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ARTICLE INFO ABSTRACT

Editor: Michael Hedrick Balance between sleep, wakefulness and arousal is important for survival of organisms and species as a whole.

While, the benefits of sleep both in terms of quantity and quality is widely recognized across species, sleep has a

Keywords: cost for organismal survival and reproduction.

Drosophila Here we focus on how sleep duration, sleep depth and sleep pressure affect the ability of animals to engage in
Slee,p courtship and egg-laying behaviors critical for reproductive success. Using isogenic lines from the Drosophila
Mating . . . . . . :

Oviposition Genetic Reference Panel with variable sleep phenotypes we investigated the relationship between sleep and
Behavior reproductive behaviors, courtship and oviposition. We found that three out of five lines with decreased sleep and

increased arousal phenotypes, showed increased courtship and decreased latency to court as compared to normal
and long sleeping lines. However, the male courtship phenotype is dependent on context and genotype as some
but not all long sleeping-low courting lines elevate their courtship in the presence of short sleeping-high courting
flies. We also find that unlike courtship, sleep phenotypes were less variable and minimally susceptible to social
experience.

In addition to male courtship, we also investigated egg-laying phenotype, a readout of female reproductive
output and find oviposition to be less sensitive to sleep length and parameters that are indicative of switch
between sleep and wake states. Taken together our extensive behavioral analysis here shows complex bidirec-
tional interactions between genotype and environment and add to the growing evidence linking sleep duration
and sleep-wake switch parameters to behavioral decision making critical to reproductive output.

1. Introduction

Sleep is an evolutionarily conserved neurobehavioral state that
controls multiple physiological processes including development,
metabolism, immune response, cognition and behavioral outputs critical
for survival (Garbe et al., 2015; Harbison and Sehgal, 2008; Kayser et al.,
2015; Keene and Duboue, 2018; Lesku et al., 2006; Sehgal and Mignot,
2011; Zielinski et al., 2016). Although, sleep has been observed and
studied in mammals, birds, fish, reptiles, amphibians, and invertebrates,
its effect on biological functions can be highly variable between and
within species. In mammals, sleep deprivation and deficits have been
associated with memory, attention and decision-making processes
(Farahani et al., 2019; Krause et al., 2017; Sare et al., 2016) in addition

to effects on metabolism, development and immune function which
seem more generalizable across species (Besedovsky et al., 2012; Kayser
and Biron, 2016; Sharma and Kavuru, 2010). Although, current research
in human and animal models have demonstrated the importance of sleep
on neural and non-neural processes, the precise function of sleep and the
impacts of quality and quantity of sleep on an organism’s fitness and
survival remain elusive.

Fruit flies have emerged as powerful systems in investigating the
behavioral, physiological, cellular and molecular implications of sleep
deficits and sleep-wake transitions. Across species, sleep is thought to be
controlled by two processes, known as process S and process C, where
Process S is a homeostatic process by which sleep pressure increases
during wakefulness and decreases during sleep, and process C is a
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circadian process that is controlled by the circadian pacemaker circuits
of the brain which determines the propensity to sleep during specific
times of the day and night (Borbely, 1998; Borbely and Achermann,
1999; Borbely et al., 2016; Tobler et al., 1992). The process S and C
model has provided a critical framework, but regulation of sleep and
arousal goes beyond these processes. While sleep provides many bene-
fits, it limits the ability of the organism to engage in other behaviors (e.
g., foraging, mating, escaping predators etc.) critical for survival.
Therefore, sleep states have to be actively balanced with cognitive and
motivational processes critical for survival and rely on several external
factors like availability of food sources, engagement in group in-
teractions, temperature and humidity (Beckwith et al., 2017; Brown
et al., 2018; Chen et al., 2017; Duhart et al., 2020; Keene et al., 2010;
Machado et al., 2017; Masek et al., 2014; Yurgel et al., 2015).

Here we explore the relationship between sleep and the ability of the
organisms to make behavioral decisions critical for reproductive suc-
cess. Social interactions between male and female flies have been
extensively studied in Drosophila and involves a complex series of ste-
reotyped male-specific behaviors leading to copulation which is un-
derstood at the level of single genes and neurons (Yamamoto and
Koganezawa, 2013; Yamamoto et al., 2014). Male flies suppress sleep in
the presence of females or female cuticular pheromones. Conversely,
male courtship behavior, female-induced arousal and egg-laying is
attenuated by elevated sleep drive (Beckwith et al., 2017; Chen et al.,
2017; Duhart et al., 2020; Machado et al., 2017; Potdar et al., 2018).
Based on the current evidence pointing to a bidirectional relationship
between sleep and reproductive behaviors (male courtship, copulation
and egg laying) we probed how sleep parameters like sleep duration,
sleep depth and sleep pressure affect male courtship and female ovipo-
sition behaviors.

Both sleep and reproductive behaviors are complex, variable, and
highly dependent on genetic backgrounds making it difficult to study the
subtle quantitative effects that result from naturally occurring alleles
and SNPs. To circumvent this, we used a community resource, DGRP
(Drosophila Genomic Resource Panel), a set of fully sequenced, inbred
fly lines that were created by systematic mating of wild-caught iso-
female full siblings for at least 20 generations. The isogenic genetic
background and natural allelic variations make the DGRP an unparal-
leled resource to understand the evolutionary significance of sleep on
reproductive behaviors important for organismal fitness. A previous
screen of 168 DGRP lines reveals 10 inbred lines that had variable sleep
duration which were classified as long and short sleepers. Remarkably,
these lines with variable sleep phenotypes have similar longevity and
egg to adult viability to normal sleeping lines (Harbison et al., 2013;
Harbison and Sehgal, 2008; Harbison et al., 2017).

Using this collection, we first investigated the relationship between
sleep length (the basis for classifying these lines as long-, short- and
normal sleepers) and the complex sleep parameters sleep depth and
pressure which have been linked to reproductive behaviors like court-
ship and egg-laying. Next, we asked if the DGRP lines with variable sleep
phenotypes correlate with male courtship behavior and conversely if
social experience alters sleep. We also investigated the effect of sleep
length and sleep-wake switch parameters on female egg laying behavior.
Lastly, we assayed for phenotypic plasticity in courtship behavior to test
if the relationship between sleep parameters and reproductive behaviors
is hard-wired or adaptable to changing environments.

2. Materials and methods
2.1. Fly strains and maintenance

Short-, long- and normal/moderate-sleeping flies from Drosophila
Genome Research Panel were obtained from Bloomington Drosophila
Stock Center (Harbison et al., 2013; Mackay et al., 2012). Stocks were
maintained at 18°C and ~50% relative humidity (RH) under a 12:12 h
light/dark (LD) cycle in standard fly food vials containing standard

Comparative Biochemistry and Physiology, Part A 264 (2022) 111114

cornmeal-molasses media. Flies used in experiments were sub-cultured
and maintained at 25 °C. All behavioral experiments were conducted
at room temperature (21-25 °C) and included at least three independent
trials. The stock number of flies used in the study is as follows (Table 1).

2.2. Measurement of sleep and wakefulness by Drosophila activity
monitoring system

To measure sleep, we used 3-10-day-old male and female flies. In-
dividual flies were loaded into 5 mm x 65 mm glass tubes (Drosophila
Activity Monitoring System, TriKinetics Inc) containing 5% sucrose 1%
agarose solution. Tubes were loaded into Trikinetics DAM2 and placed
in an incubator at 50% (RH) under a 12:12 h LD cycle at 25°C for 5 days
as described in (Driscoll et al., 2019). The activity data were collected in
one-minute bins for further processing using MATLAB (MathWorks)-
based software SCAMP (Donelson et al., 2012). If no activity was
detected by the Drosophila Activity Monitoring system for more than 5
min, the fly was considered to be in a sleep state (Garbe et al., 2015;
Harbison and Sehgal, 2008; Kayser et al., 2015; Sehgal and Mignot,
2011; Shaw et al., 2000).

2.3. Video recording-based sleep measurement

The behavioral setup for video recording system was adapted from
(Guo et al., 2016). Flies were briefly anesthetized and loaded into 96
well plates (Falcon™ 96-Well, Non-Treated, Fisher Scientific Inc) con-
taining 5% sucrose and 1% agarose. The bottom of the plate was placed
on and constantly illuminated using 850 nm LED board (Smart Vision
Lights Inc). The 96-well plates with flies were imaged from top using a
FLIR Flea 3 camera (Edmund Optics Inc) and the behavioral set up was
placed in an incubator to control light/dark conditions and temperature.
Fly movement was tracked using freely available Pysolo Video tracker
and processed for sleep duration and sleep parameters using SCAMP 3
developed by Christopher Vecsey at Skidmore College and can be
downloaded from https://academics.skidmore.edu/blogs/cvecsey/.
The MATLAB scripts for analysis of P(Wake)/P(Doze) using locomotor
date and hidden Markov model functions were accessed from http
s://github.com/Griffith-Lab/Fly _Sleep_Probability and were described
in (Wiggin et al., 2020).

2.4. Courtship

Male virgin flies of each genotype were collected and housed in a
separate vial for 2-3 days to mature. To minimize movement and
rejection, female flies were decapitated using a razor blade (Spieth,
1966) and placed in courtship arena and allowed to recover prior to the

Table 1
List of genotypes used in this study.

DGRP Strain Stock # (Bloomington Drosophila
Resource Center)
DGRP-21 28122
DGRP-38 28125
DGRP-235 28275
DGRP-301 25175
DGRP-307 25179
DGRP-310 28276
DGRP-313 25180
DGRP-335 25183
DGRP-338 28173
DGRP-365 25445
DGRP-379 25189
DGRP-808 28238
DGRP-832 28245
DGRP-859 25210

CSMH line (originally from
Heisenberg lab)
W8 (is031) 5905

Gift from Janelia Research Campus, HHMI
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behavioral assay. The use of decapitated female flies as a courtship
target has been validated for genetic comparisons (Cheriyamkunnel
et al., 2021; Ganter et al., 2011; Laturney and Billeter, 2014; Laturney
et al., 2018; Pan and Baker, 2014; Pan et al., 2012; Pan et al., 2011;
Rezaval et al., 2014; Rezaval et al., 2016; Zhang et al., 2018).

Male and female flies were placed into separate chambers of a 16-
chamber bi-layer courtship wheel (diameter: 1cm; height: 2.5mm per
layer) (Chen et al., 2017) backlit by a white LED panel (A2 Light Box
Light Pad, Amazon Inc) in a 25°C incubator. Once flies recovered
(~15-20 min) from anesthesia the layers of the courtship wheel were
combined to place the male and female in the same chamber and flies
were videotaped for 20 min. Courtship videos were analyzed single-
blind and courtship index was measured as time spent by the male fly
engaging in courtship behavior during the 20-min recording. Although,
there are several behaviors like approach, licking and tapping associated
with courtship these behaviors are also exhibited by flies when they are
not courting. Hence, we used a more conservative approach and only
coded uni-lateral wing extension to produce a courtship specific song, a
behavior only exhibited in the context of male-female courtship (Cher-
iyamkunnel et al., 2021; Koganezawa et al., 2010; Massey et al., 2019;
O’Sullivan et al., 2018; Pan and Baker, 2014; Pan et al., 2012; Pan et al.,
2011).

2.5. Social isolation and enrichment for sleep measurements

3-7 days old flies were separated and grouped under socially
enriched or isolated groups. DGRP lines that were enriched were housed
in vials containing 20-25 females and 10-15 males from the time of
eclosion to activity monitoring. Isolated flies were collected as pupae
with a wet brush, sexed based on presence of sex combs and placed in 5
ml round-bottom polystyrene Test Tubes (352008, Falcon, Fisher Sci-
entific) containing 1.5 ml of cornmeal molasses media. Both groups were
collected and maintained 5-6 days before being placed in 65 mm glass
tubes for sleep measurement using the DAM2 system described above.

2.6. Mate-competition assay

Male virgin flies of each genotype were collected and housed in a
separate vial for 2-3 days to mature. Flies were then transferred onto
standard cornmeal with red or blue food coloring (McCormick Inc)
(Verspoor et al., 2015). To minimize movement and rejection, female
flies were decapitated using a razor blade (Spieth, 1966) prior to the
behavioral assay. Female flies and two males were placed into separate
chambers of a 16-chamber bi-layer courtship wheel (diameter: 1cm;
height: 2.5mm per layer) (Chen et al., 2017) backlit by a white LED
panel (A2 Light Box Light Pad, Amazon Inc) in a 25°C incubator. Once
flies recovered (~15-20 min) from anesthesia the layers of the courtship
wheel were aligned to place the two males and decapitated female in the
same chamber and flies were videotaped for 20 min. Courtship videos
were analyzed single-blind and courtship index was measured as time
spent by a male fly engaging in courtship behavior during the 20-min
recording.

2.7. Oviposition

Age matched male and female flies (1-3 days) of each genotype were
crossed for three days on standard cornmeal media. Mated females were
then loaded on 24-well tissue culture plates (Cell treat Scientific
229123) containing apple-juice agar media (3 g sucrose, 125 ml apple
juice, 3 g agarose, 125 ml water and 2.5 ml Tegosept). Female flies were
allowed to lay eggs for 72 h and eggs were counted manually under
single blind conditions.

2.8. Statistics

All sleep parameters (sleep amount, P (Wake), P(Doze), bout length
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and number of bouts) are presented as bar graphs and represent mean +
SEM. A one-way ANOVA was used for comparisons between group
means and post hoc analysis was performed using Dunnett’s correction.
For data sets that did not follow a gaussian/normal distribution (bout
numbers and bout length) we used non-parametric analysis (one-way
ANOVA of ranks and Kruskal Wallis Statistic). For comparisons of two
genotypes or treatments we used t-tests (two-tailed). For correlation
analysis, we conducted Spearman nonparametric correlation to avoid
making assumption about the distribution of the values and also
calculated two-tailed p values. Sample sizes for each experiment are
presented in the figure legend. All statistical analyses and graphing were
performed using Prism software (GraphPad Software 7.04; San Diego,
California).

3. Results
3.1. Characterization of sleep duration and structure of DGRP lines

We first characterized the sleep phenotypes of the previously pub-
lished DGRP lines that show altered sleep and wake patterns. Using the
Drosophila activity monitoring system, we measured activity of 14
DGRP lines which were identified to have altered sleep phenotypes from
a screen of 168 DGRP lines (Harbison et al., 2013). The DGRP is a panel
of inbred lines created by crossing siblings of wild-caught female lines
for over 20 generations and are in isogenic backgrounds (Mackay et al.,
2012) allowing for more direct comparisons of parameters associated
with quality and quantity of sleep.

We tested both males and females flies that were age matched (3-10
day old) and maintained in standard cornmeal media. We measured
sleep duration over a 24-h period, mean length of sleep bout and number
of sleep bouts for short sleepers (DGRP 38, 310, 365, 808 and 832),
normal or moderate sleepers (DGRP 21, 301, 307, 859) and long sleepers
(DGRP 235, 313, 335, 338 and 379). Data was analyzed by one-way
ANOVA followed by pair-wise comparisons with DGRP 859, a moder-
ate sleeper. To compare and contrast long and short sleeping lines we
identified DGRP lines with moderate sleep phenotype as described in
(Kumar et al., 2019). We did this by pooling the sleep data from several
(~25 DGRP lines) and calculated mean sleep duration. Mean sleep
duration over a 24-h period for DGRP 859 (~986 + 8.28 mins in males
and ~ 842 + 10.11) was closest to the pooled data mean (~992 + 6.12
mins in males and 839 + 4.22). We also compared DGRP 859 with 2
strains commonly used as control in Drosophila sleep studies (w1118
(iso 31(Shi et al., 2014)) and CS) and have now added that data as
Supplementary fig. 1.

In males, we found that short sleepers had sleep duration ranging
from (~500-800 min) but only DGRP 38 (p < 0.0001) was statistically
different from DGRP 859. Sleep duration of four normal sleepers ranged
from ~800-1000 min, similar to other non-DGRP laboratory control
strains CS and w1118 flies (Fig. S1). Four of the five long sleepers
(~1000-1200 min) DGRP 235 (p < 0.0001), DGRP 335 (p < 0.0001),
DGRP338 (p < 0.0001) and DGRP 379 (p < 0.0001) had significantly
increased sleep duration (Fig. 1A).

We saw a similar trend in female flies where short sleepers DGRP 38
(p < 0.0001), DGRP 310 (p < 0.00001), DGRP 365 (p = 0.018) and long
sleepers DGRP 235 (p < 0.0001), DGRP 335 (p = 0.0002) and DGRP 379
(p = 0.0033) were significantly different from normal sleepers (Fig. 2A).
Taken together, we found that the 10 DGRP lines have variable sleep
duration both in males and females as previously reported (Harbison
et al., 2013). In addition to the sleep duration, we assessed the sleep
structure characterized by the average number of sleep bouts and length
of sleep bouts.

In males, we found that short sleepers (DGRP 38, p = 0.017) had
reduced bout length and all 5 tested long sleepers (DGRP 235 p <
0.0001, 313 p = 0.002, 335 p < 0.0001, 338 p < 0.0001 and 379 p =
0.04) had longer sleep bouts as compared to the normal sleeper DGRP
859 (Fig. 1B). Conversely, long sleepers (DGRP 235 p < 0.0001, 313 p <
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Fig. 1. Sleep phenotypes of long and short sleeper DGRP male flies.

(A) 3-day average of sleep duration in males during a 24-h period.

(B) 3-day average of sleep bout length in males during a 24-h period.

(C) 3-day average of sleep bout number in dGRP males during a 24-h period.
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(D) 3-day average sleep (min/30 min) during a 24-h period. Sleep phenotype during daytime and nighttime of DGRP 38, 859 and 335 (each data point represents 30-

min bin). ZT refers to zeitgeber time, ZT = 12 represents lights off.

21-63 flies of each genotype were assessed using Drosophila Activity Monitors with a 12:12 light/dark cycle for three days. Short sleepers (blue circles), normal
sleepers (orange diamonds), and long sleepers (pink triangles). In this and all subsequent figures data represents mean and SEM *indicates p < 0.05, **indicates p <

0.01. ***indicates p < 0.001.

Number of male flies for each genotype were: Short sleepers (AGRP-38: 31, dGRP-310: 32, dGRP-365: 26, dGRP-808: 25, dGRP-832: 29), Normal sleepers (dGRP-21:
28, dGRP-301: 29, dGRP-307: 25, dGRP-859: 30), Long Sleepers (dAGRP-235: 63, dGRP-313: 27, dGRP-335: 24, dGRP-338: 31, dGRP-379: 29).

0.0001, 335 p = 0.017, and 338 p < 0.0001) had fewer bouts as
compared to normal sleepers consistent with increased sleep consoli-
dation (Fig. 1C).

In females, we found that short sleepers DGRP 38 p < 0.0001, DGRP
310 p < 0.0001 and DGRP 365 p < 0.0001 had significantly shorter
bouts as compared to normal sleepers, while only one long sleeper
(DGRP 338 p = 0.03) had a modest increase in bout length (Fig. 2B).
Number of bouts was less variable in females as compared to males; this
could potentially be a result of reduced sleep duration in males as
compared to females. Long sleeper DGRP 335 (p = 0.03) and short
sleepers DGRP 365 (p = 0.007) and 808 (p = 0.01) had an increased
number of bouts as compared to DGRP 859, while DGRP 313 (p = 0.02)
had reduced bouts (Fig. 2C). We also saw that normal sleeper lines had a
variable bout number phenotype even though sleep duration was not
significantly different. Fig. 1D and 2D shows representative sleep pro-
files of a short- (DGRP 38), long- (DGRP 235) and normal sleeper (DGRP
859).

Taken together, our data shows that male and female long sleeper

DGRP lines exhibited increases in sleep duration accompanied with
fewer sleep bouts and longer bout duration suggesting that long sleepers
have more consolidated sleep as compared to short sleepers. In contrast,
short sleepers had significant reduction in sleep duration but bout
structure was largely unaffected. These data suggest that the widely used
metric of sleep phenotypes, sleep amount (24-h duration) is a good
measure to identify short sleepers that exhibit prolonged wakefulness
but don’t reliably define long sleepers as flies with even small increases
in sleep amounts had more consolidated sleep as compared to normal
and short sleepers.

The activity data and sleep measurement are essentially based on
two states (movement or no movement). Conditional probability that
defines the switch between these states have been recently used and
validated as measures of sleep drive and arousal (Wiggin et al., 2020). In
this approach Hidden Markov Model is applied to the locomotor data to
reveal four states: deep sleep, light sleep, early wake, and full wake.
Based on this model locomotor data can be used to calculate transition to
sleep state and exit from sleep states or more specifically P(Wake) and P
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(Doze). P(Wake) quantifies the probability that a sleeping fly would
wake up or move (sleep depth) and P(Doze) quantifies the probability
that a waking fly would fall asleep (sleep pressure) (Wiggin et al., 2020).
These probabilities depend on changes in response to sleep pressure and
arousal and the algorithm for computing these probabilities using ac-
tivity/inactivity instead of 5 in inactivity criteria is described in (Wiggin
et al., 2020).

To get a better understanding of how the DGRP lines switch between
sleep, wake and arousal states we mined the activity data to measure the
probability of state transitions by calculating P (Wake) and P(Doze).
Analysis of P(Wake) showed a clear trend related to sleep depth and
propensity to switch to wakeful state in males and females. Short
Sleepers ((DGRP 38, 310, 365, 808) p < 0.00001) had significantly
higher P(Wake) as compared to control (DGRP 859) indicative of
decreased sleep depth (Fig. 3A). Conversely, long sleepers ((DGRP 235,
313, 335, 338) p < 0.00001) had significantly lower P(Wake) as
compared to control (DGRP 859) indicative of increased sleep depth.
The normal sleepers DGRP 21, 301, 307 and 859 had similar P(Wake)
and were not significantly different from each other (Fig. 3A).

In females we observed a similar trend such that short sleepers
(DGRP 38, 310 p < 0.00001, 365 p = 0.007 and 808 p = 0.009) had
higher P(Wake) and long sleepers (DGRP 235 p < 0.0001, 335 p = 0.02,
313 p =0.0020, 379 p = 0.04 and 338 p = 0.03) had smaller P(Wake) as
compared to normal sleepers (Fig. 3B). Taken together, we conclude that
short and long sleepers in our screen had decreased and increased sleep
depth respectively, suggesting differences in their ability to transition
from sleep to a wakeful/arousal state.

The transition from wake to sleep state, indicative of sleep pressure
or sleep drive did not follow a specific pattern in males and females.
Interestingly, three of the short sleepers (DGRP 310, 808 and 332 p <
0.00001) and two of long sleepers (DGRP 235 and 335, p < 0.00001)
had increased P(Doze) in males and females suggesting higher proba-
bility of wake to sleep transition (Fig. S2A and 2B). Conversely, short
sleeper DGRP 38 and 365 had comparable P(Doze) to control flies. Long
sleeper DGRP 313 and 338 had significantly reduced P(Doze) as
compared to controls. These data suggest that although long sleepers
have increased sleep duration and low arousability, they have variable
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Fig. 2. Sleep phenotypes of long and short sleeper
DGRP female flies.
(A) 3-day average of sleep duration in female flies
during a 24-h period.
(B) 3-day average of sleep bout length in female flies
during a 24-h period.
(C) 3-day average of sleep bout number in female flies
during a 24-h period.
(D) 3-day average sleep (min/30 min) during a 24-h
period. Sleep phenotype during daytime and night-
time of DGRP 38, 859 and 335 (each data point rep-
resents 30-min bin). ZT refers to zeitgeber time, ZT =
12 represents lights off.
24-31 flies of each genotype were assessed using
Drosophila Activity Monitors and 12:12 light/dark
cycle for three days. Short sleepers (blue circles),
normal sleepers (orange diamonds), and long sleepers
(pink triangles).
Number of female flies for each genotype were: Short
sleepers (AGRP-38: 29, dGRP-310: 30, dGRP-365: 31,
dGRP-808: 28, dGRP-832: 31), Normal sleepers
(dGRP-21: 23, dGRP-301: 29, dGRP-307: 25, dGRP-
859: 27), Long Sleepers (dGRP-235: 31, dGRP-313:
\ 30, dGRP-335: 29, dGRP-338: 28, dGRP-379: 24)
Statistical analysis was by one-way ANOVA using
L Dunnett multiple comparisons with normal sleeper
dGRP-859 as control. In this and all subsequent fig-
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313
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Ieesssssssssssm——n ures data represents mean and SEM *indicates p <
y4) 0.05, **indicates p < 0.01. ***indicates p < 0.001.
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Fig. 3. P(Wake), a measure of sleep depth and arousal in male and female
DGRP lines.

Average P(Wake) or probability of sleep to wake transitions/min in (A) Male
and (B) female flies. 21-63 flies of each genotype were assessed using
Drosophila Activity Monitors with a 12:12 light/dark cycle for three days.
Short sleepers (blue circles), normal sleepers (orange diamonds), and long
sleepers (pink triangles). In this and all subsequent figures data represents mean
and SEM *indicates p < 0.05, **indicates p < 0.01. ***indicates p < 0.001.
Number of male flies for each genotype were: Short sleepers (dGRP-38: 31,
dGRP-310: 32, dGRP-365: 26, dGRP-808: 25, dGRP-832: 29), Normal sleepers
(dGRP-21: 28, dGRP-301: 29, dGRP-307: 25, dGRP-859: 30), Long Sleepers
(dGRP-235: 63, dGRP-313: 27, dGRP-335: 24, dGRP-338: 31, dGRP-379: 29).
Number of female flies for each genotype were: Short sleepers (dGRP-38: 29,
dGRP-310: 30, dGRP-365: 31, dGRP-808: 28, dGRP-832: 31), Normal sleepers
(dGRP-21: 23, dGRP-301: 29, dGRP-307: 25, dGRP-859: 27), Long Sleepers
(dGRP-235: 31, dGRP-313: 30, dGRP-335: 29, dGRP-338: 28, dGRP-379: 24).

sleep pressure. Long sleepers DGRP 235 and 335 were specifically
interesting as they had increased sleep duration, low P(Wake) and high P
(Doze) in both males and females (Fig. S2A and 2B).

The Drosophila Activity monitoring (DAM) system used in the sleep
measurements above detects movement based on IR beam breaks
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located in the midline of the tube and has limited spatial resolution.
Hence, sleep measurements made by the widely used activity moni-
toring system is incapable of taking into account finer movements that
represent a wakeful state. By detecting movement only at midline, the
DAM system also overestimates sleep and limits the ability to accurately
measure sleep duration, P(Wake) and P(Doze) (Garbe et al., 2015;
Geissmann et al., 2019; Geissmann et al., 2017; Gilestro and Cirelli,
2009).

To address this, we tested 9 DGRP lines (3 short sleepers, 2 normal
sleepers and 4 long sleepers) that have strong sleep phenotypes in the
DAM system in a 96 well plate set-up using a video recording-based
sleep measurement (Guo et al., 2016). The flies were entrained (12 h
L:12 h D condition) and movement of flies were recorded for 2 days.
Video files acquired at 1 frame/s were then tracked using an image
analysis method based on frame subtraction (Guo et al., 2016).

Sleep duration during a 24 h period between DGRP lines were
analyzed by one-sample t-test where mean of each genotypes was
compared to mean of the population. We found that short and long
sleepers had significantly reduced and increased sleep duration respec-
tively consistent with the activity montoring system. Normal sleepers
were not significantly different from the population mean (Fig. 4A and
B). These phenotypes were consistent between male and female flies
except for short sleepers DGRP 38 and 310 which had reduced sleep in
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males but not females. P(Wake) in male and female flies, a measure of
sleep depth and sleep to wake transition was high for short sleepers
DGRP 310 and 808. All long sleepers (DGRP 235, 335, 338 and 313) had
lower P(Wake) as compared to normal sleepers supporting the finding
that long sleepers are less arousable and short sleepers are more
arousable (Fig. 4C and D).

Although, probability of sleep to wake transition is a good measure of
arousal and sleep depth, we also looked at probability of wake to sleep
transition (P(Doze)). P(Doze) in male and female flies was consistently
higher for long sleepers consistent with the idea that long sleepers have
higher sleep pressure as compared to short and normal sleepers (Fig. 4E
and F). Overall, the video based sleep measurements were consistent
with the DAM data and is a more accurate measure of sleep depth and
sleep pressure.

3.2. Male Courtship Phenotypes of short-, normal- and long-sleeper DGRP
lines

Since, arousability measured by P(Wake) affects the ability of flies to
switch states and engage in key behaviors critical for survival, we tested
the ability of short-, long- and normal- sleepers to engage in courtship
behavior. We specifically tested short sleepers (DGRP 38, 310, 365, 808,
832), normal sleepers (307 and 859) and long sleepers (235, 335 and

Fig. 4. Sleep phenotypes of long and short sleeper
DGRP male and female flies using video recordings
and pixel movement-based measurement.

(A and B) Sleep duration (minutes) in male and female
flies during a 24-h period.

(C and D) Average P(Wake) or probability of sleep to
wake transitions/ min in male and female flies.

(E and F) Average P(Doze) or probability of wake to
sleep transitions/ min in male and female flies.

(G and H) Sleep phenotype during daytime and
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338). We selected these lines as they had P(wake), P(Doze) values that
were significantly different from DGRP 859. Further, we only tested
male long sleeper lines in courtship if they had increased sleep (p <
0.001) as compared to moderate sleeping controls.

We placed the DGRP male flies with wild type females in a courtship
arena as previously described (Chen et al., 2017). We chose a 20-min
courtship duration for these experiments as flies generally copulate
within 12-20 min, flies that did not initiate courtship during the 20-min
recording do not copulate at later time points (Luu et al., 2016).

We first measured courtship duration as the amount of time (in
seconds) spent by male flies exhibiting courtship associated behaviors
during the 20-min recording (Fig. SA). We specifically quantified uni-
lateral wing extensions exhibited by male flies. We found that short
sleepers (DGRP 38 p < 0.0001, 310 p = 0.0075 and 365 p = 0.00012)
showed significantly higher courtship index as compared to normal
sleeper DGRP 859 (Fig. 5B). Indeed, three of these short sleepers initi-
ated and sustained courtship through the entire duration of the
recording (Supplementary video 1, representative courtship video of
DGRP 38).

In addition to courtship index, we also quantified courtship latency
indicative of amount of time between start of recording and initiation of
the first courtship bout (Fig. 5C). Like courtship index, short sleepers
(DGRP 38 p < 0.0001, 310 p < 0.0001 and 365 p = 0.0002) had shorter
latency and long sleeper DGRP 335 p = 0.0010 had longer latency as
compared to normal sleeper DGRP 859. All long sleepers DGRP 335, 235
and 338 had very minimal courtship and high latency (Supplementary
video 2, representative courtship video of DGRP 335).

In addition to latency and courtship index we also quantified per-
centage of flies that showed at least one courtship bout of uni-lateral
wing extension. These values ranged from 13 to 38% for long sleepers
and 32-100% for short sleepers (Fig. 5D) suggesting that sleep duration

800+

[}

2
2
3

a

(seconds)
IS
]
8

4 a
2

Courtship Duration
»
8

38 310 365 808 832 307 859 235 335338

00

50.

Courtship Latency
% flies that courted

0
T T T T T T
38 310 365 808 832 859 235 335 338

38 310 365 808 832 307 859 235 335338

Fig. 5. Courtship Index and latency in long-, short- and normal- sleeping DGRP
males.

(A) Courtship wheel and arena used for assaying male courtship phenotypes. A
pair of flies in an arena with male exhibiting unilateral wing extension.

(B) Courtship index measured as time spent (in seconds) by a male fly exhib-
iting unilateral wing extension (a courtship specific behavior) during a 20-min
trial. Courtship index of short sleepers (blue circles), normal sleepers (orange
diamonds), and long sleepers (pink triangles).

(C) Courtship latency measured as the time between start of the trial and
initiation of the first bout of unilateral wing extension. Latency scores were
coded such that 1 =1-19s2 =20-39s,3 =40-595s,4 =60-795s,5 =80sand
above.

(D) Percentage of flies that exhibited at least one courtship bout.

23-63 flies of each genotype were recorded in courtship wheel arenas and
unilateral wing extensions were manually counted. Males were separated from
beheaded females until video recording began. Latency was measured as time to
first unilateral wing extension and data was binned. Short sleeping dGRP-38
were found to court significantly more than all other genotypes. Short
sleepers (blue circles), normal sleepers (orange diamonds), and long sleepers
(pink triangles). Data represents mean and SEM *indicates p < 0.05, **indicates
p < 0.01. ***indicates p < 0.001, ***indicates p < 0.0001.
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and arousability are correlated with the ability to engage in courtship
behaviors critical for reproductive output.

3.3. Correlation between sleep and courtship parameters of DGRP lines

Based on our behavioral data we reasoned that altered propensity to
switch between sleep and wake states are correlated with the ability to
engage in courtship behaviors critical for reproductive output. To test
the strength of this correlation we specifically focused on P(Wake) and P
(Doze) as sleep measures, and courtship index and latency as courtship
measures.

We computed correlation coefficients between P(Doze) and P(Wake)
for all tested DGRP lines (Fig. 6A R = —0.2 and p = 0.002) and did not
find a significant correlation between these parameters. Although, long
sleepers exhibit longer sleep durations, they consistently show reduced
sleep to wake transitions. On the other hand, short sleepers exhibited
shorter sleep durations, increased sleep to wake transitions and high
sleep pressure indicated by increased wake to sleep transitions.

We next looked at how courtship parameters are correlated with
each other and with P(Wake) and P(Doze). We did find a moderate
negative correlation between courtship index (amount of time spent in
courting/uni-lateral wing extension) and courtship latency (R = —0.4
and p < 0.0001) (Fig. 6B).

We asked if sleep parameters P(Doze) and P(Wake) are correlated
with courtship index and latency. P Doze, indicative of sleep pressure,
shows a moderate positive correlation with courtship latency (R = 0.4, p
< 0.0001) and very weak negative correlation with courtship duration
(R = —0.2, p = 0.0007) (Fig. 6C and E). On the other hand, P(Wake)
indicative of arousal, shows moderate positive correlation (R = 0.4, p <
0.0001) with courtship duration and weak negative correlation (R =
—0.2, p < 0.002) with latency (Fig. 6D and F). Taken together, we find a
moderate correlation between P(Doze) and latency and P(Wake) and
courtship duration within our DGRP population suggesting that transi-
tion between states is correlated with engagement in social behaviors
like mating that are critical for reproductive output.

3.4. Socialization does not alter sleep duration

Based on our findings that short sleepers court more as compared to
long and normal sleepers we asked if the relationship between sleep and
courtship is bidirectional. Previous studies suggest that social isolation
leads to increased male courtship drive and reduction in sleep duration
(Ganguly-Fitzgerald et al., 2006; Liu et al., 2019; Ueda and Wu, 2009).

All the sleep results reported above were conducted on flies that were
group housed in a socially enriched environment with specific sex ratio
(20-30 females and 10-15 males). We compared sleep duration between
socially isolated and enriched flies to test if increased courtship drive
produced by social isolation alters sleep duration.

To test this, we focused on short-sleeping/high courting lines (DGRP
38, 310 and 365) and long-sleeping/low courting lines (DGRP 235 and
335). The socially isolated and enriched group for each DGRP line were
compared using unpaired t-test and Welch’s correction for each of the 7
tested DGRP lines.

We found that other than normal sleeper DGRP 859 (p = 0.04) none
of the short-sleepers and long-sleepers altered their sleep duration in
conditions of social isolation (Fig. 7). Intriguingly, the long sleepers did
not alter their sleep duration when socially isolated, a condition asso-
ciated with increase courtship drive. Since, DGRP 859 (normal sleeper
control) showed a decrease in sleep under isolated condition as
compared to group-housed social condition we suspect that the genetic
architecture of long and short sleepers is related to housing condition
and sleep duration.
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3.5. Mating competition assay reveals phenotypic plasticity in long and
short sleepers

Single male and female courtship assays in a controlled environment
as described above have been widely used as a test for male courtship
decision making and reproductive success. These assays are robust in
measuring stereotypical pattern of context specific behaviors uni-lateral
wing extension and following that are essential for copulation. However,
male flies can modify their mating behavior when they face competition
from other stimuli including other conspecific males. To address
phenotypic plasticity in short and long sleepers we conducted a mate-
competition assay. We paired high courting short sleeper DGRP 38
with long sleeper-low courters DGRP 235 and 335 male flies to test
behavioral plasticity in mating duration towards wild type CS females
(schematic of experimental design in Fig. 8A).

As observed in single male-female courtship assays DGRP 38 courts
the wild type female more as compared to long sleeper DGRP 235 and
normal sleeper DGRP 859 in the same arena (Fig. 8B and C). However,
DGRP 335 that exhibits increased sleep and reduced courtship in single
male-female assay courts more than DGRP 38 when placed in the same
arena. These results show that long sleeping-low courting DGRP 335
males increase their mating duration when presented with a high
courting-short sleeping DGRP 38 male (Fig. 8D). In the mate competi-
tion with DGRP 335, we also found that DGRP 38 males adapted and
reduced their mating duration by almost 50% indicating social

experience dependent modification of mating duration.

We next asked if DGRP 335 male courtship is altered only in the
presence of high courting male (DGRP 38) or any other male. To test
this, we set up a modified mate competition protocol (schematic in
Fig. 8E). In this second protocol we paired DGRP 335 with long sleeper-
low courters DGRP 235, normal sleeper-normal courter DGRP 859 and
short sleeper-normal courter DGRP 808. Increased male courtship in
DGRP 335 occurs only in competition with DGRP 38 and not with the
other lines (DGRP 235, 808 and 859) (Fig. 8F).

In summary, although there is a correlation between sleep parame-
ters and courtship phenotypes based on a single male-single female as-
says, long sleeper males can increase courtship and short sleeper can
exhibit reduced courtship and this phenotypic plasticity likelyalters
reproductive output. However, these effects are dependent on genotype
and not generalizable for all long sleeping-low courting lines since DGRP
235 and 859 do not exhibit the same plasticity.

3.6. Oviposition phenotypes as a measure of female reproductive output in
short-, normal- and long-sleeper

Although increased courtship impacts the probability of mating and
critical to reproductive success in male flies, it is an incomplete measure
of reproductive fitness. We next tested the ability of DGRP female lines
to mate and lay eggs. Like courtship, oviposition in Drosophila follows a
series of processes including ovulation of eggs in females, mating, sperm
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Fig. 7. Social isolation does not affect sleep duration in short- and long-
sleepers.

Sleep duration of socially isolated (I) and enriched (E) DGRP lines: short-
sleepers with high courting phenotypes (38, 310 and 365), normal sleeper
(859) and long sleepers with low courtship (235 and 335) in beam break-based
DAM sleep assay.

Isolated and enriched groups for each of the tested lines were compared using
unpaired t-test with Welch’s correction. Data represents mean and SEM *in-
dicates p < 0.05.

Number of male flies for each genotype were between 18 and 26 and data were
obtained from 2 independent trials.

storage, fertilization and extrusion by mated females (Aranha and Vas-
concelos, 2018; Bracker et al., 2019). We mated DGRP lines for 3 days
and placed the mated females in chambers containing apple juice agar, a
preferable substrate for egg laying (Fig. 9A and B). We found that egg
laying phenotypes of females were largely consistent and did not
necessarily depend on sleep duration, sleep-depth or sleep-pressure.

Among the short sleepers DGRP 38, a line that shows increased male
courtship, increased sleep-depth and reduced sleep-pressure showed a
significantly higher number of eggs (p = 0.008, Fig. 9A) as compared to
normal sleeper DGRP 859. Another short sleeper, DGRP 808, that shows
high sleep to wake transition and arousability also produced a signifi-
cantly higher number of eggs (p = 0.04, Fig. 9A).

Lastly, long sleeper DGRP 335 that shows increased courtship la-
tency, decreased sleep-depth and increased sleep-pressure also laid more
eggs (p = 0.0001, Fig. 9A). These data reveal that although sleep
duration and ability to switch between sleep-wake states are variable in
female DGRP lines, they have a variable effect on female mating and
oviposition.

3.7. Reproductive output in short sleeper DGRP 38 is contributed by males

Since oviposition was higher in 3 DGRP lines (2 short- 38 and 808
and 1 long sleeper- 335) that have different sleep parameters we probed
specific male and female factors that contributed to increased eggs.
Specifically, we asked if increased male courtship phenotypes associated
with DGRP 38 and DGRP 335 identified in our study by single male-
female courtship assay and mate-competition assay led to increased
mating and eggs.

To address this, we mated males from 4 DGRP lines (38, 808, 859 and
335) with wild type females (CS) to control for the differential and
variable reproductive contributions of DGRP females (Fig. S3A). We
found that CS females mated with short sleeper DGRP 38 p < 0.0001 and
long sleeper DGRP 335 p = 0.013 produced a significantly greater
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number of eggs as compared to DGRP 859 and 808.

Conversely, we mated female flies from 4 DGRP lines (38, 808, 859
and 335) with wild type males (CS) to control for the differential
reproductive contributions of DGRP male. We found that under these
conditions there was no significant difference between the short-, long-
and normal sleepers suggesting that male courtship vigor is a critical
regulator of reproductive fitness and that female flies don’t necessarily
compensate for reduced mating vigor in males (Fig. S3B).

4. Discussion

Balance between sleep, wakefulness and arousal is important for
survival of organisms and species as a whole. While, the benefits of sleep
both in terms of quantity and quality is widely recognized across species,
sleep has a cost for organismal survival. Sleep can make an animal
vulnerable to it predators and also limit engagement in social behaviors
(like mating or aggression) critical for survival. Here we focus on how
sleep duration, sleep depth and sleep pressure correlate with the ability
of animals to engage in behaviors critical for reproductive output. Pre-
vious studies show that sleep deprivation negatively impacts male
courtship behaviors and female oviposition (Chen et al., 2017; Machado
et al.,, 2017; Potdar et al., 2018). However, in both these cases sleep
deficit was severe and induced by mechanical deprivation, dopamine
dysregulation or caffeine. The ethological relevance of how sleep and
arousal states are balanced and impact reproductive success is
unexplored.

Genetic analysis of short sleeping mutants identified from wide-
spread unbiased genetic screen of sleep duration reveals a strong ge-
netic component underlying sleep regulation (Bringmann, 2019). Ge-
netic manipulations including gene expression knockdowns by RNA
interference, P-element knockdowns and large-scale mutagenesis are
often conducted in variable genetic backgrounds so comparisons don’t
always yield clear, reproducible results. In light of these technical
challenges, we used the short and long sleeping natural variant lines
from the DGRP panel to study the relationship between sleep and
behavioral outputs specifically, courtship and egg laying that determine
reproductive success. The 14 DGRP lines were selected from 168 lines
and included flies with short-, long- and normal sleep duration. In
addition to sleep duration, we characterized several additional param-
eters that define sleep quality as sleep is complex behavioral trait. First,
we found minimal to no sexual dimorphism in sleep parameters except
for sleep duration which is consistent with reduced sleep in females as
compared to males. Second, sleep duration and parameters of variable
sleeping lines were consistent between two independent methods of
measuring sleep (video recording-tracking and activity monitoring).
Third, we found that even between lines with consistent sleep duration,
a parameter widely used to define sleep there were significant differ-
ences in ability to transition between sleep and wake states. In addition
to measuring the probability of switching between states, we probed
how complex sleep parameters are related to behavioral decisions that
lead to increased reproductive output in flies.

We argued that sleep depth P(Wake) and sleep pressure P(Doze) are
likely to be detrimental to the motivation of the animal to switch from
sleep to arousal states to engage in social behaviors like mating. To
directly address this, we assayed male courtship phenotypes of 3 of the
longest sleepers, 5 short sleepers and 2 normal sleepers to test the cor-
relation between sleep and courtship parameters. We found that 3 out of
the 5 of the short sleepers showed increased courtship duration and
reduced latency. We also found a moderate correlation between P
(Wake) (sleep to wake transition) and courtship duration suggesting flies
with reduced depth are more arousable when presented with a courtship
target.

Conversely, we also found a moderate correlation between P(Doze)
(wake to sleep transition) and latency suggesting that flies with greater
sleep pressure tend to take longer to initiate courtship bout. Our data
reveal that classification of lines based on sleep length alone has limited
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Fig. 8. Mate competition behavioral assays reveal that courtship phenotypes are plastic for longer sleeper DGRP 335 but not DGRP 235.

(A) Schematic of the mate competition assay showing a female CS (wild type fly) and two distinct DGRP males with variable sleep phenotype. One of the DGRP males
is a short sleeper with high courtship phenotype. The other DGRP lines were long sleepers, low courters (DGRP 235 and 335) and normal sleeper (DGRP 859).
(B, C and D) Courtship phenotype (time spent engaging in unilateral wing extension) of DGRP 38 (black bar) with long (335 and 235) or normal sleepers (859). Pink
bars represent courtship phenotypes of long sleepers DGRP 235 and 335 (pink bar) and yellow bar indicates courtship phenotypes of normal sleeper DGRP 859.
(E) Schematic of the mate competition assay showing a female CS (wild type fly) and two distinct DGRP males with variable sleep phenotype. One of the DGRP 38
male is a long sleeper with low courtship phenotype. The other DGRP lines were long sleepers-low courters (DGRP 235), short sleeper-high courter (DGRP 38), short
sleeper- normal courter (DGRP 808) and moderate sleeper-normal courter (DGRP 859).

(F) Courtship phenotype (time spent engaging in unilateral wing extension) of DGRP 335 in mate competition assay with DGRP 38 (black bar) and DGRP 235, 808
and 859 (grey bar).

Data represents mean and SEM *indicates p < 0.05, **indicates p < 0.01. ***indicates p < 0.001, ***indicates p < 0.0001. Statistical analysis was conducted
between two-samples by Unpaired t-test with Welch’s correction (B, C and D). For F, analysis was conducted between 4 samples by non-parametric Kruskal-Wallis
test followed by Dunns’ correction.

significance in understanding how animals balance sleep with other prolonged wakefulness and it is likely that sleep drive is strong and
behaviors critical for survival. While our data support a relationship unaffected by housing conditions. However, it is intriguing that long
between prolonged waking and engagement in social behaviors like sleepers do not change their sleep duration when socially-isolated.
mating, they don’t necessarily mean that sleeping too much or too little Future studies are required to investigate gene and environment in-
alters reproductive fitness. teractions that underlie how social experience like isolation, enrich-
To address the effect of courtship drive on sleep duration we ment, modified group housing, starvation and sex ratios modifies sleep
measured sleep in DGRP lines with increased sleep-low courtship or need and if short and long-sleepers investigated here have variable re-
prolonged wakefulness-high courtship phenotype under socially sponses to these environmental conditions.
enriched or isolation conditions. Previous studies show that social Mating behavior is highly plastic and dynamic and known to be
isolation increases male-male aggression, male courtship towards fe- altered by rival males, sexratio, nutritional status, age and female mat-
male target and reduce sleep duration (Ganguly-Fitzgerald et al., 2006; ing status (Bretman et al., 2009; Bretman et al., 2013; Fricke et al., 2008;
Liu et al., 2019; Ueda and Wu, 2009). Although, normal sleeper showed Ruhmann et al., 2018). In our experiments, we controlled for several
a decrease in sleep under social isolation, the long and short sleeper did factors by using age-matched flies, reared in the same nutritional media
not alter sleep duration in isolated condition. The short-sleepers exhibit and placed in vials with identical sex ratio. However, the courtship
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Fig. 9. Oviposition behavior in short-, normal- and long-sleepers.

(A) Number of eggs laid per chamber of a 24-chamber arena during a 3-day
period. Each chamber housed two age-matched, mated female flies and eggs
were counted manually. Short sleepers (blue circles), normal sleepers (orange
diamonds), and long sleepers (pink triangles).

(B) Single chamber of a 24 well plate arena containing apple juice agar media.
Eggs were counted under the microscope.

Data represents mean and SEM *indicates p < 0.5, **indicates p < 0.01.
***indicates p < 0.001, ***indicates p < 0.0001. We tested 48 flies/genotype (2
flies/chamber). Statistical analysis was by one-way ANOVA using Dunnett
multiple comparisons with normal sleeper dGRP-859 as control. Data repre-
sents mean and SEM *indicates p < 0.5, **indicates p < 0.01. ***indicates p
< 0.001.

assays are often conducted in pairs (1 male and female) and don’t ac-
count for rival males. To address this, we conducted the mate compe-
tition assays.

Using this assay, we asked if high courting-short sleepers and low
courting-long sleepers can modify their mating duration by placing them
in the same arena with a wild type female target. Interestingly, we found
an almost 50% reduction in mating duration of high courting-short
sleeper DGRP 38 in the presence of long-sleeper DGRP 335 but no
other lines. Conversely, DGRP 335 elevated its courtship duration in the
presence of DGRP 38 but not with other lines. These data show that
mating duration of short- and long-sleeper lines, specifically DGRP 38
and DGRP 335 exhibits adult behavioral plasticity but this is not
generalizable for other long sleeper-low courting line DGRP 235. Hence,
the effect of courtship success on reproductive output is correlated to
sleep-wake transitions but can be modified by environmental factors like
presence of rival males.

We also measured egg laying phenotypes for all lines, a more direct
readout of reproductive output and intriguingly high courting-short
sleepers (DGRP 38 and 808) and long sleeper (DGRP 335) produce
higher number of eggs as compared to other lines.

We also find that sleep duration, sleep depth and sleep pressure in
female flies may be less detrimental to female fecundity as compared to
male courtship. This is consistent with previous findings that sleep
deprivation has minimal impact on female mating behaviors (Chen
et al., 2017). However, since female reproductive behaviors are poorly
understood and characterized in flies as compared to males, we cannot
unequivocally conclude that altered sleep does not impact female
reproductive success (Aranha and Vasconcelos, 2018). Taken together,
the relationship between sleep, behavioral decision making and repro-
ductive output is more complex and context dependent than previously
predicted and described (Beckwith et al., 2017; Chen et al., 2017; Duhart
et al., 2020; Kayser et al., 2015; Machado et al., 2017).

In addition to isogenic background, highly reproducible behavioral
phenotypes, and presence of naturally occurring genetic variations,
DGRP lines used here are fully sequenced. Additionally, deep RNA
sequencing of DGRP panel was recently published and mapped eQTLs
(expression quantitative trait loci) for annotated genes, novel tran-
scribed region and transposable elements for future analysis of gene
transcript-trait associations (Everett et al., 2020; Mackay et al., 2012).
Previous studies have identified genetic loci using GWAS (genome wide
association study) that are distinct between DGRP lines used in this
study and their potential role in sleep regulation. Although, several of
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these loci are novel, 19 genes were previously implicated in fly and/or
human sleep (Harbison et al., 2013; Harbison et al., 2017). Several of
these genes egfr, brk, fz, Hey, scrib, tkv, and Ubx have been tested in the
context of development and their knockdown also produces sleep
duration phenotypes (Harbison et al., 2013). However, the role of these
genes in behaviors associated with reproductive output remain unex-
plored. Future studies involving analysis of these genes using RNAi
knockdown and P-element disruptions can provide additional clues
about the precise genetic relationship between sleep and courtship
regulation.

Our extensive behavioral analysis shows that even between flies that
have similar sleep duration, several sleep parameters like P(Wake) and P
(Doze) are variable. Further, P(Wake) and P(Doze) are correlated with
courtship duration and latency. Courtship duration is highly dependent
on environmental context like presence of other males and affects DGRP
lines differentially. Conversely, sleep duration in these lines were less
variable and minimally susceptible to social isolation conditions that
have been previously shown to reduce sleep duration, increase male-
male aggression and male courtship. Unlike males, the mating and
egg-laying phenotypes of female are minimally correlated to sleep
duration and other state transition parameters.

These data support the growing literature that points to relationship
between sleep and reproductive output but it is not clear if decreased
male courtship performance is a consequence of long-sleeping pheno-
type (high sleep pressure and sleep depth) or indicates a shared genetic
architecture between sleep and male courtship duration. The behavioral
analysis presented here paves way for a more detailed and mechanistic
analysis of how genes and transcripts co-regulate complex sleep traits
with behavioral choices important for reproductive output.
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