same conditions (not

shown).
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