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Abstract
Red swamp crayfish is particularly prone to exposure to hypoxia-reoxygenation stress on account of the respiration and 
rhythmic, light-dependent photosynthetic activity of the algae and aquatic grass. Up to now, the regulation mechanisms of the 
adverse effects of hypoxia-reoxygenation for this species were still unknown, especially the roles of the antioxidant enzymes 
in reducing oxidative damage during reoxygenation. To screen for vital genes or pathways upon hypoxic-reoxygenation 
stress, hepatopancreas gene expression profiles were investigated by using a strategy combining second and third generation 
sequencing. Five groups of samples, including hypoxia for 1 and 6 h with DO of 1.0 mg/L, reoxygenation for 1 and 12 h with 
DO of 6.8 mg/L, and the samples under normoxia condition, were used for transcriptome sequencing. Twenty Illumina cDNA 
libraries were prepared to screen for the differentially expressed genes (DEGs) among the 5 groups of samples. Based on the 
assembled reference full-length transcriptome, 389 and 533 significantly DEGs were identified in the groups under severe 
hypoxia treatment for 1 and 6 h, respectively. The top three enriched pathways for these DEGs were “protein processing 
in endoplasmic reticulum,” “MAPK signaling pathway,” and “endocytosis.” Among these DEGs, hypoxia-inducible factor 
1α (Hif-1α) and some Hif-1 downstream genes, such as Ugt-1, Egfr, Igfbp-1, Pk, and Hsp70, were significant differentially 
expressed when exposed to hypoxia stress. A series of antioxidant enzymes, including two types of superoxide dismutase 
(Cu/ZnSOD and MnSOD), catalase (CAT), and glutathione peroxidase (GPx), were identified to be differentially expressed 
during hypoxia-reoxygenation treatment, implying their distinct modulation roles on reoxygenation-induced oxidative stress. 
The full-length transcriptome and the critical genes characterized should contribute to the revelation of intrinsic molecular 
mechanism being associated with hypoxia/reoxygenation regulation and provide useful foundation for future genetic breed-
ing of the red swamp crayfish.
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Introduction

Red swamp crayfish Procambarus clarkii is a kind of wide-
spread freshwater crayfish species and has become the most 
produced commercial crustacean around the world in 2020 

(Oficialdegui et al. 2020; Xu et al. 2021). In China, because 
of its great tasty, red swamp crayfish is the most popular 
casual delicacies around the year, especially in summer. In 
2020, the gross cultivation area of the species in China was 
1,456,420 hectares, producing approximately 2,393,700 
tons of crayfish, which was ranked as the 6th most produced 
freshwater species in China in 2020 (Fishery Bureau of Min-
istry of Agriculture PRC 2021).

In aquaculture, dissolved oxygen (DO) is the most impor-
tant determining factor because oxygen at efficient levels is 
necessary for aerobic metabolism of all creatures living in 
the water. During crayfish farming, to create an ideal living 
space and maintain excellent water quality, aquatic vegeta-
tion usually covers even more than 60% of the total areas 
in intensive crayfish rearing ponds. Owning to the aerobic 
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respiration of the abundant aquatic grass plus algae and other 
aerobic creatures, hypoxia stress is commonly existing dur-
ing night, especially at early hours of the morning, when all 
organisms will consume oxygen through respiration. Conse-
quently, crayfish living in this kind of environments should 
clearly be more likely to expose to severe hypoxia for peri-
ods of several hours daily. Adverse effects of hypoxic stress 
have been widely revealed in various crustacean cultivation, 
leading to suppressed immune function, low feed conversion 
rate, slowed growth, or high-frequency of disease occurring 
(Hardy et al. 2012; Sun et al. 2019; Zhang et al. 2006). In red 
swamp crayfish rearing, hypoxia caused behavior disorders 
are commonly detected, severely hypoxia usually leads cray-
fish to climb vegetation to reach the surface where crayfish 
take the oxygen from the air (Reiber and McMahon 1998). 
In recent years, the gene regulation mechanism implicated 
in multiple signal pathways upon hypoxia stress has got a 
lot of attentions in various species (Toombs et al. 2011; 
Zhang et al. 2017). In vertebrates, hypoxia inducible factor 1 
(HIF-1) was proved as a critical transcriptional activator of a 
series of genes associated with different adaption responses 
to decreased oxygen availability (Wang and Semenza 1995). 
Nevertheless, up to now, the molecular regulation mecha-
nism of the key genes and pathways related to the hypoxia 
stress is still poorly understood in crustaceans, especially in 
red swamp crayfish.

Despite the depletion of DO concentration at night 
(hypoxia), however, ideal DO concentration or even super-
saturation at a certain time period will generally be easy 
to keep during sunlit periods when oxygen is produced by 
photosynthesis of the aquatic grass. Therefore, red swamp 
crayfish are especially likely to be exposed to a kind of 
hypoxic-reoxygenation stress due to the aerobic respiration 
of aquatic grass, combined with rhythmic, light-dependent 
photosynthetic activity. In life activities of humans and other 
organisms, reoxygenation has been proved to be a special 
condition of high reactive oxygen species (ROS) produc-
tion. Cellular damage occurring upon reoxygenation might 
be induced by the overproduced ROS (Ma et  al. 2021; 
Radka and Gabriela 2018). Antioxidant enzymes possess 
critical functions in the ROS removal. Therefore, antioxi-
dant enzymes play significant roles in the reduction of the 
oxidative damage in life activities (Zhao et al. 2014; Cui 
et al. 2021). The understanding of the specific functions for 
the antioxidant enzymes could help to reveal the mechanism 
responsible for the features associated with hypoxia-tolerant.

To elucidate the special regulation mechanism of the key 
genes or pathways under hypoxic-reoxygenation stress for 
the red swamp crayfish, we investigated the gene expression 
profiles of the hepatopancreas by using a method combining 
the second-(Illumina sequencing) and the third-generation 
transcriptome sequencing (PacBio full-length sequenc-
ing). Compared with Illumina sequencing, full-length 

transcriptome sequencing can provide a more accurate ref-
erence sequence data set, which is helpful for subsequent 
differential expression analysis. In addition, full-length tran-
scriptome sequencing also facilitate us obtaining a larger 
number of genes with complete cDNA sequences containing 
both the 5′and 3′ ends (Wang et al. 2021). Based on the strat-
egy combining second and third generation sequencing, the 
critical genes that are involved in the potential roles of regu-
lating the hypoxia response and the tolerance process against 
oxidative stress were identified, and their features were char-
acterized. The hypoxia-reoxygenation induced gene expres-
sions, and the full-length transcriptome should help us not 
only to understand the molecular mechanism in response to 
hypoxia-reoxygenation, but also to reveal candidate target 
genes in future red swamp crayfish genetic breeding.

Materials and Methods

Animal Preparation and Hypoxia‑Reoxygenation 
Treatment

Healthy female red swamp crayfish were sampled in Nan-
jing, China, in April 2020. All samples were cultured in 
circulating water system at 20–22°C under a normal light-
dark cycle and controlled DO of 6.8 ± 0.2 mg O2 L−1. After 
an acclimation period of 3 days, we divided the samples 
into experimental groups and control groups; each group 
contained three replicates respectively (15 crayfish per rep-
licate). The control group was maintained under normal 
conditions with DO concentration of 6.8 ± 0.2 mg O2 L−1. 
For the experimental group, the DO concentration of 1.0 ± 
0.1 mg O2 L−1 was kept for 1 and 6 h by nitrogen bubbling. 
Four samples from the experimental groups were randomly 
collected from the different replicates at each different time 
point respectively: at 1 h and 6 h under hypoxia and at 1 h 
and 12 h under reoxygenation (groups of hyp-1h, hyp-6h, 
reo-1h, and reo-12h). At the same time, four crayfish being 
held in normoxia conditions, which correspond with the 
time-matched samples (the groups with hypoxia-reoxygen-
ation treatment), were pooled and used as controls (group 
of nor). Hepatopancreas from each sample was freshly dis-
sected and frozen in liquid nitrogen for the transcriptome 
sequencing.

Total RNA Extraction, Library Preparation, 
and Sequencing

Total RNA was extracted from the hepatopancreas of 
each crayfish using TRIzol reagent (Invitrogen, USA). A  
quantity of 2 µg total RNAs from each crayfish was utilized  
to build an Illumina cDNA library. Four samples from 
each group were selected and used for cDNA libraries  
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constructing. Accordingly, 20 libraries were prepared  
for the screening of critical DEGs related to the hypoxia-
reoxygenation stress. On the same time, equal amounts of 
the total RNA from every crayfish in the 5 groups were 
pooled to get a reference full-length transcriptome by using 
PacBio sequencing. PacBio and Illumina cDNA library 
preparation and sequencing were performed by Genedenovo 
Biotechnology Co., Ltd (Guangzhou, China).

Reconstruction of the Full‑Length Transcriptome 
and Identification of DEGs Correlated 
to Hypoxia‑Reoxygenation

Full-length transcriptome reconstruction was performed 
using the SMRT Link v5.0.1 pipeline supplied by Pacific  
Biosciences (Gordon et al. 2015). The reconstructed reference  
full-length transcriptome was used for the subsequent gene 
expression quantification analysis. The gene expressions 
were calculated and normalized to FPKM (fragments per 
kilobase per million). The differential expression analysis  
was performed between the hypoxia-reoxygenation treated 
groups and control by using DESeq2 software and between 
two different samples by using edgeR software (Love et al. 
2014). The significantly differentially expressed genes were 
judged with a false discovery rate (FDR) below 0.05 and 
absolute fold change more than 2. Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathways enrichment and Gene 
Ontology (GO) enrichment analysis were performed for the 
identified DEGs (Mao et al. 2005; Young et al. 2010). Trend 
analysis of the DEGs upon hypoxia-reoxygenation stress was 
carried out by using the Short Time-series Expression Miner 
(STEM, version 1.2.2b) software.

To confirm the accuracy of the transcriptome sequencing, 
12 DEGs that potentially associated with the regulating of 
hypoxia-reoxygenation were chosen and measured with RT-
qPCR. RNA sample used in the transcriptome sequencing 
was reverse transcribed with an Advantage® RT-for-PCR 
Kit it (Clontech, USA). Fold changes in expressions of the 
selected genes were evaluated with a reference gene of 18S 
rRNA according to the 2-ΔΔCt method (Livak and Schmittgen 
2001). Primers were designed according to the transcriptome 
sequencing data (Table S1). All RT-qPCR were performed 
using SYBR Green PCR Master Mix (Takara, Dalian, China) 
on an ABI 7300 Real-Time PCR System (Applied Biosys-
tems Inc., Waltham, MA, USA), and performed in triplicate.

Characterization of Vital Genes Involved 
in Hypoxia‑Reoxygenation Response

The ORF (Open Reading Frame) of the vital candidate genes 
being associated with the regulations of hypoxia-reoxygenation, 
which included some hypoxia-induced and antioxidant-related 
genes in Hif-1 and antioxidant pathways, were determined 

with the online program of ORF Finder (http://​www.​ncbi.​ 
nlm.​nih.​gov/​gorf/​gorf.​html). Domains were predicted using 
SMART server (http://​smart.​embl-​heide​lberg.​de/). Phylogenetic  
relationship was constructed using neighbor-joining (NJ) 
method with MEGA6.0 software according to the deduced 
amino acid sequences (Tamura et al. 2013). Bootstrap trials  
were replicated 1000 times to derive the confidence value for the 
phylogeny analysis. The amino acid sequence of the Pc-Hif-1α  
was further blast to the database of STRING (http://​string-​db. 
​org/) to get the predicted protein-protein interaction (PPI), which  
were further represented with Cytoscape (Shannon et al. 2003).

Results

Full‑Length Transcriptome Sequencing 
and Functional Annotations

Through full-length transcriptome sequencing, 59.85 Gb 
clean data that included 907,959 circular consensuses (CSS), 
with a mean length of 1,836 bp, were acquired after applying 
the filters. By clustering and correcting the full-length non-
chimeric reads (FLNC), 24,311 high-quality transcripts and 
292 low-quality transcripts were obtained. After eliminat-
ing the redundancy, 21,970 unique isoforms were remained. 
Functional annotations were carried out for the isoforms 
with 4 protein databases. Among the 18,553 annotated 
transcripts, 18,512 sequences showed significant matches 
within the Nr database, and 16,044 sequences yielded sig-
nificant matches in the Swissport database. The full-length 
transcriptome reconstruction is shown in Table 1. The data 
sets have been submitted to NCBI Sequence Read Archive 
(SRA) under Accession PRJNA746726.

Table 1   Summary of the PacBio sequencing

Terms Values

Data size of the clean data 59.85 Gb
Number of circular consensus (CCS) reads 907,959
Mean read length of CSSs 1,836
Average consensus isoforms read length 2,032
Number of polished high-quality isoforms 24,311
Number of polished low-quality isoforms 292
Number of isoforms without redundancy 21,970
Number of predicted lncRNA 2,420
Number of isoforms with annotations 18,553
Annotated with Nr 18,512
Annotated with Swissport 16,044
Annotated with KOG 12,726
Annotated with KEGG 10,375
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Identification of DEGs Being Relevant 
to the Hypoxia‑Reoxygenation

High-quality clean reads ranging from 39,044,058 to 
51,167,500 were acquired from the samples of the groups 
of nor, hyp-1h, hyp-6h, reo-1h, and reo-12h with Illumina 
sequencing (Table S2). On the reference of the reconstructed  
full-length transcriptome, differentially expressed genes 
being related to hypoxia-reoxygenation stress were screened 
and functionally annotated. During the hypoxia period, 389 
and 533 significantly different expressed genes were detected 
in the groups of hyp-1h and hyp-6h respectively. Among 
the screened genes, 280 and 362 DEGs were up-regulated, 

while 109 and 171 DEGs were down-regulated. When 
exposed to reoxygenation, 533 and 783 significantly DEGs 
were identified at 1 h and 12 h, respectively (Fig. 1A, B) 
(Table S3). Further functional categorization assigned 351, 
466, 457, and 600 DEGs to 148, 118, 165, and 150 KEGG 
pathways for the four groups of samples with different  
treatment respectively. When exposed to hypoxia (hyp-6h),  
the top 3 enriched pathways were “MAPK signaling  
pathway,” “protein processing in endoplasmic reticulum,”  
and “endocytosis.” When exposed to reoxygenation (reo-
12h), the top three abundant pathways were “protein  
processing in endoplasmic reticulum,” “spliceosome,” and 
“endocytosis” (Fig. 1C, D). Hierarchical cluster and trend  

Fig. 1   Distribution and functional enrichment of the differentially 
expressed genes (DEGs) upon hypoxia-reoxygenation. A The number 
of DEGs upon the hypoxia-reoxygenation treatment. B The number 

of DEGs identified in different groups. C KEGG pathway enrichment 
of the DEGs upon hypoxia (hyp-6h). D KEGG pathway enrichment 
of the DEGs upon reoxygenation (reo-12h)
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analysis were further performed to investigate the gene 
expression patterns associated with hypoxia-reoxygenation 
stress (Fig. 2A). A total of 1,605 DEGs were categorized in 
20 profiles. The composition and function annotation of the 
20 profiles are shown in Table S4. The significantly enriched 
profiles included two up-regulated patterns throughout the 
process of hypoxia-reoxygenation (profiles 18 and 19) and 
two temporary down-regulated patterns during the early 
reoxygenation stage (profile 11, 17) (Fig. 2B). Profile 18 
(368 DEGs) and profile 19 (246 DEGs) comprise the largest  
amount of DEGs whose expressions were up-regulated 

constantly, indicating an increasing expression of these 
genes occurred at the whole hypoxia-reoxygenation stage. 
In profile 18, the DEGs with the greatest fold changes when 
exposed to hypoxia were heat shock 70 kDa protein (Hsp70), 
sortilin-related receptor, and UDP-glucuronosyltransferase 
(UGT). In profile 17, the DEGs with the greatest fold 
changes when exposed to reoxygenation were endo-beta-1, 
4-glucanase (Egla), amylase (Amy), and Arg kinase (Ak), 
implying the potential influences of hypoxia-reoxygenation 
on nutrient absorption and energy metabolism of the red 
swamp crayfish.

Fig. 2   Clustering and trend analysis of differentially expressed genes 
(DEGs) upon hypoxia-reoxygenation. A Hierarchical clustering of the 
DEGs based on the averaged log2 (FPKM + 1) values. B Trend anal-
ysis of the DEGs during hypoxia-reoxygenation treatment. The 1,605 

DEGs were enriched in 20 profiles. Profiles with grey backgrounds 
indicate the significantly enriched patterns with a Q-value less than 
0.05
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Characterization of Critical Genes Being Related 
to Hypoxia‑Reoxygenation

Hypoxia‑Induced Genes

On reference of the obtained full-length transcriptome, we 
identified two transcripts with complete ORFs that encode 
the subunit of hypoxia-inducible factor 1 (Hif-1, Pc-Hif-
1α/β), which is a transcriptional activator of a variety of 
genes closely related to the hypoxia adaptions (Fig. 3). 
Pc-Hif-1α cDNAs contains a 3,279 bp full-length ORF 
which encodes a protein with 1,092 amino acids (aa) (NCBI 
Accession number MZ476857). Pc-Hif-1α has a conserved 
HLH domain (residue 25-82 aa), a PAS domain (residue 
98-157 aa), and a PAS-B domain of NCOA1 (residue 232-
333 aa) (Fig. 3A). Pc-Hif-1β cDNAs contains a 1,668 bp 
ORF that encodes a protein with 555 aa (NCBI Accession 
number MZ476858). Pc-Hif-1β has a highly conserved 

PAS (residues 32–94 aa) and a PAS-B domain of NCOA1 
(nuclear receptor coactivator 1) (223–324 aa) (Fig. 3B). 
When exposed to hypoxic-reoxygenation, the expression of 
Pc-Hif-1α was significantly up-regulated in the hyp-1h, hyp-
6h, and reo-1h group; however, no significant difference was 
detected in the reo-12h group.

Two Hif-1 negative regulators, prolyl-4-hydroxylase 
(PHD) and factor-inhibiting Hif-1 (FIH-1), which both 
function as sensors of oxygen concentrations and possess 
the functions of down-regulating the HIF-1α expression and 
transactivation activity with their hydroxylation activities, 
have also been identified. Pc-PHD cDNA comprises a 1,260 
bp full-length ORF that encodes a putative protein with 419 
aa (NCBI accession number MZ476859). Pc-PHD has a 
conserved zf-MYND domain (residue 34-72 aa) and a P4Hc 
domain (Prolyl 4-hydroxylase alpha subunit homologues) 
(residue 254-399 aa) (Fig. 3C). Pc-FIH-1 cDNA contains 
a 1,029 bp ORF that encodes a putative protein with 342 

Fig. 3   Protein sequence characteristics and phylogenetic analysis of 
the key genes in hypoxia-inducible factor 1 (Hif-1) pathway of the red 
swamp crayfish. A Hif-1α; B Hif-1β; C prolyl-4-hydroxylase, PHD; 
D factor-inhibiting Hif-1, FIH-1. The diagrams showed the structures 

of the encoded proteins, and the boxes in the diagrams indicated the 
conserved domains. Phylogenetic analysis was performed with the 
deduced protein sequences of the related species
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aa (NCBI Accession number MZ476860). Pc-FIH-1 has 
a highly conserved Cupin_8 domain (residues 38–280 aa) 
(Fig. 3D). During hypoxic-reoxygenation, the expression 
of Pc-PHD was significantly up-regulated in the groups of 
hyp-6h, reo-1h, and reo-12h, and no significant difference in 
FIH-1 expression was observed in different groups.

Based on the PPI network associated with the hypoxia 
regulation of Pc-Hif-1, 115 proteins that include 43 DEGs 
were predicted to be interacted with Pc-Hif-1α (Fig. 4). The 
network of the PPI between the Pc-Hif-1α and its partners 
contained 115 nodes and 2205 edges (Table S5). Among the 
potential interacting proteins, Ugt-1, Egfr, CASP2, EGLN1, 
Hsp90, and Hsp70 have been experimentally examined and 
proved to be the key genes within the Hif-1 pathway in other 
organisms (Luo et al. 2010; Zeng et al. 2021).

Antioxidant‑Related Genes

Reoxygenation-induced oxidative damage can be signifi-
cantly relieved through the regulation roles of antioxidant 
enzymes. Based on the reconstructed full-length transcrip-
tome, a series of antioxidant enzymes including two types 
of superoxide dismutase (Cu/ZnSOD and MnSOD), catalase 
(CAT), and glutathione peroxidase (GPx) were identified, 
which might be responded for the cellular damage protection 

during reoxygenation (Fig. 5). Pc-Cu/ZnSOD cDNAs con-
tains a 1,491 bp full-length ORF that encodes a putative 
protein with 496 aa (NCBI Accession number MZ476863). 
Pc-Cu/ZnSOD contains a Cu-Zn_Superoxide_Dismutase 
domain and 8 conserved amino acids responsible for bind-
ing Cu2+ and Zn2+ (Fig. 5A). Both mitochondrial (mMn-
SOD) and cytosolic MnSODs (cMnSOD) were identified 
in the red swamp crayfish, and the full-length ORF of the 
Pc-mMnSOD (Nucleotide Accession number MZ476862) 
and Pc-cMnSOD (NCBI Accession number MZ476861) 
encode polypeptide with 286 aa and 218 aa respectively. 
A conserved SodA domain (residue 83-282 aa) and a con-
served PLN02471 domain (residue 2-208 aa) were identi-
fied in the Pc-mMnSOD and Pc-cMnSOD, respectively 
(Fig. 5B). Pc-CAT cDNA comprises a 1,548 bp ORF that 
encodes a putative protein with 515 aa (NCBI Accession 
number MZ476864). Pc-CAT has a highly conserved cata-
lase_clade_3 (residues 64–495 aa) domain and 15 conserved 
amino acids responsible for NADPH binding (Fig. 5C). The 
408bp full-length ORF of the Pc-GPx encodes a 135 aa pro-
tein with a conserved GSH_Peroxidase domain (Fig. 5D) 
(NCBI Accession number MZ476865). During hypoxic-
reoxygenation, the expression of Cu/ZnSOD was signifi-
cantly up-regulated in the hyp-6h group and was signifi-
cantly down-regulated in the reoxygenation stages. However, 

Fig. 4   Protein-protein interac-
tion network between the 
pc-Hif-1α and the transcripts 
identified in the full-length 
transcriptome sequencing. The 
nodes represent proteins, and 
the edges represent interactions
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no significant different expressions were observed for both  
mMnSOD and cMnSOD in the whole hypoxic-reoxygenation  
treatment. Hypoxia caused a significant up-regulation of 
CAT in the groups of hyp-1h and reo-1h and a significant 
down-regulation in the group of reo-12h. The expressions of 
GPx were severely influenced in the whole hypoxia/reoxy-
genation process, implying its vital roles in the antioxidant 
defense of the red swamp crayfish.

Based on the expression profiles of the upstream and 
downstream genes in Hif-1 and antioxidant signaling  
pathways, we suggested a speculated outline illustration  
for the molecular pathways of hypoxia/reoxygenation  
regulation of the red swamp crayfish (Fig. 6). During hypoxia/
reoxygenation, Hif-1α and some Hif-1 downstream genes, 
such as Ugt-1, Egfr, Igfbp-1, Pk, Hsp70, and Hc-1, were  
significant differentially expressed when exposed to hypoxia 
stress. A series of antioxidant enzymes, including two types 

of superoxide dismutase (Cu/ZnSOD and MnSOD), catalase  
(CAT), and glutathione peroxidase (GPx), were identified 
to be differentially expressed during hypoxia-reoxygenation  
treatment, implying their distinct modulation roles on  
reoxygenation-induced oxidative stress in red swamp crayfish.

Confirming the Accuracy of Transcriptome 
Sequencing with RT‑qPCR

Twelve candidate genes potentially involved in the regulation 
of hypoxic-reoxygenation were randomly selected for RT-
qPCR assays to confirm the accuracy and reliability of the 
Illumina sequencing. The selected genes included Hif-1α, 
UDP-glucose transferase 1 (Ugt-1), epidermal growth factor 
receptor (Egfr), hemocyanin 1 (Hc-1), chitinase 1 (Cht1), 
insulin-like growth factor binding protein (Igfbp-1), peri-
trophin-44 (Pm), hemocyanin subunit 2 (Hc-2), heat shock 

Fig. 5   Protein sequence characteristics and phylogenetic analysis 
of the key genes in antioxidant pathway in the red swamp crayfish. 
A Cu/Zn superoxide dismutase, Cu/ZnSOD; B MnSOD, mitochon-
drial MnSOD (mMnSOD) and cytosolic MnSODs (cMnSOD); C 

catalase, CAT; D glutathione peroxidase, GPx. The diagrams showed 
the structures of the encoded proteins, and the boxes in the diagrams 
indicated the conserved domains. Phylogenetic analysis was per-
formed with the deduced protein sequences of the related species
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protein 70 (Hsp70), pyruvate kinase (Pk), hexokinase (Hk), 
and Cu/ZnSOD. Among the selected genes, Ugt-1, Egfr, 
Igfbp-1, Pk, Hsp70, and Hc-1 have been experimentally 
examined and proved to be the Hif-1 downstream genes in 
other organisms (Luo et al. 2010; Zeng et al. 2021). The 
results showed that the fold changes in expression gener-
ated through RNA-seq sequencing did not exactly match the 
expressions detected by RT-qPCR assays, but the expression 
profiles were essentially consistent for all the selected genes. 
The results confirmed the reliability and accuracy of the 
gene expressions generated from the RNA-seq sequencing 
(Fig. 7).

Discussion

Photosynthesis and aerobic respiration of the abundant 
aquatic grass and algae usually caused diurnal or daily fluc-
tuations of dissolved oxygen in crayfish rearing. In addition, 

if the water quality of the pond was not exactly managed, 
overproduced organic pollutant, including residual fodder 
and decayed creatures, would deposit in the pond bottom, 
the sediment will become the hotbeds of various aerobic 
and many harmful anaerobic bacteria. Therefore, severe 
hypoxia during night often occurs in the red swamp crayfish 
rearing pond. For a long time, people have thought that red 
swamp crayfish possess the great ability to tolerate hypoxia. 
According to the record reports, in times of drought, red 
swamp crayfish can even survive periods in excess of 28 
days without any access to free water (David 2002). There-
fore, it is generally believed that red swamp crayfish can 
survive and grow vigorously under low DO concentrations. 
However, in red swamp crayfish rearing, it has been found 
that mild or moderate hypoxia may cause physiology disor-
der, leading to a complex physiological response to hypoxia 
stress. In severely hypoxia rearing conditions, red swamp 
crayfish will have to consume the oxygen from the air by 
climbing to the vegetation to reach the water surface. Reiber 

Fig. 6   The speculated outline illustration reveals the relationship 
among the key candidate genes in Hif-1 and antioxidant pathways in 
response to hypoxia-reoxygenation in the hepatopancreas of the red 
swamp crayfish. The FPKM levels of the significant differentially 

expressed genes in Hif-1 and antioxidant pathways have been pro-
vided as line charts beside the gene symbol. The numbers of 0, 1, 2, 
3, and 4 on X-axis represented the different experimental groups of 
nor, hyp-1h, hyp-6h, reo-1h, and reo-12, respectively
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and McMahon (1998) observed a declined heart rate and 
an increased hemolymph flow in red swamp crayfish when 
exposed to hypoxia, implying a mechanism to maintain oxy-
gen supply in response to hypoxia. Changes in gene expres-
sion regulations in many energy producing pathways have 
been implicated in compensation to hypoxia exposure in 

several other aquaculture species (Bernd and Margit 2018); 
however, up to now, little information is available for the red 
swamp crayfish.

The abnormality of physiological and metabolic in  
creatures induced by hypoxic stress seemed to share a 
common model of molecular regulation, which is usually 

Fig. 7   Confirmation of the accuracy of the gene expressions gener-
ated from the RNA-seq sequencing with RT-qPCR analysis. Candidate 
genes potentially related to the regulation of hypoxic-reoxygenation 
responses were selected for the RT-qPCR assay with the RNAs  
derived from the transcriptome sequencing. Fold change was deter-
mined with a reference  gene of 18S rRNA according to the 2-ΔΔCt 

method. The Y-axis on the right showed the relative gene expres-
sion analyzed by RT-qPCR (blue lines), while the Y-axis on the left 
showed the corresponding expression data (FPKM) of the RNA-Seq 
(red lines). Each value represented the mean ± standard error for 
three to four replicates. The X-axis represented the different experi-
mental groups
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regulated by the hypoxia-inducible factors. In invertebrates 
and vertebrates, hypoxia-inducible factor 1 (Hif-1) serves as 
a transcriptional activator of numerous genes with various 
functions in life activities (Koyasu et al. 2018). In the past few  
decades, much attention has been focused on the elucidat-
ing of the molecular mechanism regarding the Hif-1 activa-
tion in many biological processes. The regulation of Hif-1α 
expression is a critical determinant of HIF-1 activity. The 
major mechanisms underlying the regulation of Hif-1α pro-
tein stability has been detailed investigated in model organ-
isms. HIF-1α stability was controlled by a kind of O2/PHD/
VHL-dependent and independent mechanisms (Gassmann 
et al. 2002). Besides the proteolytic mechanism triggered by 
PHD, another dioxygenase, FIH-1, was proven to possess 
critical roles for the HIF-1 inactivation in normoxic condi-
tions. In our present study, Hif-1α/β and its negative regula-
tor, PHD and FIH-1, were both recognized and character-
ized from the red swamp crayfish hepatopancreas full-length 
transcriptome data. Be similar to the findings in various 
model organisms, when exposed to hypoxia, Hif-1α expres-
sion was significantly up-regulated, and Hif-1β expression 
remained stable in hepatopancreas of the red swamp cray-
fish. The activated HIF-1α/β heterodimeric complex can 
bind to the hypoxia-responsive elements (HREs) of the target 
genes and regulate the expressions of these target genes to 
restore tissue homeostasis under hypoxia stress (Poellinger 
and Johnson 2004). In this research, some experimentally 
proven Hif-1 downstream genes, such as Hsp70, Egfr, and 
Igfbp-1, were significant differentially expressed in hepato-
pancreas when exposed to hypoxia stress (Luo et al. 2010; 
Zeng et al. 2021). Among the different heat shock proteins, 
Hsp70 family is the most conserved and widely distributed. 
In recent years, Hsp70 has drawn much attention because 
it is fundamental to cellular and developmental processes 
and functions during stress when the organism is subjected 
to various external stresses (Fang et al. 2012). Among the 
differentially expressed genes, a molting related gene encod-
ing the chitinase was identified. In crustaceans, Chitinases 
possess critical functions both in digesting chitinous food 
and degrading exoskeletons during molting cycles (Li et al. 
2015). In the present study, the chitinase expression was 
significantly down-regulated when exposed to hypoxia 
stress, probably implying adverse effects of hypoxia on 
growth or development in the red swamp crayfish. KEGG 
pathway enrichment of the DEGs identified in the hypoxia 
group revealed that the top 3 enriched pathways were 
“protein processing in endoplasmic reticulum,” “MAPK  
signaling pathway,” and “endocytosis.” Mitogen-activated 
protein kinase (MAPK) signaling pathway was pivotal and 
intensively studied signaling pathways in hypoxic conditions 
in a wide variety of creatures (Minet et al. 2001). The activity  
of HIF-1 is mediated by phosphorylation and subsequent 
activation, which is regulated by various kinase pathways.  

The MAPK signal transduction pathways have been proposed  
to act as the downstream oxygen sensors and play a key role 
in the activation of these kinases, which is essential for the 
modulation of cell growth, differentiation, and cell death in 
various life activities (Mylonis et al. 2006). In red swamp 
crayfish, when exposed to hypoxia, some MAPK pathway 
genes including Hsp70, Egfr, and Elk3, showed significantly 
differential expression in response to the treatment, implying 
the potential critical regulation roles of the MAPK/Hif-1α 
pathways upon hypoxia stress.

There have been extensive studies on the metabolic dis-
orders occurring during hypoxia; however, experimental 
evidences have showed that the subsequent reoxygenation 
was another major event causing cell and tissue dysfunc-
tion (Biddlestone et al. 2015). Cellular damage occurring 
upon reoxygenation may be caused by the ROS overpro-
duction. Antioxidant enzymes possess critical roles in the 
removal of ROS and, therefore, have significant effects in 
reducing the oxidative damage during reoxygenation. SOD, 
GPx, and CAT are the main antioxidants that protect cell 
compartments against oxidative damage (Milkovic et al. 
2019). Among the antioxidant enzymes, SODs make up 
the first defense system that catalyzes the dismutation of 
superoxide radicals to oxygen and hydrogen peroxide, which 
is further reduced by a reaction catalyzed by CAT or GPx 
(McCord and Fridovich 1969). In Litopenaeus vannamei, 
CAT, SOD, and GPx enzyme activities were significantly 
affected by hypoxia and reoxygenation (Parrilla-Taylor and 
Zenteno-Savín 2011; Trasviña-Arenas et al. 2013). Recently, 
Estrada-Cárdenas et al. (2021) explored the influences of 
hypoxia/reoxygenation and high temperature on the antioxi-
dant response of L. vannamei and observed specific gene 
expression and enzymatic activity changes of MnSOD, GPx, 
and CAT in hepatopancreas. In crayfish rearing, due to the 
photosynthesis and aerobic respiration of abundant aquatic 
grass, daily fluctuations of the concentration of dissolved 
oxygen are commonly observed in the pond; therefore, 
red swamp crayfish are particularly likely to expose to the 
hypoxia-reoxygenation stress. In our study, three types of 
SODs including Cu/ZnSOD, cytosolic MnSODs (cMnSOD), 
and mitochondrial matrix (mMnSOD) were identified in the 
full-length transcriptome data. Only Cu/ZnSOD showed sig-
nificant differentially expression during the whole hypoxia-
reoxygenation treatment, suggesting the vital roles of Cu/
ZnSOD in antioxidant regulation of the red swamp crayfish. 
During the whole reoxygenation stages, CAT and GPx were 
significantly and continuously up-regulated, indicating the 
modulation roles of the two antioxidant enzymes for the 
reoxygenation-induced oxidative stress. In a word, our data 
indicated that the significant up-regulated Cu/ZnSOD, CAT, 
and GPx should act as critical antioxidant when ROS is sup-
posed to reach high levels during reoxygenation. In future 
studies, in-depth functional analyses are required to reveal 
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the cellular and molecular basis of the antioxidant responses 
in red swamp crayfish under hypoxia/reoxygenation, includ-
ing the evaluation of these critical antioxidant enzymes both 
in transcription and translation levels in various tissues.

Altogether, the full-length hepatopancreas transcriptome 
and the critical genes characterized should help us to under-
stand the intrinsic mechanism related to hypoxia/reoxygena-
tion regulation and should supply us useful basis for future 
genetic selection of the red swamp crayfish.
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