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Golden pompano (Trachinotus ovatus) is one of the most economically critical marine
fish in South China. Low oxygen stress has resulted in substantial economic losses
to the aquaculture of T. ovatus. However, the molecular responses of fish gills to
hypoxia challenge remain unclear. To understand the mechanism underlying adaption
to hypoxia, we analyzed the transcriptome of T. ovatus gills in response to hypoxic
stress in the normal oxygen group, hypoxic group, and hypoxia treatment after oxygen
recovery group. This study found that hypoxia for 8 h was the critical time of hypoxic
stress and corresponded to the largest number of differentially expressed genes. After
hypoxic stress, genes for chemokines, chemokine receptors, interleukins, complement
factors, and other cytokines were significantly downregulated, which may be why fish
are vulnerable to pathogen infection in a hypoxic environment. According to a Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis, many downregulated
genes were significantly enriched in the steroid biosynthesis, focal adhesion, and the
extracellular matrix (ECM)-receptor interaction signal pathways, which affected cell
signal transduction, adhesion, and apoptosis. Compared with the hypoxic group, the
amounts of upregulated genes related to phagocytosis and protein degradation were
upregulated in the dissolved oxygen recovery group. These results indicated that after
the recovery of dissolved oxygen, the fish body repaired the stress-induced damage by
rapidly removing misfolded proteins. These findings provide a better understanding of
the hypoxia response mechanism of fish and represent a useful resource for the genetic
breeding of T. ovatus.

Keywords: Trachinotus ovatus, hypoxia stress, transcriptome, gene expression, gills

Frontiers in Marine Science | www.frontiersin.org 1 December 2021 | Volume 8 | Article 763622

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2021.763622
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2021.763622
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2021.763622&domain=pdf&date_stamp=2021-12-02
https://www.frontiersin.org/articles/10.3389/fmars.2021.763622/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-763622 November 27, 2021 Time: 10:26 # 2

San et al. Transcriptome Analysis of Gill Tissue

INTRODUCTION

The life activities of fish are easily affected by various
environmental factors, among which the dissolved oxygen
content in water is critical. Under natural conditions, the flow
of water and physical agitation by wind and waves cause a large
amount of oxygen to dissolve in water. Oxygen produced by
photosynthesis by aquatic organisms is also the primary source
of dissolved oxygen. When seawater exchange is not timely
or pollution induces red tides, dissolved oxygen is reduced in
the water, resulting in the lack of oxygen for fish. After a red
tide burst, large amounts of dead algae are decomposed in a
process that consumes large amounts of oxygen (Paerl and Otten,
2013). In addition, parasitic infections can also cause oxygen
deprivation in fish. Some parasites, such as Cryptocaryon irritans
and Amyloodinium ocellatum, destroy gill tissue, which prevents
fish from exchanging gas and leads to the eventual death of the
fish (Yin et al., 2015; Moreira et al., 2017).

A decrease in dissolved oxygen in the water affects fish,
including their growth, metabolism, cell apoptosis and other
biological processes, and causes changes in swimming behavior
(Onukwufor and Wood, 2018). For example, in studies on
Nile tilapia, low oxygen has been shown to reduce its
appetite and affect its growth (Obirikorang et al., 2020).
A study of hypoxia in rainbow trout found that it swims
slower under low oxygen conditions (Poulsen et al., 2011).
In addition to affecting the behavior and feeding of fish,
a hypoxic environment also affects the normal development
of embryos. Prolonged hypoxia mitigates the growth and
development of Atlantic salmon eggs and even leads to embryo
deformities (Wood et al., 2020). Moreover, the morphological
structure of the gill tissue is changed under hypoxic stress.
In crucian carp (Carassius carassius), goldfish (C. auratus),
and Megalobrama amblycephala, the functional surface area
of the gills is increased in response to hypoxic stress based
on the reconstruction of gill tissue to expose the gill lamina
(Sollid et al., 2003; Mitrovic et al., 2009). Hypoxia also
causes a different degree of apoptosis in fish tissues. For
example, in a study of hypoxia in largemouth bass, hypoxic
environments promoted apoptosis in gill and liver tissues
(Wu et al., 2017).

To cope with the hypoxic environment, fish have adapted
to the hypoxic environment in terms of their morphological
structure and physiological and biochemical characteristics.
Previous studies have shown that most fish react behaviorally in
response to acute hypoxia (Nilsson and Renshaw, 2004; Mitrovic
and Perry, 2009). In the hypoxic environment, fish will present
an increased respiratory rate, reduced movement, and surface
breathing to solve hypoxic stress (Petersen and Gamperl, 2010;
Capossela et al., 2012; Killen et al., 2012). The biochemical
responses of fish to low oxygen levels are more elaborate than
their behavioral responses. Fish have a complete stress response
regulation system. Previous studies have found that fish meet
their energy needs by changing their energy supply sources
in hypoxic environments (Pan et al., 2020; Liu et al., 2021;
Pang et al., 2021). Under prolonged hypoxic conditions, fish
develop auxiliary respiratory organs. Lepidocephalichthys and

Gobionellus oceanicus rely on the skin, intestines, oral mucosa,
and other organs to assist in gas exchange (Ghosh et al., 2011;
Aguilar et al., 2018).

Transcriptome sequencing refers to high-throughput
sequencing after the reverse transcription of all mRNA in a
cell or tissue at a specific time and space. RNA sequencing
(RNA-Seq) methods have the advantages of high efficiency,
low cost, and high throughput, and the sequencing results are
generally considered a reliable sequencing technology for the
study of non-model organisms. Progress has been made in the
study of hypoxic stress in fish by transcriptome analyses. In
a study of silver sillago (Sillago sihama) under hypoxic stress,
transcriptome sequencing technology was used to explore the
different expression patterns. Many genes related to steroid
and amino acid biosynthesis have been reported (Saetan et al.,
2020). A comparative transcriptome analysis showed that the
Gymnocypris ecklon reduces energy consumption in response
to hypoxic stress by inhibiting cell growth and proliferation (Qi
et al., 2018), and mRNA sequencing of large yellow croaker liver
tissue showed that carbohydrate metabolism plays a crucial role
in energy supply and amino acid metabolism is an important
supplement to cope with energy supply (Ding et al., 2020).

Trachinotus ovatus, also known as golden pompano, is widely
distributed in tropical and subtropical waters of Southeast
Asia and the Mediterranean Sea. It is an essential economic
fish in coastal breeding in southern China. However, hypoxia
caused by long-distance transportation, parasites, and other
reasons easily leads to death. Therefore, this study aims to
detect the transcriptome response of T. ovatus to hypoxic stress
by RNA-Seq. The transcriptome characteristics of gill tissues
between the restored dissolved oxygen group, hypoxic group,
and normoxic group were compared and analyzed through an
enrichment analysis of differential genes. This study provides a
new perspective for understanding the molecular mechanism of
antihypoxic stress in T. ovatus.

MATERIALS AND METHODS

Hypoxia Treatment and Fish Sampling
Trachinotus ovatus was obtained from the Tropical Fisheries
Research and Development Centre, Lingshui, Hainan Province,
China. Before the experiment, the experimental fish were
acclimated to the water tank (DO 8.8 ± 0.2 mg/L, pH 8.1–8.3)
for 1 month. During the acclimation period, the fish were fed
twice daily using a compound feed, the feeding weight was 5% of
the body weight of the fish, and the feeding was stopped the day
before the start of the experiment. Before the experiment, 50 fish
were selected for the pre-experiment to measure the asphyxiation
point. In this study, we defined the asphyxiation point of T. ovatus
as the dissolved oxygen level at the time when the fish first rolled
to the bottom of the barrel and stopped swimming within 10 s.
Fifty T. ovatus (weight: 78.4 ± 4.1 g) were placed in a tank of 250 L
seawater sealed off from the air with plastic. A dissolved oxygen
sensor was used to measure the dissolved oxygen in the water
whenever a fish rolled to the bottom. The pre-experiment found
that the asphyxiation points of different pompano individuals
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were different, indicating that different individuals had different
tolerances to hypoxic stress. The asphyxiation point of T. ovatus
was 1.0–1.2 mg/L.

The asphyxiation point of T. ovatus was measured at
approximately 1.0 mg/L in the pre-experiment; therefore, the
dissolved oxygen level was maintained at 1.5 ± 0.3 mg/L in
the experiment. Four hundred and fifty T. ovatus (weight:
78.4 ± 4.1 g) were randomly selected from among the temporary
breeding fish and placed into three tanks filled with 500 L
seawater, with 150 in each group. Before the hypoxic stress
experiment, three fish were selected from each tank as a normal
oxygen group. Then, nitrogen was charged into the water, and
the dissolved oxygen reached 1.5 ± 0.3 mg/L after 1 h. The
DO of the water was measured using a WTW dissolved oxygen
meter (Multi 3620, Germany), and the dissolved oxygen level
was maintained for 24 h. After hypoxic stress, the water tank
was filled with oxygen and the dissolved oxygen recovered to
8.8 ± 0.2 mg/L after 30 min. Three fish were taken from each
group at 4, 8, 12, and 24 h after hypoxia treatment and 12 and 24 h
after recovery of dissolved oxygen. The T. ovatus in the normoxic,
hypoxic stress, and hypoxia recovery groups were placed on ice,
and the gill tissue was rapidly separated, transferred to a tube with
RNAlater, frozen with liquid nitrogen, and stored at −80◦C for
subsequent RNA extraction.

RNA Extraction and Library Construction
The total RNA of the T. ovatus gill tissue was extracted according
to the instructions of the RNA extraction kit. The extracted
RNA was subjected to 1% agarose gel electrophoresis to detect
the integrity of the total RNA. The concentration of RNA
and the OD260/OD280 ratio were detected by a NanoDrop-
2000 ultraviolet imaging system. The extracted RNA was stored
at −80◦C. The NebNext R© UltraTM RNA Library Prep Kit
for Illumina R© Kit was used to build the library. mRNA with
oligo (dT) was enriched by the magnetic bead method, and
then the mRNA was randomly broken by divalent cations in
fragmentation buffer. First-strand cDNA was synthesized with a
random primer from the broken mRNA, and RNaSeH was used
to degrade the RNA strand. Then, the second cDNA strand was
synthesized by the DNA polymerase I system using dNTPs as raw
material. A cDNA fragment of approximately 370–420 bp was
screened for PCR amplification, and then library construction
was completed. Transcriptome sequencing was performed on an
Illumina HiSeq 6000, and approximately 150 bp paired-end (PE)
reads were obtained.

To ensure the reliability of the data, the original data must
be filtered with FASTQ software (Chen et al., 2018). Clean
reads were obtained by removing reads containing adapters and
poly-N and low-quality reads from the raw data. Sequenced
fragments are randomly interrupted mRNAs. To determine
the genes that transcribed these fragments, the filtered clean
reads were compared to the reference genome. Clean reads and
the reference genome were compared quickly and accurately
with HisAT2 software (Mortazavi et al., 2008) to obtain the
positioning information of reads on the reference genome.
Stringtie (Pertea et al., 2015) was used to predict new genes.
Based on the location information of the gene alignment on
the reference genome, featureCounts (Liao et al., 2014) was

used to calculate the readings mapped to each gene. Thus, the
number of reads covered from initiation to termination of each
gene was counted. Because of the influence of sequencing depth
and gene length, the gene expression of RNA-Seq is generally
expressed in fragments per kilobase per million mapped reads
(FPMM) instead of read counts. The FPKM value was corrected
for sequencing depth and gene length. DESeq2 software (Love
et al., 2014) was used to identify differentially expressed genes
(DEGs), and an adjusted P-value < 0.05 and | log2 (FoldChange)|
> 1 were used as the threshold for significant differential
expression. Through the software Clusterprofiler (Yu et al., 2012),
Gene Ontology (GO), and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses were carried
out for the differentially obtained gene sets obtained from the
difference significance analysis. The threshold value of significant
enrichment for GO and KEGG enrichment was set to an adjusted
P-value < 0.05.

Data Validation by Quantitative
Real-Time PCR and Statistical Analysis
Five DEGs involved in steroid biosynthesis, lysine degradation,
focal adhesion, glycine, serine and threonine metabolism,
and extracellular matrix (ECM)-receptor interaction signaling
pathways were selected for quantitative real-time PCR (qRT-
PCR) to determine the accuracy of the RNA-Seq data. The
primers were designed using Primer Premier 5 software (Premier
Biosoft International, United States) (Table 1). qRT-PCR was
performed using a Roche LightCycler R© 480II (Roche) with gill
cDNA samples from different hypoxic stress times as templates.
The qRT-PCR kit was a SYBR Green Premix Pro Taq HS qPCR
Kit (Regen, Guangzhou, China). The reaction program for the
12.5 µl PCR system was as follows: 95◦C for 30 s; 40 cycles at
95◦C for 30 s, 60◦C for 30 s, and 72◦C for 20 s. Three biological
replicates were performed for each group, and all samples were
examined in triplicate for the same DEGs. The elongation factor
1-alpha 1 (EF1A) gene was selected as the internal reference gene,
and the 2−11Ct method was applied to determine the relative
expression levels of target genes.

RESULTS

Illumina Sequencing and Reads Mapping
In this study, a total of 948,411,128 raw reads were obtained.
There were 930,888,066 clean reads after quality control filtering.
The error rate was 1.8%. As shown in Table 2, the Q30 of all
libraries was greater than 90%, indicating that the sequencing
data were reliable. Approximately 88–92% of clean reads were
compared to the genome, and 75–78% of clean reads were
compared to the exons in each library.

Differential Expression Analysis During
Hypoxic Stress
After the hypoxic treatment, the results of gill transcriptome
sequencing showed that compared with the normoxic group,
a total of 5294 genes were identified as DEGs in the hypoxia
4 h, hypoxia 8 h, hypoxia 12 h, hypoxia 24 h, reoxygenation
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TABLE 1 | Primers used for actin, non-muscle (ACTIN), farnesyl-diphosphate
farnesyltransferase 1 (FDFT1), L-threonine 3-dehydrogenase (TDH), collagen type
IV alpha 2 (COL4A2), and fibronectin 1b (FN1B) gene expression analysis.

Primer
name

Sequence (5′-3′) Amplification
target

ACTIN F: CTGGACTTTGAGCAGGAGATG
R: AGAATGAAGGCTGGAAGAGTGT

qRT-PCR

FDFT1 F: GGCTTGGAGTCAGTTTGCG
R: TTGCCATCACCTGTGGAATAG

qRT-PCR

TDH F: TTGGTGCCTTTGGTCCTACT
R: GCGGAGATGATTCCTGGGT

qRT-PCR

COL4A2 F: GGAAACTCTACTCATCCACTCACTC
R: TCCAGGACTCCCATCAGCAC

qRT-PCR

FN1B F: GAAAACGGTCGCTCATACAGA
R: GGACTCCACCACTTCAGGCT

qRT-PCR

EF1A F: CCCCTTGGTCGTTTTGCC
R: GCCTTGGTTGTCTTTCCGCTA

qRT-PCR

12 h, and reoxygenation 24 h groups. Compared to the
normoxic group, 1594 genes were obtained after 8 h of hypoxic
treatment, of which 572 were upregulated and 1022 were
downregulated (Figure 1). The number of DEGs among the six
groups initially increased and then decreased, reaching a peak
at hypoxia for 8 h, and the number of downregulated genes
(DRGs) in each group was greater than that of the upregulated
genes (URGs). The UpSet plot showed that 90 identical DEGs
were expressed between the four groups treated with hypoxia
(Figure 2). There were 43 identical URGs and 47 identical
DRGs. The number of DEGs in the reoxygenation group was
greater than that in the hypoxic group, with 533 DEGs, 433
DRGs, and 100 URGs.

Enrichment Analysis of Differentially
Expressed Genes
Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes Enrichment of Differentially Expressed
Genes at Hypoxia for 4 h
A total of 544 DEGs were obtained by comparative transcriptome
analysis between the hypoxic 4 h group and the normoxic
group, of which 215 were URGs and 329 were DRGs. The
URGs were not significantly enriched in any GO terms but
were significantly enriched in the steroid biosynthesis signaling
pathway (Figure 3A). The DRGs were significantly enriched in
20 GO terms, including 4 BPs, 15 MFs, and 1 CC. Four GO
terms were related to the small molecule metabolic process, one

term was related to the extracellular region, and the remaining
15 GO terms were associated with enzyme regulator activity
(Figure 4A). The KEGG pathway enrichment analysis indicated
that the genes were enriched in the focal adhesion, glycine, serine,
and threonine metabolism pathways and the ECM-receptor
interaction signal pathway. The KEGG and GO enrichment
analyses identified enrichment in amino acid metabolism, which
may be inhibited under hypoxic stress.

Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes Enrichment of Differentially Expressed
Genes at Hypoxia 8 h
Compared to the normoxic group, 1594 DEGs were detected
in the hypoxia 8 h group, including 572 URGs and 1022 DRGs.
URGs were significantly enriched in seven GO terms related
to the membrane-enclosed lumen. In addition, the lysine
degradation and melanogenesis pathways were significantly
enriched among the URGs, which proves that external
stimulation can cause the fish to turn black. These DRGs
were significantly enriched in total of 44 GO terms, including
13 BPs, 2 CCs, and 29 MFs. The most significantly enriched
terms were mainly related to growth and growth factor
binding (Figure 4B). The DRGs were significantly enriched
in three KEGG pathways, including focal adhesion, glycine,
serine, and threonine metabolism and the ECM-receptor
interaction signal pathway (Figure 3B). These signaling
pathways were consistent with DRG enrichment under
hypoxia for 4 h.

Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes Enrichment of Differentially Expressed
Genes at Hypoxia 12 h and Hypoxia 24 h
The comparison of the transcriptomes of the hypoxia 12 h and
normoxic groups generated 423 DEGs, including 170 URGs
and 253 DRGs. No significantly enriched GO terms or KEGG
pathways were found for the URGs. Regulation of localization,
cellular amino acid metabolic processes, and catalytic complex-
related GO terms were downregulated under hypoxia for 12 h
(Figure 4C). The DRGs were significantly enriched in thirteen
KEGG pathways. Most DRGs were enriched in the metabolism
of xenobiotics by cytochrome P450 and nitrogen metabolism
signaling pathways (Figure 3C).

Compared to the normoxic group, 403 DEGs were detected
in the hypoxia 24 h group, including 132 URGs and 271
DRGs. The URGs were significantly enriched six GO terms.
The most significantly enriched GO term was monooxygenase

TABLE 2 | Illumina sequencing and mapping statistics of the gill transcriptomes of T. ovatus.

Sample Clean reads Clean bases Q20 (%) Q30 (%) GC count (%) Total mapped (%) Uniquely mapped (%)

H0 h 42811557 6.42G 98.27 94.98 47.99 90.37 87.40

H4 h 43152823 6.47G 98.30 95.05 48.68 91.34 88.35

H8 h 45048045 6.76G 98.33 95.16 48.62 90.98 87.99

H12 h 44988190 6.75G 98.12 94.63 48.26 90.02 87.10

H24 h 46258083 6.94G 98.00 94.55 48.26 90.48 87.45

R12 h 43582997 6.54G 98.28 95.01 48.76 91.61 88.55

R24 h 44454327 6.67G 98.31 95.05 48.31 91.62 88.68
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FIGURE 1 | Number of differentially expressed genes under different hypoxic stress time.

FIGURE 2 | Upset diagram showing the unique and shared DEGs of different hypoxic stress time.

activity. No KEGG pathways were found for the URGs. A total
of six GO terms, including three BPs and three MFs, were
significantly enriched for the DRGs. The GO terms associated
with small-molecule metabolic process and transferase activity
were significantly enriched (Figure 4D). The DRGs were

significantly enriched in six KEGG pathways. The glycine,
serine, and threonine metabolism signaling pathways were
significantly downregulated in the hypoxia 24 h group, which
was similar to that observed in the hypoxia 4 h and hypoxia 8 h
groups (Figure 3D).
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FIGURE 3 | (Continued)
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FIGURE 3 | Bubble chart of KEGG pathway enrichment of the DEGs in the (A) 4 vs. 0 h, (B) 8 vs. 0 h, (C) 12 vs. 0 h, (D) 24 vs. 0 h,(E) R12 vs. 0 h, (F) R24 vs. 0 h,
(G) R12 vs. H24 h, and (H) R24 vs. H24 h. The vertical axis represents the pathway categories, and the horizontal axis shows the gene ratio. The point size shows
the number of DEGs enriched to the KEGG pathway. The point color shows different Q values as indicated on the right.

Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes Enrichment of Differentially Expressed
Genes at Reoxygenation 12 h and Reoxygenation
24 h
A total of 2330 genes were differentially expressed in the
reoxygenation 12 h and reoxygenation 24 h groups compared
with the normoxic group. Among these DEGs, 1218 showed

differential expression between the reoxygenation 12 h and
normoxic groups, including 391 URGs and 827 DRGs in the
reoxygenation 12 h group; and 1112 DEGs were identified
between the reoxygenation 24 h and normoxic groups, including
300 URGs and 812 DRGs. The enrichment analysis showed that
the regulation of Rho protein signal transduction, Rho GTPase
binding and guanyl-nucleotide exchange factor activity were
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FIGURE 4 | Gene Ontology enrichment bar chart illustrating the differentially expressed genes enriched in GO terms and the counts of genes for each GO terms in
the (A) 4 vs. 0 h, (B) 8 vs. 0 h, (C) 12 vs. 0 h, (D) 24 vs. 0 h, (E) R12 vs. 0 h, (F) R24 vs. 0 h, (G) R12 vs. H24 h, and (H) R24 vs. H24 h.
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FIGURE 5 | Comparison of gene expression data between RNA-seq and quantitative real-time PCR (qRT-PCR). The expression level of actin, non-muscle (A),
farnesyl-diphosphate farnesyltransferase 1 (B), L-threonine 3-dehydrogenase (C), collagen type IV alpha 2 (D), and fibronectin 1b (E) in different groups.

severely impacted in the reoxygenation 12 h group compared
with the normoxic group (Figures 4E,F). The URGs after
reoxygenation for 12 h were not significantly enriched in any GO
terms. In the reoxygenation 12 h ECM-receptor interaction, the
NOD-like receptor signaling pathway was significantly enriched
by the URGs. Compared with reoxygenation at 12 h, the URGs
at 24 h of reoxygenation were significantly enriched in the
lysine degradation signaling pathway (Figures 3E,F). The DRGs
at both reoxygenation for 12 h and reoxygenation for 24 h
were significantly enriched in the regulation of cell growth and
sequence-specific DNA binding. The DRGs at reoxygenation
for 12 h were significantly enriched in the steroid hormone
biosynthesis and glycine, serine, and threonine metabolism
signaling pathways. At 12 h of reoxygenation, genes related to the
ribosome and biosynthesis of amino acid signaling pathways were
significantly downregulated.

Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes Enrichment of Differentially Expressed
Genes at Reoxygenation for 12 h vs. Hypoxia for 24 h
and Reoxygenation for 24 h vs. Hypoxia for 24 h
Compared to the hypoxia 24 h group, 1515 DEGs were detected
in the reoxygenation 12 h group, including 667 URGs and
848 DRGs, and 1066 DEGs were detected in the reoxygenation
24 h group, including 390 URGs and 676 DRGs. The GO
terms related to proteolysis involved in cellular protein catabolic
process, proteasome core complex, alpha-subunit complex, and
threonine-type endopeptidase activity were upregulated in the
reoxygenation 12 h group (Figure 4G). Genes related to the
biological functions of copper ion binding, monocarboxylic

acid, and nucleotide biosynthetic processes were downregulated.
Proteasome and DNA replication were significantly enriched for
the URGs after reoxygenation for 12 h (Figure 3G). Compared
with the hypoxia 24 h group, the URGs were significantly
enriched in the biological process of DNA replication and the
DRGs were significantly enriched in the glycolytic process at
24 h of reoxygenation (Figure 4H). At 24 h of reoxygenation,
genes associated with the glycolysis pathway were downregulated,
suggesting that the fish’s energy supply occurred via an anaerobic
pathway (Figure 3H).

Validation of the RNA Sequencing Data
With Quantitative Real-Time PCR
To verify the accuracy of RNA-Seq, five genes were randomly
selected and analyzed by qRT-PCR to obtain the expression
patterns of these genes in different groups. The qRT-PCR
results showed that the expression patterns of these genes in
different groups were consistent with the results of RNA-Seq
analysis (Figure 5), indicating the specificity and accuracy of the
transcriptome expression analysis.

DISCUSSION

The gill is a crucial gas exchange organ in fish that plays an
essential role in resisting hypoxic stress. Therefore, we compared
the transcriptomes of three treatment groups (normoxic, hypoxic
stress, and reoxygenation groups). Compared to the normoxic
group, most DEGs were detected in the hypoxia 8 h group,
of which a total of 1594 DEGs were identified, including
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FIGURE 6 | The changes of focal adhesion pathways during hypoxic stress 8 h. Orange boxes are genes with decreased expression.

572 upregulated and 1022 DRGs. In all treatment groups, the
number of DRGs was higher than that of URGs. A comparative
transcriptome analysis of the response of sillago gill tissue to
hypoxia indicated that the number of URGs was greater than
that of DRGs in different hypoxic treatment groups (Saetan et al.,
2020). The number of URGs increased with increasing hypoxic
stress duration, contrary to the results of this study. However, in
the transcriptome study of the gill tissue of large yellow croak
after hypoxia treatment, the results were consistent with those
observed here: within 24 h of stress, the number of DRGs was
greater than that of URGs, the number of DEGs was the highest
in the hypoxia 12 h group, and the number of DFGs decreased
in the subsequent hypoxia 24 h group (Ding et al., 2020).
These results indicate that different fish have different hypoxia
response mechanisms. Hypoxic stress caused the downregulation
of many genes in T. ovatus, which may be the reason for its low
hypoxic tolerance.

Gill-associated lymphoid tissues (GIALTs) are active immune
tissues composed of immune factors and active immune cells
(Salinas et al., 2011). The mucus secreted by GIALT is
rich in various immune-related factors, including interleukins,
chemokines, and chemokine receptors. In this study, the gene
encoding the chemokine CLC25 and its receptor (ACKR4) were
significantly downregulated in gill tissue. CCL25 is currently
involved in T-cell development, but it also combines with ACKR4
to reduce availability through internalization. In addition,
ACKR4 plays an essential role in controlling the migration of
immune cells expressing chemokine receptors CCR7 and CCR9

(Ibanez et al., 2014). Three genes encoding cytokine receptors
were also significantly downregulated, i.e., IL1R, IL10R, and
IL18R. The combination of IL8R and IL8 was conducive to the
production of cytokines. In this study, many genes related to
immune factors were significantly downregulated after hypoxia
treatment and reached a maximum at 8 h after treatment.
Moreover, after 8 h of hypoxia treatment, the gene encoding
the Toll-like receptor family (TLR22 and TLR14) was also
significantly downregulated. TLR22 is a member of the TLR11
subfamily located on the cell membrane, and it is responsible
for identifying RNAs, thus playing an essential role in the
immune response after a virus or bacterial infection (Palti, 2011).
The analysis found that genes associated with immune factors
were suppressed until the end of the experiment, and restoring
dissolved oxygen did not change this. Moreover, the expression of
genes encoding complement factors (C6 and C7) was significantly
downregulated and remained significantly downregulated after
oxygen was restored for 12 h. A similar expression pattern was
found in Atlantic salmon and large yellow croaker (Eslamloo
et al., 2020; Mu et al., 2020). These results suggest that the
low expression of these genes suppresses the innate immune
system of fish. Fish under low oxygen conditions may be
more susceptible to pathogen infection due to innate immune
suppression. Previous studies have also found that when fish
are exposed to multiple pathogens, their immunity declines with
a decrease in dissolved oxygen. Of course, hypoxic stress does
not entirely break down the fish’s innate immune system. TNF
receptor (TNFR) is mainly a transmembrane protein involved in
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FIGURE 7 | The changes of proteasome during reoxygenation 12 h. Red boxes are genes with increased expression.

inflammation, apoptosis, autoimmunity, and other physiological
processes (Wajant and Scheurich, 2001). Tnfrsf10 and tnfrsf19
were highly expressed in gill tissues after hypoxic treatment
and induced apoptosis. This immune-suppressing apoptotic
response pattern is replicated in the gill tissue of largemouth
bass (Micropterus salmoides) (Sun et al., 2020). The differential
gene analysis between the restored dissolved oxygen group and
the hypoxic group after 24 h showed that the significantly
downregulated expression of immune factor genes was increased
compared with the normal oxygen group, which indicated that
the immunity of the fish was also restored after the restoration of
dissolved oxygen, although it could not be restored to the normal
level within a short time.

Through the KEGG enrichment analysis, after 4 and 8 h of
hypoxia treatment, we found that the DRGs were significantly
enriched in the ECM receptor interaction, focal adhesion, glycine,
serine, and threonine metabolism signaling pathways. The ECM

includes proteins such as collagen and laminin, which interact
with transmembrane molecules to directly or indirectly control
cell activities (Wang and Luo, 2010). After hypoxia treatment for
4 h, the expression of collagen type IV alpha 5 chain (COL4A5),
collagen type VI alpha 6 chain (COL6A6), and collagen type
IV alpha 2 chain (COL4A2) was downregulated. These genes
encode different types of collagen subunits. With prolonged
hypoxia time, the expression of the laminin alpha 2 (LAMA2)
and laminin subunit beta 3 (LAMB3) genes encoding laminin
was also downregulated after 8 h of hypoxia treatment. Previous
studies found that defects or deletion of the LAMA2 protein
leads to human muscle weakness (Koutsoulidou and Phylactou,
2020; Fan et al., 2021). Therefore, the decrease in LAMA2 gene
expression may be one of the reasons for the decrease in the
swimming speed of T. ovatus after hypoxic stress. We found that
DRGs enriched in the focal adhesion signaling pathway included
genes encoding integrin subunits (Figure 6). Integrin interacts
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with the ECM and transmits signals downstream through focal
adhesion kinase (FAK), thus affecting cell adhesion and signal
transduction (Calderwood et al., 2013). Recent studies have
found that the apoptosis of human cardiomyocytes is related
to the loss of integrin (Su et al., 2018). According to the
downregulation results of genes encoding ECM and integrin, it
is speculated that hypoxic stress leads to the loss of adhesion
between gill tissue cells and ECM, resulting in cell apoptosis. In
the glycine, serine, and threonine metabolism pathways, glycine
is mainly synthesized by the serine pathway, and serine is mainly
synthesized by 3-phosphoglyceric acid. Serine can enhance
antioxidants (Parker and Metallo, 2016). After hypoxic stress,
we found that the expression of phosphoserine phosphotase
(PSPH) and phosphoserine aminotransferase 1 (PSAT1) was
downregulated. The proteins encoded by these two genes are
the rate-limiting enzymes of the serine synthesis pathway. The
downregulation of the expression levels of these two genes
resulted in the obstruction of the synthesis of serine, thus
resulting in the impairment of the antioxidant capacity of
T. ovatus.

To better understand the transcriptomic response of T. ovatus
after the recovery of dissolved oxygen, the recovered dissolved
oxygen group was compared not only with the normal oxygen
group but also with the hypoxic 24 h group. Compared with
24 h of hypoxia, many URGs were enriched in the proteasome
(Figure 7), phagosome, ubiquitin-mediated proteolysis, and
apoptosis pathways. The ubiquitin–proteasome system (UPS)
and autophagy–lysosome system are two major protein
degradation pathways in eukaryotic cells. The proteasome
removes excess damaged proteins during proteolytic activity
(Nath and Shadan, 2009). Autophagy degrades and retrieves
cellular components by converting defective organelles and
misfolded proteins into two-membrane autophagosomes and
transferring them to lysosomes (Lin et al., 2013). These
results suggest that proteasome and autophagy reactions
play an essential role in the recovery process of T. ovatus
after hypoxic stress.

CONCLUSION

In the present study, the transcriptome analysis showed
that hypoxic stress for 8 h was the critical time at which
gene expression changed the most. The differential gene
enrichment analysis found that genes related to immunity, signal
transduction, adhesion, and apoptosis were downregulated. It
was speculated that hypoxic stress affected the immune function
and signal-transduction efficiency of T. ovatus. By comparing
the transcriptome of the hypoxic group and dissolved oxygen
recovery group, it was found that T. ovatus may repair body
damage after dissolved oxygen recovery by removing misfolded

proteins. Future investigations will focus on screening genes
related to hypoxia tolerance among DEGs to improve survival
in a hypoxic environment. In conclusion, these findings provide
new insights into the molecular mechanisms of T. ovatus in
response to hypoxic stress.
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