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Circadian clocks enable organisms to synchronize their
biological processes to environmental daily cycles, thereby
increasing species fitness. Components of the molecular clock
are conserved across many taxa, though their structure and
function can vary. In this study, we aim to investigate the
circadian clock of the European flat oyster Ostrea edulis,
an endangered species with a pivotal role in biogenic
reef ecosystems. Phylogenetic and protein domain analyses
were performed to identify orthologues of core clock
and clock-associated genes (OeClock, OeBmal1, OePeriod,
OeTimeless, OeCryptochrome2, OeRev-erb, OeRor, OeDoubletime,
OeClockWorkOrange, OeShaggy), a gene related to melatonin
synthesis (OeHiomt) and genes involved in light perception
(OeCryptochrome1, OeOpsin4). As a functional output of the
clock, we observed daily and circadian rhythms in valve
behaviour recorded under light:dark and constant dark
conditions. In parallel, gene expression analyses in two
tissues under similar light regimes revealed tissue-specific
rhythms, suggesting the presence of a functional and plastic
endogenous circadian system in O. edulis. These findings offer
a first molecular work for deeper exploration of the circadian
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clock functioning in O. edulis, providing essential resources to investigate its evolutionary adaptation
to cyclic environments, and inform restoration and conservation strategies of this threatened species.

1. Introduction
Life on Earth has been confronted with environmental cycles of varying periods, influenced by the
interactions between the Sun, the Earth and Moon trajectories [1]. In order to adapt and survive
in these dynamic environments, organisms have developed an endogenous timing mechanism. This
internal clock enables organisms to synchronize with their environment and anticipate daily environ-
mental fluctuations, thereby regulating various metabolic, physiological and behavioural processes
[2]. Research across various taxa, including vertebrates [3], insects [4,5] and crustaceans [6], reveals
that while the molecular architecture of circadian clocks may differ, fundamental clock genes are
mostly conserved, although their functions and interactions may vary across phyla [7]. The molecu-
lar mechanisms of a circadian clock involves negative and positive transcriptional and translational
feedback loop interactions among clock genes and their proteins [8–10]. This molecular system
maintains a circadian rhythm (literally about a day) even without external stimuli, i.e. under free-
running conditions [11]. To stay in synchronization with external cycles, the clock is entrained by
environmental cues called zeitgebers (time givers) [4]. The daily light/dark cycle is the primary zeitgeber
for the circadian clock, as it is the most reliable environmental cue for daily cycles [12,13]. Marine
organisms exist in a complex environment influenced not only by the daily light/dark cycle but also
by cycles of shorter or longer durations, such as tidal, lunar/semi-lunar or seasonal cycles [14,15]. The
functional mechanisms of molecular clocks in marine invertebrates remain poorly characterized. In
bivalves, studies on species such as the Pacific oyster Crassostrea gigas [16,17], the blue mussel Mytilus
edulis [18] and the Arctic scallop Chlamys islandica [19] show the presence of orthologues of core and
related circadian clock genes, indicating a high degree of conservation.

The European native oyster, O. edulis, was formerly found throughout Europe, from intertidal
coastal areas to deeper offshore waters [20–22]. Today, this ecological key species is under severe threat
due to overfishing, habitat degradation, habitat loss, pollution and invasive diseases (e.g. Marteilia,
Bonamia) [23]. Native oysters are highly gregarious, meaning that oyster larvae prefer to settle where
other oysters are present, allowing them to form a structured biogenic reef habitat for different species
[24]. Native oyster habitats, known as oyster reefs, provide key ecosystem functions and enhance
biodiversity [25]. Therefore, the conservation of European flat oyster populations has recently become
a focus of ecological restoration efforts [26]. Despite the ecological importance of O. edulis, little is
known about the environmental drivers of its biological rhythms, which limits the understanding of
its resilience to climate-induced environmental changes and, consequently, its conservation efforts. A
recent study highlighted that this oyster exhibits a daily rhythm of valve behaviour synchronized by
light/dark cycles, that persists under constant darkness [27]. These findings demonstrate the presence
of a functional endogenous clock mechanism that is highly synchronizable by light. However, to date,
the molecular clock components and circadian clockwork of O. edulis have yet to be investigated.
While mollusc and bivalve genome sequencing and assembly have traditionally been hindered by
technical and genetic complexities, as these organisms often possess large, highly repetitive and
heterozygous genomes [28,29], a recent study has integrated multiple technologies to produce a
high-quality chromosome-level reference genome for the European flat oyster, paving the way to
explore its molecular circadian clockwork [30].

The present study focuses on identifying the circadian clock genes responsible for generating and
synchronizing rhythms in O. edulis. The objective of the study is to identify 13 orthologous genes that
are putatively involved in the clock machinery, including 10 circadian clock genes (OeClock, OeBmal1,
OePer1, OeTim1, OeCry2, OeRev-erb, OeRor, OeDbt, OeCwo, OeShag), 1 gene involved in melatonin
synthesis (OeHiomt), and 2 photoreceptor genes (OeCryptochrome1, OeOpn4). Furthermore, the gene
expression patterns in gills and labial palps are investigated under light/dark cycles and constant
darkness. Concurrently, we monitor and analyse the daily and circadian rhythms of valve behaviour,
which are an output of the circadian clockwork. Based on these analyses, we hypothesize that O. edulis
possesses a functional endogenous circadian system, exhibiting tissue-specific gene expression patterns
and synchronizing behavioural rhythms. Therefore, the goal of this study is first to characterize
the molecular components of the circadian clock in O. edulis, and second to explore their potential
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involvement in generating behavioural rhythms, providing preliminary insight into the temporal
organization of biological rhythms in this ecologically important and threatened species.

2. Material and methods
2.1. Clock gene mining
A bioinformatic analysis was conducted to identify genes of interest involved or related to the
circadian clock machinery. Gene mining was performed using the National Center for Biotechnol-
ogy Information (NCBI) database (https://www.ncbi.nlm.nih.gov/) along with the reference genome
assembly xbOstEdul1.1 (NCBI RefSeq assembly GCF_947568905.1 [30]). For genes that were already
predicted and annotated (OeClock, OeBmal1, OeTimless (OeTim1), OeRor, OeDoubletime (OeDbt),
OeShaggy (OeShag), OeCryptochrome1 (OeCry1) and OeOpsin4 (OeOpn4)), a protein–protein BLAST
(blastp) was performed based on corresponding proteins described in other species, and the corre-
sponding protein sequences were downloaded in FASTA format for further analysis and validation.
For non-annotated genes (OePeriod (OePer1), OeCryptochrome2 (OeCry2), OeRev-erb, OeClockWorkOrange
(OeCwo), and OeHiomt), a protein–protein BLAST (blastp) was conducted based on corresponding
proteins described in other species. Blastp searches were filtered with a value of E < 1 × 10−5. Sequences
with >30% identity were retained, or >25% in rare cases when conserved domains were confirmed.
Partial, likely non-functional or misannotated sequences were excluded based on sequence integrity
and domain structure. To ensure that the identified sequences correspond to the genes of interest,
once all genes were identified, the sequences were analysed using InterProScan (https://www.ebi.ac.uk/
interpro/) to investigate specific protein domains and validate their relevance to the clock mechanism
under investigation. Accession numbers for identified genes are available in electronic supplementary
material, table S1.

2.2. Phylogenetic tree construction and representation
DNA sequences were aligned using the MUSCLE method implemented in MEGA
X (https://www.megasoftware.net/). To enhance alignment quality, Gblocks (http://phylog-
eny.lirmm.fr/phylo_cgi/) was employed to trim the alignment, ensuring the removal of poorly aligned
positions and divergent regions. Phylogenetic trees were constructed in MEGA X based on a consen-
sus sequence common to all analysed species, incorporating the protein domains of interest. Model
selection for each tree was performed using the maximum likelihood (ML) approach within MEGA
X, prioritizing models with the highest Akaike information criterion (AIC) and log-likelihood (InL)
scores. Once the optimal model was identified, trees were generated in MEGA X using the ML method
based on the Jones–Taylor–Thornton matrix model with 1000 bootstrap replicates to assess statistical
support and were represented using FigTree software (http://tree.bio.ed.ac.uk/software/figtree/). Two
phylogenetic trees were constructed for each gene. The first one includes multiple phyla of the animal
kingdom and the second one is at the bivalve level. Phylogenetic trees were constructed only when
enough sequences from other species were available. To ensure broad representation across families,
we selected the maximum number of clearly annotated or identified bivalve sequences available in
public databases. For Animalia-level trees, representative bivalves were included alongside sequences
from other major metazoan lineages, but a limited number of bivalve sequences was retained to avoid
overrepresentation and maintain balanced comparisons across phyla. Accession numbers of genes
used to construct phylogenetic trees are provides in electronic supplementary material, table S1 for
Ostrea edulis sequences and dataset S1 for other species.

2.3. Experimental model
All research conducted in this study adhered to French legislation and followed international ethical
standards. The experiments were performed at the Marine Station of Arcachon, France, involving a
total of 240 native European oysters (O. edulis). The oysters were sourced from a single farm located
in Loch Ryan, southwest Scotland (coordinates: 54° 59′ 10″ N, 5° 03′ 18″ W), cultivated in subtidal
conditions (Rossmore Oysters Ltd). Before the experiment, the oysters (approximately 8–10 years old;
average shell length: 74.8 mm; average shell width: 72.5 mm) were acclimatized for one month in a
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continuous system utilizing natural seawater from Arcachon Bay. During this acclimatization period,
microalgae (Chaetoceros calcitrans) were continuously incorporated into their diet, and the oysters were
maintained under natural light conditions with no tidal cycle.

2.4. Experimental setup
Investigations into circadian behaviours and the expression of clock genes were conducted in two
17-day experiments at the Marine Station of Arcachon during winter 2022: the light:dark (L:D)
experiment took place from 12 November to 29 November 2022, while the constant darkness (D:D)
experiment ran from 5 December to 21 December 2022 (figure 1). Experiments were performed in
winter to minimize confounding effects of reproductive cycles or sex change in O. edulis on the
measured molecular and behavioural rhythms. In each experiment, 120 oysters were divided into
two groups of 60 oysters each, with each group placed in distinct experimental units (EU1 and EU2)
measuring 74.8 × 54.8 × 40.8 mm3. The seawater in each unit was continuously supplied with oxygen-
ated and filtered seawater (filter diameter < 1 μm) from Arcachon Bay at a flow rate of 350 ml min−1 per
EU, maintaining a constant mean temperature of 15 ± 0.1°C, a pH of 7.9 ± 0.1 and a salinity of 33.1 ±
0.1‰. Prior to the start of the experiment, the oysters were acclimated to the experimental setup for 4
days. Each experiment began with a 7-day pre-exposure phase under a 12 h light:12 h dark cycle (L:D),
followed by a 10-day L:D exposure phase corresponding to the same 12 h light:12 h dark cycle for the
L:D experiment and a 10-day constant darkness (D:D) phase for the D:D experiment (figure 1).

The L:D conditions were achieved using white LED light bars (model MH3SP3 DSunY, 413–685
nm, peak at 553 nm), positioned above each EU. Photophase occurred from 07.00 to 19.00 (all times
noted in local time, UTC+1), with the light intensity varying gradually to mimic the natural light
cycle, reaching a maximum light intensity of 1406.1 ± 136.2 lx (mean ± standard error), corresponding
to 28.99 μE m−² s−1 in measured irradiance, between 12.30 and 13.30. Illuminances were measured
underwater in each EU at the oysters’ depth in lx using a handheld spectroradiometer (Blue-Wave
UVN-100, StellarNet Inc.). Equivalent irradiance in μE m–2 s–1 was also measured using a portable
radiometer (MICRO Class, Profiling (in-water), E (irradiance) PAR sensor, Biospherical Instrument
Inc.). In chronobiological studies, time is expressed as zeitgeber time (ZT) during light/dark (LD)
conditions, where ZT0 corresponds to the onset of the light phase (lights-on), and as circadian time
(CT) under constant conditions such as dark/dark (DD), with CT0 aligned to subjective lights-on based
on the preceding LD cycle. Thus, in our study, ZT/CT0 corresponds to 07.00, ZT/CT12 to 19.00, and
maximal light intensity occurs at ZT6.

2.5. Ostrea edulis valve behaviour measurement
For each experiment, the valve activity of 24 oysters (12 per EU) was measured using high-frequency
non-invasive (HFNI) valvometers. The measurement system consists of a pair of lightweight electrodes
(each weighing < 100 mg) affixed to each half-shell of the oyster to minimize behavioural disturb-
ance. Each electrode is connected via a flexible cable to the HFNI valvometer, allowing unrestricted
movement of the oysters. An electromagnetic current generated between the electrodes enables the
measurement of valve activity every 4.8 s. Additional details regarding the methodology can be found
in Tran et al. [31] and Le Moal et al. [32]. Raw daily recordings were processed using LabVIEW
8.0 software (National Instruments, Austin, TX, USA). The valve opening amplitude (VOA) was
recorded. The individual hourly VOA for each oyster was analysed as a percentage, where 100%
indicates maximum valve opening amplitude throughout the hour and 0% indicates complete closure.
Intermediate values represent varying degrees of opening amplitude. The mean hourly VOAs are
represented as double-plotted actograms, where each line represents 2 days (figure 2). In an actogram,
hourly activity levels above the daily median are represented by black bars, while hourly activity levels
below the daily median are represented by light grey bars. Hourly individual VOA data are accessible
in electronic supplementary material, dataset S2.

2.6. Time-series sampling for molecular investigation
The study of molecular rhythms was conducted using time-series sampling of gills and labial palps
during both the L:D and D:D experiments. Sampling occurred on the second day of the exposure
phase of each experiment, at 2 h intervals over a 24 h period across 13 time points (figure 1). For each
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time point, 8 oysters were sampled in total (4 in EU1 and 4 in EU2). In the L:D experiment, samples
were collected on 22–23 November (10.00–10.00), while in the D:D experiment, sampling took place
on 13–14 December (10.00–10.00) (figure 1). All dissections conducted were performed under red light
to minimize disturbance to the oysters. Gills and labial palp tissues were dissected and immediately
immersed in RNA Later. Samples were then stored at 4°C for 24 h before being transferred to −80°C for
long-term preservation prior to laboratory analysis.

Figure 1. Experimental setup. (A) Experimental setup to investigate the rhythm of valve activity behaviour of O. edulis under L:D
12:12 and D:D. (B) Experimental protocol of time-series sampling for molecular investigation. Black bars = scotophase, yellow bars =
photophase. ZT: zeitgeber time; CT: circadian time.

Figure 2. Actograms and chronobiological analyses of O. edulis valve activity. Actograms of mean valve opening amplitude (VOA;
n = 24 individuals per experiment) during the 17 days of the L:D experiment (A) and during the 17 days of the D:D experiment
(B). Each actogram represents the 7 days of pre-exposure and the 10 days of exposure for both experiments. For each pre-exposure
and exposure phase, the Lomb and Scargle periodogram (LS) and characteristics of the Cosinor model are associated: the period (h)
± s.e. (indicated in bold), the p‐value, and the percent rhythm (PR, %). The red line on the LS periodogram indicates a threshold
of significance (p = 0.95). The rhythm is considered significant for the Cosinor model with p < 0.05. In the actograms, yellow areas
indicate the photophase, and the dotted yellow lines represent the times when the light is turned on and off. The yellow and black
bars at the top of the actograms depict the light and dark phases, respectively. Hourly individual VOA data are accessible in electronic
supplementary material, dataset S2.
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2.7. Total RNA extraction and cDNA synthesis
Total RNA was extracted from gills using Trizol (Invitrogen) and a Direct-zol™ RNA MiniPrep (Zymo
Research). The quantity and quality of total RNA were assessed by spectrophotometry (OD230, OD260,
OD280). RNA reverse transcription was performed using RevertAid H Minus First Strand cDNA
Synthesis Kits (Thermo Scientific).

2.8. mRNA expression analysis by real-time polymerase chain reaction
Primers for genes of interest (OeClock, OeBmal1, OePer1, OeTim1, OeCry2, OeRev-erb, OeRor, OeDbt,
OeCwo, OeShag, OeHiomt, OeCry1, OeOpn4) as well as for housekeeping genes (OeGapdh, OeEf1, Oe28S)
were designed using the coding sequences (CDS) of these genes, with the assistance of Primer3Plus
(https://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). Forward and reverse sequences
for the primers are detailed in electronic supplementary material, table S1. Real-time quantitative
PCR (qPCR) was performed with a PowerUp™ SYBR™ Green Master Mix kit (Fisher Scientific). The
qPCR reactions were conducted under the following conditions: an initial activation step at 95°C
for 2 min to activate the Dual-Lock™ DNA polymerase, followed by 40 cycles of denaturation at
95°C for 15 s, and annealing and extension at 60°C for 1 min to amplify the target cDNA. At the
conclusion of amplification, melting curves were generated by gradually decreasing the temperature
from 95°C to 60°C to verify primer specificity. Relative transcript levels of clock and clock-associated
genes were determined using the comparative Ct method (2−ΔCt) as described by Livak & Schmittgen
[33], where ΔCt is calculated as Ct(target gene) – Ct(housekeeping gene). Gene expression was normalized
using the geometric mean of the housekeeping genes OeEf1, OeGapdh and Oe28S. The choice of these
housekeeping genes was supported by previous studies validating their reliability for normalization
in gene expression analyses [34,35]. Based on stability values [36] and MIQE guidelines [37], gene
expression was normalized using the geometric mean of the housekeeping genes OeEf1, OeGapdh and
Oe28S. The mean Ct values for these genes during L:D and D:D in gills and labial palps are reported in
electronic supplementary material, figure S1. Electronic supplementary, dataset S3, provides detailed
gene expression data in gills and labial palps during L:D and D:D experiments.

2.9. Chronobiological analyses
For the behavioural study, chronobiological analyses were conducted on hourly VOA datasets using
the software Time Series Analysis Serial Cosinor 6.3. Several steps were necessary to validate a
significant rhythm. First, to ensure data quality, the absence of random distribution in the dataset
is checked using an autocorrelation diagram. The absence of a stationary phenomenon is assessed
through a partial autocorrelation function calculation [11]. Next, the data were examined for perio-
dicity via spectral analyses, specifically the Lomb and Scargle periodogram [38]. This periodogram
establishes a significance threshold (p = 0.95). Finally, rhythmicity is confirmed by the Cosinor model,
utilizing the period identified by the Lomb and Scargle periodogram [39]. For a given period, the
model is expressed as: Y(t) = Acos(πt/τ + φ) + M + ε(t), where A represents the amplitude, φ is the
acrophase, τ denotes the period, M is the mesor and ε is the relative error. Two critical tests validate the
calculated model and the existence of a rhythm: the elliptic test must be rejected, and the probability
for the null amplitude hypothesis must be <0.05. A chronobiometric parameter was computed: the
percent rhythm (PR, %), the percentage of cyclic behaviour explained by the model. For each series, the
VOA dataset is examined for rhythmicity within the circadian range (τ = 24 ± 4 h) and in the ultradian
range (τ < 20 h). These analyses were conducted at the group level (EU1 + EU2, n = 24 individuals).

Rhythmic analysis of clock genes expression was performed using the R package ‘RAIN’ [40,41].
RAIN was specifically designed to detect rhythms in biological datasets independent of waveform
utilizing a non-parametric approach [41]. Periods are tested in the ultradian (12 h ± 2 h) and daily/
circadian (24 h ± 4 h) period ranges and are considered significant if p < 0.05. Significant rhythms in the
daily/circadian period ranges are labelled as ‘daily’ under L:D entrainment and ‘circadian’ under D:D.
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3. Results
3.1. Identification of genes involved in the circadian machinery of O. edulis

3.1.1. Identification of genes and their protein domains in O. edulis

The investigation of the O. edulis reference genome assembly [30], combined with research on protein
domains and phylogeny, led to the identification of thirteen orthologues putatively involved in or
related to the circadian clock machinery. These include ten circadian clock genes (OeClock, OeBmal1,
OePer1, OeTim1, OeCry2, OeRev-erb, OeRor, OeDbt, OeCwo, OeShag), one gene involved in melatonin
synthesis (OeHiomt), and two photoreceptor genes (OeCry1 and OeOpn4) (refer to the complete list
with accession numbers in electronic supplementary material, table S1). The identification and putative
function of all 13 genes of interest were validated based on their protein domain similarities, with
the domains of O. edulis genes shown in figure 3 and the corresponding domains from other species
presented in electronic supplementary material, figure S2.

First, we identified OeCLOCK and OeBMAL1 as the putative positive components of the
first transcriptional and translational feedback loop in O. edulis. A 677 aa OeClock sequence
(XP_048756709.1) was identified. A 546 aa OeBmal1 sequence (XP_048730810.1) was also identi-
fied. Both sequences contain a basic helix-loop-helix (bHLH) domain (figure 3), responsible for
interactions with the E-box, and PAS and PAC domains, mediating CLOCK-BMAL1 dimerization
(figure 3). These domains are highly conserved across other animal species and within Bival-
via (electronic supplementary material, figure S2), supporting the formation of the OeCLOCK/
OeBMAL1 dimer in O. edulis.

We identified OePER1, OeTIM1 and OeCRY2 as the putative negative elements of the first transcrip-
tional and translational feedback loop in O. edulis. The 1314 aa OePer1 sequence (XP_048730714.1)
contained highly conserved protein domain regions with the heterodimerization domains PAS and
PAC, and Period protein 2/3 C-terminal region involved in the binding between PER and CRYs in
vertebrates [42,43]. By contrast to OeClock and OeBmal1, no bHLH domain was identified in OePer1
(figure 3), reinforcing its classification as a PERIOD protein that, unlike CLOCK and BMAL, functions
in the main transcriptional and translational feedback loop without directly binding to DNA. The 949
aa OeTim1 sequence (XP_048747482.1) and the 1255 aa OeCry2 sequence (XP_048913721.1) contained
typical domains (figure 3), including a FAD-Binding domain, a DNA photolyase domain and a
Suppressor of forked protein (Suf) domain for OeCry2.

We also identified OeRor and OeRev-erb as orthologues of ror (HR3 in insects) and rev-erb, which
are known to enhance the robustness of the circadian clock by regulating Bmal transcription [3,44].
The 502 aa OeRor sequence was identified (XP_056002619.1), containing Retinoid-related orphan
receptors (figure 3). The 1089 aa sequence of OeRev-erb (XP_048918733.1) was identified, containing
a nuclear receptor DNA-binding domain (NR_DBD_REV_ERB) and a nuclear receptor ligand-bind-
ing domain (figure 3). Additional clock-related components have been identified: a 426 aa OeDbt
sequence (XP_048904376.1) contains a Casein kinase 1 Ser/Thr kinase domain, identified as a doubletime
orthologue known to play a role in the phosphorylation of PERIOD and TIMELESS in Drosophila
[1,45]. An OeCwo sequence (XP_048885347.1), 376 aa in length and containing an Orange domain, is
identified as a cwo orthologue described as an inhibitor of the CLOCK/BMAL heterodimer, thereby
monitoring the amplitude of clock activity [46]. An OeShag sequence (XP_048923210.1), 412 aa in length
and containing a Glycogen synthase kinase 3 catalytic domain, was identified (figure 3).

A 410 aa OeHiomt sequence (XP_048878998.1), containing a plant O-methyltransferase dimerization
domain and an O-methyltransferase domain, was identified as a hiomt orthologue implicated in the
synthesis of melatonin (N-acetyl-5-methoxytryptamine) from serotonin [47].

Finally, photoreceptor genes were identified: the 545 aa OeCry1 sequence (XP_048728452.1) was
isolated and contained conserved DNA photolyase and FAD-binding domains involved in the
photoreduction of the flavin adenine dinucleotide (FAD) component, characteristic of photolyase/CRY
family proteins [46,47] (figure 3). The OeOpn4 sequence (XP_048908333.1), 384 aa in length, was
identified as an opsin4 (melanopsin) orthologue, a photopigment involved in detecting irradiance
levels [48–50]. It contains a GPCR, rhodopsin-like, 7-transmembrane (7TM) domain characteristic
of both Opn3 and Opn4 proteins. BLAST analysis further supported its annotation as an Opn4-like
gene, showing higher similarity to annotated Opn4 (melanopsin) sequences, including Mya arenaria
(XP_052777205.1; query cover: 93%, identity: 42%, E-value: 4e-96) and Homo sapiens (AAI13559.1; query
cover: 84%, identity: 34%, E-value: 7e-46).
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3.1.2. Phylogenetic analyses and similarity to other taxa

Phylogenetic analysis revealed relationships of genes identified in O. edulis to orthologues within
the animal kingdom and the Bivalvia class. First, for the putative positive components of the first
transcriptional and translational feedback loop identified in O. edulis, OeClock shares closer similarity
to mammalian CLOCK than insect sequences (figure 4); for instance, it shares 55% similarity with the
mouse Mus musculus Clock-like (NP_001292151.1) and 48% with the fruit fly D. melanogaster Clock-like
(AAD10630.1). At the Bivalvia level, it shares 82% similarity with the Pacific oyster C. gigas Clock-like
(10KX15642.1). OeBmal1 clustered closer to vertebrate-type BMAL1 clades and at the Bivalvia level, it
shares 87% similarity with C. gigas Bmal1-like (XP_034328823.1) (figure 4).

Then for the putative negative elements of the first transcriptional and translational feedback loop
identified in O. edulis, OePer1 was closer to insect PER orthologues (figure 4). At the Bivalvia level,
it shared 65% and 63% similarity with Period orthologues from C. virginica (XP_022345652.1) and C.
gigas (XP_011434453.2), respectively (figure 4). OeTim1 was phylogenetically closer to the insect TIM1
orthologues (figure 4) and shared 69% similarity with a C. gigas Timeless orthologue (XP_011434769.2)
(figure 4).

Phylogenetic analysis was also instrumental in distinguishing OeCry1 and OeCry2 and inferring
their respective functions. OeCry2 was found to be closer to mammalian-type CRY than to Drosophila-
type CRY (figure 4), suggesting that OeCry2 acts as a transcriptional repressor in the core clock
feedback loop of O. edulis [51] (figure 4). OeCry1 grouped closer to the Drosophila-type CRY1 (figure 4),
suggesting a circadian photoreception role in O. edulis. Specifically, we found 86% similarity between

Figure 3. Investigation of protein domains in O. edulis. Protein domains for OeClock, OeBmal1, OePeriod, OeTimeless, OeCryptochrome2,
OeRev-erb, OeRor, OeDoubletime, OeClockWorkOrange, OeShaggy, OeHiomt, OeCryptochrome1 and OeOpsin4. Grey lines represent the
protein length. Coloured bars represent protein domains. Protein domain abbreviations: basic helix-loop-helix (bHLH) domains,
Proline-Rich, Arabinogalactan Proteins, and Conserved Cysteines (PAC) domains, Timeless N-terminal (Timeless-N) domains, Timeless
C-terminal (Timeless-C) domains, nuclear receptor DNA-binding (NR_DBD_REV_ERB) domain.
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Figure 4. Phylogenetic position of OeClock, OeBmal1, OePeriod, OeTimeless, OeCryptochrome1, OeCryptochrome2 and OeRor within the
animal kingdom and the Bivalvia class. Rooted phylogenetic trees of Clock, Bmal1, Period, Timeless, Cryptochrome1, Cryptochrome2
and ROR sequences within the animal kingdom and the Bivalvia class. The O.edulis sequences and the associated family or class are
depicted in clear blue. The numbers on the branches indicate bootstrap values provided by the maximum likelihood method with
1000 bootstrap replicates. Abbreviations for each species used in this figure: Acropora digitifera (A. digitifera), Acropora millepora (A.
millepora), Apis mellifera (A. mellifera), Bombus affinis (B. affinis), Bombyx mori (B. mori), Bufo bufo (B. bufo), Crassostrea angulata
(C. angulata), Crassostrea gigas (C. gigas), Crassostrea virginica (C. virginica), Danaus plexippus (D. plexippus), Danio rerio (D. rerio),
Dreissena polymorpha (D. polymorpha), Drosophila melanogaster (D. melanogaster), Euphausia superba (E. superba), Eurydice pulchra
(E. pulchra), Homo sapiens (H. sapiens), Mercenaria mercenaria (M. mercenaria), Mizuhopecten yessoensis (M. yessoensis), Mus musculus
(M. musculus), Mytilus californianus (M. californianus), Mytilus edulis (M. edulis), Mytilus galloprovincialis (M. galloprovincialis), Mya
arenaria (M. arenaria), Nematostella vectensis (N. vectensis), Octopus sinensis (O. sinensis), Ostrea edulis (O. edulis), Pecten maximus
(P. maximus), Penaeus chinensis (P. chinensis), Penaeus japonicus (P. japonicus), Pinctada fucata (P. fucata), Platynereis dumerilii (P.
dumerilii), Rana temporaria (R. temporaria), Rhincodon typus (R. typus), Sardina pilchardus (S. pilchardus), Tritonia tetraquetra (T.
tetraquetra), Xenopus laevis (X. laevis).
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OeCry1 and C. gigas Cry1-like (ANJ02841.1) and 56% similarity with the marine annelid Platynereis
dumerilii Cry1-like (UUF95169.1).

Finally, the phylogenetic tree of OeRor at the Bivalvia level revealed important similarity between
O. edulis and Ostreidae, Mytilidae and Pectinidae. Specifically, it shared 85% and 65% similarity with the
probable ror orthologues of C. gigas (XP_034321280.1) and P. maximus (XP_033724975.1), respectively
(figure 4). The phylogenetic analysis of ROR was restricted to bivalves due to the limited number of
confidently identified ROR sequences available at the broader Animalia level.

3.2. O. edulis valve activity
Figure 2 illustrates the actograms of the mean VOA during two 17-day experiments and the corre-
sponding results of chronobiological analyses based on the oysters from the two EUs (n = 24 individu-
als per experiment). After a 7-day pre-exposure (12 L:12 D), two light regimes were tested, each for
10 days: 12 L:12 D (L:D experiment) and D:D (D:D experiment) (hourly individual VOA data are
accessible in the electronic supplementary material, dataset S2). During the pre-exposure to the 12 L:12
D regime, oysters exhibited a significant daily rhythm of 24.1 ± 0.02 h and 24.4 ± 0.02 h in the L:D
experiment and D:D experiment, respectively, with a rhythm robustness percentage (PR) averaging
73.2%. In the following L:D exposure of the L:D experiment, VOA showed a significant daily rhythm
of about 23.9 ± 0.02 h, with a PR of 73.5%. This rhythmicity is comparable with that observed during
the pre-exposure with the same 12 L:12 D regime. In the D:D experiment, used to test the endogenous
circadian behavioural rhythm, O. edulis demonstrated under D:D exposure a persistent rhythm within
the circadian range (20–28 h) of approximately 26.8 ± 0.02 h, with an associated PR of 38.5%.

3.3. Gene expression in gills and labial palps
Table 1 presents the results of RAIN analysis used to assess rhythmicity in the expression of the
putative core circadian clock genes (OeClock, OeBmal, OePer1, OeTim1, OeCry2), genes involved in
secondary loops of the circadian clock (OeRev-erb, OeRor, OeCwo), as well as genes involved in
post-translational regulations of the circadian clockwork (OeDbt, OeShag), a gene involved in melatonin
synthesis (OeHiomt), and photoreceptor genes (OeCry1 and OeOpn4) in the gills and labial palps of
O. edulis under L:D and D:D conditions (representative temporal expression profiles are provided
in electronic supplementary material, figure S3, and dataset S3 provides detailed gene expression
data in gills and labial palps during L:D and D:D experiments). Results presented in electronic
supplementary material, figure S3, showed that all the studied genes are expressed in both tissues.
Rhythm analysis conducted using RAIN algorithm revealed daily/circadian (24 ± 4 h) and ultradian
(12 ± 2 h) period ranges of oscillations in gene expression for both gills and labial palps (table 1).
Firstly, in the gills under L:D conditions, five genes exhibited significant daily rhythmicity, including
OeBmal1, OeRor, OeCwo, OeShag and OeOpn4; while OeClock, OeTim1, OeCry2 and OeCry1 displayed
significant ultradian rhythmicity; and OePer1, OeRev-erb, OeDbt and OeHiomt showed no significant
rhythmicity (table 1). The expression profiles of OeBmal1, OeTim1, OeCry2, OeRor, OeDbt, OeCwo and
OeCry1 showed a nocturnal peak (ZT17, ZT19 or ZT21) while OeOpn4 displayed two peaks, one at
the beginning of the day (ZT1) and another in the middle of the day (ZT7) (electronic supplementary
material, figure S3). Under D:D conditions, only OeOpn4 maintained a rhythm in the circadian range,
and ultradian rhythmicity was observed for OeClock, OeCry2, OeRev-erb, OeRor, OeDbt, OeShag and
OeCry1 (table 1). OeOpn4 only maintained the peak of expression at the beginning of the subjective
day (CT1) (electronic supplementary material, figure S3). For OeBmal1, OePer1, OeRev-erb, OeRor,
OeDbt, OeCwo, OeShag and OeCry1, the nocturnal peak shifted to the subjective early night (CT13)
(electronic supplementary material, figure S3). Secondly, in the labial palps, rhythmic expression was
more pronounced than in the gills under both L:D and D:D regimes. Under L:D condition, significant
daily rhythms were detected for seven genes: OeBmal1, OePer1, OeTim1, OeCry2, OeRev-erb, OeDbt
and OeOpn4, with three of them (OeBmal1, OeDbt, OeOpn4) also showing ultradian rhythm, while
OeRor, OeCwo, OeShag and OeCry1 showed only ultradian expression, and OeClock and OeHiomt
showed no significant rhythm (table 1). Notably, OeOpn4 exhibited profiles comparable to those in
the gills (electronic supplementary material, figure S3). Under D:D conditions, seven genes exhibited
a circadian rhythm in labial palps: OeCry2, OeRor, OeCwo, OeShag, OeHiomt, OeCry1 and OeOpn4,
while nine genes showed ultradian rhythms: OeBmal1, OeTim1, OeCry2, OeRev-erb, OeRor, OeDbt,
OeCwo, OeShag and OeHiomt, including five genes (OeCry2, OeRor, OeCwo, OeShag, OeHiomt) with
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both circadian and ultradian rhythms (table 1). A peak in gene expression was observed during
the subjective early night (CT13) for OeBmal1, OePer1, OeCry2, OeDbt, OeCwo, OeShag, OeHiomt and
OeCry1, while OeOpn4 showed peaks during the subjective day (CT1) (electronic supplementary
material, figure S3).

4. Discussion
In this study, data mining and protein domain analysis identified 13 key components putatively
involved in the circadian clock functioning of the flat oyster Ostrea edulis. These include orthologues
of circadian clock genes, light reception genes and a gene related to melatonin synthesis. Phylogenetic
analyses revealed that the identified gene sequences shared strong homology with genes described
in circadian clock models from other species, indicating conservation across diverse taxa. Notably,
our findings suggest the presence of two distinct types of cryptochromes in O. edulis: OeCry2, which
would be directly implicated in the main circadian loop, and OeCry1, which would function as a
circadian photoreceptor. At the molecular level, rhythmic mRNA expression patterns were observed in
gill and labial palp tissues, with some genes exhibiting daily and/or ultradian rhythms under L:D and
D:D conditions, suggesting a plastic and self-sustained mechanism. Although endogenous clocks have
been described in some marine invertebrates [52,53], including a few bivalves [16], their functional
characterization in oysters remains limited. Our findings in O. edulis expand the phylogenetic range
of bivalves and demonstrate endogenous circadian regulation of valve behaviour with synchronized
daily valve activity under L:D conditions, as well as a maintained circadian rhythm in free-running
conditions (D:D). These behavioural rhythms, observed as an output of the molecular clock, provide
strong evidence for a functional endogenous clock mechanism in this species.

4.1. Circadian clock genes in O. edulis
This study identified five genes in O. edulis as orthologues of genes involved in the core loop of
the circadian clock in other species: OeClock, OeBmal1, OePer1, OeTim1 and OeCry2. These genes are
conserved across major metazoan lineages, including vertebrates (Deuterostomia), ecdysozoans such
as D. melanogaster [54] and Euphausia superba [52], and lophotrochozoans such as P. dumerilii [53] and
C. gigas [16]. They form positive and negative feedback loops, producing a self-sustained oscillation
for approximately 24 h period, regulated by environmental cues [8,9]. The presence of these genes
suggests a similar function of O. edulis’s circadian core clock. Additionally, OeRor and OeRev-erb were
recognized as orthologues of ror and rev-erb known to regulate Bmal1 transcription and enhance clock
robustness [3,44]. In vertebrates and phylogenetically close species such as C. gigas, rev-erb has been
described as an inhibitor, while ror acts as an activator of Bmal1 expression [55,56]. We also identified
additional genes, orthologues of clock genes known in Drosophila to be involved in the secondary
loop of the circadian clock (Cwo), or genes involved in post-translational regulations of the circadian
clockwork (Dbt and Shag) [45,46]. Though less studied in marine organisms, these genes have been
identified in oyster species such as Crassostrea angulata for shaggy [57] as well as in the copepod Calanus
finmarchicus or the scallop Pecten yessoensis for doubletime [58,59]. Their identification in O. edulis could
indicate their crucial role and implication in the molecular clock regulation mechanism.

We identified two types of cryptochromes in O. edulis, OeCry1 and OeCry2, both possessing
conserved protein domains characteristic of photolyase/CRY family proteins [60,61]. Cryptochromes
are classified by their function. The first type, OeCry1, is referred to as ‘Drosophila-type’ cryptochromes,
and serves as blue-light-sensitive photoreceptors. They provide environmental input to the core clock
by interacting with the TIM1-PER heterodimer in a light-dependent manner promoting light-induced
degradation of TIM1 [62–66]. By contrast, the second type, OeCry2, is referred to as ‘mammalian-type’
cryptochromes and acts as non-photosensitive repressors that inhibit CLOCK/BMAL1 activity [7,67].
Phylogenetic analysis grouped OeCry1 with the ‘Drosophila-type’ cryptochromes and OeCry2 with the
‘mammalian-type’ cryptochromes. The identification of the phylogenetic trees of these two crypto-
chrome types, supports ‘butterfly-type’ molecular mechanisms in O. edulis described in the monarch
butterfly Danaus plexippus [67], as suggested in the marine copepod C. finmarchicus [68,69] or the oyster
C. gigas [16], where the principal positive feedback loop involves the CLOCK/BMAL1 heterodimer, and
the primary negative feedback loop involves the TIM1/PER/CRY2 complex, with CR1 interacting with
TIM1 for photo-entrainment.
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The study also allowed for identification of another putative light reception gene, OeOpn4, an
orthologue of opsin4 (melanopsin), which is involved in the detection of light intensity [48–50], high-
lighting the potential of opsins for exploring the photoreceptive repertoire contributing to circadian
regulation in O. edulis. The identification of this gene, along with OeCry1, which is known to be
involved in the detection of short wavelengths of light, in the blue range, suggests that blue light could
play a role in the synchronization of the endogenous clock through non-visual photoreceptors in O.
edulis. Although direct evidence for wavelength sensitivity in O. edulis is lacking, previous studies in
bivalves [70,71] indicate light-mediated behavioural rhythms and putative photoreceptors, supporting
a potential role of light perception in circadian regulation.

Finally, we identified OeHiomt, which is predicted to encode hydroxyindole-O-methyltransferase
(HIOMT), an enzyme involved in melatonin (N-acetyl-5-methoxytryptamine) synthesis [47]. Melatonin
is an evolutionarily conserved hormone implicated in regulating temporal rhythms across daily, lunar
and annual cycles in various invertebrates, vertebrates, plants and bacteria [72–74]. The presence of
OeHiomt highlights the potential role of melatonin in the circadian machinery in O. edulis.

Overall, the identification of the circadian clock molecular components and validation of conserved
protein domains indicate that the endogenous clock in O. edulis may share a similar architecture with
phylogenetically close species such as C. gigas. To go further, we investigated the functionality of the
circadian clock in O. edulis.

4.2. Investigation of the functionality of the circadian clock
We then investigated whether the identified circadian clock genes are expressed in two different tissues
(gills and labial palps) of O. edulis, and if they are rhythmically expressed. We also investigated the
temporal expression level of all the other genes identified in this study, putatively under clock control,
and we concomitantly studied the temporal valve behaviour patterns of O. edulis, also putatively under
clock control. Oyster valve opening is required to filter water, allowing oxygen supply and nutritional
physiological processes in which gills and labial palps are actively involved. Gills have a role in
respiration but also in nutrition as they permit the transport of food particles to the labial palps, while
labial palps manage the final selection and transfer of food particles to the digestive tract [75].

The observed rhythmic gene expression and behaviour support the existence of a functional
endogenous oscillator. Interestingly, while valve activity showed clear daily (under L:D) and circadian
(under D:D) rhythms as described in a previous study [27], the temporal expression patterns of both
circadian clock gene and putative clock-controlled genes were more variable, showing some daily/
circadian rhythms but also ultradian ones, as well as bimodal (both daily/circadian and ultradian
periodicities) and arhythmic patterns, depending on genes and tissues. This discrepancy between
behavioural and molecular rhythms, and between the two tissues, may be attributed to tissue-specific
oscillations [76]. It may be suggested that the adductor muscle, directly involved in the valve activity,
expresses a different profile of clock gene oscillations from those observed in gills and labial palps.
Furthermore, the tissue-specific physiological functions of gills and labial palps may require distinct
temporal organization, explaining differences in expression profiles observed in both core circadian
clock genes and putative clock-controlled genes. Additionally, it has to be noted that the molecular
approach is more sensitive to individual variability than the behavioural approach due to methodo-
logical reasons. Time series sampling for molecular investigation requires sacrificing individuals at
each time point. Furthermore, both the number of oysters per time point (eight individuals) and the
sampling frequency are limited by logistical reasons. By contrast, the behavioural analysis, based
on the continuous recording of the same 24 individuals throughout the whole experiment, is more
efficient in revealing a rhythmic pattern. Nevertheless, despite individual variability, the different
rhythmicities (daily/circadian, ultradian or bimodal) observed at the molecular level may reflect an
intrinsic plasticity and or lability of the circadian clock’s functioning in O. edulis.

4.3. A plastic and labile clock in O. edulis
The clock plasticity observed in this study at the molecular level is in accordance with a previous
study where the circadian behaviour of O. edulis was described as labile and plastic [27]. This plasti-
city may reflect an adaptive feature aligned with Enright’s hypothesis of a single, flexible oscillator
governing multiple temporal rhythms in marine organisms, allowing adaptation to both daily and
tidal environmental cycles [77]. This hypothesis is supported by studies of species like the oyster
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C. gigas [17,78,79] or the copepod C. finmarchicus [58]. In our study, and in the absence of tidal
entrainment, the ultradian rhythms could be interpreted as circatidal rhythms, revealing the putative
endogenous capacity of clock components to be entrained by tidal environmental cues. The oysters
used in this study used to be cultivated in natural subtidal conditions; however, it does not exclude
that they may have been exposed to tidal forces other than emersion. As observed in C. gigas, bimodal
rhythms of circadian clock genes expression are also expressed, i.e. a mix between both daily/circadian
and tidal periodicities [17]. However, unlike what is observed under pure L:D entrainement in C.
gigas [17], a relatively high number of circadian genes are found to show ultradian rhythms under
the same conditions in O. edulis. Further studies combining both daily and tidal zeitgebers would be
necessary to better understand and characterize the molecular clock functioning and entrainment in
O. edulis. In the field, the clock plasticity may confer advantages, allowing marine organisms to adapt
to their complex biotope, which is subjected to multiple cycles [14]. It could also be advantageous for
adaptation to temperature shifts due to global warming, as discussed in [27]. However, it could also
increase sensitivity to anthropogenic pressures such as artificial light at night, potentially influencing
coastal populations of O. edulis. Understanding this vulnerability is crucial for conservation efforts to
enhance the species’ resilience to environmental changes.

5. Conclusion
This study identified the orthologues of key circadian clock components in Ostrea edulis, highlighting
the conserved structural and functional domains of their protein sequences. Expression profiling of
these clock genes has provided new insights into the molecular mechanisms underlying clock-driven
phenotypes in this bivalve. Understanding the molecular basis of these biological rhythms is essential
for enhancing our comprehension of this European native oyster, as well as for better understanding
its response to environmental cycles and improving conservation strategies for the species. The labile
aspect of the clock discussed in this study may facilitate further adaptation to temperature shifts due to
global warming. On the contrary, the labile element of the clock may also reinforce negative aspects of
anthropogenic activity, such as the expansion of artificial light at night. In this perspective, our findings
present a first approach. They will facilitate further investigation of circadian clock genes in O. edulis,
providing genetic resources for exploring the genetic mechanisms of this biological clock. However, to
fully characterize the molecular clock mechanism in O. edulis, further functional approaches, in both
laboratory and natural conditions, will be necessary to better define the relationships between these
genes and their specific roles within the clock mechanism in O. edulis.
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