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The silver carp (Hypophthalmichthys molitrix) is an economically, as well as
environmentally, important fish that harbors low environmental hypoxia tolerance and
frequently contributes to a loss of aquaculture productivity. The gill is the first tissue
attacked by hypoxia; however, the response of the gills of H. molitrix to hypoxia stress at
the tissue, cellular, and molecular levels has not been clearly established. The influence of
hypoxia on histological features along with gene expression in silver carp gills were
explored in this research. The hematoxylin and eosin-stained sections and electron
microscopy examinations of gills indicated that the gill lamellae were seriously twisted,
gill filaments were dehisced, and the swelling and shedding of epithelial cell layer in the gill
tissue were intensified along with the degree of hypoxia. In the hypoxia, semi-asphyxia,
and asphyxia groups, the gill transcriptomic assessment of shifts in key genes, as well as
modulatory networks in response to hypoxic conditions revealed 587, 725, and 748
differentially expressed genes, respectively. These genes are abundant in immune
response signaling cascades (e.g., complement and coagulation cascades, Nucleotide-
binding and oligomerization domain (NOD)-like receptor signaling cascade, and
differentiation of Th1 along with Th2 cells) and oxygen transport [e.g., MAPK, PI3K-Akt,
and hypoxia-inducible factor 1 (HIF-1) signaling cascades]. Genes linked to immune
response (e.g., c2, c3, c6, klf4, cxcr4, cd45, and cd40) and oxygen transport (e.g., egln1,
egln3, epo, ldh, and vegfa) were additionally identified. According to our findings, the silver
carp may be using “HIF-1” to obtain additional oxygen during hypoxia. These findings
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illustrate that hypoxia stress might damage gill tissue, trigger an immunological response,
and activate HIF-1 signaling to increase oxygen availability under hypoxic situations. The
findings of this work will help scientists better understand the molecular mechanisms
driving hypoxia responses in hypoxia-sensitive fish and speed up the development of
hypoxia-resistant varieties.
Keywords: Hypophthalmichthys molitrix, hypoxia, gill, tissue damage, transcriptome
INTRODUCTION

Most of aerobic life on the planet need molecular oxygen to
survive (Van der Meer et al., 2005). Fish interact directly with the
aquatic environment, exhibiting significantly greater temporal,
as well as spatial, fluctuations in oxygen contents relative to the
terrestrial habitat (Zhu et al., 2013). Hypoxia is regarded as a low
level of dissolved oxygen (DO) that adversely impacts fish
behavioral, biochemical, and physiological activities consisting
of reproduction, movement, respiration, development, and
metabolism coupled with immunity (Jiang et al., 2017; Abdel-
Tawwab et al., 2019). Conditions, for instance, high stocking
density, organic matter buildup from unconsumed food, and
feces accompanied with the blooms of algae in aquaculture
habitats all contribute to the severity of the hypoxic situation
(Gallage et al., 2016; Li et al., 2017). As a result, hypoxia occurs
often in aquaculture, and the molecular responses of fish to
hypoxic stress have generated considerable interest in recent
years (Chen et al., 2017; Xia et al., 2018; Mu et al., 2020).

The silver carp is among the four main Chinese carp species
that was responsible for 14.7% of total cultured freshwater fish
production in 2020 alone (Yearbook, 2020). Silver carp feed on
phytoplankton without additional feeding due to normal filter
feeding; hence, silver carp aquaculture saves feeding costs. The
silver carp has been introduced to or expanded across over 88
countries globally, not only to improve breeding benefits but also
to prevent algal bloom and enhance water quality (Li et al., 2020).
Nevertheless, H. molitrix harbors a low tolerance for hypoxia in
the environment, which leads to higher pond turnover in high-
density pond aquaculture (Li et al., 2021). As a result, studying
the adaptive approaches of silver carp under hypoxia would be
more beneficial.

Hypoxia causes fish to respond to stress in a chronic, as well
as acute, manner, leading to diverse molecular, behavioral,
morphological, and physiological alterations (Abdel-Tawwab
et al., 2019). The principal site of gaseous exchange and the
initial target in a hypoxic episode is the fish gill (Tiedke et al.,
2015). The crucian carp (Carassius carassius) decreases the size
of their inter-lamellar cell mass and exposed lamella, as well as
increases the functional surface area of their gills in response to
hypoxia (Sollid et al., 2003). When the fish are returned to a
normoxic state, the gill structure caused by hypoxia would be
changed (Sollid and Nilsson, 2006). As a result, the fish gill plays
an indispensable role in the aquatic exchange of gases and may
undergo dramatic remodeling as a response to variations in DO
contents (Wu et al., 2017). Furthermore, the fish gill is an
immune-competent organ with vast mucosal surfaces, referred
in.org 2
to as gill-associated lymphoid tissue (Rebl et al., 2014). It is
unclear how the gill of H. molitrix responds to hypoxic stress at
the tissue, cellular, and molecular levels since it is the first tissue
to be affected by hypoxia.

With its high-throughput precision coupled with
reproducibility, transcriptome sequencing technology is a
useful tool for studying aquatic animal growth along with
development, disease-resistant immunological systems, stress
physiology, and other functional processes (Zhang et al., 2009;
Li and Dewey, 2011). The environmental stress adaption of
various aquatic species, for instance, Cyprinus carpio (Xing
et al., 2019), Scylla paramamosain (Cheng et al., 2019), Rana
chensinensis (Ma et al., 2018), Procambarus clarkia (Zhang et al.,
2022), and Gambusia affinis (Hou et al., 2019), has been studied
via high-throughput transcriptome sequencing technology. To
help comprehend the intrinsic molecular process in the response
to hypoxia, the transcriptome alterations in the gill of H. molitrix
were determined using the Illumina HiSeq 2500 sequencing
technology, and the corresponding histomorphology alterations
were also investigated in the current work. The findings of this
research will be critical in furthering our understanding of the
hypoxia adaptation mechanisms of aquatic species and in
speeding up the breeding of hypoxia-resistant types. It also
serves as a source of information and data for relevant studies.
MATERIALS AND METHODS

Fish Preparation and Maintenance
Healthy silver carp with a body weight of 52.86 ± 5.64 g and body
length of 15.06 ± 1.23 cm were selected as the experimental fish.
They were acquired from the Genetics and Breeding Center of
Silver Carp, Ministry of Agriculture and Rural Affairs in
Jingzhou city, Hubei province, China. The fish were introduced
in a re-circulating freshwater system (with heating features and a
capacity of 400 L) and given 2 weeks to acclimate before the
experiment began. Throughout acclimation, the water was kept
at the following parameters: 25.0 ± 0.5°C; pH, 7.5 ± 0.2; and DO,
7.0± 0.5 mg/L. Throughout the study, we maintained a natural
photoperiod. The DO level was assessed via a DOmeter (HACH,
Loveland, CO, USA).

Experimental Design
Following acclimation, fish were relocated to indoor rectangular
glass tanks measuring 46 cm by length, 33 cm by width, and 28
cm by height, with ten fish in every tank) and fasted for 24 h
prior to the hypoxia test (Figure 1A). When the hypoxic stress
May 2022 | Volume 9 | Article 900200
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testing started, 12 glass tanks were employed. Three tanks of fish
(n = 10) were used as the control group (CK) and were kept in
normoxic conditions. The fish in the remaining nine tanks
(n = 10) were deemed as the test groups (T1, T2, and T3).
Hypoxia experiments were done by enclosing the water-filled
tanks with plastic film, and the fish gradually consumed the
oxygen in the aerated water via natural respiration (Chen et al.,
2017; Jiang et al., 2020; Li et al., 2021) until the majority of fish
attempted to breathe directly via their mouth (three tanks,
designated as the hypoxia or T1 group, DO = 0.75 ± 0.04 mg/L),
half of the fish lost their balance (three tanks, designated as semi-
asphyxia or T2 group, DO = 0.58 ± 0.06 mg/L), and the other half
of the fish sunk without the rhythmical opening and closing of
the gill flaps (three tanks, designated as asphyxia or T3 group,
DO = 0.27 ± 0.06 mg/L), similar to Feng et al. (2022).
Paraffin Section and Electron
Microscopic Section
The fixed gill was dehydrated using a graded ethanol–xylol series
and vacuum-embedded in paraffin. The sections (5~6 mm) of the
Frontiers in Marine Science | www.frontiersin.org 3
specimens were cut and placed on polylysine-coated slides.
hematoxylin and eosin (H&E) staining was done on the slices,
and they were photographed under an Olympus microscope
(Olympus CH2, Olympus, Japan).

Gill tissues were washed in PBS and preserved in 2.5%
glutaraldehyde overnight. After being washed with PBS, the gill
tissues were dehydrated using gradient alcohol (70%, 80%, 90%,
95%, and 100%) and then treated with isoamyl acetate for
standard critical drying. Then, using a JEOL JSM 7800E field
emission scanning electron microscopy (JEOL, Tokyo, Japan), a
vacuum ion coating was applied to view and capture pictures.
Total RNA Isolation and Sequencing
The isolation of total RNA from the gills of CK, T1, T2, and T3
groups was done with the TRIzol Reagent (Invitrogen, Carlsbad,
CA, USA). The processing of the complementary DNA (cDNA)
along with the RNA sequencing was done at Frasergen
Bioinformatics Co., Ltd (Wuhan, China), with sequencing run
on the Illumina HiSeq™ 4000 system to generate 150 bp paired-
end reads.
FIGURE 1 | Hematoxylin and eosin (H&E) staining of gill sections under (A) normoxia; (B) hypoxia; (C) demi-asphyxia; and (D) asphyxia stress in silver carp. GL,
branch leaf; BC, blood cells; PVC, pavement cells; MRC, mitochondria-rich cells.
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Analysis of RNA-Seq Data
The analyses of the RNA-seq data were done as documented
previously (Li et al., 2021). FASTQC (v0.11.5) was employed to
verify the quality of the fastq output files. Trimgalore (v0.4.3) was
adopted to eliminate adapter sequences. The reads were mapped
to the silver carp reference genome (unpublished data). HTSeq
(v0.6.1) was utilized to produce raw counts (Anders et al., 2015).
To identify DEGs (differentially expressed genes), a fold change
(FC) > 2.0 along with a P-adjusted value < 0.05 cut-off (FDR)
served as the threshold (Benjamini and Yekutieli, 2001). The R
‘heatmap’ package was adopted to conduct hierarchical DEG
clustering. The Gene Ontology (GO) enrichment analysis along
with the Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses for DEGs were performed via the KOBAS
program (v2.1.1), with a P-value of 0.05 signifying
significant enrichment.

Real Time Quantitative PCR (RT-qPCR)
Analysis
The oligonucleotide sequences of the primers are given in Table 1.
The genes utilized to validate the RNA-seq data were the members
of overlapping DEGs from CK versus T1, CK versus T2, and CK
versus T3, and their primers were built using Primer 6. B-actin
served as the control gene (Li et al., 2013; Li et al., 2016). qPCRwas
performed on samples that were not related to those utilized for
RNA-seq. Following total RNA isolation, cDNA was synthesized
using the FastKing RT Kit (TianGen, Beijing, China) and qPCR
was done with a 2×SYBR Green MasterMix reagent (Takara,
Kyoto, Japan) as previously documented (Zhang et al., 2022).
The determination of gene expression was done via the 2-△△Ct

method (Livak and Schmittgen, 2001).

Statistical Analyses
All values were presented as SD ± mean. SPSS v15.0 (IBM Corp.,
USA) was used for data analyses. Before performing ANOVA, the
Shapiro–Wilk test was performed to determine the normality of
Frontiers in Marine Science | www.frontiersin.org 4
the data and the Levene test was used to determine the
homoscedasticity of the data. When the data were homogeneous
and met the normal distribution, a one-way ANOVA was used to
determine the statistical differences between multiple testing, and
P < 0.05 signified statistical significance.
RESULTS

Effect of Hypoxia Stress on Gill Tissue
Structure of Silver Carp
The sections stained with H&E exhibited that the both sides of gill
lamellae in the normoxia group were symmetrical and orderly
arranged, the epithelial cells were flat and regularly arranged, the red
blood cells (RBCs) were evenly distributed in the sinus, and the
mitochondria-rich cells were elliptically distributed at the base of the
lamellae (Figure 1A). Compared with the CK (normoxia) group,
the gill tissue structure of T1 (hypoxia), T2 (semi-asphyxia), and T3
(asphyxia) groups began to be damaged in gradually lower DO. As
shown in the T1 group (Figure 1B), the volume of cells with rich
mitochondria became larger, the distribution of red blood cells was
uneven, and the gill lamellae were gradually curved, thus increasing
the gill respiratory area. At the T2 group (Figure 1C), most of the
gill lamellae showed a disorder and an “S”-shape distortion, some
gill filaments were dehisced in the middle, the RBCs in the blood
sinuses were not uniformly distributed and piled up, and the
phenomenon of cavitation was common. At the T3 group
(Figure 1D), the volume and number of mitochondria-rich cells
were increased and the whole gill lamellae were swollen and
seriously curved, which deviated from the normal shape. In
addition, the statistical analysis showed that the gill filament
cracking proportion was higher in hypoxia groups (Figure S1).
These results indicated that the severe hypoxia stress caused serious
damage to the gill tissue.

The scanning electron microscope section showed that the gill
tissue structure was complete and the gill lamellae were arranged
TABLE 1 | Information of the primers used in quantitative real-time PCR analysis.

Gene abbreviation Gene description Primer sequence (5’-3’) Length (bp)

cxcr4 C-X-C motif chemokine receptor 4 F: TCCTGGTGGACACTCTGGTGAC 106
R: TGGAAGTACGCCAGTGCCTCA

gabarapl1 GABA type A receptor associated protein like 1 F: ACTCCCTTCCTCCATCCAGTTCC 131
R: CCAATCCTTGCGTCCTCTGTCTC

irf7 Interferon regulatory factor 7 F: TGCTCAGCCAGGTGGAGACAA 131
R: CGACTGACCGCACCGTAAGATTT

hspb1 Heat shock protein family B (small) member 1 F: TAACACAGGCAGCAGCACAGC 144
R: GCAGTACGGCAATCCATCCTCTC

dusp2 Dual specificity phosphatase 2 F: TGAAGGTGGAGGACAGTCTAGCC 157
R: TGTATGAGGTACGCCAGGCAGAT

ccng2 Cyclin G2 F: GCCAAGGAGCACAACCACCAA 145
R: GCACAATGGCACCTCGCTGTA

ddit4 DNA damage-inducible transcript 4 F: ATGCCTCATCTGTGCTGCTGTG 120
R: CCACTCCAACATCTGACGCTCC

egln1 egl-9 family hypoxia inducible factor 1 F: TGGCATCTGTGTGGTGGACAAC 191
R: TCTTCTCGCATCCAGGCTCCTT

egln3 egl-9 family hypoxia inducible factor 3 F: TGGACACGCAGTTGGAGACTTT 157
R: CCGTCGTTGAGAATCCCACAGTA
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neatly without any damage at normoxia (Figure 2A). As shown
in the T1 group (Figure 2B), the matrix of the gill lamellae
became thin, some gill lamellae were damaged, and the surface of
gill arch began to appear as a microridge. At the T2 group
(Figure 2C), the arrangement of gill lamellae was disordered and
the damage of the microridge on the surface of gill arch began to
be obvious. At the T3 group (Figure 2D), the gill lamellae were
seriously twisted, the matrix was thinned, and the number of
microridge on the surface of the gill arch was greatly expanded.
Mapping of Reads Generated by RNA-seq
of Gill to the Silver Carp Genome
We constructed a total of 12 cDNA libraries in this research.
RNA-seq generated 21,228,388–29,007,113 million high-quality
clean reads (Table 2). We mapped 16,801,436–22,573,384 reads
(70.50%–80.27% of clean reads) to the genome of silver carp
(unpublished), illustrating that the majority of clean reads
generated by high-throughput sequencing were mapped
(Table 2). Genes with count >1 were considered as highly
expressed genes if they accounted for at least 75% of the 12
samples and were utilized for further differential expression
assessment, giving a total of 25,319 genes in this research.
Frontiers in Marine Science | www.frontiersin.org 5
Identification of Differentially
Expressed Genes
To unveil the mechanism via which the silver carp responds to
hypoxia, differential gene expression analyses were carried out in
the CK gill relative to the T1, T2, and T3 gills (P < 0.05). In
comparison to the normoxia group, the hypoxia group harbored
587 DEGs, consisting of 312 upregulated along with 275
downregulated DEGs (Figure 3A). A total of 725 DEGs were
found in the semi-asphyxia group, consisting of 426 upregulated
FIGURE 2 | Electron microscopy examinations of gill sections under (A) normoxia, (B) hypoxia, (C) semi-asphyxia, and (D) asphyxia stress in silver carp. SF: branch leaf.
TABLE 2 | Statistics of sequencing.

Sample name Mapped reads Mapped reads Mapping rate

CK-1 23,394,144 18,036,700 77.10
CK-2 23,190,974 18,584,187 80.14
CK-3 26,988,191 20,753,726 76.90
T1-1 21,228,388 16,801,436 79.15
T1-2 24,953,200 19,693,195 78.92
T1-3 25,851,796 20,638,869 79.84
T2-1 25,063,099 19,650,596 78.40
T2-2 25,232,520 17,787,773 70.50
T2-3 22,782,532 18,286,816 80.27
T3-1 29,007,113 22,573,384 77.82
T3-2 27,512,568 20,658,683 75.09
T3-3 22,440,988 17,897,520 79.75
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coupled with 299 downregulated genes (Figure 3B). In the
asphyxia group, a total of 748 DEGs were identified, 499 of
which were upregulated with 249 being downregulated
(Figure 3C). A Venn diagram exhibited the common and
specific DEGs obtained from differential gene expression
analyses described above (Figure 4A), and Figure 4B depicted
the 224 co-expressed genes’ distinct expression trends in these
four groups.

Gene Ontology Enrichment Analysis of
Differrentially Expressed Genes
The DEGs were analyzed using the GO term analyses to
determine considerably (P < 0.05) enriched BPs (biological
processes), CCs (cellular components), and MFs (molecular
functions). GO analyses exhibited that DEGs in the T1 group
were enriched for BPs containing the immune system process,
antigen processing and presentation, immune system
development, and oxidation–reduction process; for CCs
Frontiers in Marine Science | www.frontiersin.org 6
containing MHC protein complex and extracellular region; for
MF-containing oxidoreductase activity, iron ion binding, and
endopeptidase inhibitor activity (Figure 5A). In the T2 group,
the immune system process, the modulation of the immune
system process, antigen processing along with presentation, and
the response to lipid were enriched in BPs; the MHC protein
complex and MHC class II protein complex were enriched in
CCs; the oxidoreductase activity, iron ion binding, and MAP
kinase phosphatase activity were enriched in MFs (Figure 5B).
In the T3 group, immune system process, the response to
oxygen-containing compound, the cellular response to
chemical stimulus, and the modulation of immune system
process were enriched in BPs; the MHC protein complex and
MHC class II protein complex were enriched in CCs; and the
oxidoreductase activity, iron ion binding, and phospholipase C
activity were enriched in MFs (Figure 5C). For better clarity and
concise presentation, we analyzed the intersection of significantly
enriched GO terms among three comparisons. Genes induced by
A B C

FIGURE 3 | Differentially expressed genes (DEGs) were identified by hypoxia in the gills of silver carp. Volcano plots of DEGs in (A) CK vs. T1, (B) CK vs. T2, and (C) CK
vs. T3. Red dots designate upregulated genes, and green dots designate downregulated genes. CK: normoxia, T1: hypoxia, T2: semi-asphyxia, T3: asphyxia.
A B

FIGURE 4 | Clustering analysis of DEGs between the three comparisons. (A) The DEGs in the three comparisons are exhibited in a Venn diagram. (B) The heatmap
exhibits the variance in the expression of overlapping DEGs on the basis of the fragments per kilobase of transcript per million mapped read (FPKM) values. Genes
with contents with greater than the mean are highlighted in red, while those with expression levels below the mean are highlighted in blue.
May 2022 | Volume 9 | Article 900200
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hypoxia were consistently enriched in GO terms including the
immune system process, oxidoreductase activity, the response to
endogenous stimulus, iron ion binding, and MHC protein
complex (Figure 5D). It is worth mentioning that the numbers
of the associated genes and the significance of the GO
enrichments roughly increased with the degree of hypoxia
stress (hypoxia, semi-asphyxia, and asphyxia).
Kyoto Encyclopedia of Genes and
Genomes Enrichment Analysis of
Differrentially Expressed Genes
KEGG enrichment analysis was used to reveal the affected
biological pathways. The DEGs induced by hypoxia stress (T1)
were enriched in signaling pathways consisting of complement
and coagulation, mTOR, Th1 and Th2 cell differentiation, HIF-1,
and FoxO (Figure 6A). The genes induced by semi-asphyxia
stress (T2) were enriched in signaling pathways including drug
metabolism – cytochrome P450, complement and coagulation,
and HIF-1 (Figure 6B). The genes induced by asphyxia stress
(T3) were enriched in signaling pathways including vitamin B6
metabolism, the immune network for IgA production, antigen
processing along with presentation, Th1 and Th2 cell
differentiation, HIF-1, FoxO, and MAPK (Figure 6C). Given
that the enrichment signaling cascades in T1, T2, and T3 were
Frontiers in Marine Science | www.frontiersin.org 7
primarily related to the immune response and oxygen transport,
the intersection of enriched KEGG cascades in these two
functions was determined for better clarity and concise
presentation. As a result, the signaling cascades linked to
immune system (complement and coagulation cascades, NOD-
like receptor signaling cascade, leukocyte transendothelial
migration, and Th1 and Th2 cell differentiation), immune
diseases (rheumatoid arthritis, asthma, inflammatory bowel
disease, graft-versus-host disease, and systemic lupus
erythematosus), as well as oxygen transport (MAPK, FoxO,
PI3K-Akt, and HIF-1 signaling cascade) were enriched
(Figure 6D). Moreover, the numbers of the associated genes
and significance of the KEGG enrichments roughly increased
with the degree of hypoxia stress (hypoxia, semi-asphyxia, and
asphyxia). Furthermore, the DEGs linked to immune system
(Figure 7 and Table 3) as well as oxygen transport (Figure 8)
were analyzed.
RT-qPCR Verification
To confirm the RNA-seq findings, we employed RT-qPCR to
verify 18 DEGs from insulin signaling pathways. RT-qPCR data
exhibited that cxcr4 and gabarapl1 (immune response related),
hspb1, dusp2, ccng2, ddit4, egln1 and egln3 (oxygen transport
related) were remarkably and gradually increased, while irf7
A B

C D

FIGURE 5 | Gene Ontology (GO) term enrichment of dramatically DEGs in (A) CK vs. T1, (B) CK vs. T2, and (C) CK vs. T3. (D) Intersection of the three
comparisons. Bubble plots represent remarkably enriched GO terms within the DEGs. The y-axis designates GO terms, and the x-axis exhibits the rich factor.
The P-value indicates the enrichment importance of the GO terms, with lower P-values suggesting higher intensity. CK: normoxia, T1: hypoxia, T2: semi-
asphyxia, T3: asphyxia.
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(immune response related) were remarkably and gradually
decreased in the hypoxia, semi-asphyxia, and asphyxia groups
(Figure 9). These data were congruent with RNA-seq data in
terms of the variation trend (Table 4), demonstrating the
accuracy and reliability of the RNA-seq investigation.
Frontiers in Marine Science | www.frontiersin.org 8
4 DISCUSSION

Herein, the impacts of varying degrees of hypoxia stress
(hypoxia, semi-asphyxia, and asphyxia) were evaluated on the
histomorphological in the gill tissue of H. molitrix. Results
A B

C D

FIGURE 6 | KEGG pathway enrichment of dramatically DEGs in (A) CK vs. T1, (B) CK vs. T2, (C) CK vs. T3, (D) Intersection of the three comparisons in immune
response and oxygen transport. The bubble plots highlight KEGG cascades that are considerably enriched in the remarkable DEGs. The y-axis exhibits KEGG
cascades. The x-axis denotes the rich factor. The P result signifies the signaling cascades enrichment importance; the lower the P-value, the higher the intensity. CK:
normoxia, T1: hypoxia, T2: semi-asphyxia, T3: asphyxia.
A

B

A

B

C

D

FIGURE 7 | Heat map exhibiting alterations in gene expression in the pathways related to immune response, like complement and coagulation cascades (A),
leukocyte transendothelial migration (B), NOD-like receptor signaling cascade (C), and Th1 and Th2 cell differentiation (D). The evaluation criteria used the average
RPKM value per gene. Genes with contents greater than the mean are colored red, while those with contents below the mean are colored blue.
May 2022 | Volume 9 | Article 900200
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illustrated that the tissue damage in the gills becomes more and
more severe with the increasingly low DO concentration. Using
gill transcriptomic analysis, the effects of hypoxia on immune
defense and oxygen transport-related genes and signaling
cascades in H. molitrix were uncovered. As a result, the
classified discussion is detailed below.

Effect of Hypoxia Stress on the Gill Tissue
Structure of H. molitrix
Aquatic habitats have a range of oxygen contents, from anoxia to
hyperoxia, which results in a corresponding range of tissue and
cellular diversity in aquatic animals. Silver carp, being a
somewhat hypoxia-sensitive freshwater fish, is susceptible to
being harmed by a fall in DO levels caused by weather changes
or eutrophication (Li et al., 2021). The gill is the main respiratory
organ of fish, and its dominant functions are carrying out gas
exchange, promoting metabolism, and regulating osmotic
pressure. As the first organ that responds to rapid changes in
the DO level of water, the functions of a gill were disrupted by
hypoxia, including respiration, nitrogenous waste excretion, and
Frontiers in Marine Science | www.frontiersin.org 9
osmoregulation (Khansari et al., 2018). Under hypoxia stress, a
Crucian carp could increase its oxygen intake by increasing the
number of gill lamellae (Sollid et al., 2003). Studies have also
shown that Gymnocypris przewalskii (Matey et al., 2008) and C.
carassius (Sollid et al., 2005) can adapt to the hypoxia
environment by changing the shape and structure of gills to
increase its oxygen intake. In this study, the volume of cells with
rich mitochondria became larger and the gill lamellae was
gradually curved in the hypoxia condition, thus possibly
increasing the gill respiratory area to obtain more oxygen. The
results were consistent with the changes of gill tissues of
Oncorhynchus mykiss (Matey et al., 2011) and G. przewalskii
(Matey et al., 2008) under hypoxia stress. Furthermore, the tissue
section and scanning electron microscope section of the gills in
silver carp showed that the swelling and shedding of the
epithelial cell layer in the gill tissue were intensified, the gill
lamellae were seriously twisted, the phenomenon of cavitation
became common, and gill filaments were dehisced in the semi-
asphyxia and asphyxia condi t ions . Therefore , the
abovementioned results further illustrate that hypoxia would
TABLE 3 | The representative immunity-related DEGs in the gills of H. molitrix in varying degrees of hypoxia.

Accession number Gene name Description log2 ratio

T1/CK T2/CK T3/CK

CAFS_HM_T_00082284 abcb1 ATP-binding cassette subfamily B member 1 -0.13 -1.95 -1.57
CAFS_HM_T_00022426 brf1 Transcription factor TFIIIB subunit BRF1 -1.40 -0.26 -1.51
CAFS_HM_T_00087508 c2 Complement C2 1.28 1.01 -1.16
CAFS_HM_T_00050307 c6 Complement component C6 1.29 1.31 2.21
CAFS_HM_T_00024133 cd36 CD36 molecule -1.26 -1.05 -1.00
CAFS_HM_T_00037696 cd40 CD40 molecule 1.29 1.43 1.38
CAFS_HM_T_00005419 cd45 Receptor-type tyrosine-protein phosphatase C 0.68 1.57 1.70
CAFS_HM_T_00031558 cited2 Cbp/p300-interacting transactivator with Glu/Asp rich carboxy-terminal domain 2 1.63 1.84 2.20
CAFS_HM_T_00079400 cxcr4 C-X-C motif chemokine receptor 4 1.77 1.88 1.95
CAFS_HM_T_00088254 dlc deltaC -1.53 -1.34 -1.63
CAFS_HM_T_00020279 dld Dihydrolipoamide dehydrogenase -1.59 -1.62 -1.68
CAFS_HM_T_00045987 epo Erythropoietin 0.46 -0.29 1.04
CAFS_HM_T_00046337 etnppl Ethanolamine-phosphate phospho-lyase 2.24 2.69 2.36
CAFS_HM_T_00090703 ezr Ezrin 0.45 1.45 0.75
CAFS_HM_T_00031270 fos Fos proto-oncogene, AP-1 transcription factor subunit 1.56 3.17 3.38
CAFS_HM_T_00033733 fyn Fyn proto-oncogene 0.47 1.38 0.91
CAFS_HM_T_00055839 gata2 GATA-binding protein 2 0.87 0.06 0.47
CAFS_HM_T_00079776 ifnar1 Interferon alpha and beta receptor subunit 1 0.94 1.50 1.31
CAFS_HM_T_00063373 irf7 Interferon regulatory factor 7 -1.51 -1.53 -1.40
CAFS_HM_T_00008734 jagn1b Jagunal homolog 1b -0.43 -1.22 -0.84
CAFS_HM_T_00076201 klf4 Kruppel like factor 4 2.83 2.59 2.99
CAFS_HM_T_00060378 klf6 Kruppel like factor 6 0.89 0.72 0.92
CAFS_HM_T_00040278 lime1 Lck-interacting transmembrane adaptor 1 4.16 -0.65 4.29
CAFS_HM_T_00065779 nccrp1 P1, F-box associated domain containing 1.08 -0.05 0.58
CAFS_HM_T_00029544 ndrg1 N-myc downstream regulated 1 0.66 0.58 0.89
CAFS_HM_T_00053358 rpl22 Ribosomal protein L22 0.25 0.58 0.61
CAFS_HM_T_00009090 s1pr4 Sphingosine-1-phosphate receptor 4 1.95 1.57 1.75
CAFS_HM_T_00018523 sec23 Secretory 23 1.21 1.47 1.84
CAFS_HM_T_00002602 slc25a38 Solute carrier family 25 member 38 -2.18 -1.59 -1.72
CAFS_HM_T_00072448 smox Spermine oxidase 0.94 0.58 0.73
CAFS_HM_T_00063974 snrk SNF-related kinase 0.76 0.66 0.86
CAFS_HM_T_00039980 tfe3 Transcription factor binding to IGHM enhancer 3 -1.55 -1.08 -1.09
CAFS_HM_T_00028261 tgfbr2 Transforming growth factor beta receptor 2 0.82 0.75 1.19
CAFS_HM_T_00035272 tmem173 Transmembrane protein 173 -2.63 -1.40 -2.05
CAFS_HM_T_00036122 tsc22d3 TSC22 domain family member 3 1.53 1.56 1.68
CAFS_HM_T_00080525 znf148 Zinc finger protein 148 -0.86 -1.04 -1.28
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alter the structure of gills to adapt to environmental challenges
and severe hypoxia condition could cause a more serious and
irreversible tissue damage of the gills in H. molitrix.

Effect of Hypoxia Stress on the Immune
Defense of H. molitrix
The majority of studies on the teleost immune response focused
on changes in the expression of genes in the head, kidney, and
spleen, which represent the primary hematopoietic along with
secondary lymphoid organs of fish, respectively (Ewart et al.,
2005; Overturf and LaPatra, 2006; Jørgensen et al., 2011). While
the gill is primarily responsible for gas along with electrolyte
exchange coupled with excretion (Evans et al., 2005), it has been
considered as a key infection site, owing to its continual
interaction with the aquatic environment (Dos Santos et al.,
2001). Additionally, the fish gills, as a lymphoid tissue connected
with the mucosa, contain a variety of leuklarki populations that
are responsible for local immune responses, making them an
immune-competent organ (Press and Evensen, 1999; Rebl et al.,
2014). In this work, immunological cascades (complement and
coagulation cascades, leukocyte transendothelial migration,
NOD-like receptor signaling cascade, and the differentiation of
Th1 and Th2 cells) were enriched in diverse degrees of hypoxic
stress. Complement and coagulation systems are two closely
Frontiers in Marine Science | www.frontiersin.org 10
linked plasma protein cascades that play critical roles in host
defense and hemostasis, respectively (Berends et al., 2014). The
complement system, a critical defender against invasive
pathogenic microbes, may be triggered by traditional,
alternative, or mannan-docking lectin cascades (Kemper et al.,
2014). Complement C3 is a critical component of the
complement system, and the activation of C3 converges the
three complement activation cascades (Meng et al., 2019). C2
and C4 are two effector proteins that have the potential to initiate
the classical complement cascade (Petersen et al., 2000). C6 is
one of the terminal components of a complement system that,
when coupled with other complement components, forms the
membrane attack complex, which results in bacterial cell lysis
(Shen et al., 2013). The upregulation of complement C2, C6, and
C3 in Figure 7A demonstrated that hypoxic stress may trigger
the H. molitrix immune defense response.

Atherogenesis and other inflammatory vascular disorders are
complicated by leukocyte adherence and trans-endothelial
migration (Zhang et al., 2011). The NOD-like receptor signaling
cascade is responsible for the generation of innate immune
responses and plays an indispensable role in inflammation (Viale-
Bouroncle et al., 2012). Herein, leukocyte trans-endothelial
migration and the NOD-like receptor signaling pathway were
enriched in varying groups, indicating that hypoxia might initiate
A

B

C

D

FIGURE 8 | Heat map exhibiting alterations in gene expression in the pathways related to oxygen transport, such as MAPK (A), FoxO (B), PI3K-Akt (C), and HIF-1
signaling cascade (D). The evaluation criteria used the average RPKM value per gene. Genes with contents greater than the mean are colored red, while those with
contents below the mean are colored blue.
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an innate immune response and trigger inflammation processes.
The Th1/Th2 balance is thought to be critical for good
immunological responses, and an imbalance between the two
may result in immune-linked diseases (Ohno et al., 2015).
Patients with rheumatoid arthritis, type 1 diabetes, and multiple
sclerosis have Th1-dominant immune responses, while those with
type 1 hypersensitivity conditions including allergies or asthma
exhibit Th2-dominant immune responses (Kidd, 2003). STAT4 is
primarily involved in the induction of Th1 responses and
Frontiers in Marine Science | www.frontiersin.org 11
suppresses Th2 responses (Chitnis et al., 2004; Cui et al., 2021).
STAT4 activation is thought to have an inflammatory impact, and it
is involved in the modulation of Th1/Th2 differentiation as well as
the autoimmune conditions associated with this dysfunction (Cui
et al., 2021). In this research, stat4 was downregulated in hypoxia-
treated groups, indicating that Th1 responses were inhibited and
Th2 responses were induced in the hypoxia condition in H.
molitrix. Furthermore, rheumatoid arthritis, asthma, and Th1 and
Th2 cell differentiation were enriched in varying groups in
A B C

D E F

G H I

FIGURE 9 | RT-qPCR verification of 9 differentially expressed genes [cxcr4 (A), gabarapl1 (B), irf7 (C), hspb1 (D), dusp2 (E), ccng2 (F), ddit4 (G), egln1 (H), and
egln3 (I)] in the CK, T1, T2, and T3 groups. Y-axis exhibits the relative fold change. * designates P < 0.05, ** designates P < 0.01.
TABLE 4 | Comparisons of RNA-seq and RT-qPCR results.

Gene abbreviation Gene description Fold-change (CK vs. T1) Fold-change (CK vs. T2) Fold-change (CK vs. T3)

qPCR RNA-seq qPCR RNA-seq qPCR RNA-seq

cxcr4 C-X-C motif chemokine receptor 4 1.57 3.40 2.21 3.69 4.33 3.88
gabarapl1 GABA type A receptor associated protein like 1 1.62 1.75 1.63 1.80 2.74 2.38
irf7 Interferon regulatory factor 7 0.51 0.35 0.34 0.35 0.57 0.38
hspb1 Heat shock protein family B (small) member 1 2.62 3.66 3.59 2.53 5.51 2.39
dusp2 Dual-specificity phosphatase 2 2.98 3.10 3.96 3.85 10.90 4.35
ccng2 cyclin G2 1.59 2.24 2.19 2.08 10.75 2.89
ddit4 DNA damage-inducible transcript 4 1.89 3.48 2.70 3.63 9.30 5.23
egln1 egl-9 family hypoxia inducible factor 1 2.12 2.36 8.95 2.33 20.13 3.52
egln3 egl-9 family hypoxia inducible factor 3 2.73 8.23 3.49 7.42 6.90 10.81
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Figure 6D, suggesting that varying degrees of hypoxia would
impact Th1/Th2 balance and further cause immune disease
including rheumatoid arthritis and asthma in H. molitrix.

In addition to the aforementioned findings, a high number of
functional DEGs were identified; and these DEGs have the
potential to influence the immune system and various signaling
cascades. KLF4 is implicated in the control of endothelial
inflammation by dampening the activation of the NF-B cascade
(Fang and Davies, 2012). CXCR4 is required for a variety of
biological activities, consisting of immune cell trafficking and
bone-marrow homeostasis (Lin et al., 2019). IRF7 functions as
the pivotal modulator of type 1 IFN-triggered immune responses,
which are required for viral immunity (Honda et al., 2005). CD45,
the prototypical receptor-like protein tyrosine phosphatase gene,
plays an indispensable role in immune cell signal transduction
cascades (Ren et al., 2018). CD36 is a membrane-bound
glycoprotein that participates in a variety of cellular activities
including lipid transport, immunological modulation, coagulation,
and atherosclerosis (Endemann et al., 1993). CD40 is a co-
stimulatory immune receptor belonging to the TNF receptor
superfamily that plays a pivotal role in Th1-cell-triggered
immune responses (Cella et al., 1996; Reyes-Moreno et al.,
2004). The downregulation of irf7 and cd36 as well as the
upregulation of klf4, cxcr4, cd45, and cd40 (Table 3) in hypoxia-
treated groups suggested that the immune response ability of the
gills in H. molitrix might be weakened by the varying degrees of
hypoxia stress (hypoxia, semi-asphyxia, and asphyxia).

Effect of Hypoxia Stress on the Oxygen
Transport of H. molitrix
The majority of aquatic animals have evolved a variety of
molecular approaches for hypoxia modulation, consisting of
increased oxygen delivery as well as decreased oxygen
consumption (Sun et al., 2016). These processes are controlled
by HIF-1 signaling cascade-modulated genes, for instance,
erythropoietin, transferrin, transferrin receptor, hexokinase,
and lactic dehydrogenase (Zhu et al., 2013). In many species,
the HIF-1 signaling cascade induces identical or homologous
gene expression, resulting in similar biochemical and physical
consequences, such as angiogenesis, oxygen sensing, and
erythropoiesis along with oxygen transport (Xiao, 2015).

MAPKs play a role in oxygen sensing as critical modulators of
HIF-1 signaling. Hypoxia has been exhibited to change MAPK
expression in the zebrafish heart (Marques et al., 2008). As a critical
factor in HIF-1 signaling, HIF-1 is activated through the PI3K/Akt
signaling (Jiang et al., 2001). The FoxO signaling cascade is
remarkably linked to the PI3K/Akt signaling cascade (Farhan
et al., 2017), suggesting that it may have an indirect influence on
HIF-1 signaling. Furthermore, the HIF-1, MAPK, FoxO, and PI3K-
Akt signaling were enriched, and the related genes were remarkably
elevated (Figure 8). These findings illustrate that in response to
hypoxia, H. molitrix activates these signaling cascades.

Numerous upregulated genes, consisting of nos2, vegfa, igf1r,
hmox2, pik3r, il6r, ldh, epo, egln1, eno, aldo, cdkn1a, mknk, egln3,
and cdkn1b, which are commonly linked with hypoxia response,
were shown to be enriched in HIF-1 signaling. In zebrafish, the
Frontiers in Marine Science | www.frontiersin.org 12
egln1 gene, also known as egln1b, produces PHD2, which degrades
HIF-1 by prolyl hydroxylation in an aerobic environment
(Schofield and Ratcliffe, 2004). Additionally, the EGLN family
genes EGLN2 and EGLN3 act as cellular oxygen sensors,
catalyzing and hydroxylating HIF alpha proteins (Hu et al.,
2019). The EGLN family has been implicated in EPO synthesis
and erythropoiesis in murine zygotes (Fisher et al., 2009), and
EGLN3 transcriptome and proteomic alterations have been
connected to Tibetan pig adaptation to high-altitude hypoxia
(Zhang et al., 2017). The induction of EPO at low oxygen levels
results in an increase in red blood cell formation, which results in an
increase in oxygen delivery in response to ischemia stress (Zhang
et al., 2014). HIF activation increases LDH activity, which in turn
promotes HIF activation further, implying a positive feedback loop
between HIF and LDH (Lu et al., 2002). Hypoxia and a rise in the
expression of oxygen-modulated HIF transcription factors are
major inducers of VEGFA overexpression (Fang et al., 2019). In
our study, the gene expression of egln1, egln3, epo, ldh, and vegfa
had an overall increase trend in response to hypoxia, semi-asphyxia,
and asphyxia (Figure 8D), indicating that H. molitrix may utilize
“HIF-1” to obtain more oxygen to maintain active functions under
varying degrees of hypoxia stress.
CONCLUSIONS

This study showed that varying degrees of hypoxia induce the
tissue damage of gill in silver carp. The H&E sections and electron
microscopy examinations of gills indicated that the swelling and
shedding of the epithelial cell layer in the gill tissue were
intensified, the gill lamellae were seriously twisted, and gill
filaments were dehisced with the degree of hypoxia intensified.
The present study is the first to use a transcriptome to reveal the
response to hypoxia in the gill ofH.molitrix. In total, 587, 725, and
748 DEGs were identified in hypoxia, semi-asphyxia, and asphyxia
groups, respectively. Further analysis illustrated that c2, c3, c6, klf4,
cxcr4, cd45, and cd40 were upregulated as well as complement and
coagulation cascades, NOD-like receptor signaling cascade, and
Th1 and Th2 cell differentiation were enriched, which involved
immune defense in the silver carp exposed to varying degrees of
hypoxia. Moreover, egln1, egln3, epo, ldh, and vegfa were
upregulated, and HIF-1, MAPK, and PI3K-Akt signaling
pathways were enriched, which involved oxygen transport in the
response of silver carp to hypoxia. These findings suggest that
hypoxia stress may activate the H. molitrix immune defense
system and that the HIF-1 signaling pathway is employed to
increase oxygen transport in hypoxic situations. The results of this
investigation will provide light on the molecular processes driving
hypoxia responses in hypoxia-sensitive fish.
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