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Abstract: Temperature is a crucial environmental factor for fish. Elevated temperatures trigger various
physiological and molecular responses designed to maintain internal environmental homeostasis and
ensure the proper functioning of the organism. In this study, we measured biochemical parameters
and performed mRNA–miRNA integrated transcriptomic analysis to characterize changes in gene
expression profiles in the muscle tissue of spotted sea bass (Lateolabrax maculatus) under heat stress.
The measurement of biochemical parameters revealed that the activities of nine biochemical enzymes
(ALP, γ-GT, AST, GLU, CK, ALT, TG, LDH and TC) were significantly affected to varying degrees by
elevated temperatures. A total of 1940 overlapping differentially expressed genes (DEGs) were identi-
fied among the five comparisons in the muscle tissue after heat stress. Protein–protein interaction
(PPI) analysis of DEGs indicated that heat shock protein genes (HSPs) were deeply involved in the
response to heat stress. In addition, we detected 462 differential alternative splicing (DAS) events
and 618 DAS genes, which are closely associated with sarcomere assembly in muscle, highlighting
the role of alternative splicing in thermal response regulation. Moreover, 32 differentially expressed
miRNAs (DEMs) were identified in response to heat stress, and 599 DEGs were predicted as potential
target genes of those DEMs, generating 846 DEG–DEM negative regulatory pairs potentially associ-
ated with thermal response. Function enrichment analysis of the target genes suggested that lipid
metabolism-related pathways and genes were regulated by miRNAs. By analyzing PPIs of target
genes, we identified 28 key negative regulatory pairs, including 13 miRNAs (such as lma-miR-122,
lma-miR-200b-5p and novel-miR-444) and 15 target genes (such as hspa13, dnaja1, and dnajb1a). This
study elucidates the molecular mechanisms of response to high-temperature stress and offers valuable
information for the selection and breeding of heat-tolerant strains of spotted sea bass.

Keywords: Lateolabrax maculates; heat stress; expression regulation; mRNA-miRNA regulatory network

1. Introduction

Water temperature is fundamental to the life activity of fish, regulating numerous
physiological and biochemical processes. Dramatic changes in temperature can profoundly
impact survival, behavior, distribution, reproduction and growth [1–4]. With the onset of
global warming and the resultant effects of human activities, fish are increasingly suscepti-
ble to damage from heat stress. When faced with changes in environmental temperature,
fish typically initiate multiple physiological reactions to maintain homeostasis [5,6]. There-
fore, exploring the critical genes and regulators related to the thermal stress response will
not only help decipher the molecular mechanisms underlying fish responses to heat stress,
but also provide potential molecular elements for improving heat tolerance and artificially
breeding heat-tolerant strains [7].
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Advancements in next-generation sequencing have enabled the investigation of the
molecular mechanisms underlying heat tolerance in fish. Several publications have de-
scribed candidate genes or pathways related to the heat stress response. For instance,
RNA-seq analysis has illustrated the molecular effects of thermal stress on Atlantic salmon
(Salmo salar) [8], highlighting the important role of molecular chaperones and the endo-
plasmic reticulum (ER) in responding to heat stress. Additionally, the UBIQ, CDKN1B, and
HSP70 genes were up-regulated under different degrees of high temperature in Gillichthys
mirabilis [9]. Studies on gene expression changes in other fish species under high tem-
peratures have been conducted, including pikeperch (Sander lucioperca) [10], grass carp
(Ctenopharyngodon idellus) [11,12], and two Antarctic fishes (Notothenia rossii and Notothenia
coriiceps) [13]. Interestingly, genes involved in alternative splicing (AS) can also be detected
in the transcriptomic data. As a widespread epigenetic mechanism in eukaryotes, AS
facilitates mRNA and protein diversity [14] and is rigorously modulated, with patterns
that vary under different stressors [15]. It has been shown that the AS patterns of some
functional genes with a core role in the cold stress response in three-spine stickleback
(Gasterosteus aculeatus) were altered [16]. In Nile tilapia (Oreochromis niloticus), comparative
transcriptome analysis uncovered AS regulatory functions in heart tissue under acute
hypoxic stress [17]. However, AS events related to heat stress have only been documented
in a few fish species [18,19], and the specific biological functions of most AS genes are yet
to be fully understood.

MicroRNAs (miRNAs), approximately 22 nucleotides (nt) in length, are a class of
endogenously conserved non-coding RNA molecules [20]. They function at the post-
transcriptional level to regulate gene expression by binding to the 3′-UTRs of mRNAs,
thereby inhibiting translation and promoting mRNA degradation to prevent the produc-
tion of the target protein [21,22]. Previous studies have shown that various biological and
metabolic processes are closely related to miRNAs, validating their key roles in coping
with various stressors [23–26]. For instance, in genetically improved farmed tilapia (GIFT,
O. niloticus), mRNA and miRNA expression profiles revealed that lipid and carbohydrate
metabolism pathways were involved in the response to elevated temperatures [27]. Sim-
ilarly, in Tibetan naked carp (Gymnocypris przewalskii), thermal stress was investigated
by combining mRNA and miRNA sequencing analyses, revealing that some heat shock
protein genes (HSPs) were part of the regulation network, demonstrating the regulation
of heat shock proteins by DEMs [28]. In rainbow trout (Oncorhynchus mykiss), miRNA
profiling studies have identified several miRNAs, including miR-301a and Let-7, which are
engaged in thermal adaptation [29,30]. Similar results have been found in other aquatic
organisms, including Senegalese sole (Solea senegalensis) [31], sea urchin (Strongylocentrotus
intermedius) [32], and Marsupenaeus japonicus [33]. Generally, miRNAs are non-negligible
regulators involved in adaptation to high-temperature environments.

As a dominant commercial fish species, spotted sea bass (Lateolabrax maculatus) is
widely cultivated and generates enormous market values in China. However, it exhibits
poor tolerance to dramatically higher water temperatures in summer, leading to substantial
economic losses [34]. Previous studies have typically focused on organs such as the liver,
gill, kidney, and intestine [35–37], overlooking the potentially crucial roles of muscle tissue.
Muscle tissue, accounting for 50 percent of body weight in most fish species, is considered
a central component of the heat stress response [38]. Although several reports in the
literature demonstrate positive responses of muscle tissue to thermal shock in other fish
species [39–41], a systematic investigation of the molecular mechanisms of the reaction of
the spotted sea bass to heat stress has not yet been undertaken. In this study, RNA-seq
and miRNA-seq were performed to elucidate the molecular mechanisms in the muscle
tissue of spotted sea bass in response to elevated temperature. The findings of this study
will enhance our understanding of the molecular mechanisms of fish responses to high-
temperature stress and provide useful insights for breeding new heat-tolerant strains.
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2. Results
2.1. Effects of Heat Stress on Biochemical Parameters

Biochemical parameters are commonly used as indicators to assess the physiological
status of fish. As shown in Table 1, ALP, GLU and γ-GT activities tended to decrease with
increasing water temperature, while ALT, AST, CK and LDH activities tended to increase.
Specifically, ALP activity was significantly decreased from the control to H72, with a
minimum at H24. Similarly, γ-GT activity showed a significant decrease, remaining low
and stable from H6 to H72. The GLU content showed a gradient decrease with the duration
of heat stress. ALT activity did not change before H48, then increased significantly. Both
AST, LDH and CK activities increased after thermal stress, with AST and LDH activities
increasing initially and then decreasing, while CK activity showed a sustained increase.
TC and TG showed a trend of increasing and then decreasing. In general, biochemical
parameters were affected by high-temperature stress to varying degrees.

Table 1. Effects of heat stress on nine biochemical parameters of serum.

Parameters Control H6 H12 H24 H48 H72

ALP 263 ± 7.37 a 12.4 ± 2.21cd 18.9 ± 0.45 bc 9.24 ± 3.72 d 14.8 ± 4.06 bcd 20.4 ± 5.15 b

ALT 7.04 ± 1.93 b 8.89 ± 1.58 b 8.16 ± 2.91 b 13.5 ± 4.51 b 13.6 ± 2.43 b 21.1 ± 6.52 a

AST 21.2 ± 4.80 c 164 ± 29.56 b 297 ± 5.60 a 210 ± 92.5 ab 125 ± 40.2 b 199 ± 69.3 b

CK 590 ± 91.8 d 3759 ± 1289 bc 3621 ± 1541 bc 3058 ± 177 c 4880 ± 164 b 11,710 ± 820 a

GLU 33.1 ± 1.16 a 20.0 ± 3.66 b 13.7 ± 2.34 c 9.83 ± 1.57 d 3.10 ± 0.40 e 1.86 ± 0.45 e

γ-GT 16.4 ± 1.39 a 0.30 ± 0.10 b 0.53 ± 0.23 b 0.60 ± 0.35 b 0.73 ± 0.12 b 0.53 ± 0.31 b

LDH 123 ± 15.6 c 513 ± 2.36 a 602 ± 94.4 a 354 ± 69.6 b 305 ± 92.3 b 392 ± 82.9 b

TC 4.28 ± 0.96 b 6.61 ± 1.04 a 5.45 ± 0.78 ab 7.04 ± 0.57 a 7.23 ± 1.51 a 5.72 ± 1.62 ab

TG 1.08 ± 0.55 b 1.23 ± 0.21 b 1.35 ± 0.06 ab 1.84 ± 0.31 a 1.50 ± 0.23 ab 1.09 ± 0.28 b

Note: a, b, c, d, and e represent the difference between sample points (p < 0.05).

2.2. Overview of RNA-Seq Data

In this research, we conducted RNA-seq analysis on spotted sea bass exposed to
heat stress. As shown by the statistical results, 810,554,018 raw reads were detected from
18 transcriptome libraries, and 767,304,696 clean reads passed the quality control assessment.
Q20 (the value of Phred was more than 20) and Q30 (the value of Phred was more than
30) of sequencing reads were higher than 95.57% and 89.72%, respectively, and the G/C
content averaged 50.23%. Alignment with the reference genome showed that the overall
mapping ratio for all samples ranged from 88.44% to 96.61% (Supplementary Table S3).

2.3. Identification of DEGs

As illustrated in Figure 1, 4293, 4042, 4829, 5033 and 6511 DEGs were identified in the
five comparisons, respectively. Specifically, 2281, 2160, 2813, 2760 and 3589 DEGs were sig-
nificantly up-regulated, while 2012, 1882, 2036, 2273 and 2913 DEGs were down-regulated
(Figure 1A). Volcano plots of the five comparison groups are displayed in Figure 1B, with
the top 10 DEGs labeled, indicating that some up-regulated (hspb11, hsp70.2, PDE6G and
LAPTM4B) and down-regulated (METTL21C and sbk3) genes were remarkably differentially
expressed in most comparison groups. Furthermore, 1940 common genes were identified,
including 1127 up-regulated (Figure 1C) and 813 down-regulated (Figure 1D) genes, which
were involved in the response to heat shock at all sample points.
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Figure 1. Differentially expressed genes (DEGs) at different time points after heat stress. (A) Histo-
gram of statistics of the number of up-regulated, down-regulated and non-significant-difference 
genes in each comparison group. (B) Volcano plot of top 10 genes with DEGs in each comparison 
group. (C) Venn diagram of up-regulated DEGs. (D) Venn diagram of down-regulated DEGs. 

2.4. PPI Network Construction and the Expression Profiles of Hub Genes 
To explore the pivotal genes involved in the response to high temperature in spotted 

sea bass, PPI networks were constructed using the 1940 commonly identified DEGs. The 
whole network was analyzed by MCODE, and two notable clusters with high connectivity 
degrees were selected for display (Figure 2). We identified 41 nodes (279 edges) in Cluster 
1 (Figure 2A) and 21 nodes (64 edges) in Cluster 2 (Figure 2B). The majority of the highly 
linked genes in Cluster 1 were HSPs, including hspa5, hspa4a, hsp90aa.1.1, hsp90aa.1.2, 
hsp90b1, HSPA4L, hspa8, hspa8b, hspa1b, and hspa9, indicating the essential role of HSPs in 
coping with thermal stresses. In Cluster 2, four highly linked genes (aldh18a1, aldh6a1, 
nsdh1 and acat2) were also identified (Figure 2B). The expression profiles of these hub 
genes showed significant up-regulation, with the exception of the aldh6a1 gene (Figure 
2C). 

Figure 1. Differentially expressed genes (DEGs) at different time points after heat stress. (A) His-
togram of statistics of the number of up-regulated, down-regulated and non-significant-difference
genes in each comparison group. (B) Volcano plot of top 10 genes with DEGs in each comparison
group. (C) Venn diagram of up-regulated DEGs. (D) Venn diagram of down-regulated DEGs.

2.4. PPI Network Construction and the Expression Profiles of Hub Genes

To explore the pivotal genes involved in the response to high temperature in spotted
sea bass, PPI networks were constructed using the 1940 commonly identified DEGs. The
whole network was analyzed by MCODE, and two notable clusters with high connectivity
degrees were selected for display (Figure 2). We identified 41 nodes (279 edges) in Cluster
1 (Figure 2A) and 21 nodes (64 edges) in Cluster 2 (Figure 2B). The majority of the highly
linked genes in Cluster 1 were HSPs, including hspa5, hspa4a, hsp90aa.1.1, hsp90aa.1.2,
hsp90b1, HSPA4L, hspa8, hspa8b, hspa1b, and hspa9, indicating the essential role of HSPs
in coping with thermal stresses. In Cluster 2, four highly linked genes (aldh18a1, aldh6a1,
nsdh1 and acat2) were also identified (Figure 2B). The expression profiles of these hub genes
showed significant up-regulation, with the exception of the aldh6a1 gene (Figure 2C).
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Figure 2. (A) Cluster 1 and (B) Cluster 2 display the PPI network of common DEGs. The color of the 
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after heat stress. Genes with up-regulated expression are marked in red. 
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Figure 2. (A) Cluster 1 and (B) Cluster 2 display the PPI network of common DEGs. The color of
the nodes represent the connectivity degree. (C) Expression profiles of hub genes of spotted sea bass
after heat stress. Genes with up-regulated expression are marked in red.

2.5. DAS Identification, Functional Enrichment Analysis and Validation

To identify the DAS genes in muscle, DAS events were analyzed across five comparison
groups. As shown in the results, we detected 462 DAS events after heat exposure, including
84, 128, 437, 424 and 249 DASs in the five comparisons, which were generated from 73, 107,
360, 367 and 212 genes (a total of 618 genes) (Table 2). However, we only detected ES and
MXE types of AS events, with ES being the most prevalent (accounting for 90.24%). To
investigate the function of the 618 DAS genes, we performed KEGG and GO enrichment
analyses. The KEGG functional enrichment analysis indicated that the spliceosome, the
mRNA surveillance pathway, RNA transport, endocytosis, the adherens junction, RNA
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degradation, ribosome biogenesis in eukaryotes, and insulin signaling pathways were
significantly enriched (Figure 3A). The main GO terms were associated with development,
differentiation and assembly of muscle tissue, including actin binding, muscle alpha–actinin
binding, the I band, the M band, myofibril assembly and skeletal muscle thin filament
assembly (Figure 3B).

Table 2. Statistics of differential alternative splicing (DAS) events detected in muscle after heat stress.

AS Types H6 vs. Control H12 vs. Control H24 vs. Control H48 vs. Control H72 vs. Control

Exon skipping (ES) 60 (11:49) 113 (24:89) 414 (93:321) 395 (95:300) 211 (40:171)
Mutually exclusive exon (MXE) 24 (5:19) 15 (5:10) 23 (16:7) 29 (13:16) 38 (14:24)

Total DAS events 84 128 437 424 249
DAS gene 73 107 360 367 212Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 7 of 20 

 

 

 
Figure 3. Functional enrichment and validation results for differential alternative splicing (DAS) 
genes in muscles after heat stress. (A) KEGG enrichment analysis results for DAS genes. Significant 
pathways are linked with their involved genes via various color ribbons. (B) GO enrichment analy-
sis results for DAS genes. (C) Verification of DAS genes by PCR. (D) AS patterns of two validated 
genes. Purple frames represent the exon in where the AS occurs. 
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atures, 79,600,949 raw reads were generated from the Illumina sequencing platform (Sup-
plementary Table S4), with Q30 values ranging from 95.79% to 97.24%. Following pro-
cessing and filtering, we obtained a total of 74,430,390 clean reads, and the statistical in-
formation of these clean reads is summarized in Supplementary Table S5. The length dis-
tribution showed that 22 nt was the most abundant, followed by 21 and 23 nt (Supple-
mentary Figure S3A). These findings are consistent with the common length features of 
miRNAs [4]. After aligning to the spotted sea bass genome, the comparison rates for clean 
reads ranged from 88.66% to 94.52% (Supplementary Table S5). For the annotation of 
small RNAs, all clean reads were compared with various recorded sequences, including 
rRNA, tRNA, snRNA, snoRNA, other ncRNA, repeat and mRNA sequences. A total of 

Figure 3. Functional enrichment and validation results for differential alternative splicing (DAS)
genes in muscles after heat stress. (A) KEGG enrichment analysis results for DAS genes. Significant
pathways are linked with their involved genes via various color ribbons. (B) GO enrichment analysis
results for DAS genes. (C) Verification of DAS genes by PCR. (D) AS patterns of two validated genes.
Purple frames represent the exon in where the AS occurs.
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For validation of the RNA-seq analysis results, qPCR and RT-PCR experiments were
conducted. In detail, six DEGs (hsp70.2, hsp90b1, hspa5, METTL21C, MRTO4, and NOP56)
were randomly selected for qPCR at 6 h, 12 h, 24 h, 48 h and 72 h (Supplementary Figure S2).
The expression patterns of the selected DEGs, as revealed by qPCR, displayed a high
correlation with the RNA-seq analysis results (R = 0.95–0.97). In addition, we selected
FAM195A and PABPC1, two predicted ES-type DAS genes, for the verification of AS events.
The RT-PCR results indicated that the size of the amplification products was consistent
with the AS results (Figure 3C). The alternative splicing patterns of these two genes are
shown in Figure 3D.

2.6. Identification and Characteristics of miRNAs in the Muscle

For the identification of miRNAs potentially involved in responding to high tem-
peratures, 79,600,949 raw reads were generated from the Illumina sequencing platform
(Supplementary Table S4), with Q30 values ranging from 95.79% to 97.24%. Following
processing and filtering, we obtained a total of 74,430,390 clean reads, and the statistical
information of these clean reads is summarized in Supplementary Table S5. The length
distribution showed that 22 nt was the most abundant, followed by 21 and 23 nt (Sup-
plementary Figure S3A). These findings are consistent with the common length features
of miRNAs [4]. After aligning to the spotted sea bass genome, the comparison rates for
clean reads ranged from 88.66% to 94.52% (Supplementary Table S5). For the annotation of
small RNAs, all clean reads were compared with various recorded sequences, including
rRNA, tRNA, snRNA, snoRNA, other ncRNA, repeat and mRNA sequences. A total of
28,004,779 valid reads remained for the identification of known and novel miRNAs (Sup-
plementary Table S5). As a result, 938 miRNAs (including 816 conserved and 122 novel
miRNAs) were discovered. Among these, 617, 632, 663, 654, 622, and 631 miRNAs were
identified in six small RNA libraries, including 596, 606, 631, 625, 591, and 608 known
miRNAs, as well as 21, 26, 32, 29, 31, and 23 novel miRNAs, respectively (Supplementary
Figure S3B).

2.7. Differential Expression Analysis of miRNAs

After performing differential expression analysis, we identified 32 significantly DEMs,
including 21 up-regulated and 11 down-regulated miRNAs (Figure 4A). Of these, 22 miR-
NAs are conserved miRNAs and 10 miRNAs are novel miRNAs. Eight conserved miR-
NAs exhibited down-regulated expression, while fourteen conserved miRNAs showed
up-regulated expression. Among the novel DEMs, three novel miRNAs showed down-
regulated expression and seven novel miRNAs exhibited up-regulated expression. The
relative expression levels of DEMs in each sample are shown in a heatmap (Figure 4B). To
distinguish conserved and novel DEMs, novel RNAs are temporarily named as “novel”
and given random numbers, and the mature sequences of the DEMs are displayed in
Supplementary Table S6.

2.8. Target Gene Prediction of DEMs and Functional Enrichment Analysis

Combining the mRNA expression profiles, candidate target DEGs of DEMs were
predicted. As a result, 962 DEGs were predicted as target genes, with 599 DEGs ultimately
selected due to negative regulation by miRNAs (Figure 5A). To further investigate the
function of target genes, we performed KEGG pathway enrichment analysis. The results in-
dicated that protein processing in the ER, the FoxO signaling pathway, the MAPK signaling
pathway, metabolic pathways, the p53 signaling pathway, N-glycan biosynthesis, glyc-
erolipid metabolism, the phagosome and the PPAR signaling pathway were significantly
enriched (Figure 5B).
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For validation of miRNA analysis, we randomly selected six DEMs and three DEGs
(genes predicted to be targets of DEMs) for qPCR. The results suggested that changes in
the expression levels exhibited similar tendencies, with expression correlation values of
0.91 and 0.97 between the qPCR and bioinformatics analyses for DEMs and target DEGs,
respectively (Figures 5C and S4). Moreover, three miRNAs and their target genes showed
opposite expression patterns (Figure 5C), confirming the reliability of the study.

2.9. Regulatory Network of DEMs–DEGs

To further explore the regulatory mechanisms of DEMs, a DEM–DEG regulatory
network was constructed using 32 DEMs and 599 target genes, generating 846 negative
regulatory pairs (Supplementary Table S7). All pairs of regulatory relations are plotted
in Supplementary Figure S5, including 310 regulatory relationship pairs mediated by
21 up-regulated miRNAs (Supplementary Figure S5A) and 536 regulatory relationship
pairs regulated by 11 down-regulated miRNAs (Supplementary Figure S5B), forming a
sophisticated regulatory expression network.

To better understand the hub regulatory network, PPI analysis was conducted to
identify the hub target gens. As a result, 15 target genes were identified as hub genes,
including tp53, dnaja1, egfra, sec61a1, hyou1, tardbpl, zgc:55733, TRAF3, nbr1, ube2nb, hspa13,
MDC1, dnajb1a, ptk2, and rnasen (Figure 6A). A crucial regulatory network for key target
genes was then constructed, comprising 13 miRNAs and 15 target genes, generating
28 negative regulatory pairs (Figure 6B).
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2.10. Overview of the Key DEMs, DEGs and Functional Pathways

Based on the comprehensive bioinformatics analysis of RNA-seq and miRNA-seq,
combined with the predicted negative regulatory relationships of DEMs–DEGs and the
functional enrichment results, a putative schematic diagram is illustrated. This diagram
summarizes the pathways, DEGs and DEMs engaged in coping with thermal stress in the
muscle tissues of spotted sea bass (Figure 7). In detail, we speculated that there are three
predominant regulatory mechanisms: protein processing in the ER involving HSPs, AS
events related to the sarcomere assembly of muscle, and lipid metabolism-related pathways
associated with energy supply (Figure 7), which will be discussed in the Section 3.
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3. Discussion

Dramatic changes in ambient temperature can directly or indirectly affect physiological
and metabolic processes in fish [42]. Fishes exposed to high temperature can trigger a
cascade of severe reactions, including heat shock, depressed immune responses, disease,
developmental issues, reproductive challenges and impaired growth [43]. The spotted sea
bass, a widely cultured fish in China, is particularly susceptible to heat stress during the
summer months, resulting in growth and developmental impairment, as well as declines
in yield and quality. However, few studies have explored the molecular mechanisms
underlying heat tolerance in spotted sea bass. In this study, we conducted RNA-seq and
miRNA-seq analyses of muscle tissues from spotted sea bass to provide insights into
the molecular responses induced by high temperatures and elucidate multidimensional
regulatory mechanisms.

Heat shock proteins (HSPs), a class of chaperone proteins, are essential for widespread
stress resistance and environmental adaptation [44]. Their fundamental functions include



Int. J. Mol. Sci. 2024, 25, 12098 11 of 19

mediating the formation of functional conformations of new peptide chains, contributing
to intracellular protein transport and assembly, limiting the misfolding or unfolding of
proteins induced by stress and assisting partially unfolded proteins to refolding into
their native conformation [45]. Previous studies have revealed that HSPs, especially the
HSP90 and HSP70 family genes, are inducible under high-temperature conditions. For
instance, RNA-seq analysis showed that seven of the eight HSP90 genes were markedly
up-regulated in rainbow trout after exposure to high temperatures [46]. Similarly, five
significantly up-regulated HSP70 genes were detected in large yellow croaker livers under
high temperature [47]. HSP90 family genes are indispensable for the folding, assembly,
trafficking and aggregation of cellular proteins, especially under heat stress conditions [44].
In our study, three HSP90 number genes (hsp90aa.1.1, hsp90aa.1.2 and hsp90b1) exhibited
up-regulation and were significantly enriched in protein processing in the ER pathway
(Figure 7), indicating that HSP90 family genes are engaged in the folding, sorting and
degradation of misfolded proteins. As confirmed in catfish, hsp90aa1, hsp90aa2 and hsp90b1
genes were up-regulated, functioning in assisting protein folding and stabilization [48]. For
the HSP70 number genes, it has been reported that these proteins are involved in protein
folding and unfolding, offering protection to cells when exposed to high temperatures [49].
An example is the hspa5 gene, localized to the lumen of the ER, which is a master regulator
of ER homeostasis and is involved in protein folding and assembly [50]. The hspa5 protein
contains nucleotide-binding and substrate-binding domains, allowing it to transfer protein
into the ER, assist in ER-associated degradation, maintain protein homeostasis and protect
cells from environmental stresses [50]. Moreover, hspa5 was characterized as a potential hub
gene in spotted sea bass, as evidenced by PPI analysis (Figure 2A), and the up-regulation
of this gene underscores its vital role in the high temperature response. This conclusion
is supported by findings in spotted seatrout (Cynoscion nebulosus), which showed that
the hspa5 gene in the northern population was uniquely up-regulated under acute heat
stress [51]. Additionally, transcriptomic profiles of Japanese flounder (Paralichthys olivaceus)
gills under heat stress revealed that the hspa5 gene was among the up-regulated DEGs [52].

In addition to the HSP90 and HSP70 family genes, several other HSPs were signifi-
cantly up-regulated after heat stress and were predicted to be target genes of differentially
expressed miRNAs (DEMs), including HSPA13, DNAJB1, DNAJA1, SERPINH1, DNAJC7,
dnajc16 and AHSA1 (Supplementary Table S7). Previous studies have proven that HSPs
are targeted and regulated by miRNAs in response to elevated ambient temperatures. For
instance, several HSPs (such as DNAJA1 and HSP90BB) were predicted to be target genes
of miRNAs and validated through qPCR in rainbow trout [29,30]. Additionally, numerous
HSPs were identified as target genes of DEMs in Tibetan naked carp, suggesting that miR-
NAs significantly regulate the response to heat stress through HSPs [28]. In this study, these
HSPs were negatively moderated by lma-miR-122-5p, novel-miR-444, lma-miR-122 and
lma-miR-92b (Supplementary Table S7), implying that these miRNAs exert an instrumental
regulatory function in the heat stress response.

Energy supply is critical to the biological activity of fish. From the results of the
enrichment analysis of DAS genes, the insulin signaling transduction pathway was noted
(Figure 3A). The main function of the insulin signaling pathway is to regulate blood glucose
homeostasis in the body through glucose and lipid metabolism [53]. Besides the nutritional
status of the fish, temperature significantly affects blood glucose levels [54]. Sufficient blood
glucose provides an immediate energy supply to fish under high-temperature conditions.
Supporting this, significant enrichment of DAS genes in the insulin signaling pathway has
been documented in rainbow trout [55]. Furthermore, as an alternative source of energy
supply, lipid metabolism serves as a crucial role for fish to adapt to high-temperature
environments [27]. In this study, the target genes were significantly enriched in several
lipid metabolism-related pathways, including the FoxO signaling pathway, glycerolipid
metabolism, and the PPAR signaling pathway. The PPAR signaling pathway is pivotal in
regulating lipid metabolism, encompassing adipogenesis and metabolic homeostasis [56].
In this pathway, we noted the SLC27A1 gene targeted by novel-miR-154, which encodes a
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fatty acid transport protein that transports long-chain fatty acids into the cell by promoting
their transport at the plasma membrane. Up-regulation of this gene may contribute to the
mobilization of fat [57]. The LPL and ACSL1 genes are downstream response genes of the
PPAR signaling pathway. LPL encodes lipoprotein lipase, a pivotal enzyme in fatty acid
formation, indirectly influencing lipid metabolism levels [58]. In our regulatory network,
the expression of the LPL gene was up-regulated and targeted by lma-miR-184-3p and
lma-miR-184 (Supplementary Figure S5B and Supplementary Table S7). Consequently, the
LPL gene may increase the content of fatty acids in spotted sea bass, thereby promoting lipid
metabolism under heat stress. Similar trends have been observed in tilapia and Tibetan
naked carp under acute heat stress, where the LPL gene targeted by some significantly
down-regulated miRNAs was significantly up-regulated [27,28]. Furthermore, the ACSL1
gene encodes acyl-CoA synthetase, which functions in the conversion of free long-chain
fatty acids into fatty acyl-CoA esters. It participates in the heat stress response by regulating
fatty acid metabolism, as proven in juvenile turbot [59], Jinhu grouper (Epinephelus fuscogut-
tatus ♀× E. tukula ♂) [60] and Trachinotus ovatus [61]. In this study, the expression level of the
ACSL1 gene was observed to be up-regulated and negatively regulated by novel-miR-272,
suggesting that miRNAs are involved in fatty acid degradation by regulating the ACSL1
gene. Collectively, ensuring a sufficient energy supply by regulating insulin and lipid
metabolism-related signaling pathways is a vital molecular mechanism in response to heat
stress in spotted sea bass.

Alternative splicing (AS) acts as a regulator of genes at the post-transcriptional level
by generating mRNA and protein variants that vary in structure and function, playing a
vital role in cellular and physiological adaptations [62]. Given its widespread involvement
in fish responses to various harsh external environments, including cold [16], hypoxia [17],
disease [63], and salinity [64], the AS mechanism is crucial for coping with heat stress.
In our study, AS changes induced by heat stress were analyzed through transcriptome
analysis of muscle tissue in spotted sea bass. We discovered exon skipping (ES) events to be
the most frequent among the five typical AS types. Similar results have been found in other
fish species, including common carp [65], spiny chromis (Acanthochromis polyacanthus) [66],
turbot, tongue sole (Cynoglossus semilaevis), and rainbow trout [67]. Moreover, several stud-
ies on spotted sea bass have demonstrated the potential role of AS in responding to various
ambient stresses, including hypoxia, alkalinity and salinity in the gill or liver [34,37,64]. Our
results highlighted the significant regulatory role of AS in response to high-temperature
stress. Notably, the KEGG functional enrichment analysis of genes with AS showed signifi-
cant enrichment of the spliceosome pathway (Figure 3A). Spliceosomes, nuclear organelles
responsible for deleting non-coding introns from messenger RNA precursors (pre-mRNAs)
and reassembling exons to generate protein isoforms [68], exhibit alterations in several
important components under heat stress conditions, potentially influencing pre-mRNA
splicing. Similar findings were reported in catfish [63] and rainbow trout after thermal
stress [19], where genes undergoing DAS were significantly enriched in the spliceosome.
Interestingly, GO enrichment analysis exhibited a remarkable correlation with the sarcom-
ere assembly of muscle (Figure 3B). These GO terms, including the A band, I band, M band,
Z-disk, and skeletal muscle thin filament assembly, were proven to be functional in muscle
sarcomere assembly during proliferation and differentiation stages in a previous study [69].
Furthermore, we also identified numerous genes related to skeletal muscle development
from the DAS gene and DEG–DEM regulatory network (Figure 7), including MYBPC2,
myl1, MBNL2, MYOM2, myl10, MYO1C, MYO18A, MYOZ2, MYL6, MYLIP, MYPN, and
MYO5A. In particular, the MYOM2 (Myomesin 2) gene, a major component of the verte-
brate myofibrillar M band [70], was regulated by three miRNAs, simultaneously. It has
also been found that MYOM2 plays an important role in skeletal muscle cell development
and differentiation in black rockfish (Sebastes schlegelii) [71] and European eel (Anguilla
anguilla) [72]. Given this, it is reasonable to infer that AS is involved in the regulation of
sarcomere assembly in the muscle of spotted sea bass in response to heat stress.
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4. Materials and Methods
4.1. Ethics Statement

For the welfare of animals, all experiments were approved by the respective Animal
Research and Ethics Committees of Ocean University of China (Permit Number: 20141201),
and fishes were dissected under advanced anesthesia using MS-222 (200 mg/L). The fish
used for the experiment were commercially available, and no endangered or protected
species were included in this research.

4.2. Experimental Design and Fish Sampling

To investigate the influence of elevated temperature on spotted sea bass, wild fish
(body length: 22.60 ± 1.14 cm, body weight: 102.19 ± 16.65 g) were acquired from the
Weihai coastal region (Weihai, China). The acute heat stress challenge experiment was
performed after a month of domestication in a square pool with a volume of approximately
25 m3 under a, seawater temperature of 15 ± 1 ◦C, pH value of 8 ± 0.5, dissolved oxygen
content of more than 7 mg/L and salinity of 24 ± 0.1, at Shuangying Aquatic Seeding
Co., Ltd. (Lijin, China). Fish were not fed for 24 h before exposure to high temperature,
then 60 individuals were randomly assigned to three replicates of homemade net cages
for the high-temperature challenge, with a density of 20 individuals in each replicate. A
heating tube at the bottom of the container was used as a temperature moderator. Prior to
the formal experiments, a preliminary trial was conducted in which 20 fish were placed
in a same net cage and the temperature was gradually increased to 31 ◦C from 15 ◦C at
a rate of 1 ◦C per hour. It was observed that mortality exceeded 50% within less than
12 h. A 15 ◦C temperature shift may be considered the critical threshold for this group
of samples. Consequently, the ultimate stress temperature was determined to be 30 ◦C.
At the start of the experiment, the seawater temperature increased at an average rate of
1 ◦C per hour from 15 ◦C to 30 ◦C. After about 15 h, the temperature was maintained
at 30 ± 0.5 ◦C to monitor changes in fish reactions. During the heat challenge, all other
ambient conditions were as described above for acclimatization and the tested fish were
starved. After anesthetization with an MS-222 bath, the blood and muscle tissue of three
individuals from each replicate were sampled at acclimatization (before heating, 15 ◦C),
6 h (timing from 30 ◦C), 12 h, 24 h, 48 h and 72 h, these being named the control, H6, H12,
H24, H48 and H72 groups, respectively (Supplementary Figure S1). Blood samples were
extracted immediately from the tail vein of the spotted sea bass. After standing for 24 h at
4 ◦C, serum was collected from blood samples by centrifugation at 5000 r/min for 10 min.
The collected muscle tissue and serum were frozen in liquid nitrogen and stored under
−80 ◦C. No fish mortality occurred during the experimental process.

4.3. Biochemical Parameters Assays

To detect the effect of high temperature on biochemical parameters, nine parameters
were measured, including alkaline phosphatase (ALP), γ-glutamyl transferase (γ-GT),
aspartate aminotransferase (AST), glucose (GLU), creatine Kinase (CK), alanine aminotrans-
ferase (ALT), triglyceride (TG), lactate dehydrogenase (LDH), and total cholesterol (TC).
Equal volumes of serum from three individuals in each replicate were pooled into one sam-
ple to reduce individual differences. Enzyme activity was calculated using commercially
available kits, following the manufacturer’s protocols of the Mindray BS-180 full-automatic
biochemical analyzer (Mindray, Shenzhen, China). Significance testing between samples
was conducted using one-way analysis of variance (ANOVA).

4.4. RNA Isolation, Library Preparation and Sequencing

TRIzol reagents (Invitrogen, Carlsbad, CA, USA) were used to extract total RNA from
muscle tissue. Subsequently, NanoDrop 2000 and Fragment Analyzer 5400 were used
to assess the concentration and integrity of the total RNA, respectively. To minimize the
adverse impact of individual differences on the results, equal amounts of total RNA from
three individuals in each replicate were pooled into one sample.
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For transcriptome sequencing, we constructed 18 sequencing libraries (three replicates
at six sampling time points) using the NEBNext UltraTM RNA Library Prep Kit (NEB,
Ipswich, MA, USA). The library preparations were used to generate 150 bp paired-end
reads. For miRNA sequencing, the libraries were prepared based on the extracted total
RNA using NEBNext® Multiplex Small RNA Library Prep Set (NEB, USA). Similarly to
RNA-seq, the library preparations were employed to generate 50 bp single-end reads on
the Illumina Novaseq 6000 platform. However, to reduce costs, we only sequenced the
control and heat-treated (heat treatment for 24 h) groups, named CG and HG, respectively.

4.5. Identification of DEGs and PPI Network Construction

Fastp v0.23.2 software [73] was used to remove adapter sequences and low-quality
raw sequencing reads, generating high-quality clean reads. The clean reads were then
aligned to the reference genome sequence of spotted sea bass (PRJNA407434) using Hisat2
v2.2.0 software [74]. The raw count matrices were calculated using the featureCounts
program [75]. To normalize gene expression levels, the count matrices were converted to
fragments per kilobase of transcript per million fragments mapped (FPKM) using StringTie
v2.2.1 software [76]. Differential expression analysis was carried out using DEseq2 v1.30.1
(R package) [77] to identify DEGs among the five comparisons (H6 vs. control, H12 vs.
control, H24 vs. control, H48 vs. control and H72 vs. control). The significant threshold
was set to |log2FoldChange| ≥ 1 and an adjusted p-value ≤ 0.01.

A protein–protein interaction (PPI) network for shared DEGs across all comparison
groups was constructed to identify the hub genes using String (https://cn.string-db.org/
(accessed on 1 November 2024)). We considered a significant interaction with the setting
of a high confidence score > 0.7. Cytoscape (http://www.cytoscape.org/ (accessed on
1 November 2024)) was used to predict the PPI network, and the connectivity degree
was counted by Cyto-Hubba v0.1 to identify the potential hub gene. MCODE v2.0.0, a
Cytoscape plug-in, was operated to search for significant modules with default parameters.

4.6. Identification of DAS Events

Differential alternative splicing (DAS) events were identified using rMATS v4.1.2 soft-
ware [78], a specialized computational tool for analyzing alternative splicing (AS) events.
The likelihood ratio test was performed to calculate significance at the inclusion levels.
The significant threshold for DAS events was set to a false discovery rate (FDR) < 0.05.
Subsequently, genes involved in the DAS events were extracted to illustrate their poten-
tial function.

4.7. miRNA Identification and Differential Expression Analysis

Raw reads were filtered using Cutadapt v3.4 [79] and FASTX-Toolkit v0.0.14 software
to remove reads with adapters, reads containing more than 5 N bases, low-quality reads
(Q ≤ 20), reads shorter than 18 nt, reads longer than 35 nt and polyA reads. The clean
reads were then mapped to the spotted sea bass reference genome using Bowtie v1.3.1
software [80] with the following main parameters: -v 1 -k 1. The mapped reads were
annotated using the Rfam database [81], cDNA and spotted sea bass repeat sequences.
The identification of miRNAs was carried out using the remaining reads. Reads that
perfectly matched mature miRNAs and hairpin sequences in miRbase v22.1 [82] were
considered known conserved miRNAs. Novel miRNAs were predicted using miRDeep2
v0.1.3 software [83] with the following criteria: a score ≥ 1.0, an estimated signal-to-
noise > 15 and a significant randfold p-value < 0.05. The expression levels of miRNA
were normalized based on reads per million mapped reads (RPM). Differentially expressed
miRNAs (DEMs) were determined using DESeq2, with the significant threshold set to an
adjusted p-value ≤ 0.05 and |log2FoldChange| ≥ 1.

https://cn.string-db.org/
http://www.cytoscape.org/
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4.8. Interaction Analysis of mRNA and miRNA

Three tools were employed to predict the target genes for DEMs: miRanda v3.3a with
the main parameters -sc 140 --en -10 -strict, TargetScan v5.0 with a threshold score of ≥50,
and RNAhybrid [84] with default parameters. To minimize false positives, overlapping
genes from the three algorithms were regarded as plausible potential target genes. Given
that most well-accepted mRNAs and miRNAs interactions are negatively regulatory, nega-
tively associated mRNA–miRNA pairs were screened for constructing interaction networks.

4.9. Functional Enrichment Analysis

GO and KEGG enrichment analyses were performed to investigate the biological
functions of DAS events and target genes of DEMs. The enrichment module of KOBAS-i
(KOBAS intelligent version) [85] was used for functional enrichment analysis, with the
statistical method being the hypergeometric test and the method for FDR correction being
the Benjamani–Hochberg method. An FDR < 0.05 was considered significant.

4.10. Validation Results by qPCR and RT-PCR

To verify the RNA-seq analysis results, the relative expression levels of several DEGs
were detected using quantitative real-time PCR (qPCR). Briefly, cDNA templates were
obtained from the total RNA of muscle tissue after the heat stress experiment using
SPARKscript 1st Strand cDNA Synthesis Kit (SparkJade, Qingdao, China). Gene-specific
primers were designed using the NCBI Primer-BLAST tool and are listed in Supplementary
Table S1. A 10 µL qPCR reaction system, consisting of 3.6 µL of nuclease-free water, a 1 µL
cDNA template, 5 µL SPARKscript II SYBR Green qRT-PCR Kit Mix (SparkJade, China),
and 0.2 µL of each forward/reverse primer, was prepared. The reactions were run in
triplicate on the StepOne Plus Real-Time PCR system (Applied Biosystems, Foster, CA,
USA). The reference gene was 18s rRNA, and the 2−∆∆Ct method was used to calculate
relative expression level.

For the validation of DAS events, cDNA was used as the template for RT-PCR experi-
ment. As previously mentioned, primers were designed using the NCBI Primer-BLAST
tool (Supplementary Table S1). RT-PCR experiments were conducted following the manu-
facturer’s instructions on a thermal cycler (Bio-Red, Pleasanton, CA, USA). PCR products
were assayed by electrophoresis using a 0.5% agarose gel stained with Goldview (Yeasen
Biotechnology, Shanghai, China).

To validate the miRNA results, six DEMs and three target genes were randomly
selected for qPCR. For miRNA sequencing, cDNA templates were obtained from total RNA
using the miRNA 1st Strand cDNA Synthesis Kit (by tailing A) (Vazyme, Nanjing, China).
miRNA-specific forward primers were designed using miRNA Design V1.01 software
(Vazyme, China), and the results are listed in Supplementary Table S2. A 10 µL qPCR
reaction system, consisting of 5 uL of miRNA Universal SYBR qPCR Master Mix (2×),
2.6 µL of nuclease-free water, 2 µL template cDNA, and 0.2 µL of each primer, was prepared.
The reference gene for miRNA was U6. The validation of target genes was conducted as
described for the DEG validation.

5. Conclusions

Overall, the activities of nine biochemical parameters were significantly affected by
heat stress. Additionally, high-throughput sequencing of mRNAs and miRNAs in the mus-
cle of spotted sea bass revealed significant changes in mRNA and miRNA expression after
thermal stress. Through differential expression analysis, 1940 overlapping differentially
expressed genes (DEGs) were identified among the five comparisons, and 32 differen-
tially expressed miRNAs (DEMs) were detected after heat stress. Based on target gene
predictions, a DEG–DEM regulatory network was constructed. Our results showed that
HSPs, lipid metabolism-related pathways, and AS mechanisms were crucial for thermal
response. Our findings shed valuable light on the molecular regulatory mechanisms in re-
sponse to thermal shock in spotted sea bass, contributing to the advancement of molecular
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breeding programs for heat-tolerant strains and offering useful information to improve the
management of fish affected by high-temperature stress.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms252212098/s1.

Author Contributions: Conceptualization, C.L., H.W., X.Q. and Y.L.; methodology, C.L., C.Z., Y.Z.
(Yonghang Zhang), L.W. and K.Z.; visualization, C.L. and Y.Z. (Yuan Zheng); software, C.L., Y.Z.
(Yuan Zheng), D.S., Y.Z. (Yonghang Zhang), L.W. and K.Z.; validation, Y.Z. (Yonghang Zhang) and
C.Z.; data curation, D.S.; resources, H.W. and X.Q.; supervision, H.W. and Y.L.; funding acquisition,
H.W. and Y.L.; writing—original draft preparation, C.L.; writing—review and editing, Y.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by National Key R&D Program of China [grant number:
2022YFD2400503], National Natural Science Foundation of China [grant number: NSFC, 32072947],
China Agriculture Research System (CARS for Marine Fish Culture Industry) [grant number: CARS-
47] and Research on breeding technology of candidate species for Guangdong modern marine
ranching [grant number: 2024-MRB-00-001].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Publicly available datasets were analyzed in this study. The se-
quencing data were been deposited in the NCBI database, accession numbers PRJNA1071322 and
PRJNA1071344.

Acknowledgments: We thank the editors and reviewers for their valuable comments on our
manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. García-Echauri, L.L.; Liggins, G.; Cetina-Heredia, P.; Roughan, M.; Coleman, M.A.; Jeffs, A. Future ocean temperature impacting

the survival prospects of post-larval spiny lobsters. Mar. Environ. 2020, 156, 104918. [CrossRef] [PubMed]
2. Gouda, H.; Agatsuma, Y. Effect of high temperature on gametogenesis of the sea urchin Strongylocentrotus intermedius in the

Sea of Japan, northern Hokkaido, Japan. J. Exp. Mar. Biol. Ecol. 2020, 525, 151324. [CrossRef]
3. Strøm, J.F.; Thorstad, E.B.; Rikardsen, A.H. Thermal habitat of adult Atlantic salmon Salmo salar in a warming ocean. J. Fish Biol.

2020, 96, 327–336. [CrossRef] [PubMed]
4. Bizuayehu, T.T.; Babiak, I. MicroRNA in Teleost Fish. Genome Biol. Evol. 2014, 6, 1911–1937. [CrossRef]
5. Fan, X.P.; Qin, X.M.; Zhang, C.H.; Zhu, Q.F.; Chen, J.P.; Chen, P.W. Metabolic and anti-oxidative stress responses to low

temperatures during the waterless preservation of the hybrid grouper (Epinephelus fuscogutatus ♀× Epinephelus lanceolatus ♂).
Aquaculture 2019, 508, 10–18. [CrossRef]

6. Islam, M.J.; Kunzmann, A.; Slater, M.J. Responses of aquaculture fish to climate change-induced extreme temperatures: A review.
J. World Aquac. Soc. 2022, 53, 314–366. [CrossRef]

7. Yu, F.; Shen, Y.; Peng, W.; Chen, N.; Gan, Y.; Xiao, Q.; Liu, J.; Lu, Y.; Lin, W.; Han, Z.; et al. Metabolic and transcriptional responses
demonstrating enhanced thermal tolerance in domesticated abalone. Sci. Total Environ. 2023, 872, 162060. [CrossRef]

8. Shi, K.-P.; Dong, S.-L.; Zhou, Y.-G.; Li, Y.; Gao, Q.-F.; Sun, D.-J. RNA-seq reveals temporal differences in the transcriptome
response to acute heat stress in the Atlantic salmon (Salmo salar). Comp. Biochem. Physiol. Part D Genom. Proteom. 2019, 30, 169–178.
[CrossRef]

9. Logan, C.A.; Somero, G.N. Effects of thermal acclimation on transcriptional responses to acute heat stress in the eurythermal fish
Gillichthys mirabilis (Cooper). Am. J. Physiol. Regul. Integr. Comp. Physiol. 2011, 300, R1373–R1383. [CrossRef]

10. Wang, Y.; Li, C.; Pan, C.; Liu, E.; Zhao, X.; Ling, Q. Alterations to transcriptomic profile, histopathology, and oxidative stress in
liver of pikeperch (Sander lucioperca) under heat stress. Fish Shellfish Immunol. 2019, 95, 659–669. [CrossRef]

11. Huang, D.; Ren, M.; Liang, H.; Ge, X.; Xu, H.; Wu, L. Transcriptome analysis of the effect of high-temperature on nutrient
metabolism in juvenile grass carp (Ctenopharyngodon idellus). Gene 2022, 809, 146035. [CrossRef] [PubMed]

12. Yang, Y.; Yu, H.; Li, H.; Wang, A.; Yu, H.-y. Effect of high temperature on immune response of grass carp (Ctenopharyngodon
idellus) by transcriptome analysis. Fish Shellfish Immunol. 2016, 58, 89–95. [CrossRef] [PubMed]

13. Souza, M.R.D.P.d.; Herrerias, T.; Zaleski, T.; Forgati, M.; Kandalski, P.K.; Machado, C.; Silva, D.T.; Piechnik, C.A.; Moura, M.O.;
Donatti, L. Heat stress in the heart and muscle of the Antarctic fishes Notothenia rossii and Notothenia coriiceps: Carbohydrate
metabolism and antioxidant defence. Biochimie 2018, 146, 43–55. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms252212098/s1
https://www.mdpi.com/article/10.3390/ijms252212098/s1
https://doi.org/10.1016/j.marenvres.2020.104918
https://www.ncbi.nlm.nih.gov/pubmed/32174338
https://doi.org/10.1016/j.jembe.2020.151324
https://doi.org/10.1111/jfb.14187
https://www.ncbi.nlm.nih.gov/pubmed/31661157
https://doi.org/10.1093/gbe/evu151
https://doi.org/10.1016/j.aquaculture.2019.04.054
https://doi.org/10.1111/jwas.12853
https://doi.org/10.1016/j.scitotenv.2023.162060
https://doi.org/10.1016/j.cbd.2018.12.011
https://doi.org/10.1152/ajpregu.00689.2010
https://doi.org/10.1016/j.fsi.2019.11.014
https://doi.org/10.1016/j.gene.2021.146035
https://www.ncbi.nlm.nih.gov/pubmed/34688817
https://doi.org/10.1016/j.fsi.2016.09.014
https://www.ncbi.nlm.nih.gov/pubmed/27633683
https://doi.org/10.1016/j.biochi.2017.11.010
https://www.ncbi.nlm.nih.gov/pubmed/29155109


Int. J. Mol. Sci. 2024, 25, 12098 17 of 19

14. Baralle, F.E.; Giudice, J. Alternative splicing as a regulator of development and tissue identity. Nat. Rev. Mol. Cell Biol. 2017, 18,
437–451. [CrossRef]

15. Kelemen, O.; Convertini, P.; Zhang, Z.; Wen, Y.; Shen, M.; Falaleeva, M.; Stamm, S. Function of alternative splicing. Gene 2013, 514,
1–30. [CrossRef]

16. Healy, T.M.; Schulte, P.M. Patterns of alternative splicing in response to cold acclimation in fish. J. Exp. Biol. 2019, 222, jeb.193516.
[CrossRef]

17. Xia, J.H.; Li, H.L.; Li, B.J.; Gu, X.H.; Lin, H.R. Acute hypoxia stress induced abundant differential expression genes and alternative
splicing events in heart of tilapia. Gene 2018, 639, 52–61. [CrossRef]

18. Tan, S.; Wang, W.; Tian, C.; Niu, D.; Zhou, T.; Jin, Y.; Yang, Y.; Gao, D.; Dunham, R.; Liu, Z. Heat stress induced alternative splicing
in catfish as determined by transcriptome analysis. Comp. Biochem. Physiol. Part D Genom. Proteom. 2019, 29, 166–172. [CrossRef]

19. Liu, Z.; Sun, J.; Quan, J.; Li, L.; Zhao, G.; Lu, J. Effect of selenium nanoparticles on alternative splicing in heat-stressed rainbow
trout primary hepatocytes. Comp. Biochem. Physiol. Part D Genom. Proteom. 2023, 45, 101042. [CrossRef]

20. Wang, L.; Zhang, X.; Wen, H.; Qi, X.; Sun, D.; Li, X.; Li, J.; Tian, Y.; Zhang, K.; Li, Y. Integrated miRNA and mRNA analysis in gills
of spotted sea bass reveals novel insights into the molecular regulatory mechanism of salinity acclimation. Aquaculture 2023, 575,
739778. [CrossRef]

21. Herkenhoff, M.E.; Oliveira, A.C.; Nachtigall, P.G.; Costa, J.M.; Campos, V.F.; Hilsdorf, A.W.S.; Pinhal, D. Fishing Into the
MicroRNA Transcriptome. Front. Genet. 2018, 9, 88. [CrossRef] [PubMed]

22. Bartel, D.P. MicroRNAs: Target Recognition and Regulatory Functions. Cell 2009, 136, 215–233. [CrossRef] [PubMed]
23. Ng, H.M.; Ho, J.C.H.; Nong, W.; Hui, J.H.L.; Lai, K.P.; Wong, C.K.C. Genome-wide analysis of MicroRNA-messenger RNA

interactome in ex-vivo gill filaments, Anguilla japonica. BMC Genom. 2020, 21, 208. [CrossRef] [PubMed]
24. Yan, B.; Guo, J.-T.; Zhao, L.-H.; Zhao, J.-L. MiR-30c: A novel regulator of salt tolerance in tilapia. Biochem. Biophys. Res. Commun.

2012, 425, 315–320. [CrossRef] [PubMed]
25. Zhou, X.; Yang, P.-C. MicroRNA: A small molecule with a big biological impact. Microrna 2012, 1, 1. [CrossRef]
26. Zhou, Y.; Wang, Y.-Y.; Fu, H.-C.; Huang, H.-Z. MicroRNA expression and analysis of immune-related putative target genes in

ISKNV-infected spleen of mandarin fish (Siniperca chuatsi). Aquaculture 2022, 547, 737450. [CrossRef]
27. Qiang, J.; Bao, W.J.; Tao, F.Y.; He, J.; Li, X.H.; Xu, P.; Sun, L.Y. The expression profiles of miRNA–mRNA of early response in

genetically improved farmed tilapia (Oreochromis niloticus) liver by acute heat stress. Sci. Rep. 2017, 7, 8705. [CrossRef]
28. Zhang, C.; Tong, C.; Tian, F.; Zhao, K. Integrated mRNA and microRNA transcriptome analyses reveal regulation of thermal

acclimation in Gymnocypris przewalskii: A case study in Tibetan Schizothoracine fish. PLoS ONE 2017, 12, e0186433. [CrossRef]
29. Huang, J.; Li, Y.; Ma, F.; Kang, Y.; Liu, Z.; Wang, J. Identification and characterization of microRNAs in the liver of rainbow trout

in response to heat stress by high-throughput sequencing. Gene 2018, 679, 274–281. [CrossRef]
30. Ma, F.; Liu, Z.; Huang, J.; Li, Y.; Kang, Y.; Liu, X.; Wang, J. High-throughput sequencing reveals microRNAs in response to heat

stress in the head kidney of rainbow trout (Oncorhynchus mykiss). Funct. Integr. Genom. 2019, 19, 775–786. [CrossRef]
31. Campos, C.; Sundaram, A.Y.M.; Valente, L.M.P.; Conceição, L.E.C.; Engrola, S.; Fernandes, J.M.O. Thermal plasticity of the

miRNA transcriptome during Senegalese sole development. BMC Genom. 2014, 15, 525. [CrossRef] [PubMed]
32. Han, L.; Quan, Z.; Wu, Y.; Hao, P.; Wang, W.; Li, Y.; Zhang, X.; Liu, P.; Gao, C.; Wang, H.; et al. Expression Regulation Mechanisms

of Sea Urchin (Strongylocentrotus intermedius) Under the High Temperature: New Evidence for the miRNA-mRNA Interaction
Involvement. Front. Genet. 2022, 13, 876308. [CrossRef] [PubMed]

33. Zheng, J.; Cao, J.; Mao, Y.; Su, Y.; Wang, J. Identification of microRNAs with heat stress responsive and immune properties in
Marsupenaeus japonicus based on next-generation sequencing and bioinformatics analysis: Essential regulators in the heat
stress-host interactions. Fish Shellfish Immunol. 2018, 81, 390–398. [CrossRef] [PubMed]

34. Ren, Y.; Tian, Y.; Mao, X.; Wen, H.; Qi, X.; Li, J.; Li, J.; Li, Y. Acute hypoxia changes the gene expression profiles and alternative
splicing landscape in gills of spotted sea bass (Lateolabrax maculatus). Front. Mar. Sci. 2022, 9, 1024218. [CrossRef]

35. Zhang, X.; Wen, H.; Qi, X.; Zhang, K.; Liu, Y.; Fan, H.; Yu, P.; Tian, Y.; Li, Y. Na+-K+-ATPase and nka genes in spotted sea bass
(Lateolabrax maculatus) and their involvement in salinity adaptation. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 2019, 235,
69–81. [CrossRef]

36. Zhang, X.; Wen, H.; Wang, H.; Ren, Y.; Zhao, J.; Li, Y. RNA-Seq analysis of salinity stress–responsive transcriptome in the liver of
spotted sea bass (Lateolabrax maculatus). PLoS ONE 2017, 12, e0173238. [CrossRef]

37. Zhang, Y.; Wen, H.; Liu, Y.; Qi, X.; Sun, D.; Zhang, C.; Zhang, K.; Zhang, M.; Li, J.; Li, Y. Gill histological and transcriptomic
analysis provides insights into the response of spotted sea bass (Lateolabrax maculatus) to alkalinity stress. Aquaculture 2023, 563,
738945. [CrossRef]

38. Phillips, K. Muscles Function, Whatever the Temperature. J. Exp. Biol. 2002, 205, i1503.
39. Jesus Tiago, F.; Grosso Ana, R.; Almeida-Val, V.M.F.; Coelho, M.M. Transcriptome profiling of two Iberian freshwater fish exposed

to thermal stress. J. Therm. Biol. 2016, 55, 54–61. [CrossRef]
40. Feidantsis, K.; Georgoulis, I.; Zachariou, A.; Campaz, B.; Christoforou, M.; Pörtner, H.O.; Michaelidis, B. Energetic, antioxidant,

inflammatory and cell death responses in the red muscle of thermally stressed Sparus aurata. J. Comp. Physiol. B 2020, 190,
403–418. [CrossRef]

https://doi.org/10.1038/nrm.2017.27
https://doi.org/10.1016/j.gene.2012.07.083
https://doi.org/10.1242/jeb.193516
https://doi.org/10.1016/j.gene.2017.10.002
https://doi.org/10.1016/j.cbd.2018.11.008
https://doi.org/10.1016/j.cbd.2022.101042
https://doi.org/10.1016/j.aquaculture.2023.739778
https://doi.org/10.3389/fgene.2018.00088
https://www.ncbi.nlm.nih.gov/pubmed/29616080
https://doi.org/10.1016/j.cell.2009.01.002
https://www.ncbi.nlm.nih.gov/pubmed/19167326
https://doi.org/10.1186/s12864-020-6630-0
https://www.ncbi.nlm.nih.gov/pubmed/32131732
https://doi.org/10.1016/j.bbrc.2012.07.088
https://www.ncbi.nlm.nih.gov/pubmed/22842562
https://doi.org/10.2174/2211536611201010001
https://doi.org/10.1016/j.aquaculture.2021.737450
https://doi.org/10.1038/s41598-017-09264-4
https://doi.org/10.1371/journal.pone.0186433
https://doi.org/10.1016/j.gene.2018.09.012
https://doi.org/10.1007/s10142-019-00682-3
https://doi.org/10.1186/1471-2164-15-525
https://www.ncbi.nlm.nih.gov/pubmed/24966054
https://doi.org/10.3389/fgene.2022.876308
https://www.ncbi.nlm.nih.gov/pubmed/35846155
https://doi.org/10.1016/j.fsi.2018.05.030
https://www.ncbi.nlm.nih.gov/pubmed/29778844
https://doi.org/10.3389/fmars.2022.1024218
https://doi.org/10.1016/j.cbpa.2019.05.017
https://doi.org/10.1371/journal.pone.0173238
https://doi.org/10.1016/j.aquaculture.2022.738945
https://doi.org/10.1016/j.jtherbio.2015.11.009
https://doi.org/10.1007/s00360-020-01278-1


Int. J. Mol. Sci. 2024, 25, 12098 18 of 19

41. Wang, Y.; Liu, Z.; Li, Z.; Shi, H.; Kang, Y.; Wang, J.; Huang, J.; Jiang, L. Effects of heat stress on respiratory burst, oxidative damage
and SERPINH1 (HSP47) mRNA expression in rainbow trout Oncorhynchus mykiss. Fish Physiol. Biochem. 2016, 42, 701–710.
[CrossRef] [PubMed]

42. Lyu, L.; Wen, H.; Li, Y.; Li, J.; Zhao, J.; Zhang, S.; Song, M.; Wang, X. Deep Transcriptomic Analysis of Black Rockfish (Sebastes
schlegelii) Provides New Insights on Responses to Acute Temperature Stress. Sci. Rep. 2018, 8, 9113. [CrossRef] [PubMed]

43. Chowdhury, S.; Saikia, S.K. Oxidative Stress in Fish: A Review. J. Sci. Res. 2020, 12, 145–160. [CrossRef]
44. Roberts, R.J.; Agius, C.; Saliba, C.; Bossier, P.; Sung, Y.Y. Heat shock proteins (chaperones) in fish and shellfish and their potential

role in relation to fish health: A review. J. Fish Dis. 2010, 33, 789–801. [CrossRef]
45. Storey, J.M.; Storey, K.B. Chaperone proteins: Universal roles in surviving environmental stress. Cell Stress Chaperones 2022, 28,

455–466. [CrossRef]
46. Ma, F.; Liu, Z.; Kang, Y.; Quan, J. Genome-Wide Identification of hsp90 Gene in Rainbow Trout (Oncorhynchus mykiss) and Their

Regulated Expression in Response to Heat Stress. DNA Cell Biol. 2020, 39, 428–440. [CrossRef]
47. Xu, K.; Xu, H.; Han, Z. Genome-Wide Identification of Hsp70 Genes in the Large Yellow Croaker (Larimichthys crocea) and Their

Regulated Expression Under Cold and Heat Stress. Genes 2018, 9, 590. [CrossRef]
48. Liu, S.; Wang, X.; Sun, F.; Zhang, J.; Feng, J.; Liu, H.; Rajendran, K.V.; Sun, L.; Zhang, Y.; Jiang, Y.; et al. RNA-Seq reveals

expression signatures of genes involved in oxygen transport, protein synthesis, folding, and degradation in response to heat
stress in catfish. Physiol. Genom. 2013, 45, 462–476. [CrossRef]

49. De Maio, A. Heat shock proteins: Facts, thoughts, and dreams. Shock 1999, 11, 1–12. [CrossRef]
50. Wang, J.; Lee, J.; Liem, D.; Ping, P. HSPA5 Gene encoding Hsp70 chaperone BiP in the endoplasmic reticulum. Gene 2017, 618,

14–23. [CrossRef]
51. Song, J.; McDowell, J.R. Comparative transcriptomics of spotted seatrout (Cynoscion nebulosus) populations to cold and heat stress.

Ecol. Evol. 2021, 11, 1352–1367. [CrossRef] [PubMed]
52. Yan, W.; Qiao, Y.; He, J.; Qu, J.; Liu, Y.; Zhang, Q.; Wang, X. Molecular Mechanism Based on Histopathology, Antioxidant System

and Transcriptomic Profiles in Heat Stress Response in the Gills of Japanese Flounder. Int. J. Mol. Sci. 2022, 23, 3286. [CrossRef]
[PubMed]

53. Saltiel, A.R.; Kahn, C.R. Insulin signalling and the regulation of glucose and lipid metabolism. Nature 2001, 414, 799–806.
[CrossRef] [PubMed]

54. Navarro, I.; Rojas, P.; Capilla, E.; Albalat, A.; Castillo, J.; Montserrat, N.; Codina, M.; Gutiérrez, J. Insights into Insulin and
Glucagon Responses in Fish. Fish Physiol. Biochem. 2002, 27, 205–216. [CrossRef]

55. Sun, J.; Liu, Z.; Quan, J.Q.; Li, L.L.; Zhao, G.Y.; Lu, J.H. RNA-seq Analysis Reveals Alternative Splicing Under Heat Stress in
Rainbow Trout (Oncorhynchus mykiss). Mar. Biotechnol. 2022, 24, 5–17. [CrossRef]

56. Varga, T.; Czimmerer, Z.; Nagy, L. PPARs are a unique set of fatty acid regulated transcription factors controlling both lipid
metabolism and inflammation. Biochim. Et Biophys. Acta 2011, 1812, 1007–1022. [CrossRef]

57. Yang, Y.; Zhou, H.; Hou, L.; Xing, K.; Shu, H. Transcriptional profiling of skeletal muscle reveals starvation response and
compensatory growth in Spinibarbus hollandi. BMC Genom. 2019, 20, 938. [CrossRef]

58. Albalat, A.; Saera-Vila, A.; Capilla, E.; Gutiérrez, J.; Pérez-Sánchez, J.; Navarro, I. Insulin regulation of lipoprotein lipase (LPL)
activity and expression in gilthead sea bream (Sparus aurata). Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2007, 148, 151–159.
[CrossRef]

59. Zhao, T.; Ma, A.; Huang, Z.; Liu, Z.; Sun, Z.; Zhu, C.; Yang, J.; Li, Y.; Wang, Q.; Qiao, X.; et al. Transcriptome analysis reveals that
high temperatures alter modes of lipid metabolism in juvenile turbot (Scophthalmus maximus) liver. Comp. Biochem. Physiol. Part D
Genom. Proteom. 2021, 40, 100887. [CrossRef]

60. Duan, P.; Tian, Y.; Li, Z.; Chen, S.; Li, L.; Wang, X.; Wang, L.; Liu, Y.; Zhai, J.; Li, W.; et al. Comparative transcriptome analysis
of hybrid Jinhu grouper (Epinephelus fuscoguttatus ♀× Epinephelus tukula ♂) and Epinephelus fuscoguttatus under temperature
stress. Aquaculture 2024, 578, 740037. [CrossRef]

61. Li, Q.-Q.; Zhang, J.; Wang, H.-Y.; Niu, S.-F.; Wu, R.-X.; Tang, B.-G.; Wang, Q.-H.; Liang, Z.-B.; Liang, Y.-S. Transcriptomic Response
of the Liver Tissue in Trachinotus ovatus to Acute Heat Stress. Animals 2023, 13, 2053. [CrossRef] [PubMed]

62. Blencowe, B.J. Alternative Splicing: New Insights from Global Analyses. Cell 2006, 126, 37–47. [CrossRef] [PubMed]
63. Tan, S.; Wang, W.; Tian, C.; Niu, D.; Zhou, T.; Yang, Y.; Gao, D.; Liu, Z. Post-transcriptional regulation through alternative splicing

after infection with Flavobacterium columnare in channel catfish (Ictalurus punctatus). Fish Shellfish Immunol. 2019, 91, 188–193.
[CrossRef] [PubMed]

64. Tian, Y.; Wen, H.; Qi, X.; Zhang, X.; Sun, Y.; Li, J.; He, F.; Zhang, M.; Zhang, K.; Yang, W.; et al. Alternative splicing (AS) mechanism
plays important roles in response to different salinity environments in spotted sea bass. Int. J. Biol. Macromol. 2020, 155, 50–60.
[CrossRef] [PubMed]

65. Long, Y.; Li, X.; Li, F.; Ge, G.; Liu, R.; Song, G.; Li, Q.; Qiao, Z.; Cui, Z. Transcriptional Programs Underlying Cold Acclimation of
Common Carp (Cyprinus carpio L.). Front. Genet. 2020, 11, 556418. [CrossRef]

66. Chan, S.K.N.; Suresh, S.; Munday, P.; Ravasi, T.; Bernal, M.A.; Schunter, C. The alternative splicing landscape of a coral reef fish
during a marine heatwave. Ecol. Evol. 2022, 12, e8738. [CrossRef]

https://doi.org/10.1007/s10695-015-0170-6
https://www.ncbi.nlm.nih.gov/pubmed/26614500
https://doi.org/10.1038/s41598-018-27013-z
https://www.ncbi.nlm.nih.gov/pubmed/29904092
https://doi.org/10.3329/jsr.v12i1.41716
https://doi.org/10.1111/j.1365-2761.2010.01183.x
https://doi.org/10.1007/s12192-022-01312-x
https://doi.org/10.1089/dna.2019.4936
https://doi.org/10.3390/genes9120590
https://doi.org/10.1152/physiolgenomics.00026.2013
https://doi.org/10.1097/00024382-199901000-00001
https://doi.org/10.1016/j.gene.2017.03.005
https://doi.org/10.1002/ece3.7138
https://www.ncbi.nlm.nih.gov/pubmed/33598136
https://doi.org/10.3390/ijms23063286
https://www.ncbi.nlm.nih.gov/pubmed/35328705
https://doi.org/10.1038/414799a
https://www.ncbi.nlm.nih.gov/pubmed/11742412
https://doi.org/10.1023/B:FISH.0000032726.78074.04
https://doi.org/10.1007/s10126-021-10082-z
https://doi.org/10.1016/j.bbadis.2011.02.014
https://doi.org/10.1186/s12864-019-6345-2
https://doi.org/10.1016/j.cbpb.2007.05.004
https://doi.org/10.1016/j.cbd.2021.100887
https://doi.org/10.1016/j.aquaculture.2023.740037
https://doi.org/10.3390/ani13132053
https://www.ncbi.nlm.nih.gov/pubmed/37443851
https://doi.org/10.1016/j.cell.2006.06.023
https://www.ncbi.nlm.nih.gov/pubmed/16839875
https://doi.org/10.1016/j.fsi.2019.05.008
https://www.ncbi.nlm.nih.gov/pubmed/31077849
https://doi.org/10.1016/j.ijbiomac.2020.03.178
https://www.ncbi.nlm.nih.gov/pubmed/32220641
https://doi.org/10.3389/fgene.2020.556418
https://doi.org/10.1002/ece3.8738


Int. J. Mol. Sci. 2024, 25, 12098 19 of 19

67. Tian, Y.; Gao, Q.; Dong, S.; Zhou, Y.; Yu, H.; Liu, D.; Yang, W. Genome-Wide Analysis of Alternative Splicing (AS) Mechanism
Provides Insights into Salinity Adaptation in the Livers of Three Euryhaline Teleosts, including Scophthalmus maximus,
Cynoglossus semilaevis and Oncorhynchus mykiss. Biology 2022, 11, 222. [CrossRef]

68. Cabej, N.R. Epigenetics of Reproduction in Animals. In Building the Most Complex Structure on Earth; Cabej, N.R., Ed.; Elsevier:
Oxford, UK, 2013; pp. 59–120.

69. Zhang, J.; Wen, H.; Qi, X.; Zhang, Y.; Dong, X.; Zhang, K.; Zhang, M.; Li, J.; Li, Y. Morphological and Molecular Responses of
Lateolabrax maculatus Skeletal Muscle Cells to Different Temperatures. Int. J. Mol. Sci. 2022, 23, 9812. [CrossRef]

70. Farah, C.S.; Reinach, F.C. The troponin complex and regulation of muscle contraction. FASEB J. 1995, 9, 755–767. [CrossRef]
71. Jin, C.; Wang, M.; Song, W.; Kong, X.; Zhang, F.; Zhang, Q.; He, Y. Genome-Wide Identification, Characterization and Expression

Profiling of myosin Family Genes in Sebastes schlegelii. Genes 2021, 12, 808. [CrossRef]
72. Jéhannet, P.; Palstra, A.P.; Heinsbroek, L.T.N.; Kruijt, L.; Dirks, R.P.; Swinkels, W.; Komen, H. What Goes Wrong during Early

Development of Artificially Reproduced European Eel Anguilla anguilla? Clues from the Larval Transcriptome and Gene
Expression Patterns. Animals 2021, 11, 1710. [CrossRef] [PubMed]

73. Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890. [CrossRef]
[PubMed]

74. Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,
357–360. [CrossRef] [PubMed]

75. Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 2014, 30, 923–930. [CrossRef]

76. Shumate, A.; Wong, B.; Pertea, G.; Pertea, M. Improved transcriptome assembly using a hybrid of long and short reads with
StringTie. PLoS Comput. Biol. 2022, 18, e1009730. [CrossRef]

77. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

78. Shen, S.; Park, J.W.; Lu, Z.-x.; Lin, L.; Henry, M.D.; Wu, Y.N.; Zhou, Q.; Xing, Y. rMATS: Robust and flexible detection of differential
alternative splicing from replicate RNA-Seq data. Proc. Natl. Acad. Sci. USA 2014, 111, E5593–E5601. [CrossRef]

79. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 2011, 17, 10–12. [CrossRef]
80. Langmead, B.; Trapnell, C.; Pop, M.; Salzberg, S.L. Ultrafast and memory-efficient alignment of short DNA sequences to the

human genome. Genome Biol. 2009, 10, R25. [CrossRef]
81. Kalvari, I.; Nawrocki, E.P.; Ontiveros-Palacios, N.; Argasinska, J.; Lamkiewicz, K.; Marz, M.; Griffiths-Jones, S.; Toffano-Nioche,

C.; Gautheret, D.; Weinberg, Z.; et al. Rfam 14: Expanded coverage of metagenomic, viral and microRNA families. Nucleic Acids
Res. 2021, 49, D192–D200. [CrossRef]

82. Kozomara, A.; Birgaoanu, M.; Griffiths-Jones, S. miRBase: From microRNA sequences to function. Nucleic Acids Res. 2019, 47,
D155–D162. [CrossRef] [PubMed]

83. Friedländer, M.R.; Chen, W.; Adamidi, C.; Maaskola, J.; Einspanier, R.; Knespel, S.; Rajewsky, N. Discovering microRNAs from
deep sequencing data using miRDeep. Nat. Biotechnol. 2008, 26, 407–415. [CrossRef] [PubMed]

84. Rehmsmeier, M.; Steffen, P.; Höchsmann, M.; Giegerich, R. Fast and effective prediction of microRNA/target duplexes. RNA
2004, 10, 1507–1517. [CrossRef] [PubMed]

85. Bu, D.; Luo, H.; Huo, P.; Wang, Z.; Zhang, S.; He, Z.; Wu, Y.; Zhao, L.; Liu, J.; Guo, J.; et al. KOBAS-i: Intelligent prioritization
and exploratory visualization of biological functions for gene enrichment analysis. Nucleic Acids Res. 2021, 49, W317–W325.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biology11020222
https://doi.org/10.3390/ijms23179812
https://doi.org/10.1096/fasebj.9.9.7601340
https://doi.org/10.3390/genes12060808
https://doi.org/10.3390/ani11061710
https://www.ncbi.nlm.nih.gov/pubmed/34201077
https://doi.org/10.1093/bioinformatics/bty560
https://www.ncbi.nlm.nih.gov/pubmed/30423086
https://doi.org/10.1038/nmeth.3317
https://www.ncbi.nlm.nih.gov/pubmed/25751142
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1371/journal.pcbi.1009730
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1073/pnas.1419161111
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1093/nar/gkaa1047
https://doi.org/10.1093/nar/gky1141
https://www.ncbi.nlm.nih.gov/pubmed/30423142
https://doi.org/10.1038/nbt1394
https://www.ncbi.nlm.nih.gov/pubmed/18392026
https://doi.org/10.1261/rna.5248604
https://www.ncbi.nlm.nih.gov/pubmed/15383676
https://doi.org/10.1093/nar/gkab447
https://www.ncbi.nlm.nih.gov/pubmed/34086934

	Introduction 
	Results 
	Effects of Heat Stress on Biochemical Parameters 
	Overview of RNA-Seq Data 
	Identification of DEGs 
	PPI Network Construction and the Expression Profiles of Hub Genes 
	DAS Identification, Functional Enrichment Analysis and Validation 
	Identification and Characteristics of miRNAs in the Muscle 
	Differential Expression Analysis of miRNAs 
	Target Gene Prediction of DEMs and Functional Enrichment Analysis 
	Regulatory Network of DEMs–DEGs 
	Overview of the Key DEMs, DEGs and Functional Pathways 

	Discussion 
	Materials and Methods 
	Ethics Statement 
	Experimental Design and Fish Sampling 
	Biochemical Parameters Assays 
	RNA Isolation, Library Preparation and Sequencing 
	Identification of DEGs and PPI Network Construction 
	Identification of DAS Events 
	miRNA Identification and Differential Expression Analysis 
	Interaction Analysis of mRNA and miRNA 
	Functional Enrichment Analysis 
	Validation Results by qPCR and RT-PCR 

	Conclusions 
	References

