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Abstract

The right timing of animal physiology and behavior ensures the stability of populations and
ecosystems. In order to predict anthropogenic impacts on these timings, more insight is needed
into the interplay between environment and molecular timing mechanisms. This is particularly true
in marine environments.

Using high-resolution, long-term daylight measurements from a habitat of the marine annelid
Platynereis dumerilii, we find that temporal changes in UVA/deep violet intensities, more than
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longer wavelengths, can provide annual time information, which differs from annual changes

in photoperiod. We developed experimental setups that resemble natural daylight illumination
conditions, and automated, quantifiable behavioral tracking. Experimental reduction of UVA/deep
violet light (app. 370-430nm) under long photoperiod (LD16:8) significantly decreases locomotor
activities, comparable to the decrease caused by short photoperiod (8:16). In contrast, altering
UVA/deep violet light intensities does not cause differences in locomotor levels under short
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photoperiod. This modulation of locomotion by UVA/deep violet light under long photoperiod
requires c-opsinl, an UVA/deep violet-sensor employing Gj-signalling. C-opsinl also regulates
the levels of rate-limiting enzymes for monogenic amine synthesis and of several neurohormones,
including PDF, Vasotocin (Vasopressin/Oxytocin) and NPY-1.

Our analyses indicate a complex inteplay between UVA intensities and photoperiod as indicators
of annual time.

Since its beginning in the marine environment, life has been exposed to the rhythmic
changes generated by the impact of the sun and the moon. Organisms have adapted to these
changes and today, many marine organisms precisely time their physiology and behavior to
specific months of the year, specific days during the month and specific hours during those
days. This timing is not just impressive, like illustrated in the precisely timed mass spawning
events of species ranging from corals to worms to fishes 13, but crucial for successful
reproductive synchronization 4 and a major ecological aspect of food web architecture in an
environment that covers more than 71% of the earth’s surface >/. It is also of relevance

for freshwater and terrestrial ecology 8. The importance of timing for food webs has been
especially well documented for seasonal interactions 7. Evidence accumulates that the
on-going climate change desynchronizes intra- and interspecies interactions and thereby
endangers ecosystem stability 4. A prominent example are seasonal phytoplankton blooms,
which tend to occur earlier, while the behavioral and physiological rhythms of higher trophic
levels change less. This results in timing mismatches in food webs with possibly severe
consequences for species reproduction 10-13,

In order to understand the differential effects that anthropogenic impacts can have on the
timing of different species 2, we need knowledge about key environmental parameters,

and the underlying molecular mechanisms interpreting these environmental cues and
driving the timing mechanisms in animals 13. Significant mechanistic insight exists for
understanding daily and seasonal timing in the terrestrial animal model species, especially
Drosophila and mouse, but also for birds, hamsters and sheep (e.g. reviewed in 14-19),
However, the molecular and cellular foundations of the mechanisms underlying timed
processes in the marine environment, despite their ecological importance, are still little
understood. This has multiple reasons. First, marine environments are highly complex

and many geophysical factors, such as light or temperature, do not only differ with

latitude and time, but also depend on depth, currents and local water properties, like
absorption coefficients, stratification and changes thereof. Second, the existing experimental
analyses are predominantly descriptive, mainly because of the lack of marine animal models
exhibiting diverse rhythms in the lab and being amenable to functional investigations.
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Platynereis dumerilii is a marine bristle worm, whose physiology and behavior are governed
by an interplay of multiple rhythms at its natural habitat, as well as in the lab 20-23,

This likely cosmopolitan annelid worm 24 can serve as a representative for many marine
invertebrates 24, while also being amenable to the functional manipulations and experimental
analyses methods 25 required to unravel the mechanisms underlying marine timing.

Here we combine high resolution light measurements from the natural habitat of Platynereis
at two different depths (10m and 4m) and newly established illumination systems and
automated behavioral tracking for the laboratory with genetic functional manipulation,
peptidomics, proteomics and transcript quantifications, as well as photoreceptor signaling
analyses to dissect the impact of seasonal light changes on animals. We show that

UVA/ deep violet light (app. 370-430nm) at environmentally relevant intensity impacts

the hormonal and behavioral status of the marine bristle worm via the UVA-sensitive
photoreceptor c-opsinl. Thus, differences in UVA/deep violet light intensities might provide
information on annual time to marine animals in addition to photoperiod. While our

data provide significant new insight, it is clear that no laboratory setting will mimic the
complexity of natural environments. It remains a challenge for the future to unravel how
UVA/deep violet light signals via c-opsinl integrate with the full complexity of other
natural signals and their changes over time. This includes the intricacy of the natural

light spectrum, but also variations in temperature, currents, oxygen content, symbiotic
interactions and predation pressure. Yet, in order to understand (and predict) the responses
to complex mixtures of environmental cues, understanding the mechanisms underlying
individual responses are essential.

UVA/deep violet light changes between seasons in the natural Platynereis habitat

In order to obtain a better understanding how light can impact on the physiology and
behavior of marine animals within their complex light environment displaying various
rhythms of different period lengths, we performed detailed light measurements. We selected
a marine habitat that is inhabited by a marine bristle worm, Platynereis dumerilii, which
can also be functionally studied in the laboratory. Platynereis has a particularly well
documented natural occurrence in Mediterranean and Atlantic coastal habitats across a
range of depths from 1m-5m, but also at 10m and below 26-28, We deposited two highly
sensitive Ramses hyperspectral radiometers, calibrated by TriOS GmbH prior to their usage
following NIST standards over the entire measurement range, near Ischia island, Italy
(Fig.1a), the geographic origin of our laboratory culture. The presence of Platynereis spec.
at the measurement sites (10m and 4m water depth) was confirmed by diving. We measured
and analyzed the light spectrum from 310nm-710nm in 3nm, 15min intervals over almost
an entire year between July 27, 2010 — July 10, 2011 at 10m depth and for overlapping
time from May, 31st 2011 - July, 10th 2011 at 4m. For technical reasons we could not start
the measurements at 4m earlier and continue longer at the same location. We compared
several examples of our daylight dataset against measured or calculated underwater spectra
previously reported in the literature (Extended Data Fig.1). This benchmarking confirmed
that our measurements were within the expected spectral intensity distributions. We also
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verified that all daytime measurements were distant to the saturation and noise equivalent
intensities (NEI) (Fig.1c, Suppl.Data 1, Extended Data Fig.1c,f,i,l). We next analyzed

the longer dataset (10m) for light intensity across the spectrum and time (Fig.1b-d,
Extended Data Fig. 2a-d, Supplementary Data 1-3). When analyzing photoperiod (Fig.1b)
vs. irradiance levels (Fig.1c,d; Extended Data Fig. 2a-d), we noticed that these two read-outs
exhibit different dynamics across the year. While day length changes symmetrically relative
to the longest day of the year (Fig.1b, https://www.timeanddate.com/sun/italy/naples), the
daylight spectral intensities have a shifted distribution (Fig.1c-e: compare December/January
and March vs. September and June/July, Supplementary Data 1-3; Extended Data Fig.2a-d).
This shifted distribution relative to photoperiod can be well demonstrated for individual
days. We selected the spring vs. fall equinox days as an example (Extended Data Fig.

2f,g). We build the ratios between the same wavelengths of the September equinox day
(September, 23", Extended Data Fig.2f,g,j,k) and two different days of March, March 215t
(the exact spring equinox day, Fig.1f: yellow line, Extended Data Fig.2f,g,j) and March

24 (daytime 8mins longer, Fig.1f: blue line, Extended Data Fig.2f,g,k, Supplementary
Data 6-8). We analyzed September/March ratios from two different March days to test

for the effects of few clouds (for corresponding weather data see Extended Data Fig.2h,i),
which overall caused only minor changes. The least difference between the different cloud
conditions was present for ratios between 370-420nm. Intensity differences between the
September and March equinoxes were observable across the day (albeit slightly stronger
during the afternoon, Extended Data Fig.2f,g,j,k, Supplementary Data 6-8) and independent
of twilight (compare Fig. 1f and Extended Data Fig.2l, Extended Data Figs. 2f,g).

The presence of shifted irradiance levels relative to photoperiod was not restricted to the
equinox times, but more generally noticeable for time spans surrounding equinox, and
between the equinoxes and summer solstice (Fig. 19, Extended Data Fig.2e), but less or
absent for the short photoperiods surrounding winter solstice (Extended Data Fig.2¢). The
differences were particularly noticeable in the UVA/ deep violet range (315-430nm, Fig.
le-g, Extended Data Fig.2e,j-1). This allows for the possibility that the differences in UV/
deep violet light intensity provide additional information about the time of year, especially
discriminating times of equal photoperiod (Fig.1h). Interestingly, while the UVA/deep violet
light intensity differs from photoperiod information, its timing is similar to the changes in

water temperature across the year in the Bay of Naples, which is higher in fall than in spring
29

As spectral distribution also changes across water depth, we wondered how much of the
UVA signal would be altered by the water column. We thus analyzed 4m vs. 10m data
recorded at identical time periods and in spatial proximity (Fig.1la, Extended Data Fig.3a,b,
Supplementary Data 4,5). These data show that wavelengths above 590nm diminish more
strongly with depth than shorter wavelengths (including UVA) (Extended Data Fig. 3c-g),
in line with other underwater measurements and calculations (Extended Data Fig.1). This
suggests that seasonal changes in UVA intensity can occur across depth (at least in the
natural habitat range of Platynereis dumerilii).

So far, the biggest focus for seasonal light reception has been on day length and it is clear
that changes in day length have important instructive meanings for seasonal animals 3.
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However, it should be noted that any work carried out under standard laboratory white light
does not typically possess wavelengths smaller than or equaling 400nm 31. Thus, effects of
UVA/deep violet light on animals can be easily overlooked in laboratory settings.

Given the seasonal information potential and the fact that many animals from flies to
humans possess light receptors that can respond to UVA/deep violet light 32735 we next
wondered if UVA light could contribute to seasonal responses in physiology and/or behavior
in marine animals.

Differences in UVA light regulate locomotor behavior

We next quested for evidence from the literature if Platynereis might displays seasonal
changes in its physiology or behavior in its natural habitat. We then aimed to test if aspects
of those changes could be mimicked by differences in UVA/deep violet light intensities.
UVA is defined as wavelength from 315 to 400nm (1SO 21348 Definitions of Solar
Irradiance Spectral Categories). However, the borders of the different subsections of the
electromagnetic spectrum are historical and do not correspond to a fixed physical property
36,37 For experiments under lab conditions, we focused our attention on UVA/deep-violet
light in the range of 370-430nm, but the “Nelis sunlight source” used emits light across the
entire UVA spectrum (see below and Materials and Methods section for further details).

Detailed catch data of swarming mature worms, as well as recruitment analyses of
Platynereis dumerilii in the Gulf of Naples suggest that the worms exhibit a seasonal
regulation of their reproduction 1:20.21.38 \We thus analyzed the timing of maturation
between Platynereis subcultures grown under significant intensities versus minimal
intensities of UVA light (Extended Data Fig.4a,b,b”). Wildtype worms exhibited a
significantly faster maturation in conditions including UVA light compared to those with
minimal UVA (Fig.2a,b).

However, while this result was interesting, we next thought of an alternative assay under
better controlled light conditions that can also be faster analyzed than maturation timing.
There were three main reasons for developing such an alternative assay. First, the lights

in the worm culture rooms still included residual amounts of UVA light (Extended Data
Fig.4a). Second, light intensity varied depending on wormbox position and was technically
difficult to change evenly across the spectrum. Third, indirect effects, e.g. on algal growth
(i.e. food) were difficult to exclude.

Changes in behavioral activity patterns across seasons have been documented for a variety
of species. Strong examples of such changes are long distance migrations or diapause/
hibernation 3942, but are also present as subtler differences 43-46 including diel locomotor
activity in the close nereidid relative Nereis virens*'#8. We thus investigated Platynereis
locomotion over the day/night cycle under different UVA light conditions. To enable

this, we further advanced and improved our ‘worm behavioral box’ (Fig.2c, 22). We
installed an illumination that closely resembled the underwater sunlight spectrum, including
UVA, (Extended Data Fig.4c-e’,f,g) and also developed a set-up and computer program

that allowed fully automated underwater worm tracking (Fig.2d-d”). Using this set-up in
combination with a spectral filter that specifically reduced light below 430nm (Extended
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Data Fig.4c-e”), allowed us to directly assess the effects of UVA/deep violet light and
different photoperiods on the worms’ locomotor behavior.

The presence of intense UVA/deep violet light (+UVA condition) led to significant changes
in the locomotor behavior of the worms. Animals exposed to white light including UVA/
deep violet under long day (LD 16h:8h) moved significantly more than worms under

the same photoperiod (LD 16h:8h) exposed to white light with filter-reduced UVA/deep
violet light (- UVA condition, Fig.2e-g, Supp.Figs.1a,b,2a, 3a, 4a, 7). While period length
remained similarly stable under both conditions, the strength of the rhythmic activity, i.e.

its power in the Lomb-Scargle analysis, was significantly lower under filter-reduced UVA/
deep violet light (Fig.2h, Suppl.Tables S5,6,9). We also compared these data to locomotor
behavior under short day (LD 8h:16h) under the same white light spectrum with intense

and filter-reduced intensities of UVA/deep violet light (Supp.Figs 1c,d). Locomotor distance
of wildtype worms decreased under short day, white light, including intense UVA/deep
violet light conditions (+UVA) to levels observed under long day with filter-reduced UVA/
deep violet light (-UVA, Fig.2i-k, compare to 2e-g). Reduction of UVA/ deep violet light
(-UVA) by filter under short day conditions had no additional effects on locomotor activity
(Fig.2i-k, SuppFigs.5a,6a, full statistics SuppFig.7), suggesting that the seasonal UVA/ deep
violet light intensity differences are most relevant outside the short day times, consistent
with the natural light situation (Extended Data Figure 2e). Daily period length of individual
worms was generally more variable under short day than long day conditions (Fig.2h,l;
Suppl.Tables S5-9).

It should be noted that Platynereis worms are nocturnal, i.e. the majority of their locomotion
occurs during the night. This indicates that the differences in locomotor behavior in the
absence versus presence of UVA/ deep violet light (under long day conditions) are not an
immediate response to the light itself, which only occurs during the daytime, but likely
rather manifest themselves in molecular and/or cellular changes that modify the worms’
behavior over time.

Platynereis c-opsinl is a UVA/ deep violet light sensor signaling via Gj,o

Previous work on the absorbance spectrum of Platynereis ciliary Opsinl, expressed in the
medial brain of the worm 49, showed that this Opsin is activated by UVA/ deep violet

light 9051 bistable, i.e. the activated form can be reverted to the dark form by visible
(non-UVA) light and likely coupled to the Gi-signaling pathway 9. We first confirmed

more directly that Pdi+c-opsinl signals via Gi-signaling (Fig.3a, b, Extended Data Fig.5a),
using a previously established tissue culture assay that tests for decrease in CAMP upon
light exposure, indicative of Gi-signaling 52:53. Using an equivalent test for CAMP and Ca?*
increase, indicative for Gs and Gg-signaling 523, we also found that c-opsin1 does not
signal via Gs or Gq (Extended Data Fig.5¢c,d). Given that it is technically challenging to
determine an action spectrum with an Opsin coupled to an inhibitory G-protein cascade,

we generated a c-opsin chimera in which cytoplasmic loops of Pal-c-opsinl were replaced
by those of human melanopsin (Extended Data Fig.5e, for details see methods). Such
chimera change the G-protein signaling cascade of the Opsin, but should leave the activating
Amax Unaltered ®4-56, The Pdlrc-opsinl-human-Melanopsin chimera was expressed in tissue
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culture cells and tested for its response to different wavelengths (Extended Data Fig.5b,f-m).
By this we confirmed that also in a cellular context (action spectrum) cOpsinl responds
strongest to UVA/ deep violet light.

The previously unraveled bistability of c-opsinl implies that this photoreceptor might
detect ratios of UVA (R-state) and longer wavelength light (M-state). We thus wondered,

if the spectral difference for instance present in spring versus fall would also be present,

if both detection states of c-opsinl are taken into account. Again, we used the days

around equinox as representative examples for spring versus autumn. While the maximally
activating wavelength of the R-state of c-opsinl is relatively well-defined (Anax 380nm),
the maximally effective wavelength on the M-state is not well defined (i.e. >480nm) °0. We
hence calculated the R/M ratios for spring vs. fall with a fixed R-state A, at 380nm and
tested different M-state A, In all cases was the R/M state ratio for the autumn equinox
higher than for the spring equinox (Fig.3c). Modest clouding had again no effect on the
outcome (Fig.3c green versus yellow points; weather data Extended Data Fig.2i). These
analyses suggest that also in case c-opsinl would function as a wavelength ratio detector, the
differences in the annual spectral distribution could be detected by it.

Based on its UVA/ deep violet light sensitivity, c-opsinl has been implicated in depths
measurements of the freely swimming (pelagic) Platynereis larvae 051, However, the
pelagic larval stage during which such a depth gauge sensor will be relevant lasts only

few days during the several months long life of Platynereis dumerilii. Already at one week
of age, the worms will have settled, start building tubes and switch to a benthic life style

24 The majorly benthic life-style and the fact that the worms are nocturnal 2223 (Fig.2e-I)

is difficult to reconcile with a function of c-opsinl as a gauge sensor beyond its short

larval stage. Furthermore, while complete data on annual reproduction do not exist, one
detailed study spanning June-December suggest that the highest level of reproduction occurs
in July/August 1. Thus, enhanced locomotion (and physiological adaptations) at the long
photoperiods between summer solstice and autumnal equinox, could have beneficial effects
on the developing young worms and help to prepare them for short photoperiod times. To
therefore explore the role of this light receptor in benthic worms, we tested, if c-gpsini
mutants display behavioral or physiological aspects reminiscent of those observed under the
lack of UVA/ deep violet light.

Platynereis c-opsinl mutants exhibit lowered locomotor activity levels

We used TALEN-technology to generate two independent alleles of c-gpsini. The two
alleles A8 (previously published 51) and a new 7bps deletion mutant (A7) generated with two
independent TALEN pairs at two separate sites of exon 3 led to premature stop-codons in
the N-terminal region of the protein (Fig.3d). qPCR revealed that c-gpsini transcripts were
not detectable in mutant worms compared to wildtype sibling controls (Fig.3e), suggesting a
complete loss-of-function phenotype. We next tested the locomotor behavior of c-gpsini-/
worms, using the behavioral assay outlined above. Indeed, c-gpsinl mutant worms showed a
significant decrease in locomotor activity compared to wildtype (long day, +UVA condition),
for both c-gpsini 28/A8 (Extended Data Fig.6, 8a,c,e,q, Supp.Fig.2) and c-gpsini A7/A8
(Extended Data Fig.7, Supp.Fig.3). In addition, mutant worms exhibited a weaker 24hrs
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rhythmicity under LD and DD (Extended Data Figs.6d,e,g,h, 7¢,d, 8d,h). We then compared
the locomotor activity levels of c-opsini 28/28 under long day conditions with intense and
filter-reduced UVA/ deep violet light levels. c-gpsini 28/28 worms did not show the decrease
in locomotor activity visible for their sibling wildtype worms under the corresponding
conditions, instead their locomotor activity was constantly at the low level observed under
long day, filter-reduced UVA/ deep violet light (-UVA) conditions (compare Fig.2e-g, 3f-h,
Extended Data Fig.8a-c and e-g Supp.Figs.2,4,8,9).

Short day conditions lead to an additional activity decrease in mutants (Fig.3h,l, Supp.Figs
5,6: hrs 16-24 c-gps1 88/88 jn LD vs SD +UVA: Sidak’s multiple comparison test:
p<0.0001, hrs 16-24 c-gps1 2888 jn LD vs SD-UVA: Sidak’s multiple comparison test:
p<0.0001) suggesting that photoperiod detection is independent of c-gpsini. As for sibling
wildtype worms, daily period length of individual worms was generally more variable and
rhythmicity had a lower power under short day conditions (Fig.3i, m, Supp.Tables S5-9).

Finally, given the differential effects of UVA/ deep violet light intensity depending on
photoperiod, we tested worm locomotion also under the intermediate photoperiod LD 12:12.
The effect of intense UVA/ deep violet light (+UVA condition) versus filter-reduced UVA/
deep violet light (-UVA condition) on locomotion was intermediate to the results obtained
for the two different UVA/ deep violet light conditions under long day versus short day
photoperiods for wildtype (Extended Data Figure 8i-1, Supplementary Figs.7, 9). Wildtype
worms exhibited a trend to less locomotion under —UVA close to statistical significance
(p=0.08, n=9 worms +UVA and 7 worms -UVA). For comparison, under LD16:8 the
difference is at p< 0.0001 (initial dataset with n=20 worms +UVA and 21 worms -UVA)

and p=0.0056 (new repetition dataset with about half the number of worms), while under LD
8:16 p=0.9863 (Supplementary Fig. 7). In contrast to wildtype, there was no trend to less
locomotion under LD 12:12 -UVA versus +UVA condition in c-gpsini-/- worms (Extended
Data Figure 8m-p, p= 0.5743, n=10 and 9 worms, respectively, Supplementary Figs. 7, 9),
again consistent with the suggestion that the effects of the +UVA condition on wildtype are
mediated by c-opsinl.

Platynereis c-opsinl mutants have lowered levels of key enzymes and hormones
regulating physiology and behavior

In order to gain a first understanding how c-gpsini might lead to the observed behavioral
alterations, we tested for differences in the transcript levels of key neurotransmitter enzymes,
as well as core circadian clock genes. We previously established that the products of

the genes Pau-per, Pdu-tr-cry, Pau-bmal, Pdu-clock can function as circadian repressor/
activators, respectively 22. We analyzed their temporal expression profiles in c-gpsin
wildtype versus c-opsini4828 animals. Phase and period of bmal, per, clock, pdp1, vrille
and #m appeared unchanged in mutants, albeit a small significant reduction in overall levels
was present in perand clock (Fig4.a-c, Extended Data Fig. 9a-c). tr-cry exhibited stronger
changes, but was still significantly rhythmic (Fig.4d). In contrast to these rather minor
changes in core circadian clock gene levels, we observed strong reductions in the transcript
levels of several key neurotransmitter enzymes critically required for the synthesis of
biogenic amines (Fig4e-h). Furthermore, the transcripts of the preprohormones neuropeptide
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Y (npy-1), pigment dispersing factor (pdf) and vasotocin- neurophysin (vin) were strongly
decreased (Fig.4i,k,m). We confirmed this reduction of peptide hormones using targeted
nano-LC-MS/MS for the corresponding mature peptides (Fig.4j,1,n, Supp.Table S11).

Based on these transcriptomic and peptidomic changes, we suggest that UVA/ deep violet
light via c-opsinl impacts on multiple neurohormone and transmitter systems, which jointly
leads to the observed alteration in locomotor behavior. These strong changes are specific
given that transcript levels for the pre-pro-hormones fmrfand gnrh-like1 were unaffected
(Extended Data Fig.9e,f) and only affected at ZT4 for the enzyme aanat (Extended Data
Fig.9d).

Our natural light measurements suggest that the UVA/ deep violet light signaling via
c-opsinl might provide particularly relevant information to discriminate between equal
photoperiods close to equinox and long day photoperiods equally distant before and after
summer solstice. While our molecular analyses so far only analyzed the effects of c-opsinl
mediated UVA/ deep violet light input under long day (LD 16:8), we next ask, if there are
also differences under a photoperiod of LD 12:12. We performed targeted nano-LC-MS/MS
on NPY-1, PDF and VTN under LD12:12, comparing conditions that just differed in the
intensity of UVA/ deep violet light (+UVA and — UVA conditions) and compared c-opsini
wildtype vs. c-gpsin148/48 animals (SuppFig1E,F). While PDF and VTN amounts were
highly variable and thus did not show statistical significant differences (data not shown), we
identified clear effects on NPY-1. Both the filter-reduced levels of UVA/ deep violet light (-
UVA), as well as the ¢c-gpsinI mutation in the presence of high UVA/ deep violet light levels
(+UVA) showed significantly lowered neurohormone concentrations (Fig.4o, Supp.Table
S12).

These data provide strong evidence that UVA/ deep violet light levels, in a c-opsinl-
dependent manner, can drive the animals’ hormonal status in a specific direction when
photoperiod is at least LD 12:12.

At present we do not have a full explanation why the ¢-gpsini mutation has stronger

effects on some neurohormones at LD 16:8, compared to LD 12:12. These data might point
in the direction of an interplay between photoperiod and UVA signaling. In combination
with spectral intensity differences, specific photoperiods will enhance or diminish the
effects of UVA/ deep violet light - signaling via c-opsinl. One hint further supporting this
interpretation comes from the results that the same c-opsinl mediated UVA/ deep violet
light signal in the locomotion behavioral analyses also causes different effects depending on
photoperiod (Fig.21-L, 3J-M, Extended Data Figure 8, Supplementary Fig.7).

Complementing the candidate g°PCR and LC-MS/MS approach above, we performed
untargeted quantitative mass spectrometry on c-opsin 28/28 mutant versus sibling wildtype
worms grown under UVA conditions (LD 16:8; Extended Data Fig.10a,b). We found three
groups of regulated proteins (Extended Data Fig.10c, Supp.Tables S13-15).

1) Proteins impacting neurotransmission: Several enzymes impacting glutamate
levels are downregulated in the c-gpsini mutant (e.g. Glutaminase), while
orthologs of the Glycine Receptor alpha2 subunit and the Acetylcholine
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Receptor alpha? are upregulated, as is the synaptic serine protease Neurotrypsin,
which has been implicated in synaptic restructuring and corresponding changes
in nervous system activity 278, These changes further support the notion that
UVA light via c-opsinl mediates significant molecular changes in nervous
system function.

2.) Enzymes involved stress responses: UV- stress responding enzymes were
downregulated in ¢c-opsini mutants consistent with the worms sensing less
energy-rich light. This was also apparent for a sulfotransferase-domain
containing protein, which can be induced by irradiation 9. while Glutathione-S-
transferase, an enzyme involved in detoxification and oxidative stress response
60, was upregulated in c-opsini mutants, as was Thioredoxin domain-containing
protein 5. These changes further indicate that c-opsinl can also convey
information about potential UVA stress to the worms.

3.) Enzymes involved in metabolic processes: In addition to several enzymes
linked to the synthesis and transport of glutamate (Extended Data Fig.10c,
Supp.Tables S13-15), we identified two enzymes (Citramalal-CoA lyase and
cytosolic branched chain amino acid transaminase), which were downregulated
in the mutant and whose activities impact the levels of available pyruvate.
Pyruvate is a key metabolic intermediate, for instance important for the cells’
energy supply.

In summary, these changes in metabolic enzymes, combined with the reduction of NPY1
suggest adaptive metabolic changes to low UVA conditions in addition to locomotor activity
changes.

Evidence from multiple techniques provides the consistent picture that UVA light, at
naturally occurring levels, is sensed by c-opsinl leading to multiple changes in the worm’s
brain, likely optimizing the animals’ behavior, physiology and irradiance protection in
addition to photoperiod information (Fig.4p).

Discussion

Here we show that UVA/ deep violet light intensities change across the year in a different
manner than photoperiod, but similar to water temperature. The marine annelid Platynereis
aumerilii can sense differences in UVA light by the c-opsinl photoreceptor. Changes

in UVA/ deep violet light intensity significantly impact on the worm’s behavior, as do
loss-of-function mutations in c-gpsini. Correspondingly, c-opsinl mutants exhibit multiple,
significant changes in key neurotransmitter enzymes, hormones and receptors, likely
resulting in altered locomotor behavior and physiology and by this helping the worms to
adjust to the appropriate environmental conditions. Our analyses of the effects of UVA/ deep
violet light on worm neuropeptides and locomotion under different photoperiods suggests
that photoperiod and UVA/ deep violet light intensity jointly modulate worm physiology and
behavior. They might more specifically suggests that the effect of UVA/ deep violet light
will be stronger the longer the photoperiod is. However, this specific hypothesis remains
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to be tested, as well as the effects of other ecological important parameters on worm
physiology and behavior.

Nevertheless our findings have at least three larger implications.

First, so far research on light as a signal to regulate seasonal biology has basically
exclusively focused on photoperiod and temperature as well-established signals, which
either act directly or indirectly by the entrainment of endogenous circannual timers 3061,
The nature of the photoreceptor(s) mediating the photoperiodic input has been a matter

of debates and is incompletely resolved. Two main proposals exist for non-mammalian
vertebrates, endowing either VA-opsins or Opn5-type opsins with this role (reviewed in

62) Interestingly, ranging from fish to humans, vertebrate Opn5-type opsins have very
similar properties to Pal-c-opsinl, in their bistability (activated by UVA- absorption peak at
380nm-; recovery by longer wavelength light) and Gi-signaling 32-34. They were proposed
to function as seasonal light receptors in birds, based on site of expression and light-
dependent responses in brain slices 63. However, VA(L)-opsins, show a better match with the
determined action spectrum relevant for the avian photoperiod response 6465,

Our work might help to solve this dispute, suggesting that UVA-sensing opsins may
contribute to the detection of seasonal UVA-differences, but not photoperiod. The exact
nature of such seasonal UVA differences is likely dependent on the habitat. The use of
seasonal UVA-light and - more generally -spectral information could provide fitness benefits
for animals in temperate and polar marine habitats to fine-tune their annual timing. A major
regular seasonal phenomenon in the oceans are phytoplankton blooms, which will cause
spectral alterations of underwater light conditions 8667 and are themselves often important
food sources. Furthermore, in polar regions, the amount of sea ice and snow will also

affect the intensity of UVA (and overall light spectrum). The combination of different,
partly interlinked, environmental variables make the exact spectral changes across the year
difficult to predict, but in any case, UVA levels would provide valuable additional temporal
information on regular annual changes of animal habitats. Phenomena like phytoplankton
blooms or sea ice cover are cyclic, but not as precise in time as photoperiod. Thus,

having additional information on their exact occurrence will help animals to fine tune their
physiology and behavior, and- where existent- annual timers. Such an ability of temporal
fine-tuning could make animals also more robust against climate change, which has resulted
in temporal shifts of boreal and polar phytoplankton blooms 1112, Unlike photoperiod-based
seasonality, UVA-based seasonal adjustments have the potential to detect and respond

to these shifts, enabling species to adapt their phenology and avoid seasonal mismatch
situations.

In polar habitats, which are characterized by prolonged periods of constant light (midnight
sun) or darkness (polar night), UV-cues could further allow for seasonal entrainment in
the absence of a clearly defined photoperiod. An UV-effect during the polar night is very
unlikely due to the general lack of light. However, UVA-changes during midnight sun
could support seasonal, but also diel rhythmicity. A diel change in light intensity during
midnight sun does persist. Several reports of animals maintaining diel rhythms during this
time indicate the potential for seasonal entrainment via clock-based photoperiod-sensing
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68-72 \hile other animal populations appear to loose diel rhythmicity, but could still achieve
seasonal timing via UV-sensing 73~77. It is noteworthy, that diel light intensity changes
during midnight sun and very long photoperiods are especially pronounced in the UV-range
77,78 Furthermore, UV-changes alone (under otherwise constant illumination) are sufficient
to entrain diel rhythmicity in bumblebees 7°. UVA-sensing could thus help to maintain diel
rhythmicity and photoperiod detection under extreme photic environments condition under
which diel changes in longer wavelengths and overall light intensities can be weak.

Given the widespread occurrence of UVA/ deep violet light -sensitive opsins in the animal
kingdom, it will therefore be highly interesting to test if UVA/ deep violet light might
mediate similar changes in neurohormones and transmitters in other taxa, including key
ecologically relevant marine invertebrates, but also terrestrial vertebrates.

Second, the implication of UVA/ deep violet light in (marine) timing processes also raises a
new aspect of possible vulnerability. While UVA/ deep violet light detection might enhance
temporal fine-tuning in marine environments, any pollution altering turbidity, and hence
light spectrum in the water, could disrupt it. This aspect can now be put to further tests in
more direct ecological studies and models. Light pollution on the other hand will likely have
little or only indirect effect on UVA-controlled processes as anthropogenic light sources
typically do not include UV-wavelengths.

Third, an aspect of evolutionary relevance is the location and molecular fingerprint of

the Padu-c-opsini-positive cells. It was previously shown that Pau-c-opsinl is expressed in
large ciliated cells in the medial forebrain of the worm 4251, Based on their morphological
position and molecular fingerprint [i.e. the presence of core circadian clock genes 22:49.80,
opsin-based phototransduction cascade genes and Aiomt & (the rate-limiting enzyme for
melatonin biosynthesis in vertebrates 81)], these cells have been suggested to be part of an
evolutionary ancestral timing region 49. In general, our data support such an ancient “brain
timing nucleus”. More specifically they hint, however, at the possibility that the ancestral
timing mechanisms did not only include photoperiod detection, but also short wavelength
intensity as a predictor of seasonal change. This work also leaves several open questions,
such as the original function of Opn-5-type opsins and the evolutionary relationship of
ciliary-type opsins to photoperiod detection.

Finally, while our data provide a novel and important link between natural UVA/ deep
violet light changes, behavior and metabolism, more work under truly natural conditions
will be required to work out the exact interplay of different environmental factors. Work
under laboratory conditions is highly useful to obtain first insights, because it allows to
vary one environmental stimulus precisely and in a defined direction. This permits the
check of specific hypotheses, like the tests for differential responses to strong versus filter-
reduced intensities of UVA/ deep violet light. Under true environmental conditions different
environmental factors co-vary, making causal conclusions about one specific environmental
factor more difficult to impossible. It is clear that these approaches in combination can be
highly powerful to comprehend how animals will respond to the up-coming climate change.
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Materials and Methods

Worm culture

Platynereis dumerilii were grown as previously described 82, with the following
modification: Light spectra- see Extended Data Fig.4. All cultures involving UVA light
were grown in light-tight shelves. “Full moon” for the entrainment of the worm’s circalunar
clock was given for 8 nights (except during 2018: 6 nights). Worms were initially raised
under worm room conditions and then shifted to the respective experimental light and
photoperiod regimes (Supplementary Fig.1). Therefore, the worms are very likely not in

the same seasonal physiological state as they would be in nature, an aspect that should be
considered for data interpretation and future experiments.

Natural light measurements and analyses

Measurements were recorded every 15min between July, 27th 2010 and July, 10th 2011

at 10m depth and between May, 31st 2011 - July, 10th 2011 at 4m depth. Natural light
measurements were acquired by using two RAMSES-ACC-VIS hyperspectral radiometers
(TriOS GmbH) for UV to IR spectral range. Both instruments were tied to a cement

plate and deployed on a sand flat on the east coast of the island of Ischia, in the Gulf

of Naples (Italy) at about 10m (40°43°50.6”N - 13°58°02.9”E) and 4m (40°43°56”N
13°57°44”E) depth, respectively. The locations were near Posidonia oceanica meadows, a
natural habitat of Platynereis. Data were retrieved and instrument sensors cleaned every 2-3
months. The radiometers provided individual values of light intensity over 255 individual
wavelengths between 305 nm and 1150 nm, the wavelength range for which they had

been calibrated directly before usage by the company Trios. As sensor sensitivity drops
significantly below 310nm and above 710nm (Suppl.Fig 10), we concentrated our analyses
on the wavelengths range between 310-710nm. Following the manufacturer’s instructions
and associated software (msda_xe v8.9), the background data and electronic offset of the
instrument were subtracted from the raw data, and the spectrum’s values were calibrated
for underwater conditions. The final calibrated raw data for light and temperature were
deposited in Supp.Tables S1 and S2.

Next, the acquired raw measurements in mW/m2/nm/sec were converted to corresponding
number of photons/cm2/nm/sec or, to enable comparisons with previous published works,
also converted to uW/cm2/nm/sec, uMolphotons/m2/nm/sec, photons/m2/um/sec and log
photons/m2/nm/sec (Extended Data Fig.1, Supp.Tables S3,54).

To plot the photoperiod changes the annual light data in photon units were analyzed by
averaging across all wavelengths for each measured time point.

Photoperiod (p) = E(IdtA | d = di;t = ti; A € [304nm, 1150nm])

141 — Light intensity measured at specific day (d) at specific time (2 between
wavelengths (1)

d;= Individual days (July 27, 2010 — July 10, 2011)
t;= Individual time points (00:00 — 23:45)
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The daylight values between sunrise to sunset/no twilight (referred to as NT dataset)

and values between astronomical dawn to astronomical dusk (referred to as AT dataset)
were extracted based on the daylight and nightlight timings for the Ischia geographic
location as mentioned in the validated astronomical websites (NOAA solar calculator and
timeanddate.com). The daylight data for both NT and AT datasets were plotted as surface
and pcolor plot in log photon scale using MATLAB. The average of the measurements
across the day for the entire NT dataset was calculated for surface and pcolor plots.

To look at the annual variation of daylight spectral intensities, the monthly average for each
month from NT dataset (September 2010, December 2010, March 2011 and June 2011),
was calculated and plotted as 2D line graph using shadedErrorBar MATLAB function.

The shaded error bar in the monthly average plot indicates the intensity variation between
individual average day values over month. Further, the monthly average ratio was calculated
between autumn versus spring (September/March).

E(Idm2tA | dm2 € [Sep2010 IdtA];t € [DtiNT]; A = Ai)

Equinox monthly average ratio. = grpg, 13 gt ¢ [Mar2011 IdiAL; 7 ¢ [DINTY; 4 = A)

where dm = average daylight of particular month (dm2 — September 2010; dy1 — March
2011) and Dyjp7= daylight from individual timepoint from NT dataset.

To investigate the spectral variation over time between equinox days, the ratio was
calculated in two ways, 1. Ratio of individual wavelengths from each timepoint measured
over day between equinox days, 2. Ratio of individual wavelengths between equinox day
average.

1.

(Id2tA | d2 = equinox day2;t = DtiNT; A= Ai)
(Id1tA | d1 = equinox dayl;t = DtiNT; A = Ai)

Equinox day ratio =

2. Equinox day average ratio for NT and AT dataset

_ E(Id2tA | d2e[equinox day2 1dtAl;t € [DtiNT1]; A = Ai)
for NT dataset = grr7m7T 4T ¢ [equinox dayl TdiAli1 € [DINTT, 4 = AD)

_ E(d2tA | d2 € [equinox day2 IdtA];t € [DtiAT]; A = Ai)
for AT dataset = F 7 T aT ¢ [equinox dayl Idij)-1 € [DiiATT: A = i)

where d; = equinox dayl (March 21 / March 24), d,>= equinox day2 (September
23), Dt;j7= daylight from individual timepoint from NT dataset and D47 =
daylight from individual timepoint from AT dataset.

All above calculations inspecting spectral variation between equinox days was also
calculated for astronomical twilight dataset mentioned in Extended Data Fig.2.

To understand light intensity variation between different water depths, the radiometer
was also placed at 4m depth. Raw measurements were treated as described above. For
differences in intensity, we calculated the monthly average from June 2011 4m and June

Nat Ecol Evol. Author manuscript; available in PMC 2021 August 31.


https://timeanddate.com

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Rajan et al.

Page 15

2011 10m NT dataset. The shaded error bar in the monthly average plot indicates the
variation of photon values between individual day averages over month. Additionally, the
ratios of individual wavelengths between 4m and 10m June 2011 monthly average were
calculated.

Denth ratio = E(Idm2tA | dm2 e [June 2011 4m];t € [DtiNT]; A = Ai)
P ~ E(dmltA | dml € [June 2011 10m];t € [DtiNT]; A = Ai)

R/M state ratio calculation

The c-opsinl photo-absorbance values across wavelengths were calculated for rhodopsin
(R-state) and metarhodopsin (M-states) based on the photopigment absorbance spectra

of Govardovskii 83 and the formula modeled on the primary visual processes of insect
photoreceptors 84, R-state A mayx: 380nm; M-state Amayx: 480nm-700nm in 20nm intervals.
The calculated photo-absorbance values for R and M-state were normalized to their
respective maximum absorbance measurement. The normalized absorbance values were
multiplied with the average photon count (310-710nm) across March 21th or March 24t (for
R/M spring) and September 23 (for R/M autumn). The resultant power values were summed
to calculate the ‘total power’. The final R/M ratio was calculated as R-state-total power /
M-state-total power.

Artificial sunlight emulation (NELIS devices)

Artificial sunlight, with a spectrum from around 5m below water surface was realized

using NELIS (Natural Environment Light Intensity System) SL-5M LED panels. The panels
were supplied with a selection of 20 different LEDs using Cree XT-E Series, Luxeon

Rebel and Rebel plus, SemiLeds C3535U and Everlight Shwo 1W LEDs. Different Bin
selections were used ranging from 390 nm to ,,amber* and “cool white” and were driven by
different currents to reach the desired spectrum. The drivers were built using non-switching,
continuous constant current sources.

An ORBIT controller was used to continuously calculate sun intensities according to sun
elevation above horizon at the selected time and date by a computing program calculates
the sun’s right ascension and declination 8° for every minute. These are then transferred

via geocentric coordinates to topocentric coordinates to determine the sun’s elevation above
horizon and therefore its intensity. Refraction, twilight and weather phenomena (e.g. clouds)
are not taken into consideration. Our light source was built based on the underwater light
measurements and is hence an improvement over the “normal” indoor illumination usually
used in lab experiments. However, it is important to note that it still does not fully match

the sunlight spectrum. It is likely that an even further optimized light source might reveal
additional biological effects.

The UVAR filter was purchased from Pixelteq, Salvo Technologies, USA: https://
opticalfiltershop.com/shop/specialty-filters/uv-ar-filter-438nm/, reducing the intensity of
wavelengths that cause strong c-opsin1 activation by at least 102,

Worm cultures and light system were placed in a shelf covered with black acrylic to prevent
room light from disturbing the experiment. Air for cooling the lighting device was taken
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from outside the shelf. The outlet was placed outside the shelf to minimize temperature
fluctuations.

Platynereis c-opsinl G-protein signaling and action spectra determination

Construction of expression vector—The open reading frame sequence of Platynereis
c-opsinl containing kozak sequence at the N-terminus were cloned to pcDNA3.1 expression
vector by replacing its stop codon with 1D4 tag sequence from bovine rhodopsin at the
c-terminal region. Additionally, Platynereis c-opsini-melanopsin chimera was generated

by replacing the second and third cytoplasmic loop of c-gpsini sequence with human
melanopsin sequence respectively. The cloning was performed using Gibson assembly
protocol (Gibson Assembly Cloning Kit, NEB). Primers used for cloning Pdu c-opsini
expression vector and chimeras: Supplementary Table S10. All constructs were sequence
confirmed and endotoxin-free plasmid DNA were prepared for transfection procedure
(Endofree Plasmid Maxi Kit, Qiagen).

Target opsin and reporter transfection—HEK?293 cells with 80% confluence was
cultured and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM), 10% Fetal
Calf Serum (FCS, Sigma) with penicillin/streptomycin at 37°c in 5% CO, atmosphere.
These cells were further washed with PBS, trypsinized, neutralized and concentration of
6x104 cells were plated per well in a 96 well solid white plate (Greiner) 24 hours before
transfection. Platynereis c-opsinl expressing plasmid and reporter (based on luminescent
second messenger assay) at 200ng concentration each were transiently co-transfected using
0.2ul Lipofectamine 2000 (Invitrogen) prior to the assay. Following 6hrs of incubation,
media was then replaced with L15 medium without phenol red (Invitrogen), 10% FCS,
300ng/ml tetracycline, 10uM 9-cis retinal (Sigma) and incubated for 16hrs at 37C. All these
above steps after initial transfection were carried out under dim red light.

Luminescent second messenger assay: G-protein signaling—Opsin coupling to
Ga q GPCR was accessed by the aequorin reporter °253, The assay used similar transfection
procedure as mentioned above. Cells transfected with pcDNA5/FRT/TO mtAeq along with
Platynereis c-opsin1 were incubated with 10uM Coelenterazine-h in the dark for 2hrs at
room temperature. Raw Luminescence Unit (RLU) was measured from a single well with

a resolution of 0.5s and cycle of 2s on a Fluostar optima plate reader (BMG Labtech,
Germany). After baseline recording, the well was exposed to 2sec light pulse using arc lamp
while all the other wells were protected with light-tight black sheet. The time between the
light exposure of the well and the recording of next RLU measurement was at least 3s.

Changes in cyclic nucleotide level serve as an indication for opsin binding to Ga ¢ (increase
in CAMP level) or Gj,o subunit of GPCR (decrease in cAMP level). To evaluate Pdu c-opsini
binding to Ga 4 or Gjj,, cells co-transfected with Pals c-opsini and pcDNAS/FRT/TO
Glo22F were incubated with 0.1M Luciferin in the dark for 2hrs at room temperature. RLU
was recorded with 1s resolution and cycle of 30s using plate reader as baseline. To screen for
Ga ¢ binding, the well was exposed to 30sec light pulse using arc lamp while all the other
wells were protected with light-tight black sheet. For G;,q binding tests, cells were treated
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with 2uM Forskolin (Sigma-Aldrich) to artificially increase the cAMP level, remeasured,
after few cycles, the well was exposed to 2sec light pulse and remeasure.

Spectral sensitivity measurement of Platynereis c-opsin1—To investigate the
spectral sensitivity of Platynereis c-opsinl, cells transfected with c-opsini-melanopsin
chimera were exposed to individual monochromatic wavelength of different intensities using
pE-4000 CoolLED light source with neutral density (ND) filters and accessed for changes
in second messenger level by measuring luminescence signal and tested for different
wavelengths: 385, 405, 435, 460, 470, 490, 500nm with decreasing intensity (NDO, NDO.5,
ND1, ND1.5, ND2.0, ND2.5, ND3.0, ND3.5) to calculate the irradiance dose response
curve. Cells cultured in 96-well plates were exposed to single light exposure on each well
with the appearance of different irradiances randomly assigned to wells across the plate. A
96-well plate with clear base containing similar volume of media/well was used to measure
the irradiance of light at each wavelength using a spectrophotometer (SpectroCAL MKII,
Cambridge Instruments). Each experiment was done with at least 3BRs.

c-opsinl mutant generation and genotyping

The c-opsini genomic region was amplified to screen for sequence polymorphisms in
different Platynereisinbred lines (PIN, VIO, FL and ORA strain) °1.86. The in silico-based
TALEN prediction for Platynereis c-opsini in non-polymorphic exon region was performed
using TAL Effector Nucleotide Targeter 2.0 webserver; https://tale-nt.cac.cornell.edu as

per customized design conditions mentioned in reference 1. Two pairs of final predicted
c-opsinl TALENSs (TAL1 and TAL2) were constructed using Golden Gate assembly protocol
(Golden Gate TAL Effector Kit 2.0, Addgene #1000000024) 87. The assembled TALEN
pairs were cloned into heterodimeric Fokl expression plasmids (pCS2TAL3-DD: left

array and pCS2TAL3-RR: right array) and sequence-verified using TAL_F1 and TAL_R?2
primers 88, Each array of c-gpsin TALEN mRNA was generated by linearizing the final
cloned plasmid using Notl restriction enzyme and invitro transcribed using mMMESSAGE
MMACHINE Sp6 kit (AM1340, Life Technologies). c-gpsinI TALEN mRNA of TAL1/
TAL2 at concentration of 200 ng/ul/array was microinjected into Platynereis zygotes.
TALEN-induced mutations were screened as described 86 using primers cops1_TAL_R1/
copsl_TAL_L2 followed by restriction digest by the enzyme Banl for TAL1 and MIuC1 for
TAL2.

c-0psini knockout adult or mature worms were genotyped by isolating genomic DNA

from tail piece or whole worm using hotshot method 89 or Nucleospin Tissue kit

(#740952, Machery-Nagel) respectively. The DNA was amplified by using specific primers
(copsl_del8m_F/copsl_com_R for TAL1 and copsl del7_Fm/copsl_com_R for TAL2) and
the mutations were verified by band size difference compared to WT band in agarose gel and
sequencing.

Worm behavioral analyses

Videos were recorded using a Motif video recording system (Loopbio Gmbh, Austria).
Images with a resolution of 2048x2048 pixels were acquired with a frame rate of 15fps
(frames per second), along with environmental data such as temperature and humidity
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measured at 1Hz, with both saved to imgstore format (https://github.com/loopbio/imgstore)
to allow precise timekeeping and storage of both data for 10 day recordings.

For detecting the position of each worm the video was cropped with a mask to represent
single wells. Each well contained one worm. The position of the freely moving worm was
tracked by performing a sequence of image processing operations. Detection is based on
thresholding brightness with subsequent morphological operations for smoothing (opening-
closing mechanism). A contour was fitted to each resulting detection and the enclosed area
was calculated. Normally only one detection remained, if its area was larger than a defined
minimum it was considered a positive detection of the worm and the two-dimensional
coordinates (xy-pixel coordinates) of its center of mass was saved. In the case of multiple
detections per well, the largest contour was considered the worm and others discarded.

Additional data processing was applied on top of the xy-pixel coordinates. The euclidean
distance between subsequent detections of the worm was calculated. Data smoothing with

a rolling average with a window length of 60 frames was applied on the distance. For down-
sampling, the time series was grouped by non-overlapping, equally long-time windows,
called bins. A window size for each bin of 1 minute (60 sec equals to 900 datapoints)

was chosen and the mean for each window was computed. Data analysis was done on the
down-sampled data.

Untargeted Mass-Spectrometry (Proteomics)

Platynereis c-opsin1** and c-opsin145/48 immature worms were grown at long day (LD
16:8) under monochromatic UVA-light (Extended Data Fig.10a,b) for three consecutive
lunar months. After entrainment, the heads (n=3BR; 20heads/BR) were sampled on

new moon phase at ZT4, ZT19 and ZT22 by anesthetizing the worm with 1:1 7.5%
MgCl,:Natural Seawater (NSW) solution. The sampled heads were collected in 2ml tubes
containing metal beads on ice, snap-frozen in liquid nitrogen and stored at -80°C until
further use.

For tissue lysis, worm heads were resuspended in sample buffer (7.5 M urea, 1.5 M thiourea,
4 % CHAPS. 0.05 % SDS, 100 mM DTT) and sonicated. After centrifugation, protein
concentrations were assessed by applying a Bradford assay (Bio-Rad-Laboratories, Vienna,
Austria). Protein samples were subjected to a filter-assisted proteolytic digestion with a
modified version of the FASP protocol (Wisniewski et al. 2009, PMID: 19377485). In short,
20 pg protein were loaded onto a pre-wetted MWCO filter (Pall Austria Filter GmbH,
Vienna, Austria) with a pore size of 3 kD, followed by reduction of disulfide bonds with
dithiothreitol (DTT), alkylation with iodoacetamide (IAA) and washing steps with 50 mM
ammonium bicarbonate buffer. Digestion of proteins was achieved by applying Trypsin/Lys-
C with Mass Spec Grade quality (Promega, Mannheim, Germany) for an overnight digest
followed by the further addition of fresh enzyme and an additional incubation for four hours.
Resulting peptides were eluted through the filter by centrifugation, and a clean-up step was
performed using C-18 spin columns (Pierce, Thermo Fisher Scientific, Austria).

LC-MS/MS analysis:
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For LC-MS/MS analyses, samples were reconstituted in 5 pul 30 % formic acid (FA),
supplemented with four synthetic peptide standards for internal quality control, and diluted
with 40 pl mobile phase A (97.9 % H20, 2 % ACN, 0.1 % FA). Of this solution, 5 pl were
injected into a Dionex Ultimate 3000 nano LC-system coupled to a Q Exactive orbitrap mass
spectrometer equipped with a nanospray ion source (Thermo Fisher Scientific, Austria). All
samples were analyzed as technical replicates. As a pre-concentration step, peptides were
loaded on a 2 cm x 75 pm C18 Pepmap100 pre-column (Thermo Fisher Scientific, Austria)
at a flow rate of 10 pl/min using mobile phase A. Elution from the pre-column to a 50 cm

X 75 pm Pepmap100 analytical column (Thermo Fisher Scientific, Austria) and subsequent
separation was achieved at a flow rate of 300 nl/min using a gradient of 8 % to 40 % mobile
phase B (79.9 % ACN, 2 % H20, 0.1 % FA) over 235 min with a total chromatographic

run time of 280 min. For mass spectrometric detection, MS scans were performed in the
range from m/z 400-1400 at a resolution of 70000 (at m/z =200). MS/MS scans of the eight
most abundant ions were achieved through HCD fragmentation at 30 % normalized collision
energy and analyzed in the orbitrap at a resolution of 17500 (at m/z =200).

Proteome data analysis:

The MaxQuant software (version 1.6.0.1), including the Andromeda search engine, was
used for data analysis (Cox and Mann, 2008, PMID: 19029910). For positive protein
identification, as a minimum two peptides, at least one of them being unique, had to be
detected. Trypsin/P was specified in the digestion mode. Peptide mass tolerance was set to
50 and 25 ppm for the first and the main search, respectively. The false discovery rate (FDR)
was set to 0.01 both on peptide and protein level. Peptides were mapped against a reference
proteome set established before 82, Carbamidomethylation was set as fixed modification,
methionine oxidation and N-terminal acetylation as variable modifications. Each peptide
was allowed to have a maximum of two missed cleavages and two maodifications. “Match
between runs” was enabled and the alignment and match time window set to 10 and 1

min, respectively. The analysis of the quantitative protein abundance has been performed
using the Perseus software platform (Tyanova et al. 2016, PMID: 27348712), and the FDR
(according to the Benjamini-Hochberg procedure) has been set at 0.2. Only proteins detected
in at least four biological replicates have been considered in the analysis.

Data analyzed using the Perseus computational platform 90 were processed additionally and
independently. Arithmetic means were calculated from technical duplicates and then filtered
with all treatments (combinations of genotype and diel time point) being excluded where

no protein was detected in >1 of the 3 replicates. Diel time points were then pooled and
genotypes were compared via 2-sided t-tests. p-values were corrected for multiple testing
using the “Permutation-based FDR” option (250 randomizations). Significant hits were
annotated via BLAST against a recently published Platynereis proteome 82,

Targeted Mass Spectrometry (Peptidomics)

Platynereis heads (3heads/BR; n=10BRs for LD16:8; n=12BRs for LD12:12) were sampled
from both c-gpsinI™* and c-opsin14848 worms after 5 days of entrainment to respective
photoperiod under broad spectrum white light containing UVA wavelength. LD 12:12
experiment entrained by white light without UVA (n=12BRs) was achieved by installing
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UVAR filters. The heads were first rinsed in natural sea water (NSW) and collected in

200ul of ice-cold acidified methanol (methanol/water/acetic acid — 90/9/1 — v/v/v) to extract
peptides 91, The collected heads were homogenized by sonicating three times for 30sec on
ice and the supernatant was collected in a fresh collection tube. This procedure was repeated
twice by adding 200ul of ice-cold acidified methanol to the remaining pellet each time for
all samples to dissociate remaining pellets and the resultant supernatants in each step were
collected in same collection tube resulting in about 600ul of total volume.

Synthetic PDF, NPY-1, NPY-4, GnRH-1 and Vasotocin peptides were dissolved in 50%
acetonitrile at a final concentration of 5 mM and mixed in a 40:10:2:2:1 ratio to obtain
similar signal strength in the mass spectrometer, as determined by a scouting run. To
avoid disulfide bond formation 1 uL (10 pmol) of the peptide mixture was dissolved in
45 uL. ammonium bicarbonate (ABC), reduced with 10 mM dithiothreitol (DTT) for 30
min at room temperature, alkylated with 20 mM iodoacetamide (IAA) for 30 min at room
temperature in the dark and the remaining IAA was quenched by adding 5 mM DTT.

The extracts were concentrated by vacuum centrifugation, freeze-dried and resuspended in
8 M urea, 50 mM ABC. Reduction and alkylation of disulfide bonds was performed as
described for the synthetic peptides. Samples were diluted with 50 mM ABC to 4 M urea
and peptides were digested with 500 ng Lys-C (Wako) at 25°C for 4 hours. After stopping
the digestion by addition of 0.5% trifluoroacetic acid (TFA), the peptides were desalted
using C18 stagetips prior to LC-MS 92,

Peptides were separated on an Ultimate 3000 RSLC nano-flow chromatography system
(Thermo-Fisher), using a pre-column for sample loading (Acclaim PepMap C18, 2 cm x
0.1 mm, 5 um, Thermo-Fisher), and a C18 analytical column (Acclaim PepMap C18, 50
cm x 0.75 mm, 2 ym, Thermo-Fisher), applying a segmented linear gradient from 2%

to 45% solvent B (80% acetonitrile, 0.1% formic acid; solvent A 0.1% formic acid) at a
flow rate of 230 nL/min over 60 minutes. Eluting peptides were analyzed on a Q Exactive
HF-X Orbitrap mass spectrometer (Thermo-Fisher), which was coupled to the column with
a customized nano-spray EASY-Spray ion-source (Thermo-Fisher) using coated emitter
tips (New Objective). For data-dependent acquisition (DDA) of the synthetic peptides we
operated the instrument with following MS parameters: survey scan with 60k resolution,
AGC 3E6, 60 ms IT, over a range of 300 to 1500 m/z, top 8 ions selected for MS2 scans
with 30k resolution, AGC 1E5, 250 ms IT, isolation window of 1.6 m/z, and NCE of 28%.
For parallel reaction monitoring (PRM) data acquisition of c-gpsinI*’* and c-opsin148/48
samples we operated the instrument with the following MS parameters: survey scan with
60k resolution, AGC 1E6, 50 ms IT, over a range of 400 to 1300 m/z, PRM scan with 60k
resolution, AGC 2E5, 500 ms IT, isolation window of 0.7 m/z with 0.2 m/z offset, and NCE
of 27%.

PRM assays were set up based on a DDA measurement of PDF, NPY-1, NPY-4, GhnRH-1
and Vasotocin synthetic peptides, with Lys-C protease specificity and amidated C-termini.
The acquired spectra were used to prepare a spectral library in Proteome Discoverer
(version 2.3) using MS Amanda 93 and Percolator % with the following search parameters:
database of target peptides and common contaminants, 10 ppm MS1 and 20 ppm MS2
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mass tolerance, carbamidomethylation of Cys and amidated peptide c-termini as fixed and
oxidation of Met as variable modifications, 5% FDR on PSM level. PRM assay generation
was performed using Skyline software (version: daily 19.0.9.149) 9. Samples were spiked
with 100 fmol Pierce Peptide Retention Time Calibration Mixture (PRTC, Thermo-Fisher)
to monitor the chromatographic and nano-spray stability across the PRM measurements of
all samples. A wild-type sample spiked with the synthetic peptides served as positive control
and retention time reference. The samples were measured in a randomized order. Peptide
Retention Time Calibration Mixture (PRTC, Thermo Fisher Scientific) was spiked in all
samples to monitor chromatographic and MS performance, and their precursor intensities
were extracted using Skyline. PRTC peptide intensities indicated that the instrument
performance was stable across all runs.

Data analysis, manual validation of all peptides and their transitions (based on retention
time, relative ion intensities, and mass accuracy) was performed in Skyline. All peptides
were quantified across all samples, except GnRH-1, which was not consistently detected
and therefore removed from further analysis. The most intense non-interfering transitions
were selected and their peak areas were summed up for each target (total peak

area). Intensities of unmodified and oxidized (Met) peptide species were summed up

for quantification of the neuropeptides. To correct for varying peptide amounts across
replicates and instrument stability over the measurements, the peptide intensities were
normalized based on the relative total MS1 ion current, which was extracted using the
MaxQuant software (version 1.6.0.16) 9. MaxQuant was run with default settings and
the msScans table was used to extract the total ion current for each sample. After
normalization, c-opsini** and c-opsini25/28 intensity means, standard deviations and

a p-value (t-test) were calculated for each of the neuropeptides. The targeted mass
spectrometry proteomics data have been deposited to the ProteomeXchange Consortium
(http://proteomecentral proteomexchange.org) via Panorama Public 97 with the identifier
PXD014682.

RNA expression analysis

Sample preparation—Platynereis c-opsinl** and c-opsin1A448 immature worms were
grown under long day photoperiod (LD 16:8) under broad spectrum white light containing
UVA for 5 days. Subsequently the heads (n=3BR; 5heads/BR) were sampled at ZTO0, ZT4,
ZT8,ZT12, ZT16 and ZT20 from worms immobilized with 1:1 7.5% MgCl,:NSW. The
sampled heads were collected in 2ml tubes containing metal beads on ice, snap-frozen in
liquid nitrogen and stored at -80°C until further use. Total RNA was extracted from frozen
head samples using Direct-zol RNA miniprep kit (R2052, Zymo Research).

cDNA synthesis and qRT-PCR analyses—cDNA was generated from total RNA
(0.8ug) using Quantitect Reverse Transcription kit (Qiagen, Cat#205310). RT-PCR analyses
were performed using LightCycler 480 (Roche) in 10ul final volume, using 1ul of

cDNA template. gPCR primers: 22 and also new primers were designed (Universal Probe
Library assay design tool, Roche, Supp.Table S10). Analyses were performed as previously
described 22,
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Individual worm rhythm period and power were determined via Lomb-Scargle periodograms
using ActogramJ. All other statistical analyses were performed using GraphPad prism
software version 8.2.0 and R package (http://www.R-project.org). Behavioral activity level
between different time-bins of c-gpsini** and c-opsini-KO were calculated using one-way
ANOVA with Sidak’s multiple comparison test. Overall power strength in rhythmicity was
determined by Mann-Whitney-Wilcoxon test. Statistical significance between c-gpsin1**
and c-gpsini-KO for specific ZTs were accessed by one-way ANOVA with Sidak’s multiple
comparison test. Unpaired student’s t-test with Welch’s correction was used for changes in
overall transcript levels and peptide quantification. One-way ANOVA with Sidak’s multiple
correction test was used to compare between LD 12:12 +UVA vs -UVA experimental
conditions. Proteomic data was analyzed using Perseus software, version 1.613 %0 or
MaxQuant software, version 1.6.0.16 %. Differentially regulated protein was calculated
using two-sided student’s t-test (permutation-based FDR correction). GO-term analysis

of proteome data was performed using GOstats package (v2.46.0) as mentioned in the
reference 82. Significance levels of p-values and adjusted p-values are indicated by *p<0.05,
** p<0.01, *** p<0.001 and **** p<0.0001.
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Extended Data Fig. 1. Benchmarking of daylight intensity measurements at 10m with published
measurements and calculations

The units from our data are in each case converted and plotted corresponding to the

units and type of plot used in the respective compared publication. (a) Nightlight data
measured for individual wavelengths between August 24-25, 1999 %8, (b,c) Analysis from
(a) performed on natural light data measurement for August 24-25 2010. (c): saturation and
noise-equivalent irradiance thresholds are indicated 400nm (pink line), 500nm (green line)
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and 700nm (red line). (d) Calculations of light irradiance at different ocean depths %9. Black
arrow points at UVA spectral range clearly present at 10m water depth and below. (e,f)

Our measurements from July 4, 2011 and August 24, 2010 at 12:00 noon for comparison.
(9) Irradiance data calculated for different water depths based on in situ measurements

of the attenuation coefficients in coastal waters in Corsica using a PhotoreSearch PR-670
spectrophotometer in a custom UW housing on July 4th, 2010, under bright sun at noon

100, (h,i) Our measurements from July 4, 2011 at 12:00 noon timepoint. (j) Irradiance in
atmosphere and in water at different depths 101, (k,1) Representative daylight measurements
from July 4, 2011 and August 24, 2010 at 12:00 noon timepoint from our 10m measurement
set for comparsion. (m,n) Average spectral irradiance and individual wavelength penetration
under different ocean depths 102, (f,i,I) Examplary saturation and noise equivalent irradiance
(NEL) levels of the RAMSES hyperspectral radiometer indicated as dots.
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(IjExteR)ded Data Fig. 2. Daytime spectral irradiance and ratios with and without twilight (10m
epth).

(a)pDayIight average per day across the year between sunrise to sunset without twilight times
for each wavelength. For 3D-rotational graph: Supplementary Data 2. (b) 2-D pcolor plot

of (a). (c) Daylight spectrum across the year for each wavelength between astronomical
dawn to astronomical dusk (raw data). For 3D-rotational graph: Supplementary Data 3.

(d) 2-D pcolor plot of (c). (¢) Daytime monthly irradiance averages comparing periods

of equal photoperiods. Long day photoperiod example: 14 April — 15 May 2011 (yellow)
and 27 July — 27 August 2010 (blue), short day photoperiod example: 9 January — 9
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February 2011 (black) and 1 November — 2 December 2010 (red). (f, g) Equinox day
spectra without twilight (f) and between astronomical twilight (g). For 3D-plot: Supp.Data
6 and 9. (h,i) Screenshot of weather data for spring and autumnal equinox days: https://
www.timeanddate.com/weather. (j, k) 3D-surface plot of equinox day ratio - September 23,
2010/March 21, 2011 (j) and September 23, 2010/March 24, 2011 (k). For 3D-rotational
graph: Supplementary Data 7 and 8. (l) Ratios of wavelengths averaged across the day for
fall and spring equinox days including twilight times. Black dotted lines: range of strong
c-opsinl activation. Data were corrected for daylight saving time.
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Extended Data Fig. 3. Irradiance differences between 4m and 10m water depth.

(a,b) Daylight spectra without twilight of 4m (a) and 10m (b) water depth during June 2011.
For 3D-rotational graph: Supplementary data 4 and 5. (c,d) Monthly average 2D plot of (a,b)
in logarithmic (c) and in linear scale (d). Blue: 4m, Red: 10m. (e) Wavelength ratios between
monthly average of June 2011-4m/June 2011-10m. (f,g) Zoom-in for specific wavelengths
ranges from plot (d) for better visualization. Black dotted lines: range of strong c-opsinl
activation. Data were corrected for daylight saving time shifts.
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Extended Data Fig. 4. Light spectra and intensity data for experimental light sources.
(a-e) Light intensity and spectra measured using an ILT950 spectrometer (International

Light Technologies Inc, Peabody, USA) for (a) standard worm culture illumination, (b,b’)
worm culture using ‘NELIS’ in linear plot (b) and logarithmic plot (b”), (c,c”) Behavioural
chamber with ‘Nelis’ white light with UVA as linear plot (c) and logarithmic plot (c’).
(d,d”) Behavioural chamber with ‘Nelis’ white light and a filter reducing light below 430nm
(UVAR filter, Pixelteq, Salvo Technologies, USA) as linear plot (d) and logarithmic plot
(d), (e,e’) Behavioural chamber with ‘Nelis’ white light matching the intensities of the
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spectrum >430nm from (d,d”) as linear (e) and logarithmic plot (e’). Purple dotted line in b-e
indicates the c-opsinl high activation range. (f,g) Picture details of ‘Nelis’ light source.
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Extended Data Fig. 5. G-protein signaling analyses, irradiance dose response curves and spectral
sensitivity analyses of Platynereis c-opsinl.

(a) Broad spectrum white light from Arc lamp used for G-protein selectivity assay.

(b) Wavelength spectra from CoolLED light source used for spectral characterization of
Platynereis c-opsinl. (c) Cells transfected with Platynereis c-opsinl showed no increase in
calcium concentration after 2s white light pulse in calcium bioluminescence assay testing
for Gaq binding (purple diamonds: Pdu-c-opsinl, red open circles: human melanopsin,
black inverted triangles: no opsin, black arrow: 2s white light pulse). (d) No luminescence
increase after 30s white light pulse indicates that Platynereis c-opsinl does not signal

via Gas (Pdu c-opsinl, Purple diamond; Jellyopsin, red open triangle; no opsin, black
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inverted triangle; 30s white light pulse, black arrow). () Schematic diagram of Platynereis
c-opsinl chimera with second and third intracellular loop regions replaced by corresponding
human melanopsin loop region and downstream signaling. (f) Platynereis c-opsinl-human
melanopsin chimera depicted in (e) shows a clear response in the calcium luminescence
assay, indicative of Gag-signaling. (g-m) Irradiance dose response curve of Platynereis
c-opsinl-melanopsin chimera at 7 different wavelengths.
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Extended Data Fig. 6. Platynereis c-opsinlAB/A8 allele exhibit lowered locomotor activity under
longday, including UVA during LD and DD.

(a-c) Double plotted average actogram plot of c-opsinl+/+ (a: n=17), c-opsin1A8/+

(b: n=12) and c-opsin1A8/A8 worms (c: n=20) under longday, including strong UVA
under Light-Dark (LD, days 1-5) and Dark-Dark condition (DD, days 6-10, grey
shaded). (d) Significant difference in rhythmicity power (PN) exist for c-opsin1A8/+

Vs c-0psin1A8/A8 and c-opsinl+/+ vs c-opsin1A8/A8, but not for c-opsinl+/+ vs c-
opsinl1A8/+ (Mann-Whitney-Wilcoxon test). (e) Percentage of rhythmicity calculated for
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all genotypes under LD condition (c-opsinl+/+: 100%R, c-opsin1A8/+: 100%R and c-
opsinl1A8/ A8: 90%R + 10%WR). () c-opsin1A8/A8 worms showed significant decrease
in nocturnal locomotor activity compared to c-opsinl+/+ and c-opsin1A8/+ (One-way
ANOVA with Sidak’s multiple comparison test). (g) Under DD free-running conditions,
significant differences in rhythmicity power (PN) exist for c-opsinl+/+ vs c-opsin1A8/A8
and c-opsinl+/+ vs c-opsin1A8/+, but no difference for c-opsin1A8/+ vs c-opsin1A8/A8
(Mann-Whitney-Wilcoxon test). (h) Percentage of rhythmicity calculated for all genotypes
under DD condition (c-opsinl+/+: 76.48%R+17.64%WR+5.88%AR, c-0psin1A8/+:
33.33%R+41.67%WR+25%AR and c-opsin1A8/A8: 30%R+30%WR+40%AR). (i) c-
opsin1A8/A8 worms recorded under DD condition showed significant decrease in nocturnal
locomotor activity compared to c-opsinl+/+ and c-opsin1A8/+ (One-way ANOVA with
Sidak’s multiple comparison test). *p<0.05, ** p<0.01, *** p<0.001. For individual
actograms see SuppFig.2.
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Extended Data Fig. 7. Platynereis c-opsin128/A7 transheterozygous worms exhibit lowered
locomotor activity under longday, including UVA conditions.

(a-b) Average, double-plotted actogram of c-opsinl+/+ (a: n=15), c-opsin1A8/A7 (b: n=21).
3 days of LD. (c) No difference in power (PN) was observed between c-opsinl+/+ and
c-opsin1A8/A7 (Mann-Whitney-Wilcoxon test). (d) Percentage of rhythmicity calculated for
all genotypes under LD condition (c-opsinl+/+: 80%R+13.33WR+6.67AR; c-0psin1A8/A7:
57.14%R+14.29%WR+28.57AR). (e) c-opsin1A8/A7 worms showed a significant decrease
in nocturnal locomotor activity compared to c-opsinl+/+ (One-way ANOVA with sidak’s
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multiple comparison test). *p<0.05, ** p<0.01,
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*** n<0.001. For individual actograms see
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Extended Data Fig. 8. Locomotion under long day (LD 16:8) and intermediate photoperiod (LD
12:12) with full and filter-reduced UVA.

Locomotor behaviour of Platynereis c-opsin1A8/A8 mutant and its corresponding wt
siblings. (a,b) Double plotted average actograms of c-opsinl+/+ worms under long day
Nelis white light with intense UVA (+UVA) (a: n=12) and with filter-reduced UVA (-UVA)
(b: n=10). (c) c-opsinl+/+ worms under — UVA conditions showed a significantly decrease
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locomotor activity compared to worms under +UVA conditions and (d) significant decrease
in power (PN) and rhythmicity. (e,f) Double plotted average actograms of c-opsin1A8/A8
worms under LD16:8 +UVA (e, n=11) and -UVA (f, n=10). (g,h) c-opsin1A8/ A8 worms
recorded in (e,f) showed no difference in locomotor activity level (g) and rhythmicity (h).
(i,j) Double plotted average actograms of c-opsinl+/+ worms under LD 12:12 +UVA (i:
n=9) and -UVA (j: n=7). (k,I) c-opsin1+/+ worms recorded in (i,j) with a difference in
locomotor activity close to statistical significance (k), and no difference in rhythmicity

(D). (m,n) Double plotted average actograms of c-opsin1A8/A8 worms under LD 12:12
+UVA (m: n=10) and -UVA (n: n=9). (0,p) c-opsin1A8/A8 worms recorded in (m,n)
showed no difference trend in locomotor activity level (0) and rhythmicity (p). For all
statistical comparisons and p values: Suppl.Fig7 Statistics: locomotor activity: One-way
ANOVA, Sidak’s multiple comparison test, period, power and rhythmicity: Individual worm
rhythmicity and power were determined via Lomb-Scargle periodograms using ActogramJ.
The averages of multiple worms were tested by Mann-Whitney-Wilcoxon test. *p<0.05, **
p<0.01, *** p<0.001. Locomotor data of individual worms: Supp.Figs 8, 9.
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Extended Data Fig. 9. Head transcript level analyses for additional candidate genes in c-
opsinlN8A8 and corresponding wildtypes.

Genes as indicated in each panel. The p-value for differences across time was determined
by one-way ANOVA. One-way ANOVA with Sidak’s multiple comparison test was used for
differences at specific timepoints. Differences between overall transcript levels (measured
as AUC) were tested for by Unpaired student’s t-test with Welch’s correction. n.s.- non
significant Data displayed as mean+/- S.E.M., n=3BR (5 heads/BR).
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Extended Data Fig. 10. Overview of untargeted proteomics experiment under UVA condition.
(a) UVA light used for untargeted proteomics experiment on c-opsinl+/+ and c-opsin1A8/A8

worms. (b) Sampling scheme. (c) Cellular and pathway model representing differentially
regulated protein candidates. For primary data see: Supplementary Tables S13-S15. N=3BRs
(20heads/BR), The significance was calculated by two-sided students t-test with adjusted
p-value 0.05 (Permutation based FDR correction). Only proteins with least 2 peptides (at
least one of it unique) were included in analyses.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Light intensity ratios provide seasonal information different to photoperiod.

(a) Location of RAMSES hyperspectral radiometers installed at the Platynereis natural
habitat at 10m (40°43°50.6”N 13°58’02.9”E) and 4m (40°43’56”N 13°57°44”E) depths for
light data collection: GPS symbol. (b) Photoperiod (at 10m) as determined by averaging
all wavelengths per timepoint. White bars: times when sensor was out of the water for
cleaning. (c) Daylight spectrum (10m, raw data) across the year, sunrise to sunset, without
twilight times. For data plotted as average across day or including twilight: see Extended
Data Fig.2a,c; for 3D-rotational graphs: Supp.Data 1-3. Green lines: saturation thresholds,
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black lines: noise equivalent intensity (NEI) thresholds for exemplary wavelengths. (d)
2-D pcolor plot of (c). For data plotted as average across day or including twilight: see
Extended Data Fig.2b,d. (e) Daytime monthly irradiance averages from dataset without
twilight for March 2011 (yellow), June 2011 (blue), September 2010 (black) and December
2010 (red). (f) Wavelength ratios of equinox days averaged across day. (g) Monthly
wavelength average ratio of September/ March. For additional ratios (days, including
twilight, different calculation of averages) see Extended Data Fig.2e-g,j-I, 3D-plots:
Supp.Data 7-8. (h) Hypothesis of an integrative light detection model further tested in the
following experiments.

Black dotted lines: range of strong c-opsinl activation. Original measurements were
corrected for daylight saving timeshifts. Maps created with Ocean Data View (v. 5.1.7).
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Figure 2. UVA/deep violet light affects locomotor behavior in Platynereis dumerilii.
(a) sexual maturation in Platynereis dumerilii. (b) Platynereis wildtype worms grown

under spectral conditions mimicking sunlight (“NELIS” culture, Extended Data Fig.4b,b’)
mature significantly faster than sibling worms reared under wormroom *standard’-white
light (Extended Data Fig.4a), Mann-Whitney U test. Worm density and feeding was as
similar as possible for both conditions. Worms were scored mature when exhibiting the
mature appearance and exhibited the characteristic “nuptial dance” behavior. (c) Platynereis
behavioral recording chamber (51cm x 51cm x 101cm) with broad spectrum lighting
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system, IR-camera and IR-light. Real time light intensity and temperature were recorded
during experiment by light/temperature detector positioned next to the behavioral grid. (d)
Behavioral grid with worms tracked by ‘Motif’, an automated worm tracking software
developed to detect individual experimental worms (magenta contour outline). (d’) The
individual distance moved is calculated from the mid-point of the detected shape in relation
to the xy-pixel coordinates in subsequent frames. (d”’) Exemplary movement plot of an
immature worm recorded and tracked for 10 days. (e,f) Double plotted average actograms
of c-opsin1** worms under long day including UVA (e: n=17) and long day filter-reduced
UVA (f: n=24). (g) c-gpsin*’* worms recorded in (f) show significantly decrease locomotor
activity compared to (e) (One-way ANOVA, Sidak’s multiple comparison test) and (h) a
significant decrease in power (PN) and rhythmicity (Lomb-Scargle periodogram test, Mann-
Whitney-Wilcoxon test). Rhythmic strength thresholds were manually annotated: PN=200

— rhythmic (above magenta dotted line), PN<100 — arrhythmic (below orange dotted line)
and PN>100<200 — weakly rhythmic. (i,j) Double plotted average actograms of c-gpsini**
worms under short day including UVA (i, n=11) and short day filter-reduced UVA (j, n=23).
(k) c-opsin1** worms recorded in (i,j) showed no difference in locomotor activity level (k)
and rhythmicity (I). *p<0.05, ** p<0.01, *** p<0.001. Full statistical analyses: Supp.Fig. 7.
Locomotor data of individual worms: Supp.Figs 2a,4a,5a,6a. Individual worm rhythm period
and power were determined via Lomb-Scargle periodograms using ActogramJ.
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Figure 3. Pdu-c-opsinl mediates UVA/deep violet light input via Gi-signaling and regulates
locomotor activity.

(a) Simplified model of phototransduction machinery with different downstream second-
messenger signaling systems and relevant readouts used in the HEK293-based second
messenger assays %23 shown in 3b and Extended Data Fig.5¢,d). (b) Luminescent assay
identified Gi-protein as signaling partner for Pau c-opsinl. black arrow: forskolin addition
(to increase cCAMP levels), blue arrow: light pulse, purple diamond: Padi~c-opsinl, red
circle: human rhodopsinl (positive control), black triangle: reporter construct. See Extended
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Data Fig.5c,d for Gs and Gg-signaling tests. (c) Ratios between Pdu-c-opsinl rhodopsin
state (R-state) total power value (Amax = 380nm) and metarhodopsin state (M-state) total
power value (testing M-state Anax = for 480-700nm; in 20nm intervals) for autumn vs.
spring equinox days. The total power value of each state is calculated as the absorbance
efficiency of the photoreceptor across the measured averaged equinox day spectra assuming
the indicated A,y Of R- and M-states. (d) Pau-c-opsini genomic locus with the two
independent TALEN target sites in exon 3, resulting in two independent mutations: A8bp
and A7bp, both resulting in early frameshifts and stop codons (red). (e) c-opsinI mRNA
was absent in qQPCRs of Pdls c-opsiniA828 worms, compared to sibling controls. (f,g)
Double plotted average actogram of c-opsinI4848 worms under long day including UVA
(f: n=20) and long day filter-reduced UVA (g: n=21). (h) Statistical analysis of (f,g) shows
lack of locomotor activity level difference observed for wildtype siblings under different
UVA conditions (One-way ANOVA, Sidak’s multiple comparison test). (i) Rhythmicity and
power analyses of f,g (Lomb-Scargle, Mann-Whitney-Wilcoxon test). (j,k) Double average
actogram plot of c-gpsinI48/48 worms under short day including UVA (j: n=9) and short
day filter-reduced UVA (k: n=20). () Statistical analysis of j,k shows no activity level
difference under different UVA conditions (One-way ANOVA, Sidak’s multiple comparison
test), full statistical analysis: Supplementary Fig.7. (m) Rhythmicity and power analyses

of j,k (Lomb-Scargle, Mann-Whitney-Wilcoxon test). *p<0.05, ** p<0.01, *** p<0.001.
Locomotor data of individual worms: Supp.Figs 2c,4b,5b,6b, see Extended Data Fig.6,7,
Supp.Figs 2,3 for analyses including heterozygous and transheterozygous worms. Individual
worm rhythm period and power were determined via Lomb-Scargle periodograms using
ActogramJ.
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Figure 4. Loss of Pdu-c-opsinl affects brain hormone synthesis.
(a-h, i,k,m) Diel profiles of immature head mRNA levels after 5 days of entrainment under
long day including UVA n=3, Sheads/BR, data shown as mean+S.E.M. Black: c-opsin1*/*,
red: c-opsin145/48 Tested gene indicated above each graph. Statistics: One-way ANOVA
with Sidak’s multiple comparison test. Unpaired student’s t-test with Welch’s correction
was used to test for changes in overall transcript levels (AUC). (j,I,n) Targeted LC-MS/MS
analyses of mature neuropeptides (j) NPY-1, (I) PDF, (n) VASOTOCIN sampled under long
day+UVA condition. The sampling timepoint (blue arrows: i, k, m) was chosen 2hours after
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the maximally detected wildtype transcript levels to account for translational and peptide
processing delays. n=10 BRs/genotype. 3heads/BR. Details: Supplementary Table S11. (0)
Targeted LC-MS/MS analyses of NPY1 under LD12:12. 12BRs/ genotype. 3heads/BR;
Statistics: Unpaired student’s t-test with Welch’s correction and One-way ANOVA with
sidak’s multiple correction for peptide quantification. Details: Supplementary Table S12.
*p<0.05, ** p<0.01, *** p<0.001, n.s.- non significant (p) Integrative light detection model
in which photoperiod and UVA light provide differential information about seasonal time via
c-opsinl.

c-opsinI** : black, c-opsin148/48 : red; abbreviations: BR: biological replicate, zo/r
tryptophan hydroxylase, th: tyrosine hydroxylase, ddc: dopa decarboxylase, hiomt:
acetylserotonin O-methyltransferase.
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