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Abstract 9 

Sleep is essential but incompatible with other behaviors, and thus sleep drive competes with other 10 

motivations. We previously showed Drosophila males balance sleep and courtship via 11 

octopaminergic neurons that act upstream of courtship-regulating P1 neurons (Machado et al., 12 

2017). Here we show nutrition modulates the sleep-courtship balance and identify sleep-regulatory 13 

neurons downstream of P1 neurons. Yeast-deprived males exhibited attenuated female-induced 14 

nighttime sleep loss yet normal daytime courtship, which suggests male flies consider nutritional 15 

status in deciding whether the potential benefit of pursuing female partners outweighs the cost of 16 

losing sleep. Trans-synaptic tracing and calcium imaging identified dopaminergic neurons 17 

projecting to the protocerebral bridge (DA-PB) as postsynaptic partners of P1 neurons. Activation 18 

of DA-PB neurons led to reduced sleep in normally fed but not yeast-deprived males. Additional 19 

PB-projecting neurons regulated male sleep, suggesting several groups of PB-projecting neurons 20 

act downstream of P1 neurons to mediate nutritional modulation of the sleep-courtship balance.  21 
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Introduction 22 

Sleep is observed in every animal species studied in detail (Anafi et al., 2019), underscoring its 23 

importance for fitness. A widely accepted framework for understanding sleep regulation, called the 24 

two-process model, proposes that sleep is controlled by the circadian and homeostatic processes 25 

that convey information about the time of day and sleep drive, respectively (Borbély, 1982). 26 

However, since sleep prevents the execution of other critical behaviors such as feeding and 27 

mating, sleep is also influenced by motivational factors such as hunger and sex drive. For 28 

instance, sleep is suppressed by starvation in both rats and fruit flies, likely to allow the animal to 29 

forage for food (Jacobs and McGinty, 1971; Keene et al., 2010). Similarly, female sleep is reduced 30 

upon mating, presumably for egg laying purposes (Garbe et al., 2016; Isaac et al., 2010). Recently, 31 

we and others have shown that sleep is suppressed in favor of courtship when male flies are 32 

paired with females (Beckwith et al., 2017; Machado et al., 2017), demonstrating a competition 33 

between sleep and sex drive. 34 

In addition to sleep and sex drive, both general and nutrient-specific hunger are important 35 

modulators of behavior. For instance, yeast deprivation in Drosophila alters food choice in favor of 36 

high protein food over the normal preference for high carbohydrate food. (Ribeiro and Dickson, 37 

2010). In addition, yeast provides essential nutrients for proper larval development (Anagnostou et 38 

al., 2010; Robertson, 1960), and the amount of yeast in the female diet correlates with the number 39 

of eggs laid (Lin et al., 2018). Although the effects of dietary yeast on male reproduction are 40 

relatively modest (Zajitschek et al., 2013; Fricke et al., 2008), we hypothesized that it may have a 41 

stronger influence on the choice between sleep and reproductive behavior in male flies. 42 

Whereas a number of neuronal populations that regulate sleep or courtship have been 43 

identified (Artiushin and Sehgal, 2017; Ellendersen and von Philipsborn, 2017), only a few 44 

neuronal populations regulating both behaviors (i.e., sleep and courtship) are known. Among 45 

these, P1 neurons, which express the FruitlessM (FruM) transcription factor and play a critical role in 46 
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courtship behavior (Clyne and Miesenböck, 2008; Kimura et al., 2008; Manoli et al., 2005; 47 

Stockinger et al., 2005), are also involved in male sleep regulation (Beckwith et al., 2017; Chen et 48 

al., 2017; Machado et al., 2017). P1 neurons are known to receive male-specific arousal signal 49 

from octopaminergic MS1 neurons (Machado et al., 2017) and act both upstream and downstream 50 

of DN1 clock neurons (Chen et al., 2017) to regulate the sleep-courtship balance. However, how 51 

P1 neurons communicate with downstream sleep circuits remains unknown.  52 

Here we demonstrate that the sleep-courtship balance in male flies is affected by yeast 53 

deprivation in Drosophila and identify the protocerebral bridge (PB) as an arousal center acting 54 

downstream of P1 neurons. Yeast-deprived male flies exhibited attenuated female-induced 55 

nighttime sleep loss relative to normally fed males. In contrast, yeast deprivation did not impair the 56 

ability of males to court during the day, suggesting that dietary yeast affects the sleep-courtship 57 

balance rather than courtship per se. Using the trans-Tango trans-synaptic tracing technique 58 

(Talay et al., 2017), we identified a pair of dopaminergic neurons projecting to the protocerebral 59 

bridge (DA-PB) as neurons acting downstream of the P1 cluster. Calcium imaging confirmed a 60 

functional connection between the two groups of neurons. Furthermore, activation of DA-PB 61 

neurons led to sleep suppression in normally fed but not yeast-deprived males. Through a screen 62 

of PB-arborizing neurons, we identified additional neurons that regulate sleep specifically in males. 63 

We conclude that male sleep suppression by female cues is strongly affected by nutritional 64 

conditions and that P1, DA-PB, and additional PB-projecting neurons form a neural circuit for 65 

integrating sleep and sex drives in males.  66 
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Results 67 

 68 

Yeast deprivation modulates the balance between sleep and courtship 69 

We first examined whether nutritional status affects the balance between sleep and courtship in 70 

Drosophila males. Based on previous findings that seven days of sucrose-only diet alters the 71 

internal state of male flies (Ribeiro and Dickson, 2010), we assessed sleep in male-male (MM) or 72 

male-female (MF) pairs after seven days of sucrose-only diet. We fed groups of control (iso31) flies 73 

5% sucrose food or normal food (standard food for Drosophila maintenance, see Methods) for 6 74 

days, loaded the flies into tubes containing 5% sucrose in Male-Male (MM) or Male-Female (MF) 75 

pairs, and assessed sleep the next day using the single-beam Drosophila Activity Monitor (DAM) 76 

system (Figure 1A). As previously reported (Beckwith et al., 2017; Machado et al., 2017), under the 77 

normal food condition, MF pairs showed a marked reduction in sleep compared with MM pairs 78 

(Figure 1 B-D). Strikingly, yeast-deprived MF pairs showed increased nighttime sleep (i.e., reduced 79 

sleep suppression) compared with normally fed MF pairs (Figure 1B, D). In contrast, yeast 80 

deprivation resulted in a small decrease in sleep in MM pairs and individual males, and had little 81 

effect on sleep in individual females (Figure 1C, D, Figure1-figure supplement 1). These results 82 

demonstrate that the effects of yeast deprivation on sleep depend on the social context.  83 
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 84 

Figure 1. Yeast deprivation modulates the balance between sleep and courtship. 85 

(A) Schematic diagram of the experimental design. After 6 days in varying nutritional conditions as 86 
indicated, flies were loaded into tubes containing 5% sucrose in male-male (MM) or male-female 87 
(MF) pairs. (B-C) Sleep profile in 30 min intervals for MF (B) or MM (C) pairs in the normal food or 88 
yeast deprivation condition measured using single-beam monitors. N = 82 - 90. (D) Nighttime sleep 89 
for flies shown in (B) and (C). (E-F) Sleep profile in 30 min intervals for MF (E) or MM (F) pairs in 90 
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the normal food or yeast deprivation condition measured using multi-beam monitors. Sleep was 91 
computed based on inter-beam movements, i.e, movements between adjacent beams. N = 13 - 92 
32. (G) Nighttime sleep for flies shown in (E) and (F). (H) Percent of time spent sleeping or courting 93 
for males in the normal food or yeast deprived condition. Both groups of males were paired with 94 
normally fed females. The first 5 min of every h between Zeitgeber time (ZT) 18-24 were manually 95 
scored from videos. Tuckey’s method is used for boxplots; boxes extend from the 25th to 75th 96 
percentiles, and whiskers extend from the lowest to the highest value within ±1.5 times the 97 
interquartile range. Data points above the whiskers are drawn as individual dots. N = 49 - 50. (I) 98 
Sleep profile of MF pairs in the normal food, 5% sucrose (yeast deprivation), 5% sucrose + 2.75% 99 
yeast, and 5% sucrose + 2.75% tryptone conditions. The Single-beam DAM system was used to 100 
measure sleep. N = 45 - 48. (J) Nighttime sleep for flies shown in (I). (K) Sleep profile of MF pairs 101 
in 5% sucrose (yeast deprivation), 5% sucrose + 2.75% tryptone (tryptone supplemented), and 102 
7.75% sucrose conditions. The tryptone supplemented and 7.75% sucrose conditions are 103 
equivalent in caloric content. The single-beam DAM system was used to measure sleep. N = 60-104 
64. (L) Nighttime sleep for flies shown in (K). Iso31 flies were used in all panels. In (B-D), MM and 105 
MF pairs were composed of flies from the same nutritional condition. In (E-L) and subsequent 106 
figures, 4- to 5-day old normally fed males and females were used as partners for males from 107 
different nutritional conditions. In this and subsequent figures, bar graphs represent mean ± SEM 108 
and the white and black bars in the experimental design and below the x-axis in sleep profile 109 
graphs indicate light and dark periods, respectively.  **p < 0.01, ***p < 0.001, ****p < 0.0001 and 110 
ns: not significant, two-way ANOVA, p < 0.0001 for the interaction between sex and nutritional 111 
condition, followed by Sidak post hoc test (D, G); Mann-Whitney test (H); one-way ANOVA 112 
followed by Tukey post hoc test (J, L).  113 

 114 

Figure 1-figure supplement 1. Yeast deprivation does not promote sleep in individual flies. 115 

(A) Sleep profile in 30 min intervals for individual males from the normal food or yeast deprivation 116 
condition (see Figure 1A). N = 62. (B) Nighttime sleep for the flies shown in (A). (C) Sleep profile in 117 
30 min intervals for individual females from the normal food or yeast deprivation condition. N = 61. 118 
(D) Nighttime sleep for the flies shown in (C). *p<0.05, ns: not significant, unpaired t test. 119 

 120 
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To rule out any contribution of the female nutritional status to the MF sleep, we paired yeast-121 

deprived males with females that were kept in normal food until they were placed in tubes 122 

containing 5% sucrose food for sleep assay. Sleep in MF pairs with yeast-deprived males was 123 

independent of the nutritional status of the females in the pair (Figure 1-figure supplement 2), 124 

indicating that the effects of nutrition on MF sleep are due to its effects on male behavior. Since the 125 

present study is focused on the effects of male nutrition on male behavior, normally fed females 126 

were used in MF pairs in subsequent experiments.  127 

 128 

Figure 1-figure supplement 2. Yeast deprivation effects on sleep in MF pairs are 129 
independent of the nutritional condition of the female. 130 

(A) Sleep profile in 30 min intervals for MF pairs in which yeast-deprived males were paired with 131 
either yeast-deprived females (Yeast Deprivation M + F) or normally fed females (Yeast 132 
Deprivation M + Normal Food F). N = 24- 25. (B) Nighttime sleep for the flies shown in (A). ns: not 133 
significant, unpaired t test.  134 

 135 

To control for the possibility that the single-beam DAM system with a single infrared detector 136 

missed small movements in yeast-deprived flies, we examined the effects of yeast deprivation 137 

using the multi-beam DAM system containing 17 infrared detectors. The multi-beam DAM system 138 

has two modes of analyzing movements: “moves,” which include only inter-beam movements (i.e., 139 

movements between beams), and “counts,” which also include intra-beam movements (i.e., local 140 

movements within a single beam such as feeding and grooming). The latter analysis can 141 

underestimate sleep because of twitches that occur during sleep (Garbe et al., 2015). As 142 
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previously shown (Garbe et al., 2015), sleep measured with multi-beam monitors was lower than 143 

that measured with single-beam monitors, especially when both inter- and intra-beam movements 144 

(counts) were analyzed. Nevertheless, the effects of nutritional condition and social context on 145 

sleep were comparable between the two monitoring systems. As with single-beam data, multi-146 

beam moves data showed that MF pairs with yeast-deprived males exhibited more nighttime sleep 147 

than normally fed MF pairs (Figure 1E, G), while yeast-deprived MM pairs slept less than normally 148 

fed MM pairs (Figure 1F, G). Even the highly sensitive counts analysis showed that MF pairs with 149 

yeast-deprived males slept significantly more than the normally fed counterparts during nighttime 150 

(Figure1-figure supplement 3). Furthermore, video analysis of nighttime behavior confirmed that in 151 

MF pairs, yeast-deprived males slept significantly more than normally fed males (Figure 1H, Video 152 

1). There was a corresponding reduction in the time spent performing courtship by yeast-deprived 153 

males compared with males that were kept in normal food until the behavioral assay (Figure 1H, 154 

Video 1). These results show that the single-beam DAM system can reliably measure the effects of 155 

nutritional status on sleep. Since the single-beam DAM system has higher throughput than the 156 

multi-beam DAM system or video analysis, we used the single-beam DAM system for quantifying 157 

sleep in subsequent experiments. 158 

  159 

 160 

Figure 1-figure supplement 3. Yeast deprivation modulates the balance between sleep and 161 
courtship: multi-beam data including local movements. 162 

(A-B) Sleep profile in 30 min intervals for MF (A) or MM (B) pairs in the normal food or yeast 163 
deprivation condition shown in Figure 1E-F. Sleep was analyzed based on combined inter-beam 164 
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(movement across beams) and intra-beam movements (local movements within a single beam) 165 
using multi-beam monitors. (C) Nighttime sleep for flies shown in (A) and (B). ***p < 0.001, ****p < 166 
0.0001, two-way ANOVA, p < 0.0001 for the interaction between sex and nutritional condition, 167 
followed by Sidak post hoc test.  168 

 169 

To determine whether the effects of the diet manipulation on MF sleep were attributable to 170 

yeast availability, we assayed the effects of adding yeast to the 5% sucrose diet and observed that 171 

the addition of 2.75% yeast was sufficient to restore the characteristic nighttime sleep suppression 172 

in MF pairs in the normal food condition (Figure 1I, J). Yeast contains both protein and lipids, and 173 

thus we next tested the effects of adding tryptone, a mixture of peptides generated by the tryptic 174 

digestion of casein, to the 5% sucrose diet. We found that the addition of 2.75% tryptone was 175 

sufficient to restore the normal nighttime sleep suppression in MF pairs (Figure 1I, J). Increasing 176 

the sucrose concentration to 7.75% to match the caloric content of 5% sucrose + 2.75% tryptone 177 

did not alter nighttime sleep in MF pairs compared to 5% sucrose (Figure 1K, L), suggesting that 178 

protein rather than caloric content is the important factor in regulating female-induced sleep loss. 179 

These data demonstrate that the balance between sleep and courtship in male flies is modulated 180 

by protein in dietary yeast.  181 

 182 

The effects of yeast deprivation on male sleep develop over multiple days but can be 183 

reversed within a few hours 184 

In the experiments reported above, flies in the normal food condition were loaded into 185 

monitor tubes with 5% sucrose instead of normal food, because a pilot experiment suggested that 186 

food during sleep assay did not alter the effects of 6-day nutritional manipulations before the sleep 187 

assay. As a result, all flies were yeast deprived to some extent: either a little over a day (normal 188 

food condition) or a little over 7 days (yeast deprived condition) by the time of nighttime sleep 189 

assay. Therefore, our data suggest that yeast deprivation takes between 1 and 7 days to 190 
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significantly impact male sleep. To examine the time course of the effects of yeast deprivation on 191 

sleep in more detail, we loaded normally fed males paired with females into monitor tubes 192 

containing either normal food or 5% sucrose food (Figure 2A). Statistically significant differences in 193 

nighttime sleep between the two conditions appeared on the 3rd night, and the difference was more 194 

pronounced on the 4th night (Figure 2B, C), demonstrating that the effects of yeast deprivation on 195 

male sleep takes ~3 days to develop.  196 

We next tested whether yeast-deprived males can quickly recover their characteristic 197 

female-induced sleep loss when normal diet is restored. To do so, males that were yeast deprived 198 

for several days were switched to normal food ~16 h before the sleep assay (Figure 2D). MF pairs 199 

with yeast-deprived males that were switched to normal food exhibited sleep patterns similar to 200 

those of normally fed males (Figure 2E-G). These results demonstrate that the effects of yeast 201 

deprivation on male sleep can be reversed within a day of returning to a normal diet. To examine 202 

whether a shorter exposure to normal food would suffice to reverse the effects of yeast deprivation, 203 

we first loaded yeast-deprived males paired with females into tubes containing 5% sucrose. We 204 

then transferred the MF pairs to new tubes containing either normal food or 5% sucrose (to control 205 

for the effects of handling) within the last 20 min of the light period and assayed nighttime sleep 206 

following the transfer (Figure 2H). Flies transferred to normal food exhibited significantly reduced 207 

sleep compared to flies transferred to sucrose food, which becomes apparent within 2 h of the 208 

transfer (Figure 2I, J). Together, our data demonstrate that yeast deprivation takes multiple days to 209 

alter male sleep patterns, but its effects can be reversed within two hours of normal feeding.  210 

 211 
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Figure 2. The effects of yeast deprivation on male sleep develop over multiple days but can 213 
be reversed within a few hours 214 

(A) Schematic diagram of the experimental design for (B) and (C). Normally fed MF pairs were 215 
loaded into tubes containing 5% sucrose or normal food between ZT 1-2, and sleep was assayed 216 
for 6 nights, starting at ZT 12 on the loading day. (B) Sleep profile in 30 min intervals for normally 217 
fed MF pairs loaded into tubes containing either 5% sucrose food or normal food. Flies were 218 
transferred to new tubes after 3 days to circumvent the potential problem of larval movements 219 
interfering with sleep measurements. The rectangle and arrow indicate the time of transfer. N = 59-220 
60. (C) Nighttime sleep for the flies shown in (B). (D) Schematic diagram of the experimental 221 
design for (E), (F) and (G). After 6 days in the indicated nutritional conditions, MF pairs were 222 
loaded into tubes containing either 5% sucrose or normal food. (E) Sleep profile in 30 min intervals 223 
for MF pairs in the normal food condition loaded into tubes containing either 5% sucrose food or 224 
normal food. (F) Sleep profile in 30 min intervals for MF pairs in the yeast deprivation condition 225 
loaded into tubes containing either 5% sucrose food or normal food. N = 31 - 32. (G) Nighttime 226 
sleep for the flies shown in (E) and (F). (H) Schematic diagram of the experimental design for (I) 227 
and (J). MF pairs yeast-deprived for 6 days were loaded into tubes containing 5% sucrose. Flies 228 
were transferred to tubes containing either 5% sucrose or normal food at ZT 12 on the following 229 
day. (I) Sleep profile in 30 min intervals for yeast-deprived MF pairs transferred into tubes 230 
containing either 5% sucrose food or normal food. The rectangle and arrow indicate the time of 231 
transfer. N = 51-54. (J) Nighttime sleep for the flies shown in (I). Iso31 flies were used in all panels. 232 
****p < 0.0001 and ns: not significant, two-way ANOVA followed by Sidak post hoc test (C), one-233 
way ANOVA followed by Tukey post hoc test (G), unpaired t-test (J). 234 

 235 

Yeast deprivation does not impair the ability to perform reproductive behaviors in males 236 

Males may prioritize sleep over courtship under non-optimal nutritional conditions. Under a 237 

normal nutritional condition, males forgo sleep to engage in courtship at night. However, nutritional 238 

restriction, which likely results in unfavorable reproductive outcomes, may tip the balance toward 239 

sleep. Alternatively, male flies may have difficulty courting and mating after an extended period of 240 

yeast deprivation. To distinguish between these possibilities, we performed courtship assays 241 

between ZT 1-4, when flies are generally awake. We paired virgin males and virgin females and 242 

measured the courtship index and latency under normally fed and yeast deprived conditions. 243 

Interestingly, no difference in courtship index or latency was found between the two nutritional 244 

conditions (Figure 3A-C). Similarly, yeast-deprived males were as successful at copulation as their 245 

normally fed counterparts (Figure 3D). These data show that the ability to perform reproductive 246 
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behaviors is not impaired by several days of yeast deprivation and suggest that nutritional 247 

conditions modulate the balance between sleep and courtship rather than courtship per se. 248 

 249 

Figure 3. Yeast deprivation does not impair the ability of male flies to perform reproductive 250 
behaviors  251 

(A) Schematic diagram of the experimental design. After 7 days in indicated nutritional conditions, 252 
males were paired with virgin females in an arena containing 5% sucrose. (B-D) Courtship index 253 
(B), latency to court (C), and latency to copulation (D) in males in the normal food or yeast 254 
deprivation condition. N = 19 -21. Courtship/mating assay was performed between ZT 1-4. Iso31 255 
flies were used in all panels.  ns: not significant, unpaired t-test (B); log-rank test (C, D). 256 

 257 

Dopaminergic neurons projecting to the protocerebral bridge act downstream of male-258 

specific P1 neurons  259 

Male-specific P1 neurons are primarily known for the control of courtship behaviors 260 

(Kohatsu et al., 2011; Pan et al., 2012; von Philipsborn et al., 2011). However, our previous work 261 

and work from other groups have established that activation of P1 neurons leads to sleep 262 

suppression, suggesting that they also play a role in regulating sleep. (Beckwith et al., 2017; Chen 263 
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et al., 2017; Machado et al., 2017). Since yeast deprivation impacts the balance between sleep 264 

and courtship, we examined whether the sleep-suppressive effects of P1 activation are modulated 265 

by nutrition. As observed previously, activation of P1 neurons using the P1 split Gal4 driver 266 

(Inagaki et al., 2014) and the warmth-sensitive TrpA1 channel (Hamada et al., 2008) resulted in 267 

decreased sleep in normally fed males (Figure 4A-C). Interestingly, the sleep suppressing effects 268 

of P1 activation was absent (for daytime sleep) or reduced (for nighttime sleep) in male flies that 269 

were yeast deprived for 8 days (6 days before loading and 2 days after loading) prior to activation 270 

(Figure 4B, C). This suggests that P1 neurons or the circuit downstream of P1 neurons are 271 

modulated by dietary yeast.  272 
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Figure 4. Yeast deprivation and inhibition of dopamine signaling impairs the wake-274 
promoting effects of P1 activation, and trans-Tango tracing identifies potential downstream 275 
targets of P1 neurons. 276 

(A) Schematic diagram of the experimental design for (B) and (C). (B) Sleep profiles in 30 min 277 
intervals for experimental (P1 > TrpA1) and parental control (P1-spG4 / + and UAS-TrpA1 / +) 278 
males in normal food or yeast deprivation conditions, loaded into tubes containing 5% sucrose. N = 279 
29 - 32. TrpA1 was activated by raising the temperature from 22°C to 29°C. (C) Daytime and 280 
nighttime sleep change (sleep at 29ºC – baseline sleep at 22ºC) for flies shown in (B). (D) 281 
Confocal projection of an adult male brain in which trans-Tango was driven by P1 split Gal4 282 
(spG4). Presynaptic P1 neurons express myrGFP (green) and postsynaptic targets express 283 
mtdTomato (red). Right image shows a magnification of the PB region, with postsynaptic neurons 284 
that innervate the PB. Arrows indicate descending projections used to identify DA-PB neurons. 285 
Scale bar represents 50 µm. (E) Sleep profiles in 30 min intervals for experimental (P1 > TrpA1) 286 
and parental control (P1-spG4 / + and UAS-TrpA1 / +) male flies. Flies were raised on normal food 287 
and individually loaded into tubes containing 5% sucrose supplemented with vehicle (propionic 288 
acid) or 3IY (inhibitor of dopamine synthesis). N = 40 - 48. TrpA1 was activated by raising the 289 
temperature from 22°C to 28°C. (G) Daytime and nighttime sleep change (sleep at 28ºC – baseline 290 
sleep at 22ºC)  for flies shown in (F). ***p < 0.001, ****p<0.0001, ns: not significant, two-way 291 
ANOVA, followed by Tukey post hoc test (C) and (G); p < 0.0001 for the interaction between 292 
genotype and nutritional condition (C); p < 0.0001 for the interaction between genotype and drug 293 
condition (G). 294 

 295 

Previous studies have identified several neuronal clusters that act downstream of P1 296 

neurons to regulate courtship (Kohatsu et al., 2011; von Philipsborn et al., 2011). However, little is 297 

known about the sleep circuit downstream of P1 neurons. DN1 clock neurons have been shown to 298 

act both upstream and downstream of P1 neurons for sleep regulation, but the DN1-P1 299 

connections appear to be indirect (Chen et al., 2017). To identify candidate neurons acting directly 300 

downstream of P1 for sleep regulation, we employed the trans-Tango trans-synaptic tracing 301 

technique (Talay et al., 2017). By introducing genetically engineered ligand-receptor pairs, trans-302 

Tango allows induction of mtdTomato expression in postsynaptic partners of defined presynaptic 303 

neurons. Several neuronal clusters were revealed by trans-Tango as potential postsynaptic 304 

partners of the P1 cluster (Figure 4D). They included PB-projecting neurons with descending 305 

projections in the midline.  306 
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We selected the PB-projecting neurons for further investigation for several reasons. First, 307 

the PB is a compartment of the central complex, a set of neuropils in the center of the brain, and 308 

has extensive connections with the other central complex compartments: the fan-shaped body 309 

(FB), ellipsoid body (EB), and noduli (NO). Notably, several groups of central complex neurons 310 

projecting to the FB and EB have been implicated in sleep regulation (Donlea et al., 2014, 2011; 311 

Liu et al., 2012, 2016; Pimentel et al., 2016; Ueno et al., 2012). Thus, it seemed likely that the PB 312 

would also be involved in sleep regulation. Second, the entire population of PB-projecting neurons 313 

have been extensively characterized (Hanesch et al., 1989; Lin et al., 2013; Young and Armstrong, 314 

2010), and only a single pair of PB-projecting neurons, named PB.b-LAL.s-PS.s, or LPsP, have 315 

descending projections in the midline (Wolff et al., 2015; Wolff and Rubin, 2018). And lastly, the 316 

LPsP neurons correspond to the only pair of dopaminergic neurons that project to the PB, 317 

previously named T1 (Alekseyenko et al., 2013; Nässel and Elekes, 1992). This is particularly 318 

interesting because we found that sleep suppression by P1 activation requires dopaminergic 319 

signaling. When dopamine synthesis was inhibited by 3-Iodo-L-tyrosine (3IY), activation of P1 320 

neurons did not suppress sleep in males (Figure 4E-G).  Based on these considerations, we 321 

investigated whether the dopaminergic PB-projecting neurons, which we will refer to as DA-PB 322 

neurons, act downstream of P1 to balance sleep and courtship. 323 

To confirm the anatomical connection between P1 and DA-PB neurons, we first determined 324 

whether P1 neurons send axonal projections to the PB. We expressed the presynaptic protein 325 

Synaptotagmin (Syt) fused with GFP in P1 neurons, and found a clear presence of Syt::GFP-326 

marked presynaptic sites in the PB region, although the signal in this structure was not as strong 327 

as in other brain regions (Figure 5A). Next, we asked whether DA-PB neurons have dendrites in 328 

the PB. Previous morphological analysis suggested that DA-PB neurons contain both presynaptic 329 

and postsynaptic connections in the PB region (Wolff et al., 2015). To confirm this, we 330 

simultaneously expressed the postsynaptic marker DenMark (Nicolaï et al., 2010) and presynaptic 331 
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GFP-tagged Syt protein (Zhang et al., 2002) in DA-PB neurons using a specific Split-Gal4 driver 332 

line (SS52578, Wolff and Rubin, 2018). We found that the postsynaptic DenMark signal was 333 

present in the PB region (Figure 5B, left image), confirming that DA-PB neurons are in a position to 334 

receive inputs from P1 neurons. The DenMark signal was also present in the lateral accessory lobe 335 

(LAL), and the presynaptic Syt::GFP signal was found mainly in the PB region (Figure 5B). Similar 336 

patterns of pre- and post-synaptic markers were observed in females, suggesting that these 337 

neurons are not sexually dimorphic at the gross morphological level (Figure 5- Figure supplement 338 

1). These data, in combination with the trans-Tango data, suggest that DA-PB neurons are direct 339 

downstream partners of P1 neurons. 340 
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 341 

Figure 5. Dopaminergic neurons projecting to the protocerebral bridge (DA-PB) act 342 
downstream of male-specific P1 neurons. 343 

(A) Confocal projection of an adult male brain in which Syt::GFP was driven by P1-spG4. Anti-344 
Bruchpilot (BRP, magenta) was used to localize neuropil regions. The image on the right shows a 345 
magnification of the PB region, which contains presynaptic terminals from P1 neurons. (B) 346 
Confocal projection of an adult male brain in which DenMark (postsynaptic marker, left) and 347 
Syt::GFP (presynaptic marker, right) are expressed in DA-PB neurons. Both postsynaptic and 348 
presynaptic makers are expressed in the PB region. (C) Increase in GCaMP6m signal (DF) in the 349 
PB projections of DA-PB neurons upon perfusion with ATP of a male brain expressing P2X2 in P1 350 
neurons (P1 > P2X2, top right) or a genetic control (P2X2/+, top left). Fluorescence traces (bottom 351 
left) and peak responses (bottom right) for normalized GCaMP6m response (DF/F0) in the PB 352 
projections of DA-PB neurons in response to P1 activation (blue, P1 > P2X2) compared with the 353 
genetic control (black, P2X2/+). R71G01-lexA was used to express P2X2 in P1 neurons and 354 
SS52578 spG4 was used to express GCaMP6m in DA-PB neurons. Grey rectangle indicates 2.5 355 
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mM ATP perfusion. N = 14 - 19. Scale bars represent 50 µm in (A-B) and 10 µm in (C). **p < 0.01, 356 
unpaired t-test with Welch’s correction for unequal variances. 357 

 358 

 359 

Figure 5-figure supplement 1. Female DA-PB neurons show similar projection patterns as 360 
male counterparts.  361 

Confocal projection of an adult female brain in which DenMark (postsynaptic marker, left) and 362 
Syt::GFP (presynaptic marker, right) are expressed in DA-PB neurons. Both postsynaptic and 363 
presynaptic makers are expressed in the PB region. Scale bars represent 50 µm. 364 

We next examined whether the P1 cluster and DA-PB neurons are functionally connected. 365 

We expressed the ATP-sensitive P2X2 receptor (Lima and Miesenböck, 2005) in P1 neurons and 366 

the calcium sensor GCaMP6m (Chen et al., 2013) in DA-PB neurons. We found that activation of 367 

P1 cells using 2.5 mM ATP perfusion led to a marked increase in GCaMP6m signal in the PB 368 

region of DA-PB neurons, compared with controls flies which did not express P2X2 (Figure 5C), 369 

pointing to an excitatory connection between P1 and DA-PB neurons. Together, these data 370 

demonstrate that DA-PB neurons are anatomically and functionally downstream of P1 neurons. 371 

 372 

DA-PB neurons regulate male sleep in a nutrition-dependent manner  373 

Since DA-PB neurons act downstream of the sleep-suppressing P1 cluster, DA-PB neurons 374 

may also be involved in sleep regulation. To test the sleep-regulatory role of DA-PB neurons in 375 

both yeast-deprived and normally fed flies, we expressed TrpA1 channel in DA-PB neurons and 376 
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activated them by increasing the ambient temperature (Figure 6A). Normally fed males with 377 

activated DA-PB neurons showed small, but significant sleep suppression during the nighttime 378 

relative to control males (Figure 6B, D). Notably, the sleep-suppressing effects of DA-PB activation 379 

were not detectable in yeast-deprived males (Figure 6C, D), suggesting that the impact of DA-PB 380 

activation depends on the nutritional conditions. Although normally fed females with activated DA-381 

PB neurons showed significant differences in sleep compared to both parental controls (Figure 6E, 382 

G), the differences were in opposite directions, and yeast-deprived females with activated DA-PB 383 

neurons exhibited a similar amount of sleep as one of the parental controls (Figure 6F, G). These 384 

results do not support the role of DA-PB neurons in female sleep. Together, our data show that 385 

DA-PB neurons are involved in nutrition-dependent sleep regulation in males.   386 

 387 

 388 
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Figure 6. DA-PB neurons regulate male sleep in a nutrition-dependent manner.  389 

(A) Schematic diagram of the experimental design. After 6 days in vials containing normal food or 390 
5% sucrose food, male and female flies were loaded individually into tubes. (B-C) Sleep profiles in 391 
30 min intervals for experimental (DA-PB > TrpA1) and parental control (DA-PB-spG4 / + and 392 
UAS-TrpA1 / +) male flies in the normal food (B) or yeast deprivation (C) condition. N = 59-62. 393 
TrpA1 was activated by raising the temperature from 22°C to 29°C. (D) Nighttime sleep change 394 
(sleep during the 2nd night at 29ºC – baseline night sleep at 22ºC) for the flies shown in (B) and 395 
(C). (E-F). Sleep profiles in 30 min intervals of experimental (DA-PB > TrpA1) and parental control 396 
(DA-PB-spG4 / + and UAS-TrpA1 / +) female flies in the normal food (E) and yeast deprivation (F) 397 
condition. N = 48-56. (G) Nighttime sleep change for the flies shown in (E) and (F). ***p < 0.001, 398 
****p < 0.0001 and ns: not significant, two-way ANOVA, p < 0.0001 for the interaction between 399 
genotype and nutritional condition, followed by Tukey post-hoc test (C-F). 400 

 401 

A screen identifies an additional PB-projecting neuronal group that regulates sleep 402 

To map neurons downstream of DA-PB neurons, we performed trans-Tango trans-synaptic tracing 403 

experiments (Talay et al., 2017). We found that neurons that arborize in other central complex 404 

compartments, the EB, FB, and NO, are the major postsynaptic partners of DA-PB neurons (Figure 405 

7A). To determine the identity of specific neuronal groups acting downstream of DA-PB neurons, 406 

we conducted a screen of PB-projecting neuronal groups. Since we found that activation of DA-PB 407 

neurons suppresses sleep in normally fed males but not in females, we examined sleep in both 408 

males and females under the normal food conditions. We activated various PB-projecting neuronal 409 

groups using previously characterized split-Gal4 lines (Wolff and Rubin, 2018) and UAS-TrpA1. 410 

The screen identified two candidate neuronal groups that regulate sleep in males (Figure 7B): P-411 

EG neurons (SS02198) projecting from the PB to the EB and gall (Figure 7C; Wolff and Rubin, 412 

2018) and P-FNm-p neurons (SS52244) projecting from the PB to the ventral FB and medial and 413 

posterior NO3 (Figure 7-supplementary figure 1A) . Further experiments confirmed that activation 414 

of P-EG neurons leads to nighttime sleep suppression in males, but not in females (Figure 7D, E, 415 

supplemental figure 1A-C). However, we could not confirm sleep suppression by P-FNm-p 416 

activation, suggesting that these neurons play a minor role in sleep regulation, if any (Figure 7–417 
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supplement 1D-F). Overall, our data suggest that P-EG neurons interact with DA-PB neurons and 418 

regulate sleep in a sex-dependent manner.   419 

 420 
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Figure 7. A screen identifies additional PB-projecting neurons that regulate sleep. 421 

(A) Confocal projection of an adult male brain in which trans-Tango was driven by the SS52578 422 
DA-PB spG4 driver. Presynaptic DA-PB neurons express MyrGFP (green) and postsynaptic 423 
targets express mtdTomato (red). Postsynaptic targets were detected in the PB, FB and NO 424 
(middle panel) as well as in the EB (right panel; since expression in the EB was masked in the full 425 
projection, only two image slices were included in the projection). Scale bar: 50 µm. (B) Nighttime 426 
sleep in individual, normally fed males (top) and females (bottom) in response to activation of 427 
various neuronal groups projecting to the PB. TrpA1 was activated by raising the temperature from 428 
22°C to 30°C. Labels on the X-axis refer to the identity of the SS spG4 lines from the Rubin lab 429 
spG4 collection. The difference in nighttime sleep for each spG4 line with respect to the UAS-430 
TrpA1 control is plotted. Blue and red bars represent male and female experimental groups (spG4 431 
> TrpA1), respectively, and black bars represent the Gal4 control (spG4 / +). Dashed grey lines 432 
indicate the SEM of the UAS-TrpA1 / + control. N = 144 - 148 for UAS-TrpA1 / + controls, and N = 433 
15 - 52 for experimental groups and Gal4 / + controls. Blue rectangles highlight spG4 lines 434 
associated with significant sleep changes in males relative to both controls. The solid rectangle 435 
represents a spG4 line confirmed in a re-test, whereas the striped rectangle represents a line not 436 
confirmed in a re-test. None of the sleep changes in females were significant relative to both 437 
controls. For simplicity, non-significant differences are not indicated. (C) Schematic diagrams of the 438 
expression pattern of the SS02198 spG4 driver (based on Wolff and Rubin, 2018). (D) Sleep 439 
profiles in 30 min intervals for experimental (SS02198 > TrpA1) and parental control (SS02198-440 
spG4 / + and UAS-TrpA1 / +) males. Normally fed flies were loaded into tubes with 5% sucrose. 441 
TrpA1 was activated by raising the temperature from 22°C to 30°C. N = 27-32. (E) Nighttime sleep 442 
change (sleep at 30ºC – baseline sleep at 22ºC) for the flies shown in (D). *p < 0.05, **p < 0.01, 443 
***p < 0.001, Brown-Forsythe and Welch ANOVA for unequal variances followed by Dunnett T3 444 
post hoc test (B), one-way ANOVA followed by Dunnet post hoc test (D). (F) A working model of 445 
the neural mechanisms integrating sleep drive, sex drive, and yeast hunger in Drosophila males. 446 
Previous studies have shown that P1 neurons integrate female and male pheromonal cues from 447 
multiple FruM-expressing neuronal clusters (Kohatsu et al., 2011; Stockinger et al., 2005), 448 
octopaminergic arousal signal from MS1 neurons (Machado et al., 2017), and circadian information 449 
from DN1 clock neurons (Chen et al., 2017). Current work suggests that DA-PB neurons act 450 
downstream of P1 neurons and upstream of P-EG neurons to promote wakefulness in a male-451 
specific and nutrition-dependent manner.  452 

 453 
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 454 

Figure 7-figure supplement 1. P-EG activation does not affect female sleep, and P-FNm-p 455 
activation has little effect on sleep in males and females. 456 

(A) Schematic diagrams of the expression pattern of the SS02198 spG4 driver. (B) Sleep profiles 457 
in 30 min intervals for experimental (SS02198 > TrpA1) and parental control (SS02198-spG4 / + 458 
and UAS-TrpA1 / +) female flies. Normally fed flies were loaded into tubes with 5% sucrose. TrpA1 459 
was activated by raising the temperature from 22°C to 30°C. N = 31. (C) Nighttime sleep change 460 
(sleep at 30ºC – baseline sleep at 22ºC) for the flies shown in (B). (D) Schematic diagrams of the 461 
expression pattern of the SS52244 spG4 driver. (E) Sleep profiles in 30 min intervals for 462 
experimental (SS52244 > TrpA1) and parental control (SS52244-spG4 / + and UAS-TrpA1 / +) 463 
flies. TrpA1 was activated by raising the temperature from 22°C to 30°C. N = 30-32 for males and 464 
20-32 for females. (F) Nighttime sleep change (sleep at 30ºC – baseline sleep at 22ºC) for the flies 465 
shown in (E). ns: not significant, one-way ANOVA followed by Dunnet post hoc test.  466 
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Discussion 467 

The integration of environmental cues and internal states is critical for selecting behaviors that 468 

optimize animals’ evolutionary fitness under varying conditions. Whereas sleep is thought to be 469 

regulated mainly by the circadian and homeostatic processes (Borbély, 1982), other motivational 470 

factors play critical roles in modulating sleep. Competition between sleep and other needs is a 471 

general phenomenon documented in many species. Examples include sleep suppression in 472 

migrating birds (Rattenborg et al., 2016, 2004), in male arctic sandpipers during an annual 3-week 473 

mating season (Lesku et al., 2012), and in flies and worms during unexpected starvation (Goetting 474 

et al., 2018; Keene et al., 2010). Another example are the Mexican cavefish, who live in an 475 

environment with limited and seasonal food availability. They show increased sleep upon 476 

starvation, suggesting that they sleep more during the dry season of food scarcity to conserve 477 

energy and sleep less during the wet season of relative food abundance to forage (Jaggard et al., 478 

2017). In addition, we and others have previously shown that when presented with a female 479 

partner, Drosophila males forgo nighttime sleep to engage in courtship (Beckwith et al., 2017; 480 

Machado et al., 2017). Beckwith et al. (2017) further showed that male flies do not exhibit rebound 481 

sleep after prolonged wakefulness in the presence of females and that female pheromone can 482 

suppress male rebound sleep after sleep deprivation by mechanical stimulation. These results 483 

suggest that male sexual arousal can inhibit sleep even when sleep drive is high. We also showed 484 

previously that increased sleep drive (due to sleep deprivation) or reduced sex drive (due to recent 485 

copulations) tilts the sleep-courtship balance toward more sleep and less courtship during the night 486 

(Machado et al., 2017). Our present results show that yeast deprivation also tilts the balance 487 

toward more nighttime sleep.  488 

Interestingly, yeast deprivation has little effect on daytime courtship in our study. Previous 489 

research on the effects of dietary yeast on male reproductive fitness found variable results 490 

depending on the experimental design. Yeast content had little or a non-monotonic influence on 491 
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the number of offspring when males competed with other males (Fricke et al., 2008). On the other 492 

hand, the amount of dietary yeast was negatively correlated with the number of offspring when no 493 

male-male competition was involved (Zajitschek et al., 2013). However, these studies did not 494 

include a condition where yeast was absent, and thus do not provide insights into yeast 495 

deprivation’s effects on male sexual performance. Our current data suggest that dietary yeast 496 

influences the male fly’s willingness to stay awake to engage in courtship at night, but does not 497 

impair their ability to court during the day when they are usually awake. Since yeast provides 498 

essential nutrients for larval development (Becher et al., 2012), our findings suggest that flies 499 

engage in a sophisticated cost-benefit analysis that takes nutritional status into account in deciding 500 

whether the potential benefit of pursuing female partners is worth the cost of losing sleep.  501 

Dietary yeast is the primary source of protein and lipids in the standard laboratory food for 502 

flies. Our finding that tryptone can substitute for yeast demonstrates that the effects of yeast 503 

deprivation are primarily due to the lack of protein. Previous studies have identified several 504 

neuronal populations that mediate the effects of dietary protein and amino acids on adult 505 

Drosophila behavior. These include dopaminergic Wedge neurons, EB Ring5 neurons, and 506 

peptidergic neurons expressing diuretic hormone-44, insulin-like peptide-2, or leucokinin (Brown et 507 

al., 2020; Ki and Lim, 2019; Liu et al., 2017; Murphy et al., 2016; Yang et al., 2018; Yurgel et al., 508 

2019). It would be interesting to determine whether these neurons are involved in modulating the 509 

sleep-courtship balance by nutrition. It is noteworthy that DA-PB neurons have been shown to 510 

regulate of male aggression (Alekseyenko et al., 2013). Male flies engage in aggressive behavior 511 

to compete for resources such as food and female partners (Lim et al., 2014; Yuan et al., 2014). 512 

DA-PB neurons may be involved in integrating pheromonal cues and nutritional status to regulate 513 

the balance between sleep and aggression or courtship, depending on the context. 514 

A number of neuronal populations that regulate sleep have been identified (Artiushin and 515 

Sehgal, 2017; Tomita and Kume, 2017), and among them are two distinct populations in the 516 
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central complex: EB R5 neurons and the dorsal FB (Donlea et al., 2014, 2011; Liu et al., 2012, 517 

2016; Pimentel et al., 2016; Ueno et al., 2012). In addition, Ueno et al. (2012) showed that 518 

activation of dopaminergic PPM3 neurons projecting to the ventral FB leads to sleep suppression, 519 

while Dag et al. (2019) showed that ventral FB neurons can be sleep-promoting. Our results show 520 

that the PB region in the central complex is also involved in sleep regulation. Activation of DA-PB 521 

neurons, as well as P-EG neurons acting downstream of them to convey information from the PB 522 

to the EB, suppress sleep in males. It would be interesting to determine whether P-EG neurons 523 

interact with the previously described neurons projecting to the EB. Based on the present and 524 

previous data, we propose that P1, DA-PB, and P-EG neurons, as well as previously described 525 

octopaminergic MS1 neurons and DN1 clock neurons (Chen et al., 2017; Machado et al., 2017), 526 

form a male-specific sleep circuit (Figure 7F). Our finding that DA-PB activation leads to sleep 527 

suppression in normally fed, but not yeast-deprived, males suggests that information about yeast 528 

availability is conveyed to the male sleep circuit at the level of DA-PB neurons or downstream of 529 

them. The information could be transmitted in the form of inhibitory inputs from neurons encoding 530 

yeast hunger or excitatory inputs from neurons encoding yeast satiety. Further research would be 531 

required to determine how information about yeast availability is integrated into the circuit.  532 

Sleep is strongly influenced by monoaminergic neuromodulators, including dopamine, 533 

serotonin, and octopamine and its mammalian analog norepinephrine (Griffith, 2013; Joiner, 2016; 534 

Liu et al., 2019; Nall and Sehgal, 2014; Ni et al., 2019; Singh et al., 2015). We previously showed 535 

that octopamine is a significant mediator of sleep suppression by male sex drive upstream of P1 536 

neurons (Machado et al., 2017). Our present data show that dopamine signaling functions 537 

downstream of P1 neurons in the process. This is reminiscent of several studies showing that 538 

octopamine/norepinephrine acts upstream of dopaminergic neurons for diverse biological 539 

processes including memory, feeding, and addiction (Burke et al., 2012; Goertz et al., 2015; Wang 540 

et al., 2016). Octopamine/norepinephrine may provide an arousal signal that enhances 541 
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dopaminergic control of motivated behaviors. A similarly layered signaling may underlie the 542 

integration of sleep and other motivated behaviors in flies and mammals.   543 
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Methods  564 

Key Resources Table 

Reagent type (species) or 
resource Designation Source or 

reference Identifiers Additional 
information 

genetic reagent (D. 
melanogaster) 

 GMR71G01-
LexA 

Bloomington 
Drosophila 
Stock 
Center  

BDSC #54733    

genetic reagent (D. 
melanogaster)  UAS-TrpA1 

Bloomington 
Drosophila 
Stock 
Center  

BDSC #26263   

genetic reagent (D. 
melanogaster) lexAop-P2X2 

Bloomington 
Drosophila 
Stock 
Center  

BDSC #76030  

genetic reagent (D. 
melanogaster) 

UAS-
GCaMP6m 

Bloomington 
Drosophila 
Stock 
Center  

BDSC #42750  

genetic reagent (D. 
melanogaster) UAS-Syt::GFP 

Bloomington 
Drosophila 
Stock 
Center  

BDSC #6925  

genetic reagent (D. 
melanogaster) UAS-Denmark 

Bloomington 
Drosophila 
Stock 
Center  

BDSC #33061  

genetic reagent (D. 
melanogaster) 

trans-
Tango;UAS-
myrGFP,QUAS-
mtdTomato-
3xHA 

Bloomington 
Drosophila 
Stock 
Center  

BDSC #77124  

genetic reagent (D. 
melanogaster) Iso31 (w1118) 

Bloomington 
Drosophila 
Stock 
Center 

BDSC #3605  

genetic reagent (D. 
melanogaster) UAS-HA::Syt 

Bloomington 
Drosophila 
Stock 
Center 

BDSC #6925  
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genetic reagent (D. 
melanogaster) P1-split Gal4 

David 
Anderson  (Inagaki et 

al., 2014) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS52578 

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS54295 

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS52590  

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS52245 

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS02254 

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS52267 

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS02255 

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS00117 

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS00090  

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS02198 

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS54549 

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS52577 

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS02239 

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 
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genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS27583 

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS02303 

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS00078 

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS52257 

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS02195  

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS52244 

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

genetic reagent (D. 
melanogaster) 

PB Split-Gal4 
line, SS04778 

Janelia 
Research 
Campus 

 
(Wolff and 
Rubin, 
2018) 

antibody anti-GFP (rabbit 
polyclonal) 

Molecular 
Probes 

Cat# A-21312, 
RRID:AB_221478 (1:500) 

antibody anti-GFP (mouse 
monoclonal) 

Thermo 
Fisher 
Scientific 

 Cat# A-11120, 
RRID: AB_221568 (1:500) 

antibody anti-RFP (rabbit 
polyclonal) Rockland  Cat # 600-401-379, 

RRID: AB_2209751 (1:500) 

antibody anti-BRP (mouse 
monoclonal) DSHB Cat# nc82, RRID: 

AB_2314866) (1:150) 

antibody 
Alexa Fluor 488 
anti-rabbit (goat 
polyclonal) 

Thermo 
Fisher 
Scientific 

Cat# A11008, 
RRID:AB143165 

 

(1:1000) 
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antibody 
Alexa Fluor 568  
anti-rabbit (goat 
polyclonal) 

Thermo 
Fisher 
Scientific 

Cat# A11011, RRID: 
AB_143157 

 

(1:1000) 

antibody Cy5 anti-mouse 
(goat polyclonal) 

Thermo 
Fisher 
Scientific 

Cat# A10524, 
RRID:AB_2534033 (1:1000) 

chemical compound, drug tryptone  VWR 97063-386  

chemical compound, drug 3-Iodo-L-
tyrosine (3IY) Sigma I8250-5G  

software, algorithm SleepLab William 
Joiner 

 
MATLAB-
based 
software 

software, algorithm FIJI FIJI   

software, algorithm Prism 8 GraphPad   

other USB webcam 
 LOGITECH Logitech Webcam 

Pro 9000  

other 

Drosophila 
Activity 
Monitoring 
(DAM) System 

Trikinetics, 
Waltham, 
MA 

  

Nutritional manipulations 565 

Unless otherwise stated, flies were raised on standard food (described in detail below) in a 12 h:12 566 

h light:dark (LD) cycle. Except where noted, 1- to 2-day-old flies in groups of 16 males and 16 567 

females were transferred to normal food (standard food for Drosophila maintenance), 5% w/v 568 

sucrose-2% w/v agar food (yeast deprivation), or 5% w/v sucrose-2% w/v agar food supplemented 569 

with 2.75% w/v yeast extract (Fisher Scientific, Waltham, MA), 2.75% w/v tryptone (VWR, Radnor, 570 

PA), or additional 2.75% sucrose. Flies were kept in these conditions for 6 days, with food renewed 571 
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every 3 days. Standard food was composed of 6.56% w/v cornmeal, 2.75% w/v yeast, 0.81% w/v 572 

agar, 6.48% v/v molasses, 0.93% v/v propionic acid and 0.25% v/v tegosept (anti-fungal agent, 573 

Genesee Scientific, El Cajon, CA). In MF pairs, males of varying nutritional conditions were paired 574 

with 3- to 4-day-old females kept under the normal food condition, except where noted. 575 

 576 

Sleep analysis 577 

Flies were raised and monitored at 25°C except where noted. For sleep analysis, 4- to 8-day-old 578 

flies entrained to a 12 h:12 h LD cycle were placed in glass tubes containing 5% sucrose and 2% 579 

agar, with the following exceptions: in the Normal Food à Normal Food and Yeast Deprivation à 580 

Normal Food conditions in Figure 2F-H, and in Normal Food conditions in Figure 4, flies were 581 

placed in tubes containing normal food. For experiments involving TrpA1, flies were raised in LD at 582 

22°C and monitored for ~1.5 days at 22°C to determine baseline levels, 1 day at 30°C to activate 583 

the TrpA1 channel, and 1 day at 22°C to examine recovery. Activity data were collected in 1-min 584 

bins using Drosophila Activity Monitoring (DAM) System (Trikinetics, Waltham, MA). Single-beam 585 

monitors were used except where noted. Beam breaks from single-beam monitors with infrared 586 

(IR) detectors at a single location or inter-beam movements from multi-beam monitors with IR 587 

detectors at 17 locations were used. Sleep was defined as a period of inactivity lasting at least 5 588 

min. For video recording, flies were loaded into 9 mm x 19 mm x 4 mm recording arenas containing 589 

5% sucrose and 2% agar. A USB webcam (Logitech Webcam Pro 9000) and infrared LEDs for 590 

nighttime recordings were used as previously described (Machado et al., 2017).  591 

For DAM data, sleep parameters were analyzed using a MATLAB-based software, 592 

SleepLab (William Joiner). For video data, sleep and courtship (see below) of individual flies were 593 

manually scored for the first 5 min of each hour between ZT 18-24. We categorized behavior into 594 

three states: sleep, courting, wake but not courting (locomotion, eating, grooming, and brief 595 

inactivity). Sleep was defined as periods of no visible movement for at least 5 minutes. If a fly 596 

showed immobility for <5 min at the beginning or end of the 5-min analysis window, we examined 597 
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the behavior before or after the analysis window. If the inactive period belonged to a sleep episode 598 

(>5 min inactivity), we counted it toward sleep time. If not, we counted it toward wake but not 599 

courting time. Scoring was blinded to the experimental condition.  600 

 601 

Analysis of courtship and mating behavior 602 

For courtship assay, virgin iso31 male flies were collected, housed in groups of ~10 in standard 603 

food for 1-2 days, and transferred to either 5% sucrose food or standard food. Flies were kept in 604 

these conditions for 7 days, with food renewed every 3 days. Virgin iso31 females were kept on 605 

standard food for 4-5 days in groups of ~10. Courtship assays were performed between ZT1 and 606 

ZT4. A male and female were gently aspirated into a plastic mating chamber (15 mm diameter and 607 

3 mm depth) containing 5% sucrose and 2% agar and were kept separated until a divider was 608 

removed ~10 min later. Flies were recorded for 2 h using a USB webcam (Logitech Webcam Pro 609 

9000) and scored blind to experimental condition. Courtship index was determined as the fraction 610 

of total time a male was engaged in courtship activity during a 10-min period or until successful 611 

copulation after courtship initiation. Courtship activity included orienting, chasing, singing, and 612 

attempted copulation. For simultaneous analysis of courtship and sleep during the night, videos 613 

recorded under infrared light were manually scored for courtship and sleep during 5 min periods as 614 

described above.  615 

 616 

Immunohistochemistry  617 

For whole mount immunohistochemistry, fly brains were fixed in 4% paraformaldehyde (PFA) for 618 

30 min, dissected, and blocked in 5% normal goat serum for 1 h at RT. Primary and secondary 619 

antibodies were incubated at 4°C overnight. The following primary antibodies were used: rabbit 620 

anti-GFP (Molecular Probes, Eugene, OR, Cat# A-21312, RRID:AB_221478) at 1:500; mouse anti-621 

GFP (Thermo Fisher Scientific, Waltham, MA, RRID: AB_221568) at 1:500;rabbit anti-RFP 622 

(Rockland Cat, Limerick, PA, # 600-401-379, RRID: AB_2209751) at 1:500; and mouse anti-BRP 623 
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(DSHB, Iowa City, IA, Cat# nc82, RRID:AB_2314866) at 1:150. The secondary antibodies, Alexa 624 

Fluor 488 goat anti-rabbit (Thermo Fisher Scientific, Waltham, MA, Cat# A11008, 625 

RRID:AB143165), Alexa Fluor 568 goat anti-rabbit (Thermo Fisher Scientific, Waltham, MA, Cat# 626 

A11011, RRID: AB_143157), and Cy5 goat anti-mouse (Thermo Fisher Scientific, Waltham, MA, 627 

Cat# A10524, RRID:AB_2534033) were used at 1:1000. Images were obtained on a Leica SP8 628 

confocal microscope. 629 

 630 

Calcium imaging 631 

4- to 7-day-old flies entrained to LD cycles were anesthetized on ice and dissected in adult 632 

hemolymph-like saline (AHL, 108 mM NaCl, 5 mM KCl, 2 mM CaCl2, 8.2 mM MgCl2, 4 mM 633 

NaHCO3, 1 mM NaH2PO4, 5 mM trehalose, 10 mM sucrose, 5 mM HEPES, pH 7.5, 265 mOsm; 634 

Wang et al., 2003). Dissected brains were mounted on a glass-bottom chamber containing AHL 635 

solution. A custom-built gravity-dependent perfusion system coupled to a flow valve (Warner 636 

Instruments, Hamden, CT) was used to control perfusion flow. Leica SP8 confocal microscope was 637 

used to acquire 8 slices (~2.5 µm/slice) of the protocerebral bridge region every 5 s for 5 min. 2.5 638 

mM ATP in AHL was delivered for 1 min after 1 min of baseline measurements. Average intensity 639 

projections were computed in FIJI, and the fluorescence intensity of the PB area was quantified. 640 

To correct for photobleaching of the fluorescence signal, frames acquired 30-60 s before the 641 

application of ATP and 150-180 s after the end of ATP perfusion were used to fit an exponential 642 

decay function. This fitted curve was then subtracted from the raw data, and the detrended data 643 

were used for subsequent analysis. The average intensity during the 30-s period prior to ATP 644 

perfusion was used as the baseline measurement, F0. For each time point, normalized △F, (F-645 

F0)/F0, was computed. 646 

 647 

Statistical analysis 648 
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All analysis was performed using Prism 8 (GraphPad, San Diego, CA). To compare multiple 649 

groups, one-way ANOVAs were performed followed by Tukey or Dunnett T3 post-hoc tests 650 

depending on the type of pairwise comparisons. For experiments involving two factors, two-way 651 

ANOVAs were performed to test for the interaction, and a Sidak or Dunnett post-hoc test was 652 

employed to compare specific pairs of groups. Student’s t test was used to compare pairs of 653 

groups. Brown-Forsythe and Welch’s correction for unequal variances were employed when 654 

appropriate. Log-rank tests were used for cumulative courtship initiation and copulation success 655 

rates in mating assays. D’Agostino and Pearson tests were used to test for normality. Non-656 

normally distributed data were analyzed by Mann-Whitney tests. All experiments were repeated on 657 

at least two separate occasions using flies from independent genetic crosses.  658 
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Video legends 851 

Video 1. Male-Female pairs at ZT 20 under infrared light.  852 

Normally fed or yeast-deprived iso31 males were paired with normally fed female partners. While 853 

most normally fed males were courting, the majority of yeast-deprived males were inactive. 854 
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