Trends in
Genetics

¢? CellPress

Clocks at sea: the genome-editing tide is rising

Erica R. Kwiatkowski, ' Joshua J.C. Rosenthal,? and Patrick Emery ® '*

The coastline is a particularly challenging environment for its inhabitants. Not
only do they have to cope with the solar day and the passing of seasons, but
they must also deal with tides. In addition, many marine species track the
phase of the moon, especially to coordinate reproduction. Marine animals
show remarkable behavioral and physiological adaptability, using biological
clocks to anticipate specific environmental cycles. Presently, we lack a basic un-
derstanding of the molecular mechanisms underlying circatidal and circalunar
clocks. Recent advances in genome engineering and the development of genet-
ically tractable marine model organisms are transforming how we study these
timekeeping mechanisms and opening a novel era in marine chronobiology.

Biological rhythms in marine organisms

For a chronobiologist, the coastline is a fascinating ground for scientific exploration. Within it, or-
ganisms of all kinds use biological clocks to keep track of diverse environmental cycles: the solar
day, the tides, the phase of the moon, and even the seasons (Figure 1). Commonly, the inhabi-
tants track more than one cycle simultaneously. Over the past 100 years, physiological and be-
havioral observations have demonstrated the unambiguous existence of biological clocks in
marine organisms [1], but explaining them on a mechanistic level has been an immense chal-
lenge. What are the basic elements of the different endogenous clocks? How do they control be-
havior and physiology in a plastic fashion? Although these questions were once largely
intractable, novel genome-editing approaches and the development of powerful marine model
systems are now revolutionizing the field of marine chronobiology.

The intertidal zone is defined as the area of the coastline that can either be submerged or exposed
by tides, creating a challenging niche for survival [2,3]. Like most life forms on Earth, intertidal
animals must cope with the daily 24-h day/night cycle, but in addition they need to be capable
of anticipating 12.4-h tidal rhythms in their environment. The tides bring oscillations in water
height, turbulence, salinity, and temperature — defining physical characteristics of the environment
that arguably impact physiology and behavior even more profoundly than the alternation of day
and night with its photic and thermal cycles [4]. When brought into the laboratory and studied
under constant conditions, intertidal organisms can exhibit both circadian and circatidal rhythms
[65-9]. Thus, they must possess distinct circadian and circatidal molecular clocks. Interestingly,
tidal rhythms have been observed in organisms from beyond the intertidal zone in the adjacent
subtidal zone and, astoundingly, even near deep-sea thermal vents, as abiotic factors such
as water temperature, currents, and water height, as well as food availability, might be tidally
rhythmic even under constant submersion [10-12]. The phase of the lunar month (colloquially
called the ‘phase of the moon’) also impacts the behavior and physiology of many marine organ-
isms, particularly in relation to their reproduction [13]. Some of the most spectacular rhythmic
events in nature are linked to moon phase, such as the coordinated coral spawning in the
Great Barrier Reef and the Christmas Island cralb migration. As with their circatidal counterparts,
circalunar (~29.5 day) reproductive rhythms can be observed even under constant laboratory
conditions [14].
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Figure 1. Organisms living in the intertidal zone and beyond are exposed to a variety of environmental cycles
with different periodicities.

The existence of multiple biological clocks in the same animal is, as mentioned earlier, well doc-
umented. Interestingly, some animals can switch their behavioral or gene expression rhythms be-
tween circadian and circatidal patterns depending on environmental conditions [15,16] or
remarkably, in Cnidaria, based on the presence or absence of symbionts [17]. Mixed behavioral
patterns can also be observed, with one clock modulating the behavior driven by another
[9,17-20]. This behavioral and molecular plasticity is probably required to deal with the complexity
of the intertidal environment. For example, in the Red Sea limpets’ tidal behavior showed pro-
nounced daily modulation specifically during the months of September and October, when overall
water levels are higher [18]. In addition to seasonal factors, the amplitude of tides varies during the
lunar month, with spring tides occurring at new and full moon and neap tides at half-moons. While
the Moon has a dominant effect on tides, the total tidal force experienced on Earth is at its highest
when the Sun, Moon, and Earth are aligned (Figure 2). For an animal living in a shallow mangrove
swamp, this might result in periods of constant submersion or exposure. During these periods, it
might make sense for circadian rhythms to drive behavior and physiology, while the circatidal
clock would dominate during periods of rhythmic submersion.

Interactions between different clocks can also be used to overcome specific challenges. A striking
and well-studied example is that of the coastal midge Clunio marinus. This dipteran insect from the
European Atlantic coastline, whose terrestrial adult stage is limited to a few hours, must reproduce
during the lowest possible tide so that females can lay eggs on dry substrate that will then be con-
tinuously submerged for the remainder of the semilunar cycle, allowing the embryos and larvae to
develop in an agqueous environment. Importantly, in a given location, the lowest tide always occurs
at the same time of the day on either the new or the full moon. How do they predict the lowest tide?
The logical evolutionary solution, which midges use, is to combine a circalunar clock (or more pre-
cisely a circa-semilunar clock, ~14.7 days; see later) that tracks the phase of the lunar month to
regulate the timing of development with a circadian clock that determines the precise time of day
at which adults emerge and reproduction can occur [3,21,22]. However, there is an additional chal-
lenge for these midges: the phase of tides varies considerably from location to location because of
the shape of the coastline and of the ocean floor. Thus, in one location, the lowest tide might always
occur at 14.00 h on full or new moons, while at a second location it might occur at 18.00 h. Midges
isolated from different locations show different phases of adult emergence, and thus of reproduc-
tion, adjusted to the timing of their local tides, and these persist even in a laboratory setting
[21,23,24]. These temporal traits are genetically encoded, and genomic studies on geographically
separated Clunio isolates have provided interesting gene variants that might determine emergence
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Figure 2. Alignment of the Moon,
Earth, and Sun impacts the amplitude
of tides. When the tidal forces caused by
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phase, in particular in the gene encoding calmodulin-dependent kinase Il (CAMKII) [23]. Multiple
lines of evidence, correlative or in heterologous systems, indicated that a CamKil polymorphism im-
pacts its splicing pattern and thus CAMKII activity. However, a direct demonstration that the
CamKil polymorphism impacts the phase of Clunio’s emergence is still missing. This is unsurpris-
ing. Midges, and marine organisms in general, are not easily manipulated genetically. In addition,
propagation and entrainment in the laboratory can be challenging, if not impossible. Nevertheless,
the molecular study of marine biological clocks is accelerating, fueled by transcriptome-wide gene
expression studies, new genome-editing approaches, and the development of promising new lab-
oratory model systems.

Marine circadian clocks

Circadian clocks are by far the best understood biological timers. In animals, circadian rhythms
are generated by a transcriptional feedback loop comprising transcriptional activators promoting
the expression of their own repressors [25,26]. Additional layers of control, such as post-
translational modifications, protein degradation, and secondary transcriptional feedback loops,
create a stable ca 24-h period [25,27,28] (Figure 3). The overall result of this complex system, pre-
dominantly studied in Drosophila and mice, is the production of two main waves of transcription,
at dawn and dusk. The core circadian transcriptional loop is highly conserved between Drosoph-
ila and mice [25,26,29]. In both species, a dimeric transcription factor comprising CLOCK (CLK)
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Figure 3. Drosophila (left) and mammalian (right) circadian clocks comprise two transcriptional feedback
loops. Broken shapes and Us indicate that PERIOD (PER)1/2 and TIMELESS (TIM)/CRYPTOCHROME (CRY)1/2 are
ubiquitinated and degraded following their repression of CLOCK (CLK) and CYCLE (CYC)/brain and muscle Arnt-like
protein 1 (BMAL1). Lightning bolt in the Drosophila clock represents CRY’s activation by blue/UV light. Abbreviations:
CCQG, circadian controlled gene; CKI, casein kinase |; DBT, DOUBLETIME; Pdp1, PAR-domain protein 1; per, period;
ROR, retinoic acid receptor-related orphan receptor; tim, timeless; vri, vrille.
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and brain and muscle Arnt-like protein-1 (BMAL1) [or CYCLE (CYC) in fruit flies] promotes the ex-
pression of their own repressors (Figure 3). In Drosophila, PERIOD (PER) and TIMELESS (TIM) in-
teract to repress CLK/CYC transcription, while in mammals two PER homologs (PER1 and PER2)
with two CRYPTOCHROME family members (CRY1/2) repress CLK/BMAL1 transcription. Ho-
mologs of these genes are normally found in marine organisms such as crustaceans, mollusks
and insects, with a few exceptions. Surprisingly, PER has been lost in echinoderms [30], while
neither PER nor TIM is present in cnidarians such as Nematostella vectensis and Acropora
digitifera [31,32]. Studies of the molecular mechanism of the circadian clock in these marine or-
ganisms should lead to interesting insights into the evolution of circadian clocks.

Transcriptomic and genomic resources are greatly simplifying the identification of candidate cir-
cadian genes. Recently, many crustacean clock genes have been identified (e.g., [33,34]; J.
Hunt, PhD thesis, University of Leicester, 2016). As in insects [35], there seem to be interesting
variations in the way circadian clocks are built. For example, the Antarctic krill Euphausia superba
possesses both TIM1 and CRY1, which are homologs of Drosophila TIM and CRY, respectively
[34]. Drosophila CRY functions as a cell-autonomous circadian light sensor that triggers TIM deg-
radation after light exposure to reset the clock (Figure 3) [36-38]. Parhyale hawaiensis, an amphi-
pod crustacean, possesses neither TIM nor a light-sensitive CRY homolog [33], while the isopod
Eurydice pulchra carries a TIM homolog but no light-sensitive CRY [9]. By contrast, the transcrip-
tional repressor CRY2 appears to be ubiquitously present in crustaceans [39]. Transcriptional as-
says in heterologous systems using the putative krill core clock proteins suggest a conserved
circadian clock mechanism with CLK/BMAL1 functioning as activators and PER/TIM/CRY2 as
repressors [34]. Curiously, several crustacean species appear to carry an unusually structured
CLK protein that is missing the key PAS-B domain, which should be required for interaction
with BMAL1/CYC [33], raising the possibility that a different bHLH/PAS domain protein replaces
CLK in some crustaceans.

Few studies have tested the role of core circadian genes from marine organisms in vivo. RNAi has
been used in both the crustacean E. pulchra [9,40] and the mangrove cricket Apteronemobius
asahinai [41,42]. In the former, per was downregulated by abdominal injection of long double-
stranded RNAs to cause RNAI. As a result, circadian tim mRNA and pigmentation rhythms
were disrupted, although not completely eliminated [9]. The amplitude of these rhythms, as well
as the circadian modulation of circatidal behavior, were also reduced by Bmal1 and cry2 knock-
down [40]. These observations support a key role for PER, BMAL1, and CRY2 in E. pulchra’s cir-
cadian clock. In A. asahinai, either per or Clk double- stranded (ds)RNAs were injected, and this
compromised the circadian modulation of locomotor behavior [41,42]. Recently, CRISPR/Cas9
was used to disrupt the Bmall gene in P. hawaiensis [15], and circadian rhythms of behavior
were severely disrupted in the mutant animals.

Circatidal clocks

The ability of animals to switch rhythmic patterns between 12.4-h and 24-h rhythms, and the fact
that these two periodicities are aimost harmonic, begs the question of how similar circadian and
circatidal clocks are. Are they entirely distinct, do they share some common elements, or are they
perhaps generated by a single, plastic clock?

The first evidence of the circatidal clock’s existence came from observations of tidally rhythmic be-
havior in the marine worm Symsagittifera roscoffensis in the absence of tidal environmental cues
[43]. Further investigation led by Naylor using the crab Carcinus maenas demonstrated that both
circatidal and circadian regulation of activity rhythms could be observed and that they could be al-
tered independently of one another [6,44]. These findings supported the idea that a 12.4-h
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circatidal clock drives circatidal rhythms, distinct from the 24-h circadian clock [44,45]. However,
additional behavioral studies led to two competing hypotheses (Figure 4A). By studying how
rhythmic behavior of the isopod Excirolana chiltoni responded to tidal cues, Enright proposed
that a tidally responsive circadian clock drives 12.4-h circatidal rhythms by adjusting its period
to 24.8 h [46]. However, Palmer and Williams’ investigation in the crabs Helice crasse and
Macrophthalmus hirtipes revealed that the two (approximately daily) tidal peaks of activity
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Figure 4. Circatidal clock models. (A) The three principal hypotheses for the circatidal clock. From left to right: The
12.4-h dedicated circatidal clock hypothesis proposed by Naylor [44,45], the flexible circadian clock hypothesis
proposed by Enright [46], and the paired 24.8-h circalunidian clocks hypothesis proposed by Palmer and Williams
[47,48]. (B) Simplified molecular models for the circatidal clock, corresponding to the three hypotheses shown in (A).
The presence of both circadian and circatidal rhythms in several marine organisms, combined with current genetic
evidence, supports the existence of distinct circatidal and circadian oscillators that share brain and muscle Arnt-like
protein-1 (BMAL1) as a common core element. However, in some species, circadian clock gene expression can switch
from 24 h to 12.4 h depending on environmental conditions. A plastic clock mechanism, similar to Enright’s model but with a
clock that can adopt either a 12.4-h or a 24-h rhythm, might thus be at play in some marine species. For simplicity, we used
the circadian clock model for Parhyale hawaiensis, but as discussed in the main text, the repressors in the circadian clock
vary between marine species.
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appeared to be controlled separately, leading to the hypothesis that two circalunidian (24.8 h)
clocks in antiphase work together to generate circatidal rhythms [47,48]. Interestingly, the
molecular mechanism of the circadian clock, with its two antiphase waves of transcription
(Figure 3), could be used as an antiphase double circalunidian molecular oscillator, with a
minor period adjustment.

Itis challenging to infer the molecular mechanisms driving the circatidal clock based solely on ob-
servations of behavioral outputs. Differing arrangements and hierarchies of signaling between cir-
cadian and circatidal pacemakers could be responsible for the behavioral patterns that led to the
three hypotheses. It does seem likely that there is variability in hierarchies of signaling based on
the variety of circadian—circatidal behavioral arrangements observed in nature. Many species ex-
hibit circatidally rhythmic behavior that is modulated by the circadian clock (e.g., E. pulchra [9],
C. maenas [44], A. asahinai [49]). The result is the expression of two peaks of activity with different
amplitudes during the day and night. Some marine animals exhibit activity that is predominantly
circadian but with circatidal modulation (Dimorphostylis asiatica) [50]. Finally, others express
circatidal-dominant activity with little to no circadian modulation (P. hawaiensis) [15].

The most straightforward way to begin to distinguish between the three hypotheses shown in
Figure 4A is to use genetics to target core circadian clock genes and evaluate the effect on
circatidal behaviors. Consistent with the observations by Naylor and colleagues that circadian
and circatidal rhythms could be manipulated separately [6,44], pioneer studies using RNAI sug-
gested that the two clocks are distinct. Injection of dsRNAs against A. asahinai per [41] and Clk
[42], as well as E. pulchra per [9], disrupted circadian rhythms as mentioned earlier. However,
circatidal behavioral rhythms remained intact. By contrast, in E. pulchra pharmacological inhibi-
tion of the PER kinase CK18/¢ reduced the amplitude of circadian rhythms and lengthened the
period of tidal rhythms [9], suggesting that some elements might be shared between the two
clocks. Since both the pharmacological and RNAI approaches have significant caveats such as
off-targets and incomplete inhibition of activity and gene expression, the use of genetic knockouts
is an appealing approach to yield more definitive answers. However, the creation of knockouts is
not without its own potential drawbacks. A complete knockout could be lethal, and lifelong dis-
ruption of a given gene might have developmental or physiological consequences that extend be-
yond the gene’s role in adulthood. Thus, a combination of gene knockouts and adult-specific
RNAI is advantageous in reaching solid conclusions on gene function.

P. hawaiensis is a fully genetically tractable marine model organism that inhabits the intertidal
zone [51], making it an ideal candidate to dissect the genetics of circatidal rhythms. Indeed,
P. hawaiensis exhibits robust circatidal rhythms after entrainment to artificial tides [15]. Knockout
of Bmal7 using CRISPR/CAS9 demonstrated that this gene is required not only for circadian be-
havior but also for circatidal behavior. BMAL1 is thus a molecular link between the two clocks [15]
(Figure 4B). Importantly, RNAi knockdown of Bmal7 in E. pulchra also supports its role in the
circatidal clock, but similar experiments for per and cry2 had no impact on circatidal rhythms
[40]. Thus, of the three core clock genes that have been tested so far, it appears that only
Bmal1 is shared between the two clocks (Figure 4B). Negative results using RNAi should however
be taken with caution because of incomplete inactivation of expression. It will be important to cor-
roborate RNAI results with gene knockout to determine definitely whether core circadian genes
besides Bmal1 are required for circatidal rhythms (see Outstanding questions). CLK is a particu-
larly intriguing case, given that, based on its structure in several crustaceans, one would predict
that it does not interact with BMAL1 and thus might be replaced by another bHLH/PAS protein
[33]. HIF1 would be an interesting candidate since in mice it helps peripheral circadian clocks in
sensing rhythmic changes in oxygen levels [52,583].
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Rhythmic gene expression profiles can be used to identify core molecular clock components and
could be a useful tool to identify the key players in the circatidal clock. Circadian transcriptomics,
particularly in flies and mice, has been used to identify thousands of transcripts that oscillate with
a 24-h pattern. Interestingly, core circadian clock genes oscillate in all tissues, while most rhyth-
mic genes under their control are tissue specific [54-60]. Given these characteristics, circatidal
transcriptomics might help to identify core circatidal genes, which should show a 12.4-h or per-
haps a 24.8-h period (Figure 4; in the latter case, different tidal entrainment phases can be used to
differentiate circadian and circatidal transcripts). Such studies have been performed in mussels,
horseshoe crabs, limpets, and mangrove crickets [11,18,61-64], with most of these studies per-
formed under entrained conditions (i.e., in the presence of environmental cycles such as day/
night and tidal cycles). This is an important caveat, as environmental variables might directly affect
gene expression, thus obscuring the impact of the circatidal clock on transcript levels. Intriguingly,
circadian gene transcripts are usually only weakly rhythmic, or arrhythmic, during or after tidal and
circadian entrainment [11,18,61-64]. Several explanations could account for these observations:
(i) circadian and circatidal transcriptional rhythms are spatially restricted and only present in a
small number of ‘pacemaker’ cells, resulting in masking of the rhythms by non-oscillating cells;
(i) the circatidal and circadian pacemakers do not rely heavily on transcriptional regulation for
rhythmicity; or (i) core components of circatidal and circadian clocks are shared but exhibit dis-
tinct oscillations in separate anatomical regions and thus mask each other. The first two possibil-
ities seem unlikely given that both would require dramatic changes to core mechanics of the
circadian clock that have otherwise been quite conserved throughout animal evolution. Also,
the evidence in P. hawaiensis that BMAL1 serves as a component shared between the clocks
seems to point towards the last possibility. There are exceptions, however. Circadian clock
gene expression was monitored in oysters (Crassostrea gigas) from animals collected in the
field or exposed to either constant conditions or light/dark cycles in the laboratory [16]. Most
circadian clock genes were strongly rhythmic, but for many whether they adopted a circatidal
or circadian pattern of expression was dependent on environmental conditions. Also, in arctic co-
pepods (Calanus finmarchicus), circadian clock genes can show either a circadian or a circatidal
pattern of expression depending on the latitude and thus the presence of permanent ice [65]. This
translates in a broad change in rhythmic transcription patterns [66]. Such molecular plasticity
could translate into behavioral adaptation to different rhythmic environments.

So far, circatidal transcriptomics has not uncovered obvious candidate genes for the circatidal
clock (see Outstanding questions). However, it has helped to identify the physiological pathways
under circatidal control. These pathways include those involved in metabolism and protein ho-
meostasis as well as transcriptional regulation. Intriguingly, some transcripts in mouse liver and
mouse cell culture also show 12-h rhythms and are enriched for genes involved in metabolism,
the endoplasmic reticulum stress response, gene expression, and protein production [67,68].
These mammalian 12-h rhythms appear to be independent of BMAL1 and the mammalian circa-
dian clock in general and could represent an adapted version of the circatidal clock in organisms
living beyond the intertidal zone. X-box binding protein 1 (XBP1) is an important regulator of these
rhythms, but even in its absence a significant fraction of genes remain rhythmic, with some even
exhibiting more robust 12-h rhythms [68]. XBP1 thus does not seem to be a core element of the
12-h clock. Clearly, more work is needed to establish a link between mammalian 12-h rhythms
and tidal rhythms in marine organisms (see Outstanding questions).

In summary, genetic studies and behavioral observations of both circadian and circatidal rhythms
in a single organism support the existence of distinct circadian and circatidal clocks, which share
at least one element: BMAL1 (Figure 4B). However, gene expression studies indicate that the ex-
pression of circadian genes is highly plastic in some species. In these organisms, a single clock
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might be present, or perhaps the circadian clock’s oscillations are driven by the circatidal clock
under tidal conditions.

Circalunar clocks

Circalunar clocks are even more challenging to study than their circatidal counterparts, given their
long period (29.5 days). As for circatidal rhythms, the mechanisms underlying the circalunar clock
are unclear. It is possible that a dedicated 29.5-day oscillator exists, but one could also envision
that a combination of circadian and circatidal oscillators is used as a coincidence detector. Circa-
dian and circatidal clocks reach an identical phase relationship twice in a lunar month; this makes
sense since the lunar month is the result of the interaction between the solar (24 h) and lunar (24.8
h) days (‘beat hypothesis’) [69]. This circa-semilunar interaction between the circadian and
circatidal clocks could thus drive rhythms such as the aforementioned developmental/reproduc-
tive cycles of midges that peak at new and full moons. Circalunar rhythmicity could be derived
from this mechanism by using moonlight cues to suppress one of the two monthly beats. Behav-
ioral observations in Scyphax ornatus lend support to the beat hypothesis [70]. Changing the pe-
riod of either the tidal or the solar cycle affects the period of the semilunar rhythm of locomotion.
The caveat with these experiments is that behavior obviously cannot be measured under free-
running conditions, and thus direct effects of environmental cycles on behavior might complicate
interpretation. Zantke et al. presented pharmacological evidence supporting distinct circadian
and circalunar clock mechanisms [14]. CKI-&/¢ inhibitors disrupted circadian locomotor rhythms
but not circalunar spawning rhythms in the marine annelid Platynereis dumerilii, an emerging ge-
netically tractable model for circalunar and circadian clock studies [71,72].

Trailblazing work by the Tessmar—Raible laboratory is beginning to uncover mechanisms of
circalunar rhythms in P. dumerilii. Using TALEN scissors, a genome-engineering approach that
predates CRISPR/Cas9, mutants for two photoreceptors were generated: opsin-1 and L-CRY
(alight-sensitive CRY) [73]. Interestingly, the two light sensors play specific roles. Opsin-1 is nec-
essary for proper behavioral synchronization of swarming (a locomotor activity) with the rise of the
moon. L-CRY, by contrast, allows P. dumerilii to distinguish sunlight from moonlight. The mech-
anism is not yet entirely clear, but a combination of in vivo and in vitro observations provides us
with important clues [73,74]. Light-sensitive CRYs undergo protein degradation when exposed
to light, as a result of UV/blue-light photon absorption that triggers the reduction of their FAD
chromophore and thus changes in protein conformation [75-77]. These conformational changes
also allow CRY to interact with new targets (e.g., TIM in Drosophila). In P. dumerili, L-CRY is de-
graded under sunlight but not moonlight. As a result, its levels and nuclear/cytoplasmic localiza-
tion differ under sunlight and moonlight but are similar under moonlight and in darkness (Figure 5)
[73,74]. However, it is not that L-CRY cannot detect moonlight. Spectroscopic measurement
with purified L-CRY show that it does detect light at moonlight intensity [74]. However, L-CRY
is activated much more slowly, and only partially, by moonlight. Since L-CRY forms dimers (at
least in vitro), this slow and partial activation results in dimers in which only one subunit is acti-
vated, which slows the kinetics of return to the ground state, and probably also alters the confor-
mation of the dimer. Thus, L-CRY presumably triggers different molecular responses under
sunlight and moonlight, and this might be aided by the changes in L-CRY’s nuclear:cytoplasmic
localization ratio (Figure 5). Interestingly, in corals, CRY2 levels are correlated with moon-phase-
dependent spawning [78]. In Drosophila, CRY improves the synchrony of circadian neurons
entrained to moonlight conditions at night [73]. These observations suggest that CRY’s function
in moonlight detection is evolutionarily conserved.

Since P. dumerili’s L-CRY and opsin-1 can detect and interpret moonlight, they would appear to
be prime candidates to entrain the circalunar oscillator to moonlight. However, entrainment of the
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Figure 5. L-CRYPTOCHROME (L-CRY)
allows  Platynereis  dumerili  to
distinguish  moonlight from sunlight.
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circalunar oscillator was not affected by loss of opsin-1 and only very mildly affected by the absence
of L-CRY [74]. Rather surprisingly, under artificial lunar cycles, the spawning behavior of /-cry-mu-
tant animals was more tightly synchronized than that of wild-type controls and was reminiscent of
behavior under natural light. Thus, it appears that L-CRY’s main role might be to recognize moon-
light. It would be interesting to test mutant animals lacking both L-CRY and opsin-1 (and perhaps
other opsins), since in flies circadian behavioral rhythms are entrained through both CRY and visual
inputs and only the elimination of both pathways results in circadianly blind flies [79].

Concluding remarks

Historically, the study of biological clocks in marine organisms has been challenging. Marine or-
ganisms are often difficult to culture in the laboratory. Thus, there have been few marine labora-
tory models and until recently none was genetically tractable. Emerging model organisms such as
P. hawaiensis and P. dumerilii are beginning to change the landscape. Their combination of reli-
able behavioral assays and genome-editing capabilities promise much progress in our under-
standing of marine clocks in the coming years. It is an exciting time to dive into the field of
marine chronobiology.
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