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ABSTRACT: Diurnal rhythm affects many physiological functions in crustaceans. To study its effects on physiological
functions in Neocaridina denticulata, a small shrimp with high ornamental value, we analyzed its hepatopancreatic
transcriptome under the daily rhythm using high-throughput sequencing. Hepatopancreas were collected from the
shrimps at four time points (06:00, 12:00, 18:00, and 24:00) within a 24-h period. Interestingly, numerous circadian-
related unigenes were annotated, including Per, Tim, Clk, Cyc, Cry, and 5-HT. We used the whole genes identified
at each time point as a group and performed pairwise comparative analysis to screen for differentially expressed
genes under the daily rhythm. The largest number of differentially expressed genes (DEGs) (983) was identified
between 12:00 and 18:00. The Gene Ontology functional enrichment analysis of DEGs indicated that the sugar and
chitin metabolism processes in N. denticulata were impacted by its daily rhythm; the Kyoto Encyclopedia of Genes
and Genomes enrichment analysis showed that the DEGs were mainly enriched in the ‘phototransduction-fly’ and
‘thermogenesis’ pathways. To the best of our knowledge, this is the first comparative transcriptome analysis of the
hepatopancreas of N. denticulata under daily rhythms; our findings will provide molecular genetic evidence for the study
of diurnal rhythms in shrimps. Thus, our study will be useful for future neurophysiology studies using environmental

stimuli or overcoming environmental stress.
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INTRODUCTION

Like all organisms, members of Crustacea coordinate
their physiology and behavior to reflect cyclical pat-
terns of their adaptation to changes in the environ-
ment. This coordination of the organism with its
environment is achieved through the action of an
innate, genetically encoded time-keeping system [1].
Although many biological clocks have been described,
the most important and crucial is the circadian system,
which is responsible for regulating the physiological
and behavioral events that are synchronized with the
day-night cycle and recur within a cycle of approxi-
mately 24 h [2]. In crustaceans, several physiological
changes and activity processes, such as locomotion [3],
digestion [4], and immune regulation [5], display a
24-h periodicity and are regulated by the circadian
systems. However, only a few studies have described
the genes and proteins required to establish circadian
signaling systems in members of Crustacea, most of
which originate from neurological regions. Research
regarding the diurnal regulatory mechanisms in crus-
taceans is still relatively limited.

Omics-based sequencing has been widely used to
study the physiological mechanisms of crustaceans.
Homologous cloning and RNA-sequencing (RNA-Seq)

methods have been used to sequence and character-
ize core circadian clocks and clock-related genes [6].
Interestingly, recent studies have revealed the impact
of dynamic changes in the physiological functions of
the gut bacterial community of the Chinese mitten
crab Eriocheir sinensis, a crustacean species with high
economic value, under a 24-h circadian rhythm [7]. In
addition, the hemolymph transcriptomic study of crus-
taceans further suggests that crustaceans may show
differences in immunity and digestibility under a 24-
h diurnal variation [8].

Hepatopancreas is an important organ in crus-
taceans for studying their digestive, metabolic, and
immune processes [9]. Previous studies hypothesized
that various external stresses could promote the im-
munological response in shrimps and directly impose
on the hepatopancreas; therefore, the transcript-level
variation under these stress conditions was investi-
gated [10]. Furthermore, measuring physiological
indicators of the hepatopancreas of shrimps during
starvation can reveal their physiological, metabolic,
and behavioral changes and elucidate the dynam-
ics of their main energy reserves [11]. Notably,
liquid chromatography-mass spectrometry (LC-MS)-
based metabolomics has been used to investigate the
metabolic mechanism of the changes in hepatopan-
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creas metabolites during the daily cycle, which sug-
gests that the hepatopancreas of crustaceans is regu-
lated by circadian rhythms affecting its immune and
digestive functions [12]. Besides, many genes that
function in circadian regulation have been identified in
some crustaceans. The first core clock gene identified
was Clk in the prawn Macrobrachium rosenbergii [13].
The recognition of rhythmic transcripts was performed
in the lobster Nephrops norvegicus [14] and the Antarc-
tic krill Euphausia superba [15]. The tissue-specific
clock system components of the American lobster
Homarus americanus have been identified recently, and
the sequences of the transcripts/proteins Clk, Cry2,
Cyc, Per, and Tim were validated [16]. However,
there is still a lack of mechanistic investigation into the
circadian rhythm of shrimps.

N. denticulata, a shrimp species novel to Taiwan,
Japan, and Hawaii, is a fully-fledged crustacean model
useful for understanding the molecular mechanisms of
diel physiology because of its ontogenic characteristics,
availability, and ease of culture and genetic manipu-
lation [17]. Life-history traits and ecological charac-
teristics of this ornamental shrimp species have been
recently surveyed .Genes associated with growth and
reproduction have also been identified in this species
[18]. Furthermore, a research on its reproduction
and population dynamics was conducted. However,
to date we have not obtained any molecular dataset
on the circadian rhythm of this shrimp, even though
some scientists have started to focus on the interesting
subject of crustacean circadian rhythms. Hence, in this
study, we aimed to provide a transcriptome profile of
the Chinese swamp shrimp N. denticulata under a 24-h
daily rhythm to elucidate the variation in physiological
processes affected by daily rhythms. These results
will be useful for future neurophysiology studies using
environmental stimuli or overcoming environmental
stress.

MATERIALS AND METHODS
Ethics statement

No endangered or protected species were collected in
this study. All experiments were conducted following
the Guidelines for the Care and Use of Animals for
Scientific Purposes established by the Animal Ethics
Committee of Shenyang Agricultural University, with
minimal animal suffering.

Shrimps

A total of 3,000 healthy N. denticulata shrimps (aver-
age weight, 1.37+0.28 g) were obtained from a lo-
cal aquarium market in Shenyang, Liaoning Province,
China, in October 2021. The shrimps were transported
to the aquaculture laboratory of Shenyang Agricultural
University and placed in tanks with a recirculating tap
water system for two weeks of acclimatization. The
shrimps were kept at natural temperature (14+4°C)
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under a 12 h/12 h light/dark cycle. Each day, the
temperature in the laboratory peaked at approximately
12:00 (18°C) and dropped to a minimum (10°C)
at 24:00 (midnight). During the first two weeks of
the experiment, the shrimps were fed an artificially
tailored diet, with the last feeding time being 48 h
prior to the experiment. We randomly sampled 150
shrimps every 6 h during 24 h, i.e., at 06:00, 12:00,
18:00, and 24:00. Immediately after sampling, their
hepatopancreas tissues were harvested under natural
light at 06:00 and 12:00. Sampling was performed
in winter, when it was already dark at approximately
18:00 in the Shenyang, China. Thus, we ensured that
the sampling process was performed under darkness
at 18:00 and 24:00 and used only infrared light for
assistance to prevent the shrimps from seeing the
light. Sixty hepatopancreas samples were collected
from each group and placed in three separate 2 ml
RNase-free tubes, which were subsequently frozen in
liquid nitrogen for subsequent RNA sequencing. The
whole process is illustrated in Fig. 1.

RNA extraction, cDNA library construction, and
deep sequencing

Total RNA extraction from each of the collected hep-
atopancreas samples was performed using a Trizol
Kit (Invitrogen, San Diego, CA, USA) according to
the manufacturer’s instructions. The RNA quality of
each sample was examined by performing agarose
gel electrophoresis using the Agilent 2100 Bioanalyzer
(Agilent, Shanghai, China). Transcriptome sequencing
was then conducted using the Illumina HiSeq 4000
sequencing platform to generate 150-bp paired-end
reads. In each group, we categorized the remaining 20
individuals in pairs and pooled the RNA of each pair
to construct sequencing libraries per group: A6 1-2 for
the 06:00 group, B12 1-3 for the 12:00 group, C18
1-3 for the 18:00 group, and C24 1-2 for the 24:00
group. The RNA-seq procedures were performed by
Personalbio Technology Co., Ltd. (Shanghai, China).

De novo assembly and gene annotation

After eliminating the low-quality sequences and
adapter sequences, the clean reads were de novo
assembled using Trinity to obtain a reference se-
quence for subsequent analysis. @ The reads for
each sample were separately subjected to tran-
scriptome assembly on the SOAP-de novo software.
The concordance between the RNA-seq data in the
four groups was assessed using the two meth-
ods principal component analysis (PCA) and pair-
wise correlation analysis R-language package (ver-
sion 4.0.3). Subsequently, Basic Local Align-
ment Search Tool (BLAST) alignment against NR
(non-redundant) (https://ftp.ncbi.nlm.nih.gov/blast/
db/FASTA), PFAM (protein family) (http://pfam.xfam.
org), Swiss-Prot (protein sequences) (http://www.
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Fig. 1 Flow diagram and summary of this study.

gpmaw.com/html/swiss-prot.html), KEGG (Kyoto En-
cyclopedia of Genes and Genomes) (https://www.
kegg.jp), KO (KEGG orthologue database) (https://
www.genome.jp/kegg/ko.html), and GO (Gene On-
tology) (http://geneontology.org), and eggNOG (evo-
lutionary genealogy of genes: Non-supervised Or-
thologous Groups) (http://eggnog5.embl.de) was per-
formed.

Differential gene expression and enrichment
analysis

The DESeq algorithm in R (R Core Team, 2020) (https:
//www.R-project.org) was used to analyze differen-
tially expressed genes (DEGs) with (| log, | fold change
> 1, p-value < 0.05) as a condition for filtering out
DEGs with differentially expressed multiples. Subse-
quently, statistical analysis was performed using one-
way analysis of variance (ANOVA) with Bonferroni’s
post hoc test to determine significant expression level
means of the peak-bottom differences. The R-language
Pheatmap package (version 4.0.3) was used to cluster
the associations of different genes and samples for all
groups compared. Distances were calculated using
the Euclidean method and clustering was performed
using stratified clustering methods. The DEGs were
subjected to KEGG and GO pathway enrichment analy-
sis. Enrichment results were checked manually against
NR annotations using public databases and literature
searches.

Quantitative reverse transcription-polymerase
chain reaction (QRT-PCR)

Total RNA of the samples used in our transcriptomic
study was extracted at four time points of the day
(06:00, 12:00, 18:00, and 24:00 h), with three groups
per time point and five biological replicates per group.
Four circadian-regulated genes were selected; their
expression was determined using qRT-PCR. The primer
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sequences for each gene were designed using Primer
Premier 5.0 (Table S1). Pp-actin was used as the inter-
nal reference and each sample was tested in triplicate.
The cDNA templates obtained at 06:00, 12:00, 18:00,
and 24:00 were reverse transcribed using PrimeScript
RT reagent (Takara Bio, Shiga, Japan). The SYBR
Green RT-PCR assays were performed using the ABI
PRISM 7300 Sequence Detection System (Applied
Biosystems, Foster City, CA, USA). Relative changes
in gene expression levels were determined using the
27AC method. Statistical significance was calculated
using the ANOVA test to determine the differences
in the expression levels. All statistical analyses were
performed using SPSS 20.0 software (Chicago, USA.
version 22.0).

RESULTS

Illumina sequencing, read assembly, and
functional annotation

Table S2 summarizes the total raw readings and clean
reads generated for each sample. After filtering
and cleaning the raw readings, 41,293,707 (92.4%)
high-quality reads were selected for the assembly
(Table S3). The reads for each sample were first
separately subjected to transcriptome assembly. Sub-
sequently, all the reads were combined to construct
unique transcripts (termed as unigenes) among all the
samples (Table S4). The Illumina paired-end reads
[Biosample: SAMN27771230] have been uploaded to
the National Center for Biotechnology Information.
Using the BLAST tools, 26,506, 15,484, 11,598,
15,949, 22,342, and 16,401 unigenes were annotated
to the NR, GO, KEGG, Pfam, eggNOG, and Swiss-Prot
databases, respectively, and a total of 8,133 unigenes
were annotated as common to all strains (Table S5).
For most reads in NR, similar unigenes were matched
with those of Penaeus vannamei (5,999; 22.63%), Pe-
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Fig. 2 NR annotation of assembled genes. The percentages marked in the fan diagram imply the similarity in the gene
sequences of this species with those of closely related species.
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AARNA processing and modification N:N:Cell motilty

B:B:Chromatin structure and dynamics o:0:

protein turnover,
C:C:Energy production and conversion P:PInorganic ion transport and metabolism
D:D:Cell cycle control, cell division, chromosome partitioning Q:Q:Secondary metabolites biosynthesis, transport and catabolism
E:E:Amino acid transport and metabolism RiR:General function prediction only
F:F:Nucleotide transport and metabolism S:S:Function unknown
G:G:Carbohydrate transport and metabolism T:T:Signal transduction mechanisms
H:H:Coenzyme transport and metabolism U:UsIntracellular trafficking, secretion, and vesicular transport
I:1:Lipid transport and metabolism V:V:Defense mechanisms
J:J:Translation, ribosomal structure and biogenesis W:WExtracellular structures
K:K:Transcription X:X:Undetermined

Y:¥:Nucear structure

LiL:Replication, recombination and repair

M:M:Cell wall/membrane/envelope biogenesis ZZCytoskeleton

Fig. 3 EggNOG annotation of assembled genes. The genes were annotated by eggNOG alignment, and the eggNOG numbers
of the best alignment results were assigned to the corresponding genes. The correspondence between the eggNOG numbers
and the eggNOG taxonomy was used to assign each gene to the eggNOG taxonomy.

naeus monodon (5,796; 21.87%), Homarus americanus
(3,798; 14.33%), Chionoecetes opilio (1,042; 3.93%),
Rotaria socialis (298; 1.12%), Brachionus calyciflorus
(290; 1.09%), Hyalella azteca (271; 1.02%), and
other species (9,012; 34%) (Fig.2). The eggNOG
functional analysis classified 19,037 unigenes into 25
groups, with the largest group (2,475; 13%) clas-
sified as signal transduction mechanisms, followed
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by post-translational modification, protein turnover,
and chaperones (2,398; 12.60%), and translation,
ribosomal structure, and biogenesis (1626; 8.54%)
(Fig. 3). GO analysis showed that 14,438; 13,526;
and 11,610 unigenes were mapped into the cellular
component, biological process, and molecular function
categories, respectively (Fig. 4). The statistical results
of the KEGG pathway analysis showed that “immune
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Fig. 4 GO annotation of assembled genes. The GO annotation results correspond to GO term, and the number of genes

annotated to the second level of classification is counted.

Table 1 Unigenes related to the daily rhythm.

Unigene ID Length Protein

TRINITY_DN772_c0_gl1 4646 clock-interacting pacemaker [Chionoecetes opilio]

TRINITY_DN11229 _c0_gl 1932 clock [Macrobrachium rosenbergii]

TRINITY_DN1354 c0_g2 4670 protein timeless homolog [Penaeus monodon]

TRINITY_DN4336_c0_g1 6894 timeless [Macrobrachium nipponense]

TRINITY_DN9857 c0_g1 2074 timeless-interacting protein-like [Penaeus monodon]

TRINITY _DN8067 c0_g2 5355 period [Macrobrachium nipponense]

TRINITY_DN45956_c0_g1 302 period circadian protein-like [Penaeus monodon]
TRINITY_DN45956_c0_g3 444 period circadian protein-like [Penaeus monodon]
TRINITY_DN11080_c0_g1 4177 cryptochrome precursor [Penaeus vannamei]

TRINITY_DN1733_c3_gl 3238 cryptochrome-1-like [Penaeus vannamei]

TRINITY_DN16207_c0_g1 2661 5-hydroxytryptamine receptor 2C-like [Penaeus monodon]
TRINITY_DN2372 c0_g1 4664 5-hydroxytryptamine receptor 1 [Drosophila melanogaster]
TRINITY_DN47063_c0_g2 2626 5-hydroxytryptamine receptor 1 [Drosophila melanogaster]

TRINITY _DN48453 c0_gl 875 5-hydroxytryptamine receptor 2A [Bos taurus]
TRINITY_DN49700_c0_g1 396 circadian locomoter output cycles protein kaput-like [Penaeus monodon]
TRINITY_DN22297 c0 gl 525 circadian locomoter output cycles protein kaput-like [Penaeus monodon]
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Fig. 5 KEGG annotation of assembled genes.

system” (1,041; 20.85%), “endocrine system” (1,064;
21.31%), and “digestive system” (621; 12.43%) were
the top three enriched pathways in “organismal sys-
tems”. In “metabolism”, “carbohydrate metabolism”
(581; 18.38%), “energy metabolism“ (472; 14.93%),
and “amino acid metabolism” (443; 14.01%) were
the top three enriched pathways (Fig.5). Notably,
in the present study, numerous unigenes involved in
circadian regulation were identified. Per, Tim, Clk,
and Cyc, which are typical circadian-regulation genes,
were annotated in the hepatopancreas transcriptome
of N. denticulata sinensis shrimps. Moreover, circadian-
related cryptochrome and 5-hydroxytryptamine (5-
HT) were also determined in the present annotation
(Table 1).

Differential gene expression and functional
enrichment analysis

To identify the DEGs, we used all the genes identified at
each time point as a group and ran a two-by-two group
comparative analysis. The heatmap clustering of all
differential genes is shown in Fig. 6. The largest num-
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ber of DEGs (983) was identified between 12:00 and
18:00; the expression of 588 and 350 genes were up-
regulated and downregulated, respectively (Fig. S1).

A total of 449 DEGs were identified in the 06:00
vs. 12:00 group; of these, the expression of 190 and
259 were upregulated and downregulated, respec-
tively. Based on GO annotation of the DEGs, the
GO term for the most significant enrichment was as-
sociated with molting and sugar metabolic processes
such as chitin binding (Fig. S2). These related dif-
ferential genes were annotated to most of the sig-
nificant terms under the categories of biological pro-
cesses, cellular components, and molecular functions.
We performed a KEGG enrichment analysis of the
DEGs. The significantly-changed pathway included
‘phototransduction-fly’, which is involved in biological
circadian rhythms (Fig. S3).

Between 06:00 and 18:00 h, 677 DEGs were iden-
tified, 384 of them were upregulated and the rest were
downregulated. GO enrichment analysis showed that
the downregulated genes were primarily enriched in
biosynthetic process terms (Fig. S4). In particular, the
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genes and green indicating low-expression genes.

KEGG enrichment analysis revealed that most DEGs
were involved in the metabolic process, like nitrogen
metabolism, oxidative phosphorylation, and arginine
biosynthesis; downregulated genes were dominant in
these pathways. It is worth noting that the thermogen-
esis pathway (which reflects the external environment,
especially temperature variation), was one of the most
significantly enriched pathways (Fig. S5).

The smallest number of DEGs (282) was identified
in the comparison between 06:00 and 24:00; 223
and 59 genes were upregulated and downregulated,
respectively. GO terms with the highest enrichment
level were related to sugar metabolism and chitin
metabolism process (Fig. S6). According to the KEGG
enrichment analysis, half of the top 10 most enriched
pathways were involved in metabolism (Fig. S7).

gRT-PCR verification

To verify the accuracy of the transcriptomic data results
and to probe the real-time expression of circadian-
regulated genes under circadian rhythms, the expres-
sion levels of four circadian-regulated genes (Per, Tim,
Clk, and Cry) were assessed using qRT-PCR. Only the
expression of Clk fluctuated significantly in response to
circadian rhythms. Additionally, the expression trend
of each gene was consistent with the results of the
transcriptomic data (Fig. 7).

DISCUSSION

The objective of the present study was to perform
the transcriptome analysis of the hepatopancreas of
N. denticulata sinensis shrimps under the daily rhythm.

Clk Cry
0.8 15+
0.6
10+
0.4
5_
0.2
0.0 1 1 1 I 0 T T T T
6:00 12:00 18:00 24:00 6:00 12:00 18:00 24:00
Per Tim
4 4
[ ]
34 3
2 2
14 14
0 T T T T 0 T T T
6:00 12:00 18:00 24:00 6:00 12:00 18:00 24:00

Fig. 7 qRT-PCR verification of four circadian-regulated genes.
The groups marked “*” represent a significant difference at
p < 0.05. Horizontal axis represents time of the day and
vertical axis represents expression level.

The annotation of unigenes at four different time
points during the day was analyzed. The circadian
clock enables organisms to anticipate some external
environmental changes, schedule their life activities
at appropriate time points, and coordinate internal
processes with the environment through the regularity
of the daily cycle [2]. The molecular mechanism of
daily rhythms in animals is best documented in the
fruit fly Drosophila melanogaster and has been reported
to involve the interaction of four transcription factors,
Per, Tim, Clk, and Cyc [19, 20].

A genetic screen for mutants with altered circadian
rhythms led to the discovery of the first clock gene
Per, which plays a central role in the transcriptional
feedback loop [21]. Core clock genes encode proteins
that form two diverse heterodimers: Per and Tim form
the Per-Tim heterodimer and Clk and Cyc form the
Clk-Cyc heterodimer [22]. The Per feedback loop is
intertwined with the Clk feedback loop. The Per-
Tim heterodimer acts as an auto-regulatory negative
feedback loop, leading to a reduction in transcriptional
activation of Clk and Cyc [23]. This negative feedback
loop is tuned by the action of Cry. Cry genes were
identified in the present annotation. However, while
studying the circadian mechanisms in crustaceans,
only a small number of the identified key genes/pro-
teins are required for their circadian regulatory system;
these have only been reported in members of Astacidea
[1,24]. The presence of Per genes in the retina and
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lamina has been previously reported in Procambarus
clarkii [25]. Similarly, it was demonstrated that in
crayfish, Per- and Tim-Clk are located in the cytoplasm
and nucleus of specific neurons in the retina, optic
lobe, and brain [26]. In crustaceans, the genes in-
volved in the circadian signal system have mostly been
detected in neural tissues. However, recent studies
on circadian rhythm-associated genes in non-neural
tissues suggest that the regulatory mechanisms of daily
rhythms are not only present in the nervous system.
Yu et al [8] used transcriptome sequencing methods
to study the hemolymph transcriptome of E. sinensis
collected at different time points over a 24-h period,
and several core clock genes (Per, Clk, Tim, and Cyc)
that interacted in a putative molecular clock feedback
loop were identified. This was the first time that
putative crustacean clock genes had been identified in
the hemolymph. Notably, the circadian-related genes
identified in the hemolymph did not show significant
differential expression levels, which is consistent with
the results of the current study and similar to the
results obtained in a previous transcriptome sequenc-
ing analysis of the eyestalk of E. sinensis [27]. Since
the current study is the first exploration of transcript
levels in shrimps under daily rhythms, the lack of
data regarding clock genes in this species resulted
in a somewhat long interval between the sampling
time points. The sampling time points should be at
shorter intervals when further trends in clock gene
expression abundance are explored or the 24-h cyclic
expression profile is characterized. It is likely that the
differential expression of clock genes in crustaceans is
tissue-specific and exists only in the nervous system.
The circadian mechanism in shrimps remains unclear,
but in general, our results demonstrate the expression
of genes of the circadian signal system in a non-neural
tissue, the hepatopancreas. Prospective investigations
could focus on detecting the expression levels of cir-
cadian regulation-associated genes in different tissues,
and the expression analysis of circadian regulation-
associated genes in non-neural and neural tissues can
be performed on a diel basis, along with the examina-
tion of the temporal variability.

In the 06:00 vs. 12:00 h and 06:00 vs. 24:00
comparison, the enrichment of DEGs showed that the
GO terms with the highest enrichment were related
to sugar metabolism and the chitin metabolism pro-
cess. This suggests that circadian rhythms affect the
energy metabolism pathway of shrimps, especially,
sugar metabolism and chitin synthesis. In general,
the metabolism of crustaceans is not different from
the main pathways of higher animal phyla; in par-
ticular, the metabolic processes are broadly similar
to those of vertebrates, and the similarities outweigh
the differences [28]. Sugar metabolism is vital for
preserving the energy balance in crustaceans, espe-
cially the pentose phosphate pathway for NADPH pro-
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duction and ribose synthesis for the overall energy
metabolism process [29]. Crustaceans lack effective
glucose homeostasis mechanisms, which tolerate large
changes in blood glucose [11]. In general, significant
changes in glucose metabolism levels may be due to
external environmental changes and a resulting en-
ergy crisis. The process of sugar metabolism varies
according to the daily rhythm, which was also observed
in the hepatopancreas, which is the main tissue for
glycogen storage in shrimps [29]. It was reported
that change in sugar metabolism is a straightforward
and reliable indicator of biological stress in shrimps
and can be used as a marker in disease diagnosis
[30]. The growth and development of crustaceans
is mediated by molting, which is associated with the
glycogen content in the hepatopancreas. The content
of lipids, glycogen, and several inorganic elements in
the hepatopancreas fluctuates with their function and
the stage of the molting cycle [31]. For Litopenaeus
vannamei, sugar metabolic processes have implications
for growth, body composition, and ammonia tolerance
[32]. Thus, the significant enrichment of DEGs in
the terms related to sugar metabolism may suggest
that their differential glycol metabolism under daily
rhythms is designed for energy compensation during
growth and development.

In crustaceans, like all arthropods, growth is ac-
companied by a molting cycle, and the main physi-
ological activity during molting is the metabolism of
chitin, including its synthesis and degradation [31].
Notably, the chitin metabolism process is enriched with
numerous DEGs that were identified during the daily
rhythm. Chitin synthesis in crustaceans was demon-
strated to be correlated with sugar metabolism [33],
further indicating that the circadian cycle regulates
the molting process in crustaceans and influences their
growth and development to a large extent by regulat-
ing sugar and chitin metabolism. Several studies have
made it clear that the molting process is influenced by
circadian cycles [34]. However, whether this effect is
continuous or would occur at a specific stage of growth
and development warrants further discussion. Meth-
ods to influence growth and development through
the regulation of circadian rhythms or to benefit the
breeding process also presents a future direction for
research.

The results of the KEGG enrichment analysis
showed that DEGs under circadian rhythms were
mainly enriched in the pathways ‘phototransduction-
fly’ and ‘thermogenesis’, which indicates that the daily
rhythm of the shrimps was mainly influenced by exter-
nal environmental cues, especially light and tempera-
ture. Circadian rhythms in crustaceans are driven by
endogenous clocks accompanying changes in various
environmental factors, such as light [35] and tem-
perature [36]. Light is the strongest environmental
factor for resetting the daily rhythm in crustaceans;
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hence, many experiments that investigate the mecha-
nism of circadian rhythms involve changing the length
of the photoperiod [37,38]. Temperature is another
key factor affecting circadian rhythms in crustaceans.
Temperature can affect the circadian rhythm of the red
swamp crayfish, Procambarus clarkii, by modulating
its immune response [39]. Crustaceans regulate their
heart rate and locomotor activity according to the
diurnal changes in external temperature [5]. This
affects the thermal effect of the organism, which may
be why thermogenesis was one of the most enriched
pathways. However, more mechanistic studies are
needed to reveal how these external environmental
factors are involved in the circadian regulation of
crustaceans, especially, shrimps.

Moreover, in the present study, circadian experi-
ments were performed at 6-h intervals during a day.
However, ideally, to observe the diurnal rhythm accu-
rately, more than four timepoints (i.e., a higher reso-
lution than 6-h intervals) should be considered. Thus,
further explorations of the oscillations of clock system
genes in various crustaceans are needed. However, in
the present study, we have provided preliminary details
regarding the transcriptome profile variations in a new
model shrimp under circadian rhythms.

CONCLUSION

In the present study, we analyzed the hepatopancreas
transcriptome profile of the Chinese swamp shrimp
N. denticulata under a 24-h daily rhythm. This study
is the first large-scale, comprehensive description of
the gene expression of the hepatopancreas of the
shrimps under a daily rhythm. The experimental de-
sign involved sampling animals from four time points
within 24 h, which facilitated the identification of
genes that are likely candidates most influenced by
the daily rhythms of N. denticulata. Interestingly,
numerous circadian-related unigenes were annotated,
including Per, Tim, Clk, Cyc, Cry, and 5-HT. The en-
richment of DEGs showed that the GO terms with the
highest enrichment level were related to sugar and
chitin metabolism. The KEGG enrichment analysis
showed that DEGs were mainly enriched in the path-
ways ‘phototransduction-fly’ and ‘thermogenesis’. To
the best of our knowledge, this is the first report on
the transcriptome analysis of shrimps under a daily
rhythm, providing molecular genetic evidence in the
study of circadian rhythms in shrimps and other crus-
taceans.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found at http://dx.doi.org/10.2306/scienceasial513-1874.
2024.043 and https://www.ncbi.nlm.nih.gov/bioproject/
PRJINA832034.
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Table S1 Primers for qRT-PCR.

gene ID Primers

p-actin-F CGAGTGGCCCCCGAGGAGTC
p-actin-R TCGCAGGATGGCATGAGGGAGAG
Clk-F AAGCACTTGCTCTTCCAGGT
Clk-R TGGCGGTGAGCAAAAATCAC
Cry-F GCGAAGTGCATCATTAGCCG
Cry-R ACACCACTCACTTGTTCCTCT
Per-F AAGGCCCTATAGGAGTGCGT
Per-R AGCAGTCCGGCTCTAATGTA
Tim-F AGAAGATCCCCCTCTGGTCC
Tim-R AGACGCATTGTCCGACTTGT
Table S2 The raw data of transcriptomic sequences.

Sample Reads No. Bases (bp) Q30 (bp) N (%) Q20 (%) Q30 (%)
A6 1 45663650 6849547500 6439331997 0.012303 97.88 94.01
A6 2 45083090 6762463500 6329017400 0.015188 97.7 93.59
B12 1 44919242 6737886300 6294700238 0.012383 97.64 93.42
B12 2 44241954 6636293100 6235295298 0.013106 97.85 93.95
B12 3 44026784 6604017600 6218076797 0.012352 97.93 94.15
C18 1 44027164 6604074600 6223812790 0.015068 97.95 94.24
C18 2 44617976 6692696400 6293680657 0.012712 97.89 94.03
C18 3 45140914 6771137100 6374907567 0.012856 97.95 94.14
D24 1 43524386 6528657900 6136320654 0.012437 97.85 93.99
D24 2 45558404 6833760600 6388333489 0.014868 97.62 93.48

Table S3 The statistical data of clean reads.

Sample Clean reads No. Clean data (bp) Clean reads % Clean data %
A6 1 42,467,670 6,370,150,500 93.00 93.00
A6 2 41,828,970 6,274,345,500 92.78 92.78
B12 1 41,556,384 6,233,457,600 92.51 92.51
B12 2 40,970,092 6,145,513,800 92.60 92.60
B12 3 40,549,944 6,082,491,600 92.10 92.10
Cl181 40,493,198 6,073,979,700 91.97 91.97
C18 2 41,066,498 6,159,974,700 92.04 92.04
C18_ 3 41,662,030 6,249,304,500 92.29 92.29
D24 1 40,268,272 6,040,240,800 92.51 92.51
D24 2 42,074,012 6,311,101,800 92.35 92.35
Table S4 The summary information of transcriptomic sequences.

Transcript Unigene
Total length (bp) 266,748,128 82,691,490
Sequence number 184,887 75,762
Max length (bp) 35,642 35,642
Mean length (bp) 1,443 1,091
N50 (bp) 2,761 2,054
N50 sequence No. 27,632 10,376
N90 (bp) 508 407
N90 sequence No. 115,791 51,970
GC % 38 38
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Table S5 The annotation statistics results.

Database Number Percentage (%)
NR 26506 34.99
GO 15484 20.44
KEGG 11598 15.31
Pfam 15949 21.05
eggNOG 22342 29.49
Swissprot 16401 21.65
In all database 8133 10.73
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Fig. S1 Number of differentially expression genes (DEGs). The horizontal axis represents the pairwise comparison of different
time groups, and the vertical axis represents the number of DEGs identified in each comparison group.
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Fig. S2 GO enrichment analysis between 06:00 and 12:00.
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Fig. S3 KEGG enrichment analysis between 06:00 and 12
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Fig. S4 GO enrichment analysis between 06:00 and 18:00.
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Fig. S5 KEGG enrichment analysis between 06:00 and 18
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Fig. S6 GO enrichment analysis between 06:00 and 24:00.
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Fig. S7 KEGG enrichment analysis between 06:00 and 24
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