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Abstract 

Biological clocks allow organisms to anticipate cyclical environmental changes, yet in 

high-latitude or deep-sea habitats, the diel cues that entrain these rhythms are often 

seasonally diminished or absent. Fishes of the order Perciformes have rapidly diver-

sified across these arrhythmic ecosystems, raising the question of whether changes 

to circadian rhythms and biological clock genetic architecture are a component of 

their evolutionary success. Here, we used a comparative genomic approach to inves-

tigate patterns of core biological clock gene loss across 96 perciform and five out-

group species. We found widespread and lineage-specific loss in core clock genes, 

particularly in the convergently evolving polar and deep-sea suborders Notothenioidei 

and Cottoidei. This trend of clock gene loss was significantly amplified with higher- 

latitude species. To determine if these genomic signatures reflect a functional loss of 

rhythmicity, we performed metabolic phenotyping on three notothenioid species. We 

found a consistent lack of circadian metabolic oscillations during the late austral fall 

across all notothenioids, including the sub-Antarctic sister lineage to the cryonoto-

thenioid adaptive radiation, Eleginops maclovinus. Experimental data across Perci-

formes, combined with suborder-wide patterns of gene loss, suggest that a release 

from circadian constraints occurred early in their diversification, potentially facilitating 

the repeated expansion of these fishes into polar and deep-sea habitats.

Author summary 

Most animals rely on internal biological clocks to align their behavior and metab-
olism with predictable environmental cycles. Disruption of these clocks is linked 
to disease across many species. However, in extreme environments such as the 
deep sea or polar oceans, the common environmental cues that biological clocks 
entrain on can be irregular or absent for extended periods. Perciform fishes have 
repeatedly colonized and diversified in these challenging habitats. What has 
happened to their biological clocks? By analyzing genome assemblies from 96 
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perciform species, we identified a widespread and repeated loss of core circadi-
an “clock” genes within this clade. This genetic decay was most pronounced in 
high-latitude polar species. To assess whether these genomic changes corre-
spond to altered circadian biology, we measured metabolic rates in Antarctic and 
sub-Antarctic fishes. Both groups lacked detectable metabolic rhythms, including 
species with no apparent loss of clock genes. Together with data from other per-
ciform species, these findings suggest that some lineages can flexibly abandon 
circadian rhythms, and that this may have occurred early within specific perci-
form clades. This flexibility could help to facilitate their success in environments 
with highly irregular seasonal cycles, where relaxed selection pressures may 
further drive the degradation of circadian clock components.

Introduction

Most habitats on Earth experience regular environmental cycles, driven by celestial 
rhythms such as Earth’s rotation and orbit, which produce predictable patterns of light 
and darkness, and by lunar forces that govern tidal movements. In response to these 
rhythms, species have evolved internal biological clocks that enable them to antici-
pate the optimal time to invest energy in activities such as foraging in synchrony with 
the cycle of their ecosystem [1]. These endogenous circadian rhythms have been 
observed across the tree of life, including bacteria, archaea, plants, and metazoans 
[2,3] and at every stage of an organism’s life cycle [4,5]. To realize the fitness benefits 
of circadian rhythms, it is essential that biological clocks be calibrated, or “entrained”, 
to external cues to keep biological rhythmicity synchronized with environmental 
patterns. The most common environmental cue, also known as a zeitgeber (German 
for ‘time giver’), is light, though food availability, lunar cycles, temperature, and tidal 
forces have all been reported to influence circadian periodicity [6–8].

The ubiquity of circadian rhythms across biota highlights their central importance 
in organismal fitness [9–12]. Many genes are regulated by the biological clock; in 
mammals, up to 43% of all protein-coding genes exhibit circadian expression pat-
terns [13]. Further, many genetic variants have been identified in and around key 
clock genes that are thought to facilitate adaptation to different photoperiods along 
environmental gradients [14–18]. Disruption to circadian rhythms in mammals is 
directly associated with numerous pathologies that would be predicted to negatively 
impact fitness, including intestinal colitis [19], dysregulation of insulin homeostasis, 
cardiovascular and cognitive dysfunction [20], and the impairment of fertility [21]. 
Thus, it is not surprising that mice with mutations affecting clock periodicity have 
reduced fitness in controlled outdoor experimental enclosures due to negative effects 
on survival and reproduction [22].

Despite the fitness implications of circadian rhythms, many species have evolved 
in environments where common environmental zeitgebers are absent or seasonally 
disrupted and yet thrive in these habitats [23]. High-latitude polar ecosystems expe-
rience extreme seasonal variation in periodic cues such as the light/dark cycle that 
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typically entrain circadian rhythms [24]. These extreme shifts in diel periodicity are considered a barrier that challenges 
poleward-migrating species that otherwise depend on regular circadian rhythms [25]. Polar vertebrates exhibit a spectrum 
of adaptations to extreme high-latitude light/dark cycles, including sustained circadian entrainment through polar summers 
and winters, seasonal arrhythmias, and ultradian or free-running rhythms often driven by non-photic cues [24].

The order Perciformes (sensu stricto), which contains about 9% of all teleost fish species (~3,300) [26], is overrep-
resented in high-latitude environments, comprising ~66% of high-latitude fish diversity and encompassing four of the 
most rapidly diversifying marine clades: Cryonotothenioidei, Sebastidae, Zoarcidae, and Liparidae [27]. These perciform 
radiations often involve diversification along a depth axis [28], with deep-sea invasions in Perciformes also correlated 
with latitude [29]. Depth adaptations in this group are extreme; camera traps and trawl surveys have identified perciforms 
among the most abundant fishes at hadal (> 6,000 meter) depths [30–33]. These deep invasions are attributed in part to 
reduced stratification of temperature and pressure at high latitudes, which lowers temperature-related physiological barri-
ers to depth invasions [29]. However, another shared but underappreciated feature of these environments is the seasonal 
or permanent disruption of common circadian cues, such as the light/dark cycle and prey availability.

Is there a unique genetic or physiological feature that potentiates the successful and rapid diversification of 
Perciformes in extreme environments? Recent high-quality genome assemblies of notothenioids, hadal snailfishes, 
and deep-sea eelpouts separately uncovered loss of core clock genes [34–37]. These losses may reflect relaxed 
selection on biological clock genes in arrhythmic environments, but functional evidence remains limited, and data 
on circadian rhythms in perciforms are sparse. In field studies of geotagged Antarctic bullhead notothen (Notothe-
nia coriiceps) along the Antarctic Peninsula, adults showed no daily movement patterns during polar summer or 
winter, though activity, heart rate, and metabolism varied by season, suggesting possible circannual rhythms [38]. 
In three-spined sticklebacks (Gasterosteus aculeatus) from Lake Témiscouata, only weak and variable circadian 
locomotor activity was observed under light/dark cycles, with 82% of individuals arrhythmic in constant darkness 
[39]. Notably, no diel expression of core clock genes (e.g., arntl1a, clock1b, clock2, per1b, cry1b) was detected, 
even under regular light/dark cycles [39]. Similarly, two Arctic freshwater sculpins (Cottus gobio and C. poecilopus) 
showed seasonally shifting diurnal and nocturnal activity patterns, with C. poecilopus arrhythmic in summer [40], a 
pattern also seen in the marine shorthorn sculpin (Myoxocephalus scorpius) [41]. These findings, collected around 
distinct measures of circadian rhythms, suggest that flexible or reduced circadian control may be a defining fea-
ture of this group.

It remains unclear whether disruptions to clock genes and physiological rhythms are restricted to certain lineages or 
if they are widespread across Perciformes. Here, we analyzed core biological clock gene status in 96 perciform and five 
outgroup species and experimentally assessed circadian metabolic rhythms in three notothenioid species, including Elegi-
nops maclovinus, the sister lineage to the Antarctic adaptive radiation of notothenioids. Our results demonstrate that: (1) 
clock gene loss is a convergent feature within and between the rapidly diversifying suborders Notothenioidei and Cottoi-
dei, common in polar and deep-sea habitats; (2) the extent of gene loss correlates with latitude; and (3) the absence of 
daily metabolic rhythmicity in Notothenioidei, even in non-Antarctic species such as E. maclovinus, suggests that circadian 
plasticity evolved prior to their adaptive radiation in a polar environment.

Results

Curation of core biological clock components in Perciformes‌‌

In vertebrates, the circadian clock is regulated through a transcription-translation feedback loop (TTFL). At the start of this 
circuit, the transcription factor proteins Circadian locomotor output cycles kaput (Clock) and Aryl hydrocarbon receptor 
nuclear translocator-like (Arntl, also known as Bmal) form a heterodimer that binds to E-box promoter elements across the 
genome. The Clock-Arntl heterodimer facilitates the expression of Cryptochrome (Cry) and Period (Per) proteins, which 
ultimately bind the Clock-Arntl heterodimer and inactivate the complex. This feedback loop takes approximately 24 hours 
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to complete, providing the central mechanism for synchronizing the cellular activity of most organisms with the Earth’s 
rotation [42].

To assess patterns of biological clock evolution in Perciformes, we investigated a panel of 33 well-conserved fish 
clock-associated genes (Figs 1 and 2A, S1 Table) [43]. This set includes paralogs of the core positive transcription 
factors: the clock genes (clocka, clockb), the clock homolog npas2, and the arntl/bmal genes (arntl1a, arntl1b, arntl2a, 
arntl2b) [42,44,45]. We also included the negative regulators of the feedback loop: period paralogs (per1a, per1b, per2a, 
per2b, per3) and cryptochrome paralogs (cry1a, cry1b, cry2, cry3a, cry3b) [42,46–49]. In addition, we analyzed cry4, a 
photopigment-like cryptochrome implicated in light input and peripheral clock regulation [50], along with cry5 and cry-dash, 
two cryptochrome family members involved in DNA repair that are light sensitive but are not considered core components 
of the biological clock [51,52].

We further included regulatory proteins involved in the post-translational modification of the central Clock/Arntl and 
Cry/Per feedback loop. Among these are the Casein kinases (csnk1da, csnk1db, csnk1e), which phosphorylate Period 
proteins to regulate their stability, degradation, and nuclear localization [53–55]. We also examined Timeless, a protein 
essential for clock function in Drosophila where it stabilizes Period proteins in the cytoplasm [56]. Although its role in the 
vertebrate clock is less well defined, Timeless appears to have circadian functions and may link the clock to other cellular 
processes, such as the DNA damage response or interactions with cryptochromes [56].

Lastly, we included nuclear receptors that help stabilize circadian rhythms through transcriptional regulation. These 
consist of Nr1d family members (nr1d1 [Rev-Erbα], nr1d2a, nr1d2b [Rev-Erbβ paralogs]), which repress the transcription 
of arntl (Bmal) and clock/npas2 in a rhythmic manner [57], and the retinoic acid-related orphan receptors (Ror), including 
roraa, rorab (Rorα paralogs), rorb (Rorβ), and rorc, rorca, rorcb (Rorγ paralogs). These Ror proteins act as transcriptional 
activators of arntl and clock/npas2 genes, often competing with Nr1d repressors to maintain circadian balance [58,59].

Patterns of biological clock gene loss in Perciformes

To assess the status of biological clock genes across Perciformes, we performed a series of pairwise whole-genome 
alignments and applied the software TOGA (Tool to infer Orthologs from Genome Alignments [60]) to identify orthologs, 
detect truncating variants, and annotate syntenic gene regions. Genes were considered lost if there are multiple inacti-
vating mutations (e.g., frameshifts, premature termination codons, exon losses, splice site mutations) within the middle 
80% of the gene. Genes in loci with fragmented assemblies, lacking syntenic gene regions, with single mutations within 
the middle 80% of the gene, or with mutations that leave most of the open reading frame intact were given an uncertain 
status. Aligning genomes to a reference can introduce reference bias due to incomplete gene annotations, assembly 
artifacts, or species-specific changes to exon boundaries [60]. To control for such biases, we aligned all genomes to two 
separate reference assemblies. In total, 101 genome assemblies were aligned to reference assemblies of the pikeperch 
(Sander lucioperca, Percidae, Perciformes) and the gilthead seabream (Sparus aurata, Sparidae, Spariformes). To cap-
ture a broad view of clock genes across the order Perciformes, we included representative genomes from six of the seven 
recognized suborders. See S2 Table for assembly information.

Of the 33 candidate clock genes, 26 genes were annotated in both reference genomes (S. lucioperca, S. aurata). Of 
the seven genes not annotated in these references, one gene, rorab (S. lucioperca: ENSSLUG00000016495; S. aurata: 
ENSSAUG00010006455), was identified as a previously unannotated gene using a de novo annotation approach with 
Exonerate [61]. For the remaining six genes (arntl1b, cry3b, cry4, per1a, csnk1da, and nr1d1), no orthologs were detected 
with either TOGA or Exonerate in either reference genome; thus, they are presumed to be absent from the genomes of all 
perciform species included in the study. The absence of these genes is consistent with observed patterns for other mem-
bers of Acanthomorpha, though previous studies did not consider all genes included here [42].

We detected an unexpectedly widespread pattern of clock gene loss in Perciformes, totaling 125 instances across 
the order (Fig 1), which translated to 80 gene loss events across the Perciform phylogeny (Fig 2C). These losses were 
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Fig 1.  Loss of core biological clock genes in Perciformes. Phylogeny of Perciformes, including five outgroup species, pruned from Rabosky et al 
[27]. Gene status was inferred from pairwise genome alignments between each species and one of two reference genomes, Sparus aurata or Sander 
lucioperca. For each gene in each species, the most complete annotation across both references was used. Losses (L; blue) indicate multiple truncating 
mutations within the central 80% of the coding sequence (CDS). Uncertain losses (UL; blue hash) reflect a single truncating or deletion variant within the 
middle 80% of the gene. Gray symbols denote genes that are missing (M) or partially missing (PM), suggesting possible but highly uncertain gene loss 
or assembly artifacts. White indicates intact or partially intact genes (PI/I; white). White squares with dash (-) indicate instances where Cry2 was iden-
tified but out of synteny with the reference genomes. Two clades with elevated gene loss are highlighted: Notothenioidei (blue) and Cottoidei (orange). 
Ancestral node representing Perciformes marked with a green circle, Serranoidei with a maroon circle, and Scorpaenoidei with a light blue circle. Spe-
cies whose distribution reaches polar latitudes (≥ 66°) indicated with a + and species whose mean depth ≥ 1000m indicated with a *. Bar plot on the right 
shows the count of losses (solid blue) and uncertain losses (blue striped) for each species.

https://doi.org/10.1371/journal.pgen.1012287.g001
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concentrated in two suborders, Notothenioidei and Cottoidei, while other perciform fishes generally retained intact clock 
genes or had uncertain gene statuses. At the level of gene families, cry and per paralogs were significantly contracted 
across the Perciform phylogeny (p = 0.001 and p = 0.049 respectively). The cry and per gene contractions were limited to 
the sub-orders Notothenioidei and Cottoidei (S1-S5 Figs; S3 Table). Contractions of arntl/bmal, clock, and ror gene fami-
lies were insignificant.

Within Notothenioidei, the number of gene losses ranged from one (cry1b) in the thornfish (Bovichtus diacanthus) to 
five in the Antarctic spiny plunderfish (Harpagifer antarcticus). The most consistent losses in Notothenioidei occurred in 
cry1b, cry2, per2a, and per3, representing shared losses across the Antarctic clade. Although we initially hypothesized 
that gene losses would be concentrated within Antarctic lineages due to polar seasonality in light/dark cycles, clock gene 
loss also occurred outside this group. Notable examples included the channel bull blenny (Cottoperca trigloides) with four 
losses (cry1a, cry3a, per2a, per3) and the single loss in B. diacanthus described above. Notably, several of these genes 
lost in sub-Antarctic clades were also independently lost in the cryonotothenioids, including cry1b, per2a, and per3, which 
show unique mutational patterns across the phylogeny (Figs 3, S6-S7).

In Cottoidei, we also observed numerous gene losses, ranging from no losses in the basally branching sablefish (Ano-
plopoma fimbria) to seven losses (clocka, cry1a, cry2, cry3a, cry5, per3, rorab) in the hadal Yap trench snailfish (Pseudo-
liparis yap) (Fig 1). Within the stickleback family (Gasterosteidae), multiple species share losses of arntl2a and clocka. 
Additional lineage-specific losses within Gasterosteidae included cry1a in fourspine stickleback (Apeltes quadracus) and 
sea stickleback (Spinachia spinachia), and a shared loss of per3 in the three-spined stickleback (Gasterosteus aculeatus), 

Fig 2.  Enrichment of biological clock gene losses in Notothenioidei and Cottoidei. A) Schematic of the core biological clock. B) Histograms of the 
distribution of 5,000 randomly sampled subsets of 27 annotated genes for Notothenioidei (top-left), Cottoidei (top-right), Serranoidei (bottom-left), and 
Scorpaenoidei (bottom right) with two-sided p-value comparing the observed clock loss events (black dashed line) to the null distribution. Bar plots show-
ing the count of clock gene loss events for each clock gene for Perciformes (C), suborder Notothenioidei (D), and suborder Cottoidei (E).

https://doi.org/10.1371/journal.pgen.1012287.g002
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G. nipponicus, and S. spinachia. Several genes appear to have been lost independently across different Cottoidei lin-
eages, including cry3a and cry5 in both eelpouts and snailfishes; clocka in sticklebacks and snailfishes; and per3 and 
cry1a in sticklebacks and members of the infraorder Cottales.

Fig 3.  Example mutational variants across central biological clock feedback loop. A–B) Loss patterns of arntl2 and clocka. Plots show the 
maximum percentage of intact coding sequence (CDS) across all transcript isoforms from pairwise genome alignments to S. lucioperca and S. aurata 
reference genomes. Deleted exons are represented with red boxes, present exons with gray boxes. Insertions, deletions, and stop codon are indicated 
with red text. Species are grouped as Notothenioidei (blue), Cottoidei (orange), or other Perciformes (gray). Representative mutations across each exon 
for select species are shown to the right. Exons are shaded gray; deleted or missing exons are white with a red outline. Truncating variants are labeled 
by their type (e.g., frameshifts as +1 or –1), and splice site mutations are marked with red dashed lines at exon boundaries. C–D) Loss patterns of 
cryptochrome genes. Panel D includes a riparian plot showing conservation of the cry2 syntenic region across Perciformes. E–F) Loss patterns of period 
genes, with a riparian plot of the per3 locus in panel F. See S6-S8 Figs for further mutation information.

https://doi.org/10.1371/journal.pgen.1012287.g003
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There were several key distinctions and similarities between loss patterns in Notothenioidei and Cottoidei. In Notothe-
nioidei, gene loss events were concentrated along the Cry/Per axis of the feedback loop (Fig 2D), whereas species in 
Cottoidei have losses in the Clock/Arntl complex in addition to Cry/Per (Fig 2E). However, several Antarctic notothenioids 
also showed uncertain gene status for clocka. Four genes (cry2, cry3a, per2a, and per3) were lost in both Notothenioidei 
and Cottoidei, representing a convergent loss pattern. All other gene losses appear to be taxon specific. For example, 
cry1b was lost in individual species of Notothenioidei but not in Cottoidei, while cry5 was lost in some species of Cottoidei 
but was not lost within Notothenioidei (Fig 2C-2E).

While losses were concentrated in Cottoidei and Notothenioidei, a few species outside of these suborders also exhib-
ited gene losses: the common logperch (Percina caprodes, gene cry1b), Johnny darter (Etheostoma nigrum, gene cry1b), 
swallowtail seaperch (Anthias anthias, gene cry-dash), and shortspine thornyhead (Sebastolobus alascanus, gene cry1b).

Eleven genes show no clear losses in any perciform species (Fig 2C), including arntl1a, clockb, npas2, timeless, 
csnk1db, csnk1e, nr1d2a, roraa, rorb, rorc, and rorca. However, several of these genes have uncertain status in some lin-
eages, which may indicate potential loss of function. Additionally, while many species have lost one of two cry1 paralogs, 
there was no conclusive evidence of any individual species losing both cry1a and cry1b. For example, cryonotothenioids 
have lost cry1b but retain cry1a. Conversely, several species have independently lost cry1a but not cry1b, including C. 
trigloides, the daubed shanny (Leptoclinus maculatus), and the limp eelpout (Melanostigma gelatinosum).

The losses observed in perciform clock genes occur at a higher rate than would be expected in a random gene sam-
pling. In a distribution of 5,000 randomly sampled subsets of 27 annotated genes, clock gene loss events were signifi-
cantly more common than expected based on the overall loss patterns for genome assemblies of Notothenioidei, which 
had 30 clock gene loss events (mean 10.26 ± 5.29, two-sided p < 0.0002), and Cottoidei, which had 46 loss events (mean 
18.86 ± 10.71, two-sided p = 0.044). By contrast, Serranoidei had zero loss events (mean 3.05 ± 3.48, two-sided p = 0.472) 
and Scorpaenoidei had 1 loss event (mean 3.97 ± 3.64, two-sided p = 0.888), both with fewer clock loss events than the 
expected mean for the null distribution of random genes (Fig 2B). The non-perciform species included in this analysis 
showed virtually no clock gene losses, despite their greater evolutionary distance from the reference genomes, which 
could theoretically reduce alignment and annotation accuracy. One notable exception was the Atlantic halibut (Hippoglos-
sus hippoglossus), which showed a loss in cry3a. Intriguingly, the range of H. hippoglossus extends into the Arctic (Figs 1 
and 4), and this species inhabits the highest latitudes among the outgroup species.

Mutational profiles in clock genes

We found a range of mutations among genes classified as lost, including specific truncating variants and complete dele-
tions (Figs 3, S6-S8). In many cases, the mutation patterns suggested shared ancestral loss within specific suborders or 
genera. For example, the first six exons of arntl2a were deleted in all examined sticklebacks (Fig 3A). Other cases show 
strikingly similar patterns that likely reflect convergent evolution based on the species tree topology [27], such as the loss 
of the first 19 exons of clocka in multiple stickleback species and in the hadal snailfish P. swirei. Most genes, however, 
displayed patterns consistent with independent gene losses from the accumulation of distinct mutations through drift (S6-
S8 Figs). The most complete gene losses were observed in cry2 and per3, where most species lacked any intact exon 
sequences (Fig 3C-3F). Synteny analysis at the cry2 (Fig 3D) and per3 (Fig 3F) loci revealed contiguous genome assem-
bly and gene content conservation, supporting loss of these genes. Detailed evidence of loss for genes in the dataset is 
provided in S6-S8 Figs.

Convergent patterns of clock gene loss and habitat use in Perciformes

Given the observed patterns of gene loss, we hypothesized that biological clock genes were lost independently in Noto-
thenioidei and Cottoidei. To test this hypothesis, we used stochastic character mapping to estimate the probability of clock 
gene loss in ancestral nodes of the Perciform phylogeny given the observed losses at the tips (Fig 4). Clock loss was 
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assigned if tip species had one or more losses (≥ 1 loss) in the panel of 27 analyzed genes. To provide a comparison to 
transitions into deep-sea or high-latitude environments, we also mapped the extreme ranges of species habitat onto the 
phylogeny (Fig 4).

Under an irreversible model of gene loss, clock genes exhibit repeated independent losses both between and 
within the Notothenioidei and Cottoidei suborders. The common ancestor of these suborders, as well as most 
internal ancestral nodes, is reconstructed with essentially no probability of clock gene loss, indicating that losses 
arose repeatedly in descendant lineages. Notably, these loss events closely coincide with transitions into deep-
sea and polar environments (Fig 4). In most cases, clock gene losses are associated with species occupying 
extreme habitats, even when closely related congeners from different environments vary in circadian repertoires 
(e.g., losses in Anthias anthias and Myoxocephalus scorpius). The concordance between habitat transitions and 

Fig 4.  Convergent loss of clock genes across habitat transitions in Perciformes. On the left, a Stochastic character mapping (SCM) of habitat with 
deep-sea (light blue) defined as a maximum depth of ≥ 1000m, high latitude (dark blue) as a maximum latitude ≥ 66°, or both (purple). On the right, SCM 
of clock gene loss across the Perciform phylogeny. Loss of at least one biological clock gene is indicated in red, with the absence of gene loss in black. 
Suborders of Perciformes and the ancestral node connecting Notothenioidei and Cottoidei are labeled.

https://doi.org/10.1371/journal.pgen.1012287.g004
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clock gene loss among closely related taxa supports repeated, independent colonization of extreme environments 
accompanied by convergent erosion of clock genes. This pattern suggests that habitat and clock gene loss are 
broadly associated across the phylogeny.

Clock gene loss is correlated with latitude

Given the apparent clustering of gene losses within the Notothenioidei and Cottoidei suborder (Fig 2D,2E), we asked 
whether there is an association between biological clock gene loss and specific environmental variables. Both Nototheni-
oidei and Cottoidei are abundant in polar and high-latitude regions, as well as across a wide depth gradient [27,29]. We 
hypothesized that these two environments, high latitude and depth, could be associated with biological clock gene loss 
due to the seasonally arrhythmic or absent light/dark cycles that characterize these environments respectively (Fig 5A, 
5B). Because our dependent variable (count of clock gene losses) is discrete and prone to zero inflation, we tested mul-
tiple models and distributions with a combination of counts, log-transformed counts, and binary losses to find the best fit 
to our data. This process resulted in five mixed models (MCMCglmm) and one phylogenetic generalized linearized model 
(Phyloglm). All six models investigated show a significant positive relationship between mean latitude and clock gene loss 
with the Gaussian distribution run on log-transformed losses having the best overall fit (Fig 5C). Two of the models also 
found a significant relationship between depth and clock gene loss, with the Gaussian distribution applied to log- 
transformed losses again having the best overall fit.

Fig 5.  Biological clock gene loss correlates with latitude. Scatter plots show (A) the number of clock gene losses plotted against the absolute value 
of mean species latitude, and (B) gene losses plotted against mean species depth in meters. Species distribution data are from AquaMaps [98]. Note, 
deep fishes were removed from the analysis of latitude to avoid potential confounding effects of these two environments. C) Results from multiple phylo-
genetic models testing the association between gene loss and latitude. Statistically significant results are shown in bold.

https://doi.org/10.1371/journal.pgen.1012287.g005



PLOS Genetics | https://doi.org/10.1371/journal.pgen.1012287  August 31, 2026 11 / 24

Apparent absence of circadian rhythms in the metabolic rate of Notothenioidei

The observations of circadian rhythms in Perciformes are sparse but have identified seasonal and inter-individual 
variability in diel activity patterns [39–41]. Given the widespread patterns of biological clock gene loss, we asked 
whether these fishes had evidence for circadian rhythms in metabolic rate, and whether changes to circadian 
rhythms were restricted to polar lineages or if they are also observed in temperate species. Leveraging the quies-
cent traces of standard metabolic rate (i.e., minimum maintenance metabolism), we analyzed continuous patterns of 
metabolic rate over a 48-hour window from three species of Notothenioidei. Over two diurnal cycles, the European 
seabass (Dicentrarchus labrax), a temperate acanthuriform species, exhibited a metabolic oscillation at an interval of 
25 ± 0.83 hours (Fig 6A). Intriguingly, notothenioid fishes, including sub-Antarctic (E. maclovinus) and two Antarctic 
species (Pseudochaenichthys georgianus and C. aceratus), all exhibited a lack of oscillation in their metabolic pro-
files over the two diurnal cycles (Fig 6B-6D). Instead, the notothenioids maintained a consistently quiescent meta-
bolic profile at a steady baseline level.

Fig 6.  Absence of circadian metabolic profiles in Notothenioidei. Metabolic profiles across two diurnal cycles in four representative species of 
Percomorpha. D. labrax (A) is a temperate acanthuriform species. E. maclovinus (B), P. georgianus (C), and C. aceratus (D) are notothenioid species 
within the Notothenioidei clade. Colors represent different individuals. Dots indicate measured aerobic metabolic rates. Solid lines show the fitted regres-
sion models, with shaded areas representing 95% confidence intervals. A sixth-order polynomial model was used for D. labrax, and a one-phase decay 
model was applied to E. maclovinus, P. georgianus, and C. aceratus.

https://doi.org/10.1371/journal.pgen.1012287.g006
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Discussion

We discovered that biological clock gene loss correlates with latitude and evolved convergently in the perciform suborders 
Notothenioidei and Cottoidei. The absence of metabolic rhythms in notothenioids links these genomic losses to a disruption 
in circadian systems. Together with previous studies in perciform fishes, our results highlight an inherent circadian flexibility in 
both suborders. While the mechanism for gene loss is likely neutral drift under relaxed selection in high-latitude and deep-
sea environments, the widespread nature of this erosion of genes and phenotypes across each suborder suggests an ances-
tral release from strict circadian constraints. Reduced reliance on circadian rhythms may function as a historical contingency 
for each suborder that is potentially a key component of their success in high-latitude and deep-sea environments.

Streamlining the perciform biological clock gene set

The gene loss patterns we identified in Notothenioidei and Cottoidei align with previous reports of biological clock gene 
disruptions in notothenioids [34,35,37], deep-sea snailfishes and eelpouts [36,62], as well as the loss of per3, arntl2a, and 
clocka in the three-spined stickleback [42,48]. We expand these findings by showing a broader, latitude-correlated pattern 
of clock gene loss across Perciformes (Figs 1, 2 and 5).

Our data indicate distinct preservation patterns in core biological clock gene paralogs within Perciformes, potentially 
highlighting reliance on specific clock genes over others (Fig 2C-2E). Many infrequently lost genes have pleiotropic func-
tions outside the clock. For example, Cry5, Cry-dash, and Timeless contribute to DNA repair, and retinoid-related orphan 
receptors (Ror) are involved in immune, metabolic, and developmental processes [52,56,63]. These broader functions 
likely explain their retention in Perciformes. The consistent presence of clockb, npas2, and arntl1a also suggests essential 
roles. In contrast, the species-specific retention of either cry1a or cry1b suggests some functional redundancy between 
these paralogs. Retention of at least one paralog could be related to residual circadian clock functions or to other essen-
tial roles of Cry1 proteins, such as DNA repair [64]. One of the most consistent losses is per3, which is absent in multiple 
species of Notothenioidei and Cottoidei. This gene is frequently lost across teleosts [42], including in Atlantic cod (Gadus 
morhua), northern pike (Esox lucius), three-spined stickleback [48], and in many salmonids [49,65], suggesting a dimin-
ished role in fish circadian regulation. Still, per3 remains under intensified purifying selection in Atlantic salmon (S. salar), 
and brown trout (Salmo trutta) [49,65]. In contrast, per1b and at least one copy of per2 are relatively well conserved 
across teleosts [49], including in our dataset (Figs 1, 2C).

The gene npas2 is retained across all species in our dataset (Figs 1, 2C-2E). The Npas2 protein has two PAS (Period–
Arnt–Single-minded) domains that bind heme, are sensitive to carbon monoxide, and dimerizes with Arntl (Bmal) in a 
redox-dependent manner [66,67]. These features may be important for other functions in polar fishes; in notothenioid 
genomes, there are expansions of oxidative stress-related gene families, which are thought to facilitate adaptation to high 
cellular oxidative stress in the oxygen-rich Southern Ocean [68].

The patterns of gene loss/conservation support the independent, convergent evolution of clock gene loss between 
the suborders Notothenioidei and Cottoidei. Both suborders had many losses in the cry and per complexes, but 5 of the 
12 genes lost in Cottoidei were conserved in Notothenioidei (arntl2a, clocka, cry5, rorab, rorcb) (Fig 2C-2E). This finding 
is further supported by trait mapping, which assigns a low probability of clock gene loss having occurred in the common 
ancestor of Notothenioidei and Cottoidei (Fig 4). Taken together, our data support the independent, convergent evolution 
of circadian plasticity at least twice in Perciformes in the suborders with the highest propensity to expand into polar and 
deep-sea habitats.

This study focused on gene loss within the core biological clock. However, peripherally important clock genes and 
downstream targets are likely under varied selection regimes. Given the repeated invasion of species of Notothenioidei 
and Cottoidei into arrhythmic habitats, this is a promising clade for “forward genomic” and genotype-to-phenotype map-
ping strategies to identify novel circadian-related genetic components through the detection of patterns of convergent 
molecular evolution (e.g., [69–71]).
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Lack of metabolic rhythms across Notothenioidei and Cottoidei

The three notothenioid fishes measured here show no evidence of metabolic oscillation (Fig 6). In contrast, D. labrax, 
which retains all core clock genes tested (Fig 1), exhibits a robust metabolic rhythm that persists once individuals are 
placed in constant darkness. Notothenioids, however, maintain a low and steady metabolic rate, consistent with findings of 
sticklebacks held in the dark and Arctic sculpins in constant lighting [39,40]. This arrhythmicity in laboratory conditions is 
further consistent with prior observations of the notothenioid N. coriiceps held in sea pens [38].

Reports of species entirely lacking circadian rhythms are rare, even in cave environments, and studies often do not 
exhaustively test all possible zeitgebers or potential rhythmic traits [23]. For example, in the wild, the Mexican blind 
cavefish (Astyanax mexicanus) shows no molecular or behavioral circadian rhythms but can be entrained on light-dark 
cycles under lab conditions [72]. The Somalian cavefish (Phreatichthys andruzzii) has lost the ability to be entrained 
on artificial light dark cycles [73] despite only one reported clock gene truncation (per2, [74]), though remains capa-
ble of being entrained on a feeding schedule [75]. There is evidence for rhythms in fish clades found well below the 
penetration of sunlight (1,000m) (e.g., [76,77]), and many deep-sea invertebrates have circatidal rhythms [78]. Within 
Cottoidei, an intertidal eelpout (Zoarces viviparus) briefly maintains circatidal swimming rhythms in captivity before 
transitioning to photic cues in the laboratory [79]. Notably, these rhythms exist despite the loss of clock genes within Z. 
viviparus (Fig 1), indicating that many of the gene losses observed within this dataset are not sufficient to fully dis-
rupt biological clocks. However, the retention of circadian entrainment capacity in many of these species may reflect 
a relatively short evolutionary timescale within arrhythmic habitats that has not yet allowed genetic drift to eliminate 
entrainment capacity.

Given the persistence of the ability to entrain circadian rhythms in most species, it seems unlikely that notothenioids 
do not exhibit circadian rhythms of any sort. For example, rhythms may vary seasonally rather than on a daily cycle, 
or perhaps they were simply not captured by our methods. Additionally, there may be distinctions between benthic and 
pelagic species. For example, the pelagic Antarctic silverfish (Pleuragramma antarcticum) and Antarctic toothfish (Dis-
sostichus mawsoni) both show evidence of diel vertical migrations, though the migration of D. mawsoni was weaker and 
more closely followed movements of their prey (P. antarcticum) than light intensity [80]. Notably, reports on the extent or 
existence of diel migrations in pelagic notothenioids seem to vary by method and location [81–83]. Further research is 
needed to assess the presence and potential seasonality of circadian rhythms across a diverse spectrum of nototheni-
oids, including multimodal analyses of behavior, hormones (e.g., melatonin), gene expression, and testing of non-photic 
cues (e.g., food, tides) to determine whether these fishes exhibit rhythmicity or are capable of entraining clocks to specific 
environmental cues.

Clocks and survival in high latitudes and the deep sea

Fish clades with the fastest speciation rates often include species found in both polar and deep-sea environments, sug-
gesting that there may be underlying shared traits that enable survival in both of these extreme habitats [29]. While most 
studies focus on cold temperatures or high hydrostatic pressures in these environments, the breakdown of environmental 
zeitgebers and their impact on engrained circadian mechanisms is also likely an adaptive barrier [25]. Further, in season-
ally or permanently arrhythmic environments, responding opportunistically, rather than anticipating cyclic cues, may be 
advantageous in order to exploit unpredictable conditions. Non-polar and non-deep perciforms show signs of diel flexi-
bility. In addition to the stickleback example mentioned above [39], the slimy sculpin (Cottus cognatus; Cottoidei) in Lake 
Ontario (lat 43°N) shows evidence of diel rhythms in feeding as juveniles at higher water depths (35 m) but has arrhythmic 
feeding patterns as adults at 75 m [84]. In our dataset, the sub-Antarctic notothenioid E. maclovinus had no clock gene 
losses and only three uncertain losses but shows the same lack of metabolic oscillation as P. georgianus and C. aceratus 
(Figs 1, 6). The absence of detectable metabolic rhythmicity in E. maclovinus, despite its largely intact gene complement, 
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suggests that phenotypic loss of some circadian functions may have predated the extensive genomic erosion observed in 
Antarctic lineages. As evidenced by the absence or seasonal plasticity of metabolic rhythms combined with widespread 
gene losses across multiple perciform species [39–41], this circadian flexibility is an underappreciated component of the 
invasion of notothenioid and other perciforms into environmental extremes.

Summary

We find that many core biological clock genes are disrupted in two perciform clades common to high-latitude and deep-
sea environments: Notothenioidei and Cottoidei. The extent of gene loss correlates with latitude, with polar species show-
ing a higher extent of loss than temperate lineages. We also show that both Antarctic and sub-Antarctic notothenioids lack 
daily metabolic rhythms, instead exhibiting steady-state baseline metabolism like that observed in Cottoidei under con-
stant lighting. While high-latitude and deep-sea habitats impose diverse selective pressures, our findings support the idea 
that altered circadian regulation (through plasticity and genetic erosion) represents a release from an ancestral constraint 
on strict circadian adherence, potentially fueling their success within arrhythmic habitats. Our study focuses on genes 
associated with the clock mechanism, but it remains unknown how downstream pathways react to a loss of clock genes, 
a topic for future research. Because chronic circadian disruption is deleterious in many vertebrates, uncovering how these 
fishes maintain physiological stability despite reduced circadian control may offer insights into the mechanisms that sup-
port resilience in arrhythmic environments.

Materials & methods

Ethics statement

All experimental procedures were approved by the University of Alaska Institutional Animal Care and Use Committee 
(IACUC; protocols 247598–11 and 570217–9). The fish were then held at this temperature for 2.5 weeks. Animal collec-
tion, care and use were approved by permit from the Universidad Austral de Chile and UAF IACUC (above).

Genome alignment, ortholog calling, and determination of gene status

To assess the presence or absence of core clock genes, we employed a whole genome alignment approach that lever-
ages both gene sequence content and syntenic gene context to identify and characterize orthologs across Perciformes. 
We pairwise aligned a total of 96 perciform and five outgroup genome assemblies to two different reference assemblies, 
Sander lucioperca (GenBank ID: GCA_008315115.1) and Sparus aurata (GCA_900880675) (S2 Table), using the pro-
gram make_lastz_chains (v 1.0.0) (https://github.com/hillerlab/make_lastz_chains) [85–87].

To identify orthologs, annotate genes, and determine the gene status for the query genomes, we ran TOGA (v 
1.1.0-blue) (Tool to infer Orthologs from Genome Alignments [60]) on all pairwise alignment chains. TOGA identi-
fies orthologs between the reference and query genome and analyzes the middle 80% of the query’s open reading 
frame to determine the gene status. Each gene was classified as intact (I), partially intact (PI), lost (L), or uncertain 
loss (UL). Briefly, a gene was considered lost if it contained multiple inactivating mutations (e.g., frameshifts, prema-
ture stop codons, exon deletions, or splice site disruptions) within the central 80% of the protein-coding sequence 
(CDS) across all transcript isoforms. Genes with only a single inactivating mutation in this region were categorized as 
uncertain losses (UL, S4 Table), as such cases may result from limited exon conservation, gene annotation errors, 
or assembly artifacts [88]. Genes with inactivating mutations outside of the middle 80% are considered partially intact 
(PI). To validate TOGA-derived ortholog assignments using a similarity-based approach, we ran OrthoFinder [89] on 
TOGA-annotated clock genes for each species in the dataset. We then compared the resulting orthogroups with the 
orthology predicted by TOGA. This analysis revealed complete concordance between OrthoFinder predictions and 
TOGA orthology inference (S5 Table).

https://github.com/hillerlab/make_lastz_chains
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To account for potential alignment, assembly, or annotation artifacts, we cross-referenced genes classified as “lost” 
by TOGA with the gene expression database Bgee [90] for Gasterosteus aculeatus, the only species shared between 
our dataset and the database. This comparison revealed expression of cry2, despite its classification by TOGA as lost in 
G. aculeatus. To identify additional misannotations across our dataset, we re-annotated all clock genes in each genome 
assembly using Miniprot-0.18 v1.1 [91], followed by reciprocal BLAST+ v2.14.1 [92] searches against a reference pro-
teome. This approach recovered intact cry2 sequences in 11 species where it was previously labeled as lost by TOGA. 
We therefore reclassified these genes as intact in our dataset; these corrections are indicated by dashes (–) in Fig 1. 
These missed cry2 annotations in TOGA likely result from the gene residing outside the expected syntenic locus in these 
species compared to both reference assemblies (S. lucioperca and S. aurata).

Gene annotations based on pairwise genome alignments are prone to reference bias [60]. To address this, we com-
pared the status of each gene in each species relative to both reference assemblies. We used the TOGA orthology 
inferences generated from a pairwise alignment between the S. lucioperca and S. aurata genome assemblies to map and 
compare gene statuses across the different multiple genome alignment datasets. For any discrepancy, we conservatively 
selected the more intact status between the two reference alignments.

It is also possible that genes are lost within the reference species. To determine the status of clock genes in the ref-
erence species, we ran the assembled genomes through the pipeline described above, but with the Nile tilapia (Oreo-
chromis niloticus, Cichliformes; GCA_013358895.1) as the reference genome. Notably, aligning to multiple reference 
assemblies improved the proportion of orthologous genes labeled as intact (I/PI) across the entire dataset, from an 
average of 67.6% in S. lucioperca and 70.9% in S. aurata alignments respectively to 73.7% intact (I/PI) in the merged 
dataset (S6 Table).

Genome-wide, we identified orthologs, regardless of intact status, for ≥ 90% of all reference-annotated genes in all spe-
cies examined, except for the thornfish Bovichtus diacanthus (Notothenioidei), which showed slightly lower recovery rates 
(87% for S. lucioperca, 89% for S. aurata). Several genes in our candidate list were not explicitly annotated within the S. 
aurata or S. lucioperca genome assembly. To determine if these genes were in fact present but unannotated within these 
species, we used data from a distant relative, the zebrafish (Danio rerio, Cypriniformes; GCA_000002035.4). CDS and 
protein sequence for each candidate gene were extracted from D. rerio. We then used the gene model mapper GeMoMa 
(v 1.9) [93] to infer the gene annotation in our query species and produce an annotation file in GFF format with regions 
that are a likely match to the reference gene. We then used Exonerate (v 2.2.0) [61] to validate the match between 
regions annotated by GeMoMa and the protein sequence of the clock genes. Any query genes that were not identified in 
the analysis were considered missing and excluded from the study.

We used CAFE5 v1.1 [94] to test for significant contraction of biological clock gene families across Perciformes. For 
input into CAFE5, we generated gene count matrices with OrthoFinder v2.5.5 [89], then aggregated gene count data into 
four gene families: Arntl (arntl1a, arntl2a, arntl2b), Clock (clocka, clockb, npas2), Cry (cry1a, cry1b, cry2, cry3a, cry5, cry-
dash), Per (per1b, per2a, per2b, per3), and Ror (roraa, rorab, rorb, rorc, rorca, rorcb).

Stochastic character mapping

We used stochastic character mapping to test if loss of clock genes evolved convergently or via descent from a common 
ancestor and to test how clock gene loss is associated with habitat use [95]. We generated two discrete matrices, one with 
loss of clock genes as the observed trait, the other with habitat type. Species with ≥ 1 loss (gene status L) among the 27 
clock genes included in the TOGA analysis were designated as having clock gene loss (trait present). For habitat, species 
were designated as high-latitude (range extends ≥ 66° latitude), deep-sea (range extends ≥ 1000m depth), both (high- 
latitude, deep-sea) or neither (low-latitude, shallow). We analyzed these matrices in context of the species phylogeny using 
the simMap feature in the R package phytools v 2.4.4 [96,97]. We assumed the common ancestor of Perciformes comes 
from a shallow, low-latitude environment with an intact biological clock gene repertoire and fixed the prior probability (π) 
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at 1 for shallow, low-latitude with no clock gene loss. For the clock gene loss analysis, we used a custom rate model that 
allowed transition from intact to lost for clock genes but did not allow for their recovery. For habitat, we fit an equal-rate 
(ER), all rates different model (ARD), and symmetric rates model (SYM) using the make.simmap function with 5000 simula-
tions, then summarized the fit of each with fitMk. The ARD model had the lowest Akaike information criterion (AIC) and was 
used to estimate posterior probability for ancestral nodes. Data were visualized using the plot function in R.

Enrichment of clock gene losses in perciform genomes

To determine if Perciformes are enriched for biological clock gene losses, we generated a dataset of 5,000 randomly 
selected subsets of 27 annotated genes. For each gene, we mapped observed species states onto the tips of the phy-
logeny and inferred ancestral states using an irreversible-loss assumption. Internal nodes were assigned as intact if any 
descendent lineage retained the intact state, treating shared losses among related taxa as a single evolutionary event 
(hereafter referred to as a “loss event”). We ran the analysis for Notothenioidei, Cottoidei, Serranoidei, and Scorpaenoidei 
(Fig 2B). The comparison between re-sampled and observed data for biological clock genes was assessed using a two-
sided empirical p-value.

Correlation of clock gene loss and the environment

To test if there is a statistical relationship between clock gene loss and latitude or depth, we fit multiple models to our 
dataset. We used a count of clock genes with a status of “lost” as our dependent variable and latitude or depth as our 
explanatory variable. We sourced latitude and depth data from the website AquaMaps (aquamaps.org), which aggregates 
species collection data from multiple biodiversity databases [98]. We calculated a mean latitude and depth from all obser-
vations for the 79 perciform species for which data were available (S7 Table). We used the absolute value of latitude 
in our analysis to account for species in both hemispheres. We fit multiple models to our data to account for a discrete 
dependent variable and the possibility of zero-inflation. We first fit a general linearized model to the data using the R 
package phyloglm (v 2.6.5) and used a variance-covariance matrix derived from our phylogeny to account for evolution-
ary history [99–101]. We converted loss counts to binary (zero for no lost genes, one for one or more lost genes) and fit a 
Poisson distribution. To account for the possibility of zero-inflation and to test additional distributions while still accounting 
for the evolutionary relationship, we also used a Bayesian phylogenetic generalized linear mixed models in the R package 
MCMCglmm (v 2.36) [102]. We ran the MCMC for 500,000 iterations with a 10% burn-in and a thinning interval of 40. For 
all models, we used weakly informative priors (V = 1, nu = 0.002) to minimize their influence on posterior probabilities. To 
control for the presence of zeros in our data, we tested models with standard counts, log-transformed counts, and binary 
losses. We used zero-inflated Poisson (ZIP) and standard Poisson distributions with loss counts, a Gaussian distribution 
with log-transformed losses and a count of losses, and zero-inflated binomial (ZIB) for binary losses (S9 Fig, S8 Table).

Collection and housing of experimental animals

Notothenioid species were collected from regions of Low Island (63° 25′ S; 62° 10′ W) and Dallmann Bay (64° 10′ S; 62° 
35′ W). The fishing gear consisted of benthic otter trawls deployed from US ARSV Laurence M. Gould during the austral 
fall and winter of 2023. Fish were held in circulating seawater tanks onboard the ship. Fish were then transferred to the 
aquarium at the Palmer Station (US Antarctic Research Program). At the station, the fish were held in tanks with circu-
lating seawater at 0.1 ± 0.5°C. All tanks were equipped with oxygen diffusers and blocks of frozen seawater were added 
as needed to maintain the temperature. In the austral fall of 2024, juvenile Eleginops maclovinus (Cuvier, 1830) were 
captured in Reloncaví Fjord (12°C). The fish were held in circulating tanks (8°C) at Los Lagos University for two months 
before their transportation to Laboratorio Costero de Recursos Acuáticos Calfuco (Universidad Austral de Chile). In the 
laboratory, the fish were acclimated to 4°C to approximate the thermal physiology conditions of Antarctic notothenioids. 
The temperature acclimation started with the reduction of the water temperature at a pace of ~1.75°C per day.
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A cohort of European sea bass (Dicentrarchus labrax) was acclimated to laboratory conditions in a 2000-L indoor tank 
for 2 months, during which they were fed ad libitum twice weekly (Le Gouessant, Lambale, France). A sub-cohort of juve-
nile European sea bass was distributed between two 500-L tanks. These tanks were supplied with open-flow seawater. 
The dissolved oxygen level was maintained above 90% air saturation (> 8.2 mg L-1). After the metabolic rate measurement 
trial, all fish spent one hour in a recovery aquarium before returning to the holding tank. Fish holding and experimental 
procedures followed the guidelines of animal care rules and regulations in France (Apafis 2018040916374437).

Aerobic metabolic rate

We measured the circadian rhythm of the metabolic rate using an automatic intermittent-flow aquatic respirometry system. 
The respirometry system measured four individuals simultaneously, each within their own chamber. Hence, the metabolic 
profiles were obtained for every individual. The automation features of the system enabled undisturbed and continuous mea-
surements for approximately 48 hours. To avoid the effects of digestion, spontaneous activities, and movement, the animals 
were fasted for 48 hours to reach a post-absorptive state. The metabolic rate of the animals was then measured in a dark 
and quiescent environment. Thus, only the innate rhythm was manifest in the metabolic profiles. The details of the metabolic 
rate calculation and the metabolic measuring techniques can be found below and in previously published studies using the 
same type of respirometry system [103–105]. Before the experiment, animals were held in a ~ 12L:12D cycle in the tank that 
had a cover to reduce visual disturbances, but the complete blocking of the lights was not guaranteed.

The respirometry system used Loligo-type (LoligoSystems, Denmark, loligosystems.com) respirometer chambers. 
The size of the chamber was matched to the fish size (water volume: fish ratio ~ 27: 1) to optimize detection sensitivity for 
the change in water dissolved oxygen (DO) concentration inside of the respirometer due to fish oxygen uptake when the 
respirometer was in the closed mode. All fish were fasted for at least two days before being placed in the respirometer, 
where the rate of oxygen uptake (ṀO

2
) was continuously monitored for ~two days, and only the fish that were not visually 

agitated were included in the final analyses. All four chambers were immersed in a temperature-controlled seawater bath, 
which was connected via a pump (Eheim 600) to a gas exchange column that delivered aerated water to the respirome-
ters in the open mode. DO was maintained above ~85% saturation throughout the protocol.

Background respiration of each empty respirometer chamber was measured for 20 min before and after each trial and 
found to be negligible relative to the minimum maintenance metabolic rate of notothenioid species (< 1%, where disinfected 
seawater was used). For European sea bass, the background respiration in 25 °C seawater exceeded this 1% threshold 
and the fish’s ṀO

2
 was corrected by subtracting the background ṀO

2
 value. Background respiration was minimized by 

thoroughly disinfecting the entire apparatus with sodium hypochlorite (Performance bleach, Clorox in 1000 ppm) for 30 min 
(European sea bass study).

ṀO
2
 was continuously and automatically monitored on-line using computer software (AquaResp v.3, Denmark, 

Aquaresp.com) that processed water DO measurements in the respirometers (a 1 Hz sampling rate) from an optical 
oxygen probe associated with each respirometer (Robust Oxygen Probe OXROB10, Pryoscience, pyro-science.com). 
The optodes were calibrated to 0% saturation (water saturated with sodium sulphite and bubbled with nitrogen gas) and 
100% saturation (fully aerated water) at the start of each experiment. ṀO

2
 values were calculated whenever the respi-

rometers were sealed. The measurement cycles (flush period, stabilization period and sealed period) were 65-208-600 
for E. maclovinus; 80-200-330 for P. georgianus; 80-200-600 for C. aceratus; and 120-60-420 for D. labrax.

The slope of the decrease in DO over time met a minimum requirement for linearity (i.e., R2 > 0.9) to calculate ṀO
2
). 

The quality of PO
2
 traces was checked as described by Chabot et al [106]. Metabolic rate measurements are directly cal-

culated from AquaResp software using the conventional sequential algorithm (Eqn. 1).

Aerobic metabolic rate calculations

Aerobic metabolic rate was calculated with the following equation:
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Sequential interval Eqn. 1

	
ṀO2 =

[
dDO [i,(i+a)]
dt [i,(i+a)]

∗
(
Vr – Vf

)
∗ SO

]

(t ∗Mf) 	 (1)

where units for ṀO
2
 are mg O

2
 h-1 kg-1, dDOdt  is the change in O

2
 saturation over time, Vr is the respirometer volume, Vf is 

the assumed fish volume, So is the solubility of O
2
 (calculated by AquaResp v.3 software) in the experimental temperature, 

salinity and atmospheric pressure, t is a time constant of 3600 s (per hour), Mf is fish mass, a is the sampling window 
duration (s), and i is 1 DO sample forward from the end of previous sampling window at a set sampling frequency‌‌ of 1 Hz.

Modeling of the metabolic profiles

The circadian rhythm of D. labrax was modeled using a sixth-order polynomial model (Eqn. 2):

	 y = B0 + B1 · x + B2·x2 + B3·x3 + B4·x4 + B5·x5 + B6·x6 	 (2)

where B
0
, B

1
, B

2
, B

3
, B

4
, B

5
, B

6
 are the best fitted coefficients.

The circadian rhythms of Notothenioidei were modeled using a one-phase decay model (Eqn. 3):

	 y = (y0 – plateau) · exp(–k · x) + plateau	 (3)

where y
0
 is the intercept, plateau is the y value extrapolated at infinite distance at x-axis, and k is the rate constant.

The regression analyses were conducted in Prism v.10 (GraphPad Software, USA, graphpad.com).
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to S. lucioperca and S. aurata reference genomes. Species are grouped as Notothenioidei (blue), Cottoidei (orange), or 
other Perciformes (gray). Representative mutations across each exon for select species are shown to the right. Exons 
are shaded gray; deleted or missing exons are white with a red outline. Truncating variants are labeled by their type (e.g., 
frameshifts as +1 or –1), and splice site mutations are marked with red dashed lines at exon boundaries.
(TIF)

S7 Fig. Example mutational variants across cryptochrome genes. (A) cry1a, (B) cry1b, (C) cry2, (D) cry3a, (E) cry5, (F) 
cry-dash. Plots show the maximum percentage of intact coding sequence across all transcript isoforms annotated via pair-
wise genome alignments to S. lucioperca and S. aurata reference genomes. Species are grouped as Notothenioidei (blue), 
Cottoidei (orange), or other Perciformes (gray). Representative mutations across each exon for select species are shown to 
the right. Exons are shaded gray; deleted or missing exons are white with a red outline. Truncating variants are labeled by 
their type (e.g., frameshifts as +1 or –1), and splice site mutations are marked with red dashed lines at exon boundaries.
(TIF)

S8 Fig. Example mutational variants across assorted biological clock genes. (A) arntl2b, (B) nr1d2b, (C) rorab, 
(D) rorc. Plots show the maximum percentage of intact coding sequence across all transcript isoforms annotated via 
pairwise genome alignments to S. lucioperca and S. aurata reference genomes. Species are grouped as Notothenioidei 
(blue), Cottoidei (orange), or other Perciformes (gray). Representative mutations across each exon for select species are 
shown to the right. Exons are shaded gray; deleted or missing exons are white with a red outline. Truncating variants are 
labeled by their type (e.g., frameshifts as +1 or –1), and splice site mutations are marked with red dashed lines at exon 
boundaries.
(TIF)

S9 Fig. MCMCglmm trace plots. Trace plots for each of the MCMCglmm models testing correlation between latitude and 
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(TIFF)

S1 Table. Biological clock genes used in the analysis. 
(XLSM)

S2 Table. Genome assemblies used in the analysis. 
(XLSM)

S3 Table. p-values for CAFE5 analysis of gene families. 
(XLSM)

S4 Table. Mutation descriptions for genes with status uncertain loss. 
(XLSX)

S5 Table. Orthology comparison between OrthoFinder and TOGA. 
(XLSM)

S6 Table. Breakdown of global gene status (TOGA) by reference genome. 
(XLSM)

S7 Table. Species location data. Latitude and depth data from AquaMaps.
(XLSM)

S8 Table. Autocorrelation tables for MCMCglmm models fit to latitude and depth‌‌. 
(XLSX)

https://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1012287.s007
https://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1012287.s008
https://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1012287.s009
https://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1012287.s010
https://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1012287.s011
https://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1012287.s012
https://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1012287.s013
https://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1012287.s014
https://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1012287.s015
https://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1012287.s016
https://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1012287.s017


PLOS Genetics | https://doi.org/10.1371/journal.pgen.1012287  August 31, 2026 20 / 24

Acknowledgments

This Antarctic fieldwork was made possible by the support of the captain and crew of the ARSV Laurence M. Gould, by 
the staff at Palmer Station, and by personnel at the Office of Polar Programs at the National Science Foundation (NSF). 
This work was completed in part with resources provided by the Research Computing Data Core at the University of 
Houston.

Author contributions

Conceptualization: Daniel B. Wright, Jacob M. Daane.

Data curation: Daniel B. Wright.

Formal analysis: Daniel B. Wright, Yangfan Zhang.

Funding acquisition: Daniel B. Wright, Yangfan Zhang, Jacob M. Daane.

Investigation: Daniel B. Wright, Yangfan Zhang.

Project administration: Jacob M. Daane.

Supervision: Jacob M. Daane.

Visualization: Daniel B. Wright, Yangfan Zhang, Jacob M. Daane.

Writing – original draft: Daniel B. Wright, Jacob M. Daane.

Writing – review & editing: Daniel B. Wright, Yangfan Zhang, Jacob M. Daane.

References
	 1.	 Patke A, Young MW, Axelrod S. Molecular mechanisms and physiological importance of circadian rhythms. Nat Rev Mol Cell Biol. 2020;21(2):67–

84. https://doi.org/10.1038/s41580-019-0179-2 PMID: 31768006

	 2.	 Bell-Pedersen D, Cassone VM, Earnest DJ, Golden SS, Hardin PE, Thomas TL, et al. Circadian rhythms from multiple oscillators: lessons from 
diverse organisms. Nat Rev Genet. 2005;6(7):544–56. https://doi.org/10.1038/nrg1633 PMID: 15951747

	 3.	 Kumar V, Sharma A. Common features of circadian timekeeping in diverse organisms. Current Opinion in Physiology. 2018;5:58–67. https://doi.
org/10.1016/j.cophys.2018.07.004 

	 4.	 Dekens MPS, Santoriello C, Vallone D, Grassi G, Whitmore D, Foulkes NS. Light regulates the cell cycle in zebrafish. Curr Biol. 2003;13(23):2051–
7. https://doi.org/10.1016/j.cub.2003.10.022 PMID: 14653994

	 5.	 Ziv L, Gothilf Y. Circadian time-keeping during early stages of development. Proc Natl Acad Sci U S A. 2006;103(11):4146–51. https://doi.
org/10.1073/pnas.0600571103 PMID: 16537499

	 6.	 Pavlova VV, Krylov VV. Cavefishes in Chronobiological Research: A Narrative Review. Clocks Sleep. 2023;5(1):62–71. https://doi.org/10.3390/
clockssleep5010007 PMID: 36810844

	 7.	 Sánchez-Vázquez FJ, López-Olmeda JF, Vera LM, Migaud H, López-Patiño MA, Míguez JM. Environmental cycles, melatonin, and circadian con-
trol of stress response in fish. Frontiers in Endocrinology. 2019;10:1–18. https://doi.org/10.3389/fendo.2019.00279 

	 8.	 López-Olmeda JF. Nonphotic entrainment in fish. Comp Biochem Physiol A Mol Integr Physiol. 2017;203:133–43. https://doi.org/10.1016/j.
cbpa.2016.09.006 PMID: 27642096

	 9.	 Wilking M, Ndiaye M, Mukhtar H, Ahmad N. Circadian rhythm connections to oxidative stress: implications for human health. Antioxid Redox Sig-
nal. 2013;19(2):192–208. https://doi.org/10.1089/ars.2012.4889 PMID: 23198849

	10.	 Rijo-Ferreira F, Takahashi JS. Genomics of circadian rhythms in health and disease. Genome Med. 2019;11(1):82. https://doi.org/10.1186/s13073-
019-0704-0 PMID: 31847894

	11.	 Prokkola JM, Nikinmaa M. Circadian rhythms and environmental disturbances - underexplored interactions. J Exp Biol. 2018;221(Pt 16):jeb179267. 
https://doi.org/10.1242/jeb.179267 PMID: 30135177

	12.	 Falcón J, Torriglia A, Attia D, Viénot F, Gronfier C, Behar-Cohen F. Exposure to artificial light at night and the consequences for flora, fauna, and 
ecosystems. Frontiers in Neuroscience. 2020;14:1–39. https://doi.org/10.3389/fnins.2020.602796 

	13.	 Zhang R, Lahens NF, Ballance HI, Hughes ME, Hogenesch JB. A circadian gene expression atlas in mammals: implications for biology and medi-
cine. Proc Natl Acad Sci U S A. 2014;111(45):16219–24. https://doi.org/10.1073/pnas.1408886111 PMID: 25349387

https://doi.org/10.1038/s41580-019-0179-2
http://www.ncbi.nlm.nih.gov/pubmed/31768006
https://doi.org/10.1038/nrg1633
http://www.ncbi.nlm.nih.gov/pubmed/15951747
https://doi.org/10.1016/j.cophys.2018.07.004
https://doi.org/10.1016/j.cophys.2018.07.004
https://doi.org/10.1016/j.cub.2003.10.022
http://www.ncbi.nlm.nih.gov/pubmed/14653994
https://doi.org/10.1073/pnas.0600571103
https://doi.org/10.1073/pnas.0600571103
http://www.ncbi.nlm.nih.gov/pubmed/16537499
https://doi.org/10.3390/clockssleep5010007
https://doi.org/10.3390/clockssleep5010007
http://www.ncbi.nlm.nih.gov/pubmed/36810844
https://doi.org/10.3389/fendo.2019.00279
https://doi.org/10.1016/j.cbpa.2016.09.006
https://doi.org/10.1016/j.cbpa.2016.09.006
http://www.ncbi.nlm.nih.gov/pubmed/27642096
https://doi.org/10.1089/ars.2012.4889
http://www.ncbi.nlm.nih.gov/pubmed/23198849
https://doi.org/10.1186/s13073-019-0704-0
https://doi.org/10.1186/s13073-019-0704-0
http://www.ncbi.nlm.nih.gov/pubmed/31847894
https://doi.org/10.1242/jeb.179267
http://www.ncbi.nlm.nih.gov/pubmed/30135177
https://doi.org/10.3389/fnins.2020.602796
https://doi.org/10.1073/pnas.1408886111
http://www.ncbi.nlm.nih.gov/pubmed/25349387


PLOS Genetics | https://doi.org/10.1371/journal.pgen.1012287  August 31, 2026 21 / 24

	14.	 Forni D, Pozzoli U, Cagliani R, Tresoldi C, Menozzi G, Riva S, et al. Genetic adaptation of the human circadian clock to day-length latitudinal varia-
tions and relevance for affective disorders. Genome Biol. 2014;15(10):499. https://doi.org/10.1186/s13059-014-0499-7 PMID: 25358694

	15.	 Johnsen A, Fidler AE, Kuhn S, Carter KL, Hoffmann A, Barr IR, et al. Avian Clock gene polymorphism: evidence for a latitudinal cline in allele fre-
quencies. Mol Ecol. 2007;16(22):4867–80. https://doi.org/10.1111/j.1365-294X.2007.03552.x PMID: 17927702

	16.	 Liedvogel M, Szulkin M, Knowles SCL, Wood MJ, Sheldon BC. Phenotypic correlates of Clock gene variation in a wild blue tit population: evidence 
for a role in seasonal timing of reproduction. Mol Ecol. 2009;18(11):2444–56. https://doi.org/10.1111/j.1365-294X.2009.04204.x PMID: 19457200

	17.	 O’Malley KG, Banks MA. A latitudinal cline in the Chinook salmon (Oncorhynchus tshawytscha) Clock gene: evidence for selection on PolyQ length 
variants. Proc Biol Sci. 2008;275(1653):2813–21. https://doi.org/10.1098/rspb.2008.0524 PMID: 18713722

	18.	 Kyriacou CP, Peixoto AA, Sandrelli F, Costa R, Tauber E. Clines in clock genes: fine-tuning circadian rhythms to the environment. Trends Genet. 
2008;24(3):124–32. https://doi.org/10.1016/j.tig.2007.12.003 PMID: 18243399

	19.	 Preuss F, Tang Y, Laposky AD, Arble D, Keshavarzian A, Turek FW. Adverse effects of chronic circadian desynchronization in animals in a 
“challenging” environment. Am J Physiol Regul Integr Comp Physiol. 2008;295(6):R2034-40. https://doi.org/10.1152/ajpregu.00118.2008 PMID: 
18843092

	20.	 Amaral FG, Castrucci AM, Cipolla-Neto J, Poletini MO, Mendez N, Richter HG, et al. Environmental control of biological rhythms: effects on devel-
opment, fertility and metabolism. J Neuroendocrinol. 2014;26(9):603–12. https://doi.org/10.1111/jne.12144 PMID: 24617798

	21.	 Fusco F, Longo N, De Sio M, Arcaniolo D, Celentano G, Capece M, et al. Impact of Circadian Desynchrony on Spermatogenesis: A Mini Review. 
Front Endocrinol (Lausanne). 2021;12:800693. https://doi.org/10.3389/fendo.2021.800693 PMID: 34975770

	22.	 Spoelstra K, Wikelski M, Daan S, Loudon ASI, Hau M. Natural selection against a circadian clock gene mutation in mice. Proc Natl Acad Sci U S A. 
2016;113(3):686–91. https://doi.org/10.1073/pnas.1516442113 PMID: 26715747

	23.	 Beale AD, Whitmore D, Moran D. Life in a dark biosphere: a review of circadian physiology in “arrhythmic” environments. J Comp Physiol B. 
2016;186(8):947–68. https://doi.org/10.1007/s00360-016-1000-6 PMID: 27263116

	24.	 Williams CT, Barnes BM, Buck CL. Persistence, entrainment, and function of circadian rhythms in polar vertebrates. Physiology (Bethesda). 
2015;30(2):86–96. https://doi.org/10.1152/physiol.00045.2014 PMID: 25729054

	25.	 Huffeldt NP. Photic Barriers to Poleward Range-shifts. Trends Ecol Evol. 2020;35(8):652–5. https://doi.org/10.1016/j.tree.2020.04.011 PMID: 
32473743

	26.	 Fricke R, Fong JD. Genera/species by family/subfamily. Eschmeyer’s Catalog of Fishes. 2025 [cited 2025 May 26]. https://researcharchive.
calacademy.org/research/ichthyology/catalog/SpeciesByFamily.asp#Table2

	27.	 Rabosky DL, Chang J, Title PO, Cowman PF, Sallan L, Friedman M, et al. An inverse latitudinal gradient in speciation rate for marine fishes. 
Nature. 2018;559(7714):392–5. https://doi.org/10.1038/s41586-018-0273-1 PMID: 29973726

	28.	 Eastman JT. The Axes of Divergence for the Evolutionary Radiation of Notothenioid Fishes in Antarctica. Diversity. 2024;16(4):214. https://doi.
org/10.3390/d16040214 

	29.	 Friedman ST, Muñoz MM. A latitudinal gradient of deep-sea invasions for marine fishes. Nat Commun. 2023;14(1):773. https://doi.org/10.1038/
s41467-023-36501-4 PMID: 36774385

	30.	 Fujii T, Jamieson AJ, Solan M, Bagley PM, Priede IG. A Large Aggregation of Liparids at 7703 meters and a Reappraisal of the Abundance and 
Diversity of Hadal Fish. BioScience. 2010;60(7):506–15. https://doi.org/10.1525/bio.2010.60.7.6 

	31.	 Gerringer ME. On the Success of the Hadal Snailfishes. Integr Org Biol. 2019;1(1):obz004. https://doi.org/10.1093/iob/obz004 PMID: 33791521

	32.	 Gerringer ME, Linley TD, Nielsen JG. Revision of the depth record of bony fishes with notes on hadal snailfishes (Liparidae, Scorpaeniformes) and 
cusk eels (Ophidiidae, Ophidiiformes). Mar Biol. 2021;168:167. https://doi.org/10.1007/s00227-021-03950-8 

	33.	 Linley TD, Gerringer ME, Yancey PH, Drazen JC, Weinstock CL, Jamieson AJ. Fishes of the hadal zone including new species, in situ observa-
tions and depth records of Liparidae. Deep Sea Research Part I: Oceanographic Research Papers. 2016;114:99–110. https://doi.org/10.1016/j.
dsr.2016.05.003 

	34.	 Cheng CHC, Rivera-Colón AG, Minhas BF, Wilson L, Rayamajhi N, Vargas-Chacoff L. Chromosome-Level Genome Assembly and Circadian Gene 
Repertoire of the Patagonia Blennie Eleginops maclovinus - the Closest Ancestral Proxy of Antarctic Cryonotothenioids. Genomics. 2023. 

	35.	 Kim B-M, Amores A, Kang S, Ahn D-H, Kim J-H, Kim I-C, et al. Antarctic blackfin icefish genome reveals adaptations to extreme environments. Nat 
Ecol Evol. 2019;3(3):469–78. https://doi.org/10.1038/s41559-019-0812-7 PMID: 30804520

	36.	 Xu W, Zhu C, Gao X, Wu B, Xu H, Hu M, et al. Chromosome-level genome assembly of hadal snailfish reveals mechanisms of deep-sea adapta-
tion in vertebrates. Elife. 2023;12:RP87198. https://doi.org/10.7554/eLife.87198 PMID: 38134226

	37.	 Rivera-Colón AG, Rayamajhi N, Minhas BF, Madrigal G, Bilyk KT, Yoon V, et al. Genomics of Secondarily Temperate Adaptation in the Only 
Non-Antarctic Icefish. Mol Biol Evol. 2023;40(3):msad029. https://doi.org/10.1093/molbev/msad029 PMID: 36806940

	38.	 Campbell HA, Fraser KPP, Bishop CM, Peck LS, Egginton S. Hibernation in an antarctic fish: on ice for winter. PLoS One. 2008;3(3):e1743. https://
doi.org/10.1371/journal.pone.0001743 PMID: 18320061

	39.	 Brochu M-P, Aubin-Horth N. Shedding light on the circadian clock of the threespine stickleback. J Exp Biol. 2021;224(24):jeb242970. https://doi.
org/10.1242/jeb.242970 PMID: 34854903

https://doi.org/10.1186/s13059-014-0499-7
http://www.ncbi.nlm.nih.gov/pubmed/25358694
https://doi.org/10.1111/j.1365-294X.2007.03552.x
http://www.ncbi.nlm.nih.gov/pubmed/17927702
https://doi.org/10.1111/j.1365-294X.2009.04204.x
http://www.ncbi.nlm.nih.gov/pubmed/19457200
https://doi.org/10.1098/rspb.2008.0524
http://www.ncbi.nlm.nih.gov/pubmed/18713722
https://doi.org/10.1016/j.tig.2007.12.003
http://www.ncbi.nlm.nih.gov/pubmed/18243399
https://doi.org/10.1152/ajpregu.00118.2008
http://www.ncbi.nlm.nih.gov/pubmed/18843092
https://doi.org/10.1111/jne.12144
http://www.ncbi.nlm.nih.gov/pubmed/24617798
https://doi.org/10.3389/fendo.2021.800693
http://www.ncbi.nlm.nih.gov/pubmed/34975770
https://doi.org/10.1073/pnas.1516442113
http://www.ncbi.nlm.nih.gov/pubmed/26715747
https://doi.org/10.1007/s00360-016-1000-6
http://www.ncbi.nlm.nih.gov/pubmed/27263116
https://doi.org/10.1152/physiol.00045.2014
http://www.ncbi.nlm.nih.gov/pubmed/25729054
https://doi.org/10.1016/j.tree.2020.04.011
http://www.ncbi.nlm.nih.gov/pubmed/32473743
https://researcharchive.calacademy.org/research/ichthyology/catalog/SpeciesByFamily.asp#Table2
https://researcharchive.calacademy.org/research/ichthyology/catalog/SpeciesByFamily.asp#Table2
https://doi.org/10.1038/s41586-018-0273-1
http://www.ncbi.nlm.nih.gov/pubmed/29973726
https://doi.org/10.3390/d16040214
https://doi.org/10.3390/d16040214
https://doi.org/10.1038/s41467-023-36501-4
https://doi.org/10.1038/s41467-023-36501-4
http://www.ncbi.nlm.nih.gov/pubmed/36774385
https://doi.org/10.1525/bio.2010.60.7.6
https://doi.org/10.1093/iob/obz004
http://www.ncbi.nlm.nih.gov/pubmed/33791521
https://doi.org/10.1007/s00227-021-03950-8
https://doi.org/10.1016/j.dsr.2016.05.003
https://doi.org/10.1016/j.dsr.2016.05.003
https://doi.org/10.1038/s41559-019-0812-7
http://www.ncbi.nlm.nih.gov/pubmed/30804520
https://doi.org/10.7554/eLife.87198
http://www.ncbi.nlm.nih.gov/pubmed/38134226
https://doi.org/10.1093/molbev/msad029
http://www.ncbi.nlm.nih.gov/pubmed/36806940
https://doi.org/10.1371/journal.pone.0001743
https://doi.org/10.1371/journal.pone.0001743
http://www.ncbi.nlm.nih.gov/pubmed/18320061
https://doi.org/10.1242/jeb.242970
https://doi.org/10.1242/jeb.242970
http://www.ncbi.nlm.nih.gov/pubmed/34854903


PLOS Genetics | https://doi.org/10.1371/journal.pgen.1012287  August 31, 2026 22 / 24

	40.	 Andreasson S. Seasonal Changes in Diel Activity of Cottus Poecilopus and C. Gobio (Pisces) at the Arctic Circle. Oikos. 1973;24(1):16. https://doi.
org/10.2307/3543248 

	41.	 Landry JJ, Kessel ST, McLean MF, Ivanova SV, Hussey NE, O’Neill C. Movement types of an Arctic benthic fish, shorthorn sculpin (Myoxocepha-
lus scorpius), during open-water periods in response to biotic and abiotic factors. Can J Fish Aquat Sci. 2019;76:626–35. https://doi.org/10.1139/
cjfas-2017-0389 

	42.	 Toloza-Villalobos J, Arroyo JI, Opazo JC. The circadian clock of teleost fish: a comparative analysis reveals distinct fates for duplicated genes. J 
Mol Evol. 2015;80(1):57–64. https://doi.org/10.1007/s00239-014-9660-x PMID: 25487517

	43.	 Fagiani F, Di Marino D, Romagnoli A, Travelli C, Voltan D, Di Cesare Mannelli L, et al. Molecular regulations of circadian rhythm and implications 
for physiology and diseases. Signal Transduct Target Ther. 2022;7(1):41. https://doi.org/10.1038/s41392-022-00899-y PMID: 35136018

	44.	 Wang H. Comparative analysis of teleost fish genomes reveals preservation of different ancient clock duplicates in different fishes. Mar Genomics. 
2008;1(2):69–78. https://doi.org/10.1016/j.margen.2008.06.003 PMID: 21798156

	45.	 Wang H. Comparative genomic analysis of teleost fish bmal genes. Genetica. 2009;136(1):149–61. https://doi.org/10.1007/s10709-008-9328-9 
PMID: 18850331

	46.	 Mei Q, Sadovy Y, Dvornyk V. Molecular evolution of cryptochromes in fishes. Gene. 2015;574(1):112–20. https://doi.org/10.1016/j.
gene.2015.07.086 PMID: 26238701

	47.	 Liu C, Hu J, Qu C, Wang L, Huang G, Niu P, et al. Molecular evolution and functional divergence of zebrafish (Danio rerio) cryptochrome genes. 
Sci Rep. 2015;5:8113. https://doi.org/10.1038/srep08113 PMID: 25630924

	48.	 Wang H. Comparative analysis of period genes in teleost fish genomes. J Mol Evol. 2008;67(1):29–40. https://doi.org/10.1007/s00239-008-9121-5 
PMID: 18535754

	49.	 Kwak JS, León-Tapia MÁ, Diblasi C, Manousi D, Grønvold L, Sandvik GK, et al. Functional and regulatory diversification of Period genes responsi-
ble for circadian rhythm in vertebrates. G3 (Bethesda). 2024;14(10):jkae162. https://doi.org/10.1093/g3journal/jkae162 PMID: 39028850

	50.	 Balay SD, Widen SA, Waskiewicz AJ. Analysis of zebrafish cryptochrome2 and 4 expression in UV cone photoreceptors. Gene Expr Patterns. 
2020;35:119100. https://doi.org/10.1016/j.gep.2020.119100 PMID: 32088341

	51.	 Daiyasu H, Ishikawa T, Kuma K, Iwai S, Todo T, Toh H. Identification of cryptochrome DASH from vertebrates. Genes Cells. 2004;9(5):479–95. 
https://doi.org/10.1111/j.1356-9597.2004.00738.x PMID: 15147276

	52.	 Kiontke S, Göbel T, Brych A, Batschauer A. DASH-type cryptochromes - solved and open questions. Biol Chem. 2020;401: 1487–93. https://doi.
org/10.1515/hsz-2020-0182

	53.	 Gallego M, Virshup DM. Post-translational modifications regulate the ticking of the circadian clock. Nat Rev Mol Cell Biol. 2007;8(2):139–48. https://
doi.org/10.1038/nrm2106 PMID: 17245414

	54.	 Smadja Storz S, Tovin A, Mracek P, Alon S, Foulkes NS, Gothilf Y. Casein kinase 1δ activity: a key element in the zebrafish circadian timing sys-
tem. PLoS One. 2013;8(1):e54189. https://doi.org/10.1371/journal.pone.0054189 PMID: 23349822

	55.	 Hirano A, Fu YH, Ptáček LJ. The intricate dance of post-translational modifications in the rhythm of life. Nat Struct Mol Biol. 2016;23:1053–60. 
https://doi.org/10.1038/nsmb.3326 

	56.	 Cai YD, Chiu JC. Timeless in animal circadian clocks and beyond. FEBS J. 2022;289(21):6559–75. https://doi.org/10.1111/febs.16253 PMID: 
34699674

	57.	 Preitner N, Damiola F, Lopez-Molina L, Zakany J, Duboule D, Albrecht U, et al. The orphan nuclear receptor REV-ERBalpha controls circadian tran-
scription within the positive limb of the mammalian circadian oscillator. Cell. 2002;110(2):251–60. https://doi.org/10.1016/s0092-8674(02)00825-5 
PMID: 12150932

	58.	 Sato TK, Panda S, Miraglia LJ, Reyes TM, Rudic RD, McNamara P, et al. A functional genomics strategy reveals Rora as a component of the 
mammalian circadian clock. Neuron. 2004;43(4):527–37. https://doi.org/10.1016/j.neuron.2004.07.018 PMID: 15312651

	59.	 Takeda Y, Jothi R, Birault V, Jetten AM. RORγ directly regulates the circadian expression of clock genes and downstream targets in vivo. Nucleic 
Acids Res. 2012;40(17):8519–35. https://doi.org/10.1093/nar/gks630 PMID: 22753030

	60.	 Kirilenko BM, Munegowda C, Osipova E, Jebb D, Sharma V, Blumer M, et al. Integrating gene annotation with orthology inference at scale. Sci-
ence. 2023;380(6643):eabn3107. https://doi.org/10.1126/science.abn3107 PMID: 37104600

	61.	 Slater GSC, Birney E. Automated generation of heuristics for biological sequence comparison. BMC Bioinformatics. 2005;6:31. https://doi.
org/10.1186/1471-2105-6-31 PMID: 15713233

	62.	 Xu H, Fang C, Xu W, Wang C, Song Y, Zhu C, et al. Evolution and genetic adaptation of fishes to the deep sea. Cell. 2025;188(5):1393-1408.e13. 
https://doi.org/10.1016/j.cell.2025.01.002 PMID: 40054449

	63.	 Jetten AM. Retinoid-related orphan receptors (RORs): critical roles in development, immunity, circadian rhythm, and cellular metabolism. Nucl 
Recept Signal. 2009;7:e003. https://doi.org/10.1621/nrs.07003 PMID: 19381306

	64.	 Romero-Franco A, Checa-Rodríguez C, Jimeno S, Castellano-Pozo M, Aguilera P, Miras H, et al. Circadian regulation of homologous recombina-
tion by cryptochrome1-mediated dampening of DNA end resection. Nat Commun. 2025;16(1):10802. https://doi.org/10.1038/s41467-025-65854-1 
PMID: 41326346

https://doi.org/10.2307/3543248
https://doi.org/10.2307/3543248
https://doi.org/10.1139/cjfas-2017-0389
https://doi.org/10.1139/cjfas-2017-0389
https://doi.org/10.1007/s00239-014-9660-x
http://www.ncbi.nlm.nih.gov/pubmed/25487517
https://doi.org/10.1038/s41392-022-00899-y
http://www.ncbi.nlm.nih.gov/pubmed/35136018
https://doi.org/10.1016/j.margen.2008.06.003
http://www.ncbi.nlm.nih.gov/pubmed/21798156
https://doi.org/10.1007/s10709-008-9328-9
http://www.ncbi.nlm.nih.gov/pubmed/18850331
https://doi.org/10.1016/j.gene.2015.07.086
https://doi.org/10.1016/j.gene.2015.07.086
http://www.ncbi.nlm.nih.gov/pubmed/26238701
https://doi.org/10.1038/srep08113
http://www.ncbi.nlm.nih.gov/pubmed/25630924
https://doi.org/10.1007/s00239-008-9121-5
http://www.ncbi.nlm.nih.gov/pubmed/18535754
https://doi.org/10.1093/g3journal/jkae162
http://www.ncbi.nlm.nih.gov/pubmed/39028850
https://doi.org/10.1016/j.gep.2020.119100
http://www.ncbi.nlm.nih.gov/pubmed/32088341
https://doi.org/10.1111/j.1356-9597.2004.00738.x
http://www.ncbi.nlm.nih.gov/pubmed/15147276
https://doi.org/10.1515/hsz-2020-0182
https://doi.org/10.1515/hsz-2020-0182
https://doi.org/10.1038/nrm2106
https://doi.org/10.1038/nrm2106
http://www.ncbi.nlm.nih.gov/pubmed/17245414
https://doi.org/10.1371/journal.pone.0054189
http://www.ncbi.nlm.nih.gov/pubmed/23349822
https://doi.org/10.1038/nsmb.3326
https://doi.org/10.1111/febs.16253
http://www.ncbi.nlm.nih.gov/pubmed/34699674
https://doi.org/10.1016/s0092-8674(02)00825-5
http://www.ncbi.nlm.nih.gov/pubmed/12150932
https://doi.org/10.1016/j.neuron.2004.07.018
http://www.ncbi.nlm.nih.gov/pubmed/15312651
https://doi.org/10.1093/nar/gks630
http://www.ncbi.nlm.nih.gov/pubmed/22753030
https://doi.org/10.1126/science.abn3107
http://www.ncbi.nlm.nih.gov/pubmed/37104600
https://doi.org/10.1186/1471-2105-6-31
https://doi.org/10.1186/1471-2105-6-31
http://www.ncbi.nlm.nih.gov/pubmed/15713233
https://doi.org/10.1016/j.cell.2025.01.002
http://www.ncbi.nlm.nih.gov/pubmed/40054449
https://doi.org/10.1621/nrs.07003
http://www.ncbi.nlm.nih.gov/pubmed/19381306
https://doi.org/10.1038/s41467-025-65854-1
http://www.ncbi.nlm.nih.gov/pubmed/41326346


PLOS Genetics | https://doi.org/10.1371/journal.pgen.1012287  August 31, 2026 23 / 24

	65.	 Bolton CM, Bekaert M, Eilertsen M, Helvik JV, Migaud H. Rhythmic Clock Gene Expression in Atlantic Salmon Parr Brain. Front Physiol. 
2021;12:761109. https://doi.org/10.3389/fphys.2021.761109 PMID: 34925060

	66.	 Murgo E, Colangelo T, Bellet MM, Malatesta F, Mazzoccoli G. Role of the Circadian Gas-Responsive Hemeprotein NPAS2 in Physiology and 
Pathology. Biology (Basel). 2023;12(10):1354. https://doi.org/10.3390/biology12101354 PMID: 37887064

	67.	 Rutter J, Reick M, Wu LC, McKnight SL. Regulation of clock and NPAS2 DNA binding by the redox state of NAD cofactors. Science. 
2001;293(5529):510–4. https://doi.org/10.1126/science.1060698 PMID: 11441146

	68.	 Daane JM, Detrich HW 3rd. Adaptations and Diversity of Antarctic Fishes: A Genomic Perspective. Annu Rev Anim Biosci. 2022;10:39–62. https://
doi.org/10.1146/annurev-animal-081221-064325 PMID: 34748709

	69.	 Hiller M, Schaar BT, Indjeian VB, Kingsley DM, Hagey LR, Bejerano G. A “forward genomics” approach links genotype to phenotype using indepen-
dent phenotypic losses among related species. Cell Rep. 2012;2(4):817–23. https://doi.org/10.1016/j.celrep.2012.08.032 PMID: 23022484

	70.	 Daane JM, Rohner N, Konstantinidis P, Djuranovic S, Harris MP. Parallelism and Epistasis in Skeletal Evolution Identified through Use of Phyloge-
nomic Mapping Strategies. Mol Biol Evol. 2016;33(1):162–73. https://doi.org/10.1093/molbev/msv208 PMID: 26452532

	71.	 Indrischek H, Hammer J, Machate A, Hecker N, Kirilenko B, Roscito J, et al. Vision-related convergent gene losses reveal SERPINE3’s unknown 
role in the eye. Elife. 2022;11:e77999. https://doi.org/10.7554/eLife.77999 PMID: 35727138

	72.	 Beale A, Guibal C, Tamai TK, Klotz L, Cowen S, Peyric E, et al. Circadian rhythms in Mexican blind cavefish Astyanax mexicanus in the lab and in 
the field. Nat Commun. 2013;4:2769. https://doi.org/10.1038/ncomms3769 PMID: 24225650

	73.	 Colli L, Paglianti A, Berti R, Gandolfi G, Tagliavini J. Molecular phylogeny of the blind cavefish Phreatichthys andruzzii and Garra barreimiae within 
the family Cyprinidae. Environ Biol Fish. 2008;84(1):95–107. https://doi.org/10.1007/s10641-008-9393-z 

	74.	 Ceinos RM, Frigato E, Pagano C, Fröhlich N, Negrini P, Cavallari N, et al. Mutations in blind cavefish target the light-regulated circadian clock 
gene, period 2. Sci Rep. 2018;8(1):8754. https://doi.org/10.1038/s41598-018-27080-2 PMID: 29884790

	75.	 Cavallari N, Frigato E, Vallone D, Fröhlich N, Lopez-Olmeda JF, Foà A, et al. A blind circadian clock in cavefish reveals that opsins mediate periph-
eral clock photoreception. PLoS Biol. 2011;9(9):e1001142. https://doi.org/10.1371/journal.pbio.1001142 PMID: 21909239

	76.	 Wagner H-J, Kemp K, Mattheus U, Priede IG. Rhythms at the bottom of the deep sea: Cyclic current flow changes and melatonin patterns in 
two species of demersal fish. Deep Sea Research Part I: Oceanographic Research Papers. 2007;54(11):1944–56. https://doi.org/10.1016/j.
dsr.2007.08.005 

	77.	 Smith KLJ, Laver MB. Respiration of the bathypelagic fish Cyclothone acclinidens. Marine Biology. 1981;61:261–6. https://doi.org/10.1007/
bf00401564 

	78.	 Mat AM, Sarrazin J, Markov GV, Apremont V, Dubreuil C, Eché C, et al. Biological rhythms in the deep-sea hydrothermal mussel Bathymodiolus 
azoricus. Nat Commun. 2020;11(1):3454. https://doi.org/10.1038/s41467-020-17284-4 PMID: 32651383

	79.	 Cummings SM, Morgan E. Time-keeping system of the eel pout, Zoarces viviparus. Chronobiol Int. 2001;18(1):27–46. https://doi.org/10.1081/cbi-
100001173 PMID: 11247112

	80.	 Fuiman L, Davis R, Williams T. Behavior of midwater fishes under the Antarctic ice: observations by a predator. Marine Biology. 2002;140:815–22. 
https://doi.org/10.1007/s00227-001-0752-y 

	81.	 O’Driscoll RL, Ladroit Y, Parker SJ, Vacchi M, Canese S, Ghigliotti L. Acoustic deployments reveal Antarctic silverfish under ice in the Ross Sea. 
Antarct Sci. 2018;30:345–53. https://doi.org/10.1017/s0954102018000366 

	82.	 O’Driscoll RL, Macaulay GJ, Gauthier S, Pinkerton M, Hanchet S. Distribution, abundance and acoustic properties of Antarctic silverfish (Pleu-
ragramma antarcticum) in the Ross Sea. Deep Sea Research Part II: Topical Studies in Oceanography. 2011;58(1–2):181–95. https://doi.
org/10.1016/j.dsr2.2010.05.018 

	83.	 Robison BH. What drives the diel vertical migrations of Antarctic midwater fish?. J Mar Biol Assoc U K. 2003;83:639–42. https://doi.org/10.1017/
s0025315403007586h 

	84.	 Brandt SB. Ontogenetic shifts in habitat, diet, and diel-feeding periodicity of slimy sculpin in Lake Ontario. Transactions of the American Fisheries 
Society. 1986;115:711–5. https://doi.org/10.1577/1548-8659(1986)115%3C711:osihda%3E2.0.co;2 

	85.	 Kent WJ, Baertsch R, Hinrichs A, Miller W, Haussler D. Evolution’s cauldron: duplication, deletion, and rearrangement in the mouse and human 
genomes. Proc Natl Acad Sci U S A. 2003;100(20):11484–9. https://doi.org/10.1073/pnas.1932072100 PMID: 14500911

	86.	 Suarez HG, Langer BE, Ladde P, Hiller M. chainCleaner improves genome alignment specificity and sensitivity. Bioinformatics. 2017;33(11):1596–
603. https://doi.org/10.1093/bioinformatics/btx024 PMID: 28108446

	87.	 Osipova E, Hecker N, Hiller M. RepeatFiller newly identifies megabases of aligning repetitive sequences and improves annotations of conserved 
non-exonic elements. Gigascience. 2019;8(11):giz132. https://doi.org/10.1093/gigascience/giz132 PMID: 31742600

	88.	 Sharma V, Hecker N, Roscito JG, Foerster L, Langer BE, Hiller M. A genomics approach reveals insights into the importance of gene losses for 
mammalian adaptations. Nat Commun. 2018;9(1):1215. https://doi.org/10.1038/s41467-018-03667-1 PMID: 29572503

	89.	 Emms DM, Kelly S. OrthoFinder: phylogenetic orthology inference for comparative genomics. Genome Biol. 2019;20(1):238. https://doi.
org/10.1186/s13059-019-1832-y PMID: 31727128

	90.	 Bastian FB, Roux J, Niknejad A, Comte A, Fonseca Costa SS, de Farias TM, et al. The Bgee suite: integrated curated expression atlas and com-
parative transcriptomics in animals. Nucleic Acids Res. 2021;49(D1):D831–47. https://doi.org/10.1093/nar/gkaa793 PMID: 33037820

https://doi.org/10.3389/fphys.2021.761109
http://www.ncbi.nlm.nih.gov/pubmed/34925060
https://doi.org/10.3390/biology12101354
http://www.ncbi.nlm.nih.gov/pubmed/37887064
https://doi.org/10.1126/science.1060698
http://www.ncbi.nlm.nih.gov/pubmed/11441146
https://doi.org/10.1146/annurev-animal-081221-064325
https://doi.org/10.1146/annurev-animal-081221-064325
http://www.ncbi.nlm.nih.gov/pubmed/34748709
https://doi.org/10.1016/j.celrep.2012.08.032
http://www.ncbi.nlm.nih.gov/pubmed/23022484
https://doi.org/10.1093/molbev/msv208
http://www.ncbi.nlm.nih.gov/pubmed/26452532
https://doi.org/10.7554/eLife.77999
http://www.ncbi.nlm.nih.gov/pubmed/35727138
https://doi.org/10.1038/ncomms3769
http://www.ncbi.nlm.nih.gov/pubmed/24225650
https://doi.org/10.1007/s10641-008-9393-z
https://doi.org/10.1038/s41598-018-27080-2
http://www.ncbi.nlm.nih.gov/pubmed/29884790
https://doi.org/10.1371/journal.pbio.1001142
http://www.ncbi.nlm.nih.gov/pubmed/21909239
https://doi.org/10.1016/j.dsr.2007.08.005
https://doi.org/10.1016/j.dsr.2007.08.005
https://doi.org/10.1007/bf00401564
https://doi.org/10.1007/bf00401564
https://doi.org/10.1038/s41467-020-17284-4
http://www.ncbi.nlm.nih.gov/pubmed/32651383
https://doi.org/10.1081/cbi-100001173
https://doi.org/10.1081/cbi-100001173
http://www.ncbi.nlm.nih.gov/pubmed/11247112
https://doi.org/10.1007/s00227-001-0752-y
https://doi.org/10.1017/s0954102018000366
https://doi.org/10.1016/j.dsr2.2010.05.018
https://doi.org/10.1016/j.dsr2.2010.05.018
https://doi.org/10.1017/s0025315403007586h
https://doi.org/10.1017/s0025315403007586h
https://doi.org/10.1577/1548-8659(1986)115%3C711:osihda%3E2.0.co;2
https://doi.org/10.1073/pnas.1932072100
http://www.ncbi.nlm.nih.gov/pubmed/14500911
https://doi.org/10.1093/bioinformatics/btx024
http://www.ncbi.nlm.nih.gov/pubmed/28108446
https://doi.org/10.1093/gigascience/giz132
http://www.ncbi.nlm.nih.gov/pubmed/31742600
https://doi.org/10.1038/s41467-018-03667-1
http://www.ncbi.nlm.nih.gov/pubmed/29572503
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1186/s13059-019-1832-y
http://www.ncbi.nlm.nih.gov/pubmed/31727128
https://doi.org/10.1093/nar/gkaa793
http://www.ncbi.nlm.nih.gov/pubmed/33037820


PLOS Genetics | https://doi.org/10.1371/journal.pgen.1012287  August 31, 2026 24 / 24

	 91.	 Li H. Protein-to-genome alignment with miniprot. Bioinformatics. 2023;39(1):btad014. https://doi.org/10.1093/bioinformatics/btad014 PMID: 
36648328

	 92.	 Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, et al. BLAST+: architecture and applications. BMC Bioinformatics. 
2009;10:421. https://doi.org/10.1186/1471-2105-10-421 PMID: 20003500

	 93.	 Keilwagen J, Hartung F, Grau J. GeMoMa: Homology-Based Gene Prediction Utilizing Intron Position Conservation and RNA-seq Data. Methods 
Mol Biol. 2019;1962:161–77. https://doi.org/10.1007/978-1-4939-9173-0_9 PMID: 31020559

	 94.	 Mendes FK, Vanderpool D, Fulton B, Hahn MW. CAFE 5 models variation in evolutionary rates among gene families. Bioinformatics. 2021;36(22–
23):5516–8. https://doi.org/10.1093/bioinformatics/btaa1022 PMID: 33325502

	 95.	 Huelsenbeck JP, Nielsen R, Bollback JP. Stochastic mapping of morphological characters. Syst Biol. 2003;52(2):131–58. https://doi.
org/10.1080/10635150390192780 PMID: 12746144

	 96.	 Revell LJ. phytools: an R package for phylogenetic comparative biology (and other things). Methods Ecol Evol. 2011;3(2):217–23. https://doi.
org/10.1111/j.2041-210x.2011.00169.x 

	 97.	 Revell LJ. phytools 2.0: an updated R ecosystem for phylogenetic comparative methods (and other things). PeerJ. 2024;12:e16505. https://doi.
org/10.7717/peerj.16505 PMID: 38192598

	 98.	 Ready J, Kaschner K, South AB, Eastwood PD, Rees T, Rius J, et al. Predicting the distributions of marine organisms at the global scale. Ecol 
Modell. 2010;221:467–78. https://doi.org/10.1016/j.ecolmodel.2009.10.025 

	 99.	 Ho L si T, Ané C. A linear-time algorithm for Gaussian and non-Gaussian trait evolution models. Syst Biol. 2014;63(3):397–408. https://doi.
org/10.1093/sysbio/syu005 PMID: 24500037

	100.	 Ives AR, Garland T Jr. Phylogenetic logistic regression for binary dependent variables. Syst Biol. 2010;59(1):9–26. https://doi.org/10.1093/sysbio/
syp074 PMID: 20525617

	101.	 Paradis E, Claude J. Analysis of comparative data using generalized estimating equations. J Theor Biol. 2002;218(2):175–85. https://doi.
org/10.1006/jtbi.2002.3066 PMID: 12381290

	102.	 Hadfield JD. MCMC methods for multi-response generalized linear mixed models: The MCMCglmm R package. J Stat Softw. 2010;33:1–22. 
https://doi.org/10.18637/jss.v033.i02 

	103.	 Zhang Y, Timmerhaus G, Anttila K, Mauduit F, Jørgensen SM, Kristensen T, et al. Domestication compromises athleticism and respiratory 
plasticity in response to aerobic exercise training in Atlantic salmon (Salmo salar). Aquaculture. 2016;463:79–88. https://doi.org/10.1016/j.
aquaculture.2016.05.015 

	104.	 Zhang Y, Mauduit F, Farrell AP, Chabot D, Ollivier H, Rio-Cabello A, et al. Exposure of European sea bass (Dicentrarchus labrax) to chemically 
dispersed oil has a chronic residual effect on hypoxia tolerance but not aerobic scope. Aquat Toxicol. 2017;191:95–104. https://doi.org/10.1016/j.
aquatox.2017.07.020 PMID: 28806602

	105.	 Zhang Y, Montgomery DW, White CF, Richards JG, Brauner CJ, Farrell AP. Characterizing the hypoxic performance of a fish using a new metric: 
PAAS-50. J Exp Biol. 2022;225(11):jeb244239. https://doi.org/10.1242/jeb.244239 PMID: 35502769

	106.	 Chabot D, Zhang Y, Farrell AP. Valid oxygen uptake measurements: using high r2 values with good intentions can bias upward the determination 
of standard metabolic rate. J Fish Biol. 2021;98(5):1206–16. https://doi.org/10.1111/jfb.14650 PMID: 33332581

https://doi.org/10.1093/bioinformatics/btad014
http://www.ncbi.nlm.nih.gov/pubmed/36648328
https://doi.org/10.1186/1471-2105-10-421
http://www.ncbi.nlm.nih.gov/pubmed/20003500
https://doi.org/10.1007/978-1-4939-9173-0_9
http://www.ncbi.nlm.nih.gov/pubmed/31020559
https://doi.org/10.1093/bioinformatics/btaa1022
http://www.ncbi.nlm.nih.gov/pubmed/33325502
https://doi.org/10.1080/10635150390192780
https://doi.org/10.1080/10635150390192780
http://www.ncbi.nlm.nih.gov/pubmed/12746144
https://doi.org/10.1111/j.2041-210x.2011.00169.x
https://doi.org/10.1111/j.2041-210x.2011.00169.x
https://doi.org/10.7717/peerj.16505
https://doi.org/10.7717/peerj.16505
http://www.ncbi.nlm.nih.gov/pubmed/38192598
https://doi.org/10.1016/j.ecolmodel.2009.10.025
https://doi.org/10.1093/sysbio/syu005
https://doi.org/10.1093/sysbio/syu005
http://www.ncbi.nlm.nih.gov/pubmed/24500037
https://doi.org/10.1093/sysbio/syp074
https://doi.org/10.1093/sysbio/syp074
http://www.ncbi.nlm.nih.gov/pubmed/20525617
https://doi.org/10.1006/jtbi.2002.3066
https://doi.org/10.1006/jtbi.2002.3066
http://www.ncbi.nlm.nih.gov/pubmed/12381290
https://doi.org/10.18637/jss.v033.i02
https://doi.org/10.1016/j.aquaculture.2016.05.015
https://doi.org/10.1016/j.aquaculture.2016.05.015
https://doi.org/10.1016/j.aquatox.2017.07.020
https://doi.org/10.1016/j.aquatox.2017.07.020
http://www.ncbi.nlm.nih.gov/pubmed/28806602
https://doi.org/10.1242/jeb.244239
http://www.ncbi.nlm.nih.gov/pubmed/35502769
https://doi.org/10.1111/jfb.14650
http://www.ncbi.nlm.nih.gov/pubmed/33332581

	Convergent latitudinal erosion of circadian systems in a rapidly diversifying order of fishes
	Introduction
	Results
	Curation of core biological clock components in Perciformes‌‌
	Patterns of biological clock gene loss in Perciformes
	Mutational profiles in clock genes
	Convergent patterns of clock gene loss and habitat use in Perciformes
	Clock gene loss is correlated with latitude
	Apparent absence of circadian rhythms in the metabolic rate of Notothenioidei

	Discussion
	Streamlining the perciform biological clock gene set
	Lack of metabolic rhythms across Notothenioidei and Cottoidei
	Clocks and survival in high latitudes and the deep sea
	Summary

	Materials & methods
	Ethics statement
	Genome alignment, ortholog calling, and determination of gene status
	Stochastic character mapping
	Enrichment of clock gene losses in perciform genomes
	Correlation of clock gene loss and the environment
	Collection and housing of experimental animals
	Aerobic metabolic rate
	Aerobic metabolic rate calculations
	Modeling of the metabolic profiles

	Supporting information
	References


