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Abstract  Cryptochromes (Crys) represent a multi-facetted class of proteins 
closely associated with circadian clocks. They have been shown to function as 
photoreceptors but also to fulfill light-independent roles as transcriptional 
repressors within the negative feedback loop of the circadian clock. In addition, 
there is evidence for Crys being involved in light-dependent magneto-sensing, 
and regulation of neuronal activity in insects, adding to the functional diversity 
of this cryptic protein class. In mammals, Crys are essential components of the 
circadian clock, but their role in other vertebrates is less clear. In invertebrates, 
Crys can function as circadian photoreceptors, or as components of the circa-
dian clock, while in some species, both light-receptive and clock factor roles 
coexist. In the current study, we investigate the function of Cry proteins in 
zebrafish (Danio rerio), a freshwater teleost expressing 6 cry genes. Zebrafish 
peripheral circadian clocks are intrinsically light-sensitive, suggesting the 
involvement of Cry in light-resetting. Echinoderms (Strongylocentrotus purpura-
tus) represent the only class of deuterostomes that possess an orthologue 
(SpuCry) of the light-sensitive Drosophila melanogaster Cry, which is an impor-
tant component of the light-resetting pathway, but also works as transcriptional 
repressor in peripheral clocks of fruit flies. We therefore investigated the poten-
tial of different zebrafish cry genes and SpuCry to replace the light-resetting and 
repressor functions of Drosophila Cry by expressing them in fruit flies lacking 
endogenous cry function. Using various behavioral and molecular approaches, 
we show that most Cry proteins analyzed are able to fulfill circadian repressor 
functions in flies, except for one of the zebrafish Crys, encoded by cry4a. Cry4a 
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also shows a tendency to support light-dependent Cry functions, indicating 
that it might act in the light-input pathway of zebrafish.

Keywords  circadian clock, Danio rerio, Strongylocentrotus purpuratus, timeless, lucifer-
ase, period

Cryptochromes evolved from the ancient protein 
family of photolyases, which use light energy to 
repair ultraviolet-damaged DNA (Deppisch et  al., 
2022; Ozturk, 2017; Sancar, 2003). Most animal cryp-
tochromes play a role in the circadian clock although 
their specific function varies dramatically. The 
Drosophila-type cryptochrome (type 1 Cry) functions 
as a circadian photoreceptor, at least within the pace-
maker neurons of the central brain (Emery et al., 1998; 
Stanewsky et al., 1998). In contrast, the mammalian-
type cryptochromes (type 2 Crys) have lost their abil-
ity to sense light, while they have retained their 
DNA-binding capacity and function as circadian 
repressors (Kume et al., 1999). Moreover, recent work 
suggests that both type 1 and type 2 Crys can sense 
the earth’s magnetic field (reviewed in the work of 
Merlin, 2023). Although the role of Cry as magneto 
sensor in flies has recently been questioned (Bassetto 
et al., 2023), there is considerable evidence for insect 
magnetosensitivity mediated by type 1 Crys using 
various paradigms by several independent groups 
(e.g., Bae et al., 2016; Fedele et al., 2014; Merlin, 2023; 
Wan et  al., 2021; Yoshii et  al., 2009). The proposed 
canonical mechanism suggests that light absorption 
by the Cry cofactor flavine adenine dinucleotide 
(FAD) initiates an electron-transfer cascade along a 
Cry tryptophane chain, resulting in formation of a 
radical pair, which is sensitive to magnetic fields 
(Hore and Mouritsen, 2016). As previously demon-
strated for Cry activation by light, this could lead to 
conformational changes in the 52-amino-acid-long 
C-terminal tail of Cry, enabling interactions with 
other proteins, and thereby the possibility to signal 
the active state to other molecules and cells (Czarna 
et  al., 2013; Fogle et  al., 2015; Levy et  al., 2013; 
Mazzotta et al., 2013; Peschel et al., 2009; Vaidya et al., 
2013). Surprisingly, recent evidence indicates that the 
C-terminal tail alone (lacking FAD binding sites and 
the tryptophan chain) and even high concentrations 
of FAD alone can confer magnetic sensitivity to fly 
neurons, suggesting that Cry potentiates and trans-
duces magnetic field signals, rather than sensing 
them (Bradlaugh et al., 2023).

Zebrafish (Danio rerio) contain circadian clocks 
throughout their bodies, and similar to peripheral 
clocks in Drosophila melanogaster, these clocks can be 
synchronized to light:dark cycles independently of 
each other in vitro (Frøland Steindal and Whitmore, 
2019; Giebultowicz et al., 2000; Whitmore et al., 2000). 

Strikingly, even the circadian clock of an embryonic 
zebrafish cell line can be synchronized to light:dark 
cycles, indicating the existence of a cell autonomous 
photopigment (Dekens and Whitmore, 2008; Tamai 
et al., 2004). In Drosophila, peripheral circadian clock 
resetting is mediated by Cry, whereas the central 
brain clock is synchronized both by Cry and visual 
system photoreceptors (rhodopsins) (Ivanchenko 
et  al., 2001; Stanewsky et  al., 1998). The freshwater 
teleost Danio rerio encodes six different cryptochrome 
proteins. Based on sequence comparisons, Cry1a, 
Cry1b, Cry2a, and Cry2b are closely related to the 
mammalian type 2 Cry proteins (Deppisch et  al., 
2022; Oliveri et  al., 2014). Zebrafish Cry3 and Cry4 
each form a different group, suggesting the existence 
of a total of 3 Cry groups in teleosts (Kobayashi et al., 
2000). Moreover, in contrast to zebrafish Cry1a, 
Cry1b, Cry2a, and Cry2b, zebrafish Cry3 and Cry4 
expressed in human cell lines did not show repressor 
activity of Clock- and Bmal1-induced transcription, 
further suggesting that they form functionally dis-
tinct groups (Kobayashi et al., 2000; Liu et al., 2015). 
However, in zebrafish cells, Cry3 is expressed pre-
dominantly nuclear and shows potent repressor 
activity toward zebrafish per1- and cry1a-driven 
reporter gene transcription (Ferrer Prat, 2008). 
Maximum likelihood (ML) phylogenetic analysis also 
suggests a functional similarity between zebrafish 
Cry4 and Drosophila Cry (Kobayashi et al., 2000). In 
addition, zebrafish Cry4 is closely related to avian 
Cry4, which is both light and magneto-sensitive 
(Deppisch et al., 2022; Xu et al., 2021; Zoltowski et al., 
2019). Moreover, zebrafish cry1a expression is induced 
by light and correlated to the magnitude of the phase 
shift of per1 expression in a zebrafish cell line contain-
ing a functional circadian clock (Tamai et al., 2007). 
These results suggest that Cry1a and/or Cry4 may 
function as photoreceptors for circadian clock entrain-
ment in zebrafish. In support of this, neither Cry1a 
nor Cry4 exhibit DNA repair activity, showing that 
they do not function as photolyases (Kobayashi et al., 
2000). However, Cry1a, but not Cry4, represses CLK-
BMAL-mediated transcription in reporter assays 
(Kobayashi et al., 2000; Tamai et al., 2007), suggesting 
that Cry1a may act in light detection, as a component 
of the light signal transduction pathway.

Interestingly, echinoderms (Strongylocentrotus pur-
puratus) represent the only class of deuterostomes 
that possess an orthologue of Drosophila Cry (Oliveri 
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et al., 2014; Rubin et al., 2006; Yuan et al., 2007) sup-
porting the idea that SpuCry may function as circa-
dian photoreceptor in this phylum. However, both 
zebrafish and echinoderms also possess numerous 
opsin genes (e.g., up to 42 in zebrafish), some of 
which most likely play a role in light synchroniza-
tion of circadian clocks (D’Aniello et al., 2015; Davies 
et  al., 2015; Lesser et  al., 2011; Raible et  al., 2006), 
although functional evidence is lacking at this time. 
In order to test if Danio rerio and S. purpuratus candi-
date Crys possess photoreceptive functions, we 
tested if they can replace the function of Drosophila 
Cry. For this, we generated transgenic Drosophila 
expressing the heterologous cry genes in a genetic 
background lacking endogenous cry function (cryb) 
(Stanewsky et  al., 1998). Using a similar approach, 
the function of human Cry1 and 4 types of crusta-
cean Cry from Daphnia magna has been analyzed 
(Nitta et al., 2019; Vieira et al., 2012). Rather than per-
forming a global analysis of zebrafish Cry proteins, 
the aim of this study was to explicitly test the poten-
tial photoreceptor roles for Cry1a and Cry4, as well 
as to address the debated role of Cry3 as a transcrip-
tional repressor. While none of the zebrafish or sea 
urchin cry genes was able to restore normal light syn-
chronization in cryb mutant flies, our results show 
that, with the exception of zebrafish cry4, all tested 
cry genes encode potent repressors of period tran-
scription in Drosophila, indicating that they most 
likely function as circadian repressors, similar to 
mammalian type 2 Crys.

Materials And Methods

Cloning of zCry and Spu-dCry Into Drosophila 
Transformation Vectors

To generate pUAST-attB-cry1a, cry3, and cry4, the 
zebrafish cry genes were subcloned from pGAD-
cry1a, pGEM-cry3, and pBS-cry4 into pUAST-attB 
(Brand and Perrimon, 1993). The full coding sequence 
of the SpuCry gene (S. purpuratus genome 3.1: 
SPU_000282, WHL22.613873; S. purpuratus genome 
5.0: LOC581225) was amplified using the Forw-
EcoRI-CCGGAATTCATGCCTGGCGGTGCCT and 
R e v - X h o I - T C C G C T C G A G AT TA A G A A A A A 
GGAACAAAC primers and a full-length cDNA clone 
derived from S. purpuratus total RNA at the stage of 
33 hours after fertilization (early gastrula). A purified 
fragment was cloned into the pGemT vector (Promega) 
according to manufacturer’s instructions. Recombinant 
clones were sequenced using T7 and SP6 primers to 
confirm the correct fragment had been cloned. To gen-
erate pUAST-attB-SpuCry, SpuCry was subcloned from 

pGemT-SpuCry into pUAST-attB. All constructs were 
verified by sequencing before injection into fly 
embryos.

Flies

Flies were raised in 12 h:12 h light-dark (LD) cycles 
on a standard Drosophila medium (0.7% agar, 1.0% 
soya flour, 8.0% polenta/maize, 1.8% yeast, 8.0% malt 
extract, 4.0% molasses, 0.8% propionic acid, 2.3% 
nipagen) at 25 °C and 40%-60% humidity. Pdf-gal4 
(Renn et  al., 1999), Clk856-gal4 (Gummadova et  al., 
2009), and tim-gal4:27 (Kaneko and Hall, 2000) were 
crossed into a homozygous mutant cryb background 
(Stanewsky et  al., 1998) using appropriate balancer 
chromosomes and dominant markers. UAS-cry24.5 
and UAS-per:16 lines have been described 
(Blanchardon et al., 2001; Emery et al., 1998) and are 
located on chromosomes 2 and 3, respectively. 
pUAST-attB vectors containing zebrafish cry1a, cry3, 
cry4, and SpuCry were transformed into y1 v1nos-Φ31, 
attP40/attP40 flies using standard procedures. 
Transformants of each cry gene were then crossed 
into a homozygous cryb mutant background. BG-luc60 
and plo3b-1 transgenics are located on chromosome 1 
and 3, respectively, and have previously been 
described (Stanewsky et al., 1998, 2002).

Behavioral Analysis

Analysis of locomotor activity of 4- to 5-day-old 
male flies was performed using the Drosophila Activity 
Monitor System (DAM; Trikinetics). Individual flies 
were placed into glass tubes filled with 2% agar and 
4% sucrose and loaded into the DAM system. The 
monitors were located inside a light- and tempera-
ture-controlled incubator (Percival) where the fly’s 
activity was monitored for 1-2 weeks depending on 
different experimental conditions. Plotting of behav-
ioral activity, rhythmicity, and period calculations was 
performed using a signal-processing tool-box (Levine 
et al., 2002) implemented in Matlab (MathWorks). For 
phase determination, activity data were transferred to 
an Excel macro (Microsoft), and the position (phase) 
of the evening activity peak for each individual fly 
was determined for every day of the experiment 
(phase plots in Figure 2A and 2B) as described 
(Sehadova et al., 2009). To calculate how long a certain 
genotype requires for re-synchronizing to the shifted 
LD cycle, daily activity profiles of individual flies were 
plotted, and the number of days where the evening 
peak showed transient delays before reaching a stable 
phase was determined manually for each fly (Figure 2C 
and 2D).
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Immunohistochemistry

Flies were entrained in 12 h:12 h LD at 25 °C for 
3-4 days before fixation. Ten flies of each genotype 
were fixed at ZT21 or 2 h after a light pulse (LP) given 
at ZT19; therefore, all the flies were collected at the 
same time. After the 2.5-h fixation in 4% paraformalde-
hyde in phosphate buffered saline (PBS) + 0.1% 
Triton-X100, fly brains were dissected and washed in 
PBS + 0.1% Triton-X100, followed by incubation with 
primary antibodies as described (Chen et al., 2015). Rat 
anti-TIM (1:1000) (Rush et al., 2006), mouse anti-Pig-
ment Dispersing Factor (PDF) (1:1000, Developmental 
Studies Hybridoma Bank, DSHB), rat anti-HA (1:1000, 
Roche), and secondary rat AlexaFluor-594 and mouse 
AlexaFluor-647 antibodies (1:400, Invitrogen) were 
applied. Mounted brains were scanned using a Leica 
TCS SP5 confocal microscope. Quantification of TIM 
signals was performed (Gentile et al., 2013) with minor 
modifications: Pixel intensity of stained neurons and 
background staining in each neuronal group was mea-
sured using Image J. Background signal was deter-
mined by taking the average signal of two surrounding 
fields of each neuronal group and was subtracted from 
the neuronal signal. For each group of clock neurons, 
at least 6 hemispheres from each genotype were mea-
sured. Data were normalized by setting the peak value 
to 1, and the value from each time point was then 
divided by the peak value.

Bioluminescence Measurements

Luciferase expression of individual flies was mea-
sured as described (Stanewsky et al., 2002). Briefly, 
2- to 3-day-old males were ether-anesthetized and 
loaded in a 96-well microtiter plate in which every 
other well contained 100 µl of 5% sucrose, 1% agar, 
and 15mM luciferin. Flies were measured in a Packard 
Topcount Multiplate Scintillation Counter for 6-7 days 
during 12 h:12 h LD and DD at 25 °C as indicated in 
the figures. Data were plotted using BRASS software 
(Version 2.1.3) (Locke et al., 2005) and analyzed using 
Chronostar software (Klemz et al., 2017). In particu-
lar, data were first de-trended using a running aver-
age with a 24-h window. After trendline subtraction, 
data were subjected to a sinus fit operation, and the 
resulting curves were plotted in Figure 4B (see Klemz 
et al., 2017 for details).

Results

In order to determine the photoreceptive potential 
of the different Cry proteins, we stably introduced 
them into the Drosophila germline using 
Φ31 C-mediated integration (see Materials and 

Methods). This technology allows integration into an 
identical position in the genome, thereby precluding 
differences in expression levels due to position effects 
associated with a particular chromosomal site. To 
facilitate transgene combination with a mutation of 
the Drosophila cry gene located on chromosome 3, we 
chose the attP40 landing site situated on chromosome 
2 (Markstein et al., 2008). After successful transforma-
tion, 4 transgenic zebrafish and sea urchin cry lines 
(cry1a, cry3, cry4, SpuCry) were crossed into the cryb 
mutant background (Stanewsky et  al., 1998). The 
transgenes contain UAS sequences allowing tran-
scriptional activation of each cry gene by introducing 
the yeast GAL4 transcription factor (Brand and 
Perrimon, 1993). It has previously been shown that 
expression of dcry in all timeless (tim) expressing clock 
cells robustly rescues cryb molecular and behavioral 
phenotypes (Emery et  al., 2000b), and we therefore 
expressed the zebrafish and sea urchin cry genes 
using the same tim-gal4 line. In addition, we used the 
Clk856-gal4 driver, which, like tim-gal4, is expressed 
in all clock neurons but lacks expression in peripheral 
clocks and glia cells (Gummadova et  al., 2009). 
Finally, in some of the assays, we applied an even 
more restricted driver (Pdf-gal4), which is only 
expressed in 16 of the overall ~150 clock neurons in 
the fly brain (Renn et al., 1999). We then asked if the 
individual heterologously expressed cry transgenes 
were able to rescue any of the phenotypes caused by 
cryb . As a positive control, we also expressed 
Drosophila cry in a cryb mutant background using the 
same set of clock cell gal4 drivers.

Heterologous Zebrafish and Sea Urchin cry 
Expression in cryb Mutants Does Not Restore 
Circadian Clock Sensitivity to Constant Light

The circadian clock of Drosophila fails to operate in 
constant light (LL), presumably because of constitu-
tive light-dependent degradation of one of its key 
components, the clock protein Timeless (Tim) (Price 
et al., 1995; Zeng et al., 1996). As a consequence, while 
Drosophila locomotor activity rhythms are sustained in 
conditions of constant darkness (DD), wild-type flies 
become arrhythmic in LL and constant temperature 
(Konopka et  al., 1989; Konopka and Benzer, 1971). 
Interfering with light-input pathways to the clock can 
restore clock function in LL, leading to molecular and 
behavioral rhythmicity (Chen et al., 2011; Emery et al., 
2000a), while LL rhythmicity induced by the cryb muta-
tion can be reversed to wild-type LL arrhythmicity by 
driving UAS-cry expression in all clock cells (Emery 
et al., 2000b). As a quick and straightforward assay to 
test if the various cry genes can replace light-depen-
dent Cry functions in flies, we exposed cryb mutant 
flies heterologously expressing one of the different cry 
genes in all clock neurons (Clk856-gal4/UAS-cry; cryb/ 
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cryb) to bright LL (~1500 lux). As expected, wild-type 
flies were arrhythmic in LL, while homozygous  cryb/ 
cryb  flies displayed robust rhythmicity (Figure 1, 
Supplementary Table S1). The LL-rhythmicity of cryb  
mutants could be fully rescued by driving Drosophila 
UAS-cry expression with Clk856-gal4. Based on 
sequence homology to Drosophila Cry, we predicted 
that SpuCry and zebrafish Cry4 could at least partially 
replace its function, but cryb flies expressing these cry 
genes in all clock neurons remained thoroughly rhyth-
mic in LL. As expected, none of the more distantly 
Drosophila-related cry genes (zebrafish cry1a and cry3) 
restored LL arrhythmicity (Figure 1). Similar results 
were obtained in dim LL (~100 lux) and with the Pdf-
gal4 driver, where expression of Drosophila cry resulted 
in 50% of LL arrhythmic flies as previously reported 
(Emery et al., 2000b) and none of the other cry genes 
had any effect (Supplementary Table S1). To rule out 
whether the LL-assay may not be suitable to detect 
potential partial photoreceptive functions of the heter-
ologously expressed cry genes, we next turned to a 
more sensitive assay.

Heterologous Zebrafish and Sea Urchin Cry 
Expression Does Not Rescue Slow 
Resynchronization of cryb Mutants to Altered LD 
Cycles

Resynchronization to altered LD cycles (i.e. a jet-
lag assay) is a very sensitive behavioral assay to 
determine functionality of the different light-input 

pathways to the circadian clock. For example, com-
pared to wild-type flies, which require only 1-2 days 
to resynchronize their behavioral activity pattern to 
an 8-h-delayed LD cycle, cryb mutants need 4-5 days, 
while flies with an additionally impaired visual sys-
tem (norpAP41 cryb) require >7 days to achieve this 
task (Emery et al., 2000b). Because it allows for detec-
tion of partially functional light input to the circa-
dian clock, we exposed cryb mutant flies expressing 
one of the different cry genes in all clock cells to such 
a jetlag assay. In particular, Clk856-gal4/UAS-cry;  
cryb/cryb flies were first kept in a 12 h:12 h LD cycle for 
5 days, after which the LD cycle was delayed by 6 h. 
After exposure to this delayed LD cycle for 7 days, 
flies were released into DD for an additional 3-5 
days. During the first 5 days, flies from all genotypes 
synchronized their activity pattern to the LD cycle, 
with activity peaks in the morning and evening. In 
addition, all flies “anticipated” the environmental 
light transitions in the morning and evening by 
increasing their locomotor activity several hours 
before the actual light transition, indicative of light 
synchronization of the underlying circadian clock 
(Wheeler et al., 1993). As expected, control flies rap-
idly adjusted their activity pattern to the 6-h-delayed 
LD regime within 1-2 days, while homozygous cryb/  
cryb flies required ~4-5 days before adjusting their 
evening activity peak to the shifted LD regime 
(Figure 2a). The slow resynchronization of cryb 
mutants could be fully rescued by driving Drosophila 
UAS-cry expression with Clk856-gal4 (Figure 2a). We 
predicted that in this more sensitive assay, SpuCry 

Figure 1.  Zebrafish and sea urchin cryptochromes do not abolish constant-light rhythmicity induced by cryb. Male flies were exposed to 
2 days of 12 h:12 h LD before being released into LL (~1500 lux 25 °C). Double-plotted actograms show average activity of the genotypes 
indicated above the plots (progeny of Clk-gal4; cryb flies crossed to UAS-cry; cryb or +;  cryb flies). cry + control flies are y w. White areas 
indicate “lights-on,” and gray areas, “lights-off.” Note that wild-type (y w) and Clk-gal4; UAS-cry;  cryb flies become arrhythmic in LL, 
while cryb flies, as well as those expressing zebrafish or sea urchin cry genes, stay rhythmic. Similar results were obtained with the more 
restricted Pdf-gal4 driver and at lower light intensities (see Supplementary Table S1).
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Figure 2.  Zebrafish and sea urchin Cryptochromes do not enhance slow resynchronization of cryb mutants to LD cycles. (a-d) Male flies 
were exposed to 5 (a) or 4 (b) days of 12 h:12 h LD before delaying the LD cycle by 6 h. After 7 days in this delayed LD cycles, flies were 
released into DD for 3-4 days. (a, b) Double-plotted actograms on the left show average activity during the entire experiment. Phase plots 
on the right indicate the daily position of evening activity peak, with error bars indicating SEM. White portions indicate “lights-on,” 
and gray areas, “lights-off.” “Control” flies are y w combined with the progeny of Clk-gal4; cryb (a) or tim-gal4; cryb (b) flies crossed 
to y w. “+; cryb” flies are progeny of Clk-gal4; cryb (a) or tim-gal4; cryb (b) flies crossed to cryb. All other genotypes contain one copy of 
Clk-gal4; cryb (a) or tim-gal4;  cryb (b) as indicated on the top, plus one copy of a UAS-cry transgene (as indicated on the left) in a homo-
zygous cryb mutant background. (c, d) Quantification of the days required for re-entrainment for each of the genotypes shown in (a) 
and (b). cryb controls were Clk-gal4; cryb (c) or tim-gal4; cryb (d) flies crossed to cryb (+), and flies from a homozygous mutant cryb stock 
(cryb) (c). Numbers within bars indicate n. Error bars indicate SEM. Significant differences between all genotypes and the controls were 
determined using the non-parametric Tukey test followed by Dunnett’s test (****p < 0.0001, ns: not significant).
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and zebrafish cry4 would at least partially restore cry 
function in the fly and speed up resynchronization to 
delayed LD cycles in cryb mutants, but this was not 
the case (Figure 2a). Quantifying the days required 
to reach a stable activity pattern in the shifted LD 
regime (i.e., after the jetlag), revealed no significant 
differences between homozygous cryb/cryb flies 
expressing none and those expressing any of the dif-
ferent cry genes (Figure 2c). To rule out the possibil-
ity that cry expression driven by Clk856-gal4 may not 
be strong enough, or spatially too restricted, we 
repeated these experiments using tim-gal4. Again, no 
improvement of light resynchronization was induced 
by any of the heterologous cry genes, while expres-
sion of Drosophila cry resulted in wild-type behavior 
(Figure 2b and 2d). Taken together, our results sug-
gest that the zebrafish and sea urchin cry genes ana-
lyzed here are not able to restore light- and 
cry-dependent behavior in flies (Figures 1 and 2).

Heterologous Zebrafish and Sea Urchin Cry 
Expression Does Not Restore Light-Dependent 
Timeless Degradation in Clock Neurons of cryb 
Mutants

To investigate if any of the Cry proteins encoded 
by the sea urchin and zebrafish cry genes can sup-
port light responses of the molecular clock, we mea-
sured light-induced degradation of Tim protein in 
clock neurons. The various cry genes were expressed 
in cryb mutant flies using the Clk856-gal4 driver, and 
Tim levels were determined by immunofluorescence 
late at night, when Tim levels reach their maximum 
(at Zeitgeber Time [ZT] 21, meaning 3 h before the 
lights came on in a 12 h:12 h LD cycle). These values 
were then compared to Tim levels in flies which were 
exposed to a 2 h of bright LP starting at ZT19. As 
expected, in cryb mutant flies, Tim levels in all clock 
neurons were similar between the control and 
LP-treated flies (Yoshii et  al., 2015). In contrast, 
Clk856-gal4-driven expression of Drosophila cry led to 
a strong reduction of Tim in all clock neuronal 
groups, indicating a rescue of Tim stabilization 
induced by cryb (Figure 3). In agreement with our 
behavioral results (Figures 1 and 2), none of the 
zebrafish or sea urchin Cry proteins induced a clear 
reduction of Tim levels in the clock neurons of 
LP-treated flies. Although only the expression of 
zebrafish cry4 consistently showed a trend toward 
reduced Tim levels in all neuronal groups in the 
LP-treated flies, the difference to the non-pulsed con-
trols was not significant, indicating that none of the 
heterologously expressed Cry proteins supports 
light-dependent Tim degradation.

Heterologous Zebrafish and Sea Urchin Cry 
Expression Does Not Restore Light-Dependent 
Period-Luciferase Oscillations in Peripheral Clock 
Cells of cryb Mutants

Drosophila Cry also mediates molecular synchroni-
zation of peripheral clock cells to LD cycles 
(Ivanchenko et  al., 2001). In fact, the original cryb 
mutation was isolated in a screen for altered period-
luciferase (per-luc) oscillations in peripheral clock cells 
during LD cycles. While wild-type flies displayed 
robust per-luc oscillations in LD, cryb abolished these 
oscillations (Stanewsky et  al., 1998). Because daily 
temperature cycles restored Per and Tim protein as 
well as per-luc oscillations in cryb mutant flies, it fol-
lowed that Cry is required for light-resetting of 
peripheral circadian clocks in flies (Glaser and 
Stanewsky, 2005; Ivanchenko et al., 2001; Stanewsky 
et al., 1998). To test if the zebrafish and sea urchin Crys 
support light synchronization of peripheral clocks in 
flies, we expressed them individually in cryb mutant 
flies expressing the same per-luc reporter (BG-luc, con-
taining 4 kb of 5’-flanking regulatory sequences and 
about two-third of the PER coding region fused to 
luciferase cDNA) used to isolate cryb. Flies were placed 
individually in the wells of 96-well microtiter plates, 
and luminescence originating from each fly was mea-
sured once per hour during 2.5 days of LD followed 
by 4 days of DD. As expected, cryb mutants showed no 
or low-amplitude per-luc oscillations when looking at 
average raw bioluminescence counts or de-trended 
and curve-fitted data, respectively, while wild-type 
flies expressed robust and light-dependent luciferase 
rhythms (Figure 4a and 4b). Expressing Drosophila Cry 
with the tim-gal4 reporter restored per-luc rhythms in 
cryb mutant flies, confirming that this assay can be 
used to test the function of the zebrafish and sea urchin 
Crys in light synchronization of peripheral clocks 
(Figure 4A and 4B). As described for clock neuronal 
light responses earlier, only zebrafish cry4 showed lim-
ited ability to restore per-luc rhythmicity in cryb flies 
(Figure 4B). Interestingly, SpuCry, zebrafish cry1a, and 
cry3 led to trough levels of per-luc expression during 
the LD part of the experiment, suggesting that the 
respective proteins can act as repressors of per expres-
sion (see below).

Zebrafish Cry1a, Cry3, and SpuCry Can Function 
as Transcriptional Repressors of Period Expression 
in Drosophila

The mammalian type 2 Cry proteins function as 
essential, light-independent repressor proteins in 
the circadian clock. Mouse Cry1 and Cry2 repress 
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Figure 3.  Zebrafish and sea urchin cryptochromes do not restore robust light-dependent Tim degradation in cryb mutants. Male flies 
were kept in 12 h:12 h LD cycles, before being exposed to a 2-h light pulse (LP, ~1500 lux) starting at ZT19. Brains of light-pulsed and 
non-pulsed control flies were dissected at ZT21 and incubated with Tim antibodies. Tim levels in all clock neuronal groups (apart from 
the LPN) were determined and compared between light-pulsed and dark controls in the genotypes indicated. Note that in cryb mutants 
expressing Drosophila cry in all clock neurons (Clk-gal4/UAS-cry; cryb), Tim levels are drastically reduced after the LP compared to 
dark controls. In contrast, Tim levels are always high in cryb mutants expressing no or any of the zebrafish or sea urchin cry genes. Only 
zebrafish cry4-expressing flies show a consistent (yet not significant) reduction of Tim in all clock neuronal groups after the LP. At least 
12 brain hemispheres were analyzed for each condition and genotype. To test statistical significance of intensity differences between the 
two time points, a two-way ANOVA with Sidak’s post-comparison was performed. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and 
n.s., no significance. Error bars indicate SEM.
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Figure 4.  Zebrafish and sea urchin Cryptochromes do not restore light-dependent period-luciferase oscillations in cryb mutants. Male 
BG-luc flies were placed individually in the wells of microtiter plates filled with food and luciferin. Bioluminescence was measured 
hourly using a TopCount reader (PerkinElmer) during 3 days of LD (a, b), followed by 3 days of DD (a) as described in the Materials and 
Methods section. Except for BG-luc control flies (yellow), all other genotypes were homozygous mutant for cryb, which diminishes the 
robust bioluminescence oscillations emitted by BG-luc flies during LD (compare yellow and gray tracks in the upper panels of (a) and (b) 
(Stanewsky et al., 1998). To test the ability to restore BG-luc oscillations, Drosophila cry and the 4 heterologous cry genes were expressed 
in the BG-luc; cryb mutant background using tim-gal4. (a) Raw bioluminescence data showing that except for Drosophila cry none of the 
tested cry genes is able to restore robust BG-luc oscillations. (b) Data of the LD part only were de-trended and cosine-fitted (see Mate-
rial and Methods) to reveal more subtle differences. Dark and white bars above the plots indicate dark and light periods, respectively. 
Numbers in parentheses indicate n.
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transcription by binding to the transcription factors 
Clock and Bmal1 (Shearman et al., 2000). To directly 
test the possibility that the zebrafish and sea urchin 
Cry proteins can act as repressors of per transcrip-
tion, we applied a per-luc reporter (plo), which faith-
fully reports per transcriptional rhythms (Brandes 
et al., 1996; Stanewsky et al., 1997). This plo reporter 
contains the same 4-kb upstream regulatory DNA 
sequences as BG-luc, which are directly fused to the 
luciferase gene (so no per coding sequences) (Brandes 
et  al., 1996). plo transgenics exhibit robust oscilla-
tions in luminescence in LD, which rapidly dampen 
in DD (Figure 5). We expressed the various cry genes 
in plo flies using the tim-gal4 driver to see if this 
would cause a reduction of overall plo luminescence 
levels. As a positive control, we also expressed 
Drosophila UAS-per using the same tim-gal4 driver 
because Per is a known repressor of its own tran-
scription (Zeng et  al., 1994). As expected, and in 
agreement with previous observations (Zeng et al., 
1994), overexpression of Per resulted in a drastic 
reduction of plo luminescence levels in the LD and 
DD parts of the experiment, while rhythmic expres-
sion was only maintained during LD (Figure 5a and 
5b). Although Drosophila Cry has been shown to act 
as a transcriptional repressor (Collins et  al., 2006), 
we did not observe a reduction of plo oscillation 
amplitude, nor decreased levels after overexpress-
ing Drosophila cry, indicating that Drosophila Cry 
does not act as a repressor of per expression in the 
tim-expressing cells contributing to the biolumines-
cence signal. Strikingly, expression of zebrafish 
cry1a, cry3, and SpuCry had essentially the same 
effect on plo expression as overexpression of Per, 
strongly indicating that the Cry proteins encoded by 
these three genes can function as repressor of per 
transcription in Drosophila. The result for cry3 was sur-
prising given its lack of repressive function when 
expressed in human cells (Kobayashi et al., 2000; Liu 
et al., 2015). Compared to wild-type controls, zebrafish 
cry4 also reduced plo levels, but this reduction was not 
significant, indicating that Cry4 has only weak 
repressor function in flies, if any (Figure 5a and 5b). 
In agreement with this result, Cry4 mainly localizes 
to the cytoplasm when expressed in fly clock neu-
rons (Supplementary Figure S1).

Discussion

Our results confirm that zebrafish Cry1a and Cry3, 
which are more closely related to mammalian type 2 
Crys (Oliveri et al., 2014), indeed can function as tran-
scriptional repressors in flies in vivo. Contrary to our 
expectations, SpuCry is not able to restore light-
dependent Cry functions in Drosophila but is able to 

Figure 5.  Zebrafish Cry1a, Cry3, and SpuCry function as tran-
scriptional repressors of period-luciferase expression in Dro-
sophila. The ability to repress per transcription was tested by 
overexpressing the various cry genes in flies carrying the tran-
scriptional per-luc reporter plo, which contains only 5’-flanking 
regulatory DNA sequences of the per gene (Brandes et al., 1996). 
Bioluminescence emanating from male plo flies was measured 
during 2 days of LD followed by 5 days of DD as described in 
the legend of Figure 4. Control flies (yellow “tim >” in [a] and 
“+” in [b]) carry 1 copy of tim-gal4 on chromosome 2 and 1 copy 
of plo on chromosome 3. Test flies in addition carry 1 copy of 
the respective UAS-cry construct on chromosome 2. As a positive 
control for repression, we also crossed UAS-per (on chromosome 
3) to tim-gal4; plo flies (gray in each panel). (a) Raw averaged 
bioluminescence recordings from flies with the genotypes 
indicated to the right. Upper panel: Controls (yellow and gray) 
and tim-gal4; plo flies expressing Drosophila cry (blue), and  
zebrafish cry1a (orange), a strong repressor. Middle panel: tim-
gal4; plo flies expressing SpuCry (green) and zebrafish cry3 (red) 
showing medium repression. Lower panel: tim-gal4; plo flies 
expressing zebrafish cry4, encoding a weak repressor. White and 
black bars above each panel indicate times of light and darkness. 
(b) Quantification of the average expression level for each geno-
type for the data is shown in (a). Genotypes and color codes as in 
(a). Numbers in bars indicate n, and error bars SEM. Data repre-
sent results from 3 independent experiments. Significant differ-
ences between all genotypes and the tim-gal4; plo controls (“+”) 
were determined using the non-parametric Tukey test followed 
by Dunnett’s test (**p < 0.005, ****p < 0.0001, ns: not significant).
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function as a potent repressor of per transcription. The 
situation with regard to zebrafish Cry4 is more com-
plicated: Phylogenetic DNA sequence analysis sug-
gested that out of the six zebrafish Cry genes, the 
protein encoded by cry4 is the one most closely related 
to Drosophila Cry (Oliveri et al., 2014), suggesting that 
it may have photoreceptive function. Although our 
behavioral studies do not support this idea (Figures 1 
and 2), our molecular analyses raise the possibility 
that zebrafish Cry4 indeed has photoreceptive func-
tions. First, cry4 expression showed some ability to 
restore per-luc rhythmicity in cryb flies (Figure 4B), in 
contrast to other cryptochromes (except for Drosophila 
Cry). Second, when expressed in peripheral clock 
cells, only Drosophila Cry and zebrafish Cry4 did not 
show significant transcriptional repressor activity. 
Third, only zebrafish Cry4 showed a trend toward 
light-dependent TIM reduction across all clock neuro-
nal cell types analyzed, although this effect was not 
significant. One possibility for the strongly reduced 
(zebrafish Cry4) or absent (SpuCry) light-dependent 
Cry functions in the Drosophila host could be reduced 
stability of the heterologously expressed proteins. We 
do not think that this is the case though because we 
did see clear repressive effects of SpuCry on per tran-
scription (Figure 5). For zebrafish Cry4, which did not 
show significant effects on per transcription, we 
observed modest effects on light-dependent Tim sta-
bility and per-luc cycling, indicating that the Cry4 pro-
tein is also stable in flies. Moreover, we directly 
demonstrate that Cry4 is detectable when expressed 
in clock neurons (Supplementary Figure S1). Overall, 
expression analysis for zebrafish Cry4 (Supplementary 
Figure S1) and the repressor function observed for the 
other heterologous Cry proteins (Figure 4) indicate 
that they are stably expressed in fly clock cells. This 
makes it unlikely that the lack of restoring light-
dependent Cry functions is due to insufficient stabil-
ity of the zebrafish and sea urchin Cry proteins in fly 
tissues. With regard to subcellular localization, avail-
able data for Drosophila Cry indicate nuclear and cyto-
plasmic localization, with more prominent 
accumulation in the latter compartment (Yoshii et al., 
2008). Since Drosophila Cry mediates light-dependent 
Tim degradation in the morning when Tim is nuclear 
(Shafer et al., 2002), it seems clear that nuclear Cry is 
responsible for this degradation. Nuclear localization 
and repressor activity for Cry3 in zebrafish cells have 
been shown before (Ferrer Prat, 2008), and here we 
show nuclear and cytoplasmic expression of zebrafish 
Cry4 (Supplementary Figure S1) as well as repressor 
activity for all other Crys (Figure 3). This suggests that 
all Cry proteins analyzed in the current study are 
located in the nucleus, and therefore principally in the 
right place to mediate light-dependent Tim degrada-
tion. However, direct expression analysis would be 
required to ultimately determine the stability and 

subcellular localization dynamics of all Cry proteins 
investigated in this study.

Our results, along with previous studies, strongly 
support the idea that genome duplication in fish, 
which has led to the increase in cry genes, has allowed 
cryptochromes to play a variety of different roles 
within the clock mechanism. Zebrafish Cry4 has the 
potential to play a photoreceptive role in the fish sys-
tem, in conjunction with the large number of non–
image-forming photoreceptors expressed in fish. 
Zebrafish cry1a expression is robustly light-induced, 
and Cry1a clearly binds to CLOCK and BMAL pro-
teins to stop their active dimerization (Tamai et  al., 
2007). As such, Cry1a acts as a key component of the 
light signal transduction cascade. Zebrafish Cry3 on 
the other hand has a clear transcriptional repressive 
function within the clock mechanism, and as such is 
likely to be a core clock component.

Considering that the various Cry proteins are 
expressed heterologously in the fly, it is likely that 
their potential binding partners are too diverse com-
pared to those present in zebrafish or sea urchin, to 
reveal their true endogenous function. In other 
words, a subtle light-dependent function of zebrafish 
Cry4 in the fly may indicate a more prominent photo-
receptive function in zebrafish. Ultimately, intraspe-
cies in vivo studies will be necessary to fully resolve 
the function of the various Cry proteins.

Acknowledgments

We thank Matthias Krentz and Paul-Emile Plantet for help 
during the initial stages of this project, and Peter Deppisch 
for discussions.

Conflict Of Interest Statement

The authors have no potential conflicts of interest with 
respect to the research, authorship, and/or publication of 
this article.

ORCID iD

Ralf Stanewsky  https://orcid.org/0000-0001-8238-6864

NOTE

Supplementary material is available for this article online. 

References

Bae J-E, Bang S, Min S, Lee S-H, Kwon S-H, Lee Y, Lee Y-H, 
Chung J, and Chae K-S (2016) Positive geotactic behav-

https://orcid.org/0000-0001-8238-6864


12  JOURNAL OF BIOLOGICAL RHYTHMS / Month 202X

iors induced by geomagnetic field in Drosophila. Mol 
Brain 9:55.

Bassetto M, Reichl T, Kobylkov D, Kattnig DR, Winklhofer 
M, Hore PJ, and Mouritsen H (2023) No evidence for 
magnetic field effects on the behaviour of Drosophila. 
Nature 620:595-599.

Blanchardon E, Grima B, Klarsfeld A, Chelot E, Hardin 
PE, Preat T, and Rouyer F (2001) Defining the role of 
Drosophila lateral neurons in the control of circadian 
rhythms in motor activity and eclosion by targeted 
genetic ablation and PERIOD protein overexpression. 
Eur J Neurosci 13:871-888.

Bradlaugh AA, Fedele G, Munro AL, Hansen CN, Hares 
JM, Patel S, Kyriacou CP, Jones AR, Rosato E, and 
Baines RA (2023) Essential elements of radical pair 
magnetosensitivity in Drosophila. Nature 615: 
111-116.

Brand A and Perrimon N (1993) Targeted gene expression 
as a means of altering cell fates and generating domi-
nant phenotypes. Development 118:401-415.

Brandes C, Plautz JD, Stanewsky R, Jamison CF, Straume 
M, Wood KV, Kay SA, and Hall JC (1996) Novel fea-
tures of Drosophila period transcription revealed by 
real-time luciferase reporting. Neuron 16:687-692.

Chen C, Buhl E, Xu M, Croset V, Rees JS, Lilley KS, Benton 
R, Hodge JJL, and Stanewsky R (2015) Drosophila 
Ionotropic Receptor 25a mediates circadian clock reset-
ting by temperature. Nature 527:516-520.

Chen KF, Peschel N, Zavodska R, Sehadova H, and 
Stanewsky R (2011) QUASIMODO, a novel GPI-
anchored zona pellucida protein involved in light 
input to the Drosophila circadian clock. Curr Biol 
21:719-729.

Collins B, Mazzoni E, Stanewsky R, and Blau J (2006) 
Drosophila CRYPTOCHROME is a circadian transcrip-
tional repressor. Curr Biol 16:441-449.

Czarna A, Berndt A, Singh HR, Grudziecki A, Ladurner 
AG, Timinszky G, Kramer A, and Wolf E (2013) 
Structures of Drosophila Cryptochrome and Mouse 
Cryptochrome1 provide insight into circadian func-
tion. Cell 153:1394-1405.

D’Aniello S, Delroisse J, Valero-Gracia A, Lowe EK, Byrne 
M, Cannon JT, Halanych KM, Elphick MR, Mallefet J, 
Kaul-Strehlow S, et  al. (2015) Opsin evolution in the 
Ambulacraria. Mar Genomics 24:177-183.

Davies W, Tamai T, Zheng L, Fu J, Rihel J, Foster R, Whitmore 
D, and Hankins M (2015) An extended family of novel 
vertebrate photopigments is widely expressed and dis-
plays a diversity of function. Biotechfor 25:1666-1679.

Dekens MPS and Whitmore D (2008) Autonomous onset 
of the circadian clock in the zebrafish embryo. EMBO 
J 27:2757-2765.

Deppisch P, Helfrich-Förster C, and Senthilan PR (2022) 
The gain and loss of cryptochrome/photolyase family 
members during evolution. Genes 13:1613.

Emery P, So W, Kaneko M, Hall J, and Rosbash M (1998) 
CRY, a Drosophila clock and light-regulated cryp-

tochrome, is a major contributor to circadian rhythm 
resetting and photosensitivity. Cell 95:669-679.

Emery P, Stanewsky R, Hall J, and Rosbash M (2000a) 
A unique circadian-rhythm photoreceptor. Nature 
404:456-457.

Emery P, Stanewsky R, Helfrich-Forster C, Emery-Le M, 
Hall JC, and Rosbash M (2000b) Drosophila CRY is a 
deep brain circadian photoreceptor. Neuron 26:493-
504.

Fedele G, Green EW, Rosato E, and Kyriacou CP (2014) 
An electromagnetic field disrupts negative geotaxis 
in Drosophila via a CRY-dependent pathway. Nat 
Commun 5:4391.

Ferrer Prat VP (2008) Rol de Criptocromo 3 (CRY3) en el 
sistema circadiano de pez cebra (Danio rerio). Santiago 
(Chile): Universidad De Chile.

Fogle K, Baik L, Houl J, Tran T, Roberts L, Dahm N, Cao 
Y, Zhou M, and Holmes T (2015) CRYPTOCHROME-
mediated phototransduction by modulation of the 
potassium ion channel β-subunit redox sensor. Proc 
National Acad Sci 112:2245-2250.

Frøland Steindal IA and Whitmore D (2019) Circadian 
clocks in fish-what have we learned so far? Biology 
8:17.

Gentile C, Sehadova H, Simoni A, Chen C, and Stanewsky 
R (2013) Cryptochrome antagonizes synchronization 
of Drosophila’s circadian clock to temperature cycles. 
Curr Biol 23:185-195.

Giebultowicz JM, Stanewsky R, Hall JC, and Hege DM 
(2000) Transplanted Drosophila excretory tubules 
maintain circadian clock cycling out of phase with the 
host. Curr Biol 10:107-110.

Glaser F and Stanewsky R (2005) Temperature synchro-
nization of the Drosophila circadian clock. Curr Biol 
15:1352-1363.

Gummadova J, Coutts G, and Glossop N (2009) Analysis 
of the Drosophila clock promoter reveals heterogene-
ity in expression between subgroups of central oscilla-
tor cells and identifies a novel enhancer region. J Biol 
Rhythms 24:353-367.

Hore PJ and Mouritsen H (2016) The radical-pair mecha-
nism of magnetoreception. Annu Rev Biophys 45:299-
344.

Ivanchenko M, Stanewsky R, and Giebultowicz JM (2001) 
Circadian photoreception in Drosophila: functions of 
cryptochrome in peripheral and central clocks. J Biol 
Rhythms 16:205-215.

Kaneko M and Hall JC (2000) Neuroanatomy of cells 
expressing clock genes in Drosophila: transgenic manip-
ulation of the period and timeless genes to mark the 
perikarya of circadian pacemaker neurons and their 
projections. J Comp Neurol 422:66-94.

Klemz R, Reischl S, Wallach T, Witte N, Jürchott K, Klemz 
S, Lang V, Lorenzen S, Knauer M, Heidenreich S, 
et al. (2017) Reciprocal regulation of carbon monoxide 
metabolism and the circadian clock. Nat Struct Mol 
Biol 24:15-22.



Chen et al. / ZEBRAFISH AND SEA URCHIN CRYPTOCHROMES EXPRESSED IN DROSOPHILA  13

Kobayashi Y, Ishikawa T, Hirayama J, Daiyasu H, Kanai 
S, Toh H, Fukuda I, Tsujimura T, Terada N, Kamei Y, 
et  al. (2000) Molecular analysis of zebrafish photoly-
ase/cryptochrome family: two types of cryptochromes 
present in zebrafish. Genes Cells 5:725-738.

Konopka RJ and Benzer S (1971) Clock mutants of  
Drosophila melanogaster. Proc Natl Acad Sci U S A 68: 
2112-2116.

Konopka RJ, Pittendrigh C, and Orr D (1989) Reciprocal 
behaviour associated with altered homeostasis and 
photosensitivity of Drosophila clock mutants. J 
Neurogenet 6:1-10.

Kume K, Zylka MJ, Sriram S, Shearman LP, Weaver DR, Jin 
X, Maywood ES, Hastings MH, and Reppert SM (1999) 
mCRY1 and mCRY2 are essential components of the 
negative limb of the circadian clock feedback loop. Cell 
98:193-205.

Lesser MP, Carleton KL, Böttger SA, Barry TM, and Walker 
CW (2011) Sea urchin tube feet are photosensory organs 
that express a rhabdomeric-like opsin and PAX6. Proc 
Biol Sci 278:3371-3379.

Levine J, Funes P, Dowse H, and Hall J (2002) Signal analysis 
of behavioral and molecular cycles. BMC Neurosci 3:1.

Levy C, Zoltowski BD, Jones AR, Vaidya AT, Top D, 
Widom J, Young MW, Scrutton NS, Crane BR, and 
Leys D (2013) Updated structure of Drosophila crypto-
chrome. Nature 495:E3-E4.

Liu C, Hu J, Qu C, Wang L, Huang G, Niu P, Zhong Z, Hong 
F, Wang G, Postlethwait J, et al. (2015) Molecular evo-
lution and functional divergence of zebrafish (Danio 
rerio) cryptochrome genes. Sci Reports 5:8113.

Locke JC, Southern MM, Kozma-Bognar L, Hibberd V, 
Brown PE, Turner MS, and Millar AJ (2005) Extension of 
a genetic network model by iterative experimentation 
and mathematical analysis. Mol Syst Biol 1:2005.0013.

Markstein M, Pitsouli C, Villalta C, Celniker SE, and 
Perrimon N (2008) Exploiting position effects and 
the gypsy retrovirus insulator to engineer precisely 
expressed transgenes. Nat Genet 40:476-483.

Mazzotta G, Rossi A, Leonardi E, Mason M, Bertolucci C, 
Caccin L, Spolaore B, Martin A, Schlichting M, Grebler 
R, et al. (2013) Fly cryptochrome and the visual system. 
Proc National Acad Sci 110:6163-6168.

Merlin C (2023) Insect magnetoreception: a Cry for mech-
anistic insights. J Comp Physiol A Neuroethol Sens 
Neural Behav Physiol 209:785-792.

Nitta Y, Matsui S, Kato Y, Kaga Y, Sugimoto K, and Sugie 
A (2019) Analysing the evolutional and functional dif-
ferentiation of four types of Daphnia magna crypto-
chrome in Drosophila circadian clock. Sci Rep 9:8857.

Oliveri P, Fortunato A, Petrone L, Ishikawa-Fujiwara T, 
Kobayashi Y, Todo T, Antonova O, Arboleda E, Zantke 
JKT-R, and Falciatore A (2014) The Cryptochrome/
Photolyase Family in aquatic organisms. Mar Genomics 
14:23-37.

Ozturk N (2017) Phylogenetic and functional classification 
of the Photolyase/Cryptochrome Family. Photochem 
Photobiol 93:104-111.

Peschel N, Chen KF, Szabo G, and Stanewsky R (2009) 
Light-dependent interactions between the Drosophila 
circadian clock factors cryptochrome, jetlag, and time-
less. Curr Biol 19:241-247.

Price J, Dembinska M, Young M, and Rosbash M (1995) 
Suppression of PERIOD protein abundance and circa-
dian cycling by the Drosophila clock mutation timeless. 
Embo J 14:4044-4049.

Raible F, Tessmar-Raible K, Arboleda E, Kaller T, Bork P, 
Arendt D, and Arnone MI (2006) Opsins and clusters of 
sensory G-protein-coupled receptors in the sea urchin 
genome. Dev Biol 300:461-475.

Renn S, Park J, Rosbash M, Hall J, and Taghert P (1999) A 
pdf neuropeptide gene mutation and ablation of PDF 
neurons each cause severe abnormalities of behavioral 
circadian rhythms in Drosophila. Cell 99:791-802.

Rubin EB, Shemesh Y, Cohen M, Elgavish S, Robertson 
HM, and Bloch G (2006) Molecular and phylogenetic 
analyses reveal mammalian-like clockwork in the 
honey bee (Apis mellifera) and shed new light on the 
molecular evolution of the circadian clock. Genome Res 
16:1352-1365.

Rush BL, Murad A, Emery P, and Giebultowicz JM (2006) 
Ectopic CRYPTOCHROME renders TIM light sensitive 
in the Drosophila Ovary. J Biol Rhythms 21:272-278.

Sancar A (2003) Structure and function of DNA photoly-
ase and cryptochrome blue-light photoreceptors. Chem 
Rev 103:2203-2237.

Sehadova H, Glaser FT, Gentile C, Simoni A, Giesecke 
A, Albert JT, and Stanewsky R (2009) Temperature 
entrainment of Drosophila’s circadian clock involves the 
gene nocte and signaling from peripheral sensory tis-
sues to the brain. Neuron 64:251-266.

Shafer OT, Rosbash M, and Truman JW (2002) Sequential 
nuclear accumulation of the clock proteins Period 
and Timeless in the pacemaker neurons of Drosophila 
Melanogaster. J Neurosci 22:5946-5954.

Shearman LP, Sriram S, Weaver DR, Maywood ES, Chaves 
I, Zheng B, Kume K, Lee CC, van der Horst GT, 
Hastings MH, et al. (2000) Interacting molecular loops 
in the mammalian circadian clock. Science 288:1013-
1019.

Stanewsky R, Jamison C, Plautz J, Kay S, and Hall J (1997) 
Multiple circadian-regulated elements contribute to 
cyclingperiodgene expression in Drosophila. Embo J 
16:5006-5018.

Stanewsky R, Kaneko M, Emery P, Beretta B, Wager-Smith 
K, Kay SA, Rosbash M, and Hall JC (1998) The cryb 
mutation identifies cryptochrome as a circadian photo-
receptor in Drosophila. Cell 95:681-692.

Stanewsky R, Lynch K, Brandes C, and Hall J (2002) 
Mapping of elements involved in regulating normal 



14  JOURNAL OF BIOLOGICAL RHYTHMS / Month 202X

temporal period and timeless RNA expression patterns 
in Drosophila melanogaster. J Biol Rhythm 17:293-306.

Tamai TK, Vardhanabhuti V, Foulkes NS, and Whitmore 
D (2004) Early embryonic light detection improves sur-
vival. Curr Biol 14:R104-R105.

Tamai TK, Young L, and Whitmore D (2007) Light signal-
ing to the zebrafish circadian clock by Cryptochrome 
1a. Proc National Acad Sci 104:14712-14717.

Vaidya A, Top D, Manahan C, Tokuda J, Zhang S, Pollack 
L, Young M, and Crane B (2013) Flavin reduction acti-
vates Drosophila cryptochrome. Proc National Acad 
Sci 110:20455-20460.

Vieira J, Jones A, Danon A, Sakuma M, Hoang N, Robles D, 
Tait S, Heyes D, Picot M, Yoshii T, et al. (2012) Human 
Cryptochrome-1 confers light independent biological 
activity in transgenic Drosophila correlated with Flavin 
radical stability. PLoS ONE 7:e31867.

Wan G, Hayden AN, Iiams SE, and Merlin C (2021) 
Cryptochrome 1 mediates light-dependent inclination 
magnetosensing in monarch butterflies. Nat Commun 
12:771.

Wheeler D, Melanie H-C, Dushay M, and Hall J (1993) 
Behavior in Light-dark cycles of Drosophila mutants that 
are arrhythmic, blind, or both. J Biol Rhythm 8:67-94.

Whitmore D, Foulkes NS, and Sassone-Corsi P (2000) Light 
acts directly on organs and cells in culture to set the 
vertebrate circadian clock. Nature 404:87-91.

Xu J, Jarocha LE, Zollitsch T, Konowalczyk M, Henbest 
KB, Richert S, Golesworthy MJ, Schmidt J, Déjean V, 

Sowood DJC, et al. (2021) Magnetic sensitivity of cryp-
tochrome 4 from a migratory songbird. Nature 594:535-
540.

Yoshii T, Ahmad M, and Charlotte H-F (2009) Cryptochrome 
mediates light-dependent magnetosensitivity of 
Drosophila’s circadian clock. PLoS Biol 7:e1000086.

Yoshii T, Christiane H-L, Kistenpfennig C, Schmid B, 
Tomioka K, and Charlotte H-F (2015) Cryptochrome-
dependent and -independent circadian entrainment 
circuits in Drosophila. J Neurosci 35:6131-6141.

Yoshii T, Todo T, Wülbeck C, and Stanewsky RCH-F (2008) 
Cryptochrome is present in the compound eyes and a 
subset of Drosophila’s clock neurons. J Comp Neurol 
508:952-966.

Yuan Q, Metterville D, Briscoe AD, and Reppert SM (2007) 
Insect cryptochromes: gene duplication and loss define 
diverse ways to construct insect circadian clocks. Mol 
Biol Evol 24:948-955.

Zeng H, Hardin P, and Rosbash M (1994) Constitutive 
overexpression of the Drosophila period protein inhib-
its period mRNA cycling. Embo J 13:3590-3598.

Zeng H, Qian Z, Myers M, and Rosbash M (1996) A light-
entrainment mechanism for the Drosophila circadian 
clock. Nature 380:129-135.

Zoltowski BD, Chelliah Y, Wickramaratne A, Jarocha L, 
Karki N, Xu W, Mouritsen H, Hore PJ, Hibbs RE, Green 
CB, et  al. (2019) Chemical and structural analysis of 
a photoactive vertebrate cryptochrome from pigeon. 
Proc Natl Acad Sci U S A 116:19449-19457.1228617JBR


