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Abstract
Environmental salinity is an important abiotic factor influencing normal physiological functions and productive performance in
the sea cucumber Apostichopus japonicus. It is therefore important to understand how changes in salinity affect sea cucumbers in
the face of global climate change. In this study, we investigated the responses to salinity stress in sea cucumbers using mRNA and
miRNA sequencing. The regulatory network of mRNAs and miRNAs involved in salinity stress was examined, and the
metabolic pathways enriched for differentially expressed miRNAs and target mRNAs were identified. The top 20 pathways
were involved in carbohydrate metabolism, fatty acid metabolism, degradation, and elongation, amino acid metabolism, genetic
information processing, metabolism of cofactors and vitamins, transport and catabolism, and environmental information pro-
cessing. A total of 22 miRNAs showed differential expression during salinity acclimation. The predicted 134 target genes were
enriched in functions consistent with the results of gene enrichment based on transcriptome analysis. These results suggested that
sea cucumbers deal with salinity stress via changes in amino acid metabolism, ion channels, transporters, and aquaporins, under
stimulation by environmental signals, and that this process requires energy from carbohydrate and fatty acid metabolism. Salinity
challenge also induced miRNA expression. These results provide a valuable genomic resource that extends our understanding of
the unique biological characteristics of this economically important species under conditions of salinity stress.
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Introduction

Environmental salinity is an important abiotic factor affecting
the normal physiology of aquatic animals. The health and
productivity of sea cucumbers depend on optimal conditions,
including a suitable salinity range. However, sea cucumbers
are cultured in intertidal ponds where the water salinity fluc-
tuates during monsoons or other periods of water exchange,
evaporation, and natural precipitation disasters (Dong et al.
2008). Climate change threatens to further increase the

frequency and intensity of salinity fluctuations, potentially
leading to salinity stress in sea cucumbers. Previous studies
indicated that salinity stress affected the behavior (Hamel et al.
2001), survival (Asha and Muthiah 2005), embryonic devel-
opment (Kashenko 2000), growth (Li and Li 2010), energy
budget (Yuan et al. 2010), reproduction (Talbot and Lawrence
2002), immune response (Wang et al. 2008), and metabolism
in the sea cucumber Apostichopus japonicus (Dong et al.
2008), with potentially lethal effects. It is therefore necessary
to understand the genetic differences and molecular mecha-
nisms involved in the stress response, to aid the development
of a long-term strategy for the selection of salinity-tolerant sea
cucumbers, leading to increased productivity.

Stress-induced genes have previously been identified in
Portunus trituberculatus, including genes related to immune
function antioxidants, ion channels, ion cotransporter regula-
tors, hormones, fatty acid and amino acid metabolism, gluco-
neogenesis, glycolysis, and glycan metabolism (Lv et al.
2013). Two genes encoding ecdysteroid-regulated protein
and chitinase were protectively up-regulated under acute
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salinity stress, but were down-regulated under long-term sa-
linity stress in white shrimp (Gao et al. 2012). Thirty-three
salinity- and oxidative stress–induced genes, including
LEA2, HSPs, GST, coagulation factor genes, and P450 en-
zyme, were differentially expressed in Haliotis discus,
Eriocheir sinensis megalopae, and Crassostrea brasiliana
(DeZoysa et al. 2009; Hui et al. 2014; Zacchi et al. 2017).
The Na+/K+-ATPase (NKA) α-subunit, intracellular fatty
acid-binding protein, and innexin 2 showed the highest gene
expression levels under low-salinity stress in the shrimp
Penaeus monodon (Shekhar et al. 2013). Heat shock protein
genes were found to be key elements during salinity acclima-
tion in the swimming crab (Xu and Liu 2011). Osmotic stress
transcription factor 1, Na+/K+/2Cl− cotransporter (NKCC),
cystic fibrosis transmembrane conductance regulator
(CFTR), and Cl− channels were induced under salinity stress
in fishes (Evans 2010; McCormick 2001), and potassium
voltage-gated channel subfamily J member 9 (KCNJ9) and
kinesin family member 5B (KINH) genes were considered
important candidate genes in osmoregulation in tilapia (Gu
et al. 2018; Zhang et al. 2018). Genes related to osmoregula-
tion, signaling and interactions of the osmotic stress response,
anti-apoptotic reactions, immune response, cell adhesion and
communication, cytoskeleton, and cell cycle were affected by
salinity stress in the Pacific oyster (Zhao et al. 2012), and ionic
strength, the cytoskeleton, and MLC kinase were involved in
the regulation of Na+–Cl− taurine transporter expression in
Japanese eels (Chow et al. 2009). Growth hormone, insulin-
like growth factor-1 (IGF-1), thyroid-stimulating hormone,
and prolactin have also demonstrated important roles in os-
moregulation among fish species (McCormick 2001;
Sakamoto and McCormick 2006).

Salinity stress was recently shown to affect several cellular
processes related to the immune response, cell cycle and dif-
ferentiation, cytoskeleton rearrangements, and anti-apoptotic
processes in Crassostrea gigas (Zhao et al. 2012; Meng et al.
2013). Hormone-mediated, cAMP-dependent, and osmotical-
ly mediated, and cAMP-independent pathways were shown to
converge in a mechanism to activate CFTR and Cl− secretion,
possibly through tyrosine phosphorylation of CFTR by focal
adhesion kinase (FAK) in euryhaline killifish (Marshall et al.
2009). Chronic low-salinity stress could increase energy me-
tabolism and amino acid and fatty acid metabolism, especially
glycometabolism, as suggested by changes in the citrate cycle,
oxidative phosphorylation, gluconeogenesis, glycolysis, and
glycan metabolism in Litopenaeus vannamei (Xu et al. 2017).
However, although changes in the expression levels of ribo-
somal proteins, mRNA–rRNA processing, and signal trans-
duction might indicate metabolic and physiological changes
in sea cucumbers under salinity stress (Kim and Jang 2002;
Warner and McIntosh 2009); few studies have examined the
molecular basis of tolerance to salinity stress in these organ-
isms (Zhang et al. 2018).

miRNAs have been shown to play vital roles in environ-
mental adaptation and stress in sea cucumbers (Huo et al.
2017), Crassostrea oysters (Zhao et al. 2016), and carp
(Zhang et al. 2017). Twelve salinity-induced miRNAs in
P. trituberculatus included two known (miR-2788a and
miR-2788b) and 10 novel miRNAs. Thirty-four predicted cor-
responding target genes that were differentially expressed in
the opposite way to the miRNAs were enriched in six impor-
tant gene ontology (GO) biological processes related to osmo-
regulation, such as anion transport and chitin metabolism (Lv
et al. 2016). The miR-8 family has been shown to be closely
associated with zebrafish osmoregulation, and the family
members miR-200a and miR-200b enabled precise control
of ion transport by modulating the expression of Na+/H+ ex-
changer regulatory factor 1, a regulator of apical trafficking of
transmembrane ion transporters in zebrafish (Flynt et al.
2009). Down-regulation of miR-429 in tilapia caused a sub-
stantial increase in the expression ofOSTF1, which is respon-
sible for osmosensory signal transduction (Yan et al. 2012a),
and loss of function of miR-30c resulted in an inability to
respond to osmotic stress in Nile tilapia (Yan et al. 2012b).
IGF-1 is a target gene of miR-206 in tilapia, and IGF-1 treat-
ment up-regulated the expression of transporters such as NKA
and NKCC (Yan et al. 2013). Ten miRNA genes were identi-
fied in Gasterosteus aculeatus, suggesting a possible role for
differential regulation of these miRNAs in salinity tolerance
(Rastorguev et al. 2016).

However, despite research related to osmoregulation at the
molecular, pathway, and hormone levels in many aquatic or-
ganisms, the effects of salinity stress on miRNAs and their
predicted target genes in sea cucumbers remain unclear. In
the present study, we determined the mRNA and miRNA
expression profiles of A. japonicus under low-salinity stress
using Illumina technology and identified the pathways
enriched in the differentially expressed genes (DEGs). The
interaction between miRNA and target genes was analyzed
during salinity stress in sea cucumbers.

Materials and methods

Sea cucumbers, salinity stress, and sampling

Sea cucumbers were collected from Wafangdian Aquatic
Farm, Dalian, P.R. China, in October 2016. All sea cucumbers
were acclimated in tanks (90 × 75 × 60 cm) at the Institute of
Dalian Ocean University, Key Laboratory of Mariculture &
Stock Enhancement in North China’s Sea, Ministry of
Agriculture. Half to two-thirds of the rearing water and sedi-
ment (feces and uneaten food) were changed daily during the
acclimation period. During the experiment, sea cucumbers
were fed once a day (3–5% body mass) with a laboratory-
made formulated diet (equal parts Sargassum thunbergii, fish
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meal, and sea mud). Salinity and other water parameters were
measured using an YSI multi-parameter water quality monitor
(YSI incorporated, OH, USA). The temperature, pH, and dis-
solved oxygen were 24–25 °C, 7.92–8.29, and 3.76–5.56 mg/
l, respectively, throughout the acclimation period. The sea
cucumbers were then divided randomly into two groups (90
individuals per group) and transferred immediately into six
tanks (30 individuals per tank): a control (CT) group main-
tained at 32 psu and a low-salinity stress (SS) group main-
tained at 18 psu. Low-salinity seawater was prepared by
adding freshwater to a salinity of 18 psu. Complete salt-
stress information was obtained by sampling three individuals
at 1.5, 3, 6, 12, 24, 48, and 72 h, respectively, in the SS group.
All samples were frozen immediately in liquid nitrogen prior
to total RNA extraction for RNA library preparation, followed
by subsequent mRNA and small RNA sequencing.

mRNA extraction and cDNA library construction
and sequencing

mRNA was extracted from 21 samples (three replicates at
seven time points) from the intestines, respiratory tree, and
coelomic fluid of sea cucumbers in the SS group using an
RNeasy mini kit including DNase treatment using an
RNAprep pure Tissue Kit (TianGene, Beijing, China), accord-
ing to the manufacturer’s protocol. Equal amounts of high-
quality RNA were pooled to prepare the sequencing library.
RNA purity was determined using a NanoPhotometer®
(Implen, CA, USA). RNA concentration was measured using
a Qubit® RNA Assay Kit and Qubit® 2.0 Fluorometer (Life
Technologies, CA, USA). RNA integrity was assessed using
an RNA Nano 6000 Assay Kit (Agilent Bioanalyzer 2100
system; Agilent Technologies, CA, USA). Two cDNA librar-
ies were constructed representing the CT and SS groups to
assess the sea cucumber transcriptomes and create a quantita-
tive and qualitative gene expression databases for salinity
stress. Three samples were used to sequence two cDNA li-
braries representing the control and treated groups The librar-
ies were subjected to Illumina paired-end sequencing to iden-
tify representative transcripts for a wide range of biological
processes. A total of 1.5 μg of RNA per sample was used as
the input material for RNA sample preparation. The sequenc-
ing libraries were generated using a NEBNext® Ultra™ RNA
Library Prep Kit for Illumina® (MA, USA), according to the
manufacturer’s recommendations, and index codes were
added to attribute the sequences to each sample. The library
fragments were purified using the AMPure XP system
(Beckman Coulter, Beverly, MA, USA) to preferentially se-
lect cDNA fragments of 150–200 bp in length. USEREnzyme
(3 μl; NEB) was then used with size-selected, adaptor-ligated
cDNA at 37 °C for 15 min followed by 5 min at 95 °C before
polymerase chain reaction (PCR). PCR was performed using
Phusion High-Fidelity DNA Polymerase, universal PCR

primers, and index (X) primer. The PCR products were puri-
fied (AMPure XP system), and the quality of the library was
assessed using the Agilent Bioanalyzer 2100 system.
Clustering of the index-coded samples was performed on a
cBot Cluster Generation System using a TruSeq PE Cluster
Kit v3-cBot-HS according to the manufacturer’s instructions.
After cluster generation, the library preparations were se-
quenced on an Illumina Hiseq platform and paired-end reads
were generated.

Bioinformatic analysis of RNA-seq data

RNA-seq clean data (clean reads) were obtained by removing
reads containing adapters, poly-N, and low-quality reads (Q <
20) from the raw data. High-quality reads were assembled to
contigs using the Trinity program (http://trinityrnaseq.sf.net)
with min_kmer_cov set to 2 by default and all other
parameters set to default values. The assembled unigene
sequences were aligned for annotation by Blast-X search
(cut-off E-value of 1e-10) in the public NCBI nonredundant
(Nr) and nonredundant nucleotide (Nt) databases (http://www.
ncbi.nlm.nih.gov/), Swiss-Prot (http://www.ebi.ac.uk/
uniprot/), GO (http://www.geneontology.org/), Clusters of
Orthologous Groups (COG) (http://www.ncbi.nlm.nih.gov/
COG/), and Kyoto Encyclopedia of Genes and Genomes
(KEGG) (http://www.genome.jp/kegg/). GO terms at the
second level were used for the GO annotation. GO
enrichment analysis of the DEGs was implemented by
Fisher’s exact test tool in Blast2GO. Term filter values were
set to false discovery rate (FDR) ≤ 0.01 and P ≤ 0.005, with
two-tailed tests. Finally, pathway assignments were generated
using the KEGG database.

Differential expression analysis

Gene expression values were calculated as reads aligned to
gene per kilobase of exon per million mapped reads.
Differential expression analysis between the two samples was
performed using the DEGseq (2010) R package. P values were
adjusted using the Q value (Storey and Tibshirani 2003). A Q
value < 0.005 and |log2(foldchange)|> 1 were set as the thresh-
old for significantly differential expression. A FDR< 0.05 was
used as the threshold P value in multiple tests to measure
significantly differential gene expression. Genes were only
considered differently expressed in a given library when P
< 0.05 and a greater than twofold change (absolute value of
log2 ratio > 1) in expression across libraries was observed.

miRNA extraction and cDNA library construction
and sequencing

We assessed miRNA expression and obtained a quantitative
and qualitative miRNA expression databases for low-salinity
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stress in sea cucumbers by constructing two cDNA libraries
representing the CT and SS groups. A total of 1.5 μg total
RNA per sample was used as input material for the small
RNA library. Sequencing libraries were generated using
NEBNext® Multiplex Small RNA Library Prep Set for
Illumina® (NEB) following the manufacturer’s recommenda-
tions, and index codes were added to attribute sequences to
each sample. PCR amplification was performed using
LongAmp Taq 2× Master Mix, SR Primer for Illumina, and
index (X) primer. PCR products were purified on an 8% poly-
acrylamide gel (100 V, 80 min). DNA fragments correspond-
ing to 140–160 bp (length of small noncoding RNA plus 3′
and 5′ adaptors) were recovered and dissolved in an 8-L elu-
tion buffer. Library quality was assessed using an Agilent
Bioanalyzer 2100 with DNA High Sensitivity Chips.
Clustering of the index-coded samples was performed using
a cBot Cluster Generation System using TruSeq SR Cluster
Kit v3-cBot-HS according to the manufacturer’s instructions.
After cluster generation, library preparations were sequenced
on an Illumina Hiseq 2500/2000 platform and 50-bp single-
end reads were generated.

miRNA analysis and miRNA identification

Raw data (raw reads) in the fastq format were first processed
using custom Perl and Python scripts (Novogene
Bioinformatics Institute, Beijing, China). Clean data (clean
reads) were processed by getting rid of low-quality reads,
and reads containing poly-N, with 5′ primer contaminants,
without 3′ primers or the insert tag, and with poly A or T or
G or C from the raw data. The Q20, Q30, and GC-content of
the raw data were calculated. Small RNA tags within a certain
length range were then used for subsequent analyses. All the
clean reads were searched against the Rfam (http://rfam.
sanger.ac.uk/) database for annotation, and reads annotated
as tRNA, rRNA, snoRNA, and snRNA were discarded. The
remainder of the small RNA reads were mapped to the sea
cucumber genome (http://www.genedatabase.cn/aja_
genome_20161129.html) using Bowtie (Langmead et al.
2009) without mismatch to analyze their expression and
distribution on the reference. Mapped small RNA tags were
used to search for known miRNAs. Because miRBase21.0
does not include miRNA information for sea cucumbers, we
used miRBase20.0 (http://www.mirbase.org/) as a reference,
with modified software mirdeep2 (Friedlander et al. 2011) and
srna-tools-cli to identify conserved miRNAs. Only perfect
matches were considered conserved miRNAs. Reads that
were not aligned to the miRBase database were used to predict
novel miRNAs. miREvo (Wen et al. 2012) and mirdeep2
(Friedlander et al. 2011) software were integrated to predict
novel miRNAs by exploring the secondary structure, the
Dicer cleavage site.

Differential expression of miRNAs

miRNA expression levels were estimated as transcript per
million using the following criteria (Zhou et al. 2010).
Differential expression analysis of the CT and SS samples
was performed using the DEGseq (2010) R package. P values
were adjusted using theQ value (Storey and Tibshirani 2003).
A Q value < 0.01 and |log2(foldchange)|> 1 were set as the
threshold for significantly differential expression.

miRNA target prediction and regulatory network
construction

miRNA target genes among the DEGs were predicted using
the miRanda 4.0 algorithm (microrna.sanger.ac.uk/targets/v4)
and TargetScan (www.targetscan.org), based on the
complementary region between miRNAs and mRNAs and
the thermodynamic stability of the miRNA–mRNA duplex.
All the miRNA-target mRNAs were calculated and clustered
by GO terms and KEGG pathway annotations. Regulatory
network predictions for mRNA and miRNAwere performed
using Cytoscape 3.3.0 (http://www.cytoscape.org/).

Real-time-PCR confirmation of Illumina sequencing
data

To validate our Illumina sequencing data, nine DEGs were
selected for quantitative RT-PCR (RT-qPCR) analysis. The
primers were designed using Primer 5 software (Premier
Biosoft International, CA, US). The β-actin gene was used
as an internal control for target gene qPCR analysis. The
primers were designed according to the contig sequences
(Table 1). RNA (500 ng) from each sample of coelomic fluid
was measured and treated with RQ1 RNase-Free DNase
(Promega, Beijing, China) to remove any genomic DNA.
The cDNA was synthesized from the treated RNA using a
reverse transcriptase reagent kit (PrimeScript™ RT reagent
Kit, TaKara, Beijing, China). RT-qPCR was carried out on
an ABI 7500 Real-Time PCR system using SYBR® Premix
Ex Taq™ (Tli RNaseH Plus) (TaKaRa). Each reaction was
prepared in 20 μl containing 10 μl SYBR® Premix Ex Taq
(2×), 10 μmol/l each of target PCR forward and reverse
primers 0.8μl, 0.4μl ROX reference dye II, 2 μl of 1:5 diluted
cDNA, and 6 μl ultra-pure water. Melting curve analysis was
performed at the end of each PCR to confirm the specificity of
the reaction. The PCR reaction program was 95 °C for 30 s,
then 40 cycles of 95 °C for 5 s, and 60 °C for 32 s, followed by
one cycle of 95 °C for 15 s, 60 °C for 1 min, 95 °C for 15 s,
and 60 °C for 15 s.

Six differentially expressed miRNAs (DERs) were selected
for RT-qPCR analysis. Total RNAs extracted from the coelo-
mic fluid were reverse transcribed using a stem-looped anti-
sense primer. The resultant cDNA was submitted to
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amplification of mature miRNAs using a miRNA-specific
primer and a universal primer. The U6 snRNA gene was
employed as an endogenous control (Table 1). qPCR was
conducted in 15-μl reaction volumes containing 300 nM of
each primer and cDNA derived from 0.1 μg of total RNA.
Cycling parameters were 95 °C for 1 min, followed by 40 cy-
cles of 95 °C for 35 s and 60 °C for 30 s. All reactions were run
in triplicate. The expression levels of miRNAs were normal-
ized against U6 snRNA levels. All data were analyzed using
the 2−ΔΔCt method. Significant differences were examined by
paired t tests and a P value < 0.05 was considered to be statis-
tically significant.

Results

Assessment of differential gene expression induced
by salt stress in sea cucumbers

RNA Illumina sequencing identified 90,589,942-bp paired-
end reads and 84,740,294 clean reads in sea cucumbers
(Table 2). High-quality reads were mapped to sea cucumber
databases (Table 3). A total of 34,837 unigenes were obtained,
of which 3441 unigenes were differentially expressed after
low-salinity challenge, including 2034 up-regulated and
1407 down-regulated unigenes that were differentially

expressed between the CT and SS groups (Supplementary
Information, Figs. S1 and S2 and Table S1). The top four
sub-clusters are presented in Fig. S3 (Supplementary
Information), of which sub-Clusters 1, 2, 3, and 4 were com-
posed of 739, 739, 300, and 326 transcripts, respectively.

GO enrichment of DEGs

A total of 21,910 unigenes were annotated by GO analysis,
with one or more GO terms. Of these, 17,968 unigenes were
annotated with molecular functions, 14,777 with biological
processes, and 9930 with cellular components. A total of
21 ,910 unigenes were enr iched 3117 GO terms
(Supplementary Information Fig. S4–6, Table S1). To retrieve
a more accurate range of GO terms, we applied a term mode
value of P < 0.05, resulting in 46 GO terms.

The assembled unigenes were also subjected to KEGG
pathway analysis to identify the biochemical pathways oper-
ating in sea cucumbers. All differentially expressed unigenes
were classified into 106 different pathways, of which the top
20 pathways were presented (Supplementary Information,
Fig. S7). Up-regulated unigenes were mainly classified into
97 different pathways, of which the top 20 pathways were
involved in carbohydrate metabolism, fatty acid metabolism,
degradation, and elongation, amino acid metabolism, genetic
information processing, metabolism of cofactors and

Table 1 Primer list of selected DEGs and DEMs in RT-qPCR verification experiments

Genes/miRNA Forward/reverse primer (5′-3′)

Calcium-transporting ATPase (Ca-ATP) F: 5′CGGTACTGGTGACAATAGAA3′
R: 5′GAGGATGACAAAGTGGAGC3′

V-TYpe H+-transporting ATPase subunit alpha (H-ATP) F: 5′AGAATATCCGAGTCCACG3′
R: 5′ACAAGACCACATCCCAAC3′

Nicotinic acetylcholine receptor subunit alpha-9 (CHRNA9) F: 5′ACTCCCTCTACAGATGCG3′
R: 5′TGGTGCCACTAAGGTGAA3′

Sodium- and chloride-dependent GABA transporter 2 (SLC6a8) F: 5′GACCAAAGTTACTGCTCCAC3′
R: 5′TTACCGTTTACCCGTGCC3′

Sodium-/potassium-transporting ATPase subunit alpha (NKA) F: 5′GTCCAACAGGGCATGAGT3′
R: 5′TGAGTGGGTACATACGAAGT3′

Calcium-activated chloride channel regulator 4-like (CLCA4) F: 5′CGTATGTTCGTATTTCTCCCTC3′
R: 5′ATGGCTACCATCCGGTCT3′

Glycine receptor subunit alpha-4 F: 5′AACCCGTGGTAGTGGTGG3′
(Glra4a) R: 5′TTCCCTGCTGGTCCTCAT3′
Potassium channel tetramerization domain 6 F: 5′TGTCGGCGGTAACTTCTA3′
(KCTD6) R: 5′TTGTGGGTACGATGAGCT3′
NADH dehydrogenase (Ubiquinone) 1 ą Subcomplex, 1 (NDUFA1) F: 5′TGCCTCTGAACGGGGAAAC3′

R: 5′CCAGCCAGCATAGTACCTGTAA3′
Aquaporin-9
(AQP9)

5′AGGCACCGACTACAGAAC3′
5′CACCTCTTAATCCAGCAC3′

β-actin F: 5′CGGCTGTGGTGGTGAAGGAGTA3′
R: 5′TCATGGACTCAGGAGACGGTGTG3′

miR-2010 GGGGTTACTGTTGATGTCAGCCCCTT
miR-2011 GGGACCAAGGTGTGCTAGTGATGAC
miR-2013 CGTGCAGCATGATGTAGTGGTGT
miR-10 GCGAACCCTGTAGATCCGAATTTGTG
miR-92b-3p TATTGCACTTGTCCCGGCCT
miR-278-3p
U6

GTCGGTGGGACTTTCGTTCGATT
ACGCAAATTCGTGAAGCGTT
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vitamins, transport and catabolism, and environmental infor-
mation processing (Supplementary Information, Fig. S8,
Table 4). A total of 171 sequences were classified into carbo-
hydrate metabolism, 83 into amino acid metabolism, and 81
sequences into lipid metabolism pathways. Thirty-six genes
were involved in the peroxisome sub-pathway, which contrib-
utes to many crucial metabolic processes such as fatty acid
oxidation, biosynthesis of ether lipids, and free radical detox-
ification, and 18 genes belonged to the proteasome sub-path-
way, which is involved in signal transduction pathways, anti-
gen processing for appropriate immune responses, stress sig-
naling, inflammatory responses, and apoptosis.

All differentially expressed down-regulated unigenes were
classified into 80 different pathways. The top 20 pathways
were mainly consistent with the up-regulated pathways
(Table 4, Supplementary Information, Fig. S9). A total of 27
sequences were classified into amino acid metabolism, 23
sequences into lipid metabolism, and 23 into lysosome and
regulation of autophagy cellular processes.

Analysis of small RNA library datasets and small RNA
profiles

We constructed two small RNA libraries (CTR and SSR) from
sea cucumbers using Illumina Solexa high-throughput se-
quencing technology to identify the miRNAs involved in salt
stress. A total of 8,133,756 and 7,650,042 raw reads were
obtained from the CTR and SSR libraries, respectively
(Table 5), which produced 7,928,444 (99.04%) and

7,188,397 (95.96%) small RNA reads, respectively, after trim-
ming the adapter sequences. Of these, 94.91% and 96.68%
were mapped to the reference. There were 411 and 283
mapped novel miRNAs, 360 and 306 mapped known
miRNAs, 48 and 41 mapped mature novel miRNAs, and 32
and 31 mapped mature known miRNAs in the CTR and SSR
libraries, respectively.

Differential expression profiles of miRNAs

In the present study, we aimed to identifymiRNAs involved in
salinity acclimation in sea cucumbers. A total of 22 miRNAs
were identified that showed differential expression during sa-
linity acclimation, including seven miRNAs that were up-
regulated and 15 that were down-regulated between the CT
and SS groups (Table 6).

The heatmap of 22DERs in the CTand SS groups is shown
in Fig. S10 (Supplementary Information). Four of the
miRNAs clustered in salinity stress conditions, including nov-
el-miR-3, novel-miR-4, miR-153-3p, and miR-2011, indicat-
ing that these miRNAs had similar expression profiles. Five
novel miRNAs (novel-miRNAs 12, 14, 15, 16, and 20) clus-
tered with a known miRNA-278-3p, suggesting that these
novel miRNAs had similar expression profiles to the known
miRNA-278-3p. This heatmap imaging of the DERs between
salinity-stressed and control sea cucumbers contributes to our
understanding of the functions of novel miRNAs in salt stress.

GO and pathway enrichment analysis for miRNA
target genes

The physioregulatory properties of the significantly DERs
(P < 0.05) in response to salinity stress were elucidated by
predicting their target genes using miRanda. A total of 134
target genes of 22 DERs were found (Supplementary
Information, Table S2) and were further categorized by GO
annotat ion and KEGG pathway analysis . The 2-
oxocarboxylic acid metabolism, nicotinate and nicotinamide
metabolism, basal transcription factors, mucin-type O-glycan
biosynthesis, fatty acid biosynthesis, spliceosome, and bio-
synthesis of amino acids pathways were enriched in KEGG
(Supplementary Information, Table S3). We finally construct-
ed a network of DERs and their target mRNAs using
Cytoscape 3.3.0 (Fig. 1).

Table 3 Summary of high-quality reads mapped to sea cucumbers
databases

Sample name CTT SST

Total reads 40,396,842 44,343,452

Total mapped 23,471,851 (58.1%) 28,080,373 (63.32%)

Multiple mapped 1,665,590 (4.12%) 1,933,177 (4.36%)

Uniquely mapped 21,806,261 (53.98%) 26,147,196 (58.97%)

Read-1 10,992,580 (27.21%) 13,194,150 (29.75%)

Read-2 10,813,681 (26.77%) 12,953,046 (29.21%)

Reads map to B+^ 10,880,625 (26.93%) 13,052,960 (29.44%)

Reads map to B−B 10,925,636 (27.05%) 13,094,236 (29.53%)

Non-splice reads 14,164,807 (35.06%) 16,348,015 (36.87%)

Splice reads 7,641,454 (18.92%) 9,799,181 (22.1%)

Table 2 Summary of RNA
Illumina sequencing results Sample

name
Raw reads Clean reads Clean

bases
Error rate
(%)

Q20
(%)

Q30
(%)

GC content
(%)

CTT 44,010,986 40,396,842 6.06G 0.01 97.23 93.35 40.07

SST 46,578,956 44,343,452 6.65G 0.01 97.12 93.1 40.59
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Validation of RNA-seq data by qPCR

After comprehensive RT-qPCR validation, the expression
levels of nine selected DEGs and six DERs were compared
with the expression profiles from RNA-seq analysis (Figs. 2
and 3). The expression trends of the DEGs and DERs predict-
ed by RNA-seq were consistent with the results of RT-qPCR
(Figs. 2 and 3). However, the magnitude of expression levels
of some miRNA from RT-qPCR varied with the RNA-Seq
results, and this may be attributed to differences in sensitivity
and algorithms of the two techniques. A hypothetical model
depicting the components involved in sea cucumber salt-
responsive networks is shown in Fig. 4.

Discussion

Salinity-stress responses can be mediated via multiple pro-
cesses, including the induction of molecular chaperones, rapid
clearance of damaged macromolecules, and activation of cer-
tain gene expression programs (Yang and Guo 2018).
Numerous studies had investigated salinity acclimation in fish
species at a large-scale data level (Yan et al. 2013), but previ-
ous studies of salinity acclimation in sea cucumbers are still
based on few candidate genes and miRNAs (Zhang et al.
2017). However, the rapid development and decreasing cost

of RNA sequencing technologies meant that we were able to
identify 34,837 unigenes and 1360 miRNAs in sea
cucumbers.

Salinity can affect aquatic animals in ecological systems
via complex biological effects. However, the mechanisms by
which sea cucumbers adapt to changes in salinity remain un-
clear. Some research indicated that sea cucumbers were steno-
haline because they lacked an obvious osmoregulatory organ,
but other studies (Diehl 1986) suggested that most echino-
derms may maintain some ion concentrations at slightly dif-
ferent levels from environmental seawater. Vidolin et al.
(2002) reported that the gray sea cucumber (Holothuria
grisea) could temporally regulate the osmotic pressure of its
coelomic fluids. Sea cucumbers remain in continuous contact
with environmental water and are thus constantly challenged
to adapt their plasma ion balance within the defined range
necessary for proper cell function. Furthermore, acute changes
in salinity might induce the expression of a series of genes to
initiate various physiological functions.

DEGs identified in this study were mainly enriched in path-
ways related to amino acid metabolism, carbohydrate metab-
olism, lipid metabolism, genetic information processing, me-
tabolism of cofactors and vitamins, transport and catabolism,
and environmental information processing, suggesting that
these processes are involved in regulating the response to
low-salinity stress in sea cucumbers. These results in sea

Table 4 All DEG regulated unigenes involved in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway for sea cucumbers

KEGG pathway Sub-pathway (Up unigene number) Sub-pathway (Down unigene number)

Amino acid metabolism beta-Alanine metabolism (14)
Biosynthesis of amino acids (29)
Lysine degradation (17)
Valine, leucine, and isoleucine degradation (23)

Glycine, serine, and threonine metabolism (10)
Phenylalanine metabolism (5)
Tyrosine metabolism (5)
Glutathione metabolism (7)

Carbohydrate metabolism Butanoate metabolism (11)
Carbon metabolism (55)
Citrate cycle (TCA cycle) (15)
Glycolysis/gluconeogenesis (19)
Glyoxylate and dicarboxylate metabolism(14)
Pentose phosphate pathway (10)
Propanoate metabolism (20)
Pyruvate metabolism (18)
Galactose metabolism (9)

Other glycan degradation (5)
Glycosphingolipid biosynthesis (2)
Glycosaminoglycan degradation (3)

Lipid metabolism Fatty acid degradation (33)
Fatty acid elongation (12)
Fatty acid metabolism (36)

Glycerolipid metabolism (7)
Linoleic acid metabolism (4)
Glycerophospholipid metabolism (7)
Sphingolipid metabolism (5)

Genetic information processing Proteasome (18) Ribosome (78)
Protein processing in endoplasmic reticulum (16)
Ubiquitin mediated proteolysis (12)

Metabolism of cofactors and vitamins Retinol metabolism (10) Retinol metabolism (8)
Ubiquinone and other terpenoid -quinone biosynthesis (3)

Transport and catabolism Peroxisome (36) Lysosome (20)
Regulation of autophagy (3)

Environmental information processing ECM-receptor interaction (19) mTOR signaling pathway (5)
ABC transporters (3)
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cucumbers were similar to those seen in oysters, Zhikong
scallop, Manila clam, and tilapia (Zhang et al. 2012; Shi
et al. 2013; Milan et al. 2011; Zhang et al. 2014a, b, c; Nie
et al. 2017). The most representative KEGG pathways affect-
ed by salinity stress also included lipid, glycerophospholipid,
and glycerolipid metabolism, vitamin digestion and absorp-
tion, and fat digestion (Zhang et al. 2017), also implicating
these processes in the adaptation to low-salinity stress in sea
cucumbers.

Aquaporin-9 (AQP9), as a target gene of miRNA-2005,
was induced by salinity stress and is involved in transport
and catabolism pathways. AQP9 expression, as a coordinator
of water and ion transport, was significantly down-regulated,
consistent with the current transcriptomic results. Down-
regulation of AQP9 has previously been recorded in the
pufferfish Takifugu obscurus (Jeong et al. 2014), Salmo salar
(Tipsmark et al. 2010), A. japonicus (Tse et al. 2006), and
Oreochromis mossambicus (Breves et al. 2010). Results in
oysters indicated the aquaporins were important salt-
responsive effectors in establishing water homeostasis
(Berger and Kharazova 1997). Transcriptome analysis re-
vealed that long-term stress reduced the activity of water chan-
nels to protect against water currents and swelling and shrink-
age of gill cells in oysters (Meng et al. 2013). The results
indicated that AQP9 might form a broad-specificity channel
able to mediate the passage of a wide variety of non-charged
solutes to achieve salinity adaption in sea cucumbers.
Reduced expression of AQP genes could be explained by
increased protein phosphorylation mediated by stress
(Tournaire-Roux et al. 2003; Santoni et al. 2003).

Ion channels (including Na+, K+, Ca2+, and Cl− channels)
and osmolyte transporters, which control ion and osmolyte
balances, were activated by environmental stimulation. In
sea cucumbers, NKA, Ca2+-transporting ATPase (Ca-ATP),
V-type H+-transporting ATPase subunit alpha (H-ATP), nico-
tinic acetylcholine receptor subunit alpha-9 (CHRNA9), gly-
cine receptor subunit alpha-4 (Glra4a), potassium channel

tetramerization domain-containing 6 (KCTD6), and chloride
channel accessory 4 (CLCA4) were all induced under salinity
stress and were all involved in transport and catabolism path-
ways. Hypo-osmoregulation usually involves Cl−- and Na+-
excretion-related genes, such as NKA, NKCC, CFTR anion
channels, and claudin transmembrane proteins, which provide
a driving force for ion transport systems in osmoregulatory
epithelia (Evans et al. 2005; Tipsmark et al. 2008;Choe et al.
2007 Evans and Claiborne 2006). NKA has been shown to
play an important role during salinity adaptation in many spe-
cies, including Sarotherodon melanotheron (Ouattara et al.
2009), O. mossambicus (Fiess et al. 2007), and Cyprinus
carpio (Salati et al. 2011). The abundance of NKA in sea
cucumbers was consistent with the above results, suggesting
that NKA also plays an important role in salt stress in sea
cucumbers. Rengmark et al. (2007) indicated that the Ca2+-
transporting plasma membrane ATPase was involved in the
response to salinity exposure in Nile tilapia. Ca-ATP was sim-
ilarly up-regulated in oysters under salt stress (Meng et al.
2013). Ca-ATP was also up-regulated in sea cucumbers under
salinity stress, indicating that it was also an important regula-
tory molecule for maintaining ion balance. In the current
study, H+-ATPase was down-regulated by salinity stress in
sea cucumbers, suggesting that the osmolality tolerance of
sea cucumbers may be influenced by acidification conditions,
proton transport, and ATP hydrolysis. H+-ATPase supported
the breakdown of macromolecules by up to 40 types of acid
hydrolases (Beyenbach and Wieczorek 2006). Moreover, V-
type H+-ATPase influences CO3− and Cl− exchange and aids
the uptake of cations such as Na+, Ca2+, and Cd2+ via H+-
driven antiport by regulating cytosolic pH (Dietz et al.
2001). V-type H+-ATPase provided H+ required by neuro-
transmitter transport via vesicular solute-linked carrier (SLC)
family (Hediger et al. 2004; Parsons et al. 2000). Overall, H+-
ATPase appeared to play a vital role in dealing with salinity
stress in sea cucumbers. NKA, Ca-ATP, H-ATP, Glra4a,
KCTD6, CLCA4, and CHRNA9 genes were either up- or

Table 5 Mapping statistics for
sea cucumber miRNA types from
Illumina sequencing reads

Type Control (CTR) % of total Salt stress (SSR) % of total

Raw reads 8,133,756 100.00% 7,650,042 100.00%

Clean reads 8,005,507 98.42% 7,491,540 97.93%

Small RNA reads after length filter 7,928,444 99.04% 7,188,397 95.96%

Total mapped small RNA 7,525,099 94.91% 6,950,055 96.68%

Mapped novel miRNA 411 0.0055 283 0.0041

Mapped mature 48 0.0006 41 0.0006

Mapped hairpin 56 0.0007 51 0.0007

Mapped uniq sRNA 411 0.0055 283 0.0041

Mapped known miRNA 360 0.0048 306 0.0044

Mapped mature 32 0.0004 31 0.0004

Mapped hairpin 32 0.0004 30 0.0004
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down-regulated, supporting the participation of this transport
and catabolism pathway in salinity adaptation in sea cucum-
bers. These ion transport genes play important roles in salinity

adaptation and are involved in complex networks with other
factors, such as the SLC family, pH, protein hydrolysis, neu-
rotransmitters and their receptors, free amino acids (glycine,

Table 6 All differentially
expressed miRNAs (DER) in
CCT (control) vs SST (treat) of
sea cucumbers during salinity
acclimation

sRNA Treat Control log2.fold_change P value Up/
down

miR-153-3p 3759.01 10,661.84 − 1.504 0 Down
miR-2011 32,165.77 15,990.37 1.0083 0 Up
miR-278-3p 1820.50 350.83 2.3755 3.92E-259 Up
miR-2008 285.54 1168.72 − 2.0332 2.05E-114 Down
miR-2005 607.87 156.20 1.9604 1.13E-70 Up
miR-29b 32.60 271.87 − 3.0601 6.63E-45 Down
miR-10 116.55 351.78 − 1.5938 2.72E-25 Down
miR-2007 46.25 180.10 − 1.9611 3.41E-18 Down
miR-92a 79.94 179.33 − 1.1656 1.25E-08 Down
miR-2013 7.83 37.85 − 2.2733 1.02E-05 Down
miR-2010 2.19 15.10 − 2.789 0.0016061 Down
miR-124 11.29 33.27 − 1.5589 0.0016931 Down
novel-miR-3 148,776.03 297,808.92 − 1.0012 0 Down
novel-miR-4 17,134.09 81,004.73 − 2.2411 0 Down
novel-miR-14 1253.98 3614.17 − 1.5272 9.92E-228 Down
novel-miR-12 3191.03 1311.92 1.2823 3.83E-208 Up
novel-miR-20 2108.23 629.19 1.7445 4.53E-208 Up
novel-miR-16 909.61 2772.57 − 1.6079 5.87E-190 Down
novel-miR-15 572.72 2032.68 − 1.8275 1.19E-169 Down
novel-miR-91 378.78 147.60 1.3597 2.45E-28 Up
novel-miR-27 270.97 626.51 − 1.2092 3.97E-28 Down
novel-miR-51 24.40 8.22 1.5696 0.002008 Up

Fig. 1 The network of DEM and their target mRNAs was constructed using Cytoscape 3.3.0. Yellow rectangular box miRNAs and white oval target
genes
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taurine, and beta-alanine), glucose and other sugars, bile salts
and organic acids, metal ions, and amine compounds.

Free amino acids, such as glycine, taurine, and alanine, can
activate neurotransmitter-gated chloride channels and neuro-
transmitter membrane receptors (Glra4a, CHRNA9, CLCA4)
(Lustig et al. 2002). Moreover, lysine is metabolized in eukary-
otes to yield acetyl-CoA via acetylation (Starai et al. 2002;

Schwer et al. 2006). Acetyl-CoA participates in osmoregulation
as an intermediate metabolite commonly produced from amino
acid, lipid, and carbohydrate metabolism. In our study, gene
expression of 3-hydroxyacyl-CoA dehydrogenase, which can
produce acetyl-CoA, was significantly up-regulated by salinity
stress, resulting in more acetyl-CoA entering the citrate cycle
for energy production. Similar results were found in Ruditapes
philippinarum (Nie et al. 2017), C. gigas (Meng et al. 2013),
Oreochromis niloticus (Yan et al. 2012a, b, c), and the Pacific
white shrimp (Chen et al. 2015). Ubiquitin-mediated proteoly-
sis and ubiquinone and other terpenoid–quinone biosynthesis
contribute to protein transport and turnover.

Many DEGs were enriched in carbohydrate metabolism
pathways, suggesting that stored energy is important for stress
tolerance and that the metabolic response to salinity stress in
sea cucumbers depends on carbohydrate catabolism.NDUFA1
encodes an essential component of complex I of the respira-
tory chain, which transfers electrons from NADH to ubiqui-
none for ATP synthesis by chemiosmotic coupling. In this
study, NDUFA1 was down-regulated under salinity stress in
sea cucumbers, indicating that energy reserves were reduced
in sea cucumbers subjected to salinity stress, as also seen in
oysters under stressors such as virus infections and cadmium
(Tamayo et al. 2014; Ivanina et al. 2011). ATPGD1 is in-
volved in metabolic processes and catalyzes the degradation
of beta-alanine in oysters according to KEGG, to maintain
osmotic equilibrium under hypo-osmotic stress. Genes related
to the respiratory chain complex were also regulated, includ-
ing those encod ing 3 -deme thy lub iqu inone -93 -
methyltransferase to produce ubiquinone under hyposaline
conditions (Zhang et al. 2014a, b, c). Other carbohydrate me-
tabolism pathways, including phosphoenolpyruvate
carboxykinase and adenosine kinase (Chaney and Gracey
2011) and malate dehydrogenase and fructose 1,6-
biphosphatase (Corporeau et al. 2014) pathways, were also
shown to be affected by stress. Notably, carbohydrate metab-
olism was the main and direct energy source utilized to deal
with the energy demands associated with salinity stress.

Lipid metabolism was shown to be enriched in sea cucum-
bers under low-salinity stress by KEGG pathway analysis in
this study, consistent with previous research (Zhang et al.
2018). The 18 top KEGG pathways involved in salinity stress
in L. vannamei were significantly involved in physiological
responses, particularly lipid metabolism, including fatty acid
biosynthes is , a rachidonic acid metabol ism, and
glycosphingolipid and glycosaminoglycan metabolism
(Chen et al. 2015). The authors suggested that lipids or fatty
acids might reduce osmotic stress in L. vannamei by providing
additional energy or changing the membrane structure to al-
low osmoregulation in relevant organs. These pathways were
also identified in Eriocheir sinensis under osmotic stress (Li
et al. 2014). If carbohydrates are scarce, energy must be ob-
tained from the breakdown of fatty acids from body tissue

Fig. 2 Analysis of selected nine differentially expressed genes (DEGs) in
salinity-stressed and non-salinity-stressed sea cucumbers by sequencing
and RT-qPCR methods. The results revealed that expression of these
selected differentially expressed genes (DEGs) by RTqPCR were in
agreement with the sequencing data

Fig. 3 Analysis of selected six differentially expressed miRNA (DEMs)
in salinity-stressed and non-salinity-stressed sea cucumbers by sequenc-
ing and RT-qPCR methods
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instead of from glucose (Ranallo and Rhodes 1998; Bradbury
2006), and it is reasonable to assume that sea cucumbers may
use long-chain fatty acids for energy supplementation
(Palacios et al. 2004a, b). The up-regulated long-chain-
specific acyl-CoA dehydrogenase and phytanoyl-CoA
dioxygenase were both involved in fatty acid oxidation, and
the final product of fatty acid β-oxidation is acetyl-CoA.
Moreover, acetyl-CoA can be completely oxidized into car-
bon dioxide and water via the tricarboxylic acid cycle to gen-
erate energy. These results implied that lipid metabolites are
important substances for energy storage and supply in sea
cucumbers under salinity stress and may also act as regulators
of many ion channels.

In this study, seven miRNAs were up-regulated and 15
were down-regulated in sea cucumbers exposed to salinity
stress, suggesting that miRNAs are required to deal with en-
vironmental changes in salinity by sea cucumbers. Previous
studies found that miRNAs were involved in the regulation of
salinity in other species. miRNA-429 expression decreased
under osmotic stress and miRNA-30c inhibition led to a loss
of osmotic stress tolerance in tilapia (Yan et al. 2012a, b). The
miRNA-8 family binds to the Na+/H+ exchanger regulatory
factor 1 in zebrafish, suggesting a functional role for this path-
way in ionocyte-dependent osmoregulation (Flynt et al.
2009). A series of studies in Nile tilapia showed that osmotic
stimuli regulated gill and kidney miRNAs and were function-
ally involved in mediating molecular and organismal level
responses to maintain homeostasis under osmotic stress (Yan
et al. 2012a, b; Zhao et al. 2016).

In this study, miR-10 expression was reduced under
salinity stress, indicating its involvement in adaptation to
these conditions. TBC1D5 (TBC1 domain family member
5), which is involved in the process of glucose metabo-
lism, was a predicted target gene of miR-10. Some reports

demonstrated glucose achieved by trafficking of the key
nutrient transporter, GLUT1/SLC2A1 in response to di-
verse metabolic stresses. TBC1D5 facilitated retromer-
dependent GLUT1 trafficking by shuttling during meta-
bolic stress (Roy et al. 2017). We therefore inferred that
down-regulation of miR-10 and consequent up-regulation
of its target gene TBC1D5 may help to meet the need for
glucose to generate energy under low-salt stress in sea
cucumbers. Further investigations are required to explore
the molecular mechanisms responsible for the regulation
of the target gene TBC1D5 by miR-10 during osmotic
adaptation in sea cucumbers.

miR-2008 and miR-92a were also down-regulated under
low-salinity stress. The predicted target genes of miR-2008
and miR-92a were pleckstrin homology domain-containing
family A member 3 (PLEKHA3/FAPP1) and phospholipid
scramblase 2 (PLSCR2), respectively. PLSCR2 mediated ac-
celerated ATP-independent bidirectional trans-bilayer migra-
tion of phospholipids upon binding of calcium ions and was
involved in lipid metabolism (Greenberg and McDaniel 2002;
Wiedmer et al. 2004). PLEKHA3/FAPP1 bound to phos-
phatidylinositol 4-phosphate and was involved in cholesterol
and sphingolipid transport/transport fromGolgi and endoplas-
mic reticulum to the apical membrane (Godi et al. 2004).
These results suggest that miR-2008 and miR-92a may be
involved in salinity adaptation in sea cucumbers by targeting
PLEKHA3/FAPP1 and PLSCR2. Moreover, these results were
consistent with the results of transcriptome sequencing,
confirming the participation of lipid metabolism in response
to salinity stress in sea cucumbers.

miR-2007 was down-regulated by salinity stress. Its pre-
dicted target gene was solute carrier family 22 member 15
(SLC22a15), which acts as an organic ion transporter to trans-
port various medically and physiologically important

Fig. 4 A hypothetical model
depicting the components
involved in the sea cucumbers
salt-responsive networks was
established. The purple rectangu-
lar box of the figure represents the
pathway involved after salt stress;
the gray rectangular box repre-
sents the possible three salinity
adaption modes, and the orange
rectangular box represents the re-
lated miRNAs
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compounds, including pharmaceuticals, toxins, hormones,
neurotransmitters, and cellular metabolites (Mihaljevic et al.
2016; Koepsell 2013). SLC22a15 is also involved in the trans-
port of glucose and other sugars, bile salts and organic acids,
metal ions, and amine compounds. The current results indi-
cated that miR-2007 and its target gene SLC22a15 participat-
ed in salinity adaptation in sea cucumbers by transporting
glucose and other sugars to fulfill the energy requirements
imposed by salinity stress. The predicted target genes of
miR-2013 were transient receptor potential cation channel
subfamily A member 1 (TRPA1), neuronal acetylcholine re-
ceptor subunit alpha-7 (CHRNA7), and Rho guanine nucleo-
tide exchange factor 3 (ARHGEF3). These three target genes
were involved in the processes of lipid metabolism and trans-
port. TRPA1 is a member of the transient receptor potential
superfamily of ion channels gated by temperature and func-
tions as a temperature transducer and is involved in binding
the inositol polyphosphates that are required for optimal chan-
nel activity (Paulsen et al. 2015). CHRNA7 binds to acetyl-
choline resulting in conformational changes leading to the
opening of ion-conducting channels across the plasma mem-
brane (Lansdell et al. 2005). ARHGEF3 accelerate the
GTPase activity of Rho GTPases by catalyzing the release
of bound GDP. Overall, these results indicated that low-
molecular-weight crystalline materials, such as SLC22a15,
TRPA1, CHRNA7, PLSCR2, and PLEKHA3, participated
in the adaptation of sea cucumbers to environmental salinity
changes under the miRNA regulation, and that carbohydrate
metabolism-related factors, such as ARHGEF3 and TBC1D5,
were involved in providing energy for the adaptive changes.
The pathways enriched for the miRNA-predicted target genes
were consistent with the pathways identified by transcriptome
analysis.

Based on the above experimental results, we established a
hypothetical model of the components involved in salt-
responsive networks in sea cucumbers. Pathways included
environmental information processing, including extracellular
matrix–receptor interaction (19 genes up-regulated), mTOR
signaling pathway (5 genes down-regulated), and ABC trans-
porters (3 genes down-regulated), in accordance with previous
studies by Zhao et al. (2016). Environmental signals could
thus stimulate sea cucumbers to adapt to salinity stress
through amino acid metabolism, ion channels, transporters,
and aquaporins. Amino acid metabolites participate in the
process of colloidal osmotic regulation through free amino
acids, while ion channels and transporters are responsible for
crystal osmotic regulation, and aquaporin is responsible for
regulating water channels. Acetyl-coA, as a metabolite from
amino acid, lipid, and carbohydrate metabolism, and hor-
mones and neurotransmitters are also involved in this salinity
adaptation process. Sea cucumbers thus adapt to salinity stress
by cooperation among these three aspects, together with
miRNA regulation.

Conclusions

We have constructed a comprehensive mRNA and miRNA
dataset for sea cucumbers. Based on these results, we inferred
that sea cucumbers adapt to salinity stress via changes in ami-
no acid metabolism, ion channels, transporters, and aquapo-
rins following stimulation by environmental signals. This pro-
cess requires energy from carbohydrate and fatty acid metab-
olism. Moreover, the salinity adaptation process involves reg-
ulation by miRNAs. The information on enriched genes and
miRNA expression profile data generated in this study will
support further environmental, molecular, and physiological
studies of sea cucumbers. The results thus provide valuable
genomic resources that extend our understanding of the
unique biological characteristics of this economically impor-
tant species under conditions of salinity stress.
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