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Researchers have increasingly suggested that microRNAs (miRNAs) are small non-
coding RNAs that post-transcriptionally regulate gene expression and protein translation
in organs and respond to abiotic and biotic stressors. To understand the function
of miRNAs in osmotic stress regulation of the gills of hybrid tilapia (Oreochromis
mossambicus ♀ × Oreochromis urolepis hornorum ♂), high-throughput Illumina deep
sequencing technology was used to investigate the expression profiles of miRNAs under
salinity stress (S, 25h), alkalinity stress (A, 4h) and salinity–alkalinity stress (SA, S:
15h, A: 4h) challenges. The results showed that 31, 41, and 27 upregulated and 33,
42, and 40 downregulated miRNAs (P < 0.05) were identified in the salt stress, alkali
stress, and saline–alkali stress group, respectively, which were compared with those in
the control group (C). Fourteen significantly differently expressed miRNAs were selected
randomly and then validated by a quantitative polymerase chain reaction. On the basis
of Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway analysis,
genes related to osmoregulation and biosynthesis were enriched in the three types
of osmotic stress. In addition, three miRNAs and three predicted target genes were
chosen to conduct a quantitative polymerase chain reaction in the hybrid tilapia and its
parents during 96-h osmotic stress. Differential expression patterns of miRNAs provided
the basis for research data to further investigate the miRNA-modulating networks in
osmoregulation of teleost.

Keywords: tilapia, microRNAs, osmoregulation, osmotic stress, expression patterns

INTRODUCTION

MicroRNAs (miRNAs) are a class of 18–25 nucleotide length non-coding small RNAs that are
partially or completely complementary to untranslated regions of their target genes. It played
regulatory roles by repressing messenger RNA (mRNA) translation or by inducing mRNA
degradation post-transcriptionally and involved various biological processes (Huntzinger and
Izaurralde, 2011). Because the first miRNA lin-4 and the second let-7 were discovered in
Caenorhabditis elegans (Wightman et al., 1993; Reinhart et al., 2000), numerous miRNAs have
been found in many species in the past two decades (Hafner et al., 2008; Yu et al., 2008;
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Li et al., 2010). According to the miRBase database, released
on March 22, 2018 (miRBase 22)1, 38,589 entries representing
hairpin precursor miRNAs and 48,885 mature miRNAs have been
recorded in 271 species. Numerous researches have shown that
miRNAs play dominating roles in multiple biological pathways,
such as individual development (Wienholds et al., 2005), abiotic
stress responses (Li et al., 2014), pathogen defense, and innate
immune responses (Martín-Gómez et al., 2014). Also, Friedman
et al. (2009) found that over two-thirds of human protein-coding
genes were predicted as target genes of miRNAs.

In the past two decades, with the rapid improvement
of genomic and bioinformatics analysis techniques, especially
the second-generation sequencing technique, the sequencing
of economically and ecologically important animals has been
greatly facilitated. Based on RNA-seq analysis, next-generation
sequencing has been comprehensively used to reveal the
expression patterns of miRNAs and genes under different
conditions (Bellin et al., 2009; Ekblom and Galindo, 2010).
High-throughput sequencing technologies have also been used
to identify conserved and novel miRNAs in aquatic animals,
such as Oryzias latipes (Qiu et al., 2018), Gadus morhua
(Bizuayehu et al., 2015), Oncorhynchus mykiss (Ma et al.,
2012), and Procambarus clarkia (Du, 2016). In tilapia, Wang
et al. (2016) found 76 differentially expressed miRNAs and
5,559 differentially expressed genes in the ovary compared
with those in the testis. Tao et al. (2016) identified 635
mature miRNAs in tilapia gonads at an early stage of sex
differentiation. Additionally, several studies have indicated that
some aquatic animal miRNAs respond to osmotic stress and
that some miRNA targets are osmoregulation-related genes in
Portunus trituberculatus (Lv et al., 2016) and Crassostrea oysters
(Zhao X. et al., 2016).

Tilapia, one of the most farmed and studied teleost fish due
to its strong adaptability to changing environmental conditions,
has been introduced to more than 80 countries (Molnar et al.,
2008). One new tilapia strain, named “Guangfu No. 1” (GS-02-
002-2015) in China, was a hybrid of Oreochromis mossambicus
female and Oreochromis hornorum male, could grow well
in saline pools (Zhu et al., 2018). The 96-h median lethal
salinity and alkalinity of the hybrids were 33.74 and 4.96h
after direct transfer from freshwater to salinity and alkalinity
water, respectively (Liu et al., 2015). However, in the chronic
salt test, the median lethal salinity was 112.93 ± 4.87h
by a daily increase in the salinity of 8h, and the fatal
domestication salinity was 128–136h (Liu et al., 2015). It
was an interesting question of how the tilapia survive in
response to environmental stressors involved with the fluctuation
of osmotic stress. Zhao Y. et al. (2016) showed that miR-
21 has important functions in the regulation of alkalinity
tolerance in Nile tilapia. Yan et al. (2012a) demonstrated that
miR-30c, a kidney-enriched miRNA, has a crucial function
on osmoregulation in Nile tilapia. They had also found that
osmotic stress transcription factor 1 (ostf1) is the target gene of
miR-429, which participates in osmoregulation in response to
osmotic stress (Yan et al., 2012b). However, there still remains

1http://www.mirbase.org/

largely unknown about the expression profiles of miRNAs
in tilapia under different osmotic stress, and their roles in
osmoregulation remain unclear.

Numerous genes can be regulated by single miRNA and
hundreds of miRNAs can regulate one gene, then forming a
complex molecular regulatory network between miRNAs and
mRNAs (Hossain et al., 2012). It presents a challenge for
studying the potential function of miRNAs. RNA-sequencing
is a good method to determine the underlying molecular
mechanisms of osmoregulation (Li, 2014). Tilapia is an important
commercial euryhaline fish species. What is more, tilapia is
a good experimental material for osmotic stress regulation
research, but the molecular regulation mechanism underlying
different osmotic pressure of tilapia is still unexplored. In this
study, we detected four miRNA transcriptomes from the gills of
the hybrid tilapia under normal conditions group (control group,
C), salinity-stressed group (S), alkalinity-stressed group (A), and
salinity–alkalinity-stressed group (SA) using the Illumina HiSeq
deep sequencing technology. Then, we used both molecular
and bioinformatics methods to comprehensively analyze the
expression profiles of miRNA, aimed at discovering the possible
regulation mechanisms in response to osmotic stress in the gills
of hybrid tilapia. These data will help to uncover the complexity
of ion regulatory networks and the molecular mechanism of
osmoregulation mediated by miRNAs during osmotic stress.

MATERIALS AND METHODS

Sample Collection
The hybrid tilapia was obtained from the Gaoyao Experimental
Base of the Pearl River Fisheries Research Institute, Chinese
Academy of Fishery Sciences, Guangzhou, China. Before
the experiment, all fishes were acclimated to the laboratory
environment (28◦C) for 2 weeks until they can well feed. The
average weight of the experimental fishes was 51.27 ± 3.78 g.
Three treatment groups with three replicates of each were set up.
According to the previous research results of our research group
(Liu et al., 2015), the tilapias were divided into three groups (90
tilapias per group) and acclimated in saline stress (S, 25h), alkali
stress (A, 4h), and saline–alkali stress (SA, S: 15h, A: 4h) at
28◦C. The control group was maintained in freshwater. After 24 h
of treatment, 18 tilapias were randomly selected in each group, six
fishes were mixed into one sample, and three replicates were set
for each group. The gills were dissected and immersed into liquid
nitrogen for high-throughput sequencing.

The O. mossambicus and O. hornorum were obtained from the
Gaoyao Experimental Base of the Pearl River Fisheries Research
Institute, Chinese Academy of Fishery Sciences, Guangzhou,
China. The hybrid tilapia and its parents were put in salinity,
alkalinity, and salt–alkalinity change water. After 6, 12, 24, 48,
72, and 96 h of three types of osmotic stresses, with three
replicates of each time point, five tissues: gill, intestine, liver,
kidney, and muscle of three type fishes were dissected and
then used to analyze the relative expression levels of miRNAs
and their possible target genes by quantitative polymerase chain
reaction (qPCR).
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MicroRNA Library Construction and
Sequencing
The total RNA used in miRNA library construction was
extracted using TRIzol Reagent (Invitrogen). Then, Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA, United States),
NanoDrop (Thermo Fisher Scientific Inc.), and 1% agarose
gel were used to detect the concentration and quality of
total RNA of each sample. In strict accordance with the
manufacturer’s protocol (NEBNext R© Multiplex Small RNA
Library Prep Set for Illumina R©), next-generation sequencing
libraries were constructed using 2 µg of total RNA with an
RNA integrity number value above 7.5. Polyacrylamide gel
electrophoresis was used to purify the total RNA of each sample;
the RNA fractions ranging from 18 to 32 nt in size were collected.
Then, the collected RNA fractions were ligated with adaptors
and used to generate complementary DNA (cDNA) by reverse
transcription, which was amplified subsequently by PCR. Lastly,
according to the manufacturer’s instruction, the deep sequencing
of the four small RNA libraries was performed based on Illumina
HiSeq 2000 at the GENEWIZ (Genewiz, Suzhou, China).

Basic Analysis of Sequencing Results
After using Cutadapt (Martin, 2011) (version 1.9.1) to remove the
technical sequences and get clean data, the length distribution
of the clean reads and annotation of non-coding RNAs against
Rfam and GenBank databases were summarized and analyzed.
The clean reads were mapped to the Nile tilapia genome2 using
Bowtie 2 (V.2.1.0). miRDeep2 (Friedländer et al., 2008) software
was used to discover novel miRNAs from deep sequencing data.

Differential Expression Analysis of
MicroRNAs
Using the DESeq (Anders and Huber, 2012) Bioconductor
package, a model based on the negative binomial distribution, the
differentially expressed miRNAs were detected. Fold expression
of miRNAs was expressed in normalized transcripts per million
values. After adjusting using the Benjamini and Hochberg’s
approach for controlling the false discovery rate, the P-values of
miRNAs were set to< 0.05 to detect differentially expressed ones.

Bioinformatics Analysis
To study the potential functions of differentially expressed
miRNAs under different osmotic stress, miRanda was used to
predict the target genes of the miRNAs (John et al., 2005). Venny
online software, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway database3 (Minoru et al., 2008), and GO-Term
Finder (V0.86) were used to detect further the functions of the
differentially expressed miRNAs and possible target genes.

Quantitative Polymerase Chain Reaction
of Mature MicroRNAs
Fourteen miRNAs from significantly differentially expressed
miRNAs were selected randomly to validate the results of miRNA

2http://asia.ensembl.org/Oreochromis_niloticus/Info/Index
3http://www.genome.jp/kegg/pathway.html

sequencing by quantitative PCR. The miRNA (< 200 nt) was
extracted using a miRcute miRNA Isolation Kit (TianGen,
Beijing, China) according to the manufacturer’s protocol. The
first-strand cDNA was synthesized using the miRcute miRNA
First-Strand cDNA Synthesis Kit (TianGen) according to the
operating manual. RNase-free water was used to dilute the
concentration of the cDNA before further PCR analysis.

According to the operating instructions of the miRcute
miRNA qPCR Detection Kit (TianGen, Beijing, China), qPCR
was performed in an ABI Step One Plus PCR System and in
the following conditions: 95◦C for 15 min, 40 cycles of two
steps (95◦C for 5 s, 60◦C for 30 s). All primer sequences are
listed in Table 1. U6 snRNA was used as the internal control to
normalize miRNA expression, and the relative expression level
of different miRNAs was calculated using the 2−11Ct method
through IBM SPSS Statistics 22. The results are presented as the
mean± standard error. The relative expression levels of miRNAs
were analyzed using the one-way analysis of variance method.
The workflow of miRNA-Seq and bioinformatics analysis is
shown in Figure 1.

RESULTS

Tilapia Performance Under Saline–Alkali
Stress
During the saline and alkali stress, some fishes showed different
levels of abnormal behaviors and morphological characteristics.
First, some fishes were motionless underwater, and then the
tilapia would roll over and be unable to maintain their balance.
Also, the body color darkened gradually and secreted a lot of
mucus on the body surface. Moreover, the effect of the alkalinity
stress and saline–alkali stress on tilapia was more serious than
that of salinity stress. Under the alkalinity stress and saline–
alkali stress, the head was black, and the gills were bleeding.
Only four fishes died in the saline–alkali stress group with
swollen abdomen during the experiment. Dissecting the dead
fishes observed different degrees of hydrops in the intestines.

TABLE 1 | Primers of miRNAs used for the qPCR analysis.

miRNAs Forward primer (5′–3′)

novel miRNA-1052 GGTTCGGCCAGGAAGGGTCTG

novel miRNA-1394 TGGCTCAGTTCAGCAGGAAC

novel miRNA-655 TGCCCTCGAGGACTGGAGTTTG

novel miRNA-531 CGTGATTGCGGATGCTGTGCAGG

novel miRNA-35 TGGAAATCTCTGAATCCCTGCA

novel miRNA-294 TGTACCTCTGCGTGTGTCAGCCG

novel miRNA-306 ATCCCAGCGGTGCCTCCA

novel miRNA-405 TGCCCTCGATAACTGGAGTTTGA

novel miRNA-1053 TGCCCTCGATAACTGGAGTTTGA

novel miRNA-1316 TGCCCTCGAGGACAGGAGTTTG

novel miRNA-1410 TGCCCTCGATAACTGGAGTTTG

novel miRNA-1616 CAGCTGCGGTGCCCGTCA

novel miRNA-1697 TGCCCTCGATAACTGGAGTTTG

novel miRNA-1780 ATGCCCTCGAGGACTGGCGTTT
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Saline stress

group (n=3)

Alkali stress

group (n=3)

Saline-Alkali stress

group (n=3)

Control group

(n=3)

Library construction

miRNA Sequencing

FastQC

Quality assessment and control

Bowtie

Mapping to O.niloticus genome

DESeq2

Differential expression analysis

miRanda

Predicted target genes

GO, KEGG analysis

Visualization, data exploration 

qPCR

Validation of miRNA-Sequencing data

FIGURE 1 | Overview of the experimental design. Flowchart represents miRNA-Seq workflow and bioinformatics analysis workflow.
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Sequencing and Annotation of
MicroRNAs
To identify miRNAs in hybrid tilapia in response to osmotic
stress challenges, miRNA libraries derived from four groups
were constructed and sequenced. After data quality analysis of
the obtained sequence, the total raw reads were obtained from
four groups with 12 different libraries, respectively (Table 2).
After trimming the adaptor sequences and removing low-quality
sequences, all of the clean reads with sizes between 18 and 32 nt
were obtained from different groups (Table 2).

Among the 12 libraries, the size distribution and frequency
percentage of the clean reads were similar, and 21–23-nt lengths
were accounted for approximately 84.2% (Supplementary
Figure 1). The 22 nt in length was accounted for 40.13%, which
was the most abundant group of the clean reads in the 12 libraries.
After mapped to miRbase database, we obtained the largest
number of known and novel miRNAs in different groups, which
are shown in Table 3. The 11 most abundant known miRNAs
in all libraries are shown in Supplementary Figure 2). miR-143-
5p, miR-21, miR-203a-5p, miR-203-5p, and miR-22a-5p were the
most abundant miRNAs in the control and processed groups.

Significantly Differentially Expressed
MicroRNAs Identification Under Osmotic
Stress
Based on the criteria that | logFC| > 1 and P-value < 0.05,
we identified 64 significantly differentially expressed miRNAs in
groups C vs. S, including 31 upregulated and 33 downregulated
miRNAs (Supplementary Figure 3A). Meanwhile, a total of
83, 67, 62, and 70 significantly differentially expressed miRNAs
were detected in groups C vs. A (Supplementary Figure 3B), C
vs. SA (Supplementary Figure 3C), S vs. SA (Supplementary
Figure 3D), and A vs. SA (Supplementary Figure 3E),
respectively. From those total differentially expressed miRNAs,
42, 40, 34, and 39 were downregulated, and 41, 27, 28, and 31
miRNAs were upregulated, respectively (Figure 2). A total of
23 significantly differentially expressed miRNAs were found in

TABLE 2 | Numbers of high-throughput raw reads and clean reads generated
from the tilapia gills small RNA library.

Samples Number of
raw reads

Q30 (%) Number of clean reads Q30 (%)

C1 56,439,419 99.35 47,979,043 99.32

C5 26,725,751 99.27 24,927,209 99.33

C6 32,598,299 98.81 30,298,937 98.14

S4 19,664,035 97.58 18,063,732 98.2

S5 27,059,933 97.57 24,093,961 98.02

S6 20,009,997 97.23 18,558,648 97.95

A4 162,822,444 99.25 152,382,135 99.19

A5 32,489,499 99.23 31,044,107 99.16

A6 60,981,168 99.25 55,818,260 99.23

SA4 74,516,705 99.21 69,306,040 99.17

SA5 50,394,435 99.23 46,746,342 99.16

SA6 55,634,515 99.25 53,566,296 99.26

all processed groups through the Venn diagram (Figure 3). In
contrast, a total of 12, 8, and 17 miRNAs showed significantly
different expression levels in the S & A groups, S & SA groups,
and A & SA groups, respectively (Figure 3).

Identification of Predicted Target Genes
To detect the potential functions of the significantly differentially
expressed miRNAs under different osmotic stresses, miRanda
was used to predict the target genes of miRNAs. After alignment
with the reference genome sequence, a total of 8,061 target genes
of significantly differentially expressed miRNAs were predicted
in the C vs. S group. In contrast, a total of 8,040, 8,771, 8,118,
and 6,580 target genes of significantly differentially expressed
miRNAs were predicted in groups C vs. A, C vs. SA, S vs. SA,
and A vs. SA, respectively.

Gene Ontology Analysis of Predicted
Target Genes
The Gene Ontology (GO) database was used to annotate
the predicted target genes (Qiang et al., 2017). Among the
8,061 predicted target genes, 1,132 genes participated in GO
analysis of group C vs. S: 314 (27.7%), 421 (37.2%), and
397 (35.1%) genes were assigned to the cellular components,
biological processes, and molecular functioning categories,
respectively (Supplementary Figures 4A–E). The results of
the GO enrichment analysis (corrected P < 0.05) identified
33, 34, and 34 GO terms in the S group, A group, and SA
group, respectively. In the salinity group, 64 (20.4%) and 61
(19.4%) genes were enriched in membrane and membrane parts,
respectively, within the cellular component ontology, whereas
6 (1.4%) were enriched in response to a stimulus within the
biological process ontology. Many genes that may have osmotic
regulation functions were enriched in GO terms. Moreover,
32 (8.1%), 192 (48.4%), 3 (0.8%), and 4 (1.0%) were enriched
in transporter activity, binding, electron carrier activity, and
molecular transducer activity, respectively, within the molecular
function ontology.

Kyoto Encyclopedia of Genes and
Genomes Analysis of Predicted Target
Genes
By searching the KEGG database, 54 annotated pathways
activated in the gills of hybrid tilapia were enriched in group C
vs. S (Supplementary Figure 5). Meanwhile, a total of 57, 52,
27, and 34 significant pathways were detected in groups C vs.
A, C vs. SA, S vs. SA, and A vs. SA, respectively. Within these
pathways, 20,501 genes were involved in the pathway annotation,
within which 1,116 predicted target genes were detected in group
C vs. S, and 1,273, 1,088, 835, and 814 predicted target genes
were detected in groups C vs. A, C vs. SA, S vs. SA, and A
vs. SA, respectively. At least two pathways were involved in
osmotic regulation, including mineral absorption (24 predicted
target genes) and the mTOR signaling pathway (26 predicted
target genes) in group C vs. S (Supplementary Figure 5A).
In contrast, in group C vs. A (Supplementary Figure 5B), at
least three pathways were involved in osmoregulation, including
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TABLE 3 | Number of known and novel miRNAs generated from tilapia gills small RNA library.

Sample Number of known miRNA Number of novel miRNA Sample Number of known miRNA Number of novel miRNA

C1 186 379 A4 180 789

C5 182 326 A5 185 391

C6 180 350 A6 186 515

S4 184 254 SA4 187 516

S5 186 296 SA5 186 416

S6 189 270 SA6 190 448

mineral absorption (24 predicted target genes), the prolactin
signaling pathway (29 predicted target genes), and the mTOR
signaling pathway (33 predicted target genes). Two pathways
were associated with osmoregulation, the mTOR signaling
pathway (27 predicted target genes) and the prolactin signaling
pathway (26 predicted target genes), which were also involved in
group C vs. SA (Supplementary Figure 5C). Meanwhile, there
was one pathway that may be involved in osmotic regulation, the
calcium signaling pathway (83 predicted target genes) in group
S vs. SA (Supplementary Figure 5D). Also, in group A vs. SA
(Supplementary Figure 5E), ubiquitin-mediated proteolysis (35
predicted target genes) and the calcium signaling pathway (81
predicted target genes) were also found to possibly play important
roles in osmoregulation. In Supplementary Figure 5, we only
show the top 30 pathways, and if there were not more than 30
terms, all pathways were shown.

Furthermore, we predicted the target genes of differentially
expressed miRNAs in each range of the Venn diagram in
Figure 3 and conducted GO and KEGG pathway analysis. The
pathway analysis suggested that 12 pathways were specifically
enriched in the salinity stress, including cell adhesion molecules,
regulation of actin cytoskeleton, fatty acid biosynthesis, the
calcium signaling pathway, endocrine, and other factor-regulated
calcium reabsorption, the citrate cycle (TCA cycle), and
so on (Supplementary Table 1). In contrast, in alkalinity
stress, there were 15 specifically enriched pathways: ECM–
receptor interaction, the cAMP signaling pathway, dopaminergic
synapses, the PI3K-Akt signaling pathway, the calcium signaling
pathway, the prolactin signaling pathway, the AMPK signaling
pathway, etc. (Supplementary Table 1). The adipocytokine
signaling pathway, the calcium signaling pathway, the Hedgehog
signaling pathway, fatty acid metabolism, the AMPK signaling
pathway, the citrate cycle (TCA cycle), etc., were specifically
enriched in the mix of salinity and alkalinity challenges
(Supplementary Table 1). Also, there were 15, 12, 15, and 22
KEGG pathways that were specifically enriched in S & A, S & SA,
A & SA, and S & A & SA, respectively.

Validation of MicroRNA Sequencing
Results by Quantitative Polymerase
Chain Reaction
To validate the reliability and validity of the miRNA sequencing,
14 miRNAs were randomly selected from the significantly
differentially expressed miRNAs for qPCR validation. Melting-
curve analysis revealed that primers of all tested miRNAs were

FIGURE 2 | Number of differentially expressed miRNAs in different groups.

FIGURE 3 | Venn diagram of differentially expressed miRNAs between the
different groups.

specific. The results of qPCR were compared with the miRNA-Seq
analysis results (Figure 4). The results of qPCR were significantly
correlated with the RNA-sequencing results with a correlation
coefficient of 0.94 (P < 0.01), indicating the credibility of the
miRNA sequencing results.
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FIGURE 4 | Relative fold change of different miRNAs between qPCR and miRNA-sequencing results. MicroRNA expression levels by qPCR are presented as the fold
change compared with the control after normalization against U6snRNA. Relative expression levels from the RNA-seq results were calculated as logFC values. Novel
miRNA-1316 had significantly different expressions in two different groups, so we calculated the levels in two groups. (Note: the novel miRNA-1316-1 was in group
C vs. S; the novel miRNA-1316-2 was in group C vs. SA).

Relative Expression Levels of
MicroRNAs and Targets in the Hybrid
Tilapia and Its Parents
The relative expression levels of miRNAs and its targets: novel
miRNA-356–cant1 (short for “calcium-activated nucleotidase
1”), novel miRNA-766–LOC100709869 (“peroxisome
proliferator-activated receptor-alpha,” in short PPARα), and
novel miRNA-1352–LOC100694683 (“sodium-dependent
phosphate transporter 1-A,” in short PiT-1) were detected by
qPCR. The novel miR-766 and novel miR-1352 expression levels
first decreased and then increased during 96 h of alkali stress
(Figures 5–7). In contrast, the predicted target gene PPARα and
PiT-1 expression levels first increased and then decreased. When
compared with its parents, the expression levels of novel miR-766
in the hybrid tilapia were higher than those of its parents, but the
expression levels of gene PPARα were lower than their parents.
Through detected relative expression levels of miRNA and its
target genes in gills, intestines, livers, kidneys, and muscles of the
hybrid tilapia and its parent, we find that the hybrid tilapia has a
better regulation mechanism of saline–alkali tolerance.

DISCUSSION

Because the roles of miRNAs in biological pathway regulation
were unraveled, their roles have been comprehensively
researched in many species. However, there are barely reports
of miRNA research in hybrid tilapia under salinity stress,
alkalinity stress, and salinity–alkalinity stress. In this study, the
results of miRNA length distribution found that the 21–23-nt
length accounted for proximal 84.2% of the total miRNAs in
the control and processed libraries. The length distribution
of small RNA sequencing data (Supplementary Figure 1) in
the 12 libraries was in coincidence with the results in other

aquatic organisms (Lv et al., 2016; Tao et al., 2016; Xu et al.,
2016; Zhao X. et al., 2016), suggesting that the results of miRNA
sequencing had high accuracy and could be used for subsequent
experiments in this study.

We identified many conserved and novel miRNAs (Table 3) in
the gills of hybrid tilapia, indicating that each species have their
own sets of unique miRNAs and conserved miRNAs (Zhou et al.,
2013). The miRNA-143, miRNA-21, miRNA-203, and miRNA-
22 families were the most abundant conservative miRNAs in
both the control and osmotically stressed groups. These miRNAs
had a long evolutionary history and were a widespread and
conserved expression in various species, manifesting that they
might play crucial roles in essential biological processes in various
organisms (Cordes et al., 2009; Huang et al., 2014; Lone et al.,
2018; Masoudi et al., 2018). Our results found that miR-146a
was upregulated in three types of osmotic stress, and the miR-
737 was downregulated after alkalinity and salinity–alkalinity
stresses. Taganov et al. (2006) proposed that miR-146 has a key
role in the regulation of the Toll-like receptor and cytokine
signaling through a negative feedback regulation loop. Numerous
studies have shown that the expression levels of miR-146a and
miR-146b have also been related to the metastatic, developing,
and proliferative responses of various cancer cells, such as
papillary thyroid carcinoma (Jazdzewski et al., 2008) and cervical
cancer (Wang et al., 2008). Perry et al. (2009) demonstrated
that interleukin-1b induced the transcription of miR-146a and
miR-146b through different intracellular pathways. Muhammad
(2012) found that miR-737-predicted target genes were involved
in immune-related transcription factors and metabolism. In
this study, the upregulation of miR-146a and downregulation
of miR-737 may be implicated with immune suppressive and
cell inflammatory responses in the hybrid tilapia gill cells
after osmotic stress.

The comprehensive expression analysis of miRNA and its
target genes provides a research basis for identifying the
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FIGURE 5 | Expression levels of selected novel miRNA-766 (A–E) and its target gene PPARα (a–e) in the control group (C group) and alkalinity stressed group (A
group) in the hybrid tilapia and its parent samples for 96 h. “∗” and “∗∗” indicate significant differences (P < 0.05 and P < 0.01, respectively) between values obtained
pre-(0 h) and post-alkali stress (6, 12, 24, 48, 72, and 96 h), by paired-samples t-test.

regulated functions of miRNA and its target genes under
external stimulations. KEGG pathway database was used
to investigate further the biological functions and network

regulation mechanism of predicted genes. There were 12, 14, 16,
16, 12, 14, and 22 pathways identified in comparison between
different groups, and the most frequent pathways were involved
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FIGURE 6 | Expression levels of selected novel miRNA-356 (A–E) and its target gene cant1 (a–e) in the control group (C group) and alkalinity stressed group (A
group) in the hybrid tilapia and its parent samples for 96 h. “∗” and “∗∗” indicate significant differences (P < 0.05 and P < 0.01, respectively) between values obtained
pre-(0 h) and post-alkali stress (6, 12, 24, 48, 72, and 96 h), by paired-samples t-test.

in signal transduction and the metabolic system (Supplementary
Table 1). Among them, some pathways including ECM–
receptor interaction in Crassostrea oysters (Zhao X. et al.,
2016), dopaminergic synapse in Scatophagus argus (Su et al.,
2016), MAPK signaling pathway in genus Mytilus (Lockwood
and Somero, 2011), calcium signaling pathway in Ruditapes

philippinarum (Nie et al., 2017), cell adhesion molecules in
Crassostrea gigas (cell adhesion molecules) (Zhao et al., 2012),
cAMP signaling pathway in Callinectes sapidus (Lohrmann and
Kamemoto, 1987), tight junction, fatty acid biosynthesis, and
thyroid hormone signaling pathway in Acipenser baeri (Guo
et al., 2018) have been proven to be related to osmoregulation.
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FIGURE 7 | Expression levels of selected novel miRNA-1352 (A–E) and its target gene PiT-1 (a–e) in the control group (C group) and alkalinity stressed group (A
group) in the hybrid tilapia and its parent samples for 96 h. “∗” and “∗∗” indicate significant differences (P < 0.05 and P < 0.01, respectively) between values obtained
pre-(0 h) and post-alkali stress (6, 12, 24, 48, 72, and 96 h), by paired-samples t-test.

GO annotation results of possible target genes demonstrated no
significant difference in the regulated function of miRNAs of the
target genes under three osmotic challenges.

From the analyzed results of significantly different expression
transcripts between the control and processed groups, we selected
three functional miRNA–mRNA pairs to detect the possible
regulated functions under alkali stress. The relative expression

level of miRNAs and predicted target genes in O. mossambicus,
O. hornorum, and the hybrid tilapia were detected through
qPCR. The integrated analysis of the expression levels of miRNAs
and their predicted targets revealed that the expression trends
of miRNAs had negative correlations with their target genes,
and the results were coincident with the observations that
miRNAs repressing regulates target gene expression through
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transcript cleavage or translation repression (Guo et al., 2010). By
comparing the expression levels of three miRNA–mRNA pairs in
gills, intestines, livers, kidneys, and muscles at differently stressed
times between the hybrid tilapia and its parents, we found
that the hybrid tilapias could rapidly mobilize the expression
of miRNAs and their target genes, so we proposed that the
hybrid tilapia may maintain good osmoregulation mechanisms
during osmotic stress.

Fish can regulate membrane permeability by altering the
levels of long-chain polyunsaturated fatty acids (LC-PUFAs) in
cell membrane phospholipids to maintain intracellular osmotic
pressure balance (Yehuda et al., 2002). In recent years, a large
number of studies have shown that environmental salinity can
affect the composition of fatty acids in fish tissues, such as Salmo
salar (Zheng et al., 2005), Siganus canaliculatus (Li et al., 2008),
and Pagrus major (Sarker et al., 2011); the LC-PUFA content
under low-salt farming conditions was higher than that of the
control group. This fully demonstrates that fish can regulate
the synthesis of LC-PUFA in the body by adjusting the lipid
metabolism, which is used to increase the content of LC-PUFA
in the cytomembrane, changing the ion permeability of the cell
membrane to adapt to the salinity of the culture environment.
PPARα is activated in the human body by a series of exogenous
and endogenous lipids, including various dietary fatty acids
(Sanderson et al., 2008), arachidic acid, endocannabinoids, and
phospholipids (Chakravarthy et al., 2009). Numerous studies
have shown that PPARα is a major regulator of lipid metabolism
in the liver (Takashi et al., 2000; Francque et al., 2015; Janssen
et al., 2015; Kandel et al., 2016). Chuppa et al. (2018) have
shown that PPARα is a target gene of miR-21-5p, which is
involved in regulating fatty acid metabolism pathways. Moreover,
the decreased expression level of PPARα in the heart associated
with inflammation, atherosclerosis, and pathological changes
from fatty acid oxidation to glycolysis has been demonstrated
in numerous studies (Karbowska et al., 2003; Youssef and Badr,
2004; Guellich et al., 2007). In the early stage of osmotic stress,
a large number of ion transporters and enzymes are actively
transported (Kang et al., 2012), and in the salinity environment
deviating from the isotonic point, 10 to 20% or more of energy
is needed to maintain its osmotic pressure balance (Hwang et al.,
2011), leading to an accelerated rate of gene synthesis in pathways
associated with lipid metabolism. In this study, the expression
of the gene PPARα is gradually upregulated, and the expression
of genes related to lipid metabolism is activated, changing the
permeability of the cell membrane and maintaining the normal
osmotic pressure in the alkaline environment.

In this study, we found that the expression levels of sodium-
dependent phosphor transporter 1 (PiT-1) in the five tissues
of the hybrid tilapia and its parents within 96 h of alkaline
stress both showed a trend of increasing first and then falling
and was opposite to miRNA-1352 expression. This indicates
that there may be a targeting relationship between miRNA-
1352 and PiT-1, which needs further validation. Studies have
shown that PiT-1 is a protein encoded by SLC20A1 and has
functions in phosphate homeostasis, contributes to cellular
uptake, cell homeostasis, and mineralization (Atsushi et al., 2011;
Lederer and Miyamoto, 2012), and influences the mineralization

of human osteoblasts (Barbieri et al., 2018). The knockout of PiT-
1 greatly reduced the matrix mineral deposits in human vascular
smooth muscle cells (Dai et al., 2013), indicating that it may play
a crucial role in increasing the absorption of minerals by cells
and maintaining the stability of cell homeostasis. Furthermore,
studies have shown that PiT-1 can increase Pi-induced apoptosis
in vascular mesenchymal cells (Husseini et al., 2013) and is
essential for autophagy in vascular smooth muscle cells, both
of which are important regulators of vascular calcification.
Beck’s research has shown that PiT-1 silencing can reduce cell
proliferation, whereas PiT-1 mutants overexpressing Pi uptake
can rescue this process in HeLa cells (Laurent et al., 2009).
In addition, Salaün et al. (2010) showed that PiT-1 mutants
with insufficient Pi uptake could reduce the apoptotic rate of
HeLa cells treated with tumor necrosis factor-α. It is indicated
that PiT-1 also plays an important role in the proliferation of
fish tumor cells.

Cant1 is a calcium-activated nucleotidase located in the
endoplasmic reticulum/Golgi and hydrolyzes diphosphates
and triphosphates in a calcium-dependent manner, which
preferentially hydrolyzes UDP to UMP and phosphate (Murphy
et al., 2003). Nizon et al. (2012) found that cant1 localizes to the
Golgi apparatus and is involved in glycosaminoglycan synthesis
and proteoglycan posttranslational modification. Cant1 is likely
involved in intracellular glycosylation and has been demonstrated
for protein quality control and folding in neuroblastoma cell lines
(Tito et al., 2012). When cant1 was knocked down, cell number
and DNA synthesis rate were significantly decreased; cell cycle
arrest in G1 phase, cell migration rate, and wound healing ability
of cant1 knockdown cells were significantly reduced (Josefine
et al., 2011). In this experiment, the expression of the cant1
gene was downregulated within 96 h of three tilapia stresses
and then gradually increased, which may have functions in the
proliferation and metastasis of fish cells. The roles of PiT-1
and cant1 in the teleost fishes after osmotic stress have not
been reported, and we speculated that they play important roles
in osmoregulation.

In future studies, we will evaluate the effect on the survival
and growth of tilapia under the long-term saline and alkali stress
and integrate transcriptome and proteome profiles to understand
the mechanism of osmoregulation and the molecular regulatory
networks in the hybrids. Furthermore, the tolerance of the hybrid
tilapia and its parents under different osmotic stresses may be
different in similar developmental stages, so it is important to
detect miRNA profiles of the hybrid tilapia and its parents at
different osmotic stresses.

CONCLUSION

In summary, this study was the first time to analyze miRNA
expression profiles of the hybrid tilapia gills under three
types of osmotic stress. This research list a vast number of
miRNAs and these predicted target genes in the hybrid tilapias
under salinity, alkalinity, and salinity–alkalinity stresses. The
data presented herein suggest that exposure to osmotic stress
decreased immunity and increased the energy consumption in
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osmotic regulation of the hybrid tilapia. Furthermore, external
environmental osmotic stress induced the changes in expression
levels of miRNAs and these predicted target genes, which may be
involved in osmotic pressure stress regulation signal pathways.

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the NCBI
Sequence Read Archive (SRA) database under SRA accession
number PRJNA590373.

ETHICS STATEMENT

The studies involving fish were reviewed and approved by the
Animal Care and Use Committee of the Centre for Applied
Aquatic Genomics at the Chinese Academy of Fishery Sciences.

AUTHOR CONTRIBUTIONS

DM and HS designed the experiment and drafted the manuscript.
HS and HZ performed the experiment and analyzed the data.

JF participated in experiment and coordination and contributed
to the manuscript preparation. All authors reviewed and
approved the manuscript.

FUNDING

This work was supported by grants from the Science
and Technology Program of Guangzhou, China (grant no.
201803020034), the Central Public-Interest Scientific Institution
Basal Research Fund, CAFS (grant no. 2019KQ-003), the
Guangdong Provincial Special Fund For Modern Agriculture
Industry Technology Innovation Teams (grant no. 2019KJ150),
the National Natural Science Foundation of China (grant no.
31001108), and the National Freshwater Genetic Resource
Center (NFGR-2020).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2021.526277/full#supplementary-material

REFERENCES
Anders, S., and Huber, W. (2012). Differential expression of RNA-Seq data at the

gene level – the DESeq package. DESeq version 1.39.0 (last revision).
Atsushi, S., Shinji, K., Tetsuyuki, H., Atsuo, A., Takashi, O., Toshimi, M.,

et al. (2011). Cellular ATP synthesis mediated by type III sodium-dependent
phosphate transporter Pit-1 is critical to chondrogenesis. J. Biol. Chem. 286,
3094–3103. doi: 10.1074/jbc.M110.148403

Barbieri, A. M., Chiodini, I., Ragni, E., Colaianni, G., Gadda, F., Locatelli,
M., et al. (2018). Suppressive effects of tenofovir disoproxil fumarate, an
antiretroviral prodrug, on mineralization and type II and type III sodium-
dependent phosphate transporters expression in primary human osteoblasts.
Cell Biochem. 119, 4855–4866. doi: 10.1002/jcb.26696

Bellin, D., Alberto, F., Antonio, C., Olaf, K., Natasha, L., Pascal, B., et al. (2009).
Combining next-generation pyrosequencing with microarray for large scale
expression analysis in non-model species. BMC Genomics 10:555. doi: 10.1186/
1471-2164-10-555

Bizuayehu, T. T., Johansen, S. D., Puvanendran, V., Toften, H., and Babiak,
I. (2015). Temperature during early development has long-term effects on
microRNA expression in Atlantic cod. BMC Genomics 16:305. doi: 10.1186/
s12864-015-1503-7

Chakravarthy, M. V., Lodhi, I. J., Yin, L., Malapaka, R. R. V., Xu, H. E., Turk, J.,
et al. (2009). Identification of a physiologically relevant endogenous ligand for
PPAR alpha in liver. Cell 138, 476–488. doi: 10.1016/j.cell.2009.05.036

Chuppa, S., Liang, M., Liu, P., Liu, Y., Casati, M. C., Cowley, A. W., et al. (2018).
MicroRNA-21 regulates peroxisome proliferator–activated receptor alpha, a
molecular mechanism of cardiac pathology in Cardiorenal syndrome type 4.
Kidney Int. 93, 375–389. doi: 10.1016/j.kint.2017.05.014

Cordes, K. R., Sheehy, N. T., and White, M. P. (2009). miR-145 and miR-143
regulate smooth muscle cell fate and plasticity. Nature 460, 705–710. doi: 10.
1038/nature08195

Dai, X. Y., Zhao, M. M., Cai, Y., Guan, Q. C., Zhao, Y., Guan, Y., et al.
(2013). Phosphate-induced autophagy counteracts vascular calcification by
reducing matrix vesicle release. Kidney Int. 83, 1042–1051. doi: 10.1038/ki.
2012.482

Du, Z. Q. (2016). Comparative transcriptome analysis reveals three potential
antiviral signaling pathways in lymph organ tissue of the red swamp crayfish.
Procambarus clarkii. Genet. Mol. Res. 15:6. doi: 10.4238/gmr15048858

Ekblom, R., and Galindo, J. (2010). Applications of next generation sequencing in
molecular ecology of non-model organisms. Heredity 107, 1–15. doi: 10.1038/
hdy.2010.152

Francque, S., Verrijken, A., Caron, S., Prawitt, J., Paumelle, R., Derudas, B., et al.
(2015). PPAR alpha gene expression correlates with severity and histological
treatment response in patients with non-alcoholic steatohepatitis. J. Hepatol.
63, 164–173. doi: 10.1016/j.jhep.2015.02.019

Friedländer, M. R., Chen, W., Adamidi, C., Maaskola, J., Einspanier, R., Knespel,
S., et al. (2008). Discovering microRNAs from deep sequencing data using
miRDeep. Nat. Biotechnol. 26, 407–415. doi: 10.1038/nbt1394

Friedman, R. C., Farh, K. K.-H., Burge, C. B., and Bartel, D. P. (2009). Most
mammalian mRNAs are conserved targets of microRNAs. Genome Res. 19,
92–105. doi: 10.1101/gr.082701.108

Guellich, A., Damy, T., Lecarpentier, Y., Conti, M., Claes, V., Samuel, J. L., et al.
(2007). Role of oxidative stress in cardiac dysfunction of PPARalpha-/- mice.
Am. J. Physiol. Heart Circ. Physiol. 293, H93–H102. doi: 10.1152/ajpheart.00037.
2007

Guo, B. Y., Tang, Z. R., Wu, C. W., Xu, K. D., and Qi, P. Z. (2018).
Transcriptomic analysis reveal an efficient osmoregulatory system in Siberian
sturgeon Acipenser baeri in response to salinity stress. Sci. Rep. 8:14353. doi:
10.1038/s41598-018-32771-x

Guo, H., Ingolia, N. T., Weissman, J. S., and Bartel, D. P. (2010). Mammalian
microRNAs predominantly act to decrease target mRNA levels. Nature 466,
835–840. doi: 10.1038/nature09267

Hafner, M., Landgraf, P., Ludwig, J., Rice, A., Ojo, T., Lin, C., et al. (2008).
Identification of microRNAs and other small regulatory RNAs using cDNA
library sequencing. Methods 44, 3–12. doi: 10.1016/j.ymeth.2007.09.009

Hossain, M. M., Sohel, M. M., Schellander, K., and Tesfaye, D. (2012).
Characterization and importance of microRNAs in mammalian gonadal
functions. Cell Tissue Res. 349, 679–690. doi: 10.1007/s00441-012-1469-6

Huang, Y. W., Kuo, C. T., Chen, J. H., Goodfellow, P. J., Huang, T. H. M., Rader,
J. S., et al. (2014). Hypermethylation of mir-203 in endometrial carcinomas.
Gynecol. Oncol. 133, 340–345. doi: 10.1016/j.ygyno.2014.02.009

Huntzinger, E., and Izaurralde, E. (2011). Gene silencing by microRNAs:
contributions of translational repression and mRNA decay. Nat. Rev. Genet. 12,
99–110. doi: 10.1038/nrg2936

Husseini, D. E., Boulanger, M. C., Fournier, D., Mahmut, A., Bossé, Y., Pibarot,
P., et al. (2013). High expression of the Pi-transporter SLC20A1/Pit1 in calcific

Frontiers in Genetics | www.frontiersin.org 12 April 2021 | Volume 12 | Article 526277

https://www.frontiersin.org/articles/10.3389/fgene.2021.526277/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2021.526277/full#supplementary-material
https://doi.org/10.1074/jbc.M110.148403
https://doi.org/10.1002/jcb.26696
https://doi.org/10.1186/1471-2164-10-555
https://doi.org/10.1186/1471-2164-10-555
https://doi.org/10.1186/s12864-015-1503-7
https://doi.org/10.1186/s12864-015-1503-7
https://doi.org/10.1016/j.cell.2009.05.036
https://doi.org/10.1016/j.kint.2017.05.014
https://doi.org/10.1038/nature08195
https://doi.org/10.1038/nature08195
https://doi.org/10.1038/ki.2012.482
https://doi.org/10.1038/ki.2012.482
https://doi.org/10.4238/gmr15048858
https://doi.org/10.1038/hdy.2010.152
https://doi.org/10.1038/hdy.2010.152
https://doi.org/10.1016/j.jhep.2015.02.019
https://doi.org/10.1038/nbt1394
https://doi.org/10.1101/gr.082701.108
https://doi.org/10.1152/ajpheart.00037.2007
https://doi.org/10.1152/ajpheart.00037.2007
https://doi.org/10.1038/s41598-018-32771-x
https://doi.org/10.1038/s41598-018-32771-x
https://doi.org/10.1038/nature09267
https://doi.org/10.1016/j.ymeth.2007.09.009
https://doi.org/10.1007/s00441-012-1469-6
https://doi.org/10.1016/j.ygyno.2014.02.009
https://doi.org/10.1038/nrg2936
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-526277 March 29, 2021 Time: 17:30 # 13

Su et al. Osmoregulation Related MicroRNAs in Tilapia

aortic valve disease promotes mineralization through regulation of Akt-1. PLoS
One 8:e53393. doi: 10.1371/journal.pone.0053393

Hwang, P. P., Lee, T. H., and Lin, L. Y. (2011). Ion regulation in fish gills: recent
progress in the cellular and molecular mechanisms. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 301, 28–47. doi: 10.1152/ajpregu.00047.2011

Janssen, A. W., Betzel, B., Stoopen, G., Berends, F. J., Janssen, I. M., Peijnenburg,
A. A., et al. (2015). The impact of PPAR alpha activation on whole genome
gene expression in human precision cut liver slices. BMC Genomics 16:760.
doi: 10.1186/s12864-015-1969-3

Jazdzewski, K., Murray, E. L., Franssila, K., Jarzab, B., Schoenberg, D. R., de la
Chapelle, A. (2008). Common SNP in pre-miR-146a decreases mature miR
expression and predisposes to papillary thyroid carcinoma. Proc. Natl. Acad.
Sci. U.S.A. 105, 7269–7274. doi: 10.1073/pnas.0802682105

John, B., Enright, A. J., Aravin, A., Tuschl, T., Sander, C., Marks, D. S., et al.
(2005). Human MicroRNA targets. PLoS Biol. 3:e264. doi: 10.1371/journal.pbio.
0020363

Josefine, G., Corinna, S., Oralea, B., Silvia, B., Annette, B., Florian, F., et al.
(2011). The androgen-regulated calcium-activated nucleotidase 1 (CANT1) is
commonly overexpressed in prostate cancer and is tumor-biologically relevant
in vitro. Am. J. Pathol. 178, 1847–1860. doi: 10.1016/j.ajpath.2010.12.046

Kandel, B. A., Thomas, M., Winter, S., Damm, G., Seehofer, D., Burk, O., et al.
(2016). Genomewide comparison of the inducible transcriptomes of nuclear
receptors CAR, PXR and PPARalpha in primary human hepatocytes. Biochim.
Biophys. Acta 1859, 1218–1227. doi: 10.1016/j.bbagrm.2016.03.007

Kang, C. K., Liu, F. C., Chang, W. B., and Lee, T. H. (2012). Effects of low
environmental salinity on the cellular profiles and expression of Na+, K+-
ATPase and Na+, K+, 2Cl− cotransporter 1 of branchial mitochondrion-rich
cells in the juvenile marine fish Monodactylus argenteus. Fish Physiol. Biochem.
38, 665–678. doi: 10.1007/s10695-011-9549-1

Karbowska, J., Kochan, Z., and Smolenski, R. T. (2003). Peroxisome proliferator-
activated receptor alpha is downregulated in the failing human heart. Cell. Mol.
Biol. Lett. 8, 49–53. doi: 10.1046/j.1462-5822.2003.00237.x

Laurent, B., Christine, L., Christine, S., Germain, M. D., Chantal, D., and Grard, F.
(2009). Identification of a novel function of PiT1 critical for cell proliferation
and independent of its phosphate transport activity. J. Biol. Chem. 284, 31363–
31374. doi: 10.1074/jbc.M109.053132

Lederer, E., and Miyamoto, K. (2012). Clinical consequences of mutations in
sodium phosphate cotransporters. Clin. J. Am. Soc. Nephrol. 7, 1179–1187.
doi: 10.2215/CJN.09090911

Li, E. (2014). Transcriptome sequencing revealed the genes and pathways involved
in salinity stress of Chinese mitten crab, Eriocheir sinensis. Physiol. Genomics 46,
177–190. doi: 10.1152/physiolgenomics.00191.2013

Li, M. Y., Wang, F., and Xu, Z. S. (2014). High throughput sequencing of two
celery varieties small RNAs identifies microRNAs involved in temperature stress
response. BMC Genomics 15:242. doi: 10.1186/1471-2164-15-242

Li, S. C., Chan, W. C., and Hu, L. Y. (2010). Identification of homologous
microRNAs in 56 animal genomes. Genomics 96, 1–9. doi: 10.1016/j.ygeno.
2010.03.009

Li, Y. Y., Hu, C. B., Zheng, Y. J., Xia, X. A., Xu, W. J., Wang, S. Q., et al. (2008).
The effects of dietary fatty acids on liver fatty acid composition and 1 6 -
desaturase expression differ with ambient salinities in Siganus canaliculatus.
Comp. Biochem. Physiol. B 151, 183–190. doi: 10.1016/j.cbpb.2008.06.013

Liu, Y. J., Zhu, H. P., Lu, M. X., Chen, Q., Wang, M., and Xie, Y. F. (2015).
Preliminary study on salinity tolerance of the juveniles of hybrid tilapia
(Oreochromis mossambicus♀×O.hornurum♂). Freshw. Fish. China 45, 109–
112.

Lockwood, B. L., and Somero, G. N. (2011). Transcriptomic responses to salinity
stress in invasive and native blue mussels (genus mytilus). Mol. Ecol. 20,
517–529. doi: 10.1111/j.1365-294X.2010.04973.x

Lohrmann, D. M., and Kamemoto, F. I. (1987). The effect of dibutyryl cAMP on
sodium uptake by isolated perfused gills of Callinectes sapidus. Gen. Comp.
Endocrinol. 65, 300–305. doi: 10.1016/0016-6480(87)90177-8

Lone, S. N., Maqbool, R., Parray, F. Q., and Ul, M. H. (2018). Triose-phosphate
isomerase is a novel target of mir-22 and mir-28, with implications in
tumorigenesis. J. Cell. Physiol. 233, 8919–8929. doi: 10.1002/jcp.26821

Lv, J., Liu, P., Gao, B., and Li, J. (2016). The identification and characteristics
of salinity-related microRNAs in gills of Portunus trituberculatus. Cell Stress
Chaperones 21, 63–74. doi: 10.1007/s12192-015-0641-9

Ma, H., Hostuttler, M., Wei, H., Rexroad, C. E., and Yao, J. B. (2012).
Characterization of the rainbow trout egg microRNA transcriptome. PLoS One
7:e39649. doi: 10.1371/journal.pone.0039649

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet. J. 17, 10–12. doi: 10.14806/ej.17.1.200

Martín-Gómez, L., Villalba, A., Kerkhoven, R. H., and Abollo, E. (2014). Role of
microRNAs in the immunity process of the flat oyster Ostrea edulis against
bonamiosis. Infect Genet. Evol. 27, 40–50. doi: 10.1016/j.meegid.2014.06.026

Masoudi, M. S., Mehrabian, E., and Mirzaei, H. (2018). MiR-21: A key player in
glioblastoma pathogenesis. J. Cell. Biochem. 119, 1285–1290. doi: 10.1002/jcb.
26300

Minoru, K., Michihiro, A., Susumu, G., Masahiro, H., Mika, H., Masumi, I., et al.
(2008). KEGG for linking genomes to life and the environment. Nucleic Acids
Res. 36, D480–D484. doi: 10.1093/nar/gkm882

Molnar, J. L., Gamboa, R. L., Revenga, C., and Spalding, M. D. (2008). Assessing
the global threat of invasive species to marine biodiversity. Front. Ecol. Environ.
6:485–492. doi: 10.1890/070064

Muhammad, Y. K. B. (2012). The MicroRNAs and their targets in the channel
catfish (Ictalurus punctatus). Mol. Biol. Rep. 39, 8867–8872. doi: 10.1007/
s11033-012-1753-2

Murphy, D. M., Ivanenkov, V. V., and Kirley, T. L. (2003). Bacterial expression and
characterization of a novel, soluble, calcium-binding, and calcium-activated
human nucleotidase. Biochemistry 42, 2412–2421. doi: 10.1021/bi026763b

Nie, H. T., Jiang, L. W., Chen, P., Huo, Z. M., Yang, F., and Yan, X. W. (2017). High
throughput sequencing of RNA transcriptomes in Ruditapes philippinarum
identifies genes involved in osmotic stress response. Sci. Rep. 7:4953. doi: 10.
1038/s41598-017-05397-8

Nizon, M., Huber, C., De Leonardis, F., Merrina, R., Forlino, A., Fradin, M., et al.
(2012). Further delineation of CANT1 phenotypic spectrum and demonstration
of its role in proteoglycan synthesis. Hum. Mut. 33, 1261–1266. doi: 10.1002/
humu.22104

Perry, M. M., Williams, A. E., Tsitsiou, E., Larner-Svensson, H. M., and Lindsay,
M. A. (2009). Divergent intracellular pathways regulate interleukin-1β-induced
mir-146a and mir-146b expression and chemokine release in human alveolar
epithelial cells. FEBS Lett. 583, 3349–3355. doi: 10.1016/j.febslet.2009.09.038

Qiang, J., Tao, F., He, J., Sun, L., Xu, P., and Bao, W. (2017). Effects of exposure to
Streptococcus iniae on microRNA expression in the head kidney of genetically
improved farmed tilapia (Oreochromis niloticus). BMC Genomics 18:190. doi:
10.1186/s12864-017-3591-z

Qiu, W. W., Zhu, Y., Wu, Y., Yuan, C., Chen, K., and Li, M. (2018). Identification
and expression analysis of microRNAs in medaka gonads. Gene 646, 210–216.
doi: 10.1016/j.gene.2017.12.062

Reinhart, B. J., Slack, F. J., Basson, M., Pasquinelli, A. E., Bettinger, J. C., Rougvie,
A. E., et al. (2000). The 21-nucleotide let-7 RNA regulates developmental timing
in Caenorhabditis elegans. Nature 403, 901–906. doi: 10.1038/35002607

Salaün, C., Leroy, C., Rousseau, A., Boitez, V., Beck, L., and Friedlander, G. (2010).
Identification of a novel transport-independent function of PiT1/SLC20A1 in
the regulation of TNF-induced apoptosis. J. Biol. Chem. 285, 34408–34418.
doi: 10.1074/jbc.M110.130989

Sanderson, L. M., de Groot, P. J., Hooiveld, G. J. E. J., Koppen, A., Kalkhoven,
E., Müller, M., et al. (2008). Effect of synthetic dietary triglycerides: a novel
research paradigm for nutrigenomics. PLoS One 3:e1681. doi: 10.1371/journal.
pone.0001681

Sarker, M. A. A., Yamamoto, Y., Haga, Y., Sarker, M. S. A., Miwa, M., Yoshizaki,
G., et al. (2011). Influences of low salinity and dietary fatty acids on fatty
acid composition and fatty acid desaturase and elongase expression in red
sea bream Pagrus major. Fish. Sci. 77, 385–396. doi: 10.1007/s12562-011-
0342-y

Su, M., Mu, X. J., Gui, L., Zhang, P. P., Zhou, J. N., Ma, J., et al. (2016). Dopamine
regulates renal osmoregulation during hyposaline stress via DRD1 in the
spotted scat (Scatophagus argus). Sci. Rep. 6:37535. doi: 10.1038/srep37535

Taganov, K. D., Boldin, M. P., Chang, K. J., and Baltimore, D. (2006). NF-
kappa B-dependent induction of microRNA miR-146, an inhibitor targeted to
signaling proteins of innate immune responses. Proc. Natl. Acad. Sci. U.S.A.
1103:12481. doi: 10.1073/pnas.0605298103

Takashi, H., William, S. C., Chao, Q., Anjana, V. Y., Janardan, K. R. M., and
Sambasiva, R. (2000). Defect in peroxisome proliferator-activated receptor
alpha-inducible fatty acid oxidation determines the severity of hepatic steatosis

Frontiers in Genetics | www.frontiersin.org 13 April 2021 | Volume 12 | Article 526277

https://doi.org/10.1371/journal.pone.0053393
https://doi.org/10.1152/ajpregu.00047.2011
https://doi.org/10.1186/s12864-015-1969-3
https://doi.org/10.1073/pnas.0802682105
https://doi.org/10.1371/journal.pbio.0020363
https://doi.org/10.1371/journal.pbio.0020363
https://doi.org/10.1016/j.ajpath.2010.12.046
https://doi.org/10.1016/j.bbagrm.2016.03.007
https://doi.org/10.1007/s10695-011-9549-1
https://doi.org/10.1046/j.1462-5822.2003.00237.x
https://doi.org/10.1074/jbc.M109.053132
https://doi.org/10.2215/CJN.09090911
https://doi.org/10.1152/physiolgenomics.00191.2013
https://doi.org/10.1186/1471-2164-15-242
https://doi.org/10.1016/j.ygeno.2010.03.009
https://doi.org/10.1016/j.ygeno.2010.03.009
https://doi.org/10.1016/j.cbpb.2008.06.013
https://doi.org/10.1111/j.1365-294X.2010.04973.x
https://doi.org/10.1016/0016-6480(87)90177-8
https://doi.org/10.1002/jcp.26821
https://doi.org/10.1007/s12192-015-0641-9
https://doi.org/10.1371/journal.pone.0039649
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1016/j.meegid.2014.06.026
https://doi.org/10.1002/jcb.26300
https://doi.org/10.1002/jcb.26300
https://doi.org/10.1093/nar/gkm882
https://doi.org/10.1890/070064
https://doi.org/10.1007/s11033-012-1753-2
https://doi.org/10.1007/s11033-012-1753-2
https://doi.org/10.1021/bi026763b
https://doi.org/10.1038/s41598-017-05397-8
https://doi.org/10.1038/s41598-017-05397-8
https://doi.org/10.1002/humu.22104
https://doi.org/10.1002/humu.22104
https://doi.org/10.1016/j.febslet.2009.09.038
https://doi.org/10.1186/s12864-017-3591-z
https://doi.org/10.1186/s12864-017-3591-z
https://doi.org/10.1016/j.gene.2017.12.062
https://doi.org/10.1038/35002607
https://doi.org/10.1074/jbc.M110.130989
https://doi.org/10.1371/journal.pone.0001681
https://doi.org/10.1371/journal.pone.0001681
https://doi.org/10.1007/s12562-011-0342-y
https://doi.org/10.1007/s12562-011-0342-y
https://doi.org/10.1038/srep37535
https://doi.org/10.1073/pnas.0605298103
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-526277 March 29, 2021 Time: 17:30 # 14

Su et al. Osmoregulation Related MicroRNAs in Tilapia

in response to fasting. J. Biol. Chem. 275, 28918–28928. doi: 10.1074/jbc.
M910350199

Tao, W., Sun, L., Shi, H., Cheng, Y., Jiang, D., Fu, B., et al. (2016). Integrated
analysis of miRNA and mRNA expression profiles in tilapia gonads at an early
stage of sex differentiation. BMC Genomics 17:328. doi: 10.1186/s12864-016-
2636-z

Tito, C., Laura, F., Denis, O., Rosa, G., Britt, M., Jose, R. N., et al. (2012). Ca2+-
activatted nucleotidase 1, a novel target gene for the transcriptional repressor
DREAM (downstream regulatory element antagonist modulator), is involved
in protein folding and degradation. J. Biol. Chem. 287, 18478–18491. doi: 10.
1074/jbc.M111.304733

Wang, W., Liu, W., Liu, Q., Li, B., An, L., Hao, R., et al. (2016). Coordinated
microRNA and messenger RNA expression profiles for understanding sexual
dimorphism of gonads and the potential roles of microRNA in the
steroidogenesis pathway in Nile tilapia (Oreochromis niloticus). Theriogenology
85, 970–978. doi: 10.1016/j.theriogenology.2015.11.006

Wang, X., Tang, S., Le, S. Y., Lu, R., Rader, J. S., Meyers, C., et al. (2008). Aberrant
expression of oncogenic and tumor-suppressive microRNAs in cervical cancer
is required for cancer cell growth. PLoS One 3:e2557. doi: 10.1371/journal.pone.
0002557

Wienholds, E., Kloosterman, W. P., Miska, E., Alvarez-Saavedra, E., Berezikov,
E., de Bruijn, E., et al. (2005). MicroRNA expression in zebrafish embryonic
development. Science 309, 310–311. doi: 10.1126/science.1114519

Wightman, B., Ha, I., and Ruvkun, G. (1993). Posttranscriptional regulation of
the heterochronic gene lin-14 by lin-4 mediates temporal pattern formation in
C. elegans. Cell 75, 855–862. doi: 10.1016/0092-8674(93)90530-4

Xu, G. L., Han, J. J., and Xu, T. J. (2016). Comparative analysis of the small RNA
transcriptomes of miiuy croaker revealed microRNA-mediated regulation of
TLR signaling pathway response to Vibrio anguillarum infection. Fish Shellfish
Immunol. 52, 248–257. doi: 10.1016/j.fsi.2016.03.011

Yan, B., Guo, J. T., Zhao, L. H., and Zhao, J. L. (2012a). MiR-30c: A novel regulator
of salt tolerance in tilapia. Biochem. Biophys. Res. Commun. 425, 315–320.
doi: 10.1016/j.bbrc.2012.07.088

Yan, B., Zhao, L. H., Guo, J. T., and Zhao, J. L. (2012b). miR-429 regulation of
osmotic stress transcription factor 1 (OSTF1) in tilapia during osmotic stress.
Biochem. Biophys. Res. Commun. 426, 294–298. doi: 10.1016/j.bbrc.2012.08.029

Yehuda, S., Rabinovitz, S., Carasso, R. L., and Mostofsky, D. (2002). The role
of polyunsaturated fatty acids in restoring the aging neuronal membrane.
Neurobiol. Aging 23, 843–853. doi: 10.1016/S0197-4580(02)00074-X

Youssef, J., and Badr, M. (2004). Role of peroxisome proliferator-activated
receptors in inflammation control. BioMed. Res. Int. 2004, 156–166. doi: 10.
1155/S1110724304308065

Yu, X. M., Zhou, Q., Li, S. C., Luo, Q. B., Cai, Y. M., Lin, W. C., et al. (2008).
The silkworm (Bombyx mori) microRNAs and their expressions in multiple
developmental stages. PLoS One 3:e2997. doi: 10.1371/journal.pone.0002997

Zhao, X., Yu, H., Kong, L., and Li, Q. (2012). Transcriptomic responses to salinity
stress in the pacific oyster Crassostrea gigas. PLos One 7:e46244. doi: 10.1371/
journal.pone.0046244

Zhao, X., Yu, H., Kong, L., Liu, S., and Li, Q. (2016). High throughput sequencing
of small RNAs transcriptomes in two Crassostrea oysters identifies microRNAs
involved in osmotic stress response. Sci. Rep. 6:22687. doi: 10.1038/srep22687

Zhao, Y., Wu, J. W., Wang, Y., and Zhao, J. L. (2016). Role of miR-21 in alkalinity
stress tolerance in tilapia. Biochem. Biophys. Res. Commun. 471, 26–33. doi:
10.1016/j.bbrc.2016.02.007

Zheng, X. Z., Torstensen, B. E., Tocher, D. R., Dick, J. R., Henderson, R. J., and Bell,
J. G. (2005). Environmental and dietary influences on highly unsaturated fatty
acid biosynthesis and expression of fatty acyl desaturase and elongase genes
in liver of Atlantic salmon (Salmo salar). Biochim. Biophys. Acta 1734, 13–24.
doi: 10.1016/j.bbalip.2005.01.006

Zhou, Z., Wang, Z., Li, W., Fang, C., Shen, Y., Li, C., et al. (2013). Comprehensive
analyses of microRNA gene evolution in paleopolyploid soybean genome. Plant
J. 76, 332–344. doi: 10.1111/tpj.12293

Zhu, H., Liu, Z., Gao, F., Lu, M., Liu, Y., Su, H., et al. (2018). Characterization
and expression of Na+/K+-ATPase in gills and kidneys of the Teleost fish
Oreochromis mossambicus, Oreochromis urolepis hornorum and their hybrids in
response to salinity challenge. Comp. Biochem. Phys. A 224, 1–10. doi: 10.1016/
j.cbpa.2018.05.017

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Su, Fan, Ma and Zhu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org 14 April 2021 | Volume 12 | Article 526277

https://doi.org/10.1074/jbc.M910350199
https://doi.org/10.1074/jbc.M910350199
https://doi.org/10.1186/s12864-016-2636-z
https://doi.org/10.1186/s12864-016-2636-z
https://doi.org/10.1074/jbc.M111.304733
https://doi.org/10.1074/jbc.M111.304733
https://doi.org/10.1016/j.theriogenology.2015.11.006
https://doi.org/10.1371/journal.pone.0002557
https://doi.org/10.1371/journal.pone.0002557
https://doi.org/10.1126/science.1114519
https://doi.org/10.1016/0092-8674(93)90530-4
https://doi.org/10.1016/j.fsi.2016.03.011
https://doi.org/10.1016/j.bbrc.2012.07.088
https://doi.org/10.1016/j.bbrc.2012.08.029
https://doi.org/10.1016/S0197-4580(02)00074-X
https://doi.org/10.1155/S1110724304308065
https://doi.org/10.1155/S1110724304308065
https://doi.org/10.1371/journal.pone.0002997
https://doi.org/10.1371/journal.pone.0046244
https://doi.org/10.1371/journal.pone.0046244
https://doi.org/10.1038/srep22687
https://doi.org/10.1016/j.bbrc.2016.02.007
https://doi.org/10.1016/j.bbrc.2016.02.007
https://doi.org/10.1016/j.bbalip.2005.01.006
https://doi.org/10.1111/tpj.12293
https://doi.org/10.1016/j.cbpa.2018.05.017
https://doi.org/10.1016/j.cbpa.2018.05.017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	Identification and Characterization of Osmoregulation Related MicroRNAs in Gills of Hybrid Tilapia Under Three Types of Osmotic Stress
	Introduction
	Materials and Methods
	Sample Collection
	MicroRNA Library Construction and Sequencing
	Basic Analysis of Sequencing Results
	Differential Expression Analysis of MicroRNAs
	Bioinformatics Analysis
	Quantitative Polymerase Chain Reaction of Mature MicroRNAs

	Results
	Tilapia Performance Under Saline–Alkali Stress
	Sequencing and Annotation of MicroRNAs
	Significantly Differentially Expressed MicroRNAs Identification Under Osmotic Stress
	Identification of Predicted Target Genes
	Gene Ontology Analysis of Predicted Target Genes
	Kyoto Encyclopedia of Genes and Genomes Analysis of Predicted Target Genes
	Validation of MicroRNA Sequencing Results by Quantitative Polymerase Chain Reaction
	Relative Expression Levels of MicroRNAs and Targets in the Hybrid Tilapia and Its Parents

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


