
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Andrew Stanley Mount,
Clemson University, United States

REVIEWED BY

Ting Chen,
Chinese Academy of Sciences (CAS), China
Xianliang Meng,
Chinese Academy of Fishery Sciences (CAFS),
China

*CORRESPONDENCE

Falin Zhou

zhoufalin@aliyun.com

RECEIVED 19 March 2024

ACCEPTED 17 April 2024
PUBLISHED 13 May 2024

CITATION

Shi J, Jiang S, Yang Q, Li Y, Yang L, Huang J,
Jiang S and Zhou F (2024) Identification of
microRNAs in black tiger shrimp (Penaeus
monodon) under acute low-salinity stress.
Front. Mar. Sci. 11:1403559.
doi: 10.3389/fmars.2024.1403559

COPYRIGHT

© 2024 Shi, Jiang, Yang, Li, Yang, Huang, Jiang
and Zhou. 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.

TYPE Original Research

PUBLISHED 13 May 2024

DOI 10.3389/fmars.2024.1403559
Identification of microRNAs
in black tiger shrimp
(Penaeus monodon) under
acute low-salinity stress
Jianzhi Shi1,2, Song Jiang2, Qibin Yang1, Yundong Li2,
Lishi Yang2, Jianhua Huang3, Shigui Jiang2 and Falin Zhou1,2*

1Key Laboratory of Efficient Utilization and Processing of Marine Fishery Resources of Hainan
Province, Sanya Tropical Fisheries Research Institute, Sanya, China, 2Key Laboratory of South China
Sea Fishery Resources Exploitation and Utilization, Ministry of Agriculture and Rural Affairs, South
China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences, Guangzhou, China,
3Shenzhen Base of South China Sea Fisheries Research Institute, Chinese Academy of Fishery
Sciences, Shenzhen, China
Salinity is a common abiotic stress in the culture of penaeid shrimp. Through post-

transcriptional regulation of gene transcripts, microRNAs (miRNAs) play an important

role in theadaptation toastressfulenvironment.However, the involvementofmiRNAs

in the salinity stress response of shrimp remains unclear. In the present study, the

sequence and expression profile of miRNAs in the hepatopancreas of low-salinity-

treated Penaeus monodon were obtained by the high-throughput sequencing

technique. A total of 679 miRNAs were identified, including 167 miRNAs that were

significantlydifferentially expressedafter low-salinity exposure (p<0.05). Remarkably,

most of these miRNAs were downregulated, suggesting that a series of genes were

activated to participate in stress response. In addition, 43 miRNAs differentially

expressed at all treatment were selected as putative key modulators. Enrichment

analysis of genes targeted by these miRNAs indicated that a network that consists of

the nervous system, the immune system, and the endocrine system played a crucial

role in maintaining the homeostasis of P. monodon under low-salinity stress. These

findings may help contribute to a better understanding of the mechanism that

regulates salinity tolerance in shrimp and provide valuable genetic information for

subsequent studies.
KEYWORDS
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Introduction

The black tiger shrimp (Penaeus monodon) has been an economically important

shrimp species cultured in China with a rapid growth in global demand. In general, P.

monodon can survive in a wide range of salinities, and previous research showed that the

optimal salinity for culture is 15–25 ppt (Ferraris et al., 1987). However, changes in abiotic
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and biotic factors may result in salinity fluctuation during the

culture period, leading to osmotic pressure, which has a

significant impact on the survival and growth of shrimps (Rahi

et al., 2021). Drastic salinity changes could also affect the feed intake

and induce higher energy utilization for osmoregulation, finally

resulting in the poor growth of shrimps (Silva et al., 2010). In

addition, changes in salinity might alter the physiological and

biochemical parameters of shrimps in response to stress (Luo

et al., 2022). Therefore, elucidating the adaptation mechanisms of

P. monodon under different salinities is crucial for the development

of shrimp culture.

Several vital genes responding to the low salinity of P. monodon

have been identified in recent years, such as mitogen-activated

protein kinase kinase (Fan et al., 2021), cold shock domain binding

protein (Si et al., 2022a), and ETS-related transcriptional regulator

(Si et al., 2022b). These genes played significant roles in stress

resistance and immunity. Based on high-throughput sequencing

technologies, Li et al. analyzed the transcriptome of P. monodon

under chronic low-salinity stress. Results suggested that genes

related to metabolism, immunity, and signal transduction were

affected by stress (Li et al., 2023). The above findings might provide

foundations for understanding the mechanism of low-salinity

tolerance and resistance breeding research in P. monodon.

Moreover, various studies have proved that microRNAs

(miRNAs) participate in processes related to stress response in

shrimps (Guo et al., 2018; He et al., 2019). However, few studies

about miRNA in P. monodon could be detected, which are focused

on development and disease (Zhao et al., 2018; Mondal et al., 2021).

miRNAs are single-stranded non-coding endogenous RNAs

(approximately 22 nucleotides) that play essential regulatory roles

by targeting mRNA for cleavage or translational repression

(Farhadi et al., 2021). Generally, miRNAs function in a one-to-

many transcripts relationship, which means that a single miRNA

might regulate multiple target genes. The first miRNA (lin-4) was

discovered in Caenorhabditis elegans in 1993, and the second (let-7)

was identified 7 years later (Reinhart et al., 2000). With the

development of high-throughput sequencing technologies, there

has been a rapid growth of identified miRNAs in a diverse number

of species (Saliminejad et al., 2019). Short read length and high

coverage are especially suited for counting miRNA prevalence and

calculating differential expression. High-throughput sequencing

provides a genome-wide approach to explore miRNAs and

explain the regulatory mechanism of living organisms. Recently,

increasing studies related to aquatic animals’ miRNAs were

reported, revealing the important function of miRNAs in several

biological events such as cellular differentiation, proliferation,

apoptosis, and immune system (Wang et al., 2018; Hao et al.,

2022; Liu et al., 2023).

The hepatopancreas is an essential organ in crustaceans, which

plays a vital role in metabolism, detoxification, and immunity

(Vogt, 2019). To date, identification and characterization of P.

monodon hepatopancreas miRNAs have been very limited. In this

study, using high-throughput sequencing technologies, we

identified and established the miRNA transcriptome library of the

P. monodon hepatopancreas under low-salinity stress. The aim was

to identify differentially expressed miRNAs (DEMs) associated with
Frontiers in Marine Science 02
pathways that tolerate low salinity and provide new insights for

understanding the molecular mechanism of salinity stress.
Materials and methods

Experimental animals

P. monodon for experiments was acquired from the Shenzhen

Experimental Base of the South China Sea Fisheries Research

Institute, Chinese Academy of Fisheries Sciences. Shrimps with a

body mass of 10 ± 2 g were temporarily cultured in filtered aerated

seawater at 28–30°C at a salinity of 30–32 psu and fed with

commercial feed (Dongteng Feed, Guangdong, China) three times

a day. Approximately one-third of the water in each tank was

replaced every day.
Low-salinity stress treatment

Based on previous works, the salinity was determined as 3 psu,

and the time was set to 96 h for acute low-salinity stress treatment

(Fan et al., 2021; Si et al., 2022a). Experimental shrimps were

randomly divided into two groups, which had salinity levels of 30

(control group) and 3 psu, respectively. Salinity was measured using

a high-precision salinometer (ATAGO, Guangzhou). Each group

was placed in triplicate plastic tanks, with 30 shrimps per replicate.

Individuals were selected randomly and hepatopancreas tissues

were collected at 0, 6, 24, and 96 h after stress. All samples were

flash-frozen in liquid nitrogen overnight and then stored at −80°C

for later use.
Total RNA extraction

Total RNA was extracted by using the Trizol reagent kit

(Invitrogen, Carlsbad, USA) according to the manufacturer’s

instructions. Extracted total RNA were treated with RNase-free

DNase I (Takara Bio, Shiga, Japan) for 30 min at 37°C to remove

residual DNA. A NanoDrop 2000 spectrophotometer (Thermo

Scientific, Waltham, USA) was employed to estimate RNA

concentration. The integrity of the RNA was determined by using

agarose gel electrophoresis.
Small RNA library construction
and sequencing

RNA molecules in a size range of 18–30 nt were enriched by

polyacrylamide gel electrophoresis (PAGE). Then, adapters were

added and ligated to the RNAs. After ligation, RNA products were

reverse-transcribed by PCR amplification. PCR products with a

length of 140–160 bp were enriched to generate a cDNA library and

sequenced using Illumina Novaseq 6000 by Gene Denovo

Biotechnology Co. (Guangzhou, China).
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Bioinformatics analysis of miRNA

Raw reads obtained from Illumina sequencing were filtered

according to the following rules: low-quality reads containing more

than one low-quality (Q-value ≤ 20) base or containing unknown

nucleotides (N), reads without 3′ adapters, reads containing 5′
adapters, reads without inserted fragments, reads containing polyA

in small RNA fragment, and reads shorter than 18 nt (not including

adapters). Filtered reads were aligned with small RNAs in the

GeneBank database (Release 209.0) and Rfam database (Kalvari

et al., 2018) (Release 11.0) to remove ribosomal RNA (rRNA), small

conditional RNA (scRNA), small nucleolar RNA (snoRNA), small

nuclear RNA (snRNA), and transfer RNA (tRNA). Achieved reads

were also BLAST searched against the reference genome to remove

tags mapped to exons, introns, and repeat sequences. All clean reads

were then searched against the miRBase database (Kozomara et al.,

2019) (Release 22) to identify known miRNAs. In addition, novel

miRNA candidates were identified by using miRDeep2

(Mackowiak, 2011) software with default parameters.
Differentially expressed miRNA analysis

The miRNA expression level was calculated and normalized to

transcripts per million (TPM) based on their counts in clean reads.

We used the DESeq2 (Love et al., 2014) package in R to perform

differential expression analysis between two groups. miRNAs with a

fold change ≥ 2 and p-value < 0.05 in a comparison were identified

as DEMs.
miRNA target prediction

Target genes of miRNA were predicted by multiple tools,

including miRanda (Betel et al., 2010) (version 3.3), TargetScan

(Agarwal et al., 2015) (version 7.0), and RNAhybrid (Kruger and

Rehmsmeier, 2006) (version 2.1.2). Parameters of miRanda were set

to a score > 140 and free energy < −20 kcal/mol. The 2- to 8-nt

sequences, which start from 5′ small RNA, were chosen as seed

sequences to predict 3′-UTR of transcripts in the TargetScan

program. For RNAhybrid, miRNAs with a maximum length of 24

nt and a free energy of less than −20 kcal/mol, having a helix from

position 2 to 8 with respect to the query, were identified. The

overlap of all three miRNA datasets were selected as predicted

miRNA target genes.
Enrichment analysis of target genes

Predicted target genes were subjected to Gene Ontology (GO)

terms and Kyoto Encyclopedia of Genes and Genomes (KEGG)

pathway for enrichment analysis. Based on the hypergeometric test

and FDR correction, terms or pathways with FDR less than 0.05

were defined as significantly enriched. The top 20 results were

selected and visualized with the OmicShare tool, an online platform

for data analysis (https://www.omicshare.com/tools/Home/Soft).
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Validation of miRNA expression by real-
time quantitative PCR

To estimate the accuracy of high-throughput sequencing, real-

time quantitative PCR (qPCR) was performed for nine random

miRNAs showing different expression patterns. As mentioned

above, hepatopancreas from the control and treatment groups were

used for stem-loop qPCR analysis. The miRNAs were first reverse-

transcribed following the manufacturer’s protocol of the TaqMan

miRNAAssay Kit (Applied Biosystems, Waltham, USA) as published

in previous reports (Guo et al., 2018). Primers were designed

according to the stem-loop miRNA primer design principle

(Supplementary Table 1). To normalize the expression levels of

miRNAs, U6 snRNA was selected as an internal control. The qPCR

experiments were carried out in a LightCycler® 480 II Real-time PCR

Instrument (Roche, Basel, Switzerland) using SYBR Green Master

Mix (Qiagen, Hilden, Germany) following the manufacturer’s

recommendations. Expression levels of miRNAs were calculated

based on the 2−DDCt method. Statistical analysis was performed

using one-way ANOVA, followed by Tukey’s multiple range test,

using SPSS statistics version 23.0 software (IBM, Armonk, USA).
Results

Overview of small RNA sequencing data

To identify the miRNAs in response to low-salinity stress, small

RNA libraries from shrimp hepatopancreas were conducted using

high-throughput sequencing at 0, 6, 24, and 96 h after stress

treatment, so-called CK, 6h, 24h, and 96h, respectively. A

summary of all sequencing data is shown in Table 1. A total of

146,180,200 raw reads were generated. After filtering by multiple

rules, 135,464,114 clean reads were obtained from all libraries,

accounting for 92.67% of the total reads.

Analysis of length distribution showed that small RNAs of 21 nt

size were the most common type, followed by those of 22 nt

(Figure 1). All the clean reads were subjected to BLAST search

against genome and various databases for annotation. Based on

Figure 1, we can see that known miRNA is the major type identified

in this research. The specific number and proportion of sequence

tags aligned to different categories of small RNAs are shown in

Table 2. Based on all libraries, a total of 679 miRNAs were identified

and there was no significant difference in the number of miRNAs

between all samples (Supplementary Figure 1).
Principal component analysis of
P. monodon miRNA data

Principal component analysis (PCA) is a common method used

to reduce the dimensionality of large datasets, by transforming

numerous variables into a smaller one that still contains most of the

original information. To assess the correlations among the miRNA

data, a PCA was performed for three replicates at each time point

(Figure 2). The miRNA data were similar for the three replicates per

treatment. Moreover, different treatments produced distinct results,
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suggesting that miRNA expression levels changed during an acute

exposure to low-salinity stress.
Expression profiles of differentially
expressed miRNA

The miRNAs that were up- or downregulated under low-

salinity treatments compared to the controls (CK) (log2|fold

change| ≥ 1 and p-value <0.05) were determined as DEMs. In

response to the 6h, 24h, and 96h low-salinity treatments, 9, 9,

and 26 miRNAs exhibited upregulated expression, whereas 97, 66,
Frontiers in Marine Science 04
and 97 miRNAs exhibited downregulated expression, respectively

(Figure 3A). Venn diagram analysis of the DEMs revealed that

different miRNAs were responsive to various low-salinity

conditions, with 43 miRNAs being differentially expressed in

response to all the treatments (Figure 3B).
miRNA target prediction and functional
enrichment analysis

Putative targets of the DEMs were predicted using the high-

quality reference genome of P. monodon (GCF_015228065.2). For
FIGURE 1

Size distribution of small RNA sequences.
TABLE 1 Summary of sequences identified from small RNA libraries.

Sample Raw reads Low quality 3′ adapter null Insert null 5′ adapter contaminants PolyA Clean reads

CK-1
17,326,065
(100%)

166,800
(0.9627%)

43,432
(0.2507%)

188,077
(1.0855%)

30,340
(0.1751%)

392
(0.0023%)

15,592,163
(89.9925%)

CK-2
16,612,130
(100%)

159,809
(0.9620%)

83,583
(0.5031%)

102,794
(0.6188%)

13,858
(0.0834%)

188
(0.0011%)

15,480,654
(93.1889%)

CK-3
16,106,676
(100%)

156,040
(0.9688%)

160,542
(0.9967%)

102,794
(0.6328%)

11,522
(0.0715%)

154
(0.0010%)

15,292,641
(94.9460%)

6h-1
10,148,971
(100%)

113,238
(1.1158%)

8,090
(0.0797%)

84,962
(0.8371%)

11,345
(0.1118%)

423
(0.0042%)

9,230,226
(90.9474%)

6h-2
10,976,678
(100%)

106,094
(0.9665%)

13,651
(0.1244%)

88,526
(0.8065%)

11,958
(0.1089%)

164
(0.0015%)

10,273,451
(94.5934%)

6h-3
9,736,965
(100%)

94,016
(0.9656%)

49,741
(0.5108%)

69,791
(0.7168%)

5,694
(0.0585%)

103
(0.0011%)

9,206,834
(94.5555%)

24h-1
8,992,188
(100%)

102,640
(1.1414%)

12,445
(0.1384%)

100,835
(1.1214%)

9,988
(0.1111%)

75
(0.0008%)

8,300,731
(92.3105%)

24h-2
15,824,285
(100%)

140,149
(0.8857%)

35,683
(0.2255%)

102,735
(0.6492%)

8,985
(0.0568%)

132
(0.0008%)

15,093,028
(95.3789%)

24h-3
10,085,278
(100%)

128,847
(1.2776%)

33,082
(0.3280%)

84,886
(0.8417%)

6,647
(0.0659%)

137
(0.0014%)

9,486,344
(94.0613%)

96h-1
9,464,194
(100%)

156,328
(1.6518%)

76,642
(0.8098%)

82,703
(0.8739%)

9,364
(0.0989%)

221
(0.0023%)

8,247,518
(87.1444%)

96h-2
10,171,890
(100%)

102,760
(1.0102%)

17,171
(0.1688%)

79,083
(0.7775%)

15,615
(0.1535%)

148
(0.0015%)

9,137,605
(89.8319%)

96h-3
10,734,880
(100%)

118,945
(1.1080)

15,625
(0.1456%)

96,225
(0.8964%)

14,390
(0.1340%)

114
(0.0011%)

10,122,919
(94.2993%)
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all 167 DEMs, a total of 5,967 transcripts were identified as targets

(Supplementary Table 2), which means that miRNAs in P.

monodon have more than one potential target gene. Further

analysis was performed on 43 miRNAs differentially expressed at

all treatments. Besides miR-124-3p, all the remaining miRNAs were

downregulated (Supplementary Table 3). To gain an overview of the

significantly enriched biological processes and pathways

represented by the targets of these DEMs, GO and KEGG
Frontiers in Marine Science 05
enrichment analysis were carried out. These putative targets were

clustered into three GO terms, namely, biological processes,

molecular functions, and cellular components. According to the

FDR correct ion, anatomical structure morphogenesis

(GO:0009653) , mul t i ce l lu l a r organ i sm deve lopment

(GO:0007275), and nervous system development (GO:0007399)

were recognized as the top GO biological process terms; protein

binding (GO:0005515), phosphatidylinositol binding (GO:0035091)
FIGURE 2

Principal component analysis of P. monodon miRNA data under low-salinity stress. Triangles with the same color represent the biological replicates
for each treatment.
TABLE 2 Number of reads matched to various types of sequences.

Sample rRNA snRNA snoRNA tRNA
Exon
sense

Known
miRNA

Novel
miRNA

Genome
others

Unannotated

CK-1
1,101,158
(7.06%)

6,747
(0.04%)

392
(0.00%)

160,681
(1.03%)

45,063
(0.29%)

9,991,643
(64.08%)

2,071,109
(13.28%)

1,336,666
(8.57%)

878,704
(5.64%)

CK-2
673,886
(4.35%)

2,848
(0.02%)

165
(0.00%)

69,227
(0.45%)

46,830
(0.30%)

9,883,270
(63.84%)

2,503,440
(16.17%)

1,317,290
(8.51%)

983,698
(6.35%)

CK-3
318,808
(2.08%)

1,511
(0.01%)

122
(0.00%)

53,046
(0.35%)

37,508
(0.25%)

10,776,433
(70.47%)

2,447,485
(16.00%)

1,015,204
(6.64%)

642,524
(4.20%)

6h-1
361,700
(3.92%)

4,221
(0.05%)

275
(0.00%)

32,283
(0.35%)

47,818
(0.52%)

6,445,197
(69.83%)

972,389
(10.53%)

789,070
(8.55%)

577,273
(6.25%)

6h-2
362,711
(3.53%)

1,956
(0.02%)

82
(0.00%)

49,088
(0.48%)

34,667
(0.34%)

7,270,127
(70.77%)

1,228,029
(11.95%)

832,117
(8.10%)

494,674
(4.82%)

6h-3
249,987
(2.72%)

1,320
(0.01%)

88
(0.00%)

44,460
(0.48%)

26,148
(0.28%)

6,682,503
(72.58%)

1,252,929
(13.61%)

560,760
(6.09%)

388,639
(4.22%)

24h-1
293,845
(3.54%)

1,173
(0.01%)

59
(0.00%)

30,644
(0.37%)

18,790
(0.23%)

5,871,196
(70.73%)

1,155,341
(13.92%)

555,357
(6.69%)

374,326
(4.51%)

24h-2
300,085
(1.99%)

1,231
(0.01%)

69
(0.00%)

29,050
(0.19%)

18,204
(0.12%)

11,412,603
(75.62%)

1,990,402
(13.19%)

770,688
(5.11%)

570,696
(3.78%)

24h-3
274,562
(2.89%)

1,123
(0.01%)

67
(0.00%)

23,228
(0.24%)

14,233
(0.15%)

6,807,521
(71.76%)

1,352,709
(14.26%)

586,477
(6.18%)

426,424
(4.50%)

96h-1
421,870
(5.12%)

2,146
(0.03%)

109
(0.00%)

57,161
(0.69%)

17,458
(0.21%)

5,479,978
(66.44%)

970,610
(11.77%)

815,898
(9.89%)

482,288
(5.85%)

96h-2
676,976
(7.41%)

3,679
(0.04%)

100
(0.00%)

58,715
(0.64%)

25,277
(0.28%)

6,024,303
(65.93%)

1,155,063
(12.64%)

712,050
(7.79%)

481,442
(5.27%)

96h-3
367,759
(3.63%)

8,430
(0.08%)

266
(0.00%)

41,895
(0.41%)

24,040
(0.24%)

6,755,119
(66.73%)

1,693,460
(16.73%)

563,981
(5.57%)

667,969
(6.60%)
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and phosphatidylinositol phosphate binding (GO:1901981) were

the top terms in molecular functions; apicolateral plasma

membrane (GO:0016327), main axon (GO:0044304), and

spectrin-associated cytoskeleton (GO:0014731) were the top

cellular component terms (Figure 4).

In addition, KEGG enrichment analysis showed that the target

genes of DEMs were classified into several different categories, such

as organismal systems, environmental information processing,

cellular processes, and metabolism (Figure 5A). The top 20

significantly enriched pathways were also selected for drawing

(Figure 5B). The most enriched pathways were mainly focused on

immune response (chemokine signaling pathway, rap1 signaling

pathway, hippo signaling pathway, and endocytosis), the nervous

system (glutamatergic synapse, serotonergic synapse, GABAergic

synapse, cholinergic synapse, axon guidance, axon regeneration,
Frontiers in Marine Science 06
and synaptic vesicle cycle), environmental adaptation (oxytocin

signaling pathway, relaxin signaling pathway, adrenergic signaling

in cardiomyocytes, MAPK signaling pathway, and adherens

junction), and the endocrine system (cortisol synthesis and

secretion, parathyroid hormone synthesis, secretion and action,

and retrograde endocannabinoid signaling).
Validation of miRNA expression by stem-
loop qPCR

To validate the accuracy of miRNA-seq data, expression levels

of nine random miRNAs were analyzed by stem-loop qPCR. As

shown in Figure 6, there was a good correlation between the

transcript abundances based on the qPCR assay and the miRNA-
FIGURE 4

GO enrichment analysis of predicted target genes for differentially expressed miRNAs.
A B

FIGURE 3

Numbers of differentially expressed miRNAs (A) and the related Venn diagram (B).
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seq data. The correlation coefficient of regression analysis between

two approaches was calculated to be 0.8268 (p < 0.0001), indicating

the reliability of high-throughput sequencing.
Discussion

Salinity is an important abiotic factor related to the growth,

survival, and physiological function of shrimp (Rahi et al., 2021).

Nevertheless, drought or heavy rain might alter the salinity of the

aquatic water, restricting the productivity and sustainability of shrimp

farming (Gao et al., 2012). Increasing scientific studies have been

carried out to explain the molecular mechanism of low-salinity

tolerance in shrimp (Fan et al., 2021; Li et al., 2023). Recently,

considerable evidence has indicated that miRNAs play a vital role in

response to abiotic stresses, such as hypoxia (Wang et al., 2019), heavy

metal (Guo et al., 2018), pH (He et al., 2019), and virus

(Kaewkascholkul et al., 2016). However, miRNAs participating in

low-salinity tolerance are still limited in P. monodon. To gain global

insights into the molecular mechanisms of P. monodon against low-

salinity stress, we chose high-throughput sequencing technologies to

identify miRNAs and target genes. A total of 167 DEMs were

discovered following exposure to low-salinity conditions, the vast

majority (~80%) of which were downregulated. In addition, 43

DEMs shared by all stress groups also showed downregulated

expression except miR-124-3p. It has been proven that miRNAs

could lead to the degradation or translational stagnation of target

genes (Cai et al., 2009). The downregulation of DEMs might suggest

that P. monodon could upregulate a variety of genes to survive when

exposed to low-salinity stress. Similar results were also seen in
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Apostichopus japonicus, indicating that miRNAs are required to deal

with environmental changes in salinity (Tian et al., 2019).

Enrichment analysis of putative target genes is an effective way

to study the molecular mechanisms modulated by miRNAs under

low-salinity stress. From KEGG results, pathways related to various

synapses (glutamatergic synapse, serotonergic synapse, GABAergic

synapse, and cholinergic synapse) and axon formation (axon

guidance and axon regeneration) were found to be enriched.

Combined with GO terms’ annotation, we can infer that the

nervous system of P. monodon plays an important role in

handling low-salinity stress. The crustacean nervous system

consists basically of a brain, or supraesophageal ganglion,

connected to a ventral nerve cord of ganglia, or nerve centers. A

previous report implied that the nervous system could regulate

many physiological processes to maintain the homeostasis of

organism in both normal and stressful conditions (Ren et al.,

2021). With the largest nervous system among invertebrates,

penaeid shrimp showed that gene categories for neural

development are significantly enriched for environment

adaptation (Zhang et al., 2019). Similar results were also found in

Litopenaeus vannamei, indicating that the neuroendocrine–

immunoregulatory network plays a principal role in adapting to

salinity changes (Zhao et al., 2016).

Chronic low salinity might weaken the immune system of

shrimp, making it susceptible to pathogen infection. In this

research, a series of pathways associated with immune response

were significantly enriched by low-salinity treatment, such as

chemokine signaling, rap1 signaling, hippo signaling, and

endocytosis. The chemokine signal is transduced by chemokine

receptors (G-protein-coupled receptors) expressed on the immune
A B

FIGURE 5

Pathway enrichment analysis of predicted target genes for differentially expressed miRNAs (A) and top 20 significantly enriched pathways (B).
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cells. As a component of innate immunity, the chemokine signaling

pathway plays multiple roles in immune responses, which could

help shrimps to survive under various stresses (Yu et al., 2019; Li

et al., 2021). Rap1 and hippo signaling pathways are involved in the

regulation of a range of immune functions. When Fenneropenaeus

merguiensis are exposed to ammonia stress, differentially expressed

genes were mainly related to immune response, with rap1 and

hippo signaling pathway being over-represented (Wang et al.,

2017). Endocytosis is the process by which cells take in

substances engulfing a vesicle from the outside. These can include

things like nutrients to support the cell or pathogens that immune

cells engulf and destroy. Comparative proteome analysis of the

hepatopancreas from L. vannamei showed that the protein related

to endocytosis was significantly upregulated (Xu et al., 2017). These

pathway changes indicate that various immune responses were

activated to deal with acute low-salinity stress, which occurred in

the hepatopancreas of P. monodon.

Facing environmental changes, the survival of each species depends

on its ability to sense and respond to changes, which was called

environmental adaptation. Five pathways that participated in

environmental adaptation were found to be enriched, namely,

oxytocin signaling, relaxin signaling, adrenergic signaling in

cardiomyocytes, MAPK signaling, and adherens junction. The

oxytocin signaling system could mediate a range of physiological

functions that are important for metabolism, osmoregulation,

memory, and learning (Liutkeviciute et al., 2016). From the genome of

the kuruma shrimp, genes having a relation to the oxytocin signaling

pathway were expanded, which might be related to environmental
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adaptation (Ren et al., 2022). As a polypeptide hormone, relaxin can

reduce the accumulation of peroxide products and improve the

antioxidant capacity of endothelial cells. In Eriocheir sinensis, the

relaxin signaling pathway was activated under heat stress, which

implied its essential role in reducing oxidative damage (Shen et al.,

2023). For adrenergic signaling, the activation of this pathway could

stimulate apoptosis. This activation was also detected in Oreochromis

niloticus, showing a significant upregulation of the adrenergic signaling

pathway under ammonia treatment (Mwaura et al., 2023). The MAPK

signaling pathway canmodulate several cellular physiological processes,

leading to environmental adaptation. A previous study on P. monodon

demonstrated that genes associated with the MAPK signaling pathway

were upregulated to deal with low-salinity stress (Fan et al., 2021).

Although there is no signal transduction function, adherens junction is

also an important pathway for environmental adaptation.Togetherwith

tight junctions, adherens junctions form a regulated semipermeable

diffusionbarrier thatallows thepassivediffusionof certain ionsandsmall

hydrophilic molecules along concentration gradients and affected the

osmotic equilibrium (Li et al., 2019b). From the above results, it can be

inferred that P. monodon might activate a range of responses for

environmental adaptation.

In crustaceans, the endocrine system forms a network along

with the nervous system and the immune system, which plays a vital

role in dealing with harsh environments. A typical stress response

mediated by the endocrine system is the supply of energy. After

perceiving the ammonia-N stress, L. vannamei can stimulate the

release of cortisol (Si et al., 2019). As a stress hormone, the elevation

of cortisol would promote gluconeogenesis to fit the energy demand
A B

FIGURE 6

Relative expression level of nine miRNAs by qPCR assay. Bars with different letters indicate significant differences (A). Regression analysis between
qPCR and miRNA-seq data (B).
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for facing stress (Li et al., 2019a). In our study, the upregulation of

cortisol synthesis and secretion also confirm this notion. Calcium is

a necessary macro-element involved in many important

physiological functions of crustaceans, including growth,

exoskeleton mineralization, muscle contraction, osmoregulation

and maintenance of cell integrity, and acid–base equilibrium (Xu

et al., 2021). Secreted by the endocrine system, the parathyroid

hormone is essential for the maintenance of calcium homeostasis.

Therefore, synthesis of the parathyroid hormone might maintain

the balance of calcium, contributing to osmoregulation and the

growth of P. monodon. Endocannabinoids are key modulators of

synaptic function. By activating cannabinoid receptors expressed in

the central nervous system, these lipid messengers can regulate

several neural functions and behaviors (Castillo et al., 2012).

Emerging research proves that the endocannabinoid system is an

integral regulator of the stress response (Lutz et al., 2015; Jia et al.,

2021). Similar results were also found in this work, indicating the

potential role of endocannabinoid signaling in shrimp under

low salinity.
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Farfantepenaeus subtilis (Pérez-Farfante 1967). Aquaculture 306, 352–356.
doi: 10.1016/j.aquaculture.2010.04.025

Tian, Y., Shang, Y., Guo, R., Chang, Y., and Jiang, Y. (2019). Salinity stress-induced
differentially expressed miRNAs and target genes in sea cucumbers Apostichopus
japonicus. Cell Stress Chaperon. 24, 719–733. doi: 10.1007/s12192-019-00996-y

Vogt, G. (2019). Functional cytology of the hepatopancreas of decapod crustaceans. J.
Morphol. 280, 1405–1444. doi: 10.1002/jmor.21040

Wang, H., Wei, H., Tang, L., Lu, J., Mu, C., and Wang, C. (2018). Identification and
characterization of miRNAs in the gills of the mud crab (Scylla paramamosain) in
response to a sudden drop in salinity. BMC Genomics 19, 609. doi: 10.1186/s12864-018-
4981-6

Wang, W., Yang, S., Wang, C., Shi, L., Guo, H., and Chan, S. (2017). Gill
transcriptomes reveal involvement of cytoskeleton remodeling and immune defense
in ammonia stress response in the banana shrimp Fenneropenaeus merguiensis. Fish
Shellfish Immunol. 71, 319–328. doi: 10.1016/j.fsi.2017.10.028

Wang, W., Zhong, P., Yi, J.-Q., Xu, A.-X., Lin, W.-Y., Guo, Z.-C., et al. (2019).
Potential role for microRNA in facilitating physiological adaptation to hypoxia in the
Pacific whiteleg shrimp Litopenaeus vannamei. Fish Shellfish Immunol. 84, 361–369.
doi: 10.1016/j.fsi.2018.09.079

Xu, C., Li, E., Liu, Y., Wang, X., Qin, J. G., and Chen, L. (2017). Comparative
proteome analysis of the hepatopancreas from the Pacific white shrimp Litopenaeus
vannamei under long-term low salinity stress. J. Proteomics 162, 1–10. doi: 10.1016/
j.jprot.2017.04.013

Xu, L., Tian, J., Wen, H., Wu, F., Zhang, W., Gao, W., et al. (2021). Dietary calcium
requirement of red swamp crayfish (Procambarus clarkia). Aquacult. Nutr. 27, 153–
162. doi: 10.1111/anu.13173

Yu, J., Sun, J., Zhao, S., Wang, H., and Zeng, Q. (2019). Transcriptome analysis of
oriental river Prawn (Macrobrachium nipponense) Hepatopancreas in response to
ammonia exposure. Fish Shellfish Immunol. 93, 223–231. doi: 10.1016/j.fsi.2019.07.036

Zhang, X., Yuan, J., Sun, Y., Li, S., Gao, Y., Yu, Y., et al. (2019). Penaeid shrimp
genome provides insights into benthic adaptation and frequent molting.Nat. Commun.
10, 356. doi: 10.1038/s41467-018-08197-4

Zhao, C., Fan, S., and Qiu, L. (2018). Identification of microRNAs and their target genes
associated with ovarian development in black tiger shrimp (Penaeus monodon) using high-
throughput sequencing. Sci. Rep. 8, 11602. doi: 10.1038/s41598-018-29597-y

Zhao, Q., Pan, L., Ren, Q., Wang, L., and Miao, J. (2016). Effect of salinity on
regulation mechanism of neuroendocrine-immunoregulatory network in Litopenaeus
vannamei. Fish Shellfish Immunol. 49, 396–406. doi: 10.1016/j.fsi.2015.12.045
frontiersin.org

https://doi.org/10.1016/j.aquaculture.2012.08.024
https://doi.org/10.1016/j.fsi.2017.12.053
https://doi.org/10.1016/j.aquaculture.2021.737575
https://doi.org/10.1016/j.aquaculture.2021.737575
https://doi.org/10.1007/s12192-019-00989-x
https://doi.org/10.1007/s12192-019-00989-x
https://doi.org/10.1016/j.envpol.2021.117240
https://doi.org/10.1016/j.dci.2016.03.002
https://doi.org/10.1002/cpbi.51
https://doi.org/10.1093/nar/gky1141
https://doi.org/10.1093/nar/gky1141
https://doi.org/10.1093/nar/gkl243
https://doi.org/10.1016/j.ecoenv.2019.109753
https://doi.org/10.1016/j.ecoenv.2019.109753
https://doi.org/10.3389/fphys.2023.1118341
https://doi.org/10.1007/s10142-021-00779-8
https://doi.org/10.1007/s10142-021-00779-8
https://doi.org/10.1111/are.14269
https://doi.org/10.3389/fmars.2023.1321196
https://doi.org/10.3389/fmars.2023.1321196
https://doi.org/10.1038/srep39177
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.3389/fmars.2022.864338
https://doi.org/10.1038/nrn4036
https://doi.org/10.1002/0471250953.bi1210s36
https://doi.org/10.1016/j.fsi.2021.04.027
https://doi.org/10.3390/genes14040795
https://doi.org/10.3390/biology10121220
https://doi.org/10.1038/35002607
https://doi.org/10.1016/j.ygeno.2022.110373
https://doi.org/10.1016/j.ygeno.2022.110373
https://doi.org/10.3389/fmars.2021.746177
https://doi.org/10.1002/jcp.27486
https://doi.org/10.3390/antiox12122020
https://doi.org/10.3390/antiox12122020
https://doi.org/10.1016/j.aquaculture.2022.738660
https://doi.org/10.1016/j.aquaculture.2022.738660
https://doi.org/10.1016/j.fsi.2022.07.010
https://doi.org/10.1242/jeb.200204
https://doi.org/10.1016/j.aquaculture.2010.04.025
https://doi.org/10.1007/s12192-019-00996-y
https://doi.org/10.1002/jmor.21040
https://doi.org/10.1186/s12864-018-4981-6
https://doi.org/10.1186/s12864-018-4981-6
https://doi.org/10.1016/j.fsi.2017.10.028
https://doi.org/10.1016/j.fsi.2018.09.079
https://doi.org/10.1016/j.jprot.2017.04.013
https://doi.org/10.1016/j.jprot.2017.04.013
https://doi.org/10.1111/anu.13173
https://doi.org/10.1016/j.fsi.2019.07.036
https://doi.org/10.1038/s41467-018-08197-4
https://doi.org/10.1038/s41598-018-29597-y
https://doi.org/10.1016/j.fsi.2015.12.045
https://doi.org/10.3389/fmars.2024.1403559
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	Identification of microRNAs in black tiger shrimp (Penaeus monodon) under acute low-salinity stress
	Introduction
	Materials and methods
	Experimental animals
	Low-salinity stress treatment
	Total RNA extraction
	Small RNA library construction and sequencing
	Bioinformatics analysis of miRNA
	Differentially expressed miRNA analysis
	miRNA target prediction
	Enrichment analysis of target genes
	Validation of miRNA expression by real-time quantitative PCR

	Results
	Overview of small RNA sequencing data
	Principal component analysis of P. monodon miRNA data
	Expression profiles of differentially expressed miRNA
	miRNA target prediction and functional enrichment analysis
	Validation of miRNA expression by stem-loop qPCR

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


