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Abstract
Circadian rhythms not only influence the overall daily routine of organisms but also directly affect life activities to varying 
degrees. Circadian locomotor output cycle kaput (Clock), the most critical gene in the circadian rhythm feedback system, 
plays an important role in the regulation of biological rhythms. Here, we aimed to elucidate the evolutionary history of the 
clock gene family in a taxonomically diverse set of vertebrates, providing novel insights into the evolution of the clock gene 
family based on 102 vertebrate genomes. Using genome-wide analysis, we extracted 264 clock sequences. In lobe-finned 
fishes and some basal non-teleost ray-finned fishes, only two clock isotypes were found (clock1 and clock2). However, 
the majority of teleosts possess three clock genes (two clock1 genes and one clock2 gene) owing to extra whole-genome 
duplication. The following syntenic analysis confirmed that clock1a, clock1b, and clock2 are conserved in teleost species. 
Interestingly, we discovered that osteoglossomorph fishes possess two clock2 genes. Moreover, protein sequence compari-
sons indicate that CLOCK protein changes among vertebrates were concentrated at the N-terminal and poly Q regions. We 
also performed a dN/dS analysis, and the results suggest that clock1 and clock2 may show distinct fates for duplicated genes 
between the lobe-finned and ray-finned fish clades. Collectively, these results provide a genome-wide insight into clock gene 
evolution in vertebrates.
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Introduction

Circadian rhythms, biological rhythms with a period of 
approximately 24 h, are an adaptation of life to the light 
and dark cycles of the Earth (Pittendrigh 1993; Dunlap 
1999; Bell-Pedersen et  al. 2005). According to Hall, 
Rosbash, and Young, circadian rhythmicity is regulated, 
controlled, and maintained by a transcription/translation 
negative feedback loop composed of a group of genes and 
proteins that are highly conserved throughout evolution 
(Young 2000; Reppert and Weaver 2001; Panda et  al. 
2002a, b; Panda et al. 2002a, b; Hardin 2005; Buhr and 
Takahashi 2013). They were awarded the Nobel Prize in 
Physiology or Medicine in 2017 for their work on this 

mechanism. In general, the circadian rhythm machinery 
is composed of three portions: an input channel, core 
oscillator, and output channel (Reddy et al. 1984; Allada 
and White 1998; Brown et al. 2005; Yu and Paul 2006; 
Schmutz et al. 2010). For simplicity, circadian rhythms are 
driven by external environmental factors such as light and 
temperature through an input channel. In the core oscilla-
tor, a series of reactions translate these signals into physi-
ological, behavioral, and hormonal rhythms through an 
output channel (Pando and Sassone-Corsi 2002). CLOCK, 
which is encoded by the clock gene, is a vital participant 
in the core oscillator with a highly conserved basic helix-
loop-helix (bHLH)-period-arylhydrocarbon receptor 
nuclear translocator-single mind (PAS) domain (Vitat-
erna et al. 1994; Antoch et al. 1997; King et al. 1997a, b). 
The first vertebrate clock was identified in a mouse (Mus 
musculus) using forward genetic mutagenesis screens, 
molecular cloning, and biochemical, physiological, and 
behavioral characterization (Reddy et al. 1984; Konopka 
and Benzer 1971; Bargiello et al. 1984; Takahashi et al. 
1994). The clock gene in mice is located in the middle 
of Chr5 and includes 24 exons of approximately 100 kb 
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(King et al. 1997a, b). In 1998, the fruit fly clock gene 
was screened and named Jrk. Subsequently, the gene was 
rechristened dClock because it was highly similar to the 
mouse clock gene (Allada et al. 1998). Based on this previ-
ous study, the human clock gene was cloned in 1999. The 
hclock gene lies on the long arm of Chr4 with 20 exons 
and encodes a protein of 846 amino acids (aa) (Shearman 
et al. 2000).

Moreover, clock plays an important role in physiology. 
In many species, the circadian clock is expressed through-
out the body, including peripheral tissues (Della Ragione 
F et al. 2005; Dibner-C et al. 2010; Markowska M et al. 
2017). Therefore, tissues with circadian clock properties 
can be divided into central clocks and peripheral clocks 
according to their regulatory function levels. Periphery 
clocks are able to maintain their own clock, while simul-
taneously receiving and sending input and output to the 
suprachiasmatic nucleus (SCN). For vertebrates, the pac-
ing point of the biological clock is the SCN and the pineal 
gland; the pineal gland in fish, amphibians, reptiles, and 
birds is sensitive to light, besides it also controls the elimi-
nation melatonin produces other rhythms in addition to the 
circadian rhythm, such as body temperature and eating 
(Menaker M et al. 1983; Saha S et al. 2019). In mammals, 
the pineal gland and the suprachiasmatic nucleus jointly 
control the rhythm, but there are many other evidences 
suggest that there are other pacing points, such as the ret-
ina (Lowrey et al. 2000; Mohawk et al. 2012; Touitou Y 
et al. 2020). Circadian rhythms can be regulated by chang-
ing the time phase and altering the expression of clock 
under various light, temperature, and feeding conditions. 
Knockout of clock causes biological circadian rhythm 
disorder or loss, increased appetite, excessive obesity, 
and a tendency for hyperlipidemia in mice (Turek et al. 
2005). Moreover, the circadian rhythm in mice is accel-
erated when clock transcription is artificially increased. 
More than 100 metabolism-related genes show a circadian 
rhythm in liver tissue, and expression of all these genes is 
reduced to varying degrees after clock knockout (Okano 
et al. 2001; Oishi et al. 2003). In addition, other studies 
have shown that the expression of clock in the pineal gland 
of birds is similar to that in the SCN of mammals (Woller 
and Gonze 2013). In our bodies, dawn and dusk coordi-
nate or entrain the circadian clock through neural pathways 
associating the retina to the SCN so that the master clock 
and its output rhythms do not drift from 24 h but keep pace 
with the solar day (Clayton et al. 2001; Panda et al. 2002a, 
b). Transient disruption of circadian timing such as that 
from a long-distance flight may lead to jet lag, and chronic 
alteration of the central clock mechanism in shift workers 
may contribute to poor health and sleep disorders. In brief, 
the circadian clock in organisms drives daily variations in 
many physiological and behavioral processes, including 

the sleep–wake cycle and body temperature, hormone lev-
els, cognition, and memory (Yu and Paul 2006).

Wang first discussed clock evolution in a research arti-
cle on six teleosts (Wang 2008). Toloza-Villalobos et al. 
described the diversification of six circadian clock gene 
families in eight teleost fishes (Toloza-Villalobos et al. 
2015). Comparative studies of the clock gene family in verte-
brates have mainly focused on the limited number of species 
included in previous studies; large-scale studies of the entire 
family of clock genes in vertebrates have not been reported. 
With the development of high-throughput sequencing and 
the availability of genome data in many databases, we can 
explore evolution of the clock gene family in more detail.

In our current study, we analyzed 102 genomes of ver-
tebrate species. Among fishes, several species with par-
ticular living habitats, such as cavefishes (Astyanax mexi-
canus, Sinocyclocheilus anshuiensis, and Triplophysa rosa) 
and mudskippers (Periophthalmus magnuspinnatus and 
Boleophthalmus pectinirostris), those in a key phylogenetic 
position such as Sarcopterygii (Latimeria chalumnae), 
Chondrichthyes (Callorhinchus milii), Actinopterygii (Lepi-
sosteus oculatus, Scleropages formosus, and Paramormyrops 
kingsleyae), and polyploid fishes (three Sinocyclocheilus 
species including S. grahami, S. rhinoceros, and S. anshu-
iensis), as well as two tetraploid salmonid species, Salmo 
salar and Oncorhynchus mykiss, were examined. Using a 
large number of species, this study attempted to address the 
following core questions: (1) what the general evolutionary 
pattern of clock genes is in vertebrates; (2) whether certain 
branches of vertebrates show evidence of evolution that is 
different from that in other branches; and (3) whether there 
are different evolutionary patterns for clock in Actinopterygii 
after fish-specific genome duplication (FSGD). This study 
contributes to a better understanding of the molecular evolu-
tion of clock in vertebrates.

Materials and Methods

Gene Acquisition and Identification

In total, we analyzed 102 vertebrate genomes with relatively 
high-quality assembled sequences. All of these were down-
loaded from the National Center for Biotechnology Informa-
tion (NCBI) (Table S1), with the exception of the genome 
of T. rosa, which was assembled in our laboratory. Each 
genome sequence was initially aligned and subjected to a 
tBLASTn (version 2.6.0 + , NCBI, Bethesda, MD, USA) 
search with an E-value of 1e–5, employing the protein-
nucleotide alignment strategy using the CLOCK protein 
of human, zebrafish, chicken, and anole lizard as queries 
(more query sequences in Table S2) (Matsuda et al. 2013). 
The alignment results were analyzed using a Perl script to 
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obtain the best hit for each alignment. Following this, we 
extended 5–10 kbp upstream and downstream of the best 
hits to acquire candidate sequence segments that contained 
complete genes. Finally, the FGENESH + program was 
employed to predict the full-length of clock genes (Salamov 
and Solovyev 2000).

Sequence Analysis and Structural Characterization

All high-confidence CLOCK sequences were submitted to 
the MEME program to identify conserved motifs in CLOCK 
(version 4.11.2, http:// alter nate. meme- suite. org/ tools/ meme) 
with the following parameters: any number of repetitions, 
maximum of 10 misfits, and an optimum motif width of 
6–50 aa residues and threshold is lower than the e-0 range 
(Bailey 2009). The exon–intron structural information for 
clock was extracted using a Perl script and identified in the 
Gene Structure Display Server (GSDS, http:// gsds. cbi. pku. 
edu. cn/) (Hu et al. 2015). Finally, we analyzed the phyloge-
netic relationships, gene structures, and conserved motifs of 
clock genes in TBtools (Chen et al. 2018).

Phylogenetic Analysis and Structural Differences 
Between CLOCK Proteins

Phylogenetic analysis was performed using the predicted 
protein sequences encoded by clock genes. A multiple 
codon-base alignment was assembled using MAFFT (ver-
sion 7.149b) with—auto strategy, and the alignment was 
adjusted in Gblocks (version 0.9b, Jose Castresana) (Tala-
vera and Castresana 2007; Katoh and Standley 2013). Sub-
sequently, we predicted the best nucleotide substitution 
model for the data using IQtree (version 1.6.1) ModelFinder 
under Bayesian information criterion (Nguyen et al. 2015). 
The parameters in the best nucleotide substitution model, 
TVMe + R6, were applied to IQtree to construct phyloge-
netic trees using the maximum likelihood (ML) method and 
1000 replicates to calculate branch supports.

Detection of Differences Between CLOCK Protein 
Sequences

We first selected human CLOCK PAS-A (6QPJ) and 
CLOCK:BMAL1 transcriptional activator complex (4F3L) 
as templates from the Protein Data Bank (Huang et al. 2012; 
Wang et al. 2013). Because the addition of more species left 
the display of results mostly unchanged, we selected the fol-
lowing five species to analyze the CLOCK protein sequence. 
Representative sequences from zebrafish (Danio rerio), 
anole lizard (Anolis carolinensis), chicken (Gallus gallus), 
house mouse (Mus musculus), and tropical clawed frog 
(Xenopus tropicalis) were aligned with the human CLOCK 
protein. Previous studies have reported that teleosts such as 

zebrafish possess two clock1 genes (clock1a and clock1b) 
(Wang 2008); thus, we chose five relative well-annotated 
species from the teleosts to identify the differences between 
CLOCK1a and CLOCK1b. Finally, to obtain the evolution-
ary profile of BMAL1 in a CLOCK:BMAL1 heterodimer, 
the BMAL1 sequences from the species mentioned above 
were analyzed as well. CLOCK and BMAL1 interface analy-
sis were computed on Discovery studio 3.1 (Accelrys, San 
Diego, CA, USA). Jalview (version 2, http:// www. jalvi ew. 
org/) and PyMOL (version 2.4, https:// pymol. org/2/) were 
applied to visualize the alignment results and predict the 
secondary structure using Jpred Secondary Structure Pre-
diction module.

Synteny Analysis and Conservation Strategy 
Identification

To estimate the conservation and homology of clock genes, 
we investigated several genes located upstream and down-
stream of clock within lobe-finned fish and ray-finned fish 
genomes in Ensembl, and verified these synteny analyses 
in Genomicus mapper; human clock1 and clock2 were used 
as anchor sites (https:// www. genom icus. biolo gie. ens. fr/ 
genom icus- 98. 01/ cgi- bin/ search. pl). Orthologous genes in 
the regions of human clock1 and clock2 loci (approximately 
5–10 Mb) were searched in most lobe-finned fish clades. 
Finally, we selected four genes (kit, kdr, cep135, and aasd) 
and another four genes (chst10, lonrf2, rpl31, and cont11) 
upstream and downstream of each clock paralog in the lobe-
finned fish clade using Ensembl datasets. In ray-finned fish, 
nine gene (cep135, clock1a, teme165, tyrp1b, clock1b, kitb, 
zc3h12b, clock2, and brwd3) locations were conserved. The 
eight genes in humans and chickens mentioned above were 
used as reference sequences for mammals and birds, respec-
tively. Sequences of these eight genes in anole lizard and 
tropical clawed frog were downloaded as queries for reptiles 
and amphibians, respectively. For ray-finned fish, nine genes 
(cep135, clock1a, teme165, tyrp1b, clock1b, kitb, zc3h12b, 
clock2, and brwd3) compared with orthologous genes in 
zebrafish (D. rerio) were used as the query sequences to 
search for syntenic locations in genomes. Then, the strategy 
of alignment to nucleotides was employed to examine these 
extracted syntenic genes in lobe-finned fish, cartilaginous 
fish, and ray-finned fish. The tBLASTn results were further 
analyzed using a Perl script to obtain the best hits.

dN/dS Analysis

To understand clock substitution changes in vertebrates, 
we selected 29 species, including X. tropicalis, Homo sapi-
ens, Mus musculus, and D. rerio model species and rep-
resentative species from the other classes represented, to 
estimate the substitution rates for clock CDS sequences. We 

http://alternate.meme-suite.org/tools/meme
http://gsds.cbi.pku.edu.cn/
http://gsds.cbi.pku.edu.cn/
http://www.jalview.org/
http://www.jalview.org/
https://pymol.org/2/
https://www.genomicus.biologie.ens.fr/genomicus-98.01/cgi-bin/search.pl
https://www.genomicus.biologie.ens.fr/genomicus-98.01/cgi-bin/search.pl
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constructed a ML tree (in supplementary materials) based on 
these 29 species and estimated the dN/dS [ratio of nonsyn-
onymous substitutions (dN) and synonymous substitutions 
(dS)] of each clock gene by the codeml modules in PAML 
package (version 4.9) (Yang 2007). The topology of the ML 
tree is consistent with Fig. 3, and thus we used the same 
clade mark. To compare the selection between the two prin-
cipal clades (clock1 and clock2), a “two-ratio model” was 
used. We labeled the two principal clades (with different # 
labels in the root of each clade) and run a branch-specific 
model. Following this, we compared the likelihood of this 
model with the one-ratio model assuming a global dN/dS 
along the whole tree (model = 0 in control file) through a 
Likelihood Ratio Test (LRT).

To compare the selection intensity between lobe-finned 
and ray-finned fishes in clock genes, we performed the 
following analysis. We implemented the two-ratio model 
described above on a phylogenetic tree of clock2 sequences. 
Then we labeled lobe-finned (clade 1) and ray-finned (clade 
2) with different # labels, and compared the likelihood of 
this model with one-ratio model to assess whether dN/dS is 
significantly different between species groups. For clock1 
gene, we implemented a three-ratio model on a phyloge-
netic tree of clock1 sequences. We labeled: (a) lobe-finned 
clock1 (clade 3), (b) ray-finned clock1a (clade 4) and (c) 
ray-finned clock1b (clade 5), and compared the likelihood 
of this model with one-ratio model to assess whether dN/dS 
is significantly different between clock1 clades.

To test whether the functional and structural divergence 
of clock genes after gene duplication was driven by positive 
selection (particularly the residue H84), branch and branch-
site models were used to detect accelerated evolution and 
positive selection on specific (labeled) branches (Bielawski 
and Yang 2003). On clock2 phylogeny, we labeled ancestral 
branches of lobe-fined and ray-fined fishes to identify adap-
tive changes after split of these two groups and compared 
the likelihood of this model with that of one-ratio model. 
The same for clock1, labeled the ancestral branches of clade 
3 and superclade 4–5.

To test for positive selection after clock1 gene duplication 
in ray-finned fishes, a phylogeny with clades 4 and 5 was 
used, and labeled the ancestral branches of the two clades. 
L. oculatus and S. formosus were used as outgroup here.

Results

Identification and Phylogenetic Analysis 
of Vertebrate Clock Genes

We identified a total of 264 clock genes from 102 genomes 
of vertebrates, including 10 mammals, 23 birds, 10 rep-
tiles, 2 amphibians, and 57 fish species (see more details 

in Table S3). The accession numbers of these genomes are 
provided in Table S1. The corresponding CLOCK protein 
sequences contained approximately 850 aa each, with dif-
ferent species showing only a few differences.

For fish in the lobe-finned clade, we acquired only two 
clock genes. This suggests that the clock gene family is 
highly conserved in the lobe-finned fish clade. Previous 
studies have identified three clock members (defined as 
clock1a, clock1b, and clock2) in teleosts such as zebrafish, 
medaka, and Fugu (Wang 2008). Results of our cur-
rent study support the finding that most teleosts with 
FSGD possess three clock isotypes (clock1a, clock1b, 
and clock2), whereas Osteoglossiformes fishes such as 
P. kingsleyae and S. formosus possess two clock2 genes 
(clock2ba and clock2bb; clock2a was lost in the fish com-
mon ancestor). In addition, certain tetraploid fishes that 
have undergone more than one whole-genome duplication 
(WGD) event, such as S. salar and O. mykiss, possess four 
clock genes, and three Sinocyclocheilus fishes, namely S. 
grahami (Sg), S. rhinoceros (Sr), and S. anshuiensis (Sa), 
contain six clock genes. Nonetheless, a few teleosts such as 
Gadus morhua and Gasterosteus aculeatus were found to 
have two clock sequences each (Fig. 1). Furthermore, the 
lobe-finned fish Latimeria chalumnae, basal non-teleost 
ray-finned fish Lepisosteus oculatus, and cartilaginous fish 
Callorhinchus milii possess two clock genes as expected. 
To visualize the gene structure, we used local MEME pre-
diction and TBtools for modification (Fig. 2). The results 
show that CLOCK1 of most vertebrate species contain 
around 14–18 motifs (Figure S1). Interestingly, both mud-
skippers possessed an extra motif 9 (red box shown in 
Fig. 2 & Figure S1). 

To understand the relationships among clock genes in ver-
tebrates, we constructed a robust phylogenetic tree using the 
ML method from the 264 predicted clock sequences, with 
the sea lamprey (Petromyzon marinus) clock gene as the out-
group (Fig. 3). The sea lamprey is a relatively primitive spe-
cies, a member of the Cyclostomata. It is the closest group 
in evolutionary relationship with other jawed vertebrates and 
shares the closest common ancestor. According to the well-
supported phylogenetic topology, the 264 genes were classi-
fied into two distinct subfamilies (clock1 and clock2), which 
were further split into five sub-lineages of two lobe-finned 
fish clades (clade 1 and clade 3) and three ray-finned fish 
clades (clade 2, clade 4, and clade 5) because of FSGD. All 
clock genes from the lobe-finned fish clade formed a sister 
group with those of the ray-finned fish species, indicating 
consistency of the topology. Based on these results, com-
bined with the domain structures predicted in MEME and 
gene structures predicted by annotation files (gff3), we deter-
mined that the clock gene family has two lineages: clock1 
and npas2, which we renamed clock2, consistent with other 
reports (Wang 2008; Bailey et al. 2009).



498 Journal of Molecular Evolution (2021) 89:494–512

1 3

Protein Structure Comparison and Sequence 
Analysis

To further characterize clock1 and clock2, we chose one 
or two representative species from each group and aligned 
sequences of proteins encoded by these genes (Fig. 4). The 

Fig. 1  Fish clock genes among vertebrates Note that clock2 discussed 
in this article represents clock2b, as clock2a was lost in the last com-
mon teleost ancestor. The blue rectangle represents zero, orange rec-

tangle represents one, and red rectangle represents two clock genes 
(Color figure online)
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comparison showed that CLOCK1 and CLOCK2 are highly 
conserved across the species selected, with each preserv-
ing the four conserving domains, bHLH, PAS-A, PAS-B, 
and poly Q (not shown) at the C-termini of the sequences 
(Yoshitane et al. 2009).

CLOCK2 sequences from 10 representative vertebrate 
species were selected for alignment using human CLOCK2 
as the template. We found that differences in CLOCK2 were 
mainly present in the N terminus and C-terminal poly Q 
regions. The important residue sites of CLOCK2 in ver-
tebrates are marked with a red box in Fig. 4a. Three phos-
phorylation sites (Ser38, Ser42, and Ser427 not shown) in 
CLOCK1, numbered according to the human template, are 
conserved in CLOCK2 (Huang et al. 2012). The other vital 
residues are components of the CLOCK-BMAL1 heterodi-
mer, interacting with each site of the E-box, with Arg39, 
Glu43, and Arg47 (Huang et al. 2012). In particular, we 
found that H84 in tetrapods is Q84 in ray-finned fish, and 
that this site was conserved in CLOCK1. This site is related 
to domains that facilitate CLOCK and BMAL1 recognition. 
In general, CLOCK2 sequences are relatively conserved at 
vital sites, with the secondary structures of CLOCK2 con-
sisting of 25 α-helices and 23 β-strands.

As mentioned above, most ray-finned fish that had under-
gone FSGD had two isotypes of clock1 named clock1a and 
clock1b. To further determine the differences between 
CLOCK1a and CLOCK1b, we selected 10 representa-
tive sequences from the ray-finned fish for alignment with 
human CLOCK1 (protein ID: 6QPJ). CLOCK1a contains 
approximately 890 aa, whereas CLOCK1b contains 820 aa. 
Many variable sites in CLOCK1a and CLOCK1b were found 
downstream of the PAS-B domain. However, the phos-
phorylation sites, core hydrophobic residues, bHLH with 
PAS recognition sites, and residues that react with E-box 
(marked by red boxes) are almost identical in CLOCK1a 
and CLOCK1b, as shown in Fig. 4b. The unique notable 
difference was the variation of the critical site H84 to N84 in 
Fugu. In general, functional domains were highly conserved 
between CLOCK1a and CLOCK1b.

Similarly, an alignment of CLOCK1 protein sequences 
from 10 vertebrate species is shown in Fig. 4c. Compared 
with that in amphibians and fish, CLOCK1 in mammals, 
birds, and reptiles contained an extra 9–10 aa residues at 
the N terminus, except for the anole lizard. The pivotal sites 
(Ser38, Arg39, Ser42, Glu43, Arg47, His84, Leu57, Leu74, 
Phe104, Leu105, Leu113, and Trp362 in CLOCK1) are 

Fig. 2  Phylogenetic relationships, gene structures, and conserved 
motifs in clock genes. a Phylogenetic tree of 42 clock genes. The 
unrooted maximum likelihood phylogenetic tree was constructed in 
IQtree using full-length nucleotide sequences of 42 clock genes, with 
1000 bootstrap test replicates. b Distribution of conserved motifs in 
clock genes. Ten putative motifs are indicated by different colored 
boxes (see more details in supplementary materials). c Exon/intron 

organization of clock genes. Yellow boxes represent exons, and black 
lines with the same lengths represent introns. The regions upstream 
and downstream of clock genes (untranslated regions, UTR) are indi-
cated by blue boxes. The lengths of exons can be inferred by the scale 
at the bottom. For additional information on species motifs, see Fig-
ure S1 (Color figure online)
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marked with red boxes in Fig. 4c (Huang et al. 2012). The 
results for Fugu and zebrafish CLOCK1b at these sites are 
also consistent with zebrafish having variant N84 and Fugu 
possessing a hypervariable region in the bHLH domain. 
Generally, CLOCK1 was more conserved than CLOCK2, 

with secondary structures of CLOCK1 consisting of 32 
α-helices and 19 β-strands. In the 3D CLOCK:BMAL1 
complex structure, each domain interacts primarily with 
the corresponding domain of its partner subunit, so that 
CLOCK bHLH interacts with BMAL1 bHLH, and CLOCK 

Fig. 3  Maximum likelihood phylogram depicting relationships 
among clock sequences from 102 representative vertebrates Phylo-
genetic reconstructions were based on the coding sequences of clock 
genes. A lamprey sequence was used as the outgroup. Different colors 
represent different clades: the blue circle represents clock1, and the 

yellow circle represents clock2. The same clade is shown in the back-
ground color. Clade 1: lobe-finned fish clock2; Clade 2: ray-finned 
fish clock2; Clade 3: lobe-finned fish clock1; Clade 4: ray-finned fish 
clock1b; Clade 5: ray-finned fish clock1a (Color figure online)
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Fig. 4  Alignment of CLOCK1 and CLOCK2 protein sequences from 
representative vertebrate species. The human CLOCK sequence was 
employed as the reference for comparison and numbering. Sequence 
alignments were realized in MAFFT and colored using Jalview. The 
secondary structures (α helix, red bar; β fold, green bar) are shown 
under the sequences. The functional domains also are indicated 
(black bar). Essential functional sites are indicated with light blue box 

for R39, dark blue box for E43, green box for R47, yellow box for 
84th site amino acid and red box for others. Color codes for conserva-
tion vary according to clade. a CLOCK2 alignment for representative 
vertebrate species. b CLOCK1a and CLOCK1b alignment for five 
teleost fishes. c CLOCK1 alignment for representative vertebrate spe-
cies. The complete sequences see Figure S2 (a-c) in supplementary 
materials (Color figure online)
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Fig. 4  (continued)
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Fig. 4  (continued)



504 Journal of Molecular Evolution (2021) 89:494–512

1 3

PAS-A (or PAS-B) interacts with BMAL1 PAS-A (or PAS-
B) (Huang et al. 2012). The CLOCK:BMAL1 heterodimer 
interface analysis indicates that the CLOCK H84 interface 
contacts with BMAL1 D86 (Fig. 5; Table S4). In addition, 
the BMAL1 alignment results suggest that, in ray-finned 
fish, D86 is replaced by K86 (Figure S2), and that the amino 
acid residues that mediate the CLOCK:BMAL1 hydrophobic 
interactions are conserved (L95 and L115).

Synteny Analysis

Conserved syntenic regions, defined by two or more closely 
linked orthologous genes on a single chromosome or chro-
mosomal fragment in each of two or more different spe-
cies, provide crucial information regarding how genes and 
genomes evolve. Our synteny analysis assumed that genes 
in the chromosomal neighborhood of orthologous genes 
are likely orthologous, despite the fact that chromosomal 
rearrangements such as fusions, fissions, translocations, 
and inversions often disorganize the conserved gene order 

(Wood et al. 2005; Kasahara et al. 2007; Postlethwait 2007; 
Guyomard et al. 2012). Our synteny analysis showed that 
clock1 and clock2 share a conserved suite of upstream and 
downstream genes across species, although some species 
showed gene loss (Fig. 6). We observed that four conserved 
genes, KIT proto-oncogene receptor tyrosine kinase (kit), 
kinase insert domain receptor (kdr), centrosomal protein 135 
(cep135), and aminoadipate-semialdehyde dehydrogenase 
(aasd), neighbor clock1 in lobe-finned fish. We collected 
transmembrane protein 165 (tmem165) and tyrosinase-
related protein 1b (tyrp1b) for a ray-finned fish clock1 syn-
teny analysis because of the lower synteny in this clade.

Subsequently, we performed a clock2 synteny analysis 
between lobe-finned fish and ray-finned fish (Fig. 6). In the 
lobe-finned fish clade, all clock2 genes shared a conserved 
suite of carbohydrate sulfotransferase 10 (chst10), LON 
peptidase N-terminal domain and ring finger 2 (lonrf2), 
ribosomal protein L31 (rpl31), and CCR4-NOT transcrip-
tion complex subunit 11 (cnot11) around them, whereas 
none of these synteny genes could be identified in ray-finned 

Fig. 5  Structure and interaction of the CLOCK:BMAL1 heterodimer. CLOCK is shown in green and BMAL1 in blue. The interface between the 
helix of CLOCK bHLH (green) and the helix face of BMAL1 bHLH (blue) are shown in detail (Color figure online)



505Journal of Molecular Evolution (2021) 89:494–512 

1 3

fish. Hence, we selected zinc finger CCCH-type containing 
12B (zc3h12b) and bromodomain and WD repeat domain 
containing 3 (brwd3) as candidate genes, localized near 
clock2 in ray-finned fish. Notably, all four of these genes 
near clock2 in ray-finned fish were absent in Osteoglossi-
formes such as P. kingsleyae and S. formosus. Therefore, we 
selected another four genes, melatonin receptor 1C (mtnr1c), 
VMA21 vacuolar H + -ATPase homolog (vma21), ephrin-B1 
(efnb1), and ectodysplasin A (eda), to conduct a synteny 
analysis in P. kingsleyae and S. formosus. By performing a 
comparative synteny analysis between lobe-finned fish and 
ray-finned fish, we found that synteny in the lobe-finned fish 
clade was more conserved than that in ray-finned fish. Our 
synteny results supported the rationale to classify the two 
lineages as clock1 and clock2.

Positional Selection Analysis

To determine the selective modes that might have acted on 
these ancient clock duplicates, their ratio of nonsynonymous 
substitutions per nonsynonymous site (dN) to the numbers 
of synonymous substitutions per synonymous site (dS) were 
computed. Generally, dN/dS > 1 indicates positive selection, 
dN/dS = 1 indicates neutral selection, and dN/dS < 1 suggests 
purifying selection (Yang and Bielawski 2000; Hurst 2002). 
Among the calculations for 73 sequences from 29 verte-
brates (Fig. 7), all dN/dS values were considerably less than 
1, indicating that purifying selection acted on these genes 
in the vertebrate species during clock evolution (Table 1 & 

Table S5). However, the clock2 dN/dS values were higher 
than those for clock1 in the lobe-finned fish clade (P < 0.05), 
suggesting that the clock2 gene in lobe-finned fish may have 
experienced more intense selection for overlapping roles in 
a suprachiasmatic circadian clock (DeBruyne et al. 2007). 
The clock1a, clock1b, and clock2 dN/dS values in ray-finned 
fish were not significantly different (P > 0.05).

Discussion

Possible Reasons for the Presence of Different 
Copies Among Vertebrates

During evolution, genes are often subject to duplication 
events such as WGD, large-scale segmental duplication, 
and small-scale gene duplication (Bridges 1936; Glasauer 
and Neuhauss 2014). WGD has been proposed to play a 
predominant role in providing additional genetic material for 
the occurrence of new genes, allowing organisms to acquire 
novel characteristics to survive natural challenges (Stephens 
1951; Kaessmann 2010). Ohno proposed two rounds of 
WGD in early vertebrate evolution, with one round of WGD 
occurring before the Agnatha–Gnathostomata split and two 
rounds happening before the Chondrichthyes–Osteichthyes 
split, both of which provided raw materials for the evolution-
ary diversification of vertebrates (Taylor et al. 2001; Zhang 
2003; Christoffels et al. 2004). Furthermore, after the second 
round of WGD in a common ancestor of vertebrates around 

Fig. 6  Comparison of the order of genes surrounding clock1 and 
clock2 in chromosomes of several vertebrates. Orthologous genes 
flanking clock1 and clock2 show highly conserved synteny among 

the vertebrates examined. Orthologous genes are shown in the same 
color. For additional information on synteny of species, see Figure S3 
(NOTE: npas2 here is equivalent to clock2)
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320 Mya, a third round of genome duplication occurred 
in the stem lineage of teleost fishes after the Actinoptery-
gian–Sarcopterygian split (Amores et al. 1998; Taylor et al. 
2003; Meyer and Van de Peer 2005). Acipenseridae, Catos-
tomidae, Cobitidae, Cyprinidae, and Salmonidae fish fami-
lies have even undergone a fourth round of WGD (Taylor 
et al. 2003; Vandepoele et al. 2004).

Results of our study are consistent with previous results 
showing that all vertebrates have undergone at least two 
rounds of WGD. Almost all species of lobe-finned fishes 
and some basal non-teleost ray-finned fishes included in 
the present study had two copies of both clock1 and clock2 
genes, whereas most teleost fishes had three copies of clock 
such as clock1a, clock1b, and clock2 or clock1a, clock2ba, 
and clock2bb. Tetraploid teleosts such as S. salar and O. 
mykiss possessed four clock copies, and the three Sinocy-
clocheilus species each possessed six copies. In general, 
our results indicate that copy number variations in clock in 
vertebrates were mainly caused by a combination of WGD 

and gene loss, which is consistent with results from a recent 
genome-wide analysis of duplicate genes (Li et al. 2018). 
Because of selective loss of genes, the number of duplicates 
in diploids and tetraploids does not always correspond to 
a two-four-eight model. For diploid teleosts, most species 
examined in our present study have three members, clock1a, 
clock1b, and clock2. The clock2a gene was lost from the 
last common ancestor of teleosts, because no clock2a was 
found in the clade (Fig. 3) (Wang 2008; Toloza-Villalobos 
et al. 2015). This phenomenon is more common in tetra-
ploid teleosts such as S. salar and O. mykiss, which possess 
two clock1a (clock1aa and clock1ab; lost clock1b) and two 
clock2b (clock2ba and clock2bb; lost clock2a), and the three 
Sinocyclocheilus fishes, which have six clock gene mem-
bers, including two clock1a, two clock1b, and two clock2b 
(lost clock2a). In these five tetraploid species, distinct evo-
lutionary models were apparent. Based on previous research, 
salmonid gene fractionation may still be occurring because 
of an additional and relatively recent WGD event that has 

Fig. 7  Ratios of nonsynony-
mous and synonymous substitu-
tions (dN/dS) estimated with 
the Codeml module in PAML 
Significant differences among 
the five clades are marked with 
asterisks (* < 0.05, ** < 0.01). 
Clade 1: lobe-finned fish clock2; 
Clade 2: ray-finned fish clock2; 
Clade 3: lobe-finned fish clock1; 
Clade 4: ray-finned fish clock1b; 
Clade 5: ray-finned fish clade 
clock1a 
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been dated to 100–25 Mya (Berthelot et al. 2014). Com-
pared with the third common teleost WGD, the rediploidi-
zation process in salmonids is ongoing, and only half of 
the protein-coding genes have been retained as duplicate 
copies. The ancient rediploidization event revealed here 
might explain why both of the salmonids lost clock1b. The 
detailed picture of clock1b loss will remain unclear until 
more salmonid species have been examined. Results for the 
three Sinocyclocheilus species revealed that intact remnant 
clock genes were conserved in this clade. Compared to that 
of the salmonid species mentioned above, diversification of 
Sinocyclocheilus species occurred recently, perhaps at the 
beginning of the rediploidization process when the common 
carp lineage appeared at the forth genome duplication event, 
which occurred approximately 8 Mya (Xu et al. 2014, 2019a, 
b). Thus, all three Sinocyclocheilus species possessed more 
members of the remaining clock than salmonids.

Combining results of previous studies with our own, we 
concluded that the evolutionary path of clock was as follows: 
the common ancestor of vertebrates had one clock gene, 
which is still retained in lamprey. During the second round 
of genome duplication in Chondrichthyes and Osteichthyes, 
clock gave rise to clock1 and clock2. In the subsequent third 
round of genome duplication in teleost fishes, clock1 gave 
rise to clock1a and clock1b, both of which have been pre-
served in almost all teleost fishes. In addition, clock2 turned 
into clock2a and clock2b, one of which (clock2b) has been 

maintained in the majority of teleosts (Wang 2008). Dur-
ing evolution, osteoglossomorph fishes (P. kingsleyae and 
S. formosus) maintained the two clock2 members but lost 
clock1b. The remnant clock1a of the two osteoglossiform 
fishes form a clade with spotted gar clock1 placed at the base 
of the phylogenetic tree, suggesting that Osteoglossiformes 
are relatively primitive among teleosts. Our estimated phy-
logenies of members of the clock gene family confirmed that 
spotted gar diverged from teleosts before the FSGD, whereas 
osteoglossomorphs experienced FSGD (Braasch et al. 2016; 
Bian et al. 2016). Among teleosts, Osteoglossomorpha has 
been considered an ancient group, with fossil records dating 
back to the late Jurassic (Bian et al. 2016). On the basis of 
the homology analysis, combined with fossil evidence, the 
two clock2 genes of osteoglossomorph fishes might repre-
sent an ancient branch of a special duplication.

Moreover, the results from the synteny analysis revealed 
that clock1 and clock2 genes localize on different chro-
mosomes or chromosomal fragments in the same species. 
Interestingly, we found that the syntenic genes were not con-
served between lobe-finned fish and ray-finned fish. Only 
two genes, kit and cep135, both near the clock1 gene, were 
shared in ray-finned fish and lobe-finned fish. Furthermore, 
syntenic genes located around clock1a and clock1b in the 
ray-finned fish were not completely identical. There was no 
homologous gene shared by lobe-finned fish and ray-finned 
fish that localized in regions flanking clock2 in our study. It 

Table 1  Maximum likelihood 
analysis of the ratio of 
nonsynonymous-to-synonymous 
substitution rates, ω (= dN/dS), 
in the clock genes of vertebrates

a Positive selection sites identified with posterior probabilities ≥ 0.95 (sites with posterior probabili-
ties ≥ 0.99 are in bold): 84H, 122S, 195L, 198S, 203E, 204P, 209  T, 215  T, 230S, 235P, 238  T, 292Q, 
294Q, 307Q, 325S, 348S, 349L, 350S, 375F, 376S, 386Q, 416Q, 418A, 445S, 446S, 447Q, 482R, 496S
b Positive selection sites identified with posterior probabilities ≥ 0.95 (sites with posterior probabili-
ties ≥ 0.99 are in bold): 197D, 245L, 260P, 404 N, 442H, 443Q, 482R

Model InL Estimate of ω P Positive selection Test

Branch models
 1ω − 95,657.337 ω0 = 0.139 1 None
 2ω − 95,651.396 ω_clock1 = 0.112 2 1ω vs 2ω

ω_clock2 = 0.189 P <  < 0.001
 1ω − 95,657.207 ω_clock2 = 0.189 1 None
 2ω − 95,621.549 ω_clade1 = 0.254 2 1ω vs 2ω

ω_clade2 = 0.125 P <  < 0.001
 1ω − 95,657.337 ω_clock1 = 0.112 1 None
 3ω − 95,657.310 ω_clade3 = 0.083 3 1ω vs 3ω

ω_clade4 = 0.149 P <  < 0.001
ω_clade5 = 0.105

Branch-site model
1ω − 94,376.345 ω0 = 0.189 5 Foreground:
 2ω − 94,376.345 ω_clade1 = 0.254 2 sites a 1ω vs 2ω

ω_clade2 = 0.125 Background: None P <  < 0.001
 1ω − 94,376.345 ω0 = 0.112 5 Foreground:
 2ω − 94,376.345 ω_clade3 = 0.083 1 site b 1ω vs 2ω

ω_clade4-5 = 0.127 Background: None P <  < 0.001
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seemed that clock genes experienced rearrangement after 
the split between the lobe-finned and ray-finned fishes. In 
particular, no collinear sequences were found in osteoglos-
somorphs (P. kingsleyae and S. formosus), so another four 
candidate genes were selected to conduct the synteny analy-
sis. Interestingly, we found that syntenic genes in lobe-finned 
fish are markedly more conserved than those in ray-finned 
fish. This phenomenon may reflect the fact that ray-finned 
fish lineages are more inclined to inter-chromosomal rear-
rangements than lobe-finned fish lineages, leading to shorter 
conserved syntenic blocks in ray-finned fish compared with 
those in lobe-finned fish (Braasch et al. 2016; Ravi and Ven-
katesh 2018). Moreover, FSGD events also led to shorter 
syntenic blocks through differential gene loss without rear-
rangements (Ravi and Venkatesh 2018). The disrupted syn-
tenic blocks are very widespread in ray-finned fish genomes. 
For example, Xu et al. (2019a, b) reported that the syntenic 
region of the tph locus contained seven genes, and this block 
was entirely conserved in tetrapods. However, in zebrafish, 
tph was duplicated to tph1a and tph1b, owing to the FSGD, 
and the regions of tph1a and tph1b retained only one and 
two genes, respectively (Xu et al. 2019a, b).

Adaptive Evolution of Clock Genes in Vertebrates

The Earth turns on its axis every 24 h, and almost all life 
on the planet shows circadian rhythmicity that follows daily 
changes caused by this autogiration (Abhilash et al. 2017). 
The molecular CLOCK that controls circadian rhythms 
was revealed to be an important regulator of physiol-
ogy and disease (Yi et al. 2010). In humans, CLOCK and 
BMAL1 form a CLOCK:BMAL1 heterodimer through their 
PAS domains. By binding the E-boxes in other CCGs, the 
CLOCK:BMAL1 heterodimer drives transcription of these 
genes (Allada et al. 1998; Bielawski and Yang 2003; Yoshi-
tane et al. 2009). Thus, elucidating critical sites of protein 
functional diversity and understanding how gene families 
evolve are core evolutionary biology interests. In our protein 
sequence analysis, critical sites associated with the E-box 
were largely conserved, except for Fugu CLOCK1b. Pre-
vious research (Wang 2008) has shown that Fugu clock1b 
exhibits a higher dN/dS value than other clock genes, and 
our results are consistent with these results. In addition, 
CLOCK2 H84 in ray-finned fish was turned into Q84/N84, 
indicating the diversity of CLOCK2 between lobe-finned 
and ray-finned fishes. Changes in this site suggest diverse 
modes of CLOCK1:BMAL1 and CLOCK2:BMAL1 dimer 
recognition in teleosts. Because these two amino acids carry 
different charges, changes at this site suggest diverse modes 
of CLOCK:BMAL1 dimer recognition and transactivation 
activity in vertebrates. Huang et al. (2012) showed that the 
CLOCK:BMAL1 bHLH dimer interface is largely mediated 

by conserved hydrophobic interactions. This transforma-
tion seems to enhance the formation of a stable heterodi-
meric complex and increases the transactivation activity of 
CLOCK:BMAL1.

Moreover, previous studies have shown both structural 
and functional evolutionary divergence in the clock gene 
family (DeBruyne et al. 2007; Wang 2008). Thus, we ana-
lyzed selected aspects of structural and functional diver-
gence in the clock family and attempted to elucidate pat-
terns of selection pressure in the five clades. Results showed 
that clade 3 (Fig. 3, lobe-finned fish clock1) shows a more 
intense purifying selection compared with clade 1 (lobe-
finned fish clock2, P < 0.01, Fig. 7). During evolution, the 
transcription factor CLOCK2 was able to serve as a func-
tional substitute for CLOCK1 in the master brain clock to 
regulate circadian rhythmicity in mice (Glasauer and Neu-
hauss 2014). In homozygous CLOCK2-mutant mice, which 
do not express functional CLOCK2 (Garcia et al. 2000), 
robust circadian rhythms control locomotor behavior sug-
gests that clock1 and clock2 have overlapping functions 
(Dudley et al. 2003). The results of our protein sequence 
analysis and structural characterization show that CLOCK2 
is less conserved than CLOCK1, but preserves at pivotal 
sites, and this suggests that lobe-finned fish CLOCK2 plays 
overlapping roles in the circadian rhythm compared with 
ray-finned fish (DeBruyne et al. 2007; Dibner et al. 2010; 
Partch et al. 2014). In other words, CLOCK1 has a more 
prominent role than CLOCK2 in controlling circadian gene 
expression (DeBruyne et al. 2007). However, CLOCK2 was 
reported to have other functions, including roles in memory, 
mood regulation, and ingestion (Garcia et al. 2000; Dudley 
et al. 2003; Ozburn et al. 2017). Thus, the sequence vari-
ability owing to relaxed constraints might have allowed the 
acquisition of new function by CLOCK2 (neofunctionali-
zation) (Antoch et al. 1997; Lowrey et al. 2000; DeBruyne 
et al. 2007). In most ray-finned fish, FSGD resulted in an 
extra clock gene; hence, three clades remained (clade 2, 
clade 4, and clade 5). These clades showed relatively low 
dN/dS values with no significant difference between them. 
Although these three clades showed dN/dS values less than 
1, it is possible that some genes are undergoing neofunction-
alization and have relaxed functional constraints (He et al. 
2005). From a molecular viewpoint, the CLOCK2 pivotal 
site related to CLOCK:BMAL1 interactions in fish spe-
cies (H84, which became Q 84) suggest that clock2 may be 
undergoing neofunctionalization and have played multiple 
roles during evolution (Kovanen et al. 2010). In clock1a and 
clock1b, the relatively high dN/dS value compared to that of 
lobe-finned fish clock1 (clade 3, P < 0.05) suggests that the 
duplicated members have relaxed functional constraints and 
play a sub-functional role in circadian rhythms (Wang 2008).

In vertebrate circadian clock gene networks, the 
CLOCK:BMAL1 complex binds to regulatory elements 
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containing E-boxes in a set of rhythmic genes that encode 
the repressor proteins period (encoded by PER1, PER2, and 
PER3) and cryptochrome (encoded by CRY1 and CRY2) 
(Gekakis et al. 1998; Kume, et al. 1999; Shearman et al. 
2000). Previous studies have shown that both bmal and clock 
genes were duplicated and lost after FGSD (Wang 2008, 
2009; Toloza-Villalobos et al. 2015). Although clock plays 
a key role in the regulation of biological rhythms (DeBruyne 
et al. 2007; Ray et al. 2020), the number of bmal and clock 
genes is the same in different species. For example, the 
human genome contains two clock and bmal genes, whereas 
zebrafish contains three clock and bmal genes (Wang 2008, 
2009). At the same time, based on dN/dS analyses, the evo-
lution rate of clock and bmal genes is less than one, and 
these two genes have asymmetric evolutionary rates between 
duplicates (Wang 2008, 2009). In addition, our sequence 
analysis results showed (not listed in the text) that the 86th 
amino acid of the BMAL1 protein sequence (interface con-
tact with the 84th position of CLOCK) in ray-finned fish, 
with the substitution of H84 by Q84, also leads the D86–K86 
change. Therefore, we conclude that the CLOCK:BMAL1 
dimer is co-evolving.

Diversification of Clock Genes in Cavefishes

According to results of our phylogenetic analysis and pro-
tein structural comparison, the clock gene family in some 
cavefishes such as Astyanax mexicanus and T. rosa have 
three and S. anshuiensis possesses six members. Moreo-
ver, the sequences of cavefish clock family genes are simi-
lar (Table S1). In the laboratory, the adult surface Mexican 
tetra shows robust circadian rhythms. These genes have been 
retained in cave populations but with substantial alterations 
(Beale et al. 2013). In addition, different groups from vari-
ous caves display subtle differences. In other words, Mexi-
can tetra cave populations have rhythms that differ among 
diverse populations (Beale et al. 2013). These differences 
may result from increased levels of light-inducible gene 
expression in cavefish, including expression of members of 
the circadian rhythm repressor per family (Beale et al. 2013, 
2016). From a molecular standpoint, cavefish appear as if 
they have experienced constant light rather than perpetual 
darkness. The other cavefish, S. anshuiensis, was reported 
to have weaker circadian rhythms because both copies of 
Skp1 proteins had deletions at their N-termini, and expres-
sion levels of the rhythm pathway genes were decreased 
(Yang et al. 2016). The cavefish T. rosa also had three com-
plete clock genes. Further examination of the expression of 
cavefish clock and its regulatory mechanism should add to 
our understanding of cave animal adaptations. In addition to 
biological rhythms, the clock gene is reported to have other 
physiological functions in vertebrates, such as roles in fer-
tility, seasonality, and cancer regulation (Turek et al. 2005; 

Kovanen et al. 2016; Abhilash and Sharma 2016; Abhilash 
et al. 2017; Jankowski and Dmitrzak-Weglarz 2017). Thus, 
we speculated that the difference between cave and non-
cave fish clock genes more likely results from expression 
and regulation, and it is reasonable that the clock gene is 
preserved in cavefish. In general, the results of our current 
study provide a genome-wide view of the evolution of clock 
gene family in vertebrates.

Conclusions

Through a genomic survey, this study provides genome-
wide insights into clock family genes in vertebrates. Com-
bining the results of a phylogenetic analysis with synteny 
identification, we found that copy number variations in 
vertebrate clock genes were mainly associated with WGDs 
and gene losses. By comparing CLOCK1 and CLOCK2 
protein sequences, we also revealed many similarities and 
differences between clock1 and clock2. Furthermore, dN/dS 
results suggested that clock genes had different fates follow-
ing duplication between ray-finned and lobe-finned fishes. 
In addition, in the special and primitive clade of teleosts, the 
clock genes of osteoglossomorph fishes show an opposite 
pattern of duplication. Therefore, teleosts have adopted vari-
ous strategies to adapt to diverse environments after FSGD. 
Moreover, although the cavefish possessed clock genes like 
other species, different levels of rhythm showed that further 
expression experiments should be performed to illuminate 
the role that clock plays in these cave species.
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