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Organisms have endogenous timekeeping system(s) to coordinate their

biological processes with environmental cycles, allowing adaptation to

external rhythmic changes in their environment. The change in endogenous

rhythms could contribute to range expansion in a novel rhythmic

environment. We hypothesized that populations of the freshwater snail

near estuaries show a circatidal rhythm to synchronize with the tidal

cycle. We compared the behavioral and gene expression rhythms between

non-tidal and tidal populations of the freshwater snail, Semisulcospira

reiniana. Individuals inhabiting tidal areas exhibited a rhythmic activity pattern

coordinated with the tidal cycle under both field and laboratory conditions,

but individuals inhabiting upstream non-tidal areas showed a circadian activity

pattern. The proportion of circadian oscillating genes was greater in non-tidal

than in tidal individuals, while that of circatidal oscillating genes was greater in

tidal than in non-tidal individuals. Additionally, transcriptome-wide population

genetic analyses revealed that these two adjacent populations can be clearly

distinguished genetically, though the genetic distance was very small. Our

results provide evidence of the shift in an endogenous rhythm via range

expansion to a novel rhythmic environment. The changes in a small number

of genes and/or phenotypic plasticity may contribute to the difference in the

endogenous rhythms between non-tidal and tidal populations.

KEYWORDS

circatidal rhythm, circadian rhythm, transcriptome, tidal environments, biological
clock, activity pattern

Introduction

Life on Earth is exposed to a variety of periodic environmental changes. The Earth’s
rotation provides a daily cycle and seasonal variation, resulting in periodic changes
in environmental factors, such as light and temperature. In marine environments, the
rise and fall of sea levels every 12.4 h and the neap-spring tidal cycle are caused by
the combination of the inertial force of the Earth and the gravitational forces of the
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sun and moon. Organisms have endogenous timekeeping
system(s) that coordinates their biological processes in rhythmic
environments. Circadian clocks are the best characterized
among biological clocks and are ubiquitous in organisms
(Pittendrigh, 1960; Sharma, 2003). Even in the absence of
environmental time cues, circadian clocks sustain a period of
approximately 24 h. Circadian clocks can be entrained to the
environmental cues and are temperature-compensated (Dunlap,
1999; Bell-Pedersen et al., 2005). To adapt to complicated
environmental cycles, some species have endogenous rhythms
other than circadian rhythms. Some marine species show
rhythmic behaviors with a period of approximately 12.4 h
synchronized to the tidal cycle (i.e., circatidal rhythm)
(Barnwell, 1966; Chabot et al., 2004; Satoh et al., 2008;
Zhang et al., 2013). Several species exhibit semi-lunar or lunar
rhythmicity (Takemura et al., 2010; Zantke et al., 2014) and
annual rhythmicity (Heideman and Bronson, 1994; Guyomarc’h
and Guyomarc’h, 1995).

Biological clocks could contribute to adaptation to
rhythmic environments by allowing organisms to anticipate
environmental changes and prepare accordingly (Yerushalmi
and Green, 2009). For instance, Apteronemobius asahinai,
which inhabits mangrove forest floors, can anticipate high
tides by the endogenous clock and escape from submergence
(Satoh et al., 2008). Biological clocks also play important roles
in the regulation of genes known as clock-controlled genes
(CCGs). They are associated with the temporal regulation
of many physiological processes synchronized with periodic
environmental variation (Miller et al., 2007; Bozek et al.,
2009; Gamble et al., 2014). Given that phase and period of
biological clocks are suggested to affect fitness in the natural
condition (Yerushalmi et al., 2011; Rubin et al., 2017, 2018),
modification of these parameters could coincide with the
range expansion to a novel rhythmic environment. The
mutation of genes governing biological clocks causes the
adaptive evolution of phenological traits and could lead to
range expansion to novel habitats with different rhythmic
environments (Urbanski et al., 2012; Zakhrabekova et al., 2012).
In addition, the genetic and/or non-genetic modification of
endogenous rhythm should contribute to local adaptation and
subsequent range expansion as well (Kaiser, 2014; Kaiser et al.,
2021).

Individuals may have endogenous rhythms specific to
dominant environmental cycles in their habitats. Because a
river is adjacent to the sea, there is a steep gradient of
the strength of periodic variation caused by tidal cycles. In
addition to the light-dark (LD) cycle of 24 h period and
daily changes in water temperature, animals near the estuary
are exposed to an environmental cycle of a 12.4 h period
in salinity and water level. Because the tidal cycle causes
drastic environmental changes in both biotic and abiotic factors,
it is advantageous for a given species to anticipate tidal
changes by the circatidal clock (Tessmar-Raible et al., 2011).

Thus, we hypothesized that populations near the estuary
showed a circatidal rhythm to synchronize with the tidal
cycle. The relationship between the modification of endogenous
rhythms and range expansion can be revealed by focusing
on the adaptation of freshwater species to tidal areas in a
river.

To investigate the accurate endogenous rhythm, the analysis
of gene expression rhythms should be informative for us
because the activity rhythm is sometimes irregular owing to
the effect of environmental variables other than zeitgeber, a
process termed masking (Mrosovsky, 2009; Helm et al., 2017;
Kronfeld-Schor et al., 2017). Unfortunately, little is known
about the molecular basis of circatidal rhythm despite recent
advances in molecular techniques (Zhang et al., 2013). However,
examining transcriptome dynamics helps in understanding
the rhythmicity of gene expression and detecting candidate
circatidal clock genes or associated genes. The identification
of oscillators that generate circatidal rhythmicity can be a key
step in understanding the molecular mechanism by which the
circatidal clock regulates the rhythmic process of physiology and
activity.

The freshwater snail Semisulcospira reiniana mainly inhabits
freshwater areas in Japan, but it can also inhabit tidal areas
in several rivers. To evaluate whether populations established
near the estuary have a circatidal rhythm, we compared the
endogenous rhythms of snails between non-tidal and tidal
populations. First, we investigated the activity rhythms of
each population in the field and the laboratory. We then
performed a transcriptome analysis to reveal the gene expression
rhythm of each population under constant conditions. Finally,
we investigated the genetic differentiation between the two
populations using single nucleotide polymorphism (SNP) data
obtained from the transcriptome analysis.

Materials and methods

Species and sampling sites

Semisulcospira reiniana is a common freshwater snail that
inhabits freshwater areas in Japan. Sampling sites were set
in non-tidal (3–5 m above sea level) and tidal areas (<1 m
above sea level) of the Kiso River in Japan. In the present
study, we refer to river areas where the water level fluctuates
due to the tidal cycle as tidal areas and individuals inhabiting
there as tidal individuals. These populations were approximately
20 km apart along the river. Fluctuations in the water level
and salt concentration caused by the tidal cycle occur only in
tidal areas. While snails are submerged at high tide, they go
under the mud at low tide because the riverbed is exposed to
air. The salt concentration is nearly 0% but slightly increases
at high tide. Therefore, snails in tidal areas are exposed to
both daily and tidal environmental cycles. In May 2018, June
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2019, and June 2021, we collected snails from two areas of
the Kiso River for behavioral assays and transcriptome analysis
in the laboratory. In August 2020, we collected snails and
conducted behavioral observations in the field. The animal
study was reviewed and approved by the ethics committee of
Chiba University.

Activity rhythm in the field

To investigate the activity patterns of adult S. reiniana
exposed to field conditions, the activity of individuals collected
from non-tidal and tidal areas was examined in August 2020.
To collect non-tidal and tidal individuals whose habitats were
located 20 km apart from each other just before the onset of
the series of observations, the non-tidal individuals were kept
in tanks in the tidal area near our research base. The tanks
were filled with river water collected from a non-tidal area
and kept in the shade on the riverbank. The tidal individuals
collected were enclosed in mesh bags, which were placed
in the river to expose the stimulus of the tidal cycle. Ten
individuals of non-tidal and tidal populations, respectively,
were collected simultaneously for behavioral observations at
13:30 (low tide), 19:30 (high tide), 1:30 (low tide), and
7:30 (high tide). Snails between 23 and 33 mm in shell
height were used for subsequent analysis. All observations
were conducted at room temperature (approximately 25◦C)
without tidal stimulation. The first and fourth observations
were conducted under light conditions, and the second and
third observations were conducted under dark conditions
corresponding to the natural photoperiod. Individuals were
separately placed into individual bowls (ϕ13 cm × 3.5 cm)
filled with freshwater from the river and monitored using
a model 400-CAM061 camera (Sanwa Direct, Japan) for
60 min. Images were taken every 30 s and were used to
create time-lapse movies. We tracked the position of each
individual using UMATracker tracking software (Yamanaka
and Takeuchi, 2018). Using the snail trajectories, the total
locomotion distance traveled in the hour was calculated for each
individual.

Activity rhythm under constant
conditions

To investigate the endogenous activity rhythm of S. reiniana,
individuals collected from non-tidal and tidal populations
were examined under constant laboratory conditions. Eight
snails per population were individually placed in containers
(13 cm × 11.7 cm, 4.7 cm in height) filled with freshwater.
Snails were observed under the constant dark (DD) condition
at a temperature of 23◦C in the laboratory. No food was
supplied during the observation. Water was circulated using

a pump to keep the water clean. Individuals were monitored
for 120 h (10 tidal cycles) and images were taken every 30 s.
After averaging the coordinates of each individual every three
frames, the locomotion distance of each individual for every
hour was calculated using the same procedure as the activity
rhythm in the field.

RNA sampling

Adult individuals were collected from non-tidal and tidal
areas around the time of low tide. They were preserved in
containers without water under the DD condition at a constant
temperature (23◦C) for tissue collection. Starting at subjective
high tide in the evening on the same day, three individuals per
population were dissected every 3.1 h for 49.6 h (i.e., 17 sampling
time points). The epidermis of each individual was preserved in
750 µL of RNAlater Stabilization Solution (Invitrogen, USA).
The samples were stored at 4◦C for approximately 3 h and then
stored at −80◦C until total RNA was extracted.

RNA extraction and sequencing

Total RNA was extracted using the Maxwell 16 LEV
Plant RNA Kit with the Maxwell 16 Research Instrument
(Promega, USA), according to the manufacturer’s instructions.
Electrophoresis was performed on 1% agarose gel to evaluate
RNA degradation. RNA concentrations were estimated using
a Qubit 2.0 fluorometer (Invitrogen, USA). RNA purity was
estimated using BioSpec-nano (Shimadzu, Japan). Since our
experiment was not designed to compare the expression level
of genes between groups, biological replicates for each time
point were not sampled. However, to reduce variations between
individuals, three individuals were pooled per sample. Total
RNA from three individuals in the same population at one
sampling time point was pooled in equal amounts prior
to RNA sequencing (pooled RNA-seq). RNA integrity was
checked by Bioanalyser. A coding DNA (cDNA) library was
constructed using the (TruSeq RNA Sample Prep Kit, Illumina).
Paired-end (150 bp) pooled RNA-seq was performed using the
Illumina NovaSeq6000 platform. After the removal of adaptor
sequences and low-quality reads using Trimmomatic (version
0.38) (Bolger et al., 2014), quality control was performed using
FastQC (version 0.11.8).1 The remaining high-quality reads
of all samples were used for de novo assembly using Trinity
software (version 2.6.5) (Grabherr et al., 2011). To estimate gene
expression levels, all reads from each sample were mapped to
the reference transcripts using RSEM software (version 1.3.0)
(Li and Dewey, 2014), providing the FPKM of each gene.
Putative coding regions and coding DNA sequences (CDS) were

1 http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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extracted from the reference transcripts using TransDecoder
(version 5.5.0),2 providing reference transcripts containing only
CDS. Using all CDS transcripts, we searched for homologs of
every S. reiniana gene using BLAST for all protein sequences
of Crassostrea gigas (oyster_v9, Wang et al., 2012). Genes with
the best hit and an e-value < 0.0001 were used to analyze gene
expression rhythmicity.

Population genetics

Reference transcripts containing only CDS were clustered
based on sequence identities of 90% to remove redundancy
using the CD-HIT program (Li and Godzik, 2006). All reads
from each sample were mapped to the clustered CDS reference
using the STAR program. We then used the GATK4 (version
4.2.0) (McKenna et al., 2010) for SNPs calling. Because three
individuals were pooled per sample, the sample ploidy option
of GATK4 was set to six. Homologs of C. gigas detected
in the same manner as described in the previous section
were used to estimate the genetic structure of the two
populations. We performed discriminant analysis of principal
components (DAPC) and principal component analysis (PCA)
using adegenet (Jombart, 2008), and calculated FST between the
two populations using PopGenome (Pfeifer et al., 2014).

Statistical analyses

We evaluated whether the locomotor distances of the
snails in the field differed between the times corresponding
to high and low tides using the general linear model.
Because the activity level tended to increase with time
after the onset of the experiment (i.e., the time after the
enclosure in a tank or mesh bags), irrespective of the
population, probably because of acclimation, the residuals
of the regression of the activity level at the time after
the onset of the experiment were used to detect the daily
rhythm of activity. The LD condition and tidal levels were
included as explanatory variables. The activity rhythm of each
population in the laboratory was determined via Lomb–Scargle
periodogram using ActogramJ, a software package based on
ImageJ for the analysis and visualization of chronobiological
data (Schmid et al., 2011), using the mean locomotor distance
of all individuals for each population. Gene expression
rhythmicity was analyzed using two programs, JTK_CYCLE
(Hughes et al., 2010) and RAIN (Thaben and Westermark,
2014) to identify rhythmic components and estimate their
phase. FPKM data of genes with average value > 0 and
oscillation amplitude (peak/trough) ≥ 1.3 were used. Genes
with significant rhythmic expression in the 12.4 and 24.8 h

2 https://github.com/TransDecoder/TransDecoder/

period (P < 0.01) detected by at least one of two programs
were identified as circatidal oscillating genes and circadian
oscillating genes, respectively. To investigate whether pathways
in salinity response are regulated by circatidal rhythm, we listed
circatidal oscillating genes involved in salinity response using
transcriptome data from our previous study (Yokomizo and
Takahashi, 2020), referring to data in the Dryad Data Archive at
https://doi.org/10.5061/dryad.jdfn2z37w. All statistical analyses
were performed using R 4.0.4.

Results

Activity rhythm in the field

The activity of individuals from the tidal area was relatively
higher at 19:30 and 7:30, and lower at 13:30 and 1:30
(Supplementary Figure 1). The level of activity corresponded
to the tidal cycle rather than the LD cycle, and it was higher
during high tide (tide: F = 4.27, P = 0.05; LD: F = 4.81, P = 0.91;
tide × LD: F = 0.01, P = 0.93; Figure 1A). In contrast, non-tidal
individuals were more active at 19:30, 1:30, and 7:30 than at
13:30 (Supplementary Figure 1). The level of activity changed
with the LD cycle rather than the tidal cycle and was higher
under dark conditions (tide: F = 2.56, P = 0.12; LD: F = 0.01,
P = 0.04; tide × LD: F = 0.14, P = 0.71; Figure 1A), indicating
nocturnal activity patterns.

Activity rhythm in the laboratory

Snails exhibited rhythmic activity patterns in the laboratory
under DD conditions. Non-tidal individuals exhibited circadian
activity rhythm with a period of 23.6 h (Figures 1B,C),
indicating that their activity patterns were synchronized with the
daily cycle, but not with the tidal cycle. In contrast, the activity of
individuals from the tidal population increased with the time of
high tide in the laboratory under DD conditions, despite no tidal
stimulation (Figure 1B). The significant periodicities of 12.1 and
23.6 h were detected in the mean locomotor distance, indicating
that endogenous activity rhythms were synchronized with both
the daily and tidal cycles (Figure 1C).

Gene expression rhythm under
constant conditions

We obtained 1,686,925 contigs, with a mean length of
556 bp. Among the 978 metazoan core gene orthologs, 975
(99.1%) were identified. Using all the contigs, 225,139 putative
CDS were estimated using TransDecoder. The CDS contained
99,784 contigs annotated against all protein sequences of
C. gigas. These annotated sequences comprised 40,506 genes,
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FIGURE 1

Activity patterns of non-tidal and tidal individuals. (A) Daily changes in the activity level (residuals of the regression of locomotion distance on the
time after the onset of the experiment) in the field. Error bars depict the standard error of the mean (SEM). The non-tidal and tidal populations in
each observation time are shown in blue and yellow, respectively. The white and black bars represent light and dark conditions, respectively.
The lower panel represents a tidal level. (B) Locomotor distance of the non-tidal and tidal population for 5 days under the constant dark (DD)
condition in the laboratory. Error bars are SEM. Subjective day and night are shown as gray and black bars above. The tide level of the natural
environment is shown as a gray dotted line. (C) Lomb–Scargle periodogram analysis. Peaks in the circatidal and circadian range are noted.

of which 11,967 and 13,044 in non-tidal and tidal populations,
respectively, met the requirements mentioned in the “Materials
and methods” section.

We detected 546 (4.0%) and 333 (2.3%) circadian oscillating
genes in non-tidal and tidal samples, respectively (Figures 2A,B
and Supplementary Dataset 1). The proportion of genes
oscillating in the circadian period (i.e., 24.8 h) was greater in
non-tidal individuals than in tidal individuals (Fisher’s exact
test, P < 0.001). Eight circadian oscillating genes kept the
same period in the two populations (Supplementary Figure 2).
The distribution of peak phase estimated by the JTK_CYCLE
and RAIN programs revealed that genes whose expression
peaked in the evening were most frequent among the circadian
oscillating genes (Figure 2C). In the non-tidal population, peak
expression was coordinated with their activity patterns. We
detected 303 (2.2%) and 364 (2.6%) circatidal oscillating genes

in non-tidal and tidal samples, respectively (Figures 2A,B and
Supplementary Dataset 1). The proportion of genes oscillating
in a circatidal period (i.e., 12.4 h) was greater in tidal individuals
than in non-tidal individuals (Fisher’s exact test, P = 0.03).
Eight circatidal oscillating genes kept the same period in the
two populations (Supplementary Figure 2). The expression
peaks of most circatidal oscillating genes in the tidal population
coincided with subjective high tide (Figure 2C), which was
synchronized with the activity pattern shown in Figure 1. In
non-tidal individuals, the majority of circatidal oscillating genes
showed the expression peak of time of low or rising tide. These
timings correspond to midnight and early afternoon.

We identified some core clock genes. None showed
circadian rhythmicity in either population (Figure 3 and
Supplementary Figure 3). Among significantly oscillating
transcripts, 16 genes exhibited circadian rhythmicity
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FIGURE 2

Rhythmic transcripts with circadian and circatidal period in the non-tidal and tidal individuals. (A) Heatmaps of standardized expression patterns
of rhythmic transcripts with 24.8 h (diurnal) or 12.4 h (tidal) period in the non-tidal and tidal individuals under DD conditions detected by
JTK_CYCLE or RAIN. The dotted wavy lines above the heatmaps of tidal transcripts represent the tide level of the natural environment. H:
subjective high tide, E: subjective ebb tide, L: subjective low tide, R: subjective rising tide. The gray and black bars above the heatmaps of diurnal
transcripts represent the subjective day and night, respectively. (B) Venn diagrams detailing the number of rhythmic transcripts with 24.8 h
(diurnal), or 12.4 h (tidal) period detected by JTK_CYCLE (pink circle) and/or RAIN (light blue circle). (C) The distribution of the phase of circadian
and circatidal oscillating genes in the non-tidal and tidal individuals. Oscillating genes detected by both JTK_CYCLE and RAIN were included in
both upper and bottom radar charts.

in their expression in the non-tidal population, but
circatidal rhythmicity in the tidal population (Figure 3 and
Supplementary Figure 4). Three genes with clearly different
rhythmicity between populations are shown in Figure 3
(Wnt glycoprotein, chromatin remodeling ATPase INO80, and
VPRBP protein). The Wnt glycoprotein functions as a ligand for
the Wnt pathway. This glycoprotein is involved in a variety of

cellular responses (Arend et al., 2013). Chromatin remodeling
ATPase INO80 is associated with chromatin remodeling by
either sliding nucleosomes along with DNA or exchanging
histones within nucleosomes (Bao and Shen, 2011). VPRBP is
a component of the DDB1-CUL4AVPRBP E3 ubiquitin ligase
complex and is involved in the induction of G2 arrest (Belzile
et al., 2007). As these genes do not function as clock genes, they
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are likely to be CCGs. The presence of these genes indicates the
existence of different biological clocks in non-tidal and tidal
populations or indicates that they reflect the dominant cycle
that snails usually face in their environment.

Since salt concentration in the sampling site of the tidal
population slightly fluctuates by the tidal cycle, salinity response
pathways may be regulated by the circatidal rhythm. Among the
circatidal oscillating genes, 41 were found in the list of genes
involved in the salinity response (Supplementary Table 1).
Most of these genes were highly expressed under high salinity
conditions. Although we found rhythmic genes with various
expression phases, there were few genes with expression peaks
during rising tide.

Population differentiation

We identified 35,864 SNPs on the contigs annotated against
all protein sequences of C. gigas using a BLAST search.
Composition plot by DAPC using these SNPs distinguished
non-tidal and tidal populations (Supplementary Figure 5). The
two populations separated along PC1 and overlapped along
PC2 (Figure 4). Although PCA indicated that non-tidal and
tidal populations could be distinguished, the proportion of
variance of PC1 was small (4.8%). The bayesian information
criterion (BIC) value was lowest when one cluster was estimated,
indicating that the most likely number of groups in the sample
was one (Supplementary Figure 6). FST value between the non-
tidal and tidal populations was estimated at 0.018, indicating
quite low genetic differentiation.

Discussion

Biological clocks could contribute to the improvement of
fitness via the entrainment of biological processes and the
environmental cycle (Yerushalmi and Green, 2009). Circadian
clocks are considered adaptive in an environment with a
diurnal cycle. An additional or modified timekeeping system
synchronized with the tidal cycle can be helpful in the
tidal environment. Although much evidence suggests that the
circatidal rhythm is adaptive in intertidal organisms (Tessmar-
Raible et al., 2011; Goto and Takekata, 2015; Häfker and
Tessmar-Raible, 2020), the mechanism of the evolution of
the circatidal clock during tidal adaptation remains unclear.
In the present study, we focused on freshwater organisms,
which have expanded their distribution to tidal reaches, and
investigated their endogenous rhythms. Our results concerning
the difference in activity and gene expression rhythm between
populations could be evidence of the expression of habitat-
specific endogenous rhythms in a single species. The small
genetic distance between the two populations suggests that
they have a similar genetic basis of clocks and plastically show

different endogenous rhythms depending on the environmental
cycle. Although we cannot deny that the evolution of a small
number of genes contributing to distinguishing two populations
results in differentiated clocks, the further experiment would be
needed to prove the hypothesis.

First, we clarified the activity patterns of S. reiniana
under natural and DD conditions. Snails in a non-tidal
population exhibited nocturnal activity patterns in the field,
consistent with previous research (Urabe, 1998). Given that
this observation was conducted in summer, the low daytime
activity could be attributed to high temperatures. To assess
the endogenous activity rhythms of non-tidal individuals,
we conducted behavioral observations under DD conditions.
Periodogram analysis detected unimodal rhythmicity of the
circadian period, suggesting that non-tidal individuals have an
endogenous rhythm corresponding to the natural LD cycle.
Snails in tidal populations tended to be active at high tide,
suggesting that they responded to the rising water level caused
by the tidal cycle. This finding also suggests that a slight increase
in salt concentration at high tide does not reduce snails’ activity.
This activity pattern was also observed under DD conditions in
the laboratory, with no tidal stimulation. We detected a free-
running period close to the natural tidal cycle in addition to
the circadian period, supporting our hypothesis that snails in
tidal populations have a circatidal rhythm. Additionally, tidal
individuals exhibited an activity rhythm with a period of 24 h.
Although we cannot rule out the possibility that this periodicity
appears computationally because 24 is twice as large as 12, this
is more likely to be a circadian rhythm since activity at night was
higher than during the day. Taken together, the data indicate that
S. reiniana expresses habitat-specific endogenous rhythm.

In addition to the activity rhythm, the present study focused
on gene expression rhythms under DD conditions with no
tidal stimulation. The proportion of circadian oscillating genes
was greater in non-tidal individuals than in tidal individuals,
whereas the opposite was true for circatidal oscillating genes.
We identified some genes whose expression showed circadian
rhythmicity in the non-tidal population but showed circatidal
rhythmicity in the tidal population. These findings suggest that
endogenous rhythms could differ in their periods between non-
tidal and tidal populations, and some of the CCGs are regulated
by putative different clocks. In the non-tidal population,
however, we also found hundreds of rhythmic transcripts
with a 12.4-h period. This might be a conservative rhythm
among species derived from the circadian clock, as reported in
mammals (Hughes et al., 2009; Zhu et al., 2017; Zhu, 2020).
Rhythmicity with a period of 12 h in mammalian clocks is
suggested to be harmonics of the circadian clock (Hughes et al.,
2009). In our experiments, the beginning of the dark phase and
the main high tide coincide, and thus, we could not distinguish
between genes with 12 h periodicity driven by harmonics and
those synchronized with tides.
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FIGURE 3

Examples of the expression patterns of the circadian clock gene (upper left) and oscillating genes with a different period between non-tidal and
tidal populations (upper right, bottom right, and bottom left). The tide level of the natural environment is shown as a gray dotted line. The gray
and black bars represent the subjective day and night, respectively. Rhythmicity of a period of 12.4 and 24.8 h were tested using RAIN for tidal (T)
and non-tidal (N) populations, respectively.

We did not find any significant rhythmicity in the identified
core clock genes in either population. This finding is not
surprising in tidal populations, as the lack of circadian
rhythmicity in core clock genes has also been reported in
other intertidal animals (Zhang et al., 2013; Schnytzer et al.,
2018; Satoh and Terai, 2019). Alternatively, the absence of
circadian rhythmicity in core clock genes was due to the
weak peripheral clocks in the epidermis or samples including
more than one tissue with not synchronized peripheral clocks
leading to a masking effect. Few common circadian or circatidal
oscillating genes in the two populations may also result from
this limitation. Although homologs of the core clock genes
identified here might lack the function associated with the
circadian clock, the circadian activity rhythm under constant
conditions suggests the presence of a circadian timekeeping
system in S. reiniana. It is unlikely that they have a novel
timekeeping system without circadian clock genes. We cannot
deny that the arrhythmic expression pattern in core circadian
clock genes is caused by the lack of information on variability
between biological replicates due to the pooled RNA-seq. The
mechanism that governs the activity rhythm with a period of
23.6 h in the non-tidal population is unclear. Transcriptome

analysis revealed that some genes exhibited different expression
rhythms between populations. We found 16 genes, including
those encoding Wnt, which showed circadian and circatidal
oscillations in non-tidal and tidal populations, respectively.
Previous studies have reported that the Wnt signaling pathway is
regulated by circadian clock genes (Guo et al., 2012; Fuwei et al.,
2013). The fact that genes directly regulated by the circadian
clock exhibit circatidal rhythmicity in their expression supports
the hypothesis of a shift in the endogenous rhythm between
populations. Considering the results of the behavioral assay,
S. reiniana in the tidal area likely has a circatidal rhythm.

In addition to the water level, the salt concentration at the
tidal site fluctuated from 0 to 0.5%, according to the tidal cycle.
We detected 41 genes that were related to the salinity response
and oscillated in circatidal rhythmicity. Given that S. reiniana is
active at high tide and low salinity conditions (Yokomizo and
Takahashi, 2020), the one gene that was highly expressed under
such conditions should be associated with locomotor function.
In contrast, the 10 genes highly expressed under low tide and
high salinity conditions should be expressed when snails are
inactive. We found eight genes that were highly expressed
under high tide and high salinity conditions, indicating that
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FIGURE 4

Genetic structure of the non-tidal and tidal population. Samples
collected in the tidal area and non-tidal area are shown in
yellow and blue, respectively. Principal component analysis
(PCA) on the non-tidal and tidal individuals. The two populations
can be distinguished along the PC1.

they are related to a direct response to salinity. These findings
suggest that some of the pathways involved in the salinity
response are controlled by the circatidal rhythm. Therefore, we
hypothesized that S. reiniana in a tidal area could anticipate the
variation in salt concentration due to the tidal cycle and regulate
gene expression via the circatidal rhythm. Further investigation
is needed on the relationship between circatidal rhythm and
salinity response in freshwater snails.

Although our study indicates that S. reiniana in a tidal area
has a circatidal rhythm, the nature of the circatidal clock remains
controversial in any organism. Based on previous studies of tidal
animals, three major hypotheses have been proposed to explain
tidally synchronized biological rhythms. The first hypothesis is
that there is a biological clock with a 12.4-h period other than the
circadian clock (Naylor, 2010). In the second hypothesis, Palmer
(1995) argued for the existence of two unimodal clocks with
24.8-h coupled in antiphase, termed circadian clocks. Finally,
the third hypothesis suggests that a single oscillator governs
both circadian and circatidal patterns (Enright, 1976; Mat
et al., 2016). We could not evaluate whether the circadian and
circatidal rhythms of snails are regulated by a single or multiple
biological clock(s). Previous research in mangrove crickets
showed that silencing the circadian core clock genes does not
disrupt the circatidal rhythm (Takekata et al., 2012, 2014), and
molecular mechanisms different from the circadian clock might
exist in intertidal animals. In contrast, C. gigas under subtidal
field conditions exhibits tidal rhythmicity of circadian clock
genes, suggesting that a single clock could entrain behavioral
patterns at tidal and daily rhythms (Tran et al., 2020). Revealing
the molecular mechanisms of the circatidal clock is an ongoing
challenge in chronobiology. Given that the first proto-clocks
evolved in an aquatic environment, developing a comprehensive
understanding of the circatidal clocks should contribute to a

more holistic understanding of the evolution of the biological
clock (Rock et al., 2022).

Our results revealed a circatidal rhythm only in snails in tidal
areas. Although genetic differentiation estimated by FST was
quite small, DAPC and PCA indicated that non-tidal and tidal
populations were apparently isolated, suggesting differentiation
of a small number of genes. Therefore, our results from
the population genetic analyses suggest recent isolation and
subsequent slight divergence between the two populations. We
provide two hypotheses for the fact that different endogenous
rhythms were observed between tidal and non-tidal populations.
The first hypothesis is that only the tidal population has the
circatidal clock resulted from the adaptive evolution of a small
number of genes. Such genetic adaptation may lead to the
clear but slight genetic differentiation between tidal and non-
tidal populations. The second hypothesis is that differences
in environmental cycles in habitats plastically determine the
endogenous rhythm of S. reiniana. Even non-tidal individuals
have the potential to show the circatidal rhythm when exposed
to a tidal environment. If it is true, however, we cannot deny
that the ability of plasticity of biological clocks evolved only in
the river studied or only in the lower reaches of the river. Further
investigations on the ability of plasticity on endogenous rhythm
in the individuals derived from other populations of Kiso River
and populations in the independent rivers can provide a deeper
understanding of the evolution of biological clocks.
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