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ARTICLE INFO ABSTRACT

Keywords: Hypoxia tolerance, one of the important goals of fish breeding, is beneficial for aquaculture and the transporting

Hem‘)g_l"bin - of fish. Based on the bisexual fertile allotetraploid crucian carp hybrid lineage obtained by distant hybridization,

I;ypz’“a tsleraﬂce ability we successfully developed the allotriploid crucian carp via interploidy crossing with diploid red crucian carp.
rythrocyte

This allotriploid fish exhibited obvious hypoxia tolerance with lower values of dissolved oxygen at P (critical
oxygen press) and 50 % ASR (aquatic surface respiration) than its original parents. Hemoglobin is the main
vector of oxygen in vivo. This study examined the changes in amino acid sequences and natural protein
conformation of hemoglobin, and found that the Hba sequences of allotriploid crucian carp displayed obvious
hybridity, including recombination and variation, when compared with its original parents. Moreover, the
expression of hba gene is higher in the liver and blood of allotriploid crucian carp than in its original parents.
After acute anoxia treatment, the expression of gatal gene, which served as the general switch for erythroid
development, decreased in the blood of all the three kinds of fish. However, only in the allotriploid crucian carp
hba gene expression significantly decreased, coupled with the erythrocytes displaying an increased ratio of
nuclei/cytoplasm. Taken together, this study suggested that changes in hemoglobin coupled with the erythrocyte
morphological alterations under hypoxia increased the hypoxia tolerance ability of allotriploid crucian carp,
which would provide a new perspective to guide fish breeding to obtain high-quality fish species with increased
hypoxia tolerance.

Distant hybridization
Allotriploid crucian carp

1. Introduction

Dissolved oxygen (DO) in the aqueous environment, as the primary
limiting factor restricting the living state of aquatic animals, is usually
changed quickly for the influence of complex factors, such as tempera-
ture variation, seasonal change, barometric pressure, and so on (Diaz
and Breitburg, 2009). As the aquatic animal, fish should cope with the
change of dissolved oxygen to avoid death. Thus, hypoxia tolerance
ability is one of the important economic characteristics focused on fish
breeding, which is associated with efficient aquaculture and fish
transport.

To cope with the challenges caused by a low DO environment, fish
exhibit behavior changes observed easily to increasing oxygen intake
and reducing oxygen consumption, including but not limited to the
floating head phenomenon, slowing down movement (Herbert et al.,
2011; Wannamaker and Rice, 2000). The lasted hypoxia conditions even

influenced the growth and reproduction of fish (Bera et al., 2020;
Claireaux and Chabot, 2016). Moreover, a series of physiological and
biochemical reactions occurred in fish to adapt hypoxia environment,
including an altered energy metabolism state, disruption of erythrocyte
biogenesis, oxidative stress, and decreased immune function (Bickler
and Buck, 2007; Wang et al., 2023). The hypoxia-related genes up-
regulated or down-regulated their expression to respond to the
external low DO concentration (Fang et al., 2010). The HIF signaling
pathway was the major pathway in previous hypoxia stress studies
(Xiao, 2015).

As the oxygen carrier, the erythrocyte is directly involved in the
internal gas transport. The erythrocyte in fish is ellipsoidal nucleated
cells of different sizes, which has an inverse relationship with aerobic
swimming ability (Lay and Baldwin, 1999; Witeska, 2013). Also, the
number of erythrocytes in fish is strongly correlated with environmental
DO concentration (Ahmed et al., 2020). Hemoglobin, which is the main
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Fig. 1. The value of DO at Pcrit of CC (A), RCC (B) and 3n fish (C). CC P is 0.77 + 0.30 mg/L, RCC P is 0.83 + 0.17 mg/L, 3n P is 0.46 + 0.03 mg/L.
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Fig. 2. The value of DO at 50 % ASR of 3n fish, RCC and CC. ** means p < 0.01.

component of erythrocytes, is a globin heterotetramer composed by two
hemoglobin o subunits and two hemoglobin p subunits, in which each
subunit includes a protein and a heme (De Souza and Bonilla-Rodriguez,
2007). Thus, as the main vector of oxygen, the spatial conformation and
concentration of hemoglobin would influence the oxygen binding af-
finity and transporting ability (Wells, 2009). Under the survival chal-
lenge of low oxygen, the crucian carp increased its erythrocyte counts
and improved the oxygen-combination ability of hemoglobin (Sun et al.,
2012).

Distant hybridization combines two sets of genomes into one, thus
resulting in lots of recombination and variation. The above genetic
change would lead to phenotypic change (Chen et al., 2018). Thus,
distant hybridization is one of the important fish breeding technology
for resulting offspring with obvious advantages (Wang et al., 2019). The
first bisexual fertile allotetraploid fish was produced by crossing crucian
carp and common carp (abbreviated as CC) (Liu et al., 2001). Based on
this hybrid lineage, interploid hybridization between the diploid red
crucian carp (abbreviated as RCC) and allotetraploid fish was performed
to obtain the allotriploid crucian carp (abbreviated as 3n fish) (Chen
et al., 2009). This allotriploid fish exhibited a fast growth rate, infertile
reproductive characteristics, disease-resistant ability, also obvious
hypoxia-tolerance ability in practical aquaculture processes (Liu et al.,
2022).

The phenotypic characteristics of erythrocytes of different ploidy
fishes have been studied (Liu et al., 2004), while no study reported the
relationship between hemoglobin and hypoxia tolerance ability in 3n
fish. Here, in this study, we first compared the sequence alignment
difference and protein natural conformation of hemoglobin in 3n fish
and its original parents, and found that both displayed obvious recom-
bination and variation. Then, we focused on examining the gene
expression of hba and phenotypic characteristics of erythrocytes before
and after acute anoxia treatment. The hba gene expressed more in 3n fish
and exhibited more significant change after acute anoxia. Moreover, the

erythrocytes of 3n fish displayed a more obvious change in the ratio of
nuclei to cytoplasm. Taken together, our results suggested that the
multiplicity and expression of hemoglobin and erythrocyte phenotype
all might directly contribute to the hypoxia resistance ability of 3n fish.
This study would provide a new perspective to guide fish breeding to
obtain high-quality fish species with increased hypoxia tolerance.

2. Methods and materials
2.1. Ethics statement

The guidelines established by the Administration of Affairs Con-
cerning Animal Experimentation state that approval from the Science
and Technology Bureau of China and the Department of Wildlife
Administration is not necessary when the fish in question are neither
rare nor near extinction (first- or second-class state protection level).
Therefore, approval was not required for the experiments conducted in
this study.

2.2. Animals

The experimental fishes (RCC, CC, and 3n fish) referred to in this
study were raised in the Engineering Research Center of Polyploid Fish
Breeding and Reproduction of the State Education Ministry at Hunan
Normal University. All fishes were deeply anesthetized with 100 mg/L
MS-222 (Sigma-Aldrich, St. Louis, MO, USA) before dissection.

2.3. Molecular cloning of hba and hbp

Based on the genomic information of RCC and CC, specific primers
were designed to amplify and obtain the open reading frame (ORF) se-
quences of hba and hbp genes in RCC, CC, and 3n fish (Table S1). The
blood cDNA of different fishes was used as templates in the experiments
of molecular cloning.

2.4. Multiple sequence alignment and phylogenetic analysis

The protein sequences were assembled using the program MEGA,
version 11. Multiple sequence alignment analysis was carried out using
the program CLUSTAL W. Model-based phylogeny reconstructions were
performed with concatenated sequence alignments using the neighbor-
joining (NJ), using the program MEGA, version 11. And the neighbor-
joining bootstrap analyses consisted of 1000 replicates.

2.5. Real-time PCR (RT-PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen), and then
reverse transcribed with oligo (dT) primers using MMLV reverse
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Fig. 3. Alignment of the amino acid sequences of Hba between allotriploid crucian carp (3n fish) and its original parents (RCC and CC). A-H indicate the predicated
o-helical contents of the subunits. The solid diamonds represent the heme-oxygen binding sites.

transcriptase (TaKaRa). The RT-PCR was performed using PowerUp™
SYBR Green master Mix(Thermo Scientific™)on QuantStudio™ 5 Real-
time PCR instrument (Thermo Fisher Scientific, MA, USA) with gene-
specific primers (Table S1). fp-actin served as the internal reference.
The relative mRNA amounts were analyzed by the comparative CT
method as described by Schmittgen and Livak (Schmittgen and Livak,
2008).

2.6. Hemoglobin extraction

Hemoglobin was extracted from the blood of CC, RCC, and 3n fish,
respectively, as previously described (Bao et al., 2013). Briefly, blood,
mixed with acid-citrate-dextrose solution (ACD) at a volume ratio of
1:10, was centrifuged at 3000g for 10 min at 4 °C. The blood cell pre-
cipitate was washed with 0.9 % NacCl solution, and centrifuged. Then,
add the same volume of water to the precipitation and vortex. The he-
moglobin crude extract was the supernatant obtained after centrifuging
at 12, 000g for 10 min at 4 °C. The protein concentration was quantified
by the Modified Bradford Protein Assay Kit (Sangon Biotech).

2.7. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE)

The same amounts of hemoglobin extracts from different fishes were
mixed with 5 x SDS-loading buffer (Beyotime Biotechnology) and de-
natured by incubation at 100 °C for 10 min. Then, the denatured protein
samples were loaded and separated on 15 % SDS-PAGE gel at a constant
current of 20 mA. After electrophoresis, the gel was stained by Coo-
massie brilliant blue solution.

2.8. Native-polyacrylamide gel electrophoresis (native-PAGE)

The same amounts of hemoglobin extracts from different fishes were
mixed with 5 x native loading buffer (Beyotime Biotechnology), and
then separated with 4 % stacking gel and 8 % separating gel at a constant
voltage of 100 V in the ice bath. Until the tracking dye migrated to the
bottom, the electrophoresis stopped, and the protein bands could be
observed directly on the gel without staining.

2.9. Hypoxia indexes measurement and acute anoxia treatment

A sealed fish tank (4.2 L), full with 3 L of water. An oxygen electrode
(SMART, AR8406, China) was used to monitor [Oz] every 10 min. When
a fish showed aquatic surface respiration (ASR), the [O2] and time were
recorded. The experiment was repeated to obtain 50 %ASR. The meta-
bolic rate MOs[mg/(kg-h)] was calculated according to the changes of
body weight and [O5]:

MO; = ([02], — [02]2) XL:X BW

where [0,],; is the dissolved oxygen level at the monitoring point tI;
[0z, is the dissolved oxygen level at the monitoring point t2; V is the
total volume of the tank minus the volume of the fish; t is the interval
between time points tI and t2 (10 min); BW is the body weight of the
experimental fish (kg). P represents the dissolved oxygen level in
water when the fish cannot maintain its metabolic rate with the decrease
of dissolved oxygen level. This value is inversely proportional to the low
oxygen tolerance of the fish. The metabolic rate and dissolved oxygen
level were plotted, and the two-segmented straight lines were used to
find the significant turning point of MO, decline with the decrease of
dissolved oxygen level, which was P (Rogers et al., 2016).
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Fig. 5. SDS-PAGE (A) and native-PAGE (B) of total hemoglobin extracted from
blood of 3n fish and its original parents (RCC and CC). M means marker.

For acute anoxia treatment, a sealed fish tank (3 L), full of water, was
injected nitrogen continuously to replace oxygen in the water, which
coupled with the DO value change from 6.2 mg/L to 0.2 mg/L in 15 min.
Observe the behavior of fish. The blood of asphyxiated fish was
extracted without ACD for RNA extraction, and with ACD for the
following red blood cell count and blood smear.

2.10. Red blood cell count and blood smear

Red blood cell (RBC) count was determined with a blood cell
counting plate according to standard methods (Dacie and Lewis, 1991).
Blood smear was performed as previously described (Liu et al., 2004).
Briefly, the blood was diluted with 0.9 % NacCl solution at a ratio of 1:4.
10 pL of blood sample was dropped on the slide and quickly smeared
evenly and dried. The slides were stained with Wright Stain solution

(Solarbio)for 3 min, and then treated with phosphate buffer for 5 min.
After staining, wash the slides with water and dry them at room tem-
perature for observation. The morphology of erythrocytes was examined
and measured by Image J.

2.11. Statistical analysis

All data, expressed as means + SD from three independent experi-
ments, were analyzed by one-way ANOVA. Significant differences were
confirmed by the Student's t-test using SPSS 13.0 software. P-values
<0.05 (*) indicate statistical difference and p < 0.01 (**) means sig-
nificant difference.

3. Results
3.1. Hypoxia tolerance ability of allotriploid crucian carp

In practical aquaculture, the allotriploid crucian carp exhibited high
hypoxia tolerance. Here, we employed the hypoxia indexes, P, and 50
%ASR, to compare the hypoxia tolerance ability of 3n fish with their
original parents, RCC and CC. According to the results of two-segmented
straight lines, the DO value at P of 3n fish was 0.46 + 0.03 mg/L,
which was significantly lower than RCC (0.83 + 0.17 mg/L) and CC
(0.77 £ 0.30 mg/L) (Fig. 1). The DO values at 50 %ASR of 3n fish dis-
played similar variation, lower than RCC and CC obviously (Fig. 2). The
above two indexes revealed that 3n fish exhibited more excellent hyp-
oxia tolerance ability than their original parents.

3.2. Amino acid sequences analysis of Hba and Hbj

Based on the genome information and existing transcriptome of RCC
and CC, we cloned the complete ORF of hba gene in the two original
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Fig. 7. The relative gene expression of hba in the liver (A) and blood (B) of
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mRNA. Data are represented as mean + SE of n = 3 independent repeats.
Statistical analyses of the differences between expression levels in the two
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Table 1
The number of erythrocytes before and after asphyxiation.

Species No. of erythrocytes (10'2L~1)
before after
CcC 2.02 £ 0.32 1.83 £ 0.43
RCC 2.24 £ 0.52 2.16 £+ 0.40
3n fish 1.12 £ 0.07* 0.91 + 0.09*

Note: * represented significant difference.

parental fishes. There are two kinds of hba gene sequences in RCC
(named RCC- hbal and RCC- hba2), and one in CC (named CC- hba). All
hba genes encoded 143 amino acids. The amino acid sequence similarity
between RCC-Hbal and CC-Hba is 89.5 %, while 90.9 % between RCC-
Hba2 and CC-Hba. We further cloned hba gene sequences in 3n fish and
obtained 9 sequences (named 3n-hbal to 3n-hba9), which all displayed
hybridity (Fig. 3). Phylogenetic analysis revealed that 4 Hba sequences
of 3n fish clustered with CC-Hbua, 4 sequences clustered with RCC-Hbal,
and 1 sequence clustered with RCC-Hba2 (Fig. 4). All sequences of
crucian carp are closely related to the zebrafish sequence.

Moreover, we cloned ORF sequences of hbf gene in the two original
parental fishes, named RCC-hbg and CC-hbpj, which both encoded 148
amino acids. The similarity of the above two amino acid sequences is
98.0 %. We obtained 10 sequences (named 3n-hbf1 to 3n-hbf10) of the
hbp gene in 3n fish via molecular cloning, which displayed obvious
hybridity (Fig. S1). Phylogenetic analysis revealed that 5 Hbp sequences
of 3n fish clustered with CC-Hbg, 5 sequences clustered with RCC-Hbf

(Fig. S2). All Hbp sequences of crucian carp are closely related to the
zebrafish sequence.

3.3. Natural protein conformation of hemoglobin

Protein conformation is the main factor influencing the hemoglobi-
n-oxygen affinity. We further examined the protein characteristics of
hemoglobin via SDS-PAGE and non-denature PAGE. According to the
amino acid sequences of Hba and Hbp, the probable molecular weight of
hemoglobin protein was deduced and summarized in Table S2. All he-
moglobin protein molecular weight is distributed in a narrow area (15.3
kD to 16.4 kD). The result of SDS-PAGE showed that the hemoglobin
extract of all the three kinds of fishes is a broadband concentrated near
16kD (Fig. 5A). However, results of non-denature PAGE showed differ-
ences of hemoglobin in different fishes (Fig. 5B). Hemoglobin of CC
displayed three protein natural conformation, while RCC had only one
conformation. Different from its original parents, the hybrid 3n fish
showed obvious recombination characteristics, including three bands,
among which, the top one was very weak, the medial one was similar to
the medial band of CC hemoglobin, and the below one was similar to
RCC hemoglobin band.

3.4. Expression patterns of hba gene

For the significant sequence difference of the hba gene between 3n
fish and its original parent fishes, we are further mainly concerned with
this gene. The tissue expression patterns in one fish and expression
differences in different fish were examined by real-time PCR. The results
revealed that in the three kinds of fish hba gene displayed similar tissue
expression patterns. Hba gene was expressed highest in the blood, fol-
lowed by the liver, and lowest in the gill (Fig. 6). Moreover, we
compared hba gene expression in the blood and liver of the three fishes.
In the two tissues, the hba gene expressed highest in 3n fish and lowest in
CC (Fig. 7).

3.5. Erythrocyte morphological and molecular alterations after hypoxia
treatment

To compare the cellular and molecular alterations after hypoxia, the
blood of fish was sampled after suffocation by acute anoxia treatment for
the following examination. All the three fishes displayed decreased
erythrocyte numbers after asphyxia (Table 1). Moreover, the erythro-
cyte numbers of RCC and CC were similar, about two times those of 3n
fish. Then, we detected the erythrocyte morphological characteristics of
the three fishes before and after hypoxia treatment by blood smear and
wright staining (Fig. 8). In 3n fish, the proportion of normal erythrocytes
decreased from 91.72 % to 89.95 % after asphyxiation. The proportion
of dumbbell-shaped erythrocytes increased from 4.85 % to 6.12 %. The
proportion of teardrop-shaped erythrocytes increased from 3.43 % to
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Fig. 8. Blood cell morphology of different fishes observed by microscopy before or after anoxia treatment. (A) blood cell of RCC before anoxia; (B) blood cell of RCC
after anoxia; (C) blood cell of CC before anoxia; (D) blood cell of CC after anoxia; (E) blood cell of 3n fish before anoxia; (F) blood cell of 3n fish after anoxia. Black
arrow, thrombus cells; red arrow, small lymphocytes; green arrow, dumbbell-shaped erythrocytes; blue arrow, teardrop-shaped erythrocytes. Scale bar = 20 pm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.93 %. The long diameter and short diameter of the erythrocyte cyto-
plasm and nuclei of the three fishes were measured before and after
hypoxia (Table S3). Statistic analysis revealed that the long diameter
ratio and the short diameter ratio of erythrocyte cytoplasm to nuclei
increased in 3n fish, while unchanged in RCC and CC (Table 2). Gene
expression of gatal, a general switch factor for erythroid development,
decreased in the blood of all the three fishes after hypoxia treatment

(Fig. 9A). Hba gene exhibited different expression patterns (Fig. 9B).
First, the gene expression of hba expressed highest in the blood of 3n
fish, when compared with its original parents. Second, hba gene
expression decreased significantly in the blood of 3n fish after hypoxia
treatment, while displaying no apparent alterations in RCC and CC.
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Table 2
Comparison of red blood cell diameters before and after asphyxiation.

Species Long diameters ratio(nuclei/ Short diameters ratio(nuclei/
cytoplasm) cytoplasm)
before after before after
cC 0.401 + 0.011 0.395 + 0.01 0.43 + 0.014 0.425 =+ 0.007
RCC 0.463 + 0.008 0.464 + 0.013 0.456 + 0.01 0.438 £ 0.009
3n fish 0.462 + 0.013 0.501 + 0.009* 0.399 + 0.008 0.46 + 0.007*

Note: * represented significant difference.

4. Discussion

Dissolved oxygen is an important factor that influences the growth
and survival of aquatic animals. Coupled with the increased demands of
aquatic production, an intensive culture model was performed to
improve production and save resources. Dissolved oxygen is one of the
main restrictive factors. The 3n fish obtained by distant hybridization
and interploidy hybridization exhibited obvious hypoxia tolerance. The
hypoxia indexes, P, and 50 %ASR, of 3n fish were lower than their
original parents, RCC and CC. This fish provided a perfect model to study
the relationship between hybridization and hypoxia resistance. We
explored the mechanism of hypoxia resistance of 3n fish from pheno-
typic and genetic analysis via comparing with its original parental fishes,
RCC and CC.

The multiplicity of hemoglobin genes in fish has been reported in the
teleost fish via screening genomic information due to the whole genome
duplication (Opazo et al., 2013). However, there are not too many iso-
forms co-expressed in adult fish except rainbow trout (Oncorhynchus
mykiss) co-expressed nine Hb isoforms (Fago et al., 2001), and adult
schizothoracinae fish co-expressed five isoforms in the red blood cells
(Lei et al., 2021Db). Here, we cloned the hemoglobin gene sequence from
the cDNA of adult fish blood. One isoform of hba gene was cloned in CC
and two isoforms in RCC, while nine isoforms in 3n fish. One isoform of
hbp gene was cloned both in CC and RCC, while ten isoforms in 3n fish.
From the results of sequence alignments, parts of the isoforms in 3n fish
are the same as their original parents, some showed recombination, and
some showed variations, which revealed the genetic and variable
properties of the RCC x CC hybrids resulted from distant hybridization
leading to genomic shocking (Liu et al., 2016). The multiplicity of he-
moglobin genes co-expressed in the adults of 3n fish might provide
multiple distinct structural and functional hemoglobin to cope with
different environments.

The Root effect is a functional property of fish hemoglobin found
until now only in teleost species (De Souza and Bonilla-Rodriguez,
2007). Sequence alignments revealed that amino acids involved in
heme-oxygen binding, Root effect, and nitric oxide transport were
conserved in all the hemoglobin gene variants of 3n fish when compared
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to its original parents (Lei et al., 2021a). However, the multipolicy
variants of hemoglobin with amino acid hydrophobic property change at
different sites made the variation of heme-pocket surface, volume,
depth, and hydrophobicity of hemoglobin combined with different
subunits. Especially, there is a mutated site in Hba (aF91 mutated to S or
Y). This mutation site is at the edge of the heme-pocket (Fig. S3).
Moreover, the hydrophobicity of mutated amino acids decreased, which
might influence the oxygen binding capacity and stability.

Consistent with the change of amino acid sequences of Hb, the nat-
ural protein conformation revealed by the natural protein PAGE,
included the protein conformation of its original parents, but was not
equal to the simple addition of parental protein conformation. The result
of electrophoresis displayed that the relative proportion of the three
conformations changed, which might be matched with the characteristic
of higher hypoxia tolerance ability of 3n fish for including more native
conformation.

The erythrocytes' shape evolved in teleost fish in response to
different environmental selective pressures (Martins et al., 2021). The
volume of erythrocytes in allotriploid crucian carp is bigger than its
diploid original parents (Liu et al., 2004). Therefore, the number of
erythrocytes in equal volume in 3n fish was about half of that in RCC and
CC. Moreover, the phenotype of erythrocytes in 3n fish is more. Except
for the usual circle pattern, there are dumbbell-shaped, teardrop pat-
terns, and pear-shaped erythrocytes (Liu et al., 2004). The multiple
phenotypes and bigger volume might provide more buffer space for
maintaining the combination affinity of hemoglobin and oxygen. Usu-
ally, in hypoxic conditions, there is also an increase in cell volume,
which results from the deoxygenation of hemoglobin and consequent
decrease in its negative charge (Boggs et al., 2022). Furthermore, the
change in the ratio of nuclei to cytoplasm suggested the change of cell
metabolism and cell proliferation (Balachandra et al., 2022). Here, in
response to hypoxia, the 3n fish changed the ratio of nuclei to cytoplasm,
making it bigger. However, its original parents could not change the
phenotype and cell characteristics to respond to hypoxia.

Hb transgenic zebrafish has been produced and found that the
transgenic fish exhibited higher hypoxia tolerance when compared to
wild-type zebrafish (Guan et al., 2011). Moreover, levels of the hba gene
reduced under severe hypoxia in zebrafish (Roesner et al., 2006). In this
experiment, the expression of the hba gene in 3n fish is higher than its
original parents. When hypoxia, the gatal gene, which regulated the
genesis of erythrocytes, expressed abnormally to regulate the number
and development of erythrocytes (Lyons et al., 2002). All the cyprinid
fishes in this study showed an abnormal decrease in gatal gene
expression. The expression of hba decreased in 3n fish, while displaying
no significant change in RCC and CC. Moreover, the decreased hba
expression was still higher in 3n fish than in RCC and CC, which might
suggest that the higher expression of the hba gene contributed to the
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Fig. 9. Gene expression of gatal (A) and hba (B) in the blood of different fishes before and after acute anoxia treatment. The mRNA amounts were normalized to
those of p-actin mRNA. Data are represented as mean + SE of n = 3 independent repeats. Statistical analyses of the differences between expression levels in the two
pathways were performed by two-tailed, paired Student's t-tests. Ns represented p > 0.05, ** represented p < 0.01.
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hypoxia tolerance ability.
5. Conclusion

Taken together, in this study, we analyzed the genetic and pheno-
typic changes of hemoglobin genes and erythrocytes, respectively, and
found that the hybridization made the hemoglobin exhibit multiple
variants and conformation changes to provide a genetic basis for
increased hypoxia tolerance ability in 3n fish. This study provided a new
perspective to guide fish breeding to obtain high-quality fish species
with increased hypoxia tolerance.
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