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SUMMARY
Drosophila-type timeless (dTIM) is a key clock protein in fruit flies, regulating rhythmicity and light-mediated
entrainment. However, functional experiments indicate that its contribution to the clock differs in various in-
sects. Therefore, we conducted a comprehensive phylogenetic analysis of dTIM across animals and dated its
origin, gene duplications, and losses. We identified variable and conserved protein domains and pinpointed
animal lineages that underwent the biggest changes in dTIM. While dTIM modifications are only mildly
affected by changes in the PER protein, even the complete loss of PER in echinoderms had no impact on
dTIM. However, changes in dTIM always co-occur with the loss of CRYPTOCHROMES or JETLAG. This is
exemplified by the remarkably accelerated evolution of dTIM in phylloxera and aphids. Finally, alternative
d-tim splicing, characteristic of Drosophila melanogaster temperature-dependent function, is conserved
to some extent in Diptera, albeit with unique alterations. Altogether, this study pinpoints major changes
that shaped dTIM evolution.
INTRODUCTION

The majority of life forms are exposed to periodic alteration of

day and night. Anticipating environmental changes such as

dawn, dusk, or midday heat provides a significant advantage

to various organisms. Circadian clocks, the molecular devices

‘ticking’ with an approximately 24-h period, have evolved inde-

pendently in cyanobacteria, plants, fungi, and animals.1,2

Despite their independent origins, some molecular mechanisms

appear to be conserved.3 The animal circadian clock, best

characterized in the fruit fly Drosophila melanogaster and

mouse Mus musculus, operates through several interconnected

transcription-translation feedback loops (TTFLs).2,4 These clock

components are broadly conserved across bilaterian animals,

with some traceable back to cnidarians.5,6 Key transcription

factors, such as CLOCK and CYCLE (with the transactivation

domain of CYCLE uniquely lost in Drosophila and other cyclo-

rrhaphan flies) or CLOCK and BMAL1 (in most other species),

are integral to the circadian clock.7,8 These transcription factors

belong to the basic-helix-loop-helix (bHLH) Period-Arnt-

Singleminded (PAS) protein family and act as critical activators

of the clock.9–12

CLK and CYC/BMAL1 drive the expression of both positive

and negative regulators in the circadian clock. In Drosophila,

the key negative regulators are the PERIOD (PER) and

Drosophila-type TIMELESS (dTIM) proteins. In the original de-

scriptions and much of the literature, this protein/gene is often

referred to simply as TIM/tim. To avoid confusion with the
iScience 28, 112338, M
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mammalian type of the protein/gene (mTIM/m-tim), we strictly

use the ‘‘d’’ or ‘‘m’’ prefix throughout this text.

In contrast to Drosophila, the mammalian clock relies on

PER proteins (three paralogs in mice) and mammalian-type

CRYPTOCHROMEs (mCRYs; two paralogs in mice), sometimes

referred to as CRY2-type.13,14 CRYs are phylogenetically related

to photolyases, although mCRYs have lost their ability to detect

light.15 The Drosophila-type CRY (dCRY, also known as CRY1-

type) serves as a key photoreceptor in brain neurons responsible

for clock entrainment.16–18 However, dCRYmay also function as

a repressor in the peripheral clock ofDrosophila.19 This latter role

facilitated its identification in a screen for mutants affecting peri-

odic luciferase oscillations.20

Over time, various methods and approaches have elucidated

the molecular mechanisms of the clock, including protein-protein

interactions. Classical mutagenesis and genetic mapping were

instrumental in identifying the first circadian clock components,

while techniques like yeast two-hybrid assays, co-immunoprecip-

itation, and co-transfection experiments (comparing wild-type

and mutant versions) revealed interactions among these compo-

nents. For example, several key domains have been identified

within the dTIM protein: two regions essential for binding PER

(PER-binding #1 and PER-binding #2), a cytoplasmic localization

domain (CLD), a nuclear localization signal (NLS), and a region

where Importin binds21–23 (Figure 1C). The dynamics of PER-

dTIM interaction have been studied in great detail using fluores-

cence resonance energy transfer (FRET) in Drosophila Schneider

2 (S2) cells. While the PER-dTIM interaction is essential for the
ay 16, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 1. Phylogeny of dTIM (Drosophila-

type timeless), mTIM (mammalian-

type timeless), and TOF (Topoisomerase

1-associated Factor)

(A) A tree inferred from protein sequence align-

ment using RAxML maximum likelihood GAMMA-

based model. Major groups are highlighted, and

arrowheads indicate the position of particular

model species. Bootstrap values (inferred from

500 replicates) are shown in %. For the detailed

tree including all bootstrap values see Figure S1.

(B) Distribution and mutual exclusivity of mTIM

and TOF suggest that these proteins are orthologs

specific to animals (mTIM) and plant/fungi/di-

atoms (TOF), respectively. dTIM is found only in

Bilateria, including two basal deuterostome line-

ages (Hemichordata, Echinodermata) and the

majority of Protostomia. Therefore, dTIM has been

independently lost in chordates, platyhelminths,

nematodes, scorpions, termites, hymenopterans,

and amphipod Crustacea (e.g., Parhyale). For

evidence supporting gene loss, see Table S1.

(C) A schematic model of Drosophila dTIM illus-

trates its major functional domains. Protein align-

ment of dTIM, mTIM, and TOF highlights expan-

sions and deletions, including a dTIM-specific

deletion within PER-interaction domain #2 (light

brown), which is conserved from the sea urchin

(Strongylocentrotus) to Drosophila.
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nuclear translocation of both proteins, once inside the nucleus

either the topology of the proteins or their interaction changes.24,25

Additionally, nuclear export signals are critical for the proper func-

tioning of both dTIM and PER.26,27 The stability of dTIM is further

regulated by phosphorylation,with shaggy (GSK) andCK2 playing

major roles in this process.28

The interaction between PER and dTIM is crucial not only for

maintaining circadian rhythms under constant conditions but

also as part of the entrainment (clock synchronization) mecha-

nism. Since PER is stabilized by dTIM, depletion of dTIM in the

morning results in a phase advance, whereas evening depletion

triggers a phase delay. Light-mediated degradation of dTIM re-

quires interaction between dTIM, dCRY, and JETLAG.29 Flies

with mutated or absent dCRY30,31 or mutated JETLAG32,33

remain rhythmic under constant light—conditions that cause

arrhythmicity in wild-type flies. JETLAG, an F box protein with

leucine-rich repeats, targets dTIM for light-induced degrada-

tion. Meanwhile, dCRY polyubiquitination and subsequent

degradation are triggered by Ramshackle (BRWD3).34 Beyond

its role in light input, dCRY also contributes to the robustness

of rhythmicity under constant conditions at low temperatures

in Drosophila.31 In the monarch butterfly, Danaus plexippus,

dCRY depletion reduces eclosion rhythmicity and impairs the

robustness of periodic clock gene expression in the brain.35

Similarly, in the silkworm Bombyx mori, a dCRY knockout strain

exhibited arrhythmic eclosion, and mutant females were unable

to properly measure photoperiod.36

The role of dTIM in seasonality is supported by studies on a

unique mutant in the drosophilid fly Chymomyza costata. This
2 iScience 28, 112338, May 16, 2025
species inhabits temperate regions and must synchronize its

development with seasonal changes. Long photoperiods pro-

mote direct larval development during early instars, whereas

short photoperiods induce a developmental arrest known as

diapause.37 Photoperiodic time measurement requires a func-

tional d-tim gene, as indicated by mapping a non-photoperiodic

diapause mutation to the timeless gene. This mutation involves

an approximately 3-kbp deletion in the promoter region,

removing cis-regulatory sequences essential for transcrip-

tion.38,39 There has been an ongoing debate regarding whether

the reproductive arrest triggered by low temperature and short

photoperiods in Drosophila melanogaster constitutes diapause

or quiescence. The definition of diapause as an anticipatory

mechanism to prepare for harsh conditions40 suggests the latter.

Importantly, d-tim alleles significantly influence the incidence

of diapause/quiescence,41 and the genetic interaction between

d-tim and protein tyrosine phosphatase eyes absent (eya) is

involved in regulating this state.42 Surprisingly, mutations in

dTIM’s partner, PER, do not appear to affect reproductive arrest

in D. melanogaster,43 which contrasts with the synergistic role of

these two proteins in the circadian clock. In Bombyx mori, dTIM,

PER, CLK, and BMAL1 are all critical components of the photo-

periodic clock, although the precise mechanism by which they

function remains unclear.44

For some proteins, such as dCRY, mCRY, CLK, and BMAL1,

their structures have been determined using crystallog-

raphy.11,45–47 In the case of PER, only a portion of the protein

has been successfully crystallized.48 However, for other pro-

teins, including dTIM, the 3D structure has remained elusive.
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While related proteins such as Topoisomerase 1-associated

Factor (TOF1) from the fungus Thermochaetoides have been

partially resolved through crystallography,49 the full structure of

dTIMwas only recently resolved as part of the dCRY-dTIM dimer

using cryogenic electron microscopy (Cryo-EM).23 The interac-

tion between dCRY and dTIM involves two distinct regions of

dTIM: the amino-terminal Armadillo 1 (ARM1) repeats and a

C-terminal CRY-binding domain. Upon light illumination, large-

scale rearrangements in dCRY are coupled with conformational

changes in its flavin cofactor. This process results in the release

of the autoinhibitory C-terminal tail (CTT) from the dCRY pocket,

which is then replaced by the N terminus of dTIM. This terminal

motif is highly conserved across dTIM species, and its addition

of only 23 amino acids significantly reduces light sensitivity in

flies.41,50–53

Interestingly, the paralogous mTIM has been shown to play a

role in the circadian clock, albeit to a much lesser extent than

dTIM. It influences light sensitivity in Drosophila, rhythmicity in

crickets and linden bugs, andmore recently has been implicated

in adjusting activity phases in humans and mice.54–57 However,

the functions of dTIM have generally diverged from those of

mTIM and TOF1. TOF1 directly binds to double-stranded DNA

as a component of the large replisome complex,58 while mTIM

stabilizes replication forks, pairs sister chromatids, and regulates

the S phase of the cell cycle.59 Moreover, despite the overall

structural similarities among dTIM, mTIM, and TOF1, specific

details appear to be unique to each protein type.23

Despite the relatively well-characterized role of dTIM in the

Drosophila clock, its function in other organisms appears to be

only partially conserved. In vertebrates and several arthropod

lineages, dTIM and dCRY have been completely lost,55,60 with

mCRY serving as the partner of PER in these species.15 Further-

more, vertebrates have undergone multiple rounds of genome

duplication, resulting in the multiplication of many clock compo-

nents, including PERs and mCRYs. In non-Drosophila insects,

various combinations of mCRY, dTIM, JET, and FBXL3 have

been identified.55,61,62 Functional experiments suggest that the

roles of these components in the pacemaker system of some

species differ significantly from those in Drosophila. The non-es-

sentiality of certain components for clock rhythmicity, as demon-

strated for dTIM in the linden bug Pyrrhocoris apterus, cricket,

firebrat, and cockroaches, suggests potential transitions from

one clock setup to another.55,63–65

The growing availability of transcriptomic and genomic data

from all major animal lineages has enabled systematic analyses

of the evolution of specific clock proteins. In this study, we

focused on a detailed comparison of dTIM, aiming to identify

its origin and map its occurrences and losses across the animal

phylogeny. We analyzed conserved and variable regions of the

protein, evaluating them in the context of d-tim gene evolution,

including its exon/intron structure. Additionally, we examined

the coevolution of dTIM with its partner proteins—PER, dCRY,

mCRY, and JETLAG—and, by mapping these changes onto

the animal phylogeny, highlighted potential key interactions

that have shaped the evolution of the animal circadian clock.

Finally, we investigated alternative splicing of d-tim in Diptera,

proposing conserved molecular mechanisms that may regulate

dTIM in this insect order.
RESULTS

dTIM is an ortholog of animal mTIM and TOF1 from
plants, fungi, and diatoms
We systematically searched for dTIM, its related mammalian-

type TIM (mTIM), and TOF1 proteins across diverse organisms

and reconstructed the phylogeny of the identified sequences

(Figures 1A and S1). Consistent with previous reports, dTIM

was identified in most Protostomia and two basal deuterostome

groups, Echinodermata and Hemichordata. For the latter group,

however, dTIM was only found in the acorn worm Ptychodera

flava, while it was absent in another hemichordate,Saccoglossus

kowalevskii. Notably, we did not retrieve dTIM from any Cnidaria,

Placozoa, or Porifera, suggesting that dTIM likely originated at

the dawn of Bilateria.

The paralogous mTIM, a protein essential for development

and participating in circadian clock function in mammals and in-

sects,54,66,67 is found in all animals, including ‘‘prebilaterian’’

groups such as Cnidaria, Placozoa, and Porifera. Furthermore,

the occurrence of mTIM is mutually exclusive with that of

TOF1, a protein found in plants, diatoms, and fungi (where it is

known as Swi1 in Schizosaccharomyces pombe). This suggests

that mTIM and TOF1 are one-to-one orthologs (Figure 1B). Pro-

tein alignment reveals conserved dTIM-specific deletions in the

region containing PER-binding domain #2 (PER-bind. #2), which

clearly distinguishes dTIM from mTIM (Figure 1C). The similarity

among mTIMs and TOF1 proteins is highest within the first�600

amino acids, whereas the C-terminal region is notably variable.

Independent losses of dTIM
In addition to the well-supported and previously described los-

ses of dTIM in Chordata, Hymenoptera, and termites (with the

possible exception of early-branching termite species such as

Porotermes),55,60 we did not identify this gene in Amphipoda

(Crustacea), Scorpiones (Chelicerata), Platyhelminthes, or Nem-

atoda (Figures 1B and 2F; see Figure S1; Table S1 for details).

The Caenorhabditis elegans TIM homolog TIM-1, previously

analyzed in the context of chronobiology,68 belongs to the

mTIM clade (Figure 1A).

Variability in dTIM
The available dataset allowed us to explore the sequence vari-

ability of dTIM proteins. The length of dTIM ranged from 683 to

757 amino acids (aa) in aphids and 874–920 aa in cephalopod

mollusks, reaching up to 1666–1704 aa in the Tephritidae family

of Diptera (includingCeratitis and Bactrocera genera) (Figure 2C;

Table S2). SinceDrosophila dTIM is by far the best-characterized

member of this group—with extensive functional assays,21,22 ge-

netic mutant studies,26,69–72 and structural analyses23—we used

it as a reference for domain and region terminology in our inter-

species comparisons.

Themost conserved regions across species are the two arma-

dillo domains (Figure 2A). The first domain, ARM1, includes a re-

gion that interacts with the importin 1 protein, where several

mutations impacting the free-running period have been re-

ported.22,28,73 ARM1 is nearly identical to the first CRY-interac-

tion domain, whereas the second armadillo domain (ARM2)

partially overlaps with PER-binding site #2 (PER-bind. #2), which
iScience 28, 112338, May 16, 2025 3



(legend on next page)

4 iScience 28, 112338, May 16, 2025

iScience
Article

ll
OPEN ACCESS



iScience
Article

ll
OPEN ACCESS
was functionally identified using Drosophila S2 cell cultures.21

ARM2 also contains a short CTT-like sequence (DTSHFFWLVT

in Drosophila melanogaster). This motif is located far from the

dCRY-dTIM interface and is therefore unlikely to influence the

binding of these two proteins.23 The motif is found in nearly all

analyzed dTIMs (Figures S2A, S2B, and S3).

In contrast to PER-bind. #2, PER-binding site #1 (PER-

bind. #1), located between the two armadillo domains, exhibits

greater sequence variability and can be detected in insects,

Crustacea, and, to some extent, chelicerates. The absence of

PER-bind. #1 correlates with a shorter central part of the protein

in certain Mollusca and basal Deuterostomia (Echinodermata

and Hemichordata). In these groups, only the acidic region of

the N-terminal part of PER-bind. #1 is partially conserved (Fig-

ures 2, S2, S4, and S5). Additional variability in the central region

(between the armadillo domains) is particularly pronounced in

someCrustacea, an ancient and highly diverse group fromwhich

Hexapoda (including insects) evolved.

The most variable part of dTIM proteins is located in the C-ter-

minal region. In D. melanogaster, this region contains a CRY-

interaction domain and a C-terminal acidic region responsible

for cytoplasmic localization, also known as the cytoplasmic

localization domain (CLD).21,23,74 This region has notably

expanded in a subset of Diptera, including Drosophila and Cera-

titis. In contrast, the shortest sequences are found in aphids and

phylloxera, which differ dramatically from their sister group,

Psylloidea (Figure 2E). Remarkably, the geographical allele

Gottland of the Speckled Wood butterfly (Pararge aegeria) is

characterized by a substantial deletion75 that encompasses

the CRY-interaction domain (Figures 2A and 2E), suggesting

that this allelic variant may result in altered light sensitivity. The

CRY-interaction domain is recognizable even in the most ances-

tral insect, Thermobia, and is detected in some, but not all, Crus-

tacea (Figures S2 and S6). Interestingly, variability among paral-

ogs within individual species—most prominently in the Daphnia

genus, which has up to 8–11 paralogs—centers on the inter-

armadillo region and the C-terminal tail. These regions are also

the most variable in interspecific comparisons (Figures 3

and S6).

Independent duplications of dTIM

In several crustacean and chelicerate species, multiple d-tim pa-

ralogs were identified. While two paralogs were most commonly

observed, Daphnia species exhibited varying numbers of paral-
Figure 2. Differences in dTIM proteins

(A) Selected examples of dTIM with highlighted functional domains, annotated ba

PER-binding and CRY-interaction domains are represented as shades of specifi

domain. CTT-like is a 10-aamotif similar to the C-terminal tail (CTT) recognized in d

similarity values, see Figures S2A, S2B, and S5.

(B) The tree illustrates the current view of phylogeny among groups of Bilateria for

where dTIM has most likely been lost. Variability in dTIM protein lengths is visual

between the ARM1 and ARM2 domains, and (E) the terminal region between the D

(in amino acids) from a species within a specific taxonomic group. Values for P. ae

the colors in (A). For exact measurements, see Table S2.

(F) The loss of dTIM is depicted as ‘‘x.’’

(G) Species with multiple dTIM paralogs are shown, with each plotted on a separat

four proteins in two species (4/2 spp.), whereas six proteins from three species a

dots correspond to Daphnia paralogs from Cluster I, proposed as the most com

category is indicated by a magenta ‘n’.
ogs, reaching as many as 11 in Daphnia pulicaria. Furthermore,

the lengths of Daphnia dTIM paralogs varied within species,

showing differences in inter-armadillo distance and the C-tail

(Figure 2G). We performed a detailed phylogenetic analysis to

investigate the origin of these duplications and assess whether

d-tim gene duplication could contribute to a more general

pattern in dTIM evolution. As shown in Figure 3 and well sup-

ported by bootstrap analysis, d-tim duplication can be mapped

to only five lineages. In horseshoe crabs (Limulus polyphemus,

Carcinoscorpius rotundicauda, and Tachypleus tridentatus; Fig-

ure S7; Table S3), two d-tim paralogs are consistent with the

genome duplication events in this lineage, which also includes

circadian transcription factor BMAL1 and other bHLH-PAS pro-

teins.12 In copepods (Crustacea), three closely related Lepeoph-

theirus salmonis paralogs (Figure S8) resulted from duplications

independent of duplication resulting in two paralogs found in

Pleuromamma and Metridia. In branchiopods, the duplication

that produced two d-tim genes in Podon occurred indepen-

dently of the series of duplications specific to Daphnia species.

Four primary dTIM clusters (I–IV) are present across all species

in the Daphnia genus. The longest proteins are found in cluster

I (Figure 2G), which branches at the base of theDaphnia-specific

tree expansion. Proteins from cluster I also contain a complete

set of functional domains, the longest inter-armadillo region,

and the longest C-tail (Figures 2G and 3). Furthermore, the

Daphnia pulex dTIM paralog A, belonging to cluster I, is cyclically

expressed.76 Clusters II, III, and IV include additional species-

specific duplications, resulting in eight paralogs in D. pulex and

eleven in D. pulicaria.

Substitution rate in dTIM and coevolution with partner

proteins

To provide a clear graphical representation of protein sequence

variability, we plotted the substitution rate per amino acid posi-

tion per million years for each analyzed dTIM protein. This

method is minimally influenced by in-frame deletions or varia-

tions at phylogenetically variable positions, as evidenced by

the minimal differences in substitution rates between mCRY+

and mCRY- Diptera (Figure 4B), despite these groups showing

significant variation in the length of their C-terminus (Figure 2E).

However, this approach effectively highlights taxa with alter-

ations in phylogenetically conserved positions, such as aphids

and phylloxera. A notable difference in substitution rates is

observed among Daphnia paralogs. The lowest values are
sed on sequence similarity, illustrate the major varieties of dTIM. Similarities in

c colors. Note the two alleles in Pararge aegeria differ in the CRY-interaction

CRY ofD.melanogaster. For additional annotated protein models and detailed

which dTIM was analyzed. Brick-red horizontal background highlights lineages

ized across different regions: (C) the entire dTIM length, (D) the central portion

LIE motif and the C-terminus. Each dot corresponds to a protein measurement

geria (Lepidoptera) alleles are highlighted in magenta and turquoise, matching

e line. The entire length of dTIM inMerostomata (horseshoe crabs) is plotted for

re grouped together (6/3 spp.) for the ARM1-ARM2 and C-tail lengths. Orange

plete dTIM variants in this genus. The number of values in each group and

iScience 28, 112338, May 16, 2025 5



Figure 3. Independent dTIM gene duplica-

tions were detected in horseshoe crabs

(Limulus, Tachypleus, and Carcinoscor-

pius), copepods (Pleuromamma, Metridia,

and Lepeophtheirus), and branchiopods

(Podon and Daphnia)

The phylogenetic tree inferred using RAxML, with

bootstrap values (500 replicates, shown in %),

indicates that these duplications are lineage spe-

cific. In the Daphnia genus, four primary dTIM

clusters (I.-IV.) are present across all species.

Additional species-specific duplications resulted

in 8 paralogs in D. pulex and 11 in D. pulicaria.

Protein models show conserved similarities in

PER-binding and CRY-interaction domains. La-

bels A, B, and H for D. pulex paralogs follow the

terminology of Bernatovicz et al.76
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detected for paralogs from cluster I across all four analyzed

Daphnia species, further supporting the hypothesis that this pa-

ralog is the closest to the ancestral dTIM (Figure 4E).

To further explore the potential causes of dTIM variability, we

examined dTIM-interacting proteins. PER, a key partner in the

Drosophila clock, is present in nearly all Bilateria, with the

unique exceptions of two basal deuterostomian groups: Hemi-

chordata and Echinodermata. Notably, even the loss of PER

did not affect the substitution rate of dTIM. Conversely, the

highest substitution rates observed in dTIM from aphids and

phylloxera were mirrored by increased variability in PER within

these species, suggesting coevolution of the two proteins

(Figures 4C and 4D). The dTIM duplication in Daphnia did not

affect the substitution rate in PER, which reached values com-

parable to those observed in branchiopods with only one dTIM

paralog. Duplications of the per gene are rare. In addition to the

well-established per duplication in vertebrates, per duplications

have been identified in three lineages: horseshoe crabs (Meros-

tomata), Podon leucartii, and Pleuromamma xiphias (Figure 4E;

Table S4).

The loss of d-tim is consistently accompanied by the loss of

d-cry, as observed in Hymenoptera, Isoptera, Amphipoda, Scor-

piones, and Chordata (Figure 4D). However, several instances

exist where d-cry has been independently lost while d-tim re-
6 iScience 28, 112338, May 16, 2025
mains present. These cases include

certain Coleoptera (most Polyphaga,

including the red flour beetle Tribolium),

a subset of Blattodea (including Peripla-

neta americana77), and a subset of Heter-

optera. Notably, within Heteroptera,

d-cry has been lost at least twice inde-

pendently, as evidenced by its complete

absence in the order Pentatomomorpha

and parts of Cimicomorpha (family Cimi-

cidae). This conclusion is further sup-

ported by synteny analysis. For example,

Lethocerus indicus (Nepomorpha), repre-

senting an ancestral lineage of Hetero-

ptera, retains the d-cry gene. Compara-

tive analysis of the d-cry locus in
Lethocerus and Riptortus pedestris suggests that d-cry loss in

the latter species resulted from a combination of several chro-

mosomal inversions. In contrast, different chromosomal rear-

rangements led to the loss of d-cry in the genus Cimex. Mean-

while, the sister lineage of Cimicomorpha, Miridae, still retains

the d-cry gene (Figures 5A, 5B, and S9).

Our analysis reveals that the loss of d-cry is consistently

accompanied by the loss of jetlag in several taxa, including

Hymenoptera, a subset of Coleoptera, Phthiraptera (a subset

of Psocodea), Amphipoda, Parasitiformes (a group within

Acari that includes ticks), and a subset of Heteroptera (Fig-

ure 4D). Remarkably, the two independent losses of d-cry in

Heteroptera (Pentatomomorpha and Miridae) are also associ-

ated with the loss of the jetlag gene. Gene synteny analysis

suggests that independent chromosomal rearrangements un-

derlie these losses of jetlag in Pentatomomorpha and Cimici-

dae (Figures 5C and S9). Despite the loss of d-cry, the organi-

zation of dTIM domains (Figure S2A) appears to be very similar

among Lygus (where d-cry is still present), Cimex (where d-cry

has been lost), and Pyrrhocoris (where d-cry has been inde-

pendently lost). Notably, dTIM in the early-branching species

Lethocerus indicus differs significantly from these species

as it retains an elongated CRY-interaction domain at its

C-terminus.



Figure 4. Coevolution of dTIM with partner proteins

(A) The tree illustrates the current view of phylogeny among the analyzed groups of Bilateria.

(B and C) Numerical depiction of protein changes, plotted as substitutions per position per million years of evolution. Each dot corresponds to a protein from a

species within a particular higher taxon: (B) dTIM, and (C) PER, with the number of values in each group and category indicated by a magenta n.

(D) Presence (filled circle), absence (empty circle), and loss (x) of the key components of the PER/mCRY/dTIM negative feedback loop in specific lineages. Loss of

dTIM is highlighted by a brick-red horizontal background, while loss of PER (in Hemichordata and Echinodermata) is shown with a gray-brown background. For

accession numbers and exact values, see and Tables S2, S4, and S5; for evidence supporting gene loss, see Table S1.

(E) Species withmultiple dTIM paralogs are shown, each plotted on a separate line. Orange dots representDaphnia paralogs fromCluster I, proposed as themost

complete and ancestral dTIM variants in this genus.

iScience
Article

ll
OPEN ACCESS
The losses of d-cry and jetlag do not align perfectly across all

bilaterian species. For instance, jetlag (annotated as F box and

LRR protein 15 in chordates) is retained in Chordata and Blat-

todea (Figure 4D). Termites (Isoptera), a subset of Blattodea

that have progressively lost d-cry and even d-tim, still possess
jetlag. Interestingly, a unique and substantial modification of

d-tim in Aphidomorpha (Phyloxeroidea and Aphidoidea) is not

associated with the loss of d-cry. The d-cry gene is present

in all Aphidomorpha species, and dCRY protein was detected

in the brains of the pea aphid Acyrthosiphon pisum via
iScience 28, 112338, May 16, 2025 7



Figure 5. Gene synteny illustrates the independent loss of Drosophila-type cryptochrome (d-cry) and jetlag (jet) genes in Cimex hemipterus

and Riptortus pedestris

(A) The phylogenetic relationship among five analyzed (pan)heteropteran species is presented alongside (B) d-cry and (C) jet gene syntenies. The genomic

positions of d-cry and jet in L. lineolaris/A. lucorum (Miridae) and L. indicus (Nepomorpha) differ, as indicated by distinct sets of neighboring protein-coding genes.

Although synteny genes can be mapped to C. hemipterus (Cimicidae) and R. pedestris (Pentatomorpha), their composition and orientation vary, supporting the

independent losses of d-cry and jet. Horizontal black lines represent genomic contigs/scaffolds (not to scale). Arrow-like boxes indicate protein-coding genes

and their orientation. Orthologous genes are color-coded and interconnected. For detailed synteny depictions, see Figure S9; Tables S6 and S7.
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immunohistochemistry.78 This suggests that the rapid evolution

of dTIM in Aphidomorpha is lineage-specific, as their sister

groups, Psylloidea and Aleyroidea, possess dTIM with a gener-

ally conserved domain structure (Figure S2A). Notably, the loss

of jetlag corresponds precisely to the accelerated accumulation

of changes in dTIM within Aphidomorpha. Moreover, the PER

protein also shows an elevated substitution rate in this lineage

(Figure 4).

The C-terminal tail (CTT) is a key feature of dCRY in

Drosophila, where it binds alongside an FAD cofactor in the pro-

tein.79 The CTT is highly conserved across all dCRYs, although in

some species, such as hemichordates and aphids, a substantial

extension is present (Figure S3).

Changes in gene structure underlie dTIM evolution
To gain further insight into dTIM changes, we compared the

d-tim gene structure across selected representative species.

Even visual inspection revealed a complex remodeling of d-tim

exons in most Crustacea, with only the early-branching Darwin-

ula showing a structure similar to both the horseshoe crab

Limulus (Chelicerata) and the firebrat Lepisma (Insecta). Simi-

larly, exon fusion in Orchesella (Collembola) appears to be line-

age-specific, which is why these species are presented in a

separate box (Figure 6). Importantly, a generally conserved

exon pattern is observed in the majority of the species analyzed,

with several exons traceable from echinoderms to insects.

Consistent with the variability in dTIM protein, the most

conserved regions encompass the exons encoding the ARM1

and ARM2 domains. In the case of ARM1, a Holometabola-spe-

cific fusion of four exons is observed, while a similar, though less

pronounced, exon fusion can be identified in ARM2.

The dTIM protein region between the ARM1 and ARM2 do-

mains exhibits significant variability. Notably, some level of sim-

ilarity is detected in insects, particularly in the PER-binding #1

region; however, beyond insects, this portion of dTIM shows

high divergence. Similarly, the corresponding gene structure
8 iScience 28, 112338, May 16, 2025
is not conserved, as exons encoding this region vary in length

and are only minimally conserved within insects and show no

detectable similarity in Deuterostomia or ancestral Protostomia,

including lineages such as Mollusca, Nemertea, Polychaeta,

and Chelicerata. Within insects, the variability of the inter-arma-

dillo region is most pronounced in A. pisum and D. vitifoliae,

where similarity falls below the plotted 31% threshold. This

highlights the remarkably high degree of modification of dTIM

in both Phylloxeroidea and Aphidoidea (Figures 6 and S4).

Furthermore, early work identified alternative splicing of the

d-tim exon encoding the first part of the PER-binding #1 region

in two aphid species80; this splicing is distinct from several

alternative splicing isoforms detected in D. melanogaster (Fig-

ure 6, top).

The C-tail of dTIM, located downstream of the ARM2

domain, contains a few conserved exons. In D. melanogaster,

a Drosophilidae-specific fusion to the upstream exon has

been detected (Figure 7). This region encodes the TIMELESS

C domain (Pfam: PF05029, Figure S10), where similarity is

observed even between dTIM and mTIM.81 When mutated,

various degrees of temperature-dependent changes in the

free-running period have been described.26,72 Interestingly, a

major truncation in Aphidomorpha removes the C-tail and

even the otherwise highly conserved TIMELESS C domain

(Figure 6).

The high variability in the protein tails downstream of the

TIMELESS C domain is evident at the gene structure level,

where only two exons are detected in Deuterostomia (Strongy-

locentrotus and Acanthaster), Mollusca (Crassostrea), Annelida

(Owenia), and Chelicerata (Limulus). In insects, tail expansion

correlates with similarities to the predicted CRY-interaction

domain in D. melanogaster. This domain has been indepen-

dently lost in P. apterus and Aphidomorpha. The latter is a sis-

ter group to Bemisia tabaci, a species in which only low similar-

ity (19%) to the CRY-interaction domain is detected (Figure 6).

A complete C-tail is found in Lethocerus indicus, a sister taxon



Figure 6. Gene structures and protein domains of dTIMs in Bilateria

Introns, exons, and homologous regions illustrate the conserved and variable parts of the d-tim gene. Vertical blocks in shades of gray represent sequence

similarities at the protein level, while vertical magenta lines indicate conserved exon boundaries. Protein domains and functional regions are annotated based on

their similarity to Drosophila dTIM (shown at the top). For clarity, the complexity specific to Crustacea is presented in a separate box (*), where Lepisma and

Darwinula appear in both analyses. The highest variability is observed in the PER-binding region #1 and the CRY-interaction domain located at the C-terminus.

Within Insecta, the CRY-interaction domain has been lost in Acyrthosiphon pisum and Daktulosphaira vitifoliae, and independently in Pyrrhocoris apterus. In

Pararge aegeria, a unique geographical allele (Gottland) results from a deletion spanning two exons (highlighted with a magenta horizontal line). Thresholds for

plotting specific regions were as follows: similarities greater than 40% for ARM2, and PER-binding regions (except for Limulus, where similarity is 38%), and

greater than 20% for the CRY-interaction domain (with the lowest similarity observed in Bemisia, at 19%). Intron retention in three Drosophila splicing isoforms is

marked with arrowheads, and alternative exon removal in A. pisum80 is indicated by a turquoise rectangle with a note ‘‘alt’’.
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to P. apterus, where truncation removes the entire CRY-inter-

action domain downstream of the TIMELESS C domain. In

Lepidoptera, gene analysis of the speckled wood butterfly

(P. aegeria) reveals that the loss of two entire exons in the Gott-

land allele results in a substantial in-frame deletion in the CRY-

interaction domain. In contrast, the expansion of dTIM in

Diptera lacking mCRY (mCRY- Diptera) is due to exon exten-
sions, as illustrated in Bactrocera dorsalis and Musca domes-

tica (Figures 6 and 7).

N-terminal extensions are rare in dTIM proteins
Gene model analysis suggests that Darwinula d-tim may

encode a protein extended by 61 amino acids at the

N-terminus. Similar N-terminal extensions were found in
iScience 28, 112338, May 16, 2025 9



Figure 7. d-tim gene structures in Diptera with highlighted alternative splicing isoforms

The similarities and dTIM domains are depicted identically as in Figure 6. Four major splicing isoforms exist in D. melanogaster: The longest isoform is the

canonical d-tim-L. Another isoform, d-tim-cold (turquoise), is produced by the retention of the last intron at low temperatures, resulting in the absence of the last

exon. At high temperatures, retention of another intron generates the d-tim-M isoform (magenta). Additionally, the d-tim-sc (blue) isoform is abundant at low

temperatures. Identical or comparable isoforms have been observed in some other dipteran species. For example, modified exon splicing produces tim-cold-like

isoforms inD.mojavensis andAedes. InAedes andClunio, alternative splicing occurs one exon downstreamof the position typical for d-tim-M isoform. Therefore,

we refer to this variant as d-tim-M-like isoforms. Despite this difference, the effect on d-tim mRNA destabilization may be similar to the impact of d-tim-M

in D. melanogaster.
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Macrobrachium (Crustacea) and some dTIM paralogs of

Daphnia pulex and Limulus (Figures S2B and S6). Importantly,

even a shorter 23 amino acid extension in D. melanogaster

has a significant impact on its interaction with dCRY, resulting

in lower sensitivity to light, including altered behavioral rhyth-

micity under constant dim light.23,51–53 In D. melanogaster, the

N-terminal extension is encoded by an in-frame alternative start

codon in the ls-tim allele.50 Since this allele is believed to be of

recent origin, specific to D. melanogaster,41 it was surprising

that BLAST-P identified several L-dTIM protein sequences

in GenBank for various Drosophila species (D. ananassae

EDV31195; Drosophila kikkawai XP_041631545). However,

closer inspection revealed that these protein sequences are

clear annotation errors, as the available genomes only encode

short (s-dTIM) proteins.

Conserved features of the alternative splicing pattern in
Diptera
Alternative splicing is a key regulatory mechanism of d-tim in

D. melanogaster at both low and high temperatures.82–86

Splicing isoforms include d-tim-sc, d-tim-M, and d-tim-cold.

The full-length d-tim transcript has been designated as
10 iScience 28, 112338, May 16, 2025
d-tim-L,85 which should not be confused with an allele encoding

proteins extended at the N-terminus by 23 aa. This extended

protein has been labeled as L-TIM41 and referred to in this article

as L-dTIM.

The combination of genomic sequences and available tran-

scriptome shotgun assemblies (TSAs) allowed us to investigate

whether a similar splicing pattern exists in other Diptera

(Figure 7). The d-tim-sc (tim-short and cold), resulting from

an alternative polyadenylation site, was identified only in

D. novamexicana and confirmed in D. melanogaster. A second

low-temperature-dependent splicing regulation of d-tim in

D. melanogaster is the retention of the last intron (located be-

tween the penultimate and final exon), which results in a pre-

mature stop codon that removes the acidic region at the

C-terminus. This portion of the dTIM protein is phosphorylated

by Casein Kinase 2, which in turn inhibits nuclear export and

impacts CLOCK transcriptional activity.74 Importantly, three

out of four phosphorylation sites are conserved in the full-

length protein (dTIM-L) in the analyzed Diptera, as well as in

other insects such as the cricket Gryllus bimaculatus and the

most ancestral insect species, the firebrat Thermobia domes-

tica. Notably, alternative splicing severely impacts this region



Figure 8. Summary of major changes in dTIM evolution

(A) dTIM originated from mTIM by gene duplication in the common ancestor of Bilateria.

(B) Schematic depiction of key components in the negative PER/mCRY/dTIM feedback loop in circadian clocks.

(C) Evolutionary changes in dTIM and its interacting clock components were mapped onto the phylogeny of Bilateria: (1) dTIM was recruited in the common

ancestor of Protostomia and Deuterostomia and (2) dTIM is retained in ancestral lineages of both Protostomia and Deuterostomia. (3) The PER-binding domain #1

evolved either in Arthropoda or Crustacea. (4) All features characteristic for Drosophila dTIM appeared in ancestral insect dTIM, and these key features are

retained in dTIM of most (but not all) insects. (5) Lineage-specific duplications resulted in multiple dTIM paralogs in Limulus (and other horseshoe crabs),

Lepeophtheirus, andDaphnia. (6) dTIM has been lost in several lineages, including Chordata, scorpions (Centruroides), Amphipoda (Parhyale), Hymenoptera, and

Isoptera (Zootermopsis). These losses consistently coincide with the absence of dCRY. (7) InBlattodea, the loss of dCRY precedes the loss of dTIM in termites. (8)

Changes in the dTIM sequence in aphids and Phylloxera correlate with the loss of JET. Independent loss of dCRY and JET occurred in two Heteroptera lineages

(legend continued on next page)
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(Figure S11). Although the last intron is generally conserved

across several species, splicing was minimally affected in

Musca.87 However, we identified two distinct alternative

splicing patterns in the mosquito Aedes aegypti and the fly

Drosophila mojavensis that either remove or modify the C-ter-

minal part of dTIM. In the first pattern, an alternative splice

site within the exon removes a portion of the protein. In the sec-

ond, the penultimate canonical exon is fused with an alternative

last exon located at the very end of the gene, resulting in an

altered amino acid sequence.

The last major dTIM isoform, medium (d-tim-M), is expressed

at high temperatures and is characterized by the retention of an

intron in the center of the mRNA. The resulting transcript does

not appear to be translated; instead, this mechanism reduces

the pool of dTIM-coding mRNAs via nonsense-mediated decay

(NMD).85 A comparable splicing pattern was identified in three

Drosophila species, with a slight modification observed in

D. mojavensis. Interestingly, in Aedes and Clunio, alternative

splicing is detected one exon downstream of the canonical

d-tim-M isoform (Figure 7). Although no experimental data are

available, and it is unknown how temperature affects this splicing

pattern, the similarity with the d-tim-M isoform suggests that a

potentially comparable regulatory mechanismmight also be pre-

sent in Clunio and Aedes.

DISCUSSION

Although the major role of circadian clocks—measuring 24 h—is

conserved among organisms, the molecular machinery

achieving this task appears to be variable among Bilateria, a

group relying on homologous clock genes. This study focused

on the variability and evolution of one of these proteins, dTIM,

by exploiting available genomic and transcriptomic data (see

Figure 8 for a summary). While dTIM originated from mTIM in

early Bilateria, its functional participation in the circadian clock

is confirmed in only several insect species representing the

orders Diptera, Heteroptera, Orthoptera, and Zygentoma. How-

ever, its role varies even among these groups. In Drosophila,

dTIM is an essential clock component, whereas in other species,

such as the linden bug P. apterus, the cricket G. bimaculatus,

and the firebrat T. domestica (which belongs to the most ances-

tral insect group, Zygentoma), it serves as a mere modulator of

clock pace. A key feature of dTIM in Drosophila is its interaction

with the PER protein, which was mapped in the seminal study

using the Drosophila Schneider 2 cell line.21 Out of the two iden-

tified PER-binding sites, one is conserved in dTIMs across all

studied lineages. Since a substantial part of this site overlaps

with the ARM2 domain, it is difficult to determine which of these

functions is responsible for the high conservation. The other site,

PER-bind #1, is well conserved in Insecta and some Crustacea

(although the latter also contain species with variable and diver-

gent dTIM sequences), and it is still identified in Chelicerata,

albeit with lower similarity.
(9), suggesting amutation in their common ancestor that impacted dCRY and JET

Holometabolous insects. (11) The loss of mCRY and simultaneous modification

circadian clock phenotypes assessed from d-tim genetic mutants aremarked with

indicated with ‘(p)’.
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In Annelida and Mollusca, the protein region corresponding to

PER-bind #1 is substantially modified, inviting us to speculate

whether dTIM even interacts with PER in these organisms. In

Hemichordata and Echinodermata, two lineages that lost PER

completely, the level of modifications in the region between

ARM1 and ARM2 is comparable to that detected in Mollusca

and Annelida. Furthermore, low substitution rates per amino

acid position are observed in dTIM of Mollusca, Annelida, Hemi-

chordata, and Echinodermata. Thus, even the absence of PER

had minimal impact on dTIM evolution in early branching

Deuterostomia.

Notmuch is known about the clocks of these classes of organ-

isms, but two independent studies on Crassostrea gigas (Mol-

lusca) and Platynereis dumerilii (Annelida) report the presence

of the full core set of circadian oscillator gene orthologs from

both Drosophila and mouse.88,89 The first study proposes a pu-

tative molecular oscillator model for C. gigas with intermediate

features between the Drosophila and mouse clocks, in which

dTIM interacts with PER and CRY proteins to inhibit the

CLOCK/BMAL complex. Our findings suggest that this model

may not be entirely accurate or that PER-binding domain #2

and CRY-binding domains are sufficient for TIM and PER to

interact in these organisms. However, it is important to note

that these are marine animals, exposed to diverse environmental

conditions and possessing multiple types of rhythms within the

same species (circadian, circatidal, circalunar, etc.). As a result,

elucidating specific molecular interactions in such a complex

system is challenging. Two major theories have emerged: either

different rhythms rely on similar molecular components, or inde-

pendent clocks with distinct molecular mechanisms coexist

within a single organism.90 In case of crustaceans, as illustrated

byParhyale, circadian clock genes also orchestrate the circatidal

rhythm.91

A second role of dTIM, light-mediated entrainment, is docu-

mented in great detail in D. melanogaster, where the light-trig-

gered dTIM-dCRY interaction—elegantly described in the yeast

system, later in Drosophila S2 cells and flies, and most recently

by Cryo-EM23,92,93—results in ubiquitination and subsequent

degradation of both proteins, a process in which JET and

BRWD3 play a key role.29,34 Except for BRWD3, a gene essential

during development,94 multiple well-supported cases of gene

loss are reported for dTIM, dCRY, and JET. Usually, but not al-

ways, several components are lost simultaneously. For example,

the absence of dTIM is always accompanied by the loss of dCRY

(at least 5 independent cases).

However, the absence of dCRY does not always coincide with

the loss of dTIM. A simultaneous absence of dCRY and JET is re-

ported in 7 independent cases. These examples of gene losses

suggest that once one of the components is missing, the system

is compromised, and additional components are often quickly

lost. Particularly intriguing is the independent loss of both genes

in Pentatomomorpha and Cimicidae. Notably, the absence of

dCRY and JET aligns with the relatively small impact of light as
function in the circadian clock. (10) Amajor fusion of d-tim exons is observed in

of BMAL1 into CYC dates to Cyclorrhapha (e.g., Drosophila). Species with

amagenta ‘P’. Phenotypes derived from d-tim RNAi silencing experiments are
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the entraining cue in the linden bug P. apterus.95 It will be inter-

esting to determine the light entrainment capacity in Miridae, a

lineage where dCRY and JET are still present. In general, RNA

interference seems to work reliably in true bugs, making it

possible to explore the specific roles of these proteins. The

loss of dCRY and JET is typical for a large portion of Coleoptera,

including the red flour beetle Tribolium castaneum. Although this

species lives in environments with minimal light, its behavior is

rhythmic both under constant darkness and constant light, albeit

not very robust.96

In the case of aphids and phylloxera, JET has been lost, while

dCRY is still present. It is unclear whether the loss of JET trig-

gered the accumulation of changes in dTIM, further permitting

the loss of several exons at the 30 end of the gene, or if some

changes are influenced by coevolution between dTIM and PER

proteins. Nevertheless, the major truncation of the C-terminal re-

gion suggests that the interaction between dTIM and dCRY is

likely affected. Supporting this hypothesis, immunohistochem-

ical localization of dCRY in the pea aphid (A. pisum) revealed

that the protein remains stable upon light exposure.78 In two

aphid species, alternative splicing of d-tim transcripts was iden-

tified.80 However, this splicing pattern differs from the alternative

splicing observed in Drosophila (Figure 6). Interestingly, the

affected exon encodes part of the PER-bind #1 site, which could

strongly impact the interaction properties of the resulting dTIM

protein with PER. It will be interesting to see whether this alterna-

tive splicing is affected by temperature. A recent study indicates

that, at the genetic level, the major divergence in the aphid clock

primarily involves loss of JET, while other circadian clock genes

are present.97

Particularly interesting is the gradual loss of clock components

in Blattodea. All Blattodea appear to have lost the 6-4 photolyase

(phr6-4) gene, an m-cry paralog that is not involved in the circa-

dian clock. While one major lineage, Blaberoidea (represented

byBlattella), still possesses d-cry, this gene has been lost in Peri-

planeta (representing Blattoidea). Termites (Isoptera), which

from a phylogenetic perspective are a subset of Blattoidea,98

have also lost d-tim. However, at least some early-branching

species, such as Porotermes, may still possess this gene.

There are several lineages for which transcriptomic data sug-

gest possible gene loss; however, well-assembled genomes,

which are necessary to confirm such claims, are not available.

For example, dCRY has not been identified in any representa-

tives of Plecoptera or Raphidioptera. It is also important to

note that some groups of organisms are insufficiently repre-

sented in GenBank, which hampers meaningful reconstruction

of changes in the clock setup. For instance, Amphipoda, a group

of Crustacea represented by Parhyale hawaiensis, lacks both

dCRY and dTIM.91 To illustrate this gap in the available data,

note that Eurydice pulchra, the closest species with dCRY and

dTIM, diverged from amphipods more than 350 million years

ago—around the same time when the ancestors of humans

and Xenopus separated (Figure 8 and references used to refine

the tree).

What are the potential consequences and selective forces

driving the observed variability in the negative loop components

of the circadian clock? Changes and losses affecting dTIM,

dCRY, and JET are expected to influence the sensitivity of
clocks to light, although parallel light input pathways involving

opsins are also utilized.18 Reduced sensitivity to light might

confer advantages under long photoperiods; however, the

entrainment capacities of the clock may also depend on the

neuroanatomy of the system, as demonstrated in flies from

northern latitudes.99 Therefore, conducting functional analyses

in specific organisms is essential to uncover the exact impor-

tance of particular genes.

It is important to note that the free-running period is a valu-

able marker of circadian clock properties. However, the actual

selection pressure may act on adjusting the daily preference

for locomotor activity. Clock genes also play a role in photope-

riodic time measurement. Therefore, in cases such as

geographic variability in the free-running period, it can be chal-

lenging to disentangle the effects of selection pressure on daily

activity profiles from potential selection pressures acting on

seasonal timing mechanisms. Both dCRY+ and dCRY- insects

exhibit robust photoperiodic timers.38,44,100–102 The interplay

between daily anticipatory mechanisms and seasonal re-

sponses introduces additional selection pressures on circadian

clock genes. Moreover, it is crucial to highlight that some circa-

dian clock genes are also involved in regulating rhythms

beyond the 24-h range, such as the �13-h tidal clock and cir-

calunar (monthly) clocks.89,91,103,104
Limitations of the study
A cornerstone of studies like this is access to high-quality, well-

assembled genomes with gene annotations supported by

comprehensive transcriptomic data. Alternatively, transcrip-

tomes that capture a diverse range of tissues and conditions

serve as invaluable tools. However, predicting the complete

structure of genes in such cases is challenging, if not impossible.

Consequently, this study is inherently shaped by the limitations

of data availability and biased toward well-sequenced

groups of organisms. For example, insects—at least a significant

subset of them—provide reliable resources to investigate con-

nections among the studied clock proteins. In contrast, several

phylogenetically important groups, including numerous crusta-

cean lineages, polychaeta, brachiopods, sipunculids, and acorn

worms, remain poorly represented in genomic and transcrip-

tomic databases.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

No new samples were collected for this study.

METHOD DETAILS

Gene identification and datasets
A systematic search for clock components was conducted, building on previous studies exploring the evolution, duplication, and loss

of circadian clock components.7,55 To identify circadian clock proteins and genes encoding dTIM, mTIM, TOF1, PERIOD, dCRY,

mCRY, 6-4 Photolyase, JETLAG, and BRWD3 in Bilateria/Metazoa, GenBank (NCBI) protein and genomic databases, as well as tran-

scriptome shotgun assemblies (TSA), were utilized. BLASTP and tBLASTn algorithms were applied with taxon-restricted searches

targeting specific lineages at the levels of orders, suborders, infraorders, and, in some cases, families. In certain instances, annotated

genomes or whole-genome shotgun contigs (wgs) were also examined. Protein sequences of circadian clock genes from Drosophila

melanogaster, Danaus plexippus, and Pyrrhocoris apterus served as initial queries. Reciprocal and lineage-focused searches incor-

porated queries representing identified proteins from related taxa. To detect duplicate hits (common in TSAs) or closely related pro-

teins (e.g., bHLH-PAS proteins instead of PERIOD), the E-INS-i algorithm in MAFFT was used for alignment, followed by FastTree

analysis,107 both conducted in Geneious Prime 21.0.3 (Biomatters, New Zealand).

Phylogenetic analyses
To identify specific types of TIM, CRY, FBXL, or PAS proteins (e.g., distinguishing PER from bHLH PAS proteins), sequences were

aligned using the MAFFT algorithm in Geneious Prime 21.0.3 (Biomatters, New Zealand). Representative datasets containing target

proteins and related types were included. Ambiguously aligned regions were trimmed, and phylogenetic analyses were conducted

using RAxML with a maximum likelihood GAMMA-based model in Geneious Prime 21.0.3.

The Metazoan phylogenies presented in Figures 2, 4, 5, 6, 7, 8, and S9 were retrieved using TIMETREE 5106 and cross-referenced

with recent molecular phylogenomic studies. These included works focused on insects,108 chelicerates, and crustaceans.109–111 For

insects, phylogenomic studies specific to Polyneoptera,112 the hemipteroid assembly,113 and Coleoptera114 were used to refine the

corresponding sections of the phylogeny.

Gene loss
While it is impossible to definitively prove the absence of a gene, in some cases, gene loss is the most plausible explanation. Recent

advances in phylogenomics, the availability of extensive TSA data, and an increasing number of sequenced genomes have enabled a
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systematic exploration of circadian clock genes across major Bilateria groups (Protostomia and Deuterostomia). Our analysis

focuses on lineage-specific gene losses that are strongly supported by data from multiple species, whole-genome assemblies,

and deep transcriptome sequencing. Evidence for gene loss is summarized for specific genes and animal groups in Table S1.

Finally, the CTT-like motif, located on the ARM2 domain, and CTT motif located on dCRY, were annotated on D. melanogaster

dTIM and dCRY sequences following the boundaries defined by Lin et al.23 After MAFFT alignment with the other dTIM sequences

in the dataset, it was considered conserved when the degree of similarity exceeded 50%.

Prediction of protein domains
dTIM functional and binding domains were originally annotated based on the sequence of Drosophila melanogaster dTIM, following

the boundaries defined by Cryo-EM23 or identified in cell-based experiments.21 Accordingly, the dCRY-interaction domains,

ARMADILLO repeats (ARM1 and ARM2), and PER-binding sites 1 (PER-bind #1) and 2 (PER-bind #2) were annotated in the

D. melanogaster dTIM protein isoform P (NP_001334730).

This annotated sequence was then aligned to each sequence in the dataset using MAFFT115 (Algorithm: E-INS-I, scoring matrix:

BLOSUM80) within the Geneious Prime 2024 software. The obtained similarities were plotted as intensities corresponding to numer-

ical values in Figures 2 and 3. The PER-bind #1 domain was annotated when the total length of the region was at least 35 amino acids

and the degree of similarity exceeded 40%. The CRY-interaction domain was highlighted when similarities exceeded 20%.

In the gene models (Figures 6 and 7), only two shades were used: regions corresponding to ARM1, ARM2, and PER-binding sites

were highlighted when similarity exceeded 40%. For Limulus, a value of 38%was depicted as ‘‘low similarity’’ using a paler shade of

red. The CRY-interaction domain was highlighted when similarity exceeded 20%. For Bemisia, ‘‘low similarity’’ was represented by a

paler shade of blue, highlighting values of 19%. In the supplementary figures depicting protein models (Figures S2, S4, and S6), spe-

cific numerical values were presented next to domain annotations when a single shade was used for each domain.

Nuclear localization signal (NLS) domains were predicted for each protein sequence using PSORT II and NLStradamus prediction

software. Acidic domainswere annotated based on the following criteria: a sequence located in the corresponding protein region that

is at least half the size of the reference sequence, contains at least 20% acidic residues (D, E), and includes less than 10% basic

residues (K, H, R). To further investigate the acidic domains, their sequence motifs were scanned. Conserved acidic motifs, pre-

sented in Figure S5, were identified using Gapped Local Alignment of Motifs (GLAM2) within the MEME Suite. This analysis focused

on two distinct regions of 35 insect dTIM proteins: the sequences between ARM1 and ARM2 and the region covering the C-terminal

tails.

The length of the entire protein, ARM1-ARM2 region, and C-tail length
The protein sequence was considered (likely) complete when the N-terminal part included a complete ARM1 domain starting with a

methionine and the ARM2 domain was present. If a TSA (transcriptome shotgun assembly) sequence was used, the stop codon indi-

cated the predicted C-terminal end. In the case of multiple paralogs in Daphnia, only protein sequences longer than 600 amino acids

(aa) and containing both ARM domains were further analyzed.

To determine the length of the variable region (in amino acids) in the central part of the protein, all protein sequences in the dataset

were aligned using MAFFT,115 v7.490, Algorithm: E-INS-I, scoring matrix: BLOSUM80). Conserved motifs corresponding to the

Drosophila melanogaster ARM1 and ARM2 domains were identified and the number of aa separating ARM1 and ARM2 calculated.

Additionally, conserved motifs corresponding to Drosophila YKDQ (located in ARM1) and LLLR (located in PER-bind #2 and ARM2)

were identified in each dTIM protein as a parallel measurement.

To measure the length of the C-terminal tail, a conserved motif corresponding to Drosophila DLIE (located at the C-terminal end of

ARM2) was identified in each dTIM. The number of amino acids between the DLIE-like motif and the C-terminus was then calculated

and plotted (Figure 2E). Formotif positions, see Figure S2. These valueswere plotted as dots representing each sequence distance in

PRISM 7 for all proteins in the dataset, with exact values provided in Table S2. If a species lacked one or more conserved motifs (due

to partial sequences or deletions), the length of the corresponding regionwas not calculated andwas annotated as ‘‘n.d.’’ (non-deter-

mined) in Table S2.

Substitutions per amino acid per million years
To calculate substitution rates per amino acid position for dTIM and PER proteins, we used the following approach. Protein

sequences (dTIM or PER) were aligned using the E-INS-i algorithm in MAFFT.115 The complete alignments were used to infer phylo-

genetic trees with RAxML116 under the PROTGAMMAJTTmodel, ensuring the topologymatched the evolutionary relationships of the

organisms. Constraint trees were created in TreeGraph 2.105 For Crustacea, where phylogenies are still debated, we enforcedmono-

phyly with insects but did not specify internal branching. Similarly, Polyneoptera were constrained as monophyletic without defining

their internal topologies.

The resulting unrooted trees were swapped to position Protostomia and Deuterostomia as sister groups. Branch lengths were ex-

tracted and summed from the Protostomia/Deuterostomia split to terminal species. These values were then divided by 700 million

years (the estimated divergence time of Protostomia and Deuterostomia) to compute substitution rates per amino acid position per

million years. The calculated rates are presented in Tables S2 and S4. These values were plotted in Prism 7 (GraphPad Software, La

Jolla, CA, USA), with each dot on the plot representing a single protein.
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Gene models
In brief, similarities in gene structure were assessed as previously117 when the gene models were either directly downloaded from

GenBank species’ Whole-genome shotgun contigs (wgs) or Representative genomes (RefSeq genomes). Alternatively, gene models

were manually reconstructed using genomic and transcriptomic data from GenBank, following two distinct scenarios: (1) Long

genomic contigs without annotated timeless genes. The wgs contigs were manually annotated by mapping Transcriptome Shotgun

Assembly (TSA) and/or non-redundant nucleotide (nr/nt) d-tim sequences by the Minimap2 mapper118 within Geneious Prime 2024

software (Biomatters, Auckland, New Zealand). Lethocerus indicus tim gene model was reconstructed by mapping TSA sequences

from three related species: Trichocorixa calva, Gelastocoris ocwulatus, Buenoa margaritacea, to an unannotated genomic scaffold.

Similarly, Neoneuromus ignobilis tim gene was annotated using TSA from Protohermes xanthodes. In Pogonus chalceus, two partial

non-overlapping TSA sequences cover themajority of the coding sequence (CDS). Themissing region spanning parts of exons 7 and

8 was reconstructed by mapping TSAs from related beetle species Amphizoa insolens, Tribolium castaneum, and Sinaspidytes

wrasei. (2) Fragmented genomic contigs without annotated timeless genes. The tim exons were annotated and contigs scaffolded

using tim CDS or TSA sequences. In the case of Lepisma saccharina, Thermobia domestica d-tim TSAs were mapped to the seven

L. saccharina unannotated contigs. See Table S8 for the accession number of genomic and TSA sequences used for gene recon-

struction and Table S9 for accession numbers used to annotate the CDS in gene models.

Exon homology, similarity, and dTIM domain localization in gene models
The tim CDSs of representative species were translated and aligned using MAFFT115 within Geneious Prime 2024 software to deter-

mine conserved domains and conserved/homologous exons and exon boundaries. Two protein alignments were used: ‘‘species-to-

species pair alignments’’ and ‘‘all representative proteins alignment’’. The longest d-tim isoforms of 29 representative species were

analyzed in Figure 6. Available d-tim isoforms were included in Figure 7, where 28 TIM sequences from 11 dipteran species were

aligned.

Two exon boundaries were determined as conserved through the species-to-species dTIM/dTIM pair alignment if a minimum of

three out of five amino acids (aa) located at the exon/intron boundary were identical. The similarity of amino acids was analyzed

within: One pair of homologous exons if at least one side of the exon border could be aligned, or several exons homologous to

one ‘fused’ exon if both sides of the exon border could be aligned, according to species-to-species pair exon alignment using

MAFFT (% Similarity, auto algorithm, scoring matrix: BLOSUM90 with threshold 1). A semi-quantitative scale with five similarity

ranges (30-40; 41-50, 51-60, 61-70; 71-100 %) was used to visualize exon/exon similarity as quadrilaterals of five different levels

of greyscale in Figures 6 and 7.

CRYPTOCHROME (CRY)-interaction domains and PERIOD (PER)-binding sites were mapped and annotated in dTIM protein

representative sequences utilizing domains defined in Drosophila melanogaster dTIM.23,119 The figure was drawn using Adobe Illus-

trator (version 6) software.

Gene syntenies
In brief, gene syntenies were performed as in a recent study exploring gene duplications.120 We compared gene synteny of genes

neighboring Drosophila-type cryptochrome (d-cry) in heteropteran species Apolygus lucorum, Lygus lineolaris and Lethocerus indi-

cuswith species lacking d-cry,Cimex hemipterus andRiptortus pedestris. First, candidate d-cry-containing contigs were identified in

A. lucorum, L. lineolaris and L. indicus genomes by using BLAST (Basic Local Alignment Search Tool) with L. hesperus dCRY-encod-

ing Transcribed Sequence Assembly (TSA, acc # GDHC01010508.1) sequence as a query. Four syntenic protein-coding genes were

selected in A. lucorum: Axin (Axn, GeneID: GE061_006998), yippee-like (yippee, GE061_006997),DDRGK domain-containing protein

1 (Ddrgk1, GE061_006990), and eclair (eca, GE061_006989). Next, L. indicus ‘d-cry’ contig was pre-annotated using the plugin Au-

gustus (version 0.1.1) within Geneious Prime (2024.0.5) with Rhodnius prolixus as a reference species. Then, four other syntenic

genes neighboring L. indicus d-cry were selected: venom protease-like (vp-l), WD repeat-containing protein 19 (wdr19), ubiquitin

carboxyl-terminal hydrolase 7 (Usp7), and inositol polyphosphate 5-phosphatase E (inpp5e).

Protein sequences of all eight syntenic genes and L. hesperus dCRY were used as queries to search in TSA databases to identify

orthologs of the syntenic genes. Lygus hesperus and Lygus lineolaris TSA databases were searched for L. lineolaris and A. lucorum,

Cimex lectularius for Cimex hemipterus, Lethocerus indicus and Belostoma flumineum for L. indicus, and Riptortus pedestris for

R. pedestris. Gene-specific TSA sequences were then used as BLAST queries to identify syntenic genes’ genomic contigs and to

map syntenic genes to the contigs. TSAs were also mapped to the A. lucorum annotated genome to verify syntenic genes’ identity

and correct/build gene models. The accession numbers of genomic contigs and representative TSAs are in Table S6.

The same approach applied to d-cry was used for jetlag (jet) gene synteny, including the same species set used for TSA and

genomic search and gene mapping, respectively. Lygus hesperus jet TSA (acc # GBRD01002318) was used to identify and map

jet gene-containing contigs in A. lucorum, L. lineolaris and L. indicus genomes. TSAs of three protein-coding genes upstream of

jet: histone acetyltransferase kat2a (kat2a, GE061_007944), transmembrane protein 59-like (tmem59, GE061_007947), ATP-depen-

dent (S)-NAD(P)H-hydrate dehydratase (Naxd, GE061_007948) and one jet downstream gene: Dual specificity protein phosphatase

(Mkp3, GE061_007950) were selected as syntenic genes fromA. lucorum genomic contig. Similarly to L. indicus d-cry, four upstream

jet syntenic genes: serine/arginine repetitivematrix protein 1 (srrm1), ribosomal RNA processing protein 1 homolog (rrp1), serine/thre-

onine-protein phosphatase 4 regulatory subunit 4 (ppp4r4) and tyrosine-protein kinase Shark (Shark), and three jet downstream
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genes: facilitated trehalose transporter Tret1 (Tret1), PIN2/TERF1-interacting telomerase inhibitor 1 (pinx1) and Translational activator

of cytochrome c oxidase 1 (Taco1), were selected as jet syntenic genes from L. indicus. The accession numbers of jet genomic con-

tigs and representative TSAs are in Table S7. The final gene syntenies were drawn in CorelDRAW X6 (16.4.0.1280).

QUANTIFICATION AND STATISTICAL ANALYSIS

The length measurements were performed in Geneious Prime (2024.0.5) software as described above. The robustness of phyloge-

netic trees was evaluated as described above. No statistical analyses were performed.
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