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the chordate Ciona intestinalis. This organism showed 
rhythmic oxygen consumption in our previous study, but 
there were few homologous clock genes showing rhythmic 
mRNA expression. To understand circadian behavior at the 
transcriptomic level, we analyzed the 817 of 21,938 probes 
showing a 23- to 25-h period by means of COSOPT. Cou-
pling the analysis of period detection with functional anno-
tations indicated that previously unknown rhythmic mRNA 
expression might exist in C. intestinalis. In addition, we are 
releasing our implementation of COSOPT by means of R 
and C. All source code and supplementary information are 
available from https://github.com/mhiromi/cosopt.
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1 Introduction

A circadian rhythm is an approximately 24-h cycle in a biolog-
ical process. A circadian behavior is coordinated by a transcrip-
tional network of clock genes, such as Clock, Per1, BMAL1, 
and Cry2 and a transcriptional enhancer element E-box in 
mammals [1]. In terms of evolution, the molecular mechanism 
of circadian rhythms is one of the physiological responses con-
served between insects and mammals. A statistical analysis that 
was based on time-series expression data uncovered a periodic 
change in the expression of clock genes, their regulatory genes 
at the transcriptomic level, and evolutionarily conserved com-
ponents of circadian rhythms [2, 3]. In vertebrates, oscillation 
of the expression of clock genes in the central nervous system 
(CNS) drives the peripheral clocks of the body [4].

Considering the evolutionary development of the CNS, 
the chordate Ciona intestinalis is a well-studied model 
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organism in evolutionary biology, and its genome was 
sequenced in the early postgenomic era [5]. This organism 
is a sister clade of the vertebrates and has a primitive CNS 
called the neural complex [5]. The C. intestinalis genome, 
however, does not contain many clock genes [6, 7]. In a pre-
vious study, we measured oxygen consumption, analyzed 
microarray data, and demonstrated that C. intestinalis has 
circadian rhythms at the physiological and transcriptomic 
levels [8]. The study revealed oscillation of the expression 
of a few orthologs of clock genes and unannotated probes 
by means of the moving window analysis [4]. Although this 
method can detect a correlation between two time points, it 
does not test a specific period of the observed data.

To assess periodic gene expression using another statisti-
cal method, we utilized a well-known statistical algorithm: 
COSOPT. COSOPT estimates the best-fitting period of gene 
expression for each probe [2, 3, 9]. Because the original 
source code of COSOPT was not made public, we imple-
mented COSOPT ourselves for this study. In addition, new 
and high-quality genome assembly and gene models of 
C. intestinalis were released in 2008 [10]. In the present 
work, we identified possible genes of the circadian rhythm 
in C. intestinalis by combining the published gene expres-
sion profiles obtained by means of COSOPT and the new 
genomic resources.

2  Materials and methods

2.1  The dataset

We used time-course gene expression profiles of cDNA 
microarrays, which we sampled previously at 6-h intervals 
[8]. The microarray data analyses (except for COSOPT) were 
carried out using R. The cDNA microarray data were normal-
ized using local polynomial regression fitting the loess func-
tion of the Bioconductor package marray [11]. Then, the sig-
nal intensity for a probe at each time point was expressed as 
a ratio of circadian time 2 (CT2) on Day 1 to each time point 
(CT8, CT14, CT20, CT26, CT32, CT38, and CT44).

2.2  COSOPT

COSOPT detects periods of rhythmic gene expression as fol-
lows [2, 3, 9]: (1) this method generates many patterns of 
cosine waves to fit the time-series data from each probe/gene. 
First, test cosine functions were generated for 1000 periods that 
range from 1/12 to 1/12,000 frequency. For each period, 101 test 
cosine functions were generated, whose phases varied across a 
range of phase values from plus one-half the period to minus 
one-half the period in increments of 1 %. In total, 101,000 test 
functions were obtained. (2) Improving fitness of a cosine wave 
to the experimental data statistically, we also generated 1000 

surrogates of the time-series gene expression signals for each 
probe with the addition of white noise generated from standard 
deviations of the signal. (3) Using the least squares method, we 
fitted 1001 gene expression data points from each probe (1 real 
data point + 1000 surrogates) to 101,000 cosine waves. Then, 
the method determined the period and phase for each probe 
with the minimum distance and within 5 % of one side. Finally, 
we utilized the period and phase of a probe if all 101 results 
showed the same period and phase.

The original COSOPT uses the standard deviation 
within replicates of each probe, but our data did not include 
replicates. Therefore, we set standard deviations to 0.1 in 
our analysis. We confirmed adequate performance of our 
COSOPT on the cluster computing system in our labora-
tory by means of published time-series gene expression 
profiles from circadian research. The data are available 
at the NCBI Gene Expression Omnibus (GEO accession 
number: GDS2232) [12]. We detected circadian periods of 
clock genes in these data (Online Resource 1–3). COSOPT 
for this study was implemented by means of C and R. The 
source code and all supplementary information are avail-
able online https://github.com/mhiromi/cosopt.

2.3  Gene annotations

Functional annotations of the probes were retrieved from 
the Kyoto Hoya Model (KH model) [10] and ANISEED 
database [13]. We extracted 1000-kbp upstream sequences 
corresponding to each detected gene from the KH models 
and computationally searched for E-box motifs in Ciona 
sequences (CANNTG) [14] by means of in-house scripts.

3  Results and discussion

Using COSOPT, we found that 10,681 of the 21,938 probes 
in the gene expression profiles were periodic (Fig. 1, Online 
Resource 4–6). Nevertheless, we restricted the periods 

Fig. 1  The number of probes in each period range
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detected by COSOPT to 8–40 h because we used data at 
6-h intervals to find a 24-h period, and because a sampling 
interval must be shorter than a half of the period we want 
to extract (the 12-h interval in our case), according to the 

so-called sampling theorem. Among these periodic probes, 
817 probes clearly showed circadian-like oscillation with a 
period ranging from 23 to 25 h (Figs. 1, 2).

By comparing these data with our previous data [8], we 
constructed a correspondence table among KH models, 
probe IDs, and functional annotations (Table 1). Only Hlf/
Pdp1—which contains three E-box motifs in the upstream 
sequence—oscillated according to both the previous and 
present datasets. We found that five of the eight oscillating 
genes (which were not orthologs of clock genes) showed 
rhythmic patterns among them (Online Resource 5). Two 
oscillating genes (CT8-2 and Amp4; Table 1) were not 
annotated functionally in the current database but showed 
~24-h periods in our analysis.

Then, we searched for other candidates for circadian 
genes on the basis of the functional annotations of the 
oscillating genes in our analysis (Table 2). The list included 
orthologs of presumably circadian rhythm-related genes, 
basic-helix-loop-helix (bHLH)-domain containing genes, 
and genes related to photoreceptors.

An ortholog of a well-known clock gene, casein kinase 
I (whose clone was isolated from the neural complex), 
oscillated with a longer period according to our analysis 
(Table 2).

In flies and mammals, most clock genes coordinate cir-
cadian rhythms as transcription factors. Clock and Bmal1/
Arntl (which cycle in flies) contain the bHLH-Per ARNT 

Fig. 2  A heatmap of expression of genes with 23- to 25-h periods. 
The x-axis indicates sampling time points. The y-axis represents clus-
ters of phases, which showed circadian time (CT) with the highest 
signal intensity among all CTs. A gray scale bar on the right denotes 
signal intensity of probes from the highest (white) to lowest (black) 
on the grayscale

Table 1  Comparison of the oscillating genes between the previous [8] and this study

Name KH accession Number of 
E-box

Probe ID Period

in 2010 This study

Orthologues of clock genes reported in 2010

 Mammal Fly

  Hlf pdp1 KH2012:KH.S1032.1 3 ciad045n22 Oscillated 12.0

  Rxr KH2012:KH.C9.892 2 citb010c11 ND 8.6

  Fwd1 slimb KH2012:KH.C5.76 2 cieg001c06 ND ND

  Ck1 epsilon double–time KH2012:KH.C7.188 3 cieg027g08 ND 35.9

  Rev-erb alpha E75 KH2012:KH.C13.51 6 cilv001k03 ND ND

  E4bp4 vrille KH2012:KH.C5.255 3 ciad100b09 Weakly oscillated ND

  Ror alpha HR3 KH2012:KH.C3.17 3 cilv010m12 ND ND

Other genes in 2010

 Name in 2010 Name in  ANISEED database

  CT8-2 – KH2012:KH.C2.273 0 cibd034k24 Oscillated 23.4

  Amp2 – KH2012:KH.C9.458 4 citb064b04 Oscillated ND

  Amp4 – KH2012:KH.C2.1070 4 ciad033o23 Oscillated 24.4

  Amp30 HMCN1 (Ci-meta2) KH2012:KH.C6.197 1 ciad002j17 Oscillated 30.8

ciad002j17 Oscillated 31.1

  Amp31 – KH2012:KH.C7.152 3 cieg032o11 Oscillated ND

  Amp37 – KH2012:KH.C1.602 6 citb005m02 Oscillated ND

  Amp56 – KH2012:KH.C1.805 3 cigd012m22 Oscillated 9.1
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Sim (bHLH-PAS) domains in mammals and insects [6, 
15]. Because the bHLH domain is a major motif among 
transcription factors and is also found in Ciona [7], we 
compiled the data on the periods of several bHLH genes 
(Table 2). Only orthologs of NPAS3 and ARNT in the 
bHLH-PAS family of genes showed periodic expression 
in C. intestinalis; NPAS3 plays an important role in neu-
rogenesis and schizophrenia but not in circadian rhythms 
in mammals [16, 17]. A clone of the NPAS3 ortholog in C. 
intestinalis was originally found in a whole body specimen 
at the tail bud stage (regulating formation of the CNS) in 
an ascidian, but not in neural complex extracted from an 
adult organism [7, 18]. Even though clock genes encod-
ing the bHLH and PAS domains are absent in Ciona, the 
Ciona NPAS3 ortholog showed a clear-cut circadian period 
(23.8 h).

In the regulation of the circadian rhythms, phototrans-
duction is a key mediator and synchronizes the body 
with the environment (e.g., jetlag and seasonal daylight 

changes). Unexpectedly, we observed cyclic expression 
of some genes related to phototransduction, even though 
the RNA was extracted from a whole body specimen of 
C. intestinalis in this experiment. For example, one probe 
of CRALBP (which is expressed in Ciona photoreceptor 
cells [19]) showed a 24.0-h period. A recent study showed 
that CRALBP is a direct downstream factor of Pax6 and is 
coexpressed with Pax6 in several regions of the CNS [20]. 
In addition, Pax6 regulates CLOCK sleep–wake cycles in 
Drosophila neurons [21]. These pieces of evidence are sug-
gestive of an unknown function of CRALBP in circadian 
rhythms in a broad range of animals. Another probe of 
COP9 (CSN) showing a light response in flies and the vam-
pire bat [22, 23] has a 23.2-h period.

If C. intestinalis has circadian rhythms, then our results 
suggest that these orthologs of nonclock genes may have 
replaced clock genes in this animal. The rhythmic behav-
ior of oxygen consumption is supported by good physi-
ological evidence, but it is still unclear what kinds of 

Table 2  Representative oscillating genes in this study

WO and NC mean “whole organism” and “neural complex”, respectively

Name KH accession Number of 
E-box

Probe ID Clone library Period

Tissues Developmental stage

Known circadian genes

 TIMELESS KH2012:KH.C1.487 3 cign004g15 WO Gastrula and neurula 12.0

cicl007g14 WO Cleavage 15.1

 TIPIN KH2012:KH.C4.657 3 cieg096d24 WO Egg 19.1

cicl103k03 WO Cleavage 20.4

 CK1(CSNKIE) KH2012:KH.C7.188 3 cieg027g08 WO Egg 35.9

 CK2(CSNK2B) KH2012:KH.C1.412 4 cinc014g17 NC Mature adult 8.8

cinc034k20 18.0

cinc014g17 18.5

bHLH-PAS domain including genes

 ARNT KH2012:KH.C5.213 1 ciad002e16 WO Young adult 16.5

 NPAS3 KH2012:KH.L154.23 3 citb035h10 WO Tailbud 23.8

bHLH domain including genes

 AP4 KH2012:KH.C14.448 8 cilv006k04 WO Swimming larva 30.4

 MAD2 KH2012:KH.C14.279 1 cieg055o16 WO Egg 15.9

 Max KH2012:KH.L20.34 3 cieg011p17 WO Egg 18.1

Photoreception

 COP9 homologue (CSN) KH2012:KH.L96.66 4 cicl044e06 WO Cleavage 9.3

KH2012:KH.C12.484 1 cicl030a12 WO Cleavage 8.6

KH2012:KH.C2.895 4 cicl014d11 WO Cleavage 12.0

N/A cicl056m14 WO Cleavage 23.2

N/A cieg021l23 WO Cleavage 28.4

 CRALBP(RLBP1) KH2012:KH.C13.36 5 cicl006l14 WO Cleavage 12.0

KH2012:KH.C11.439 1 cilv021j03 WO Swimming larva 18.3

24.0

 PDE6D(PDED) KH2012:KH.C12.604 7 cicl042m09 WO Cleavage 18.1
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genes are involved in the pathways of oxygen consump-
tion in C. intestinalis. Therefore, analysis of the metabolic 
mechanisms or identification of other evidence of circadian 
behavior in this animal would be necessary to understand 
the biological meaning of the rhythmic gene expression.

In addition, analysis of tissue-specific gene expres-
sion should help to identify the “clock genes” and the core 
organ controlling circadian rhythms in C. intestinalis. The 
pacemaker of circadian rhythms in vertebrates is the supra-
chiasmatic nucleus (SCN) in the brain. The neural complex 
of ascidians performs several physiological functions, just 
as the vertebrate brain does, e.g., the light response [24] 
and hormone release [25, 26]. The neural complex shows 
expression of neuron-specific genes [27, 28]. Therefore, 
analysis of oscillating genes such as NPAS3 and CRALBP 
in the neural complex will be a good subject of a future 
study designed to identify circadian rhythms at the tran-
scriptomic level in C. intestinalis.

In this study, we focused on the transcripts linked to cir-
cadian rhythms (according to functional annotations) and 
on the transcripts with 23- to 25-h periods. Our COSOPT 
detected numerous oscillating transcripts that are outside 
the range of circadian behavior (Online Resource 4). The 
transcripts with specific suitable periods may shed light on 
the molecular mechanisms behind other novel biological 
rhythms such as the tidal rhythm.

Approximately a half of the periodic probes have short 
periods: from 8 to 13 h (Fig. 1 and Online Resource 4). We 
believe that this phenomenon can be attributed to the detec-
tion limits of COSOPT and the sampling interval used. The 
gene expression data match test cosine waves by both the 
specific period and a twofold period according to COSOPT. 
For example, the periods of two probes corresponding to 
cinc014g17 are 8.8 and 18.5 h, even though the observed 
data are similar to one another (Table 2 and Online 
Resource 6). Transcriptomic analyses by means of microar-
rays and next-generation sequencing became cheaper when 
we started the work on this study; therefore, it is better to 
obtain samples at shorter intervals to overcome this prob-
lem in future projects.
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