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ABSTRACT 

Mechanisms underlying behaviors in Drosophila and Aedes: lessons from circadian rhythms, 

taste and touch 

by 

Menglin Li 

 

The five classical senses including vision, taste, smell, hearing, and touch, are being used 

by us humans and all the living organisms in the world constantly. These senses help us 

perceive signals from the environment around us like colors, flavors, aromas, sounds and 

textures. Most importantly, these senses are essential for us to survive. In this dissertation, we 

will describe the mechanisms underlying behaviors like circadian rhythms, taste, and touch in 

Drosophila and Aedes aegypti. We will describe the discovery of the importance of a minor 

group of rhodopsins in regulating sleep chronotype in Drosophila. Essentially, we identified 

that a small subset of Drosophila photoreceptor cells that express rhodopsin 3 (rh3) is 

required for regulating sleep chronotype. rh3 mutants displayed an evening chronotype with 

delays in sleep, activity, feeding, and core clock gene expression. The rh3 mutants possessed 

a longer internal periodicity than control flies. And importantly, we found that the evening 

chronotype in rh3 mutants could be rescued by the alignment of external and internal 

periodicities or restricted time of feeding.  

In this study, we also explored the taste preferences of mosquitoes for different 

carboxylic acids as acid taste is important for their host seeking behavior and nectar feeding 

behavior. We found that mosquitoes are aversive to low pH food and have specific 

preferences for the carboxylic bone of lactic acid. Additionally, we also investigated the 

function of a mechanosensor, tmem63, in texture detection during blood and nectar feeding 
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behavior of mosquitoes. We verified its expression in the proboscis of mosquitoes and also 

observed that this receptor was involved in the detection of food texture. 

This dissertation combined research from both Drosophila and Aedes aegypti as they 

share homolog genes and similar sensory organs that are important for specific behaviors and 

enable them to survive and thrive in their habitats. Studies in Drosophila advanced and 

accelerated our research in Aedes aegypti, which is the most dangerous animal in the world. 

Through this research, we hope to provide a better understanding of their circadian rhythm, 

taste perception and mechanosensation, which can shed light on finding solutions for sleep 

disorders treatments and suppressing the spreading of infectious diseases by mosquitoes. 
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INTRODUCTION 

 

Humans and all living organisms rely on their five classical senses, namely vision, taste, 

smell, hearing, and touch, to interact with the environment around them to survive and thrive. 

We accept environmental cues through distinct types of receptors and convert them into 

electrical signals in specific neurons which eventually project to different areas of our brains 

and result in various behavior decisions.  

 

One of the most important environmental cues to humans is the daily light. The lights on and 

lights off timing regulate our circadian rhythm which aligns all our other physiological 

behaviors like sleeping, exercising, feeding and memory formation, etc. Sleep disorders have 

been commonly found in modern society. People with delayed sleep phase syndrome or 

evening sleep chronotype especially correlates with increased risk of getting metabolic 

diseases like diabetes, neural degeneration diseases like Alzheimer's or mental health issues 

like depression in humans. Thus, it is critical to understand the regulation of delayed sleep or 

evening sleep chronotype. Likewise, Drosophila accepts environmental cues like light 

through their vision system and displays a similar circadian rhythm as humans. They also 

have a 24-hour pattern of activity and sleep which is regulated by circadian clocks in their 

brains. Drosophila sleeps in ways that is comparable to mammalian sleep that they meet a 

whole set of criteria that characterize sleep including a stereotyped sleep posture, an 

increased arousal threshold, reduced brain neurons activity, a homeostatic response to sleep 

deprivation and is regulated by circadian rhythm. Drosophila has been used as one of the 

most important model organisms to study sensory biology due to its small size, quick 
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generation period, easy-manipulated genetics, and well-established tool libraries. Thus, we 

used Drosophila to study the mechanisms underlying sleep chronotypes in this study. So far, 

all the genes that are known to regulate sleep chronotypes are involved in the central clocks. 

However, rhodopsins, which are the light sensors expressed in Drosophila’s compound eyes, 

have been shown to be important for regulating the circadian rhythm. Our research explored 

whether rhodopsins are required for regulating sleep chronotypes. We identified that a minor 

group of Drosophila photoreceptor cells expressing rhodopsin 3 (rh3) play a pivotal role in 

determining the chronotype. rh3 mutants exhibited an evening chronotype, characterized by 

delays in sleep onset, activity patterns, feeding habits, and the expression of core clock genes. 

Importantly, these mutants exhibited a prolonged internal periodicity compared to control 

flies. Intriguingly, we demonstrated that the evening chronotype in rh3 mutants could be 

rescued through the alignment of external and internal biological rhythms or by restricting 

their feeding time. Thus, we hope to provide a novel idea for sleep disorder treatments. 

 

Drosophila and Aedes aegypti, despite their differences, share homologous genes and possess 

similar sensory organs that are essential for their physiological behaviors, enabling them to 

survive and thrive in their respective habitats. The knowledge derived from our studies on 

Drosophila greatly accelerated our research on Aedes aegypti, which is the most dangerous 

animal on the planet due to its role in spreading infectious diseases. 

 

The mosquitoes, Aedes aegypti, spread infectious diseases like Zika, dengue and yellow fever 

in the world and put billions of people in danger each year. Female mosquitoes specifically 

need to feed on blood for their egg development. Aedes mosquitoes are more attractive to 
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humans than other animals and they use a whole set of sensory cues to target the host 

including CO2, heat, human odors and vision, etc. After landing on a host, mosquitoes use 

their proboscis and tarsi to detect the tastants of the food resources and decide to feed or not. 

However, little is known about their taste preferences. Thus, we focused on investigating 

their taste preferences for various carboxylic acids. Our findings unveiled the mosquitoes' 

aversion to low pH food and their specific attraction for the lactate. In addition to our 

explorations into taste, we also studied the function of a mechanosensory receptor, tmem63, 

in texture detection during blood and nectar feeding behaviors in mosquitoes. We verified the 

expression of tmem63 in the proboscis of mosquitoes and also found its involvement in 

detecting food texture during blood feeding behaviors. 

 

This dissertation aims to provide a deeper understanding of the mechanisms underlying 

circadian rhythms, taste perception, and mechanosensation in insects. We hope to contribute 

to the development of novel treatments for sleep disorders and to find innovative strategies 

that can mitigate the transmission of infectious diseases by mosquitoes.  
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I.  NIGHT OWL CHRONOTYPE CAUSED BY 

DISRUPTION OF A MINUTE SUBSET OF 

PHOTORECEPTOR CELLS 

This chapter is adapted from an unpublished manuscript: Menglin Li, Geoff 

Meyerhof, Nicolas Debeaubien, Kara Simones, Anvitha Aluri, Yiqin Shen and 

Craig Montell. “Night owl chronotype caused by disruption of a minute subset 

of photoreceptor cells.” 

 

ABSTRACT 

Chronotype is the proclivity to engage in behaviors at certain times of the day, such as 

when to sleep or wake up. However, the mechanisms regulating chronotype are elusive. 

Here, we identified a small subset of Drosophila photoreceptor cells that express rhodopsin 3 

(rh3), and regulate chronotype. rh3 mutants adopt an evening chronotype characterized by 

delays in sleep, activity, feeding, and clock gene expression. In addition, they display a long 

internal periodicity. If they are housed under an extended circadian cycle that matches their 

long periodicity, or subjected to time-restricted feeding, they exhibit an intermediate 

chronotype. Mutations in the clock gene period that extend or shorten periodicity, adopt a 

morning or evening chronotype, respectively. However, under circadian cycles matching 

their internal periodicity, they show an intermediate chronotype. We conclude that rh3 

photoreceptor cells regulate chronotype, and altered chronotypes can result from mismatch 

between the periodicities of internal and external clocks. 
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INTRODUCTION 

Humans and other animals have a strong propensity to fall asleep and wake up at 

particular times of the day. People with a morning preference, or morning chronotype, are 

often referred to as “early birds” or “morning larks,” because they fall asleep and wake up 

early, and are most energetic in the morning. Those with the opposite chronotype are “night 

owls,” and sleep and wake up later in the day. The effects of chronotype on behavior extend 

beyond just sleep, as chronotype also impacts the timing of feeding, cognition, and 

sociability.1 Furthermore, chronotype can affect health. In humans, an evening chronotype is 

associated with an increased risk for several metabolic and mental disorders, including type 2 

diabetes and depression.2-5 Chronotype is thought to be influenced by an animal’s circadian 

rhythm—the endogenously generated ~24-hour cycle that aligns behavior, metabolism, and 

physiology with predictable changes in the environment caused by the rising and setting of 

the sun.3,6-8 Chronotype can differ significantly among individuals, and is in part genetically 

determined.9-17 

Like humans, the fruit fly, Drosophila melanogaster, also exhibits a chronotype as well 

as a robust circadian rhythm, the latter of which is set by endogenous circadian clocks.14,18-22 

The fly’s ~24-hour pattern of activity and sleep is regulated by clocks in ~150 pacemaker 

neurons in the brain.23,24 The pacemaker neurons entrain to environmental lighting cues, both 

directly, via light-sensing proteins, and indirectly, via the compound eye, ocelli, and 

Hofbauer-Buchner eyelets.25-27 Similarly, clocks in the mammalian suprachiasmatic nucleus, 

a population of hypothalamic neurons, set sleep and activity rhythms, and are also entrained 

from light sensed by the eye.28  

Light is the strongest zeitgeber for setting circadian rhythms, and in flies, different 

classes of photoreceptor cells have distinct impacts on circadian biology.29-32 In this work, we 
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employed Drosophila as an animal model to test whether light sensing by a specific class of 

photoreceptor cells in the eye plays a role in regulating chronotype. Each of the ~800 repeat 

units in a compound eye harbor eight photoreceptor cells, six of which (R1 to R6) extend the 

full depth of the retina and express the rhodopsin Rh1.33,34 The remaining two photoreceptor 

cells, R7 and R8, extend only through the distal and proximal halves of the retina, 

respectively.35 Different subsets of the R7 photoreceptor cells express either Rh3 or Rh4,36,37 

while the R8 cells express either Rh5 or Rh6.38-40 Thus, Rh1 is the major rhodopsin as it is 

expressed at much higher overall levels in the compound eyes than the other four rhodopsins 

combined. Three small light-sensitive organs (ocelli) atop the head express Rh2,41,42 the 

extraretinal Hofbauer–Buchner eyelet beneath the posterior margin of the compound 

expresses Rh6,43 while a subset of neurons in the brain express Rh7,32,44 and in R8 

photoreceptor cells and the Hofbauer–Buchner eyelet.44  

We found that mutation of rhodopsin 3 (rh3), which inactivates only ~30% of the R7 

photoreceptor cells in the compound eyes, profoundly shifts the sleep patterns to later times, 

causing the flies to adopt an evening chronotype. In contrast, mutations disrupting other 

rhodopsin genes had either no or minor effects on chronotype. Inactivating just a portion of 

the neurons that are downstream of rh3–those in the dorsal rim area of the eye (Dm8 

neurons), is sufficient to recapitulate the evening chronotype of the rh3 mutant. The rh3 

mutant flies also exhibit delays to the timing of their feeding, shifted expression of central 

and peripheral core-clock-genes, and an elongated circadian periodicity. We found that 

optogenetic activation of rh3-positive R7 cells with CsChrimson, or activation with Rh5, 

restored a normal chronotype and circadian rhythm to rh3 mutants, indicating that this subset 

of photoreceptor cells rather than Rh3 per se contributes significantly to the phase of 
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circadian behaviors. Moreover, our data indicate that differences in chronotype can stem 

from the misalignment of external and internal periodicities, and can be suppressed by 

behavioral modifications, such as time-restricted feeding.  

RESULTS 

Loss of rh3 sets an evening chronotype in sleep and feeding 

In order to determine whether which if any of the photoreceptor cells in the compound 

eyes, ocelli, Hofbauer-Buchner eyelets or the brain affect chronotype, we took advantage of 

the differential expression of rhodopsins in different classes of photoreceptor cells, and the 

availability of a full set of rhodopsin (rh1–rh7) mutants. To screen the rhodopsin mutations 

for their effects on chronotype, we recorded the locomotor patterns of wild-type and 

rhodopsin mutant flies using the Drosophila Activity Monitoring (DAM) system,45,46 which 

is performed by placing individual flies in clear glass vials, and recording their activities in 

one minute bins via an infrared sensor. We scored sleep as five consecutive minutes of 

inactivity, as described previously.47-49 Female wild-type control flies (w+,w1118: Canton-S 

flies outcrossed to w1118 but retained the w+ gene) display maximum activities at dawn and 

dusk, while sleep is at its nadir at these times.49,50 (Figures 1A and S1A) In the middle of the 

day, there is a peak in sleep, known as the “daytime siesta” (Figures 1A and S1A), which is 

regulated in part by circadian pacemaker neurons.51,52 

To quantify the effects of the rhodopsin mutations on chronotype, we considered both the 

daytime and nighttime components of sleep. We defined evening chronotype as a delay in the 

average time of the daytime siesta peak, as well as a reduction in early nighttime sleep (early-

night sleep index, ENSI), which we quantified by dividing the total sleep from the first four 

hours of night (A = ZT 12–16; ZT 0 indicates lights on; ZT 12 indicates light off) by the total 
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nighttime sleep (B = ZT 12–24; Figures 1A, 1B and S1A–1C). Conversely, morning 

chronotype is an advance in the timing of the daytime siesta peak and an increase in early 

nighttime sleep (Figure S1B). Null mutations in six out of the seven rhodopsin genes did not 

have major effects on chronotype (Figures S1A and S1C). These include mutations 

disrupting the major rhodopsin, Rh1 (Figures S1A and S1C). 

In contrast to all of the other rhodopsin mutations, null mutations eliminating a minor 

rhodopsin (Rh3) expressed in only a minority (30%) of one out of eight photoreceptor cells 

(R7), displayed an evening chronotype (rh32, rh3L, or transheterozygous rh32/L; Figures 1A 

and S1A). The rh3 mutants exhibited a nearly 2-hour delay in the peak of their daytime siesta 

(1.7 ±1.1 h), as well as a delay in the onset of nighttime sleep (Figures 1A, 1B, S1A and S1C; 

ENSI: control, 0.32 ± 0.03; rh32/L. 0.15±0.05). Concordant with their delay in nighttime 

sleep, rh3 mutants also had increased early nighttime activity, characterized by an evening 

activity peak that was extended into the night (early-night activity index, ENAI; Figures 1C 

and 1D). Because of the limited spatial resolution of the DAM assay, we validated the sleep 

and activity behavior of rh3 mutants using video tracking software, which provided results 

similar to the DAM system (Figure S1D–S1F; see STAR Methods).  

Flies that are sleeping exhibit another key sleep behavior, namely a decreased 

responsiveness to external stimuli.49 As a consequence, sleeping flies require a greater 

arousal stimulus to induce activity. To test whether the timing of the peak arousal threshold 

was delayed in the rh3 mutants we used a protocol similar to what has been described 

previously.53,54 We housed flies in a custom behavioral arena that delivered a set of three 

gradually-increasing vibration stimuli (0.05–0.38 m/s2) once every two hours over the course 

of 24 hours (Figures S1G and S1H). Using video tracking, we determined the arousal 
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threshold by determining the minimum vibration intensity required to induce locomotion in 

previously quiescent flies. We found that rh3 mutant flies had a consistently higher arousal 

threshold than control flies throughout the day (Figure 1E; ZT 2, 6.2, 8.2, and 10.3), and that 

their peak daytime arousal threshold was delayed by ~2 hours (ZT 4.1 in control vs. ZT 6.2 

in rh32/L mutants). In the early night (ZT 12.4), rh3 mutants were more responsive to the 

vibration stimuli than the control (~0.21 m/s2 in control vs. ~0.11 in rh32/L; p=0.007), 

suggesting that the onset of deep nighttime sleep was also delayed in rh3 mutants.  

While there was a delay in the peak of the siesta in the rh3 mutants, there was little if any 

delay in the onset of the siesta, resulting in an increased duration of the siesta. However, if 

the rh3 mutants exhibited an evening chronotype, we would expect a delay in the initiation of 

the siesta. An abrupt change in lighting conditions can startle animals and induce locomotion 

that is not necessarily governed by the circadian clock (a masking effect).55 Indeed, during 

the night period (ZT 12–24), the onset of sleep was greatly delayed in the rh32/L flies (Figure 

1A). Therefore, we wondered whether the lack of delay in the daytime siesta in the mutant 

flies was due to a startle effect resulting from the sudden onset of light at ZT 0.  

To reduce or remove the startle effect, we conducted two types of analyses. First, we 

compared the activity patterns of control and rh3 mutants under conditions in which the light 

intensity gradually increased in the morning, and gradually decreased in the evening. To 

accomplish this, we exposed flies housed with light that ramped up in intensity from ZT 0–6 

and ramped down from ZT 6–12 (Figure 1F and 1I). This revealed that the onset of both the 

morning and evening activity peaks were delayed significantly in the rh3 mutants (Figures 

1F–1H). In addition, using the ramping paradigm, we found that the rh3 mutation caused the 

daytime siesta to be delayed by ~1 hour (Figures 1I and 1J).  
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Second, to fully eliminate any startle effect from light, we examined the timing of the 

morning peak and the siesta during the first subjective day after shifting from light-dark to 

dark-dark conditions. We found that in the rh3 mutant, the subjective morning activity peak 

was delayed (Figures 1K and 1L) as well as the daytime siesta (Figures S1I and S1J). The 

results from the ramping light conditions, and from the subjective day during the dark-dark 

period indicate that the light-induced startle response masks the delay in siesta and morning 

activity in the rh3 mutants. These data support the conclusion that mutation of rh3 delays the 

phase of morning and evening locomotion and sleep, thereby displaying an evening 

chronotype. 

In addition to activity and sleep, variations in chronotype have also been reported to 

impact the timing of feeding, which is in part set by central and peripheral circadian 

clocks.56-58 To monitor the daily feeding of rh3 mutant flies, we used the Fly Liquid 

Interaction Counter (FLIC) assay.57 In this assay, flies are individually housed with ad 

libitum access to a liquid food source. Interaction of the proboscis with the food completes an 

electrical circuit, which serves as the basis for scoring feeding intention. Consistent with 

previous reports,57,59 wild-type flies display a pronounced evening peak in feeding intention, 

while a morning peak is much more difficult to assign (Figure 1M). Therefore, we focused 

on the timing of the evening peak, and found that it was greatly delayed in rh32/L (Figures 

1M; control, ZT 11.7; rh32/L, ZT 15.5), and that the total amount of nighttime food 

interactions was also significantly increased in the mutant (Figure 1N; control, 31.0 ± 6.0 s; 

rh32/L, 61.4 ± 12.0 s). These results indicate that loss of rh3 delays the phase of multiple 

circadian behaviors, creating an evening chronotype that profoundly affects the timing of 

sleep, activity, and feeding.  
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Circadian activation of rh3-positive neurons restores chronotype in rh3 mutants 

To validate the role that rh3 plays in setting chronotype, we first tested whether we could 

rescue a normal chronotype in rh32/L transheterozygous mutants by expressing a wild-type 

rh3 transgene (UAS-rh3) under the control of an rh3-Gal4 (rh3>rh3;rh32/L). We found that 

introducing the rh3 transgene in the mutant flies restored a normal chronotype (Figures 2A 

and 2B). It advanced the peak of the daytime siesta (Figure 2A) and increased the early-night 

sleep index (Figure 2B). Furthermore, the rh3 transgene also suppressed nighttime activity 

(Figures 2C and 2D) and feeding (Figures 2E and S2A) in rh32/L mutant flies. To address 

whether the rescue transgene advanced the morning peak and onset of the siesta in the rh3 

mutants, we analyzed the onset of activity and the onset of the siesta in flies expressing the 

rh3 transgene during the subjective first day under dark-dark conditions. This revealed that 

the rh3 transgene advanced the morning activity peak (Figures 2F and 2G) as well as the 

siesta (Figures S2B and S2C).  

The maximum light sensitivity of Rh3 is in the near ultraviolet (UV) range (330 nm).60,61 

Therefore, we examined whether the UV-light sensitivity of Rh3 was critical for its role in 

regulating chronotype. To test this, we expressed one of two non-UV light sensors in place of 

rh3. Namely, we expressed either the red-light sensitive channelrhodopsin, CsChrimson, in 

place of Rh3 (rh3>CsChrimson;rh32/L), or the blue light sensor, Rh5, and measured these 

flies’ chronotype. We housed rh3>CsChrimson;rh32/L flies under a 12 hour:12 hour 

light/dark cycle and activated CsChrimson during the light phase with a narrow-peak red 

light (592 nm). We found that optogenetically activating rh3 neurons in rh3 mutant flies 

(rh3>CsChrimson;rh32/L) recovered an intermediate chronotype. Relative to the rh3 mutant 
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(rh3-Gal4/+;rh32/L), it increased the early-nighttime sleep index, and decreased early-

nighttime locomotor activity (Figures S2D—S2G). It may have also advanced the daytime 

siesta, although we cannot exclude that this may be due to a shortening of the duration of the 

siesta (Figure S2D). Additionally, optogenetic activation of rh3 neurons also suppressed 

nighttime feeding (Figures S2H and S2I). However, expressing the blue-light sensitive 

rhodopsin Rh5 in place of Rh3 only partially restored a normal chronotype. It increased early 

nighttime sleep, but did not significantly change the timing of the daytime siesta (Figures S2J 

and S2K). These results reveal that the evening chronotype exhibited by rh3 mutants does 

not result from an inability to sense UV light per se, as CsChrimson can substitute for Rh3. 

However, not all light receptors fully recapitulate the effect of Rh3 in rh3-expressing cells, as 

Rh5 only partially suppressed the evening chronotype of rh3 mutants.  

Given that some rhodopsins function in tissues outside of the eye,32,62-66 we next sought 

to verify that Rh3 functions in R7 photoreceptor cells to regulate chronotype. To this end, we 

used a Gal4 driver that is only expressed in the R7 photoreceptors (inaF-C-Gal4)67 to restore 

expression of rh3 in a rh3 mutant background. Compared to the rh3 mutant (UAS-

rh3/+;rh32/L), the early-night sleep index was increased in inaF-C>rh3;rh32/L flies (Figure 

S3A and S3B), the early-night activity index was also significantly decreased (Figures S3C 

and S3D), although it is not clear if there was an effect on the timing of the daytime siesta 

rather than a shortening of the daytime siesta (Figure S3A), since during the first day of dark-

dark conditions, the inaF-C>rh3 rescue transgene did not cause the initiation of the siesta to 

significantly advance (Figures S3E and S3F). However, using inaF-C-Gal4 to drive 

expression of Rh4 (inaF-C>rh4;rh32/L) in an rh3 mutant background only partially restored a 

normal phenotype. It advanced the midpoint of the peak of the daytime siesta (Figures S3A 
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and S3B), decreased early-night activity (Figures S3C and S3D), but failed to increase early-

nighttime sleep (Figures S3A and S3B). Thus, we conclude that rh3 is required in a subset of 

the R7 photoreceptors for a normal chronotype, but Rh4 cannot completely suppress the 

evening chronotype phenotype of rh3 mutants.  

 

Contribution of Dm8 neurons to chronotype  

 Unlike R1–6 cells, R7 cells project their axons through the lamina portion of the optic 

lobes, to a deeper optic lobe layer called the medulla, where they couple to specific Dm8 

neurons depending on whether the R7 cell expresses rh3 or rh4, and whether it is located in 

the dorsal rim area (DRA) of the eye.68-70 Therefore, we characterized the role of Dm8 

neurons in regulating chronotype. Although R7 photoreceptors inhibit downstream Dm8 

neurons, there is a mutual inhibition between neighboring Dm8 cells.71,72 We tested whether 

activating or inhibiting all Dm8 neurons would recapitulate the evening chronotype of rh3 

mutants. To this end, we used the Ort-C2b-Gal4 to drive expression of either a bacterial 

depolarization-activated Na+ channel, NaChBac, (Dm8>NaChBac)73 or tetanus toxin 

(Dm8>TNT) in all Dm8 neurons and measured the flies’ sleep and activity. Surprisingly, the 

timing of the circadian activity profile of these flies was relatively unperturbed (Figures S3G 

and S3H), suggesting that mutual inhibition or activation of rh4- and rh3-expressing 

photoreceptor cells may result in a normal chronotype. To address this possibility, we first 

examined the chronotype of flies devoid of all R7 cells by assaying the sleep and activity 

patterns of sevenless (sev14) mutant flies, which lack R7 cells.74 Similar to Dm8>NaChBach 

and Dm8>TNT flies, the sev14 mutant also displayed a normal chronotype (Figures S3I and 

S3J). We also tested the chronotype of rh4,rh3 double mutants, which lack signaling from all 
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R7 cells. Unlike flies singly mutant for rh3, the rh4,rh3 double mutants displayed a normal 

chronotype (Figures S4A and S4B). 

Our results with the sev14 mutant and the rh4,rh3 double mutant are consistent with the 

model that simultaneous inhibition of rh4- and rh3-expressing photoreceptor cells restores 

the timing of sleep and activity. To further probe this possibility, we selectively inhibited the 

Dm8 neurons (DRA1 neurons) downstream of just the R7 cells in the DRA (DRAR7 cells), all 

of which express Rh3.69,75,76 Blocking signaling from DRA1 neurons, using a DRA1-GAL4 to 

drive expression of tetanus toxin (DRA-Dm8>TNT), caused the flies to adopt an evening 

chronotype that was reminiscent of the rh3 mutant phenotype–i.e. delayed timing of sleep 

and increased nighttime activity (Figures 2H-2K). In total, these results demonstrate that 

inactivating signaling emanating from DRAR7 cells is sufficient to cause flies to adopt an 

evening chronotype, which can be restored by simultaneously blocking the signaling from 

rh4-expressing R7 cells.  

       

Rh3 regulates the phase and amplitude of central and peripheral circadian clock gene 

expression 

Given that rh3 mutants showed a phase delay in their sleep, activity, and feeding patterns, 

we wondered whether interrupting the signaling from rh3 photoreceptor cells might affect the 

expression of peripheral and central core-clock genes. On the molecular level, endogenous 

circadian rhythms in flies, mammals, and other animals are set by transcriptional-

translational negative feedback loops with 24-hour periodicities.6,28,77 While the central 

circadian clock in the brain is primarily entrained to light, peripheral circadian clocks can be 

entrained to additional time-giving cues (zeitgebers), including the time of feeding.78  
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To test the requirement for rh3 photoreceptor cells for the timing of expression of 

peripheral core-clock genes, we performed real-time PCR (RT-qPCR) experiments to 

measure the oscillations in relative mRNA levels of clock (Clk), par-domain protein-1 

epsilon (Pdp1ε), period (per), and timeless (tim).79-83 To conduct this analysis, we used whole 

flies since we were interested in clock expression in the periphery, and the contribution of the 

pacemaker neurons is even smaller in whole flies versus heads. We collected flies at four-

hour intervals over the span of 24 hours and extracted mRNA from whole-fly homogenates. 

Because only ~150 central pacemaker neurons exist in the brain, clock gene expression from 

these homogenates primarily reflects peripheral oscillators.  

We found that the rh3 mutant exhibited pronounced changes in the amplitudes and peaks 

of mRNAs corresponding to peripheral core clock genes. In control flies, Clk expression 

peaked at ZT 20 (Figure 3A), as previously reported.84 However, in the rh3 mutant, Clk 

expression peaked at ZT 4, indicating that it was greatly delayed by 8 hours (Figure 3A). 

Expression of Pdp1ε, per, and tim reached their zenith at ZT 16 (Figures 3B–3D). However, 

in the rh3 mutant, expression of these mRNAs was delayed by ~4 hours, peaking at ZT 20 

(Figures 3B–3D). Thus, for all four clock genes examined the peak expression was delayed. 

Additionally, loss of rh3 blunted the peak amplitudes of Pdp1ε, per, and tim in the periphery 

(Figures 3B–3D).  

Next, we examined Per protein expression in the pacemaker neurons from control and 

rh3 mutant flies whose endogenous Per protein was tagged with mNeonGreen.85 Per protein 

expression peaks in the pacemaker neurons at ZT 0 and is substantially diminished by ZT 4.85 

Therefore, we chose these two timepoints to examine the expression of Per in the rh3 mutant. 

We focused on three groups of lateral pacemaker neurons (LNs; Figure 3E), as we could 
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consistently identify these populations of neurons from sample to sample based on their 

location and morphology. At ZT 0, Per expression was significantly reduced in the s-LNvs, 

LNds, and l-LNvs of rh3 mutant flies compared to the control  (Figures 3F–3I). Expectedly, 

in control flies, the expression of Per was reduced by ZT 4 (Figures 3F–3I). However, 

between ZT 0 and ZT 4, Per expression was largely unchanged in the LNs of the rh3 mutant 

(Figures 3F–3I), and at ZT 4 was significantly higher than the control in the LNds (Figures 

3F and 3H), and trending towards significance in the s-LNvs (Figures 3F and 3G; p=0.061 

for s-LNvs). By ZT 8, we were unable to detect Per expression in the control or rh3 mutant. 

Together, these experiments demonstrate that rh3 impacts Per expression in LNs. However, 

from these results alone we are unable to conclude whether rh3 impacts the phase of Per in 

LNs. Notably, the s-LNvs and LNds, which showed higher Per expression at ZT 4 in the rh3 

mutant than the control, play a fundamental role in pacemaker neuron synchronization as 

well as the phase of morning and evening activity peaks.86,87  

 

Loss of rh3 greatly extends circadian periodicity  

Variations in chronotype are known to be correlated with changes in several behaviors, 

including differences in the ability to entrain to light/dark cycles.88 Animals with normal light 

entrainment can quickly adjust their locomotor rhythms to synchronize with a sudden 

shortening of a light cycle (phase advance), or an unanticipated lengthening of a light cycle 

(phase delay).89,90 For example, as previously observed,91 control flies rapidly adjust their 

activity rhythms (within 1–2 days) in response to an eight-hour phase advance (Figures S4C 

and S4D) or a phase delay to the light/dark cycle (Figures S4E and S4F). However, flies with 

defects in light entrainment typically take longer to adjust to these changes.90,92 We found 
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that the rh3 mutant showed comparably rapid shifts to a phase advance (Figures S4C and 

S4D) or a phase delay (Figures S4E and S4F), indicating that impaired entrainment to phase 

shifts does not underlie the behavioral phase delay of the rh3 mutant. 

In humans, there is evidence that chronotype or sleep timing can vary both with the 

seasons and with the distance one lives from the equator, suggesting that the length of daily 

light exposure can impact the phase of behaviors.93-95 Furthermore, lengthening or shortening 

of the photoperiod at the time of birth has been reported to affect chronotype, although the 

effect is small.96 To test the contribution of photoperiod length on chronotype, we measured 

sleep in wild-type and rh3 mutant flies housed under light:dark cycles that were either 

extended or shortened (i.e, 14 hour:10 hour light/dark cycles or 10 hours:14 hours light/dark 

cycles). We observed that the evening chronotype of rh3 persisted in both shorter and longer 

photoperiods, and that the chronotype of control flies was also not changed (Figures S5A–

S5H). Therefore, defects in photoperiod entrainment are unlikely to contribute to the 

behavioral delays exhibited by the rh3 mutant.  

Morning and evening chronotypes have been correlated with internal periodicities that 

are shorter or longer than 24 hours, respectively.12,13,17,97 Therefore, we used DAM assays to 

determine the endogenous circadian periodicities of the rh3 mutant during seven days of 

constant darkness after entraining the flies under light/dark cycles for four days. For the first 

three days, we used 12 hour light/12 hour dark dark cycles. Then, on the fourth day, we 

varied the light duration (4, 8, 12 and 16 hours) by turning off the lights at either ZT 4, ZT 8, 

ZT 12, or ZT 16 and then maintained the flies in the dark for an additional seven days. When 

we turned off the lights at ZT 12, control flies had a locomotor rhythm in the dark with a 

~24-hour periodicity (23.9 ± 0.04 hours; Figures 4A and 4B), as shown many times 
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previously.18,19,21,22 Turning off the lights at other times (ZT 4, ZT 8 or ZT 16) prior to the 

seven days of darkness did not have a significant effect on the periodicities, although 16 

hours of light marginally extended the rhythm of the control flies to 24.4 ± 0.08 hours 

(Figures 4A and 4B).  

In contrast to the ~24 hour periodicity of control flies, the periodicity of rh3 mutants was 

expanded. The periodicity of the rh3 mutants was extended to 25.2 ± 0.12 hours, which was 

significantly greater than the 23.9 ± 0.04 hours exhibited by control flies (Figures 4A and 

4B). We rescued this mutant phenotype by either expressing UAS-rh3 under the control of 

rh3-Gal4 (S6A–S6C, S6E and S6F; 24.2 ± 0.10 hours) or under the control of inaF-C-Gal4 

(Figures S6D–S6F; 24.5 ± 0.19 hours). Thus, the evening chronotype of rh3 mutants is 

correlated with a long internal periodicity that stems from the inactivity of rh3-expressing 

photoreceptors in the eye. 

Strikingly, the periodicity of rh3 mutant flies was impacted significantly by the time that 

the lights were turned off. Reducing the photoperiod from 12 to 4 hours (turn off at ZT 4) 

prior to the dark-dark period increased the free-running periodicity of rh3 mutants to 25.9 ± 

0.19 hours (Figures 4A and 4B). Most dramatically, exposing rh3 mutants to 8 hours of light 

(turn off at ZT 8) increased the periodicity to 27.2 ± 0.14 hours (Figures 4A–4D). 

Lengthening the photoperiod from 12 to 16 hours prior to the dark-dark period had little to no 

effect on the periodicity as compared to 12 hour of light (Figures 4A and 4B; turnoff at ZT 

12, 25.2 ± 0.12 hours; turnoff at ZT 16, 25.1 ± 0.13 hours). Because the periodicity of control 

flies was slightly extended after 16 hours of light, under these conditions the difference in the 

periodicities of the control and rh3 mutant flies was relatively small (24.4 versus 25.2 hours, 
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respectively). This reveals a surprisingly strong relationship between the length of the final 

light exposure and free-running periodicity in rh3 mutants. 

Similar to the rh3 mutant, we observed an extension of the free-running periodicity when 

we inhibited the activity of the DRA1 neurons downstream of rh3-expressing R7 cells using 

tetanus toxin (DRA-DM8>TNT; 25.9 h; Figures 4E–4H). The perL allele of the per gene also 

has a long periodicity (~29 hours) due to a missense mutation causing residue 243 to be 

changed from a valine to aspartic acid.19,98 We sequenced the rh3 genes in the rh32 and rh3L 

mutants and confirmed that neither allele harbors the perL mutation (data not shown). To 

determine if the length of the final light exposure affects the free-running periodicity of other 

mutants with a non-24 hour clock, we also tested perL and pers, exposing them to three days 

of 12 hour light:12 hour dark cycles, and then varied the duration of the final light cycle on 

day 4, as described above. We found that, unlike rh3, the periodicity of both perL and perS 

remained unchanged after varying the duration of the final light cycle between 8–16 hours, 

with perL displaying a 29.9±0.1 hour periodicity, and perS displaying a 19.2 ±0.1 hour 

periodicity (Figures S6G and S6H). 

 

Circadian alignment restores a normal chronotype in the rh3 mutant 

To test whether the evening chronotype of rh3 mutants is caused by a mismatch between 

their internal periodicity (25.2–27.2 hours depending on whether the last light cycle is 4, 8 or 

12 hours) and the external periodicity (24 hours), we housed rh3 mutants under a light:dark 

cycle that more closely matched the maximum periodicity we observed. Strikingly, 

maintaining rh32/L flies under a 14 hour:14 hour light/dark cycle restored the timing of their 

midday siesta (Figures 5A, 5C, S5I), suppressed their early-nighttime activity (Figures 5B, 
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5D and 5F), and increased their early-nighttime sleep index (Figures 5E), such that these 

parameters resembled those of wild-type flies kept under a 24-hour cycle.  

In addition to locomotor behavior and sleep, the evening feeding pattern of rh32/L flies 

was also corrected by housing them under a 28-hour light/dark cycle. Unlike the 24-hour 

pattern, where the rh32/L evening feeding peak extended into the night (Figures 1M and 1N), 

the evening rh32/L feeding peak under 28-hour LD cycle was aligned with the transition from 

lights on to lights off, resulting in rh3 flies no longer feeding more than the control at night 

(Figures 5G and 5H). In total, these results indicate that the evening chronotype of rh3 flies is 

the result of a circadian misalignment, owing to the elongated circadian periodicity of the rh3 

mutant. Maintaining rh3 flies under a 28-hour light/dark period, which much more closely 

mimics their longest internal rhythm, advances the relative timing of sleep and feeding such 

that these parameters resemble those of control flies housed under a 24-hour light/dark 

rhythm.  

Interestingly, we found that under a 28-hour light/dark period, control flies adopted a 

morning chronotype, characterized by an advancement of the timing of their midday siesta 

(Figures 5C and 5E), increased early-night sleep index (Figures 5C and 5E), and decreased 

early-night activity index (Figures 5D and 5F). This is consistent with the notion that 

circadian misalignment can result in both morning and evening chronotypes, where an 

evening chronotype reflects an internal periodicity longer than the external lighting cues and 

a morning chronotype reflects the opposite.  
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Elimination of morning and evening chronotypes in per mutants by aligning the 

external clock with the internal clocks 

To test the generalizability of the model that mismatch of the internal and external 

periodicities can result in morning or evening chronotypes, we examined the chronotypes of 

two additional mutants with defects in their circadian rhythms. Mutations of the classic core-

clock gene, per, can result in circadian rhythms that are either longer or shorter than 24 

hours. Flies with the perL allele have a ~29-hour circadian rhythm, whereas flies with the perS 

allele have a ~19-hour rhythm.19 Under a light/dark cycle with a 24-hour periodicity (12 

hour:12 hour light/dark cycle), the daytime siesta and evening activity peak of perL flies was 

significantly delayed, with the siesta peaking at ~ZT 12 (Figure 6A) and the evening activity 

peaking at ~ZT 16 (Figures 6B and S7A). However, housing perL mutants on a 30-hour 

rhythm (15 hour:15 hour light/dark cycles) restored the relative timing of these parameters 

(Figures 6C–6D and S7A). Conversely, perS flies displayed a morning chronotype under a 12 

hour:12 hour light/dark cycle, indicated by an early onset of sleep (Figure 6E) and activity 

relative to the control (Figure 6F). The morning chronotype of perS flies was reversed by 

maintaining them under a 19-hour circadian schedule that more closely matched their internal 

rhythm (9.5 hour:9.5 hour light/dark; Figures 6G, 6H and S7B).  

The chronotype of control flies was also modified by varying the periodicity of the 

light/dark cycle to either 19 or 30 hours. The relative timing of their evening activity peak 

strongly correlated with the periodicity of the environmental lights (R2 = 0.84; Figure S7C). 

Housing wild-type flies under a 19-hour light/dark cycle delayed the relative timing of the 

evening activity peak by roughly 4 hours (Figures 6H and S7C), whereas a 30-hour cycle 

advanced the timing by 5 hours (Figures 6D and S7C). These results strongly support the 

model that major changes in chronotype can result from circadian misalignment.  
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Time-restricted feeding restores a normal chronotype in the rh3 mutant 

Although matching the environmental (zeitgeber) periodicity to the internal periodicity 

can suppress differences in chronotype, this approach is ill-suited for real-world chronotype 

modification given that the 24-hour rotation of the earth is fixed, and that there are practical 

constraints to artificially instituting longer and shorter zeitgeber periodicities. Therefore, we 

attempted to modify the evening chronotype of rh3 flies housed under a 24-hour light dark 

cycle by altering an additional time-giving cue—the timing of feeding. We wondered 

whether the increased nighttime feeding exhibited by rh3 flies (Figure 1M and 1N) served to 

delay the onset of their nighttime sleep. To test this, we restricted the mutant flies’ access to 

food (time-restricted feeding; TRF) to just an eight-hour window during the day (ZT 2–10) 

and monitored their activity and sleep via real-time video tracking. Strikingly, rh3 mutants 

maintained on TRF for 48 hours displayed a sleep chronotype that was nearly identical to the 

control (Figure 7C). TRF advanced the timing of rh3 mutant’s midday siesta by nearly two 

hours (from ZT 6.8 ± 0.8 hours to ZT 4.9 ± 0.45 hours; Figure 7E) and increased their early-

nighttime sleep index (Figure 7E), such that neither of these parameters were significantly 

different from the control flies (p = 0.85 and p = 0.11, respectively; Figures 7A, 7C and 7E). 

Although TRF suppressed the nighttime activity of rh3 mutant flies (Figures 7B and 7D), the 

early-nighttime activity index was not significantly changed (Figure 7F), as both early- and 

total-nighttime activity (measured by distance traveled) were proportionally suppressed 

(Figures 7G and 7H). These results demonstrate that TRF can advance an evening 

chronotype resulting from an extended circadian periodicity and suggest that the extended 

feeding window of rh3 mutants contributes to their evening chronotype. 
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Circadian alignment restores the phase of clock genes expression 

Chronic circadian misalignment is reported to reduce the peripheral expression of several 

core-clock genes.99 Because a 28-hour light/dark cycle restored a normal chronotype to rh3 

flies, we wondered whether there would be an impact on the amplitudes and phases of clock-

gene RNA expression in peripheral tissues. To quantitatively measure the expression of 

several core clock genes (Clk, Pdp1ε, per and tim), we prepared RNA from whole flies every 

four hours over the span of a 28-hour day and performed RT-qPCR. We observed that the 

extended 14 hour:14 hour light/dark cycle partially restored the phase of Clk mRNA 

expression in the rh3 mutant (Figure S7D). To more clearly compare the phases of peak 

expression during the 24- and 28-hour cycles, we used a circular plot and normalized the 

length of each 24 and 28 hour light schedule to 1.0 (Figure S7H; light period is from 0 to 0.5 

and the dark period is from 0.5 to 1.0). The mRNA expression peaks are indicated by either 

solid arrows (24-hour periods) or dashed arrows (28-hour periods). We found that shifting 

the rh32/L flies to a 28-hour cycle caused the peak to advance, and therefore reduced the 

difference in phase between the control and rh32/L mutant (Figure S7H). 

The relative phase of mRNA expression of Pdp1ε, per and tim in rh32/L flies also 

advanced under 28-hour cycles. The Pdp1ε, per, and tim mRNAs peaked at relative times 

closer to control flies under 24-hour cycles than they did when the rh32/L flies were 

maintained under 12 hour:12 hour regimes (Figures S7E–S7G and S7I–S7K). The 

differences in expression amplitudes between rh32/L and the control were lower under the 28-

hour cycles compared to the 24-hour cycles (Figures S7E–S7G vs. Figures 3B—3D). 

However, the extended photoperiod did not fully restore circadian amplitude in rh32/L flies, 
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as control flies still showed higher expression of Pdp1ε, per and tim (Figures S7E–S7G). In 

total, these results indicate that changes to the phase of peripheral clock gene expression in 

the rh32/L mutant results from circadian misalignment, although circadian misalignment does 

not fully account for rh3-mediated increases in circadian amplitude.  

 

DISCUSSION 

Small subset of retinal photoreceptor cells regulates chronotype 

The initial hypothesis guiding this work is that light sensing in the eye not only regulates 

photoentrainment,27 but also chronotype. To test this, we examined the sleep profile of 

rhodopsin mutant flies, focusing on impacts to the timing of both daytime and nighttime 

sleep. However, mutation of six out of seven rhodopsin genes had no or minimal impacts on 

chronotype, including ninaE, which encodes the major rhodopsin (Rh1) functioning in most 

photoreceptor cells in the eyes.  

We discovered that a subset of R7 cells, which constitutes a very small fraction of the 

photoreceptor cells in the eyes, has a major impact on chronotype. Although Rh3 is only 

expressed in ~30% of the R7 photoreceptor cells,36,37,100 it is required for regulating the phase 

of sleep, locomotor, and feeding rhythms. In addition to rh3, a second opsin gene, rh4, is also 

expressed in R7 cells. These two rhodopsins are present in non-overlapping subsets of R7 

cells.36,47 Because rh4 mutants display a normal chronotype, this demonstrates that only the 

rh3-expressing R7 photoreceptor cells contribute to the daily timing of behavior.  

The specific requirement for these photoreceptor cells for a normal chronotype is 

remarkable because only ~2% of the photoreceptor cells in the compound eyes express Rh3 

(see Methods: Estimate of percentage of Rh3-expressing R7 cells in each compound eye). 

Moreover, since R7 cells have a smaller diameter than R1-6 cells, the Rh3-expressing R7 
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cells comprise only about 1% of the total surface area of the photoreceptor cells in the 

compound eyes. Despite their diminutive size and numbers, Rh3-expressing photoreceptor 

cells have a greater impact on chronotype than any other photoreceptor cell class, including 

the Rh1-expressing cells (R1-6), which comprise 75% of the photoreceptor cell and >90% of 

the total surface area.  

While we do not know the minimum number of Rh3-expressing R7 cells that need to 

function to achieve an intermediate chronotype, inactivation of the DRA1 Dm8 neurons, 

which receive input exclusively from R7 cells in the dorsal rim area (DRA) of the eye, causes 

an evening chronotype. All R7 cells in the DRA express Rh3.75 Given that the R7 cells in the 

DRA comprise just ~0.4% of all photoreceptor cells (see Methods: Estimate of percentage of 

Rh3-expressing R7 cells in each compound eye), our results demonstrate that disrupting 

signaling from an exceedingly small subset of photoreceptor cells (~0.4%) is sufficient to 

alter the sleep and activity patterns, resulting in an evening chronotype. The DRA is 

important for sensing polarized light,101-103 which in some insects, such as monarch 

butterflies, contributes to long-range navigation.104 However, fruit flies do not travel long 

distances. These findings raise the intriguing possibility that sensation of polarized light 

might contribute to chronotype. 

Surprisingly, while loss of rh3 caused an evening chronotype, flies with mutations in 

both rh3 and rh4 display normal activity patterns. Similarly, the sev mutant, which is devoid 

of all R7 cells, also exhibits an intermediate chronotype. One possibility to explain this 

conundrum is that R7 cells inhibit DM8 cells, and that neighboring Dm8 cells inhibit each 

other.71,72 However, in the absence of Rh3-expressing R7 cells, an important source of 

inhibition in the optic lobes is removed. Nevertheless, our findings could account for the 
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results of a previous study with sev mutants, which did not detect a substantial delay in 

behavior.105 

Given that Rh3 is a UV sensing opsin,60,61 we speculated that this spectral sensitivity 

might be relevant for setting chronotype. However, we rescued the evening chronotype in 

rh3 mutants using a red-light-sensitive channelrhodopsin, CsChrimson. Therefore, it is the 

activation of Rh3-positive neurons, rather than an ability to sense UV light per se, that is 

germane to regulating a normal chronotype. CsChrimson does not engage a 

phototransduction cascade, which couples Rh3 and other Drosophila rhodopsins to a trimeric 

G-protein (Gq) and phospholipase C (PLC), which culminates with activation of the TRP and 

TRPL channels.35 Thus, these other signaling proteins, such as Gq and PLC, do not regulate 

chronotype independent of their roles in transducing light activation of rhodopsins to gating 

of TRP and TRPL. 

Previous work has shown differential roles for rhodopsins under moonlight and twilight 

conditions. Moonlight promotes nocturnal activity, and depends on Rh1 and Rh6.106 In 

addition, the rhodopsins expressed in the R7 and R8 cells (Rh3, Rh4, Rh5 and Rh6) are 

particularly important in responding to twilight.107 In the current work, which employs 

brighter lighting, we did not detect roles for Rh4, Rh5 or Rh6 in chronotype. This highlights 

the differential roles of rhodopsins in regulating activity under distinct lighting conditions.    

It is possible that a similar chronotype-regulating mechanism involving a small subset of 

photoreceptor cells also exists in the mammalian retina. In mice and humans, the intrinsically 

photosensitive retinal ganglion cells (ipRGCs), which are blue-light-sensitive photoreceptors, 

also have a fundamental role in regulating circadian rhythms.108,109 Behavioral studies in 

humans suggest that ipRGC function correlates with chronotype,110 and genetic variations in 



27 
 

melanopsin, the light-sensitive rhodopsin-family member expressed in ipRGCs, are 

associated with the timing of daily sleep.111 However, to our knowledge, the current report is 

the first to experimentally demonstrate that a specific class of photoreceptor cells regulates 

chronotype.  

 

Early bird and night owl chronotypes caused by misalignment of internal and external 

circadian periodicities   

It has long been posited that circadian periodicity could set chronotype, with early 

chronotypes (“early birds”) resulting from a circadian periodicity that is less than 24 hours 

and late chronotypes (“night owls”) resulting from the opposite.97,112,113 Recent work in 

humans has supported this notion for extreme chronotypes. Specific mutations in hPer2 cause 

Familial Advanced Sleep Phase Syndrome,16 and decrease circadian periodicity,12,17 while 

mutations in Cry1 cause Familial Delayed Sleep Phase Disorder,13 and increase circadian 

periodicity. However, the evidence for these sleep disorders resulting from changes to 

circadian periodicity is only suggestive. Here, we identify a retinal gene that modifies 

circadian rhythms and provide causal evidence demonstrating that the internal circadian 

periodicity regulates chronotype. The strong effect of Rh3 on periodicity is surprising since 

nearly all of the genes that are known to impact on periodicity in flies either disrupts a clock 

gene directly or a factor that directly affects the activity or expression of a clock gene.19,114-116  

Unexpectedly, the magnitude of the increased periodicity exhibited by rh3 mutants was 

affected by the length of the last light period prior to shifting to dark-dark cycles. In contrast 

the length of the light period had little impact on wild-type flies or flies harboring the perL or 

perS allele, suggesting that rh3 has a unique impact on the flies’ circadian periodicity.   
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To establish that chronotype depends on internal periodicity, we used a combination of 

environmental and genetic approaches. We rescued the evening chronotype resulting from 

mutation of rh3 by placing the mutant flies under a light/dark cycle with a longer length that 

aligns with their internal rhythm. Moreover, placing wild-type flies under a 28-hour 

light/dark cycle results in these animals adopting a morning chronotype, measured by the 

relative phase of their daytime siesta, early night sleep, and evening activity peak.  

We found that a similar interaction among internal periodicity, zeitgeber periodicity, and 

chronotype holds for the perL and perS mutants, which have longer and shorter circadian 

rhythms, respectively. The perL mutant had an evening chronotype reminiscent of the rh3 

mutant, while perS had a morning chronotype, similar to a wild-type flies maintained under 

an elongated light/dark cycle. Housing these perL and perS mutants under light/dark cycles 

that match their internal rhythms was sufficient to restore an intermediate chronotype. These 

data strongly support the model that chronotype is altered by misalignment of internal and 

external circadian periodicities.  

Of note, while we conclude that matching the internal and external periodicities is 

important for chronotype, there are likely additional mechanisms that impact on 

chronotype.117 Experiments performed in mice indicate that there exist clock-independent 

chronotype-regulating mechanisms. bmal1 knockout mice, which are arrhythmic and 

therefore possess no internal periodicity, display a delayed chronotype under light/dark 

conditions.118,119 Additionally, in humans, there is a progressive shift toward a morning 

chronotype that occurs with age. However, this shift is not accompanied by a decrease in 

circadian periodicity.113 An additional factor that could regulate chronotype in a clock-

independent fashion is the sleep homeostat, the neuronal system monitoring daily energy 
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expenditure to set total sleep time.50 However, it is unlikely that the sleep homeostat accounts 

for changes to the chronotype of rh3 flies given that circadian alignment fully amended the 

phase of their sleep.  

 

Regulation of core-clock gene cycles by a small subset of photoreceptor cells 

Concordant with delays in the phase of sleep, locomotor, and feeding rhythms in rh3 

mutant flies, the peaks of core-clock gene expression were delayed. These observations are 

based on a series of RT-qPCR experiments, where we isolated mRNA from whole-fly 

homogenates throughout a 24-hour cycle. This approach enabled us to ascertain the 

summation of clock-gene expression across the entire organism. Because the overwhelming 

majority of clock-expressing cells exist outside of the brain, these data reflect core clock 

gene expression primarily from peripheral oscillators.77 Therefore, our data suggest that rh3, 

which is expressed in only ~2% of all photoreceptor cells, is essential for core clock gene 

expression throughout the entire organism.  

Previous work in flies shows that the phase of peripheral oscillators can be set by the time 

of feeding.78 Given that rh3 flies maintained under a 24-hour cycle display abnormal 

nighttime feeding, it is possible that changes to the time of feeding account for some of the 

phase delay in peripheral core-clock gene expression. This hypothesis is consistent with our 

observation that housing rh3 flies under a 28-hour cycle, which realigns feeding with the 

transition from daytime to nighttime, partially restored the phase in core-clock gene 

expression.  

In addition to delays in phase, mutation of rh3 also appears to suppress circadian 

amplitude—the difference in peak to trough mRNA expression of the core clock genes. Both 
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chronic circadian misalignment as well as an extended feeding window have been shown to 

suppress circadian amplitude.99,120,121 However, neither of these mechanisms seem to account 

for the reduced amplitude in rh3 flies, given that housing these flies under a 28-hour 

light/dark cycle, which re-aligns feeding and locomotor rhythms, fails to restore circadian 

amplitude.  

Unlike circadian clocks in peripheral tissue, clock gene expression in pacemaker neurons 

in the brain is required for setting both the morning and evening activity peaks of the fly as 

well as their phase.86,87,122 Expression of PER proteins expression in s-LNv neurons restores 

the morning activity, while expression of PER proteins in both the s-LNv and LNd neurons is 

able to restore the evening activity.86 Exposure to constant light can induce complete 

desynchronization between s-LNv and LNd neurons, resulting in distinct free-running 

periodicity.123 The unchanged Per expression we observed in the LNd and s-LNv neurons of 

rh3 flies between ZT 0 and ZT 4 may disrupt the normal function of these cells, contributing 

to the rh3 mutant’s evening chronotype and elongated free-running rhythm. 

 

Time-restricted feeding as a chronotype-modifying intervention 

Because rh3 mutants exhibited abnormal levels of nighttime feeding, we wondered 

whether nighttime feeding contributed to their evening chronotype. To test this, we restricted 

the rh3 mutant flies’ access to food to just an eight-hour window during the early day, 

thereby preventing any nighttime feeding. This time-restricted feeding was sufficient to 

advance the phase of both daytime and nighttime sleep in rh3 mutants but had a minimal 

impact on the timing of sleep in wild-type flies, likely because wild-type flies normally 

consume most of their food during the day.121  
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In mammals, there exists a food-entrainable oscillator that is not reliant on a 

functional SCN, and which allows animals to anticipate the daily timing of feeding.124,125 

However, previous reports indicate that Drosophila are incapable of similar food-anticipatory 

behavior, but that timed feeding can transiently change the phase of activity without affecting 

the central clock.126,127 Consistent with this finding, we found that time-restricted feeding 

exerts an almost immediate effect on the phase of rh3 mutants’ sleep, observable within the 

first 24- to 48-hours on the diet. Interestingly, in humans, an evening chronotype can be 

partially reversed using time-restricted feeding alone128 or in combination with early-day 

physical exercise with exposure to light.129  

 

Speculation that a subset of photoreceptor cells impacts chronotype in humans 

Approximately 50% of humans with blindness or visual impairment report disturbances 

to their sleep, compared to just 9% in those with normal sight.130,131 One reason for this could 

be that blind individuals are unable to adequately reset their circadian clocks each day to 

light, which is the primary circadian entrainment cue for humans. In extreme cases, blind 

people can adopt a non-24 hour sleep pattern, which is thought to follow their free running 

periodicity.130 Those with this condition often report cyclic disruptions to their sleep, as their 

rhythm drifts in and out of phase with the solar day.132 In humans, visual impairment 

increases with age, and is often accompanied by sleep disorders and a progressive shift 

towards an earlier chronotype.133 Whether the inactivation of a particular set of photoreceptor 

cells contributes to these changes is unknown.  

Our work raises the possibility that a small subset of photoreceptors in mammals might 

have a major impact on chronotype. Intriguingly, there is recent evidence linking the activity 
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of a very small subset of retinal photoreceptor cells in humans (ipRGCs) to an individual’s 

chronotype.134 Individuals with a late or night-owl chronotype appear to have lower 

sensitivities in the short wavelength range that maximally activate ipRGCs, at least before 

noon.134 Conversely, early birds or morning larks appear to have greater sensitivity to short 

wavelengths earlier in the day than individuals with an intermediate chronotype. Finally, it 

would be of interest to learn if humans with early bird and night owl chronotypes attributable 

to alterations in sensitivities of the ipRGCs, revert to a more standard chronotype if they are 

housed under circadian cycles that are shorter or longer than 24 hours, respectively. 

 

 

Limitations of the Study 

Light influences circadian activity and chronotype. Therefore, it is potentially important 

to simulate natural lighting conditions in order for flies to exhibit normal behavior. However, 

it is a challenge to devise lighting conditions that recapitulate natural light. In an attempt to 

do so, we used full spectrum lights with a UV component. Furthermore, since the intensity of 

sunlight changes over the course of the day, we also tested the effects on activity and sleep 

resulting from ramping lights that increase and decrease in intensity over the course of hours. 

Nevertheless, the lighting conditions that we used do not fully simulate natural light, which 

could impact on chronotype.  

This work also raises multiple questions for the future. We showed that disruption of the 

DRA-DM8 neurons, which express Rh3, recapitulates the rh3 mutant phenotype, indicating 

that this very small population of photoreceptor cells plays an important role in regulating 

chronotype. However, we do not know if activity of these Dm8 neurons is sufficient for a 
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normal chronotype. The complete circuit regulating chronotype downstream of the Dm8 

neurons is also not known. We also do not understand the mechanistic basis through which 

elimination of the activity of rh4-expressing R7 photoreceptor cells suppresses the night owl 

chronotype caused by mutation of rh3, which is expressed in a nonoverlapping subset of R7 

cells. Finally, night owl chronotype has been suggested to increase aggression and has been 

linked to a variety of adverse health issues in people.3,135 Whether the Drosophila rh3 

mutants exhibit similar problems remains to be determined. 
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Figure 1. Loss of rh3 sets an evening chronotype  

(A) Sleep profiles of control (w+,w1118: Canton-S flies outcrossed to w1118 but retained the w+ 

gene) and rh3 mutants (rh32/L) assayed using the DAM system. Sleep (Y-axis) corresponds to 

the proportion of time the flies are asleep in a 30-minute bin. Each profile represents the 

average result from four days of recordings. The lights are on from ZT 1—12 (day) and off 

from ZT 12—24 (night). The dashed vertical lines show the average calculated time of the 

midday siesta (see STAR Methods) for each genotype. The horizontal lines (A and B) 

represent the time intervals used to calculate the early-night sleep index (ENSI). The 

equation is indicated above. Line A=sleep during ZT 12—16, and line B=total sleep during 

ZT 12—24. 

(B) Bivariate chronotype plots indicating the early-night sleep index versus the time of the 

daytime siesta peak. See the STAR Methods for the formula used to generate each parameter. 

The dots represent the mean times for the daytime siesta for each of two fly lines. The error 

bars represent one standard deviation from the means. Each parameter was compared 

between genotypes via an unpaired Student’s t-test.  

(C) Activity profiles showing the four-day average movement for control (w+,w1118) flies and 

the rh3 mutant using the DAM system. The horizontal lines (A and B) represent the time 

intervals used to calculate the early-night activity index (ENAI). The equation is indicated 

below. Movement (Y axis) represents the proportion of time the flies moved during each 30-

minute bin. 

(D)  Quantification of the early night activity index (ENAI). The box represents the 25th 

percentile, median, and the 75th percentile. The whiskers represent 1.5 times the interquartile 

range (IQR), or the min/max values if no data surpass 1.5*IQR. 
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(E) Average circadian sleep arousal threshold of control (blue) and  rh32/L (red) flies. The 

shaded areas correspond to the SEM. n = 60 flies/genotype. The p values were calculated 

using a two-way Aligned Rank ANOVA with factors corresponding to genotype and ZT. P 

values from post-hoc comparisons were adjusted using a Benjamini-Hochberg multiple 

testing correction. *p<0.05, **p<0.005,***p<0.0005  

(F) Activity profiles showing the four-day average movement for control (w+,w1118) flies and 

the rh3 mutants under ramping light using the DAM system. The grayscale gradient indicates 

the gradual increase of the light intensity after lights on (ZT 0) and the gradual decrease from 

the peak light intensity at midday (ZT 6) (See STAR Methods). 

(G) Quantification of time to 70% of morning peak activity. Dashed line placed at ZT 0. 

Means ±SEMs.  ***p<0.0005 

(H) Quantification of time to 100% of morning peak activity. Dashed line placed at ZT 0. 

Means ±SEMs. ***p<0.0005 

(I) Sleep profile for control (w+,w1118) flies and the rh3 mutants under ramping light using the 

DAM system. The grayscale gradient indicates the gradual increase of the light intensity after 

lights on (ZT 0) and the gradual decrease from the peak light intensity after midday (ZT 6) 

(See STAR Methods). 

(J) Quantification of timing to 10% of the maximum siesta for control (w+,w1118) flies and the 

rh3 mutants under ramping light using the DAM system. Means ±SEMs. **p<0.005, 

***p<0.0005. 

(K) Activity profiles showing the movement of the control flies and the rh3 mutant flies 

transitioning from 12h:12h light:dark cycles (days 2.5–4) to constant darkness (day 4–5 is the 

first subjective day under constant dark) using the DAM system. 
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(L) Quantification of the time to 70% of morning peak activity of the first subjective day 

under constant darkness. Dashed line placed at CT 0. Means ±SEMs. ***p<0.0005 

(M) 24-hour food-interaction profile of the control and rh3 mutant flies, measured using the 

FLIC assay. The Y axis indicates the total number of feeding signals for 31 control flies and 

21 rh32/L flies.  

(N) Night feeding signals by the control and rh3 mutant flies. The feeding signals were 

calculated from ZT 12 (lights off) to ZT 24 (lights on) and were measured in seconds. Means 

±SEMs. *p <0.05.  

For sleep and activity profiles (Figures 1A-1D), n = 148 for control, n = 95 for rh32/L.  

For Figures 1F–1J, n = 32 rh32 flies, n = 32 rh3L flies, n = 32 rh32/L flies, n = 96 control flies.  

n ≥ 3 independent biological replicates. Unpaired Student’s t-tests. *p <0.05, **p<0.005, 

***p<0.0005 from Wilcoxon signed rank tests with a Benjamini-Hochberg multiple testing 

correction. See also Figure S1. 
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Figure 2. Activating rh3 neurons rescues evening chronotype  

(A) Sleep profiles (assayed using the DAM system) exhibited by the rh32/L mutant expressing 

UAS-rh3 under control of the rh3-Gal4. n = 159 for rh3-Gal4/+;rh32/L, n = 127 for UAS-

rh3/+;rh32/L, and n = 155 for rh3>rh3;rh32/L. 

(B) Bivariate chronotype plots indicating early-night sleep index versus time of daytime 

siesta. See the STAR Methods for the formula for each parameter. n = 159 for rh3-

Gal4/+;rh32/L, n = 127 for UAS-rh3/+;rh32/L, and n = 155 for rh3>rh3;rh32/L.  

(C) Activity profiles for flies housed under a 12 h:12 h light/dark cycle. Moving (Y axis) 

corresponds to the proportion of time the flies that moved during each 30-minute bin. n = 159 

for rh3-Gal4/+;rh32/L, n = 127 for UAS-rh3/+;rh32/L, and n = 155 for rh3>rh3;rh32/L.  

(D) Reduction in early-night activity index exhibited by rh32/L flies expressing UAS-rh3 

under control of the rh3-Gal4. Boxes represent the 25th percentile, median, and the 75th 

percentile. The whiskers represent 1.5 times the interquartile range (IQR), or the min/max 

values if no data surpass 1.5*IQR. n = 159 for rh3-Gal4/+;rh32/L, n = 127 for UAS-

rh3/+;rh32/L, and n = 155 for rh3>rh3;rh32/L. Student’s t-test with Bonferroni multiple testing 

correction. ***p<0.0005. 

(E) Testing for reduction in night feeding behavior in rh32/L by expressing UAS-rh3 under 

control of the rh3-Gal4. Feeding behavior was assayed using the FLIC assay. Indicated are 

the total average times (in seconds) that individual flies showed feeding behavior from ZT 

12—24. Mean ±SEMs. n = 21 for rh3-Gal4/+;rh32/L, n = 17 for UAS-rh3/+;rh32/L, and n = 26 

for rh3>rh3;rh32/L. Student’s t-test with Bonferroni multiple testing correction. * p <0.05. 

(F) Activity profiles (using the DAM system) showing the movement of rh32/L flies 

expressing UAS-rh3 under control of the rh3-Gal4 during the transition from 12h:12h 
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light:dark cycle (day 2.5-4) to constant darkness (day 4–5 is the first subjective day under 

constant darkness). 

(G) Quantification of the time to 70% of the morning peak activity during the first subjective 

day under constant darkness. Mean ±SEMs. ***p<0.0005. 

(H) Four day average sleep profile assayed using DAM for DRA-Dm8>TNT flies (red) 

compared to rh32/L mutants (orange) and UAS-TNT control (blue).  

(I) Bivariate chronotype plots indicating early-night sleep index vs. time of daytime siesta. n 

= 96 flies for DRA-Dm8>TNT, n = 53 flies for rh32/L, and n = 64 flies for UAS-TNT.  

(J) Activity profiles showing four days of activity data for flies housed under a 12 h:12 h 

light/dark cycle. Moving (Y axis) corresponds to the proportion of time the flies moved 

during each 30-minute bin. n = 96 flies for DRA-Dm8>TNT, n = 53 flies for rh32/L, and n = 

64 flies for UAS-TNT.. 

(K) Increase in early-night activity index for DRA-Dm8>TNT flies. Boxes represent the 25th 

percentile, median, and the 75th percentile. The whiskers represent 1.5 times the interquartile 

range (IQR), or the min/max values if no data surpass 1.5*IQR. n = 96 flies for DRA-

Dm8>TNT, n = 53 flies for rh32/L, and n = 64 flies for UAS-TNT. Pairwise Student’s t tests 

with Bonferroni multiple testing corrections. ***p<0.0005. 

For A–D and H–K, values were generated from an average over four days in DAM monitors. 
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Figure 3. Rh3 enhances circadian amplitude and sets the phase of the molecular clock  

RNA was extracted from whole-fly homogenates and each data point represents the mean 

from three independent RNA samples. Fold changes were calculated using the ∆∆CT method 

and were normalized to rp49 as well as to the trough of expression for each gene.  

(A–D) Circadian mRNA expression of core-clock genes in control (w+,w1118) and rh32/L flies.  

(A) Relative Clk RNA levels. 

(B) Relative Pdp1ε RNA levels. 

(C) Relative per RNA levels. 

(D) Relative tim RNA levels. 

(E) Image of a Drosophila brain superimposed with ovals showing the approximate positions 

of three groups of lateral pacemaker neurons. Scale bar, 50 µm. 

(F) Representative images showing Per expression in lateral pacemaker neurons pseudo-

colored to visualize pixel intensity. Scale bar, 20 µm. 

(G–I) Plots showing average Per expression (Per::mNeonGreen) in lateral pacemaker 

neurons of control (w+,w1118) and rh32/L mutants. The error bars indicate SEMs. Each unique 

letter (a, b and c) indicates that a group is significantly different (p ≤ 0.05) from groups 

labeled with other letters. Groups that share the same letters indicate that there are no 

significant differences between them.  

(G) Per expression in s-LNv neurons (ZT 0: n = 30 control; n = 15 rh3. ZT 4: n = 27 control; 

n = 27 rh3). 

(H) Per expression in LNd neurons (ZT 0: n = 20 control; n = 26. ZT 4: n = 38 control; n =  

38 rh3 ). 
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(I) Per expression in l-LNv neurons (ZT 0: n = 24 control; n = 10 rh3. ZT 4: n = 21 control; n 

= 38 rh3). 

For A–D, Error bars represent means ± SEMs. Statistical significance between each genotype 

was determined using two-way ANOVA (with factors of time and genotype) with Bonferroni 

multiple testing corrections. ** p<0.005. *** p<0.0005. For the G–I groups, the means were 

compared using two-way ANOVA examining the interaction between ZT and genotype, with 

means compared by Tukey HSD (honestly significant difference) test. 
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Figure 4. Loss of rh3 extends circadian periodicity 

(A) Periodograms for control (w+,w1118) and rh3 mutant flies receiving 4, 8, 12, or 16 hours 

of light on the day prior to being shifted to dark/dark (DD) conditions.  

(B) Relationship between periodicity and lights and lights off time with line passing through 

each group’s median. For the control: n = 27 flies for ZT 4, 65 flies for ZT 8, 272 flies for ZT 

12, and 30 flies for ZT 16. For rh3: n = 53 flies for ZT 4, 80 flies for ZT 8, 95 flies for ZT 

12, and 59 flies for ZT 16. Groups were compared via two-way ANOVA examining the 

interaction effect between the length of time the last light stimulus (4–16 hours) genotype. 

Group means were then compared via Tukey’s Honest Significant Difference test. Each 

unique letter (a, b and c) indicates that a group is significantly different (p ≤ 0.05) from 

groups labeled with other letters. Groups that share the same letters indicate that there are no 

significant differences between them. 

(C, D, E and F) Double-plotted, representative actograms showing circadian locomotor 

activity. Circadian time (CT) is a standard unit of time based on the endogenous free-running 

period of a rhythm. Zeitgeber time (ZT) is a unit of time based on the period of a zeitgeber, 

such as the 12 h:12 h light/dark cycle. The amplitudes indicate the relative proportion of time 

that the flies moved during each 30-minute bin. Flies were maintained under 12 h:12 h 

light/dark cycles (white and dark gray shading, respectively) for three days (C and D, lights 

off on ZT8 on the fourth day) or four days (E and F) , and then moved to constant darkness 

for seven days (light gray shading and dark gray shading indicate the subjective days and 

nights). Each row displays two days of activity. Because these are double-plots, the second 

day in a given row (on the right), is repeated on the following row (on the left). 

(C) Control (w+,w1118) actogram. 
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(D) rh32/L actogram. 

(E) Actogram showing UAS-TNT  flies. 

(F) Actogram showing flies expressing tetanus toxin under the control of DRA-Dm8-Gal4 

(DRA-Dm8>TNT) . 

(G) Chi-square periodograms showing free-running (constant darkness) periodicities for the 

control flies (UAS-TNT) and flies expressing tetanus toxin under control of the DRA-Dm8-

Gal4. Only rhythmic animals were included in the periodicity calculations (peak power with 

p<0.05). Above significance threshold indicates that the power had a p-value ≤0.05. 

(H) Box and whisker plots comparing the free-running periodicities of control flies (UAS-

TNT) and DRA-Dm8>TNT flies. The boxes display the median, the 25th percentile, and the 

75th percentile, with the whiskers representing 1.5 times the interquartile range.  

n = 223 flies for control flies, n = 174 for rh32/L, n = 64  for DRA-Dm8>TNT, and n = 32  for 

UAS-TNT. Student’s t-test  test. ***p<0.0005. 
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Figure 5. Circadian alignment restores the timing of behavior in rh3 flies  

(A) Sleep profiles exhibited by the control (w+,w1118, blue) and rh32/L flies (red) under a 12 

h:12 h (24 h) light/dark schedule. Profiles represent the average from four days of recordings. 

The dashed vertical line indicates midday.  

(B) Activity profile showing the average of four days of activity data for flies housed under a 

12 h:12 h light/dark cycle (24 h).  

(C) Sleep profiles of control (blue) and rh32/L flies (red) under a 14 h:14 h (28 h) light/dark 

schedule. Profiles represent the average from three days (84 hours) of recordings. The dashed 

vertical line indicates midday.  

(D) Activity profile showing three days (84 hours) of activity data for flies housed under a 14 

h:14 h (28 h) light/dark cycle. The Y-axis indicates the proportion of time the flies move in a 

30-minute bin.  

(E) Bivariate chronotype plot showing early-night sleep indexes, and siesta times from the 

midday using flies housed under either a 24-h or 28-h light/dark schedules. Statistical 

significance was determined using pairwise Student’s t-test with a Bonferroni multiple 

testing correction.  

(F) Early night activity indexes for flies maintained under either a 24-h or 28-h light/dark 

schedule. Statistical significance was determined using two-way ANOVA followed by a 

Tukey Honest Significant Difference test. Each unique letter (a, b and c) indicates that a 

group is significantly different (p ≤ 0.05) from groups labeled with other letters. 

(G) 28-h feeding profile using flies maintained under a 28-h LD schedule.  

(H) Nighttime feeding signals (measured using the FLIC assay) exhibited by control and 

rh32/L flies and compared using an unpaired Student’s t-test. ns, not significant. 
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(A—F), n = 80 for control (24 h), n =116 for control (28 h), n = 78 for rh32/L (24 h), and n = 

119 for rh32/L (28 h). For the feeding experiments (G, H), n = 17 for control and n = 27 for 

rh32/L. *** p<0.0005. 
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Figure 6: Circadian alignment can modify morning and evening chronotypes 

(A) Four-day average sleep profile of control (w1118) and perL flies housed under 12 h:12 h 

light/dark cycles. The dashed line indicates midday.  

(B) Four-day average movement profile of control (w1118) and perL flies housed under 12 h:12 

h light/dark cycles.  

(C) Four-day average sleep profile of control (w1118) and perL flies housed under 15 h:15 h 

light/dark cycles. The dashed line indicates midday.  

(D) Four-day average movement profile of control (w1118) and perL flies housed under 15 

h:15 h light/dark cycles.  

(E) Average sleep profile of control (w1118) and perS flies housed under 12 h:12 h light/dark 

cycles. The dashed line indicates midday. 

(F) Average sleep profile of control (w1118) and perS flies housed under 12 h:12 h light/dark 

cycles.  

(G) Average sleep profile of control (w1118) and perS flies housed under 9.5 h:9.5 h light/dark 

cycles. The dashed line indicates midday. 

(H) Average movement profile of control (w1118) and perS flies housed under 9.5 h:9.5 h 

light/dark cycles. 

n = 60—96 flies/genotype/condition. 
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Figure 7. Time restricted feeding restores a normal chronotype in the rh3 mutant 

(A) Sleep profile of control (w+,w1118) and rh3 mutants (rh3L) with ad libitum access to food. 

Sleep (Y-axis) corresponds to the proportion of time asleep in a 30-minute bin from one full 

day of video tracking.  

(B) Activity profile showing one full day recording the movement of flies with ad libitum 

access to food. Y-axis (distance) represents the average movement per fly in a 10-minute bin, 

assayed using video tracking.  

(C) Sleep profile of control (w+,w1118) and rh3 mutants (rh3L) with eight-hour restricted 

access to food. The 30-minute gaps beginning at ZT 2 and 10 are due to the introduction or 

removal of food, which temporarily interferes with video tracking, and causes movement 

artifacts. 

(D) Activity profile of control (w+,w1118) and rh3 mutants (rh3L) with eight-hour restricted 

access to food. The 10-minute gaps beginning at ZT 2 and 10 are due to the introduction or 

removal of food, which temporarily interferes with video tracking, and causes movement 

artifacts. 

(E) Bivariate chronotype plots indicating early-night sleep index vs. time of peak siesta for 

flies with either ad libitum access to food or eight-hour restricted access to food. See the 

STAR Methods for formulas for each parameter.  

(F) Early-night activity index for flies with either ad libitum feeding or eight-hour restricted 

access to food. Each unique letter (a, and b) indicates that a group is significantly different (p 

≤ 0.05) from the group labeled with the other letter.  

(G) Early-night activity (from ZT 12 to ZT 16) for control and rh3L flies with either ad 

libitum food access or eight-hour restricted access to food. Each unique letter (a and b) above 
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the box plots indicates that the group is significantly different (p ≤ 0.05) from the other 

group.  

(H) Total night activity (from ZT 12 to ZT 24) for control and rh3L mutants with either ad 

libitum access or eight-hour restricted access to food. Each unique letter above the box plots 

indicates that a group is significantly different (p ≤ 0.05) from other groups. 

n = 18—33 flies/genotype. The p values were calculated using a non-parametric Aligned 

Rank Transform ANOVA, comparing the factors genotype and diet. 
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Figure S1. Effect of opsins on chronotype  

(A) Sleep profiles of control (w+) or (w1118) and opsin mutant flies, separated by eye color. 

Each profile represents the average from four days of recording. Sleep (Y-axis) corresponds 

to the proportion of time asleep in a 30-minute bin. Shown are the results compiled from 81–

147 flies for each genotype. 

(B) Example bivariate chronotype plot showing the early-night sleep index and the time of 

the daytime siesta from control flies with red eyes. The arrows represent possible shifts 

towards a morning chronotype (i.e., an increase in early-night sleep index and a decrease in 

the time of the daytime siesta) or evening chronotype (i.e., a decrease in early-night sleep 

index and an increase in daytime siesta). The dots represent the means of both parameters 

and the error bars represent standard deviations. n = 148. 

(C) Chronotype plots showing opsin mutants with either red or white eyes. Note, only rh3 

mutants showed a significant, directionally consistent shift in both chronotype parameters, 

indicating a shift towards evening chronotype. n ≥ 3 biological replicates for each genotype. 

Each replicate included 25–32 flies.  

Statistical significance was determined using pair-wise Student’s t-tests with Bonferroni 

multiple testing corrections. ***p<0.0005. rh3 mutants showed directional changes for both 

parameters which is defined as an evening chronotype. A complete list of statistics is 

compiled in Supplementary Table S1.  

(D) Single-fly enclosure for video-based motion tracking. Flies were loaded into clear 

cuvettes with ad libitum access to a liquid 5% sucrose food source provided in a 5 μL 

capillary tube secured at the top of the cuvette. At the bottom of the cuvette is 1.5 mL of 
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1.5% agar. See STAR Methods for complete protocol detailing the motion-tracking 

approach. 

(E) Sleep profile of control (w+,w1118) and rh3 mutants (rh32/L) assayed using video-tracking. 

Sleep (Y-axis) corresponds to the proportion of time asleep in a 30-minute bin from one full 

day of recording.  

(F) Bivariate chronotype plots indicating early-night sleep index versus time of daytime 

siesta from video-tracking data. See methods for the formula for each parameter.  

n = 39–41 flies/genotype.  

(G) Model of sleep arousal behavioral arena. 

(H) Vibration stimulus protocol. Flies were exposed to three vibration stimuli (red) that each 

lasted for three seconds with increasing intensity (measured in acceleration, m/s2), with a two 

minute pause before adjacent stimuli. Fly arousal was recorded if a fly that was immobile 

prior to the vibration stimuli onset moved in the two minutes following the onset of a 

vibration (movement check, black line with arrows) 

(I) Sleep profile of control (w+,w1118) and rh3 mutants (rh32/L) in the first subjective day 

under constant darkness using the DAM system. 

(J) Quantification of timing to 10% of maximum siesta for control (w+,w1118) flies and rh3 

mutants in the first subjective day under constant darkness. 
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Figure S2. Effect of non-UV light sensors on chronotype 

(A) 24-h food-interaction profile (measured using FLIC assays) exhibited by rh32/L mutant 

flies expressing a wild-type rh3 transgene (UAS-rh3) under control of the rh3-Gal4 

(rh3>rh3). n = 21 for rh3-Gal4/+;rh32/L, n = 17 for UAS-rh3/+;rh32/L, and n = 26 for 

rh3>rh3;rh32/L.  

(B) Sleep profile (using the DAM system) of rh3>rh3 flies during the first subjective day 

under constant darkness. 

(C) Quantification of timing to 10% of the maximum siesta for rh3>rh3 flies during the first 

subjective day under constant darkness. ***p<0.0005. 

(D) Sleep profile of rh32/L flies expressing UAS-CsChrimson under control of the rh3-Gal4 

(rh3>CsChrimson;rh32/L). The flies were exposed to a 592 nm light during ZT 0–12. Each 

profile represents the average of four days of recordings. Sleep (Y axis) corresponds to the 

proportion of inactivity during each 30-minute bin. The dashed vertical line is placed at 

midday (ZT 6 under a 12 h:12 h light/dark cycle). n = 89 flies for rh3-Gal4/+;rh32/L and n = 

105 flies for rh3>CsChrimson;rh32/L. 

(E) Bivariate chronotype plots indicating early-night sleep index versus the time of the 

daytime siesta. n = 89 flies for rh3-Gal4/+;rh32/L and n = 105 flies for 

rh3>CsChrimson;rh32/L. 

(F) Activity profiles showing four days of activity data for flies housed under a 12 h:12 h 

light/dark cycle. Moving (Y axis) corresponds to the proportion of time the flies moved 

during each 30-minute bin. n = 89 flies for rh3-Gal4/+;rh32/L and n = 105 flies for 

rh3>CsChrimson;rh32/L. 
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(G) Reduction in the early-night activity index in rh32/L by light activation of CsChrimson in 

rh3-expressing photoreceptor cells. n = 89 flies for rh3-Gal4/+;rh32/L and n = 105 flies for 

rh3>CsChrimson;rh32/L. Unpaired Student’s t-tests. ***p<0.0005. 

(H) 24-h food-interaction profile (measured using FLIC assays) due to optogenetic rescue of 

rh3 using CsChrimson expressed in rh3-expressing photoreceptor cells. n = 25 for rh3-

Gal4/+;rh32/L and n = 29 for rh3>CsChrimson;rh32/L.  

(I) Night feeding signals in the rh32/L mutant that was activated by CsChrimson in rh3-

expressing photoreceptor cells. Mean ±SEMs. n = 25 for rh3-Gal4/+;rh32/L  and n = 29 for 

rh3>CsChrimson;rh32/L. Unpaired Student’s t-tests. *p <0.05.  

(J) Four-day average sleep profile (using DAM assays) showing flies ectopically expressing 

rh5 in place of rh3. 

(K) Bivariate chronotype plots indicating early-night sleep index versus time of daytime 

siesta. n = 29 flies for rh3-Gal4/+, n = 30 flies for rh3>rh5;rh32/L n=32 flies, and n = 32 flies 

for UAS-rh5/+;rh32/L flies. Student’s t-test with Bonferroni multiple testing correction. 

***p<0.0005.  
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Figure S3. Rh3 functions in photoreceptors to impact chronotype and sevenless 

locomotor data  

(A) Four-day average sleep profile of flies expressing UAS-rh3 or UAS-rh4 in R7 

photoreceptor cells in the rh32/L mutant using inaF-C-Gal4.   

(B) Bivariate chronotype plots indicating early-night sleep indexes versus times of the 

daytime siesta for flies shown in A. See STAR Methods for the formula for each parameter. 

Each parameter was compared using a Student’s unpaired t-test with a Bonferroni multiple 

testing correction. n = 32 flies for UAS-rh3/+;rh32/L; n = 32 flies for control, n = 30 flies  for 

inaF-C>rh4;rh32/L; n = 155 flies for inaF-C>rh3;rh32/L. ***p<0.0005.  

(C) Activity profiles showing four days of activity data for flies housed under a 12 h:12 h 

light/dark cycle. Moving (Y-axis) corresponds to the proportion of time moving in a 30-

minute bin.  

(D) Early-night activity index exhibited by rh32/L flies expressing UAS-rh3 or UAS-rh4 in R7 

photoreceptor cells under control of the inaF-C-Gal4 (inaF-C>rh3;rh32/L and inaF-

C>rh4;rh32/L, respectively). Means ± SEMs.  n = 29 flies for UAS-rh3;rh32/L; n = 30 flies for 

inaF-C>rh4;rh32/L; n = 155 flies for inaF-C>rh3;rh32/L. Each unique letter indicates that a 

group is significantly different (p ≤ 0.05) from other groups.  

(E) Activity profiles (using the DAM system) for inaF-C>rh3;rh32/L flies transitioning from 

a 12h:12h light:dark cycle (days 2.5–4) to constant darkness (day 4–5 is the first subjective 

day under constant darkness). 

(F) Quantification of time to 70% of the morning peak activity of the first subjective day 

under constant darkness.  
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(G) Four-day average sleep profile of flies with activated (NachBac) or inhibited (TNT) Dm8 

neurons. n = 52 flies for UAS-NachBac/+, n = 32 flies for Ort-C2b-Gal4/+, n = 62 flies for 

UAS-TNT/+, n = 124 flies for Ort-C2b>TNT, n = 32 flies for Ort-C2b>NachBac.  

(H) Bivariate chronotype plot for flies with activated or inhibited Dm8 neurons. See STAR 

Methods for the formula for each parameter. 

(I) Four-day average sleep profile exhibited by control (w+,w1118) and sevenless (sev14) 

mutant flies. n = 64 control flies and n = 31 sev14 mutants. 

(J) Bivariate chronotype plot for control (w+,w1118) and sevenless (sev14) mutant flies. See 

STAR Methods for the formula for each parameter. 
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Figure S4. Flies with a simultaneous loss of rh3 and rh4 display a normal chronotype, 

and phase shifting is not impaired in rh3 mutants  

(A) Four-day average sleep profile of control (w1118), rh32, rh41, and rh41,rh32 flies.  

(B) Bivariate chronotype plots for rh32, rh41, and rh41,rh32. n = 30 flies for rh32, n = 19 flies 

for rh41, n = 154 flies for rh41,rh32. Student's t-test with Bonferroni multiple testing 

correction. ***p<0.0005. 

(C) Activity phase plot of control (w+,w1118) and rh32/L mutants following a phase advance. 

The phase of activity was determined using the weighted mean of activity throughout the 

span of a day. Flies were maintained in a 12 h:12 h light/dark cycle for three days and 

allowed 12 hours of free running prior to an 8-h phase advance on day five.  

(D) Activity profile of control (w+,w1118) and rh32/L mutant flies following the phase advance 

shown in the phase map in (C). The Y axis corresponds to the average number of beam 

breaks per fly/minute in a 30-minute bin.  

(E) Activity phase plot of control (w+,w1118) and rh32/L mutants following a phase delay. The 

phase of activity was determined using the weighted mean of activity throughout the span of 

a day. Flies were maintained in a 12 h:12 h light/dark cycle for three days and allowed 12 

hours of free running prior to an 8-h phase delay on day five.  

(F) Activity profile of control (w+,w1118) and rh32/L mutant flies following the phase advance 

shown in the phase map in (E). Y axis corresponds to the average number of beam breaks per 

fly/minute in a 30-minute bin. n = 56—62 flies/genotype/condition. 
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Figure S5. Modification of the relative lengths of the light or dark phases does not 

suppress the evening chronotype in rh3 flies  

(A) Four-day average sleep profile from control (w+,w1118) and rh32/L flies housed under a 14 

h:10 h LD schedule.  

(B) Bivariate chronotype plot from flies housed under a 14 h:10 h LD schedule. Each 

parameter was compared using the Wilcoxon Rank Sum Test.  

(C) Four-day average activity profile of control (w+,w1118) and rh32/L flies housed under a 14 

h:10 h LD cycle.  

(D) Early-night activity index for flies under a 14 h:10 h LD cycle.  

(E) Four-day average sleep profile from control (w+,w1118) and rh32/L flies housed under a 10 

h:14 h LD schedule.  

(F) Bivariate chronotype plot from flies housed under a 10 h:14 h light/dark schedule. Each 

parameter was compared using the Wilcoxon Rank Sum Test.  

(G) Four-day average activity profile of control (w+,w1118) and rh32/L flies housed under a 10 

h:14 h light/dark cycle.  

(H) Early-night activity index for flies housed under a 10 h:14 h LD cycle.  

(I) Overlay of 24 h and 28 h sleep profiles exhibited by control (w+,w1118) and rh32/L flies, 

replotted from Figures 5A–5D with normalized ZTs.  

(J) Overlay of 24 h and 28 h activity profiles from control (w+,w1118) and rh32/L flies, 

replotted from Figure 5 with normalized ZTs.  

n = 56—64 flies/genotype/condition. *p <0.05. ***p<0.0005. 
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Figure S6. Rh3 functions in the R7 cells to regulate circadian periodicity 

(A—D) Double plotted, representative actograms using the indicated flies. The Y-axis 

corresponds to the proportion of time moving in a 30-minute bin. The flies were maintained 

under 12 h:12 h light/dark cycles for four days, then moved to constant darkness for seven 

days to calculate circadian periodicities.  

(A) Gal4 control (rh3-Gal4/+;rh32/L). 

(B) UAS control (UAS-rh3/+;rh32/L). 

(C) rh3 rescue (rh3>rh3;rh32/L).  

(D) Rescue of rh3 mutant phenotype by expression of UAS-rh3 in R7 cells (inaF-

C>rh3;rh32/L). 

(E) Chi-square periodogram showing free-running periodicities for the indicated flies. 

(F) Box and whisker plots comparing the periodicities for the indicated flies. The box plots 

display the median, 25th percentile, and 75th percentile. The whiskers indicate 1.5 x the 

interquartile range or the min/max values if no values surpass 1.5xIQR). 

(G) Periodograms for control (w1118), perS and perL mutant flies receiving 8, 12, or 16 hours 

of light on the day prior to being shifted to DD.  

(H) Relationship between periodicity and duration of last light stimulus before shifting to DD 

conditions. The lines pass through each group’s median. For the control: n = 64 

flies/genotype/condition. Groups were compared using two-way ANOVA examining the 

interaction effect between duration of last light stimulus and genotype. Group means were 

compared using Tukey Honest Significant Difference test. Each unique letter indicates that a 

group is significantly different from other groups. 
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Figure S7. Circadian alignment restores the phase of clock gene expression and 

chronotype in perS and perL mutants 

(A) Two-way interaction plot indicating the timing of the evening activity peak relative to 

lights off in control (w1118) and perL flies housed under a LD cycle with either a 24-h 

periodicity (12 h:12 h light/dark) or a 30-h periodicity (15 h:15 h light/dark). ***p<0.0005. 

(B) Two-way interaction plot indicating the timing of the evening activity peak relative to 

lights off exhibited by the control (w1118) and perS flies housed under a LD cycle with either a 

24 h periodicity (12 h:12 h light/dark) or a 19 h periodicity (9.5 h:9.5 h light/dark). 

***p<0.0005. 

(C) Relative timing of the evening activity peak in control (w1118) flies housed under a 

light/dark cycle with a 19-, 24-, or 30-hour periodicity. Statistical significance was 

determined using two-way ANOVA for S7A and S7B and one-way ANOVA for S7C. 

(D—E) Circadian mRNA expression of core-clock genes in control and rh3 mutant flies, 

housed under 14 h:14 h (28-h) light/dark cycles. The fold changes were calculated using the 

∆∆CT method and were normalized to rp49, as well as to the trough of expression for each 

gene. RNA was extracted from whole-fly homogenates and each data point represents the 

mean from three independent RNA samples. Error bars represent the mean ± SEM. Statistical 

significance between each genotype was determined using two-way ANOVA, with 

Benjamini-Hochberg multiple testing correction.  

*p<0.05. 

(D) Relative Clk mRNA levels. 

(E) Relative Pdp1ε mRNA levels. 

(F) Relative per mRNA levels. 
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(G) Relative tim mRNA levels. 

(H—K) Circular phase plots of peak core-clock mRNA expression from flies maintained 

under either a 24-h or 28-h LD cycle. Phase is normalized to the length of each light schedule 

to 1.0 to facilitate comparisons between 24-h and 28-h conditions (light period is from 0 to 

0.5 and the dark period is from 0.5 to 1.0). The mRNA expression peaks are indicated by 

either solid arrows (24 h periods) or dashed arrows (28 h periods) where blue represents 

control and red represents rh3 mutant. 

(H) Clk. 

(I) Pdp1ε. 

(J) per. 

(K) tim. 
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Supplemental Table S1. Summary of p-values from the rhodopsin mutant sleep screen  

Summary of the pairwise, two-tailed Student’s t-tests with Bonferroni multiple testing 

corrections, which were used to examine the effects of various rhodopsin mutations on 

chronotype. The parameter column refers to either the daytime siesta or Early Night Sleep 

Index chronotype parameter (see STAR Methods for calculations). The group 1 and group 2 

columns indicate the genotypes being compared, and the n1 and n2 columns refer to the 

number of animals included in each group. The p column displays the unadjusted p value and 

“p.adj” column displays the p value after a multiple testing correction. *p<0.05. **p<0.005. 

***p<0.0005. 
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METHODS 

Key resources table 

 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

mNeonGreen Tag Antibody Cell Signaling 

Technology 

Cat #53061 

mNeonGreen Tag (E8E3V) Rabbit mAb Cell Signaling 

Technology 

Cat #55074 

Goat anti-rabbit IgG Alexa Fluor 488 Thermo Fisher Scientific/ 
Invitrogen 

Cat #A-11008; 
RRID: AB_143165 

Chemicals, peptides, and recombinant proteins 

Sucrose Sigma-Aldrich Cat #S0389 

BD Bacto Dehydrated Agar BD Diagnostics Cat #214010 

UltraPure Agarose Thermo Fisher Scientific/ 
Invitrogen 

Cat #1650000 

LB Broth (Lennox) Sigma-Aldrich Cat #L7658 

Paraformaldehyde  

Electron Microscopy 

Sciences 
 

N/A 

Triton X-100 Sigma-Aldrich Cat #X100 

VECTASHIELD anti-fade mounting media Vector Labs Cat #H-1200 

Critical commercial assays 

Quick-RNA MiniPrep Kit Zymo Research  Cat #R1054 

iScript Reverse Transcription Supermix  Bio-Rad Cat #1708841 

LightCycler 480 SYBR Green I Master Roche Cat #04707516001 

Experimental models: Organisms/strains 

Drosophila: w1118 Bloomington Drosophila 

Stock Center (BDSC) 

Cat #BL5905 

Drosophila: Canton S Janelia Farm  

Drosophila: ninaEI17 BDSC Cat #BL5701 

Drosophila: rh3-Gal4 BDSC Cat #BL7457 

Drosophila: sev14; Ras85De1B/TM3, Sb1 BDSC Cat #BL5689 

Drosophila: perLong BDSC Cat #BL80918 

Drosophila: perShort BDSC Cat #BL80919 

Drosophila: DRA-Dm8-Gal4 BDSC Cat #BL48565 

Drosophila: UAS-TNT BDSC Cat #BL28838 

Drosophila: UAS-NachBac BDSC Cat #BL9469 

Drosophila: 20XUAS-CsChrimson BDSC Cat #BL55135 

Drosophila: Sco/Cyo;MKRS/TM6B BDSC Cat #BL3703 

Drosophila: rh41 Laboratory of C. Desplan N/A 

Drosophila: rh52 Laboratory of C. Desplan N/A 

Drosophila: rh61 Laboratory of C. Desplan N/A 

Drosophila: UAS-rh3 Laboratory of C. Desplan N/A 

Drosophila: UAS-rh4 Laboratory of C. Desplan N/A 

Drosophila: UAS-rh5 Laboratory of C. Desplan N/A 

Drosophila: Ort-C2b-Gal4 Laboratory of C.-H. Lee N/A 
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Drosophila: per::mNeonGreen Laboratory of S. 

Yadlapalli 

N/A 

Drosophila: rh21 Laboratory of C. Montell N/A 

Drosophila: rh22 Laboratory of C. Montell N/A 

Drosophila: rh32 Laboratory of C. Montell N/A 

Drosophila: rh3L This paper N/A 

Drosophila: rh4L Laboratory of C. Montell N/A 

Drosophila: rh5L Laboratory of C. Montell Cat #BL91221 

Drosophila: rh6G Laboratory of C. Montell Cat #BL66672 

Drosophila: rh71 Laboratory of C. Montell Cat #BL76022 

Drosophila: rh7L Laboratory of C. Montell N/A 

Drosophila: inaF-C-Gal4 Laboratory of C. Montell N/A 

Drosophila: FM7a;;TM3, Sb1/TM6B, Tb1 Laboratory of C. Montell N/A 

Oligonucleotides 

guide RNA1 primer sequences to target rh3 gene: 

rh3_gRNA_up_FOR: 

CTTCGCGTTACCGGACTCCATGCTC 
rh3_gRNA_up_REV: 

AAACGAGCATGGAGTCCGGTAACGC 

This paper N/A 

guide RNA2 primer sequences to target rh3 gene: 

rh3_gRNA_down_FOR: 

CTTCGTTGATGACCAGTATATTGGA 

rh3_gRNA_down_REV: 

AAACTCCAATATACTGGTCATCAAC 

This paper N/A 

rh3 upstream homolog arm primer sequences: 

rh3LexAupstream_FOR: 

GAAAAGTGCCACCTGACGTCGTTGTCGGCTTTGCCG

GG 

rh3LexAupstream_REV: 

CATTTTGATTGCTAGCGCTCCGGTCTGCGGG 

This paper N/A 

rh3 downstream homolog arm primer sequences: 
rh3LexAdownstream_FOR: 

CTAGGCGCGCCCATATGACTGGCTAACTTACCCGGA

G 

rh3LexAdownstream_REV: 

GACAAGCCGAACATATGCGAGTTCGTTGCCGTTTCA

GT 

This paper N/A 

rh32 genotyping primer sequences: 

rh32_F: TACTGCAACCCAAAATGGTCACTGC 

rh32_R: CGATTCCACGTTCATCTTCTTGGCC 

This paper N/A 

rh3LexA genotyping primer sequences: 

rh3LexA_F: AACCTTCGAAAGAGAACCAACACAA 

rh3LexA_R: CAGTGGCAGGCCCTCTTCCT 

This paper N/A 

perLogn genotyping primer sequences: 

perL _FOR: TCGACAAGACCTGGGAGGCAGG 

perL _REV: GATCGGAGTGGCGCAGATGACG 

This paper N/A 

rp49 RT-qPCR primer sequences: 
Forward GACGCTTCAAGGGACAGTATCTG 

Reverse AAACGCGGTTCTGCATGAG 

136 N/A 

Clk RT-qPCR primer sequences: 

Forward GCAGGAAATCGCGTAATCTCA 

Reverse ATCGGTGGCCTCATTATGATTTT 

137 N/A 



78 
 

Pdp1ε RT-qPCR primer sequences: 

Forward AGGATCATCGGGAACCATGGACAA 

Reverse TGCCCGAATCATTGCTGCTAACAC 

This paper N/A 

per RT-qPCR primer sequences: 

Forward TGACCGAATCCCTGCTCAAT 

Reverse CTTTTTATCCCGTGGCCTGG 

137 N/A 

tim RT-qPCR primer sequences: 

Forward CACTTCCGCAACAACAGAGT 
Reverse ACTCCGCAGGGTCAGTTTAA 

137 N/A 

Recombinant DNA 

pU6-BbsI-ChiRNA  Addgene Plasmid 

#45946 

pBPLexA::p65Uw  Addgene Plasmid 

#26231 

Software and algorithms 

R (version 4.1.0)  https://www.r-

project.org/ 

MATLAB (version 2021b)  https://www.mathwo

rks.com/products/mat

lab.html 

MATLAB code  https://github.com/Cr

aig-Montell-Lab/Li-

and-Meyerhof-et-al.-
2023 

Other 

Drosophila Activity Monitoring System (DAM2) TriKinetics N/A 

Drosophila Feeding Monitor (DFM) 57 N/A 

Glass capillaries VWR International Cat #53432-706 

Real UV LED light strips (365nm, 1m) waveform lighting Cat #PN 7021.65 

CENTRIC DAYLIGHT LED Strip Lights for Commercial & 

Retail 5000K 

waveform lighting Cat #PN 3004.50 

SimpleColor Amber LED Strip Lights waveform lighting Cat #PN 7041.592 

 

 

Generation of rh3LexA flies 

To generate the rh3LexA (rh3L) flies, we excised nucleotides 1-136 starting from the 

initiation codon of rh3, and inserted the lexA gene using CRISPR-HDR. We chose two guide 

RNAs that target the initiation codon the (5’ end) and 136 base pairs downstream (3’ end) 

using the CRISPR Optimal Target Finder: https://flycrispr.org/target-finder/. We annealed 

the following oligonucleotides to form two primer dimers. Each of the two primer dimers 

were cloned into the BbsI site of pU6-BbsI-ChiRNA (Addgene #45946) to generate two 

guide RNA expression plasmids: pU6-BbsI-ChiRNA-rh3_up and pU6-BbsI-ChiRNA-

rh3_down. 

rh3_gRNA_up_FOR: CTTCGCGTTACCGGACTCCATGCTC 

rh3_gRNA_up_REV: AAACGAGCATGGAGTCCGGTAACGC 

rh3_gRNA_down_FOR: CTTCGTTGATGACCAGTATATTGGA 

rh3_gRNA_down_REV: AAACTCCAATATACTGGTCATCAAC 

We amplified the rh3 upstream (1.0 kb) and downstream (1.1 kb) homology arms using the 

https://flycrispr.org/target-finder/
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following primers: 

rh3LexAupstream_FOR: GAAAAGTGCCACCTGACGTCGTTGTCGGCTTTGCCGGG 

rh3LexAupstream_REV: CATTTTGATTGCTAGCGCTCCGGTCTGCGGG 

rh3LexAdownstream_FOR: CTAGGCGCGCCCATATGACTGGCTAACTTACCCGGAG 

rh3LexAdownstream_REV: GACAAGCCGAACATATGCGAGTTCGTTGCCGTTTCAGT 

We used the In-Fusion ® HD Cloning Plus (Takara #638910) to insert the upstream and 

downstream homology arms into the AatII and NdeI sites of pBPLexA::p65Uw (Addgene 

#26231), respectively, creating the pBPLexA::p65Uw-rh3_uparm+downarm plasmid that 

carries both of the homolog arms. All three plasmids were injected into the BDSC #55821 

strain, which provided the source of the Cas9 (Bestgene Inc.)   

Primers used for genotyping: 

rh32_F: TACTGCAACCCAAAATGGTCACTGC 

rh32_R: CGATTCCACGTTCATCTTCTTGGCC 

rh3LexA_F: AACCTTCGAAAGAGAACCAACACAA 

rh3LexA_R: CAGTGGCAGGCCCTCTTCCT 

To rule out the possibility that rh3 mutants’ dramatically-extended periodicity resulted 

from them harboring the perL allele, we sequenced a portion of their per gene using the 

following primers: perL _FOR: TCGACAAGACCTGGGAGGCAGG and perL _REV: 

GATCGGAGTGGCGCAGATGACG. We found that our wild-type control (w+,w1118), rh32, 

and rh3L stocks encoded a valine at amino acid position 243 in the per gene, while our perL 

stock contained a missense mutation (T>A), which changed valine to aspartic acid.  

 

Sleep and locomotor behavioral assays 

Flies were raised under 12 h:12 h light/dark cycles at 25 °C in vials with standard 

molasses-yeast cornmeal food. To measure sleep, 3–7 day-old female flies were individually 

loaded into clear glass tubes containing 5% sucrose and 1–2% agarose as the food source. 

Activity was monitored using the Drosophila Activity Monitoring System (DAM; 

TriKinetics).138 After the flies were loaded into the tubes for the DAM assays, they were 

allowed to acclimate for 24 hours prior to recording their activity. Locomotor and sleep 

assays were performed for ≥4 days, and then the average sleep profile was calculated for 

each fly. Sleep was scored as ≥5 consecutive minutes of inactivity, as reported previously49 

using the Rethomics software package in R.139 In these assays, flies were housed under full 

spectrum white lights with an additional UVA light source (Waveform Lighting; 850 lux) at 

25 °C, unless indicated otherwise. For the optogenetic experiments, a red-orange LED light 

(592 nm; 350 lux; Waveform) was used.  

 

Ramping light conditions 

For ramping light experiments, an Arduino UNO (Elgoo) controlled by custom Matlab 

code applied a gradually increasing voltage to a MOSFET transistor gating the power to UV 

and RGB  LED lights, which increased their intensity during the first half of  the day and 

decreased their intensity during the second half. In these experiments, the light intensity 

followed a sinusoidal wave, with the peak intensity in the middle of the day (ZT 6; 550 lux). 
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Chronotype analysis 

To assay chronotype, two features of sleep were scored for each fly: the timing of the 

daytime siesta and the early-night sleep index (ENSI). To determine the time of the daytime 

siesta, we fit a line to the daytime sleep profile of each fly using a generalized additive model 

via the GAM function (mgcv package; version 1.20.1) in R. This served to smooth the sleep 

profile of each fly and reduce noise. The daytime siesta for each fly was scored as the time at 

which the best fit line was at its peak. For instances in which more than one identical peak 

were found, the timing of the first peak was taken as the daytime siesta. To calculate the 

ENSI during 12 h:12 h light/dark cycles, each fly’s total sleep during the first 4 h after lights 

off was divided by the total amount of sleep during the first 11.5 h out of the 12 h dark period 

(sleep during ZT 12—16/sleep during ZT 12—24). ENSI parameters were scaled accordingly 

for varying LD cycles (e.g., for a 14 h:14 h light/dark cycle, ENSI was calculated as sleep 

during ZT 14—18.5/sleep during ZT 14—28.)  

 

Free-running periodicity 

Circadian periodicity experiments were performed at 25 °C using the DAM system with 

conditions identical to the sleep assay. First, flies were entrained to 12 h:12 h light/dark 

cycles for 4 days, and then shifted to constant darkness (DD) for ≥6 days to measure the 

periodicities. The free-running periodicities under DD cycles were calculated using the chi-

squared method using the Rethomics R software package. Dead or sick flies (i.e. flies with 

<14 beam breaks per day) and arrhythmic flies (chi-square p value >0.05) were excluded 

from the periodicity calculations.  

 

Fly Liquid Interaction Counter (FLIC) assays 

To quantify feeding behavior over time, we used the Fly Liquid Interaction Counter assay 

(FLIC), which automatically counts interactions between flies and the food.57 To perform this 

assay, single flies were aspirated into individual arenas in the Drosophila feeding monitor 

(DFM) providing them ad libitum access to a 5% sucrose (Sigma) solution. The flies were 

allowed to habituate to the DFM for 16–20 h, and then interaction events between the 

proboscises and the food were recorded for 24 h. To identify food-interaction signals from 

background noise, we wrote a custom script in Matlab (version 2021b). Briefly, we first fit a 

smoothing line to the raw DFM signal for each well using a second order Savitzky-Golay 

filter with a frame length of 2001 readings, which corresponds to ~6 seconds of signal. We 

then used the difference between this best fit line and the raw DFM signal to eliminate signal 

drift over the 24 h recording period. Food-interaction events complete an electrical circuit in 

the DFM, which results in an acute spike in voltage that is then converted into a digital signal 

read by a microcontroller. We scored food-interaction events as signal spikes that were >40 

AU, as described previously.59 To exclude dead or sick flies, we did not include wells with 

<50 food interaction events in our analyses. We also excluded wells whose signal was out of 

the detectable range for >2 minutes. The daily feeding plots were generated by calculating a 

rolling 30-min average of food interaction events for the population of flies tested.  
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Time restricted food assays 

For time-restricted feeding experiments, we used real-time video tracking to monitor the 

sleep and activity of individually housed flies with access to a 5% sucrose solution contained 

in a 5 µL capillary tube (video tracking described in greater detail below). Flies had ad 

libitum access to a 1.5% agar solution at the bottom of their enclosure to prevent desiccation, 

and were allowed to habituate to their enclosure for 16–20 hours prior to the start of the 

recording. To maintain an eight-hour feeding window, we manually inserted or removed the 

capillary tube from each fly enclosure at ZT 2 and 10, respectively. Exchanging capillary 

tubes produced temporary artifacts in video tracking. To remove these artifacts, we censored 

the data of activity bins (10 min) and sleep bins (30 min) that fell within the timing of the 

capillary tube exchange. Censored activity and sleep bins account for the gaps in data present 

in Figures 7C and 7D. Time-restricted feeding experiments lasted for 48-hours, and the 

second day of data is shown in Figure 7.  

  

Clock gene expression in peripheral tissue assayed by real-time quantitative PCR 

We quantified the mRNA expression of Clk, per, tim and Pdp1ε from whole flies by real 

time quantitative PCR (RT-qPCR). To prepare RNA, we collected flies at four-hour intervals 

over a span of either 24 or 28 hours and flash-froze them on dry ice. We extracted mRNA 

from whole-fly homogenates using Quick-RNA miniprep kits (ZYMO Research #R1054), 

and prepared cDNA using iScript Reverse Transcription Supermix kits (BIO-RAD 

#1708840) with 1 μg of mRNA for each reaction. To perform the RT-qPCR, we amplified 

the cDNAs for 39 cycles (95 °C, 10 sec; 55 °C, 30 sec; 72 °C, 30 sec) using LightCycler 480 

SYBR Green I Master (Roche #04707516001). The fold changes in mRNA expression were 

quantified via the delta delta CT method, with each sample normalized to the rp49 gene and 

to the daily nadir of expression. RT-qPCR experiments were performed with the following 

primers:  

rp49 forward: GACGCTTCAAGGGACAGTATCTG  

rp49 reverse: AAACGCGGTTCTGCATGAG 

Clk forward: GCAGGAAATCGCGTAATCTCA 

Clk reverse: ATCGGTGGCCTCATTATGATTTT 

Pdp1ε forward: AGGATCATCGGGAACCATGGACAA 

Pdp1ε reverse: TGCCCGAATCATTGCTGCTAACAC 

per forward: TGACCGAATCCCTGCTCAAT 

per reverse: CTTTTTATCCCGTGGCCTGG 

tim forward: CACTTCCGCAACAACAGAGT 

tim reverse: ACTCCGCAGGGTCAGTTTAA. 

 

Immunostaining 

Drosophila heads from 5–7-day-old adults were fixed in 4% paraformaldehyde in PBS 

for 20 min at room temperature prior to brain dissections. Samples were then washed in 

PBST (PBS + 0.1% Triton X-100; 10 min) and blocked with 5% normal goat serum (MP 

Biomedicals) for 1 hour at room temperature. Next, primary antibodies were added to the 

blocking buffer for an overnight incubation at 4°C. The samples were washed with PBST (20 

min, 3 times) and then incubated with the secondary antibodies in blocking buffer for 2 hours 
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at room temperature in the dark. The following primary and secondary antibodies were used 

at the indicated dilutions: mNeonGreen Tag #53061 and #55074 (1:500; Cell Signaling), 

AlexaFluor 488 goat anti-rabbit IgG (1:200; Thermo Fisher Scientific). After a final PBST 

wash (10 min, 3 times), the samples were mounted using Vectashield (Vector Laboratory, H-

1000) and a coverslip was secured with nail polish.  

The samples were imaged using a Zeiss LSM 900 confocal laser scanning microscope 

using a 40x/1.3 Plan-Apochromat oil DIC objective. Images were processed using the 

following protocol in ImageJ: A rolling-ball background subtraction (radius 50 pixels) was 

applied to each Z-stack slice containing fluorescent signal from the lateral pacemaker 

neurons. The average pixel intensity from each neuron was manually scored from a 

maximum intensity projection. A custom script in MATLAB (version 2021b) was used to 

generate heatmaps from max intensity projections (Figures 3F), where images in each panel 

were normalized to the maximum pixel intensity and then mapped to a custom color palette.  

 

Video tracking for motion detection and sleep  

Due to the limited spatial resolution provided by the DAM system, we developed custom 

motion tracking software with the Computer Vision Toolbox in MATLAB (version 2021b), 

using a similar approach to what has been described previously.140,141 For these experiments, 

flies were individually housed in clear plastic cuvettes (Thomas Scientific #111137) with 1 

mL of 1.5% agarose added to the bottom. We provided the flies with access to a 5% sucrose 

solution contained in a 5 μL capillary tube (VWR #53432-706) that was fitted to the top of 

the cuvette. Flies were transferred to the cuvette via a mouth pipette and allowed to acclimate 

for 16–20 hours prior to the start of the experiment. Flies were illuminated using an 850 nm 

LED infrared light (Waveform #7031), which was placed behind a white acrylic backdrop. 

Motion was detected in real time using an ELP 2MP webcam, with the infrared filter 

removed and affixed with an infrared pass filter (Heliopan 850 nm), recording at ~4 

frames/sec with a resolution of 1280 x 720 pixels. The webcam was placed 11.5 cm from the 

backdrop, and the recording lasted for 24–48 hours.  

We implemented the following algorithm to track motion (Figure S1D-S1F). We created 

a dynamic background model by taking the average pixel value from 30 consecutive frames. 

To reduce noise, each frame was blurred using a Gaussian filter with a standard deviation 

cutoff of two. Then a test frame was captured, blurred, and subtracted from the background 

model. Regions with absolute changes in pixel values of ≥5 were considered as possible 

indications of fly movement. To isolate fly movement, we only considered movement with 

an area of at least 10 pixels2 (roughly the size of a fly) that occurred within the cuvette where 

the fly was housed. The test frame was then added to the background model and this process 

repeated for the duration of the recording. 

 

Circadian arousal threshold  

 In order to test the arousal threshold of flies, we 3D printed a custom behavioral arena 

that individually housed 30 flies, with each in a 45 mm x 6 mm x 6 mm enclosure, where 

they had ad libitum access to a food source consisting 1.5% agarose and 5% sucrose (Figure 

S1G). Once every two hours, flies were subjected to three vibration stimuli that gradually 

increased in intensity (Figure S1H). Each stimulus was applied for three seconds followed by 
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a two-minute pause in which fly movement was assessed. The vibration stimuli were 

delivered by four, 14 mm shaftless vibration motors affixed to each corner of the behavioral 

arena. The motors were wired in parallel to an Arduino Uno (Elgoo) which was controlled by 

custom Matlab software to modulate both the timing and intensity of the vibration stimulus. 

Arousal to a given stimulus was assigned if an animal was immobile before the start of the 

stimulus and moved within two minutes of the start of the stimulus. Fly movement was 

tracked using an identical approach to the one described above. 

 

Estimate of percentage of Rh3-expressing R7 cells in each compound eye 

Each ommatidium includes eight photoreceptor cells, six of which (R1-6) extend the full 

depth of the retina. The remaining two photoreceptor cells (R7 and R8) occupy only the 

distal and proximal region of the retina, respectively. Thus, relative to the R1-6 cells, the R7 

and R8 cells can be counted as 0.5 photoreceptor cells each. Therefore, there are seven 

photoreceptor cell equivalents and the R1-6 cells comprise ~86% (6/7) of the photoreceptor 

cell equivalents. The R7 cells constitute ~7.1% (0.5/7) of the photoreceptors per ommatidia. 

Since only ~30% of the R7 cells express rh3 36, then only ~2.1% of all of the photoreceptor 

cells in each compound eye corresponds to the rh3-expressing cells. The rhodopsins and 

other phototransduction proteins are concentrated in the microvillar structure of the 

photoreceptor cells—the rhabdomeres. Since the diameters of the R7 cell rhabdomeres (~1 

μm) are smaller than the R1-6 rhabdomeres (~1.5 μm), then the rh3-expressing R7 cells 

include only ~1% of the total surface area of the rhabdomeres in each ommatidium. 

To estimate the number of DRA ommatidia, we counted the numbers from two 

publications that labeled these ommatidia, and tabulated 42 103 and 47 142 to arrive at an 

estimate of 45 DRA ommatidia. Since the R7 cells constitute  ~7.1% (0.5/7) of the 

photoreceptors per ommatidia (see above), and ~5.6% of the ommatidia are in the DRA, we 

estimate that ~0.4% (0.071 x 0.056 x 100) of the R7 photoreceptor cells are in the DRA. All 

of the R7 cells in the DRA express Rh3. Since the diameter of the R7 cells in the DRA are 

the same as the outer photoreceptor cells,142 no further calculations need to be made to 

account for the smaller rhabdomere diameter of the R7 cells in the DRA. 

 

Quantification and statistical analysis 

To analyze sleep behavior, ≥3 independent cohorts of 20–32 flies/genotype/condition 

were tested, and the sleep parameters of individual flies were quantified independently. The 

numbers of flies tested (n) were all biological replicates. The (n)s are indicated in all figure 

legends. Statistics were generated using R (version 4.1.0).  

For quantification of mRNA expression based on RT-qPCR, 3 independent RNA 

extractions were performed on 12–15 flies/genotype/condition and were then compared via 

two-way ANOVA to test the effect of time and genotype on the fold change in expression. 

To compare differences in expression at each time point between or among genotypes, we 

used unpaired, two-tailed Student’s t-tests with a Bonferroni multiple testing correction.  

The statistical methods for comparing chronotype, ENSI, and ENAI are indicated in the 

figure legends. For groups with normally distributed data, we used a one-way ANOVA for 

comparison among multiple groups, followed by a pair-wise, unpaired, Student’s two-tailed 

t-test with a Bonferroni multiple testing correction.  
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For behavioral data with a non-normal distribution, and with multiple factors (e.g., 

genotype and diet) we used an Aligned Rank ANOVA followed by a post-hoc test with a 

Benjamini-Hochberg multiple testing correction from the ARTool R library.143 Error bars are 

defined in the corresponding figure legends.  

Box plots were generated in R using the ggplot2 graphing package, and display the 

median, 25th percentile, and 75th percentile. The whiskers indicate 1.5 x the interquartile 

range or the min/max values if no values surpass 1.5xIQR). * p<0.05, ** p<0.01, and *** 

p<0.001. 

Unique letters used in Figures 3G–3I, 4B, 5F, 7F–7H, S3D and S6H indicate that a group 

is significantly different from groups labeled with other letters, p ≤ 0.05. Groups that share 

the same letters indicate that there are no significant differences between them. (e.g., two 

groups labeled with “a” are not significantly different from one another but are different from 

groups labeled “b” or “c” etc.)  

 

 

 

 

II. ACID TASTE IN MOSQUITOES 

 

INTRODUCTION 

The threat of Aedes aegypti 

The mosquitoes, Aedes aegypti, are originally from Africa, however, due to the effects of 

global warming, increased international travel, and population growth, they have expanded 

their range to many parts of the world with access to water. 144-146 The hematophagous 

behavior of female mosquitoes poses a serious threat to global public health, as they can act 

as vectors for various infectious diseases including dengue, yellow fever and Zika through 

their blood-feeding processes. Because of their ability to spread deadly diseases, Aedes 

aegypti mosquitoes are among the most dangerous animals in the world. They are responsible 

for over 1 million deaths every year and put about 3.9 billion people in 128 countries at 
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risk.147,148 In October 2020, Santa Barbara County reported its first detection of Aedes 

aegypti invasion. The peril presented by mosquitoes continues to draw nearer to our daily 

lives. Thus, it is critically important to study how their biology relates to disease 

transmission, how they develop resistance to insecticides at the molecular level, and how to 

design and implement genetic methods to control them. 

 

Acid taste in mosquitoes 

Generally, mosquitoes detect and locate humans using multiple sensory cues such as CO2, 

heat, vision, humidity and human odors.149-155 However, after landing on a host, mosquitoes 

will employ their taste organs such as proboscis and tarsi for gustatory discrimination which 

is essential for their decisions to initiate a bite or not. Mosquitoes are able to make feeding 

decisions after evaluating the components of a food option.156 For example, the existence of 

DEET on human skin is significantly aversive to mosquitoes,157 thus, it has been used as one 

of the most effective repellants for mosquitoes.158 Sweat plays a crucial role in the allure of 

vertebrates to mosquitoes, and human sweat has a unique chemical composition that explains 

why some mosquitoes prefer humans over other animals.159,160 L-Lactic acid is one of the 

main components in human sweat and there was a positive correlation between the amount of 

lactic acid found on a person’s hand and the number of mosquito bites.161 Previous research 

has evidentially proved that the odor of carboxylic acids including lactic acid is attractive to 

mosquitoes.162 Yet, little is known about mosquitoes’ taste preferences for lactic acid.  

In addition, acid is not only a key signal for mosquitoes’ blood feeding behavior, but also a 

common ingredient found in nectar that can have a range of pH from 2 to 8. All male 

mosquitoes and most female mosquitoes (except when they have fed on blood or are carrying 
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eggs) get their main energy from plant sugars like nectar, damaged fruits and honeydew 

during their adult life.163 However, mosquitoes’ taste preferences for these acids are still 

poorly understood. 

In this research, we examined the taste preferences of mated female mosquitoes for various 

acids including lactic acid, propionic acid, acetic acid, citric acid, glycolic acid and tartaric 

acid. We found that mated female mosquitoes were attractive to lower concentration of these 

acid while aversive to high concentrations. And this is potentially due to their preferences for 

different pH of food. 

 

RESULTS 

Acid taste in blood feeding 

Lactic acid is one of the key components in human body fluid. Previous research has shown 

that mosquitoes are attractive to the odor of lactic acid.162 However, very little is known 

about mosquitoes’ taste preference for lactic acid. To test the lactic acid preferences of Aedes 

aegypti, we performed two-way choice taste assays to compare their preferences for lactic 

acid plus sucrose versus sucrose only. Surprisingly, we found that mosquitoes were attractive 

to 0.001mM lactic acid but aversive to high concentrations of lactic acid. (Fig.1A) However, 

previous research has shown that the concentration of lactate on human skin has a range of 

20-60mM. Thus, we propose that the aversion to high concentration of lactic acid could be 

due to their aversion to low pH food. To test this hypothesis, we first performed two-way 

choice taste assays to examine their preference for different concentrations of lactate. We 

adjusted the pH of the solutions with varying amounts of lactate to make them have the same 

pH in these assays. And we found that the mosquitoes showed attraction to high 
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concentrations of lactate which is similar to the concentration on human skin. (Fig. 1B) Next, 

to further test whether their aversion to high concentration of lactic acid is due to aversion to 

low pH food, we performed two-way choice assays with different concentrations of HCl. 

Indeed, we found that mosquitoes were aversive to food that has a pH lower than around 3. 

(Fig.2) 

In addition, we next tested mosquitoes’ preferences for more acids that exist in human body 

fluid including propionic acid and acetic acid. We found that mosquitoes are also attractive to 

0.001mM propionic acid and aversive to high concentrations of both propionic acid and 

acetic acid. (Fig.3) In conclusion, mosquitoes could have a general aversion to low pH food 

but attractive to high concentrations of lactate. We will further test if they are attractive to the 

carboxylic bones of propionic acid and acetic acid when in solutions that have pH values 

similar to human sweat. 

 

 

Acid taste in nectar feeding 

Various acids have been found commonly in food resources like nectar and fruit juice that 

mosquitoes feed which they need to evaluate whether it is beneficial or dangerous. 

Previously we found that mosquitoes have different preferences towards different pH (Fig. 

2). Next, we examined their taste preferences for other acids that can be found in plants. To 

test this, we performed two-way choice assays using different concentrations of citric acid, 

glycolic acid or tartaric acid. We found that mated female mosquitoes were aversive to 

higher concentrations of citric acid and glycolic acid. Interestingly, mosquitoes were 

attractive to 0.001mM tartaric acid but neutral to higher concentrations of tartaric acid until 1 
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mM which they were robustly aversive to. This might be because the ability to exchange 

protons varies depending on the backbone of the molecule. Thus, the future direction of this 

study would be testing mosquitoes’ taste preferences for the carboxylic bones of these acids. 

DISCUSSION 

In this research, we found that mosquitoes are aversive to higher concentrations of carboxylic 

acids, which is potentially due to their aversion to low pH food. Additionally, mosquitoes are 

attractive to higher concentrations of lactate which is similar to the level of human skin. 

 

Generally, the taste receptor cells detect acids and transduces the sour taste signal through 

ion channels. Previously, Otop1, which is a proton-selective ion channel, has been found to 

be required for acid taste in mice.164 The homolog of Otop1 in Drosophila, OtopLA, is also 

found to be important for acid preferences in Drosophila.165 Thus, our next step for this 

research is to look at the Otop gene in mosquitoes. There are five isoforms of Otop in 

mosquitoes, among which OtopA has the highest homology to OtopLA (81%). Additionally, 

AeOtopA, among all five isoforms of Otop in mosquitoes has the highest expression in the 

proboscis.166 Thus, we will generate null mutants of AeOtopA in Aedes aegypti and examine 

whether they have a defect in acid taste preferences. Acids are detected by the taste receptor 

cells. We can study how responsive taste neurons are by measuring their electrical activity 

through electrophysiological recording. Thus, we will examine which sensilla on mosquito 

proboscis is required for acid detection in mosquitoes. 

 

METHODS 

Mosquito rearing 
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The mosquitoes used in this study are WT-Liverpool (Dr. Omar Akbari’s lab). Mosquitoes 

were reared and assayed in chambers at 28°C and 80% humidity under 12h light/12h dark 

cycles. Eggs are hatched in tanks with RO water with fish food added daily. Mosquito larvae 

were screened under fluorescent microscope to make sure there was no contamination. Pupae 

were collected into plastic cups and placed in cages with 10% sucrose solution bottles with 

wicks. Mosquitoes that were 7-10 days old after eclosion were used for behavior assays. 

Sheep blood was used for blood feeding and mosquito expansion. 

 

Two-way choice feeding assay 

55-60 mosquitoes (aged to 7-10 days) per cage were starved with RO water for 48 hours 

(female) or 24 hours (males). 96-well plates that contained acid/dye mixtures were put in the 

cages to allow mosquitoes to feed for 3 hours in the evening. The preference index (PI) was 

calculated according to the following equation: (Nred-Nblue)/(Nred+Nblue+Npurple). We 

determined the concentrations of the red (Sulforhodamine B; Sigma-Aldrich) and blue 

(Brilliant Blue FCF; Wako Chemical) food dyes that had no significant effect on food 

selection by assaying the preference of control mosquitoes to each dye with 20 mM sucrose. 

Once the concentrations were established that lead to indifference between the two food 

colorings, different concentrations of different acids or lactate were added in 20mM sucrose 

solutions to compare with 20mM sucrose only solutions. Sulforhodamine B and Brilliant 

Blue dyes were switched between test and control solutions for every assay. A PI = 1.0 and 

−1.0 indicate complete preference for food with sucrose-only and sucrose plus acid or lactate, 

respectively. A PI = 0 indicated no preference for either food. Trials in which < 40% of the 

mosquitoes participated were discarded. 



90 
 

 

ACKNOWLEDGEMENT 

Thanks to Ramandeep Singh and Yiqin Shen for helping with the behavior assays. 

 

FIGURES 

          

Fig.1 Aedes aegypti is aversive to high concentration of lactic acid but prefers higher 

concentration of lactate. A. Preference index for lactic acid. B. Preference index for lactate. 
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Fig.2 Aedes aegypti is aversive to low pH food. A. females. B. males. 
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Fig.3 Aedes aegypti is aversive to high concentration of propionic acid and acetic acid. A. 

Preference index for propionic acid. B. Preference index for acetic acid. 
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Fig.4 Aedes aegypti is aversive to high concentration of citric acid, glycolic acid and tartaric 

acid. A. Preference index for citric acid. B. Preference index for glycolic acid. C. Preference 

index for tartaric acid. 
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III. MECHANOSENSORY IN MOSQUITOES 

 

INTRODUCTION 

Mechanosensory in mosquitoes 

Mechanical forces are behind many common environmental stimuli, such as a gust of wind 

follows the subway’s swift exit or the touching of a dinosaur egg from 72 million years ago 

in the American Natural History Museum. All living things share the ability to turn these 

mechanical changes into electrochemical signals.167 Mechanosensation enables animals to 

sense and react to mechanical stimuli like touch, sound, vibration, pressure, and gravity. For 

mosquitoes, mechanosensation is important for many of their behaviors, including tasting, 

egg-laying, mating, flying, landing and escaping. They also use mechanosensation to sense 

air currents, sound waves and gravity, which are crucial for flight and mating. Insects feeding 

preferences have been shown to correlate with the viscosity of food resources. For example, 

during nectar feeding, the mosquitoes will decide to drink or not based on the viscosity of 

nectar.168 Regardless of the level of sugar, honeybees are drawn to nectar that is warmer and 

has a lower viscosity.169 Another study in ants showed that Camponotus mus dramatically 

reduced their pump frequencies when feeding on sucrose with higher viscosity.170 During 

blood feeding, after landing on a host, mosquitoes used their tarsi and proboscis to make 

contact with human skin and look for optimized spot to poke through. Once find the spot, 

they will retract their proboscis and use the stylets to poke through the skin. These stylets in 

the skin will move rigorously and look for blood vessels. And this whole process 

continuously needs mechanosensation and processing of the mechanical signals.171 However, 

very little is known about the mechanosensation signaling in this process.  
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Mechanosensors 

Insects have various sensory structures all over their body surface that are connected to 

specialized neurons that can sense mechanical stimuli. Many of the responses to these 

mechanical stimuli are mediated by mechanosensors like ion channels, including TRP 

channels, PIEZO, TMC, NOMPC and TMEM63, etc.167,172 TMEM63 protein was originally 

found in plants where it is called OSCA. And TMEM63 is the homolog name of OSCA in 

animals. The OSCA/TMEM63 family of proteins are conserved across plants, flies, and 

mammals.173 TMEM63 has been shown to be important for Drosophila’s taste detection of 

food texture.174 Mouse TMEM63 proteins could act as an ion channel that senses osmolarity 

for the detection of osmotic pressure in mammalian cells.175 In mosquitoes, it is shown that 

tmem63 is expressed in mosquito proboscis.166 Thus, in this research, we tested the role of 

tmem63 in mosquitoes’ mechanosensation. We generated two null mutants of tmem63 and 

verified its protein expressions in the proboscis of mosquitoes. We also tested its function in 

surface texture detection during blood feeding and found that it is important for mosquitoes 

to find the ideal spot for poking and blood feeding. 

 

RESULTS 

TMEM63 is expressed in the proboscis of mosquitoes 

TMEM63 has been shown to be important for Drosophila’s taste detection of food texture.174 

However, little is known about whether it is involved in the mechanosensation in mosquitoes. 

To test this, first we used immunostaining to verify their expression pattern. Previous 

RNAseq data has shown that tmem63 is expressed in the mosquito proboscis.166 To examine 

this expression pattern from a protein level, we generated tmem63-QF2 driver line using 
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CRISPR/Cas9 technique and crossed it with QUAS-mCD8-GFP. We found that compared to 

the control mosquitoes (QUAS-mCD8-GFP) which showed no GFP signal, tmem63>mCD8-

GFP showed GFP signals in the proboscis of both females and males’ progeny of the crosses. 

This evidence validated the expression of tmem63 in the proboscis of mosquitoes, and also 

supported our hypothesis about their potential function in blood feeding. 

 

TMEM63 is important for mosquitoes’ blood feeding 

We next tested whether TMEM63 is involved in blood feeding behavior. To test this, we 

generated two null mutants for tmem63, tmem63GFP mutant and tmem63QF2 mutant 

mosquitoes using CRISPR/Cas9 technique. Generally, we found that wild-type mosquitoes 

prefer to blood feed on 3% chitosan membranes because the elasticity and hardness of this 

membrane are similar to human skin. However, we found that tmem63GFP mutant mosquitoes 

preferred 1.5% chitosan membranes which have decreased hardness. (Fig.2) We also found 

that tmem63GFP mosquitoes had continuous landings on both membranes, while wild-type 

mosquitoes had fewer landing occasions after about 6 minutes when most of the mosquitoes 

landed and initiated blood feeding. (Fig. 3A) The tmem63GFP mutant mosquitoes also had 

more walking events on the surface of both membranes than wild type which indicated that it 

potentially took longer time for them to find an ideal location to poke through the membrane 

and initiate blood feeding. (Fig.3B) 

 

Viscosity preference in mosquitoes 

We next examined the mosquitoes’ preference for different viscosities of food. Previous 

research has shown that Drosophila prefers a certain viscosity of food.176 Given that tmem63 
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mutant mosquitoes showed a defect in detecting the surface texture of blood feeding 

membranes, the next question we asked was that whether tmem63 is important for 

mosquitoes to detect different viscosities during general nectar feeding. However, whether 

mosquitoes have taste preferences for different viscosities of food is not known. To test this, 

we performed two-way choice assays using 0.5% HPC or. 0% HPC in sucrose. We found 

that wild-type mosquitoes are aversive to 0.5% HPC. (Fig. 4) Future experiments will be 

performed with both tmem63 mutant mosquitoes. 

 

DISCUSSION 

In this research, we found that tmem63 is expressed in the proboscis of Aedes aegypti. 

tmem63 is also important for mosquitoes to detect the surface texture during blood feeding. 

Additionally, mosquitoes showed aversion to higher viscosity of food. 

To thoroughly test whether and how tmem63 is required for mosquitoes to detect the surface 

texture during blood feeding, we established a two-way choice blood feeding assays with 

video recordings. Next, we will test mosquitoes’ preferences to compare membranes with 

different chitosan concentrations (6%, 3%, 1.5% and 0.75%) used in blood feeding. Through 

video recording, we plan to test more parameters including number of poking events, 

average/total waking time before initiating blood feeding and time spend on 

feeding/engorgement, etc. 

To test whether tmem63 is a direct mechanosensory, we will also test its mechanical response 

in mammalian HEK293 cells using patch-clamp. We had constructed the plasmid required to 

express Aedes tmem63 in mammalian HEK293 cells. We had also successfully transfected 
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the cells and observed the expression of tmem63 in the cells. Next, we will examine their 

electrical response to mechanical stimuli using patch-clamp. 

Besides proboscis, mosquitoes also use their tarsi to detect the texture and tastants on the 

surface of the food resources. Thus, we will also investigate whether tmem63 is expressed in 

the tarsi of mosquitoes and whether tmem63 is functional through tarsi as well. 

 

 

METHODS 

Mosquito rearing 

Mosquitoes were reared in chambers at 28°C and 80% humidity under 12h light/12h dark 

cycles. Eggs are hatched in tanks with RO water with fish food added daily. Mosquito larvae 

were screened under fluorescent microscope to make sure there was no contamination. Pupae 

were collected into plastic cups and placed in cages with 10% sucrose solution bottles with 

wicks. Mosquitoes that were 7-10 days old after eclosion were used for behavior assays. 

Sheep blood was used for blood feeding and mosquito expansion. 

 

Generation of transgenic strains 

To generate the tmem63GFP and tmem63QF2 alleles, we selected short-guide RNAs (sgRNAs) 

that targeted the tmem63 (LOC5573309) loci using the CRISPR Optimal Target Finder 

(https://flycrispr.org/target-finder/). The target sequences of the sgRNAs used for generating 

the tmem63GFP and tmem63QF2 alleles are as following: 

GFP: ATCTTGATTCTACCGTCCCT 

QF2: CCTGCTCAATGTCATTGCGT 
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To generate the tmem63GFP and tmem63QF2 alleles, we created the tmem63-3xP3-GFP and 

tmem63-3xP3-DsRed-T2A-QF2 DNA constructs for microinjections. To do so, we used the 

In-Fusion cloning kit (Clontech) to introduce the sgRNAs, and the upstream and downstream 

homology arms (∼1 kb each) into the pAeU6-LgRNA-3xP3-GFP vector or the pAeU6-

LgRNA-3xP3-DsRed-T2A-QF2 vector.153  

All transgenic strains were generated by microinjecting the plasmids into embryos of the 

transgenic Aedes aegypti line that expresses Cas9 under control of the ubiquitin L40 

promotor (gift from Dr. Omar Akbari). We collected freshly laid embryos from female 

mosquitoes, and microinjected the plasmid DNA (∼500 ng/μL) into the posterior ends of 

∼1,000 embryos using a micro-injector (Eppendorf) and a Zeiss Axioplan 2 microscope. We 

hatched G0 embryos four days after injection, and the adult G0 animals (∼100 per injection) 

were crossed to the opposite sex. The females were blood-fed to generate G1 progeny. We 

then screened the G1 progeny larvae for expression of the GFP or DsRed fluorescent markers 

in the eye under a Zeiss SteREO Discovery V8 stereomicroscope. Positive G1 animals were 

crossed to the wild-type control strain for eight generations after which were used to 

generated the homozygous lines. 

 

Immunostaining 

Dissected proboscis from 5- to 7-day-old adult mosquitoes were fixed in 4% 

paraformaldehyde in PBS for 2 hours at 4°C. Samples were then washed in PBST (PBS + 

0.1% Triton X-100; 10 min) and blocked with block buffer containing 5% normal goat serum 

(MP Biomedicals) for 1 hour at room temperature. Next, the samples were incubated in 

primary antibodies overnight at 4°C. Next day, the samples were washed with PBST (20 min, 
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3 times) and then incubated with the secondary antibodies in blocking buffer overnight at 

4°C in the dark. The following primary and secondary antibodies were used at the indicated 

dilutions: chicken anti-GFP (1:500), AlexaFluor 488 goat anti-chicken IgG (1:250; Thermo 

Fisher Scientific). After a final PBST wash (10 min, 3 times), the samples were mounted 

using Vectashield (Vector Laboratory, H-1000) and a coverslip was secured with nail polish. 

The samples were imaged using a Zeiss LSM 900 confocal laser scanning microscope using 

a 40x/1.3 Plan-Apochromat oil DIC objective. Images were processed using the following 

protocol in ImageJ: A rolling-ball background subtraction (radius 50 pixels) was applied to 

each z-stack slice containing fluorescent signal from the neurons at proboscis. The maximum 

intensity projection of each channel is merged.  

 

Two-way choice feeding assay 

55-60 mosquitoes (aged to 7-10 days) per cage were starved with RO water for 48 hours 

(female) or 24 hours (males). 96-well plates that contained 0.5% HPC/dye mixtures were put 

in the cages to allow mosquitoes to feed for 3 hours in the evening. The preference index (PI) 

was calculated according to the following equation: (Nred-Nblue)/(Nred+Nblue+Npurple). We 

determined the concentrations of the red (Sulforhodamine B; Sigma-Aldrich) and blue 

(Brilliant Blue FCF; Wako Chemical) food dyes that had no significant effect on food 

selection by assaying the preference of control mosquitoes to each dye with 20 mM sucrose. 

Once the concentrations were established that lead to indifference between the two food 

colorings, 0.5% HPC was added in 20mM sucrose solutions to compare with 20mM sucrose 

only solutions. Sulforhodamine B and Brilliant Blue dyes were switched between test and 

control solutions for every assay. A PI = 1.0 and −1.0 indicates complete preference for food 
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with sucrose-only and sucrose plus 0.5% HPC, respectively. A PI = 0 indicated no preference 

for either food. Trials in which < 40% of the mosquitoes participated were discarded. 

 

Blood feeding assays 

50 mosquitoes (aged to 7-10 days) were put in each cage. Two blood feeders with different 

chitosan concentrations artificial membranes (3% v.s. 1.5% chitosan) were put in each cage 

to allow mosquitoes to feed for 30 minutes. Logitech cameras were used to video record the 

mosquito activities on membranes. 
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FIGURES 

 

 

 

Fig.1 TMEM63 is expressed in the proboscis of Aedes aegypti. (A-D) control (E-H) 

tmem63>mCD8-GFP females (I-J) tmem63>mCD8-GFP males 
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Fig.2 tmem63 mutant mosquitoes reduces the preference for 3% chitosan. A. control B. 

tmem63 mutant 
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Fig.3 tmem63 mutant mosquitoes reduces the preference for 3% chitosan. A. number of 

landings over time B. total walking events 
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Fig.4 Aedes aegypti is aversive to 0.5% HPC viscosity. 
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