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2. Summary 

2.1. Abstract 

Animals possess endogenous clocks to anticipate cyclic environmental changes driven by 

astronomical cycles to optimally adjust their physiology and behaviour. Ambient light is 

one of the most important cues used by animals to synchronize their internal clock(s) with 

these environmental cycles. While moonlight is typically thought to entrain monthly 

circalunar clocks, which are well known to exist in many marine species that use them to 

synchronize reproduction across a population to certain lunar phases, sunlight is 

considered as the main entrainment cue for the daily circadian clock. However, there is 

growing evidence that moonlight also affects daily timing in various species, ranging from 

invertebrates to humans. Nevertheless, how moonlight is perceived and is discriminated 

from sunlight on a molecular level and how it affects the circadian clock remains largely 

elusive, also due to a lack of suitable model species. 

In this thesis, I use the marine bristle worm Platynereis dumerilii as a genetically 

accessible model system to assess how moonlight affects circadian timing. By establishing 

a novel behavioural paradigm, I show that circadian timing of reproductive behaviour is 

governed by a moonlight-sensitive plastic circadian clock that times reproductive 

behaviour to the respective portion of the night where no moonlight is present. By testing 

Platynereis mutant lines that are deficient in candidate photoreceptors, I identify two 

photoreceptors, L-Cry and r-Opsin1, that mediate the effects of moonlight on the circadian 

clock in a non-redundant manner. While r-opsin1 is genetically required to advance 

swarming onset in response to a waning moonlight regime, I find a dual function of L-Cry 

in adjusting the plastic circadian clock to light: it entrains the circadian clock to 

naturalistic sunlight, and also mediates a shortening of circadian period under prolonged 

moonlight exposure. Furthermore, we provide biophysical, biochemical and behavioural 

evidence that L-Cry engages in two distinct signaling pathways that encode sun and 

moonlight valence. We extend this finding to Drosophila, were we show that Drosophila 

Cry is also required to correctly interpret ambient moonlight in order to prevent a 

disturbance of the circadian clock by moonlight. Together with a companion study that 

investigated the function of L-Cry in the context of the worms' monthly circalunar clock, 

we provide molecular insights into the decoding of moonlight versus sunlight for circadian 

and circalunar timing.  
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Finally, to better understand how circadian time is communicated within the organism, I 

also participated in a study that provides new insights into the entrainment of peripheral 

circadian oscillators by local light input as well as by input from the central oscillator in 

the worm brain. 

 

 

2.2. Zusammenfassung 

Tiere verfu gen u ber endogene Uhren um zyklische Umweltvera nderungen, die von 

astronomische Zyklen bestimmt werden, zu antizipieren und so ihre Physiologie und ihr 

Verhalten optimal anzupassen. Dabei nutzen Tiere das Umgebungslicht als Signal um ihre 

innere(n) Uhr(en) mit diesen Umgebungszyklen zu synchronisieren. Wa hrend bekannt ist 

das einige marine Tierarten Mondlicht nutzen um monatliche, sogenannte zirkalunare 

Uhren einzustellen, die es ihnen erlauben den Zeitpunkt ihrer Fortpflanzung mit 

bestimmten Mondphasen zu synchronisieren, gilt Sonnenlicht als Hauptreiz um die 

ta gliche zirkadiane Uhr einzustellen. Es gibt jedoch immer mehr Hinweise darauf, dass 

auch Mondlicht die zirkadiane Zeitmessung bei verschiedenen Spezies, von Wirbellosen 

bis hin zum Menschen, beeinflusst. Wie Mondlicht wahrgenommen und auf molekularer 

Ebene von Sonnenlicht unterschieden wird und wie es die zirkadiane Uhr beeinflusst, ist 

jedoch noch weitgehend ungekla rt, auch weil geeignete Tiermodelle fehlen.   

In dieser Arbeit verwende ich den marinen Borstenwurm Platynereis dumerilii als 

genetisch zuga ngliches Modellsystem, um zu untersuchen, wie Mondlicht die zirkadiane 

Uhr beeinflusst. Mit Hilfe eines neuartigen Verhaltensparadigmas zeige ich, dass das 

zirkadiane Timing des Fortpflanzungsverhaltens von einer mondlichtempfindlichen, 

plastischen zirkadianen Uhr gesteuert wird, die das Fortpflanzungsverhalten auf den 

jeweiligen dunklen Teil der Nacht legt, in dem kein Mondlicht vorhanden ist. Weiters zeige 

ich mit Hilfe von zwei gentechnisch vera nderte Platynereis Linien, denen jeweils ein 

bestimmter Lichtrezeptor fehlt, dass die beiden Lichtrezeptoren L-Cry und r-Opsin1 auf 

nicht-redundante Weise die Auswirkungen von Mondlicht auf die zirkadiane Uhr 

vermitteln. Wa hrend r-Opsin1 genetisch erforderlich ist, um den Beginn des 

Schwa rmverhaltnes an ein abnehmendes Mondlichtregime anzupassen, hat L-Cry eine 

Doppelfunktion bei der Anpassung der plastischen zirkadianen Uhr an Licht: Es stimmt 

die zirkadiane Uhr auf natu rliches Sonnenlicht ab, und vermittelt zusa tzlich eine 

Verku rzung der zirkadianen Periodenla nge unter la ngerer Mondlichtexposition. Daru ber 

hinaus liefern wir biophysikalische, biochemische und verhaltensbiologische Hinweise 
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dafu r, dass L-Cry u ber zwei unterschiedliche Signalwege die Valenz von Sonnen- und 

Mondlicht kodiert. Wir weiten diesen Befund auf Drosophila aus und zeigen, dass 

Drosophila Cry ebenfalls beno tigt wird, um Mondlicht richtig zu interpretieren und so eine 

Sto rung der zirkadianen Uhr durch Mondlicht zu verhindern. Zusammen mit einer 

begleitenden Studie, die die Funktion von L-Cry im Zusammenhang mit der monatlichen 

zirkalunaren Uhr der Wu rmer untersucht, liefern wir molekulare Einblicke in die 

Dekodierung von Mond- und Sonnenlicht fu r die zirkadiane und zirkalunare Zeitmessung. 

Um besser zu verstehen wie zirkadiane Zeit innerhalb des Organismuses kommuniziert 

wird, habe ich schließlich an einer Studie mitgewirkt, die neue Einblicke in das 

Entrainment von peripheren zirkadianen Oszillatoren durch lokalen Lichteinfluss sowie 

durch Einfluss vom zentralen Oszillator im Gehirn der Würmer liefert. 
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3. Introduction 

3.1. Biological clocks enhance adaptation to a periodically changing environment 

Life on earth evolved in an environment that is subjected to periodic changes. These 

periodic changes span different timescales and are caused by the periodic rotation of the 

earth around its axis (24h), the rotation of the moon around the earth (29,5 days) and the 

rotation of the earth around the sun (1 year). Besides these three periodicities the 

gravitational pull of the moon and the sun together with the centrifugal force generated 

by the rotation of the earth give rise to the tidal cycles (12,4h and 14,5 days) to which life 

in coastal waters has to adapt.  

Most living organisms have evolved endogenous clocks that run in synchrony with at least 

one of these astronomically defined periods in order to anticipate and therefore better 

adapt to the environmental changes that are associated with these cycles such as light 

availability, temperature or food availability. A biological clock is characterized by three 

main features: (i) it is self-sustained, i.e. it continuous to oscillate under the absence of any 

external cues; (ii) it is entrainable, i.e. external cues called “Zeitgebers” such as light and 

temperature synchronize the phase of the endogenous oscillation with the external 

environment; and (iii) it is temperature compensated, i.e. its period length stays constant 

over various physiological temperatures. This thesis will focus on the entrainment of the 

clock that tracks time across a solar day (circadian clock) and the clock that tracks time 

across a lunar month (circalunar clock).  

 

 

3.2. Sun and moonlight temporally structure the environment in a periodic manner  

Biological clocks can be entrained by several environmental stimuli that oscillate with the 

respective astronomically defined cycle. These include temperature, food intake and 

mechanosensory stimulation. However, in most cases the most prominent cue for clock 

entrainment is ambient light. As sun and moonlight conditions change predictably with 

the respective daily and monthly astronomical defined period, they pose a reliable cue to 

synchronize circadian and circalunar clocks with the environment. While the sun reaches 

its highest point above the horizon every 24h, the time between two culminations of the 

moon takes 24.8h. This means that the moon rises on average approx. 49min later each 

day in relation to the solar cycle, and therefore moonlight is present during different 
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portions of the night across a lunar month: during a full moon night the moon rises during 

night onset and sets during night offset; during the waning moon phase moonlight is 

present during later portions of the night; and during the waxing moon phase moonlight 

is present during earlier portions of the night (see article #1 Fig.1D´). In addition to these 

temporal changes in the availability of nocturnal moonlight across the month, moonlight 

intensity also changes drastically across a lunar month in a non-linear fashion, with 

moonlight intensity at quarter moon reaching only ~10% of the light intensity at full moon 

(Brown, 1952; Krisciunas, 1991; Longcore et al., 2017).  

As moonlight is reflected sunlight, their spectral compositions are very similar, only that 

moonlight is slightly red-shifted, as the moon surface reflects light at the red end of the 

spectrum slightly better than blue light (Boch et al., 2011; Ciocca & Wang, 2013). The far 

more prominent difference is its intensity: while sunlight intensity lies in a range between 

1000-100000 lux dependent on weather conditions (Longcore et al., 2017), the light 

intensity of a full moon during the middle of a clear night is estimated to lie in the range 

of 0.1-0.3 lux (~50-150nW/cm2) (Kyba et al., 2017).   

 

 

3.3. Entrainment and maintenance of the molecular circadian clock 

The mechanistically best understood clock is the circadian clock, which – as the name 

implies - runs with a period length close (“circa”) to 24h (“dian”) in constant conditions 

and tracks time across a solar day. It exists in almost all animals, as well as in plants, fungi 

and bacteria. At the core of the animal circadian clock lies a transcriptional translational 

feedback loop (TTFL), which generates sustained oscillations in gene expression of about 

24h. This mechanism and the genes involved in the TTFL have been first discovered in the 

fruit fly Drosophila melanogaster, starting with the isolation of the arrhythmic period (per) 

mutant in a forward genetic screen (Konopka & Benzer, 1971). Subsequent studies 

showed that Per is a transcriptional inhibitor that forms a dimer with another 

transcriptional inhibitor - Timeless (Tim). Together they translocate to the nucleus where 

they inhibit their own expression by inhibiting transcription of the two transcriptional 

activators Clock (Clk) and Cycle (Cyc). The lack of Clk and Cyc expression leads to a lack of 

Per and Tim expression, thereby disinhibiting the repressive action on Clk and Cyc. Newly 

expressed Clk and Cyc form a heterodimer and activate Per and Tim again and thereby 

start a new cycle (reviewed in Patke et al., 2020). The biochemical processes of this TTFL, 



12 

 

which involve several posttranslational modifications of Tim and Per that regulate their 

accumulation, nuclear translocation and degradation, together with a second interlocked 

feedback loop, generate the endogenous about 24h rhythm in the expression of core clock 

transcription factors. Clk and Cyc then pass on this temporal signal from the core 

molecular clock by activating downstream genes that harbor an E-box motif in their 

promoter.   

 

Circadian clock genes are typically expressed in different tissues throughout the body. 

However, animals usually possess a central clock neuron network located in the brain, that 

functions as a master circadian regulator and typically synchronizes circadian clock gene 

oscillations in other tissues of the body. In Drosophila, this central pacemaker cells 

compromise ~150 brain neurons, which are subdivided into 5 clusters per brain 

hemisphere based on anatomical location. This network is required and sufficient to 

generate circadian locomotor behaviour even when flies are kept over many days in 

constant darkness without any entrainment cues (reviewed in King & Sehgal, 2020). 

 

Although several Zeitgebers can synchronize circadian clock gene oscillations of the 

central oscillator to the environment, in most animals ambient sunlight is the dominant 

entrainment cue. In Drosophila, and also other insects, the main circadian photoreceptor 

is a light-responsive cryptochrome. Drosophila Cryptochrome (dCry) is expressed directly 

in a subset of the central master circadian pacemaker neurons as well as in the compound 

eyes (Benito et al., 2008; Yoshii et al., 2008). Under blue-light illumination, photon 

absorbance of dCry leads to a reduction of flavin adenine dinucleotide (FAD) bound 

cofactor (Berndt et al., 2007; Hoang et al., 2008). This leads to a conformational change of 

dCry that allows it to interact with the core clock protein Tim and the E3-ligase JETLAG 

(Ozturk et al., 2011), which eventually leads to a light dependend degradation of both Tim 

and dCry (Peschel et al., 2009), thereby resetting the TTFL.   

In addition to dCry, rhodopsin’s expressed in the compound eyes and the Hofbauer-

Buchner eyelets contribute to the light entrainment of the circadian clock neurons 

(reviewed in Schlichting, 2020). Entrainment of circadian clock gene oscillations through 

the visual system is believed to rely on monosynaptic (from the Hofbauer-Buchner cells) 

and polysynaptic (from the compound eyes) signal transmission to a subgroup of 

circadian clock neurons, namely the s-LNvs and l-LNvs, which release the neuropeptide 
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pigment dispersing factor (PDF) (Ogueta et al., 2018; Schlichting et al., 2019). PDF 

released by these neurons affects circadian clock gene oscillations in other circadian clock 

neuron clusters. Flies where the PDF mediated light input from the visual system to the 

circadian clock is impaired, cannot adjust their evening activity to long photoperiods, 

suggesting that under natural light regimes visual input to the circadian clock is important 

to adapt circadian activity to photoperiod (reviewed in Schlichting, 2020).  

 

Extending from the identification of the core clock genes in Drosophila, subsequent studies 

in mice showed that the principal mechanism of the molecular clock is conserved across 

insects and mammals. One notable difference between the mammalian and Drosophila 

clock is the role of Cryptochrome. Mammals possess two Cry proteins (Cry1 and Cry2), 

which in contrast to dCry are not light receptive and act together with Per homologs as 

transcriptional repressors within the core TTFL (repressing transcription of the activators 

CLOCK and BMAL1) (Fullston et al., 2012). Hence, within the mammalian TTFL Crys have 

taken over the function of Drosophila Tim.  

To entrain clock gene oscillations to the light-dark cycle, mammals possess a specialized 

photoreceptive cell in the retina, the so-called intrinsically photoreceptive retinal ganglion 

cells (ipRGC) (reviewed in Foster et al., 2020). These cells express the blue light-sensitive 

opsin melanopsin and additionally receive input via inner retinal neurons from rod and 

cone cells, which express rhodopsin and cone opsins, respectively. Ambient light, 

therefore, elicits firing of ipRGCs, which project via the hypothalamic tract to specialized 

clock neurons of the suprachiasmatic nucleus (SCN) and thereby synchronizes circadian 

clock gene oscillations in these neurons with the light/dark cycle. The SCN is regarded as 

the mammalian master circadian control unit and synchronizes the peripheral oscillators 

of the body.  

 

 

3.4. Central and peripheral clocks form a hierarchical multi-oscillatory system 

Circadian clock gene oscillations exist also in peripheral tissues, where they adapt the 

local physiology to meet the specific requirement associated with the time of day. This 

multi-oscillatory network is organized in a hierarchical fashion, where the central 

pacemaker in the brain transmits temporal information to downstream peripheral 

oscillators. However, peripheral clocks are not exclusively entrained by the central 
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oscillator but can also be locally entrained. The dependence of peripheral clocks on the 

central clock varies between tissues and species. For example, in mice, non-photic cues 

such as the timing of food intake reset the phase of the hepatic clock, without affecting the 

central clock in the SCN (Damiola et al., 2000; Stokkan et al., 2001). Whereas in mice photic 

entrainment of peripheral clocks happens exclusively via the central clock, this is different 

in non-mammalian species such as zebrafish (Whitmore et al., 1998, 2000) or Drosophila 

(Giebultowicz et al., 2000; Giebultowicz & Hege, 1997), where peripheral tissues also 

express photoreceptors that can locally entrain the tissue to photic cues. In Drosophila, 

circadian rhythms in some tissues, such as the prothoracic gland which times the circadian 

eclosion rhythm, depend on the input from the central clock (Selcho et al., 2017), while 

other tissues including the antennae or the malpighian tubules, which serve as the fly´s 

kidney, are directly light entrainable and are capable of functioning independently of the 

central clock (Giebultowicz et al., 2000; Giebultowicz & Hege, 1997; Ivanchenko et al., 

2001; Plautz et al., 1997).  

Therefore, to fully understand how a specific circadian rhythm in physiology or behaviour 

is entrained and maintained in an animal, it is important to assess if the concerned rhythm 

is controlled by a peripheral oscillator, and if so, to which degree this oscillator is 

controlled by the central clock.  

 

 

3.5. Circalunar rhythms and clocks 

In addition to the intensely studied circadian rhythms, a rich body of literature describes 

rhythmic monthly phenomena controlled by the lunar cycle (reviewed in Tessmar-Raible 

et al., 2011). Especially among marine species that reproduce via broadcast spawning 

where many individuals release gametes synchronously into the sea, reproduction is often 

synchronized to a certain phase of the lunar cycle. A famous example are the broadcast 

spawning events of corals at the Great Barrier Reef, where dozens of coral species release 

their gametes during the nights following a full moon (Babcock et al., 1986; Harrison et 

al., 1984). The phenomenon of moon phase dependent timing of reproduction has been 

described for many marine species, including several fish species, annelids, mollusks, 

crustaceans, and even extends to algae species (reviewed in Tessmar-Raible et al., 2011).  

In most cases, moonlight is the critical cue to entrain these monthly rhythms, as it has 

been shown that dim nocturnal light given under controlled conditions is sufficient to set 
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a monthly reproductive rhythm in several marine species including fishes (Fukunaga et 

al., 2020), corals (Kaniewska et al., 2015), annelids (Franke, 1985; Hauenschild, 1960) 

crustaceans (Saigusa, 1980) and insects (Neumann, 1988). In addition to moonlight, 

hydrostatic pressure and/or mechanical stimuli associated with spring tides (reoccurs 

every 14,8 days) can serve as cues in some species to entrain circasemilunar (~15 days) 

reproductive rhythms (reviewed in Naylor, 2010).  

Interestingly, it has been demonstrated in several species that circalunar rhythms are not 

necessarily a direct response to moonlight or tidal cycles, but that these lunar cues rather 

entrain an endogenous monthly oscillator (circalunar clock) that in turn times 

reproduction (Franke, 1985; Hauenschild, 1960; Hsiao, 1996; Neumann, 1988; Saigusa, 

1980). In analogy to the circadian clock, this means that these animals must possess some 

type of endogenous oscillator that is able to run with a period length of several weeks. 

Despite the widespread occurrence and fundamental importance of these circalunar 

clocks, their molecular mechanisms as well as the photoreceptive pathways required to 

entrain these clocks to moonlight remain elusive.  

In corals one candidate photoreceptor that has been proposed to play a role in moonlight 

sensation is Cry2 (Levy et al., 2007). This has been based on the observation that its 

expression is upregulated during full moon nights compared to new moon nights. 

Similarly, certain lunar-synchronized fish species show a lunar regulation of 

cryptochrome expression, however not in the same direction as discovered in corals:  

cryptochrome mRNA levels in the golden-lined spinefoot (Cry1b and Cry2) and in the 

tropical grouper (Cry1 and Cry2) are upregulated during new moon compared to full 

moon (Fukunaga et al., 2020; Fukushiro et al., 2011; Takeuchi et al., 2018). Therefore, in 

fish it was hypothesized that Cry might not act as a moonlight sensor itself but rather as a 

state-variable of the lunar cycle that is itself regulated by a moonlight responsive molecule 

(Fukushiro et al., 2011). As these studies are only of correlative nature, functional studies 

including biochemical assessment of light sensitivity as well as genetic manipulations of 

these cryptochrome genes are needed to clarify their potential role in lunar timing.  
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3.6. Circadian effects of moonlight under natural conditions  

While it is well established that sunlight entrains circadian clocks through specialized 

photoreceptors to allow animals to optimally adapt to the 24h solar cycle, the contribution 

of moonlight in regulating circadian timing remains less clear.  

Moonlight improves nocturnal vision and is therefore thought to play a central role in the 

temporal structuring of predator-prey interactions in nocturnal animals (Prugh & Golden, 

2014). One of the first observations that implicated moonlight as a cue for predation risk 

came from nocturnal kangaroo rats, which were shown to avoid foraging during the 

moonlit portions of the night (Lockard & Owings, 1974). Many more field studies mainly 

with terrestrial nocturnal species followed that found a strong influence of moon phase 

on circadian activity cycles (reviewed in Kronfeld-Schor et al., 2013). If an animal 

increases or decreases activity under moonlight is a complex decision that balances the 

benefits and risks of foraging under moonlight: if predation risk under moonlight 

outweighs foraging success, prey species are expected to be lunarphobic; conversely, 

lunarphilic behaviour is expected if foraging success under moonlight outweighs 

predation risk (Kronfeld-Schor et al., 2013). The influence of moonlight on foraging 

activity has been extensively studied in terrestrial mammalian carnivores and their 

nocturnal prey, with several of these species showing pronounced effects of moonlight on 

their circadian activity profiles (Botts et al., 2020; Huck et al., 2017; John et al., 2012; 

Prugh & Golden, 2014).  

 

Although in aquatic species biologists have mainly focused on the effects of moonlight on 

monthly timing phenomena, especially the monthly lunar synchronization of 

reproduction, there are also several reports that document effects of moonlight on 

structuring the daily timing of predator-prey interaction in aquatic ecosystems. For 

example, it has been shown that reef sharks hunt groupers during full moon nights 

(Mourier et al., 2016) and moonlight influences zooplankton capture success of both 

freshwater and marine predatory fish (Gliwicz, 1986; Herna ndez-Leo n et al., 2002). 

Furthermore, it has been shown that during the arctic winter, when sunlight is very 

limited, moonlight drives diel vertical migration of zooplankton (Last et al., 2016). During 

this time vertical migration is synchronized with the ~24.8h lunar day, with zooplankton 

staying at deeper layers of the ocean during the time moon is up, likely to avoid predators 

that hunt during moonlight.  
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An example of a marine species where moonlight has been reported to strongly impact on 

daily behaviour is the bioluminescent crustacean Vargula annecohenae. Reproductive and 

feeding behaviour of this species during the adult stage is restricted to the portions of the 

night where moonlight is absent or is below a critical light intensity threshold (Gerrish et 

al., 2009).  

 

Effects of moonlight on daily behaviour also extend to several primate species. Owl 

monkeys (A. azarai boliviensis), one of the rare examples of nocturnal primates, restrict 

activity almost exclusively to the moonlit portions of the night, which leads to activity 

profiles that perfectly track the ~24.8h lunar periodicity (Ferna ndez-Duque et al., 2010). 

During a lunar eclipse, where the full moon temporarily moves into the earth’s shadow, 

activity was negatively masked by the absence of moonlight, letting the authors suggest 

that lunarphilic behaviour is likely not driven by an endogenous clock, but rather by direct 

masking effects of moonlight. The importance of light masking for the increased activity 

of owl monkeys under moonlight has also been shown under controlled laboratory 

conditions (Erkert & Gro ber, 1986). However, LD cycles with light of 0.1 lux have been 

proven to entrain the endogenous circadian clock in owl monkeys (Erkert & Thiemann, 

1983) and mouse lemurs (Erkert, 2008), indicating that the circadian system of these 

primates is in principle sensitive to light with moonlight intensity.  

 

Recently, evidence accumulates that also in humans circadian activity, specifically the 

onset and duration of sleep, is influenced by lunar phase  (Cajochen et al., 2013; Casiraghi 

et al., 2021; Smith et al., 2014). In the most recent study of Casiraghi et al. they used wrist 

bands to monitor sleep over several weeks in three indigenous Argentinian communities 

that had either no, limited or full access to electricity. They found that during the evenings 

that lead up to a full moon, where the moon is already up in the sky during night onset, 

sleep onset was delayed on average by 22 min in the group without and with limited 

access to electricity and by 9 min in the group with full access to electricity (overall sleep 

across the night was reduced by 25min, 19min and 11min, respectively). Interestingly, 

they then discovered the same moon phase dependent sleep oscillation in a fourth study 

group that consisted of colleague students living in a highly urbanized postindustrial 

environment in the United States. This suggests that the availability of moonlight during 

the beginning of the night extends human activity into the moonlit portion of the night, 
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likely representing a modulation of circadian activity by moonlight that was of even higher 

relevance before the invention of electricity.  

 

 

3.7. Circadian effects of artificial moonlight under laboratory conditions 

To investigate if moonlight is affecting daily activity via the endogenous circadian clock or 

merely by direct light effects referred to as light masking, requires to study these effects 

under controlled laboratory conditions. Furthermore, to identify the proteins involved in 

moonlight signaling and how these potentially interact with the molecular circadian clock 

requires genetically accessible model organisms with annotated clock genes.  

 

Although for the conventional chronobiologic model species, such as mice, hamsters and 

Drosophila, circadian effects of moonlight under natural or semi-natural light and 

temperature conditions are not reported, it is well established that their circadian system 

is sensitive to light levels that lie in the range of full moon light intensity and even far 

below that (subsequently referred to as “dim light” or “artificial moonlight”, defined by an 

intensity of <0.15 lux if not otherwise specified).  For example, the circadian clock of mice 

can be entrained by LD cycles with white light of 0.1 lux (~full moon intensity) (Altimus 

et al., 2010), while Drosophila´s circadian clock is entrainable to LD cycles with light 

intensities that are even far below full moon light intensity (Hirsh et al., 2010). 

Furthermore, if mice (Lall et al., 2010), hamsters (J. A. Evans et al., 2007) or Drosophila 

(Konopka et al., 1989) are held under constant dim light their circadian period length 

(determined based on locomotor activity) is longer compared to when held in constant 

darkness, indicating that light with moonlight intensity can alter circadian period length.  

 

However, under combined bright light/dim light conditions (i.e. dim light during the 

night), bright light dominates in entrainment of the circadian clock, and dim nocturnal 

light has only subtle effects on circadian timing in the conventional laboratory model 

systems studied so far. For example, in hamsters circadian locomotor activity is similar 

under completely dark and dimly lit (<0.2 lux) nights. However, when subjected to a phase 

shift of the light cycle, adjustment is accelerated in hamsters subjected to dimly lit nights  

(J. Evans et al., 2009).  
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In Drosophila, artificial moonlight during the night has been shown to shift its crepuscular 

locomotor activity towards the night (Bachleitner et al., 2007). This is partly caused by 

light masking effects that bypass the endogenous clock, as this effect has been shown to 

also occur in Drosophila clock mutants that lack a functional circadian clock (Kempinger 

et al., 2009). Nevertheless, it has been shown that under dimly lit nights clock gene 

oscillations in the two circadian cell clusters that control morning and evening activity are 

slightly phase advances and phase delayed, respectively (Bachleitner et al., 2007). This 

indicates that artificial moonlight is indeed capable of modulating circadian clock gene 

oscillations even under a combined sun/moonlight regime in Drosophila. However, 

behavioural monitoring under semi-natural conditions revealed no increased locomotor 

activity during full moon nights compared to new moon nights nor were circadian clock 

gene oscillations in circadian clock neurons affected during full moon nights (Vanin et al., 

2012). The discrepancies probably lie in the colder nighttime temperature under semi-

natural conditions. However, Drosophila melanogaster likely originated in the tropics 

(Lachaise & Silvain, 2004) where nighttime temperatures are mild and it might therefore 

still be possible that moonlight affects nocturnal activity in populations living in more 

tropical areas.  

 

To reveal which photoreceptors are involved in the entrainment of the circadian system of 

Drosophila and mouse to dim light, behavioural responses to dim light have been assessed 

in mutant lines deficient in candidate dim light receptors. In mice, rod photoreceptors that 

impinge on ipRGC are required to photoentrain the circadian clock to LD cycles of 0.1 lux 

(Altimus et al., 2010; Lucas et al., 2012). However, a recent study suggests that also 

melanopsin in a subset of ipRGC, namely the M1 ipRGC, can signal at very low light 

intensities and is involved in entraining the clock to dim light (Lee et al., 2019).  

In Drosophila entrainment to dim LD cycles (<0.12 lux) involves PLC-β mediated 

rhodopsin signaling from the visual system (Stanewsky et al., 1998). Furthermore, it has 

been shown that the delay of evening locomotor activity into the night under artificial 

moonlight conditions (i.e. 0.01 lux during the night) depends on rhodopsin1 and 

rhodopsin6, which are expressed in the compound eyes (Schlichting et al., 2014). 

However, there is evidence that also dCry is involved in circadian responses to dim light in 

Drosophila. Vinayak and colleagues showed that behavioural phase advances in response 

to a very dim blue light pulse (3nw/cm2 for 6 hours) during the late subjective night 
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depend primarily on dCry and not on PLC-β mediated canonical rhodopsin signaling 

(Vinayak et al., 2013). Furthermore, it has been shown that circadian period lengthening 

of fly activity under constant dim light (0.1 lux) is dependent on dCry (Yoshii et al., 2004).  

 

Although the above studies in Drosophila and mice are useful to understand which 

photoreceptors are involved in circadian responses to dim light, they only give limited 

insights on how the circadian system of these species would respond to moonlight under 

natural conditions. This is partly because the aforementioned studies, at least those 

performed in mice, do not provide artificial moonlight in combination with an artificial 

sunlight cycle, as it would happen in nature. However, rodent studies that assessed 

locomotor rhythms of mice and rats subjected to dim light only at night, found no effect 

on locomotor rhythms, even though the light intensities in these studies (2-5lux) by far 

exceed full moon light intensity (reviewed in Rumanova et al., 2020). Similarly, and as 

mentioned previously, in Drosophila no effect of moonlight on circadian timing could so 

far be found under semi-natural conditions (Vanin et al., 2012).  

Therefore, to understand the molecular pathways on how moonlight affects circadian or 

circalunar timing in species under natural conditions, studies on model organisms that 

are both genetically accessible and at the same time exhibit potent effects of moonlight 

under naturalistic conditions are needed. While no laboratory model system has been 

established that exhibits pronounced effects of moonlight on circadian timing under 

naturalistic conditions, there are a few marine model species for which an effect of 

moonlight on synchronizing monthly reproductive timing under natural conditions has 

been well established (reviewed in Tessmar-Raible et al., 2011).  

 

 

3.8. Platynereis as model species for lunar chronobiology 

Among the many marine species that exhibit influences of the lunar cycle on the timing of 

reproduction, the marine bristle worm Platynereis dumerilii has been established as a 

particularly useful model system to address the involved molecular mechanisms, due to 

its well established genetic toolkit and because it can easily be maintained in the lab. 

These animals were first reported in coastal waters of the Mediterranean sea and later 

were found to live also in many other coastal waters around the world (reviewed in 

Hartmann-Schroeder, 1996).  Before these worms reach sexual maturity, they live a 
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benthic lifestyle and are commonly found at depths between 0-5 m (Giangrande, 1988; 

Giangrande et al., 2003), where they live in silk tubes attached on substrates like algae 

covered hard bottoms (Giangrande et al., 2003) or seagrass (Jacobs & Pierson, 1979). 

However, when they reach sexual maturity they emerge from their tubes and swarm in 

high numbers to the water surface. As soon as a male and female worm encounter, 

pheromones are exchanged and elicit a stereotypical nuptial dance that results in sperm 

and egg release after which both males and females die within one day. Oocytes are then 

fertilized outside the body in the open water. To increase the probability to encounter 

individuals of the opposite sex, sexual maturation is synchronized among a population to 

certain phases in the lunar month. Field experiments conducted already in the first half of 

the last century in the Bay of Naples concluded that the vast majority of worms reproduce 

2-7 days after full moon (Ranzi, 1931). However, differences in lunar timing seem to exist 

among geographically distinct populations, as another field study conducted at the coast 

of Brittany (France) documented a second peak in reproducing worms during the waxing 

full moon phase (Fage & Legendre, 1923; reviewed in Korringa, 1947).  

 

A first lab culture based on worms collected from the Bay of Naples (Italy) was established 

by Carl Hauenschild in the early 1950s. By synchronizing the monthly reproductive timing 

of a Platynereis culture by monthly stimuli of nocturnal dim light, he could show that 

moonlight is indeed the critical stimulus to synchronize sexual maturation to specific 

phases of the lunar month (Hauenschild, 1960). Interestingly, he also found that once this 

monthly reproductive rhythm is established in a population, Platynereis worms still show 

a monthly synchronization of sexual maturation even if the monthly nocturnal light 

stimuli are omitted, indicating that moonlight entrains an endogenous monthly oscillator 

that keeps running for several cycles even without the initial entrainment stimulus.  While 

this initial experiment was only performed with limited numbers of animals, a more 

recent publication could validate the existence of an endogenous circalunar timekeeper 

(Zantke et al., 2013). Biological clocks with a period length of one month have been 

described also in other marine invertebrates (as discussed in section 3.5), but the 

components and the molecular mechanism of such a monthly biological oscillator remain 

elusive.  

 



22 

 

Among the species which are used to study circalunar timing, Platynereis is the one with 

the most advanced genetic toolkit (reviewed in Zantke et al., 2014), which opens the 

possibility to functionally assess which genes are required for the perception of moonlight 

and its downstream pathways.  

 

 

3.9. Aims of the study 

Although the circadian clock of many animals is sensitive to light levels that equal 

moonlight intensity and several species, including humans, have been shown to adapt 

circadian behaviour according to moon phase under natural conditions (reviewed in 

section 3.6), little is known on how moonlight affects circadian timing. The only insights 

about photoreceptor signaling pathways that are involved in circadian clock entrainment 

to dim light in the range of moonlight intensity come from studies in Drosophila and mice 

(reviewed in section 3.7) - two species for which any effect of moonlight on circadian 

timing under naturalistic conditions has not been established.  

Therefore, I aimed to explore if the marine annelid Platynereis dumerilii would be a 

suitable model species to study the effects of naturalistic moonlight on circadian timing. 

Specifically, I aimed to address 4 fundamental questions concerning the entrainment of 

the circadian clock by naturalistic moon and sunlight:   

1. Is there any effect of naturalistic moonlight on circadian timing in Platynereis?  

2. How does the circadian clock in these animals distinguish naturalistic moonlight 

from sunlight? 

3. Are any of the implied mechanisms evolutionary conserved in Drosophila, which 

represents a different clade of Protostomes? 

4. How is circadian time communicated within the organism Platynereis?  
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4. Article 1: Two light sensors decode moonlight versus 

sunlight to adjust a plastic circadian/circalunidian clock to 

moon phase 

 

Status: submitted to Proceedings of the National Academy of Sciences on 31.08.2021 and 

posted on bioRxiv: https://doi.org/10.1101/2021.04.16.440114 

 

Authors:  

Martin Zurl, Birgit Poehn, Dirk Rieger, Shruthi Krishnan, Dunja Rokvic, Vinoth Babu 

Veedin Rajan, Elliot Gerrard, Matthias Schlichting, Lukas Orel, Robert J. Lucas, Eva Wolf, 

Charlotte Helfrich-Fo rster, Florian Raible, and Kristin Tessmar-Raible 

 

Outline:  

In this article, I established a novel behavioural paradigm that assesses the exact time 

when Platynereis initiates its swarming behaviour under naturalistic sun- and moonlight 

conditions. By using this assay, I found that swarming onset is regulated by a plastic 

circadian clock, that is sensitive to naturalistic moonlight and that times swarming onset 

to the portion of the night, where no moonlight is present. To test which photoreceptors 

are involved in the entrainment of the circadian clock to light, I tested mutant lines that 

were deficient in candidate photoreceptors. By this approach, I identified L-Cry as a 

photoreceptor that entrains the clock to sunlight, while both L-Cry and r-opsin1 are 

involved to adjust the clock to moonlight conditions. Furthermore, we provide 

biochemical and behavioural evidence that suggests that L-Cry signals differently under 

moonlight and sunlight conditions, and that L-Cry is required to discriminate these two 

light valences for circadian timing. Finally, we found that the function of light receptive 

Cryptochrome to distinguish moonlight from sunlight seems also to be conserved in 

Drosophila, as we show that Drosophila Cry prevents the fly circadian system to be 

disturbed by moonlight. These results address aims 1-3 of my thesis.  

 

Contributions:  

I provided major contributions in the conceptualization and experimental design of the 

project. Furthermore, I established the swarming assay and performed all swarming 
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onset experiments (Fig. 1b-g, 2, 6b-e, Fig S1, S4b), contributed to analyzing and planning 

of L-Cry immunostainings (Fig. 3 and S3), performed and analyzed 

immunohistochemistry experiment on Drosophila together with D. R. and C.H.F. (Fig. 4 D-

H), statistically analyzed Drosophila locomotor activity (Fig. 4C), calculated moonlight 

spectra from primary data and contributed to the development of naturalistic sun and 

moonlight LEDs. I provided major contributions to the summary model in Fig. 7, in 

preparing figures and writing the manuscript.   
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5. Article 2: A Cryptochrome adopts distinct moon- and 

sunlight states and functions as sun- versus moonlight 

interpreter in monthly oscillator entrainment  

 

Status: submitted to Nature Ecology & Evolution and posted on bioRxiv: 

https://doi.org/10.1101/2021.04.16.440114 

 

Authors:  

Birgit Poehn*, Shruthi Krishnan*, Martin Zurl, Aida Coric, Dunja Rokvic, Enrique 

Arboleda, Lukas Orel, Florian Raible, Eva Wolf, Kristin Tessmar-Raible  

 

*Co-first authors 

 

Outline:  

Despite the wide occurrence of moonlight entrained monthly (circalunar) rhythms in 

marine species, the photoreceptors that mediate circalunar entrainment remain elusive. 

Here, we assess the role of the light-receptive cryptochrome L-Cry for entrainment of the 

circalunar clock of Platynereis dumerilii. We find that l-cry mutants re-entrain their 

circalunar phase slower in response to a shifted naturalistic moonlight regime, suggesting 

that L-Cry contributes to circalunar entrainment. However, paradoxically l-cry mutants re-

entrain circalunar phase faster than wildtypes if the nocturnal light pulse has a light 

intensity considerably higher than natural moonlight. This indicates that L-Cry blocks 

strong light to interfere with circalunar entrainment. Consistent with a function of L-Cry 

in discriminating sunlight from moonlight we find that photoreduction and recovery 

kinetics of L-Cry´s chromophore flavin adenine dinucleotide are distinct under 

naturalistic moon- and sunlight, and also abundance and subcellular localization of L-Cry 

differs under moon- and sunlight conditions. This indicates that the role of L-Cry in 

correctly distinguishing sun- versus moonlight valence extends from circadian timing (see 

article #1) to circalunar timing. Furthermore, this work constitutes the first functional 

data on a photoreceptor involved in circalunar clock entrainment.  

These results contribute to address aim 3 of my thesis.  
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Contributions:  

I contributed to the development and implementation of naturalistic sun and moonlight 

LED setups used in this publication. Furthermore, I provided conceptual input.  
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6. Article 3: Differential Impacts of the Head on Platynereis 

dumerilii Peripheral Circadian Rhythms 

Status: published article 

Frontiers in Physiology 10:900 (2018), doi: 10.3389/fphys.2019.00900 

 

Authors:  

Enrique Arboleda, Martin Zurl, Monika Waldherr and Kristin Tessmar-Raible 

Outline:  

To address how the central circadian oscillator in the head of Platynereis impacts on 

peripheral circadian rhythms, my colleagues and I tested circadian clock gene oscillations 

in trunks of intact and head amputated worms under light/dark cycles and under constant 

darkness. To further assess the role of the central oscillator for peripheral circadian 

rhythms we assessed two outputs of the circadian clock – circadian locomotor activity and 

circadian regulation of chromatophore size – in intact and head amputated worms.  

The results presented in this paper address aim 4 of my thesis.  

 

Contributions:  

I performed and analyzed locomotor activity experiments (Fig. 6) and measured light 

spectra and intensities used in experiments. Together with M.W. I performed and analyzed 

the qPCRs for headless worms under DD1. Furthermore, I commented and reviewed the 

manuscript.  
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7. Discussion 

My work advances our understanding of molecular clocks and their modulation by light 

in various ways: Firstly, I showed that naturalistic moonlight has a potent effect on 

circadian timing in Platynereis, establishing this species as a potent model organism to 

study effects of moonlight on circadian timing (discussed in 7.1). Secondly, my work 

contributes to the understanding of how moonlight and sunlight are discriminated for 

clock entrainment in Platynereis and Drosophila (discussed in 7.2-7.5). Finally, my work 

also contributes to a better understanding of the entrainment of peripheral circadian 

rhythms in Platynereis (discussed in 7.6).  

 

7.1. Platynereis as a novel model to study circadian effects of moonlight  

The first aim of this thesis was to test if Platynereis dumerilii could be used as a model 

species to study the effects of moonlight on circadian timing. In article #1, I addressed this 

question by using an automated locomotor tracking system to assess the timing of 

swarming onset under light regimes that mimic the intensity and spectrum of sun and 

moonlight measured at the natural habitat of Platynereis. I could show that in addition to 

sunlight, moonlight affects the timing of swarming onset by shortening the period length 

of a plastic circadian/circalunidian clock. This allows the worms to anticipate - dependent 

on moon phase - during which hours of the night moonlight is present, and time swarming 

onset to the dark hours of the respective night. In nature this is likely beneficial to avoid 

predators that hunt during moonlight.  

 

While effects of moonlight on circadian behaviour have been reported for several species 

in field studies (as described in section 3.6), these studies fall short in providing 

mechanistic insights on how moonlight affects circadian behaviour. The establishment of 

a behavioural assay to study this phenomenon under laboratory conditions in a 

genetically accessible model system is an important step towards unraveling the 

biological mechanisms that underlie moonlight perception for circadian timing.  

In Drosophila modest moonlight effects on the endogenous circadian clock have been 

reported as well (Bachleitner et al., 2007) but then could not be seen under natural 

conditions (Vanin et al., 2012), likely because of the low nighttime temperatures under 

natural conditions. In contrast, we believe that in Platynereis the effects of artificial 
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moonlight on circadian timing observed in the lab are also relevant under natural 

conditions for two reasons: (i) experimental temperature conditions mimic those 

experienced in the field (constant ~20 °C) and (ii) moonlight spectra in this study were 

adapted to moonlight measurements performed at the natural habitat.  

 

When assessing potential effects of moonlight in established model species such as 

rodents and Drosophila, animals have so far been only subjected to continuous moonlight 

during the whole night, instead of providing moonlight only during certain hours of the 

night, as it would be the case for most nights in the natural environment. Separating the 

night in a moonlit and a dark portion allows to address if a species has a preference for 

either condition and if it can be classified as lunarphilic or lunarphobic. Subjecting a 

nocturnal species such as mice or hamsters to continuous moonlight during the whole 

night might fall short in revealing an impact of moonlight on circadian behaviour in a 

natural context, where they in fact would have the opportunity to restrict foraging 

behaviour to either the dark or moonlit portion of the night.  

To mimic natural conditions even more closely, future studies could also mimic the 

changes in light intensity that correlate with the position of sun and moon above the 

horizon. Implementing this aspect also in the swarming assay would give more accurate 

insights into when swarming onset is actually initiated relative to the time of moonrise in 

nature.  

 

7.2. Decoding sunlight vs moonlight for clock mediated timing  

A second aspect in which my work advances our understanding of light entrainment of 

biological clocks under naturalistic conditions is the aspect of how moonlight and sunlight 

are discriminated for clock entrainment. This is relevant not only for Platynereis but for 

the entire animal kingdom, as the circadian system of many animals is in principle 

sensitive to light levels of moonlight intensity (reviewed in section 3.6 and 3.7). Also in 

animals in which moonlight might not play a role for circadian timing under field 

conditions, the circadian system needs to discriminate moonlight from sunlight to prevent 

a disturbance of the circadian system by moonlight. Similarly, for species that possess a 

moonlight entrained monthly clock such as several marine species (reviewed in section 

3.5), discriminating sunlight from moonlight for this timing system is equally important.  
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In article #1 and #2 we present data that suggest that in Drosophila and Platynereis a light-

sensitive cryptochrome is required to discriminate between sun and moonlight valence 

for clock entrainment. We found that flies and worms that lack cryptochrome exhibit an 

increased circadian behavioural response to a moonlight stimulus given during the night 

(article #1, Fig. 2D,F,G and Fig. 4A-C). Furthermore, in flies dCry prevents internal 

desynchronization of molecular circadian clock gene oscillations among subgroups of 

circadian clock neurons under moonlight exposure (article #1, Fig. 4D-H). At a first glance 

it seems paradoxical that taking a light receptor away leads to an increased and aberrant 

response to a light stimulus. However, it is consistent with a role of cryptochrome in 

decoding sun versus moonlight valence as flies and worms that lack cryptochrome cannot 

adequately adapt to a naturalistic light regime that involves both sun and moonlight.  

 

I propose that the common key feature of the two light-responsive cryptochromes of 

Platynereis (L-Cry) and Drosophila (dCry) that enable them to discriminate sun- from 

moonlight lies in a biophysically defined light intensity threshold: light intensities above 

this threshold activate a cryptochrome mediated signaling pathway that encodes sunlight, 

while light below this threshold activates a signaling pathway that involves cryptochrome 

and other photoreceptors and that encodes moonlight. We provide three lines of evidence, 

which include biophysical, behavioural and biochemical data, that are consistent with this 

model.  

Firstly, we found that on a biophysical level, sunlight fully photoreduces L-Cry´s cofactor 

flavin adenine dinucleotide (FAD) within minutes, while prolonged moonlight exposure 

(>3h) leads to a distinct moonlight state of L-Cry, which is characterized by partial 

photoreduction of FAD and photoreduction kinetics that are distinct from the sunlight 

state (article #2, Fig. 1). Similarly, dCry bound FAD gets fully photoreduced by naturalistic 

sunlight, however it does not get photoreduced by naturalistic moonlight, at least not 

under the tested in vitro conditions (article #1, Fig. 5).  

Secondly, on a behavioural level, we provide evidence that L-Cry mediates distinct 

circadian responses to naturalistic sun and moonlight, consistent with the existence of 

two distinct L-Cry dependent signaling pathways that encode moon and sunlight. 

Specifically, we show that constant sunlight leads to an L-Cry-dependent arrest of the 

circadian clock, while constant moonlight leads to an L-Cry-dependent period shortening 

of the circadian clock (article #1, Fig. 2B, C). Similarly, it has been shown in Drosophila that 
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dCry disrupts circadian behaviour under bright light (Emery et al., 2000), while under dim 

light in the range of moonlight intensity dCry mediates a period lengthening of the 

circadian clock (Yoshii et al., 2004).  

Thirdly, on a biochemical level, we show that naturalistic sunlight but not moonlight leads 

to degradation of L-Cry (article #1, Fig. 3), suggesting that L-Cry engages via two distinct 

signaling modes in a sunlight and a moonlight signaling pathway. Furthermore, L-Cry 

seems to signal in different cellular compartments during naturalistic sunlight and 

moonlight conditions: while upon sunlight stimulation L-Cry localizes to the cytosol 

(article #2, Fig. 3), and subsequently gets degraded (article #1, Fig. 3), under moonlight 

conditions L-Cry is almost exclusively localized to the nucleus (article #1 Fig. 3 and article 

#2 Fig. 3 ). These observations are consistent with the existence of a canonical Drosophila-

like Cry-signaling pathway in Platynereis that is active under sunlight but not moonlight. 

In Drosophila this pathway involves a light-dependent binding of Cry to Tim and the 

subsequent degradation of both proteins, thereby resetting the circadian clock (reviewed 

in section 3.3).  

The fact that moonlight, in contrast to sunlight, does not reduce protein levels of L-Cry and 

the different subcellular localizations of L-Cry under sun- and moonlight conditions 

suggest that the L-Cry mediated behavioural effects of moonlight are mediated 

independently of the putative canonical L-Cry signaling pathway. Similarly, in Drosophila 

it has been reported that dim light pulses of long duration do not lead to a degradation of 

dCry, while at the same time the authors show that dCry is involved in entraining circadian 

behavioural rhythms to these dim light pulses (Vinayak et al., 2013), suggesting that a non-

canonical dCry signaling pathway exists that is involved in the adjustment of the circadian 

clock to dim light.  

In summary, albeit dim light of moonlight intensity does not seem to trigger degradation 

of dCry nor L-Cry, both cryptochromes seem to be involved in circadian dim 

light/moonlight perception through a non-canonical signaling pathway. The exact 

mechanism of this cryptochrome-dependent moonlight signaling pathway still needs to 

be elucidated, and might differ in Drosophila and Platynereis, as dCry in contrast to L-Cry 

did not respond to prolonged naturalistic moonlight in vitro (article 1, Fig. 5). This suggest 

that dCry either acts downstream of a more sensitive light receptor, or that dCry in vivo is 

more light sensitive than in our in vitro assay. However, a function of dCry downstream of 

a moonlight photoreceptor might well be possible, as it has been shown that (i) dCry can 
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act as a transcriptional repressor in the photoreceptors of the eye (Collins et al., 2006), 

and (ii) rhodopsins expressed in the eyes are required for the circadian perception of 

artificial moonlight given during the night (Schlichting et al., 2014).  

In Platynereis, the aforementioned identification of a distinct moonlight state of L-Cry 

after prolonged moonlight exposure (>3h) in vitro (article #2, Fig1) would be consistent 

with a direct moonlight activation of L-Cry that elicits a yet unknown downstream 

signaling pathway. However, L-Cry might in addition also act downstream of faster-acting 

moonlight sensors, especially considering that during a waning moon light regime the 

latency of L-Cry activation by moonlight would be too slow to accurately track the time of 

moonrise.   

  

The remarkable light sensitivity of r-opsin1 signaling as revealed in a cell-culture based 

system (article #1, Fig. 6A), along with the finding that r-opsin1 mutants show an impaired 

response in shifting their timing of swarming onset in response to a waning moonlight 

stimulus (article #1, Fig. 6B, C), suggests that ropsin1 signaling is activated at moonlight 

intensity and adjusts the phase of the clock to naturalistic nocturnal moonlight. Moonlight 

detection by eye rhabdomeric opsins has also been reported for Drosophila, although 

there the shift in locomotor activity seems to be mainly induced by light masking 

(Kempinger et al., 2009), while the effect of moonlight on the endogenous clock itself 

under a combined sun/moonlight regime is rather small (Bachleitner et al., 2007; 

Kempinger et al., 2009; Schlichting et al., 2014).  

 

The exact signaling pathway on how r-opsin1 and L-Cry adjust the circadian clock to 

moonlight still needs to be discovered. One candidate hormone that might be involved in 

this moonlight signaling pathway is the neuropeptide pigment dispersing factor (PDF). In 

Drosophila PDF is thought to mediate light input from the visual system to the circadian 

clock (reviewed in Schlichting, 2020). Furthermore, it has been shown that pdf knock-out 

flies in contrast to wildtypes cannot shift their evening activity peak into the night in 

response to an artificial moonlight stimulus provided during the night (Helfrich-Fo rster, 

2009). Therefore, it would be interesting to test if in Platynereis the impaired response of 

r-opsin1 mutants to a waning full moon regime is mediated by PDF.   
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7.3. Three distinct cellular states might encode sunlight, moonlight and darkness 

The existence of two light signaling pathways with different light sensitivities that both 

entrain the clock poses a potential mechanism on how animals can discriminate 

moonlight from sunlight for clock entrainment. Based on our data I propose a model of 3 

different cellular states that could encode sunlight, moonlight or darkness conditions both 

in Drosophila and in Platynereis: Under sunlight conditions cryptochrome gets fully 

photoreduced and binds cytosolic Tim which leads to a constant degradation of both Tim 

and Cry, resetting the clock. Under moonlight conditions the canonical Cry pathway is not 

activated and Cry accumulates in the nucleus. There it either is directly activated by 

prolonged moonlight exposure to signal in a non-canonical fashion and/or acts 

downstream of rhodopsin signaling to modulate the period of the clock. Under darkness 

Cry also accumulates in the nucleus but is not photoactivated directly nor indirectly. If and 

how rhodopsin and cryptochrome signaling interact to eventually impact on circadian 

clock gene cycling still needs to be elucidated. The fact that in Drosophila and Platynereis 

Cry is not only expressed in inner brain neurons that express circadian clock genes, but 

also in the photoreceptors of the eyes (article #1, 3G and Yoshii et al., 2008), would be 

consistent with the idea that rhodopsins and cryptochrome might act together even 

within the same cell to encode moonlight, sunlight or darkness.  

 

 

7.4. Stabilizing the circadian clock against a disturbance by moonlight - implications 

from Drosophila 

The mechanism on how dCry prevents internal circadian desynchronization under 

artificial full moon conditions among the different circadian clock neuron clusters that 

control morning and evening activity (article #1, Fig. 4) could be solely explained by 

dCry´s function to synchronize clock neurons to sunlight, irrespective of its function in 

dim light sensing. This is because dCry is expressed both in morning and evening cells 

(Benito et al., 2008; Yoshii et al., 2008). So although moonlight during the night slightly 

desynchronizes circadian clock gene oscillations in morning and evening oscillators cells 

(Bachleitner et al., 2007), dCry would resynchronize the molecular circadian clock gene 

oscillations in both morning and evening cells with each other as soon as the sun rises 

through the canonical cryptochrome signaling pathway. In contrast, mutant flies that lack 

dCry rely solely on rhodopsin signaling, which may delay circadian clock gene oscillations 
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in evening cells compared to morning cells during moonlit nights, and there is no dCry to 

resynchronize these oscillations again during the day. In other words, abolishing the main 

sunlight signaling pathway might unmask the internal desynchronization effects 

mediated by the very light-sensitive visual signaling pathway. This model could explain 

why we observed a delayed evening activity of Drosophila cry mutants compared to 

wildtypes under artificial full moon conditions. Furthermore, it would be consistent with 

studies that showed that Drosophila melanogaster cry mutants show an increased ability 

to delay their evening activity peak to the evenings of long photoperiods (Kistenpfennig 

et al., 2018; Menegazzi et al., 2017; Rieger et al., 2003), indicating that dCry prevents 

morning and evening oscillators to drift apart under such artificially long photoperiods 

which this Drosophila species would not experience in its natural habitat.   

 

It will be interesting to test if similar systems designed to discriminate moonlight from 

sunlight exist also in mammals, including humans and if impairing the “sunlight signaling” 

pathway would make individuals more susceptible to circadian effects of moonlight or 

photoperiod. Interestingly, in humans, a specific missense mutation (P10L) in melanopsin, 

which – such as insect Cry - is regarded as the main circadian sunlight photoreceptor, is 

associated with seasonal defective disorder (Roecklein et al., 2009) and an increased 

effect of photoperiod on sleep onset (Roecklein et al., 2012). One possible explanation for 

this paradoxical gain of function effect might be explained by a stronger influence of rod 

and cone photoreception on circadian timing once melanopsin signaling is impaired. As 

human sleep onset has also been shown to be affected by the moon cycle (Cajochen et al., 

2013; Casiraghi et al., 2021) and in light of the increased response to moonlight in 

Drosophila cry mutants (#article 1, Fig. 4), it would be interesting to test if the P10L 

melanopsin variant would make humans more susceptible to the effect of moonlight on 

sleep onset.  

 

 

7.5. Aschoff´s rule revisited: considering circadian responses to moonlight  

When making predictions on how the circadian system of a species responds to constant 

light, biologists have primarily taken into consideration if an animal is nocturnal or 

diurnal. It has been proposed that diurnal animals shorten their circadian period under 

constant dim and bright light while nocturnal animals would lengthen it. This prediction 
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has been referred to as Aschoff´s first rule and is based on observations in some diurnal 

(lizards, starlings, finches) and nocturnal (mice) vertebrates (Pittendrigh, 1960). 

However, a follow-up article that reviewed many more species found that there are several 

exceptions to this rule including some diurnal mammals (e.g. some squirrel species) and 

most diurnal insects (Aschoff, 1979). Most tested diurnal insects (such as Drosophila and 

several ground beetle species) were found to increase their period length under constant 

light irrespective if they show nocturnal or diurnal activity profiles. Platynereis also breaks 

Aschoff´s rule, as it is a nocturnal species and decreases its circadian period length under 

constant artificial moonlight. Functionally, this feature of the clock likely allows 

Platynereis to advance the clock during the nights following a full moon to time swarming 

onset to the beginning of the night where no moonlight is present. Therefore, it might be 

useful also for other species to consider if and how they react to moonlight in their native 

environment to better understand the functional significance of certain circadian clock 

properties.  

 

 

7.6. First insights into the entrainment of peripheral circadian rhythms in 

Platynereis 

In article #3 we aimed at a first characterization of the entrainment and maintenance of 

circadian rhythms in peripheral tissues. We found that circadian chromatophore size 

regulation is maintained under constant darkness in animals without a head (Fig. 5D), 

indicating the existence of a self-maintained circadian clock in the trunk that can function 

independently of the head. However, we found that overall circadian clock gene 

oscillations across the whole trunk are not maintained in a synchronized fashion after 3 

days in constant darkness, while they cycle in a synchronized fashion under LD cycles (Fig. 

1). Interestingly, this synchrony under LD cycles does not require the head (Fig. 3), 

indicating that photoreceptors present in the trunk can synchronize circadian clock gene 

oscillations throughout the trunk. This indicates that like in Drosophila, peripheral tissues 

are intrinsically photosensitive and do not necessarily rely on the central clock to entrain 

their molecular circadian rhythms. However, one limitation of this study is that we only 

looked at circadian clock gene oscillations in the trunk as a whole, thereby losing spatial 

resolution.  To understand which circadian processes in the trunk are under the control of 
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the central circadian oscillator and which are entrained by local photoreceptors, will 

require an approach that targets specific tissues or organs.  

 

One of these candidate photoreceptors that might synchronize peripheral circadian clock 

gene oscillations to the LD cycle is r-opsin1, as it is expressed in the parapodia of the 

worms trunk (Backfisch et al., 2013). It would be interesting to test if r-opsin1 mediated 

moonlight signaling is also relevant in the trunk or if peripheral circadian clock gene 

oscillations are exclusively entrained by sunlight.  As circadian chromatophore size 

regulation is thought to have mainly evolved to protect the organism from damaging UV 

light during the day (Miner et al., 2000), it would make little sense from this perspective 

if circadian chromophore size regulation would be sensitive to moonlight. If chromophore 

size regulation was indeed moonlight insensitive, it might also be controlled by a circadian 

clock that runs with a period length closer to the 24h solar day rather than the 24.8h lunar 

day. Interestingly, we found that if worms are kept for 5 days in constant darkness, 

chromatophores were smaller at CT14 compared to CT2 (article #3, Fig. 5b), similar as 

under a LD light regime. This would not be possible if the clock was running with an 

endogenous ~25h rhythmicity (like the clock that controls swarming onset) as this would 

delay the chromatophore cycle on day 5 under DD by about 5 hours and hence 

chromatophores should be larger at CT14 compared to CT2 (article #3, compare Fig. 5B 

and 5F).  

Although further experiments would be needed to test this hypothesis, following up on 

this avenue might yield interesting conceptual questions about the coexistence of 

circadian and circalunidian timers in Platynereis, such as the possibility that monthly 

rhythms might arise from an overlay of a 24h and a 24.8h timer (Soong & Chang, 2012; 

Zantke et al., 2013). Interestingly, the coexistence of a circadian (~24h) timer that controls 

chromatophore size and an independent circatidal (~12.4h) timer that controls 

locomotor activity has been shown to exist in the intertidal crab Eurydice pulchra (Zhang 

et al., 2013).  

 

 

7.7. Conclusions 

In this thesis I uncovered a surprisingly strong influence of naturalistic moonlight on the 

circadian timing of reproductive behaviour in Platynereis dumerilii. By mimicking waning 
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and waxing moonlight regimes, I could show that swarming onset is timed to the portion 

of the night where no moonlight is present. This timing is not an immediate response to 

moonlight but mediated by a moonlight-sensitive plastic circadian clock, which shortens 

its period length under moonlight exposure. This discovery allowed us to investigate how 

moonlight is perceived and how it is discriminated from sunlight for circadian timing. We 

find that naturalistic sunlight and naturalistic moonlight are likely perceived through 

distinct signaling pathways. The sunlight signaling pathway is associated with a 

translocation of nuclear L-Cry into the cytosol and its subsequent degradation, while the 

moonlight signaling pathway requires both r-opsin1 and L-Cry signaling and is associated 

with a distinct L-Cry state, where FAD bound L-Cry gets partially photoreduced but L-Cry 

is neither translocated to the cytoplasm nor is it degraded (for summary model see article 

#1, Fig. 7). The function of a light-sensitive cryptochrome to distinguish moonlight from 

sunlight seems to extend to insects, as we find that Drosophila Cry shields the fly clock 

from a disturbance by moonlight.  

 

This work bears potential relevance for the scientific community that goes beyond the 

chronobiology of Platynereis and Drosophila.  Firstly, it suggests that distinct light input 

pathways to the circadian clock may have evolved in part also to discriminate lunar from 

solar light illumination. Secondly, our findings emphasize that under naturalistic 

conditions circadian systems with high light sensitivity need to adapt to different moon 

phases.  The discovery that a waning moonlight regime has such a pronounced effect on 

circadian timing of swarming onset in Platynereis might hint at an important yet 

overlooked effect of moonlight on circadian timing also in other species. Importantly, the 

few studies that investigated circadian effects of moonlight under laboratory conditions 

(mainly in mice, hamsters and Drosophila) only used light regimes with continuous 

nocturnal moonlight, rather than waning or waxing moonlight regimes. Using these latter 

light regimes might be better suited to assess circadian effects of moonlight, since they 

allow animals to restrict their activity either to times of darkness, moonlight or sunlight. 

To solve global conservation challenges, it is important to know how widespread the effect 

of moonlight on circadian timing is, as anthropogenic light pollution can easily interfere 

with these fundamental timing mechanisms, which are relevant for species survival 

(Ayalon et al., 2020).  
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8. Technical contribution – Article 4: A versatile 

depigmentation, clearing, and labeling method for exploring 

nervous system diversity  

 

Status: published article 

Science Advances Vol. 6, no. 22, eaba03656 (2020), doi: 10.1126/sciadv.aba0365 

 

Authors:  

Marko Pende, Karim Vadiwala, Hannah Schmidbaur, Alexander W. Stockinger, 

Prayag Murawala, Saiedeh Saghafi, Marcus P. S. Dekens, Klaus Becker, 

Roger Revilla-i-Domingo, Sofia-Christina Papadopoulos, Martin Zurl, Pawel Pasierbek, 

Oleg Simakov, Elly M. Tanaka, Florian Raible, Hans-Ulrich Dodt 

 

Outline: 

Whole-body imaging of fluorescently labeled proteins or nucleic acids requires protocols 

that make tissues transparent. A particular challenge is to clear pigmented tissue, like eyes 

or chromatophores, in order to image molecules within or below these structures. Here, 

we develop a depigmentation and clearing protocol that is applicable to a variety of model 

species ranging from annelids and squids to axolotls and zebrafish. We show that this 

protocol is compatible with a wide range of downstream labeling and imaging techniques 

that include immunohistochemistry, RNA in situ hybridization, EdU labeling of 

proliferative cells and imaging of endogenous fluorescence.  

 

Contributions:  

I discovered Vasotocin-positive cell bodies below the eyes of Platynereis dumerilii and 

performed and analyzed anti-Vasotocin immunostainings shown in Figure 2G.  
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