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Strongylocentrotus intermedius is an economically valuable sea urchin species in China.
However, its growth and survival are severely constrained by ocean warming and the
hypoxia that often accompanies high water temperatures. MicroRNAs (miRNAs) are
important regulators of gene expression in response to environmental change. In this
study, high-throughput RNA sequencing was used to investigate changes in miRNA
expression in S. intermedius under heat (25°C), hypoxia (2 mg/L O2), and combined heat
and hypoxia stresses. Twelve small RNAs libraries were constructed and 17, 14, and 23
differentially expressed miRNAs (DEMs) were identified in the heat, hypoxia, and combined
stress groups (P<0.05), respectively. Gene ontology and Kyoto Encyclopedia of Genes
and Genomes pathway functional analyses of putative target genes of the DEMs
suggested that these miRNAs were important in basal metabolism, apoptosis, oxidative
stress, and immune-related pathways. By co-analysis with published transcriptome
data, key DEMs (miR-193, miR-184, miR-133, miR-125, miR-2008) and their key target
genes (EGF3, ABCB4, CYCL, PAN2, CALN) were identified. Quantitative real-time PCR
analysis of the expression of 10 DEMs and their key target genes confirmed the RNA
sequencing results. These results provide information on gene expression regulation of
the molecular mechanisms underlying the response of S. intermedius to multi-cause
environmental stresses.

Keywords: strongylocentrotus intermedius, microRNA, global climate change, high temperature stress, hypoxia
Abbreviations: MiRNA, MicroRNA; DEGs, Different expression genes; DEMs, Different expression microRNA; GO, Gene
Ontology; BP, Biological processes; MF, Molecular functions; CC, Cellular components; KEGG, Kyoto Encyclopedia of Genes
and Genomes; qRT-PCR; Quantitative Real-time PCR.
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INTRODUCTION

Global warming has profoundly affected the nearshore and marine
environments. The resulting environmental changes include
increased seawater surface temperature, acidification, increased
hypoxic zones, and extreme weather, which seriously threaten the
reproduction of marine fishery species and the sustainable
development of aquaculture (Blencowe, 2006; Xu et al., 2018;
Garcıá Molinos, 2020). Among them, water temperature is the
most fundamental and widespread ecological (environmental)
factor that affects the survival of marine organisms (Pinsky et al.,
2019). Increased seawater temperatures have been shown to impact
the growth, metabolism, reproduction, and development of marine
animals (Garcıá-Echauri et al., 2020; Gouda and Agatsuma, 2020;
Strøm et al., 2020). Hypoxia caused by high temperatures, nutrient
enrichment, water pollution, and high-density farming affects wild
and farmed aquatic animals (Vaquer-Sunyer and Duarte, 2008;
Breitburg et al., 2018). Dissolved oxygen levels of <2.8 mg/L
(equivalent to 2 mL O2/L or 91.4 mM) are considered hypoxic.
Very high summer temperatures and depleting aquaculture
resources lead to hypoxic conditions that can be fatal or sub-
lethal for sea urchins and can cause mass mortality (Riedel et al.,
2014). Under hypoxic stress, significant changes in the oxygen
consumption rate (Tomi et al., 2011) and the expression of immune
andmetabolic-related genes were found to occur in sea urchins (Suh
et al., 2014; Hao et al., 2022). Therefore, hypoxia is another
important factor that limits the survival and growth of sea urchins.

Sea urchins are a model organism for embryological development
and a globally crucial marine fishery resource species (Nesbit et al.,
2019). Among them, Strongylocentrotus intermedius, which has fast
growth and excellent qualities, is China’s main sea urchin culture
species, accounting for >90% of the total sea urchin culture in China
(Chang et al., 2016). However, S. intermedius is a cold-water species
that is sensitive to temperature changes. The high temperatures in the
northern summers of 2017 and 2020 led to highmortality rates (up to
80%) of S. intermedius cultured in the Shandong and Liaoning
provinces (Ding and Chang, 2020). Furthermore, between 1978
and 2014, the monthly average dissolved oxygen content in the
Bohai Sea declined (Shi, 2016). These patterns suggest that
environmental factors will seriously threaten the sustainable
development of the aquaculture industry. Echinoderms have
specific molecular biological mechanisms to respond to stress, such
as histone modification, transcription, translation, and post-
translational modification (Branco et al., 2013; Huo et al., 2018;
Huo et al., 2021).

Various non-coding RNAs are known to be involved in post-
transcriptional regulation. Among them, microRNAs (miRNAs) are
small non-coding RNAs with about 18-25 nucleotides, which are
endogenous regulatory RNAs found mainly in eukaryotes. Most
miRNAs are transcribed from DNA sequences into primary
miRNA, and processed into precursor RNAs by a series of
nucleases to obtain mature miRNAs. The mature miRNAs are
assembled into RNA-induced silencing complexes that recognize
the target mRNAs through complementary base pairing and
instruct the silencing complex to degrade or inhibit the
translation of the target mRNAs according to the different degrees
Frontiers in Marine Science | www.frontiersin.org 2
of complementation (Fabian et al., 2010; Fu, 2014; Zgheib et al.,
2017). MiRNAs play irreplaceable roles in cell proliferation and
differentiation, cell apoptosis, gene expression, restoration of
homeostasis, and target recognition (Bartel, 2009; Leung and
Sharp, 2010; Noman et al., 2017; Tian et al., 2019a; Tian et al.,
2019b). Many studies have shown that miRNAs are activated in
animals under environmental stress. For example, miR-210-5p and
miR-92b-3p were highly activated in sea cucumber in response to
the environmental pressures of hypoxia and high temperature (Huo
et al., 2021). Sun et al. (2019) reported that miR-122, miR-15b-5p,
miR-30b, miR-20a-5p, and miR-7b helped maintain the energy
requirements of common carp (Cyprinus carpio) under high
temperature stress by regulating glycolysis. In sea cucumbers
under salinity stress, miR-2008 and miR-92a were shown to
respond by regulating proteins and phospholipids (Tian et al.,
2019b). In Chinese shrimp (Fenneropenaeus chinensis), novel-mir-
76 and novel-mir-193 responded to high pH stress by regulating
lipid metabolism, amino acid metabolism, and carbon metabolism
pathways (Li et al., 2019). Multiple environmental factors can affect
organisms in natural environments. In a previous study (Hao et al.,
2022), we performed transcriptome-wide gene expression profiling
by RNA sequencing (RNA-seq) of S. intermedius under short-term
high temperature, hypoxia, and combined stresses. We found that
exposure to the combined stresses resulted in a two-factor additive
effect at the transcriptome level and had a broader effect on
immune-related pathways in the S. intermedius than a single
stress had (Hao et al., 2022). However, no reports on the
involvement of miRNAs in the regulatory mechanism of sea
urchins under acute environmental stresses have been published
so far.

In this study, we used RNA-seq technology to screen and
identify differentially expressed miRNAs (DEMs) under high
temperature, low oxygen, and combined stresses. We analyzed
the obtained DEMs jointly with published transcriptome data to
further explore the molecular mechanisms of S. intermedius in
response to multiple environmental stresses. The results provide
information for selecting and breeding resistant sea urchins and
provide a theoretical basis for healthy sea urchin culture.
METHOD

Experimental Animals and Treatment
Healthy 1-years-old S. intermedius (average test diameter: 35.74
± 1.35 mm; average test height: 16.34 ± 1.27 mm; weight: 19.25
± 0.37 g) were bought from Dalian Haibao Fishery Co., Ltd.
(38°91′25′′N” 121°60′25′′E) in Dalian, Liaoning Province,
China, then immediately transported to the Key Laboratory
of Mariculture and Stock Enhancement in North China’s Sea,
Ministry of Agriculture and Rural Affairs, Dalian Ocean
University. All the S. intermedius were temporarily raised in
the same environment for 14 days before the experiment. The
breeding conditions are as follows: temperature, 15 - 16 °C;
salinity, 31.22 - 31.36 ppt; pH, 8.15 - 8.25; and oxygen content,
8 - 9 mg/L. Sea urchins were fasted for 48 h before the start of
the experiment to expel the intestinal contents.
June 2022 | Volume 9 | Article 930156
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According to the changes in temperature and dissolved oxygen
in the Yellow Sea and the Bohai Sea in the past ten years (Song
et al., 2020) and previous experiments (Hao et al., 2022), this study
selected 25°C and 2 mg/L oxygen as the conditions of temperature
and hypoxia stress. Healthy S. intermedius were randomly
cultured in high temperature (HT group, 25 °C, 8 mg/L O2),
low oxygen (LO group, 15 °C, 2 mg/L O2), combined stress of heat
and hypoxia (HL group, 25 °C, 2 mg/L O2) and control group (NC
group, 15 °C, 8 mg/L O2), using 6 S. intermedius per group. The
stress experiment was carried out in the automatic temperature
control system and the dissolved oxygen control system
(Figure 1). The temperature control system’s temperature
deviation was less than 0.5 °C, and the oxygen concentration
deviation of the dissolved oxygen control system was less than 0.5
mg/L (Huo et al., 2018). Previous experiments showed that
individuals died at 12 hours of combined stress, and
transcriptome sequencing revealed significant changes in genes
related to sea urchin immunity and metabolism at 12 hours of
acute stress (Hao et al., 2022). Therefore, we selected 12 h as the
time of stress. After 12 h, 6 sea urchins in each group were
dissected on ice to absorb the coelomic fluid and centrifuged at
3000 rpm for 10 min at 4 °C. The coelomocyte of S. intermedius
were collected and immediately stored in an -80 °C for
further experiments.

RNA Extraction, Small RNA Library
Construction, Sequencing, and Annotation
Three coelomocyte samples were selected from every group of sea
urchins. The extraction, quality testing, and purification of total
Frontiers in Marine Science | www.frontiersin.org 3
RNA were performed according to Wang’s method (Wang et al.,
2022). The experimental procedure was performed following the
standard steps provided by Illumina, including library preparation
and sequencing experiments. The Small RNA sequencing library
was prepared using TruSeq Small RNA Sample Prep Kits (Illumina,
San Diego, USA). The Illumina HiSeq 2500 (LC Sciences, Houston,
Texas, USA) platform was used to sequence the constructed library,
and the reading length was 1×50 bp on a single end. Data analysis
was based on this literature (Huo et al., 2021). The obtained
sequences with 18-25 nt were used to perform BLAST analysis in
miR Base 22.0 database (http://microrna.sanger.ac.uk) to identify
miRNAs and examine their variations.

Identification, Target Gene Prediction, and
Functional Analysis of Differentially
Expressed miRNAs (DEMs)
To identify DEMs between treatment group (HT, LO, and HL)
and control group (NC), the expression levels of miRNAs in the
whole library were normalized, and then DEMs were screened
using Student’s T-test. P<0.05 was considered significant. A
heatmap was constructed using TBtools and clustered by row
scale. Target genes of miRNAs were predicated by using Target
Finder (http://www.targetfinder.org) and were subjected to the
enrichment analysis of functions and pathways by GO and
KEGG database (P-value<0.05).

Interaction Analysis of miRNA-mRNA
Association analysis of DEM and differentially expressed genes
(DEGs) were based on published transcriptome data (Database
FIGURE 1 | Temperature dissolved oxygen control device.
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number: PRJNA776993). All possible positively and negatively
correlated miRNA-mRNA pairs were predicted using
ACGT101-CORR1.1. Based on the comprehensive analysis of
DEGs and DEMs, we screened the negatively associated miRNA-
mRNA pairs and constructed interaction networks using
Cytoscape 2.8.3 software (http://www.cytoscape.org/).

Verification of Differential Expression
of miRNAs
To validate the results of RNA-seq, DEMs and target DEGs were
randomly selected for real-time fluorescence quantitative PCR
(qRT-PCR). Total RNA extraction and reverse transcription
were performed by referring to Han et al. (Han et al., 2021).
18s rRNA and U6 RNA were used as internal reference gene for
qRT-PCR, which was conducted with the LightCycler96 Real-
time System (Roch, Switzerland) and followed by the
manufacturer’s instructions of the FastStart Essential DNA
Green Master (Roch, Switzerland). The PCR primers were
designed and synthesized by Shanghai Sangon Biotech and the
primer sequences are shown in Table 1. The qRT-PCR was
performed in a 20 mL reaction sample containing 2 mL of cDNA,
10 mL of FastStart Essential DNA Green Master, 6 mL of ddH2O
water, and 1 mL (10 mM) of each primer. The reaction conditions
were followed by 40 cycles of 95°C for 30 s, 95°C for 5 s, 60°C for
Frontiers in Marine Science | www.frontiersin.org 4
32 s, 95°C for 15 s, 60°C for 60 s, 95°C for 15 s and 60°C for 15 s.
Compared with the control gene, fold-change of expression
levers was determined using the 2−DDCT method (Livak and
Schmittgen, 2001), both in miRNA and mRNA PCR
amplification. Statistical analysis was performed using SPSS
software version 19.0 (IBM, Armonk, NY, USA). The data are
expressed as the mean ± standard error of the mean (SEM)
(n=3). In the results of gene expressions, significant differences
(P<0.05) for each variable were first detected using the one-way
ANOVA test between different groups, followed by Tukey’s
HSD test.
RESULTS

MiRNA Profiling of S. intermedius Exposed
to Heat, Hypoxia, and Combined Stresses
We constructed small RNA libraries from S. intermedius and
sequenced them on an Illumina HiSeq2500 platform to identify
the miRNAs involved in heat, hypoxia, and combined stresses.
Twelve libraries were established from the four experimental
groups. A total of 12,049,632 ± 1,609,813 (NC), 9,169,509 ±
1,182,352 (HT), 12,077,449 ± 2,083,876 (LO), and 12,214,860 ±
1,271,035 (HL) raw reads were obtained. After removing low-
TABLE 1 | Primers used for DEMs and target DEGs verification.

Category Name Primers sequence (5’!3’)

miRNA lva-miR-125-5p F: AACGGCTCCCTGAGACCCTA
spu-miR-125-3p F: ATCTGCACACAGGTTGGTATCTC
lva-miR-133-3p F: AACTTGATTTTGGTCCCCTTCAAC
spu-miR-92e-1ss20TG F: CGCTGCATTATTGCACTTACCC
lva-miR-2003-3p_R-1 F: AACACGCCAGGTTATGCCCT
spu-miR-9-3p F: CTGCGCGAATAAAGCTAGGTTAC
lva-miR-2012-5p F: CCTCGAGCTAGTACTGGCATATG
spu-miR-2008_R+1 F: AACCACTATCAGCCTCGCTGT
lva-miR-4854-5p F: AACTTGATTGTTGCAGTGACGAC
spu-miR-2013 F: AAGAGCGTTGCAGCATGATGTA

Reference miRNA U6 F: ACGCAAATTCGTGAAGCGTT
mRNA ABCB4 F: GCTTCTCGCAGGCTACCATCTTC

R: AGGCACCAAACATCAAGGCAGAG
KIF4 F: AAGAGACGGAGTGGACGATAGCC

R: TTTCCCAGTTGCCCCATTTCTTCC
ZNFX1 F: AGGCACACATCATCTCGGCATTG

R: CCAGGTAGTACACGTTCGGTTTCG
EGF3 F: AATGGCGGTACGTGCGAAGATG

R: GTCACTCATACAGGCGTCCACAAG
DHX33 F: AGGCTTGTTCATGTATTCGGCTGAG

R: AGAGACACGAGGAGGGATGGATTG
PTRPF F: TCTTCCGACCAGGAGAGCATCAC

R: GTGGCACCAACATCATCCGTCTC
CALN F: CCGATGCAGAGAAACCAGACGAC

R: GAGCCTTCCATTCGCCACATCC
CUL4A F: GAGGCTTGTGCATGAACGAGAGG

R: GGCGATTAGAGGTTTCCGAGTAGTG
PAN2 F: GGCGTCCTCTCACTCTACAACAATG

R: TGATGACCTCCCAGCAGCAGAC
CYCL F: TAGGAGTGAGCAGGACAAGGAGAAC

R: CGACTGACTGTCTGCGATGTAAGG
Reference gene 18S rRNA F: TGAGCCGCAACAGTAATC

R:AAGGGAAAAGGAAGTGAAAG
June 2022 | Volume 9 | Article 930156
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quality reads, we mapped the clean reads against the Rfam
database, which contains rRNA, tRNA, snRNA, snoRNA
families, and Repbase to filter unwanted sequences and obtain
valid small RNA data. A total of 7,846,735 ± 1,822,577 (NC),
5,549,774 ± 3,009,597 (HT), 8,869,277 ± 1,415,005 (LO), and
9,613,111 ± 885,961 (HL) valid reads were obtained (Table 2).
The length distribution statistics for the total number of filtered
valid reads showed that most of the reads were 22-nt
(Supplementary Figure 1).

The bioinformatic analysis identified 140 miRNAs in the four
experimental groups; 70 known and 70 novel miRNAs (Table 3).
Frontiers in Marine Science | www.frontiersin.org 5
By co-expression analysis of the four groups (three comparison
groups), a total of 70 (55 co-expressed, HT 1, NC 14), 78 (61 co-
expressed, LO 9, NC 8) and 82 (67 co-expressed, HL 13, NC 2)
miRNAs were identified in the HT vs NC, LO vs NC, and HL vs
NC comparisons, respectively (Figure 2).

Differentially Expressed miRNAs (DEMs) in
Three Comparison Groups
We identified 17, 14, and 23DEMs in the HT vs NC, LO vs NC, and
HL vs NC comparisons, respectively, by analyzing the RNA-seq
data. Among the 17 DEMs in the HT vs NC comparison, 7 were up-
TABLE 2 | Overview of reads from raw data to cleaned sequences.

Sample Raw reads 3ADT&length filter Junk reads Rfam Repeats valid reads rRNA tRNA snoRNA snRNA other Rfam RNA

NT1 Total 10243015 2605706 17509 1427085 69370 6190556 434776 925238 8042 12264 46765
% of Total 100.00 25.44 0.17 13.93 0.68 60.44 4.24 9.03 0.08 0.12 0.46
uniq 1461697 704280 5788 23737 489 727811 10184 10654 350 571 1978
% of uniq 100.00 48.18 0.40 1.62 0.03 49.79 0.70 0.73 0.02 0.04 0.14

NT2 Total 12573998 3257425 23380 1739864 102857 7550284 663282 969640 10924 24813 71205
% of Total 100.00 25.91 0.19 13.84 0.82 60.05 5.28 7.71 0.09 0.20 0.57
uniq 1807890 910655 6569 27639 538 862934 12084 11638 479 916 2522
% of uniq 100.00 50.37 0.36 1.53 0.03 47.73 0.67 0.64 0.03 0.05 0.14

NT3 Total 13331885 2220139 25179 1281716 68369 9799364 467576 695791 11079 30746 76524
% of Total 100.00 16.65 0.19 9.61 0.51 73.50 3.51 5.22 0.08 0.23 0.57
uniq 1644836 741590 7730 27300 757 868005 13359 10293 423 697 2528
% of uniq 100.00 45.09 0.47 1.66 0.05 52.77 0.81 0.63 0.03 0.04 0.15

HT1 Total 8577093 1805181 26938 618997 19315 6122514 208024 367369 7720 6963 28921
% of Total 100.00 21.05 0.31 7.22 0.23 71.38 2.43 4.28 0.09 0.08 0.34
uniq 1305399 588644 8583 17730 416 690351 9160 6538 352 335 1345
% of uniq 100.00 45.09 0.66 1.36 0.03 52.88 0.70 0.50 0.03 0.03 0.10

HT2 Total 10530958 1745541 27742 522899 14469 8231847 208230 276875 6876 5066 25852
% of Total 100.00 16.58 0.26 4.97 0.14 78.17 1.98 2.63 0.07 0.05 0.25
uniq 1326233 580640 8908 17655 372 718952 9379 6361 354 285 1276
% of uniq 100.00 43.78 0.67 1.33 0.03 54.21 0.71 0.48 0.03 0.02 0.10

HT3 Total 8400476 5809150 10165 285059 6147 2294962 69102 201759 2146 2271 9781
% of Total 100.00 69.15 0.12 3.39 0.07 27.32 0.82 2.40 0.03 0.03 0.12
uniq 1289897 904019 4195 8924 216 372717 4346 3644 141 130 663
% of uniq 100.00 70.08 0.33 0.69 0.02 28.90 0.34 0.28 0.01 0.01 0.05

LO1 Total 11247361 1550143 17851 897787 28924 8777912 223260 629471 10909 9322 24825
% of Total 100.00 13.78 0.16 7.98 0.26 78.04 1.98 5.60 0.10 0.08 0.22
uniq 1243041 562511 7384 17347 409 655710 8393 6794 401 363 1396
% of uniq 100.00 45.25 0.59 1.40 0.03 52.75 0.68 0.55 0.03 0.03 0.11

LO2 Total 14448447 3232933 14158 872015 25638 10327751 207538 621207 9651 9950 23669
% of Total 100.00 22.38 0.10 6.04 0.18 71.48 1.44 4.30 0.07 0.07 0.16
uniq 1575774 847933 6686 16326 270 704773 7697 6721 384 327 1197
% of uniq 100.00 53.81 0.42 1.04 0.02 44.73 0.49 0.43 0.02 0.02 0.08

LO3 Total 10536539 2202009 17808 811268 24484 7502169 185791 579121 13056 9991 23309
% of Total 100.00 20.90 0.17 7.70 0.23 71.20 1.76 5.50 0.12 0.09 0.22
uniq 1255042 646936 6667 16185 388 585162 7340 6838 431 330 1246
% of uniq 100.00 51.55 0.53 1.29 0.03 46.62 0.58 0.54 0.03 0.03 0.10

HL1 Total 12959469 2435730 14469 531578 19186 9973246 211701 277533 6153 6048 30143
% of Total 100.00 18.79 0.11 4.10 0.15 76.96 1.63 2.14 0.05 0.05 0.23
uniq 1101567 657103 3343 11648 325 429398 6158 3314 294 241 1641
% of uniq 100.00 59.65 0.30 1.06 0.03 38.98 0.56 0.30 0.03 0.02 0.15

HL2 Total 12937862 2080346 16434 572686 32073 10262292 274021 244267 6286 10411 37701
% of Total 100.00 16.08 0.13 4.43 0.25 79.32 2.12 1.89 0.05 0.08 0.29
uniq 950584 505095 3261 12367 364 429768 6608 3394 310 379 1676
% of uniq 100.00 53.14 0.34 1.30 0.04 45.21 0.70 0.36 0.03 0.04 0.18

HL3 Total 10747248 1613140 11916 513863 22544 8603794 215763 261339 4950 6795 25016
% of Total 100.00 15.01 0.11 4.78 0.21 80.06 2.01 2.43 0.05 0.06 0.23
uniq 818902 424313 3156 10891 341 380460 5934 3038 250 253 1416
% of uniq 100.00 51.81 0.39 1.33 0.04 46.46 0.72 0.37 0.03 0.03 0.17
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regulated and 10 were down-regulated. Among the 14 DEMs in the
LO vs NC comparison, 8 were up-regulated and 6 were down-
regulated. Among the 23 DEMS in the HL vs NC comparison, 14
were up-regulated and 9 were down-regulated (Supplementary
Table 1). The heat map (Figure 3) shows that 42 of the DEMs in the
three comparisons were significantly differentially expressed (P
<0.05), and four of them (PC-3p-56283_77, lva-miR-2008-5p, lva-
miR-219-5p_R-1, lva-miR-9-5p_R+1) were significantly different in
all three comparison groups.

Identification and Functional Annotation of
the Target Genes of the DEMs
The roles of the identified DEMs in regulating the expression and
function of their target genes were predicted by gene ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
functional enrichment analysis. A total of 69,912 target genes were
predicted for the 17 DEMs identified in the HT vs NC comparison,
and 12,825 of them were annotated to 9,879 GO terms under the
three main GO categories: biological process (BP), cellular
component (CC), and molecular function (MF). Under BP,
biological process, signal transduction, and positive regulation of
transcription by RNA polymerase II were the three most enriched
terms (P <0.05). Under CC, integral component of membrane,
membrane, and plasma membrane were the three most enriched
terms. Under MF, calcium ion binding, serine-type endopeptidase
Frontiers in Marine Science | www.frontiersin.org 6
activity, and GTP binding were the three most enriched terms
(Figure 4A and Supplementary Table 2). In addition, 5,710 target
genes were annotated to 388 KEGG pathways. Five of these
pathways were significantly enriched, namely Glycosaminoglycan
biosynthesis - chondroitin sulfate/dermatan sulfate (ko00532),
Neuroactive ligand–receptor interaction (ko04080), mTOR
signaling pathway (ko04150), FoxO signaling pathway (ko04068),
and Drug metabolism - cytochrome P450 (ko00982) (Figure 5A
and Supplementary Table 3).

A total of 56,715 target genes were predicted for the 14 DEMs
identified in the LO vs NC comparison, and 12,217 of them were
annotated to 9,592 GO terms. Under BP and CC, the three most
enriched terms were the same as those for the HT vs NC
comparison. Under MF, metal ion binding, transferase activity,
and nucleic acid binding were the three most enriched terms
(Figure 4B). A total of 5,471 target genes were annotated to 383
KEGG pathways. Four of these pathways were the most
significantly enriched, namely Histidine metabolism, mTOR
signaling pathway, ECM-receptor interaction, and FoxO
signaling pathway (Figure 5B).

A total of 79,746 target genes were predicted for the 23 DEMs
identified in the HL vs NC comparison, and 14,343 of them were
annotated to 9,958 GO terms. Under BP, biological process,
oxidation-reduction process, and signal transduction were the
three most enriched terms (P <0.05). Under CC, integral
TABLE 3 | Number of known and novel miRNA identified in each sample.

NT libaray

NT1 NT2 NT3

Groups: Pre-miRNA Unique miRNA Pre-miRNA Unique miRNA Pre-miRNA Unique miRNA

gp1 2 4 2 4 2 4
gp2a 1 1 1 1 2 2
gp2b 5 4 3 2 4 3
gp3 48 56 49 57 49 57
gp4 12 12 20 19 22 21

HT libaray
HT1 HT2 HT3
Pre-miRNA Unique miRNA Pre-miRNA Unique miRNA Pre-miRNA Unique miRNA

gp1 2 4 2 4 2 3
gp2a 1 1 1 1 1 1
gp2b 3 2 3 2 1 1
gp3 45 52 43 50 41 48
gp4 21 19 22 21 5 4

LO libaray
LO1 LO2 LO3

Groups: Pre-miRNA Unique miRNA Pre-miRNA Unique miRNA Pre-miRNA Unique miRNA
gp1 2 4 2 4 2 4
gp2a 1 1 1 1 1 1
gp2b 4 3 1 1 5 4
gp3 45 52 44 51 44 51
gp4 22 20 27 25 33 28

HL libaray
HL1 HL2 HL3

Groups: Pre-miRNA Unique miRNA Pre-miRNA Unique miRNA Pre-miRNA Unique miRNA
gp1 2 4 2 4 2 4
gp2a 2 2 1 1 2 2
gp2b 4 3 5 4 4 3
gp3 48 57 48 57 48 56
gp4 26 22 30 25 22 20
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component of membrane, plasma membrane, and mitochondrion
were the three most enriched terms. Under MF, metal ion binding,
zinc ion binding, and transferase activity were the three most
enriched terms (P <0.05) (Figure 4C). Unlike the KEGG pathway
annotations of the single stresses, the KEGG pathway annotations of
the target genes of the 23 DEMs obtained for the combined stresses
were mostly enriched in metabolic pathways, such as
Glycosaminoglycan biosynthesis, Lysine degradation, Peroxisome,
and Valine, leucine and isoleucine degradation and Fatty acid
elongation (P <0.05) (Figure 5C).

Prediction of Interactions Between DEMs
and Differentially Expressed Genes (DEGs)
The pre-constructed transcriptome library and previously
identified DEGs (Hao et al., 2022) were used for co-analysis
with the target genes of the DEMs. We identified 15 DEMs that
interacted with 33 DEGs under high temperature stress by
association analysis. Among them, the expression of 24 DEM–
DEG pairs was negatively correlated and the expression of 32
DEM–DEG pairs was positively correlated. We also found 14
DEMs that interacted with 171 DEGs under hypoxia stress; 139
were negatively correlated DEM–DEG pairs and 108 were
positively correlated DEM–DEG pairs. Under the combined
stresses, 23 DEMs interacted with 102 DEGs; 69 were
negatively correlated DEM–DEG pairs and 79 were positively
correlated DEM–DEG pairs (Supplementary Table 4). The
predicted DEM–DEG network map is shown in Figure 6.
Meanwhile, we found that the key DEM in high-temperature
stress was lva-miR-193-3p_R-2, whose predicted target genes
wereDHX33 and CSTF1; the key DEM in hypoxic stress was spu-
miR-92e_1ss20TG, with nine essential target genes predicted to
be negatively regulated, namely ZNFX1, Pola2, DDB_ G0276821,
ACSM3, ctps1, PLOD1, GRID2IP, Pole, and FAU; the key DEM
was lva-miR-9- in combined stresses, whose had 28 key
negatively regulated target genes, mainly SOD, PAN2, and PRPF.

Validation of DEMs and Their Target DEGs
by qRT-PCR
A qRT-PCR analysis was performed to validate the RNA-seq
results. A total of 10 DEGs (including ABCB4, CYCL, EGF3,
ZNFX1, CALN) and 10 DEMs (such as miR-193, miR-184, miR-
133, miR-125, miR-2008) were selected for the qRT-PCRs. The
results of the qRT-PCR analysis were consistent with the results
obtained by the RNA-seq analysis and showed similar expression
trends (Figure 7). In addition, the relative expressions of ABCB4,
KIF4, ZNFX1, EGF3, DHX33, and PTRPF were significantly
increased in high-temperature stress, and CALN, CUL4A, and
PAN2 were up-regulated in hypoxic stress; CYCL genes showed a
decreasing trend in high temperature and hypoxic stress, but
their expressions were increased under combined stress.
DISCUSSION

Many aquatic organisms are located in environmentally sensitive
coastal zones or estuaries, which are extremely vulnerable to
climate change. Water temperature and dissolved oxygen are the
A

B

C

FIGURE 2 | Venn of detected miRNA in four groups. (A) HT vs NT, (B) LO
vs NT, (C) HL vs NT.
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most important environmental factors that affect the survival of S.
intermedius. MiRNAs are known tomodulate gene expression and
have critical roles in many biological processes, including cell
proliferation, apoptosis, differentiation, cell cycle progression, and
organ development (Tse et al., 2016; Biggar and Storey, 2018). In
this study, miRNA libraries of sea urchins under heat, hypoxia,
and combined stresses were constructed, sequenced by RNA-seq,
and analyzed together with published transcriptome data to
investigate the molecular mechanisms of sea urchins in response
to different environmental conditions. The miRNAs were mainly
distributed at 22-nt long, which is consistent with a previous study
of S. intermedius (Zhan et al., 2018). A total of 140 miRNAs were
identified; 70 were known and 70 were newly identified miRNAs.
We identified 17, 14, and 23 DEMs in the HT, LO, and HL
comparisons with NC, respectively, and found that they were
involved in multiple key biological processes related to
biosynthesis, metabolism, immunity, and signaling transduction
by functional enrichment analysis.
Frontiers in Marine Science | www.frontiersin.org 8
These biological processes may be associated with major changes
in the predicted target genes. We found changes in lysosomal
pathways related to translation that were similar to the results of
Huo et al. (2018). Regarding signal transduction, for the DEMs in
the HT vs NC comparison, the mTOR andWnt signaling pathways
were among the enriched pathways; for the DEMs in the LO vs NC
comparison, the FoxO signaling and Fanconi anemia pathways
were among the enriched pathways; and for the DEMs in the HL vs
NC comparison, the Hippo signaling and TGF-b signaling
pathways were among the enriched pathways. Interestingly, the
KEGG pathway annotations Lysine degradation, Peroxisome,
Glycerolipid metabolism, and TGF-b signaling pathway were
assigned to targent genes of DEMs in all three comparisons.
Small amounts of lysine ingested by animals have been shown to
cause triglyceride accumulation and significantly inhibit growth and
development (Forster and Ogata, 1998; Ahmed and Khan, 2004).
Peroxisomes are involved in multiple metabolic processes, including
fatty acid oxidation, ether lipid synthesis, and reactive oxygen
A B

DC

FIGURE 3 | Differentially expressed miRNAs (DEMs) in the four groups. (A) HT vs NT, (B) LO vs NT, (C) HL vs NT, (D) DEMs (non-repetitive) in the pairwise
comparison among the three treatments (P < 0.05). All red rectangles indicate higher levels of miRNAs, and blue rectangles indicate lower levels of miRNAs.
Color scale bar represents log2FoldChange.
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A

B

C

FIGURE 4 | GO enrichment of target genes of DEMs. The x-axis is the rich factor, which indicates the proportion of genes in total genes in a GO term. The y-axis is the gene
functional classification of GO. Various colors of plots indicate different values of −log 10 (P-value). Plot diameter represents target gene numbers in a GO term. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.). (A) HT VS NT, (B) LO vs NT, (C) HL vs NT.
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FIGURE 5 | KEGG enrichment of target genes of DEMs. The x-axis is the rich factor, which means that the proportion of target genes in total genes in a KEGG
term. The y-axis is the gene functional classification of KEGG. Various colors of plots indicate different values of −log 10 (P-value). Plot diameter represents target
gene numbers in a KEGG term. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article). (A) HT VS
NT, (B) LO vs NT, (C) HL vs NT.
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species (ROS) metabolism. Recent studies suggest that peroxisomes
are critical mediators of cellular responses to various forms of stress,
including oxidative stress, hypoxia, starvation, cold exposure, and
noise (He et al., 2021a). Jain et al. discovered regulators of cell fitness
in high and low oxygen conditions which led to the identification of
an essential role for peroxisomes in metabolic adaptation to hypoxic
stress (Jain et al., 2020). TGF-b signaling is a multifunctional
pathway that controls cell proliferation, cell differentiation and
tissue homeostasis (Hata and Chen, 2016). A study has found
that TGF-b sensu stricto signaling plays an essential role in the
formation of the embryonic skeleton of this sea urchin (Sun and
Ettensohn, 2017). This finding together with the changes in the
multi-metabolic and apoptosis-multi-species pathways, suggest
that the metabolic system of sea urchins will be affected and
apoptosis will occur under environmental stresses, in addition,
multiple signal transduction pathways may work together to
activate the same defense response. The DEMs were also
involved in biosynthesis and metabolism-related pathways such
as “Glucose metabolism”, “Serotonin metabolism”, and “Galactose
metabolism”. These results indicates that sea urchins respond to
the adverse effects of environmental stress through a variety of
miRNA regulatory mechanisms.

MiRNA sequences are usually partially or totally matched
with specific regions of the target genes. This interaction results
Frontiers in Marine Science | www.frontiersin.org 11
in endonuclease digestion or translation inhibition, thereby
negatively regulating the expression of the target gene.
Therefore, identifying target genes that are differentially
expressed is critical for understanding the biological functions
of the encoded proteins.

Effects of Heat Stress on miRNA
Regulation in S. intermedius
MiR-193 plays an important role in cell growth, proliferation, and
apoptosis. MiR-193 down-regulates the insulin growth factor 2 gene
(IGF2) to induce cell proliferation and migration, which affect the
angiogenic process (Yi et al., 2017). We found that miR-193
expression was up-regulated and its target genes DHX33 (putative
ATP-dependent RNA helicase DHX33) and CSTF1 (cleavage
stimulation factor subunit 1) were down-regulated under high
temperature stress. DHX33 is a nucleoprotein involved in cell
cycle regulation (Zhang et al., 2011), and CSTF1 encodes a
nuclear protein that contains a ribonucleoprotein (RNP)-type
RNA binding domain at its N-terminal end, which is essential for
mRNA cleavage and polyadenylation. When DNA-damaged cells
undergo oxidative stress, CSTF1 can bind to the BARD1/BRCA1
ubiquitin ligase heterodimer, thereby inhibiting 3′ end processing
(Fontana et al., 2017). This finding and the regulation of alternative
polyadenylation in development, differentiation, and neuronal
FIGURE 6 | The network of DEMs and their target DEGs was constructed using Cytoscape 3.3.0. Hexagon is miRNA, circle is target DEGs, red means up-
regulated expression, blue means down-regulated expression.
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activation suggest that 3′ end processing can be regulated in
response to physiological and pathological stimuli. Therefore, we
hypothesized that DNA was damaged under high temperature
stress and miR-193a negatively regulated DHX33 and CSTF1 to
promote apoptosis.

The expression of miRNA let-7 was also found to be down-
regulated under high temperature stress. Members of the let-7
family are significantly elevated under high temperature
stimulation, and are involved in regulating cell growth,
differentiation, apoptosis, and metabolism (Gibadulinova et al.,
2020; Tristán-Ramos et al., 2020; Huo et al., 2021). In the current
study, the expression of lva-let-7-p3 was significantly down-
regulated under heat stress and combined heat and hypoxic
stresses. Lva-let-7-p3 may regulate potential target genes,
including PI16 (peptidase inhibitor 16), ATP6V1A (V-type
proton ATPase catalytic subunit A isoform X4), and Nup107
(nuclear pore complex protein Nup107 isoform X2).

Effects of Hypoxia on miRNA Regulation in
S. intermedius
MiR-184 was shown to be an important regulator of stem cell
proliferation and growth (Liu et al., 2015), and its overexpression
led to apoptosis and its suppression led to an increase in cell numbers
(Foley et al., 2010; Liu et al., 2010). Previous studies have shown that
miR-184 overexpression inhibited autophagy and exacerbated
oxidative damage, and miR-184 also negatively regulated Wnt
signaling in vivo and in vitro (Takahashi et al., 2015). MiR-184 was
found to inhibit gene expression in human trabecular meshwork cell
cytotoxicity, apoptosis, and the extracellular matrix by targeting the
hypoxia-inducible factor HIF-1ain vivo, and it also exhibited
angiostatic properties by regulating signaling pathways such as the
Akt, TNF-a, and VEGF signaling pathways (Park et al., 2017).
Furthermore, reduced expression of miR-184 was shown to inhibit
cell growth through the CDC25A-dependent Notch signaling
pathway (Cao et al., 2020).

MiR-133 is a key regulator of muscle proliferation and
myocardial differentiation and is associated with cell proliferation
and apoptosis (Chen et al., 2006; Uchida et al., 2013). The target of
miR-133 was shown to be epidermal growth factor (EGF), and
when EGF was down-regulated by miR-133, it inhibited its
downstream signaling pathways, including the MAPK and AKT
signaling pathways (Hernes et al., 2004; Dimauro et al., 2014). MiR-
133 was also found to be an important component of the apoptotic
pathway. In this study, we found that miR-133 expression was
down-regulated under hypoxic stress and that its target genes
HSP70, EGF, PAN2, and ABCC9 were up-regulated. In addition,
the functional enrichment analysis of miRNA target genes under
hypoxic stress showed that most of the genes were related to basal
metabolism. Therefore, we hypothesized that miR-133 inhibited
apoptosis by regulating HSP70, EGF, and other genes when sea
urchins were exposed to hypoxia stress, and that metabolism-related
genes were mobilized to maintain vital metabolism processes.

We found that the expression of lva-miR-125-5p was
remarkably up-regulated in sea urchins under hypoxic
conditions. Previous studies of miR-125-5p focused mainly on
its role in regulating cell migration, apoptosis, immunity,
proliferation, and cancer (Fassan et al., 2013; Natalia et al.,
A

B

FIGURE 7 | qRT-PCR verification of DEMs (A) and target DEGs (B). Each
vertical bar represents the Mean ± SD (n=3), U6 and18s rRNA were used as
a reference miRNA/gene. *Significant differences at P<0.05 vs control (NT).
**Highly significant differences at P<0.01 vs control (NT). Letters above the
bars indicate significant differences at P<0.05.
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2018; Xu et al., 2019; Zheng et al., 2019; He et al., 2021b). In
zebrafish (Danio rerio), the main target gene for hypoxia
response was HIF-1a, which up-regulated the expression of
miR-125 under hypoxic conditions (He et al., 2017). However,
no up-regulation of HIF genes was detected in the present study.
Previous studies have demonstrated that under hypoxic stress,
the expression of HIF in the brain of the Wuchang bream
(Megalobrama amblycephala) did not differ significantly from
that of the control group (Shen et al., 2010). It is speculated that
different species may have different hypoxia tolerance thresholds
or species-specific differences in oxygen requirements. It might
be duo to the short duration of the stress treatment in this study,
we plan to further investigate the response of sea urchins under
long-term hypoxic stress in future work. MiR-125 was shown to
inhibit the expression of the mitofusin Mfn1 and reduce the
disordered growth of pulmonary arterial smooth muscle cells
under hypoxic conditions, as well as protect pulmonary blood
vessels from mitochondrial dysfunction and abnormal
remodeling (Ma et al., 2017). These findings provided a
theoretical foundation for successful lung organ care. In this
study, the potential target genes that may be regulated by lva-
miR-125-5p included ZFP708 (zinc finger protein 708-like),
ALDH (a ldehyde dehydrogenase ) , KMT2A ( ly s ine
methyltransferase 2A), and MAP3K7 (mitogen-activated
protein kinase kinase kinase 7). In the Gene Expression
Omnibus (GEO) Profiles database (Tanya et al., 2007),
ZFP708, ALDH, and MAP3K7 are recorded as being involved
in the regulation of organisms in a hypoxic environment. These
findings suggest that these genes may be involved in the response
of sea urchins to low oxygen environments.

Effects of the Combined Stresses on
miRNA Regulation in S. intermedius
Under the combined stresses, spu-miR-2002-3p, which was
highly expressed under hypoxic stress, was significantly up-
regulated. This miRNA has not been reported in this context
in previous studies. We found that under hypoxic stress, 14, 30,
5, 25, 39, and 11 target genes of spu-miR-2002-3p were enriched
in neuroactive ligand–receptor interaction, lysine degradation,
biosynthesis of unsaturated fatty acids, valine, leucine and
isoleucine degradation, lysosome, and tryptophan metabolism
KEGG pathways, respectively. The neuroactive ligand–receptor
interaction signaling pathway involves all the receptors and
ligands on the plasma membrane associated with intracellular
and extracellular signaling pathways (Lauss et al., 2007). Under
hypoxic stress, the cells pass through the surface of the sea
urchin, then the receptors interact with extracellular ligands to
trigger a series of metabolic changes. These processes may
support the response of sea urchins to high temperature and
low oxygen stress to protect them from damage.

We also identified miR-2008 and miR-9, which were
significantly expressed under all three conditions. MiR-2008
was identified as a regulator of sea cucumber skin ulcer
syndrome outbreaks by deep sequencing, and its target gene is
the toll like receptor TLR3 (Li et al., 2012; Zhou et al., 2018). The
Frontiers in Marine Science | www.frontiersin.org 13
expression of miR-2008 was also found to be up-regulated in sea
cucumber under hypoxic stress. In the present study, miR-2008
expression was up-regulated under all three stress conditions,
and the key target genes were EGF3, ABCC9, TUBA, and ACAD.
We hypothesized that when S. intermedius is damaged by
environmental stresses, the expression of genes related to
apoptosis and immunity is significant. Our results support the
view that miRNA–target gene interactions are complex, and a
single miRNA can regulate multiple target genes simultaneously,
and a gene can be regulated by multiple miRNAs simultaneously
(Agarwal et al. 2015; Lan et al., 2016; Lai et al., 2022; Miao et al.,
2022). The mechanism of the S. intermedius response to
environmental stress is also complex. Compared with the
effects of a single-factor stress, under multi-factor stress
conditions, S. intermedius suffers an increased degree of
organismal damage and responds comprehensively through
metabolic and immune pathways. The qRT-PCR results
further imply that there may be meaningful targeted regulatory
interactions between the candidate DEMs and DEGs. In future
research, the targeted regulatory interactions of the putative
DEM–DEG pairs need to be confirmed by additional in vivo
and in vitro experiments (e.g., dual luciferase reporter analysis,
gain or loss of function analysis, and western blotting).
CONCLUSIONS

In this study, we report the miRNAs profiles of the sea urchin
S. intermedius under high temperature, low oxygen, and
combined stresses, and identified 17, 14, and 23 DEMs,
respectively. By co-analysis with published transcriptome
data, key DEMs (miR-193, miR-184, miR-133, miR-125,
miR-2008) and their key target genes (EGF3, ABCC9, TUBA,
PAN2 , CALN) were identified. We found that the S.
intermedius defense responses were activated by multiple
miRNAs that regulate multiple signal transduction pathways
in response to the adverse effects of environmental stress.
Furthermore, under the combined heat and hypoxic stresses,
the effects of both these factors were superimposed. The
expression of target genes associated with apoptosis and
oxidative stress was up-regulated, implying transcriptional
regulation is a comprehensive response in sea urchins in the
face of global climate change. Our results provide information
on gene expression regulation of the molecular mechanisms
underlying the response of S. intermedius to multi-cause
environmental stress and provide a theoretical basis for
healthy sea urchin reproduction.
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