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Chromosome-level genome 
assembly of the northern 
snakehead (Channa argus) using 
PacBio and Hi-C technologies
Donglei Sun1, Haishen Wen1, Xin Qi1, Chao Li2, Lingyu Wang1, Jianlong Li1, Mingxin Zhu1, 
Xiaoyan Zhang2 & Yun Li1 ✉

The evolutionary origins of specialized organs pose significant challenges for empirical studies, as most 
such organs evolved millions of years ago. The Northern snakehead (Channa argus), an air-breathing 
fish, possesses a suprabranchial organ, a common feature of the Anabantoidei, offering a unique 
opportunity to investigate the function and evolutionary origins of specialized organs. In this study, 
a high-quality chromosome-level reference genome of C. argus was constructed using PacBio HiFi 
sequencing and Hi-C technology. The final genome assembly size is 712.14 Mb, with a scaffold N50 of 
28.08 Mb. The assembled sequences were anchored to 24 pseudo-chromosomes and predicted 21,643 
protein-coding genes. The genome comprises 27.70% repetitive elements and includes 3,588 (98.6%) 
complete BUSCOs, demonstrating superior contiguity and functional completeness compared to other 
published C. argus assemblies. This genome provides valuable genetic resources for exploring the 
evolution of the aquatic-aerial bimodal breathing system, including clarifying the evolutionary histories 
and adaptive strategies.

Background & Summary
The northern snakehead, Channa argus, belonging to the Anabantoidei, is an economically important freshwater 
species that is extensively cultivated in Asia and Africa1. Because of its strong growth capacity, high nutritive 
value, and significant hypoxia tolerance2, northern snakehead has become extremely popular in the Chinese 
aquaculture industry, with annual production exceeding 500,000 tons3. In recent years, increasing market 
demands have promoted the development of genetic improvements in several economically important traits 
of the northern snakehead, such as body color3, growth4, and sex-related traits5. Additionally, the northern 
snakehead possesses a suprabranchial organ (SBO) for aerial respiration6,7, making it an excellent model for 
investigating the evolution and functional mechanism of the air-breathing organ (ABO) (Fig. 1).

The transformation from aquatic to aerial gas exchange in vertebrates has long been a hot topic of study 
for evolutionary biologists. Fish conduct aerial respiration, providing critical evidence for the evolution of life 
from the ocean to land8. Notably, some fish have evolved ABOs to adapt to anoxic environments9,10. More than 
450 fish species across 50 families have been reported to possess ABOs11, but these organs vary significantly 
among different fishes. Several types of fish ABOs have been reported, including SBO, modified swim bladder, 
skin, stomach, oropharyngeal cavity, and intestine6,10,12. These organs share features similar to those of higher 
vertebrate lungs, such as being well-vascularized13 and having a short blood-gas diffusion distance14,15. Fish with 
bimodal respiration can survive for a certain time out of water and exhibit stronger hypoxia tolerance compared 
to water breathers7,16,17. All species in the Anabantoidei are aquatic air-breathing fish, including snakeheads 
(C. argus and C. maculata), Siamese fighting fish (Betta splendens), and climbing perch (Anabas testudineus)18. 
The natural habitats of air-breathing fish are found in tropical and temperate waters across various aquatic 
ecosystems19. These species are characterized by high phenotypic and morphological plasticity, allowing them 
to adapt to changing environmental conditions20. Prior research on bimodal respiration in fish has primarily 
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focused on their histomorphological and respiratory adaptations21–24. Understanding the evolutionary and 
molecular mechanisms of air-breathing is fundamentally important for theoretical knowledge and aquaculture 
applications of air-breathing fish. However, few studies have been conducted on this topic.

A high-quality reference genome resource is increasingly important for facilitating genomic breeding pro-
grams, investigating biological phenomena, and conserving germplasm25,26. Investigating the genomic evolu-
tion of C. argus may elucidate the underlying molecular mechanisms involved in air-breathing in air-breathing 
fishes. Although three versions of the C. argus genome have been published1,27,28, the contiguity and com-
pleteness of these genome assemblies still require significant improvement. In the present study, PacBio HiFi 
long-read sequencing and Hi-C technology were integrated to generate a high-quality chromosome-level 
reference genome for C. argus. The assembled genome was approximately 712.14 Mb with a contig N50 of 
11.61 Mb and a scaffold N50 of 28.08 Mb. A total of 652.14 Mb of the assembled sequences were anchored to 24 
pseudo-chromosomes. We predicted 21,643 protein-coding genes, of which 19,847 (91.70%) were functionally 
annotated. BUSCO alignment revealed that our final assembly contained 3,588 (98.5%) complete BUSCOs, 
demonstrating superior contiguity and functional completeness compared to other published C. argus assem-
blies. The successful assembly of a high-quality genome provides valuable genetic resources for elucidating the 
evolution of the aquatic-aerial bimodal breathing system, including clarifying the evolutionary histories and 
adaptation strategies.

Methods
Sample collection and genomic DNA sequencing.  A two-year-old healthy female C. argus was col-
lected from Weishan Lake in Jining, Shandong Province, China. We collected the muscle and blood of this 
individual for genome and Hi-C sequencing. For whole genome sequencing, high-quality genomic DNA was 
extracted from the muscle using the QIAamp DNA purification kit (Qiagen). A 100 bp paired-end short reads 
(PE100) sequencing library was constructed and sequenced by the BGISEQ-500 platform. For the long-read 
sequencing, a high-fidelity (HiFi) SMRTbell library was prepared using the SMRTbell Express Template Prep 
Kit 2.0, and then the Circular Consensus Sequencing (CCS) mode was performed on the PacBio Sequel II plat-
form for sequencing. The CCS raw data was processed by CCS version 4.2.0 algorithm (https://github.com/
PacificBiosciences/ccs) to obtain the HiFi reads used for genome assembly. Finally, a total of 109.10 Gb short 
reads and 27.72 Gb PacBio HiFi long reads (N50 length of 19.05 kb) were produced for constructing a high-qual-
ity reference genome of C. argus (Table 1).

Hi-C library preparation and sequencing.  Hi-C technology was applied to construct the 
chromosome-level genome of C. argus. Genomic DNA was extracted from blood samples that had been fixed 
with formaldehyde at a concentration of 1% and digested by the restriction enzyme Mbo I, followed by repairing 
5′ overhangs using biotinylated nucleotides. A 100 bp paired-end Hi-C library was constructed following the 
Hi-C library preparation protocol (https://www.protocols.io) and then sequenced on the BGISEQ-500 platform. 
Thereafter, quality control of Hi-C raw reads was performed using HiC-Pro (v 2.8.0)29. Finally, the Hi-C library 
generated a total of 127.84 Gb (179.52 × coverage) of clean data after filtering criteria with short reads (Table 1).

De novo genome assembly and chromosome construction.  The genome size of C. argus was esti-
mated based on the k-mer frequency distribution analysis using the clean data of short-read sequencing. The 
k-mer count frequencies were computed by GenomeScope (v 2.0)30 with a k-mer size of 27. The estimated genome 
size was 681.47 Mb, and the heterozygosity rate was 0.20% based on the k-mer frequency analysis (Table 2, 
Fig. 2a).

Fig. 1  Morphological photograph of C. argus and suprabranchial organ. The suprabranchial organ are made up 
of areas 1, 2, and 3.

Library type Clean Reads (M) Clean data (Gb) N50 (bp) Max Length (bp) Sequencing coverage (×)

WGS 1,091.01 109.10 — — 153.20

PacBio (HiFi) 3.84 27.72 19,051 50,113 38.92

Hi-C 1,278.41 127.84 — — 179.52

Table 1.  Summary of obtained sequencing data generated from multiple sequencing technologies for C. argus 
genome assembly.
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Content Min Max

k-mer 27 bp

Heterozygosity 0.20% 0.20%

Genome Haploid Length 681,316,446 bp 681,473,534 bp

Genome Repeat Length 122,730,973 bp 122,759,271 bp

Genome Unique Length 558,585,473 bp 558,714,263 bp

Model Fit 92.68% 93.37%

Read Error Rate 0.26% 0.26%

Table 2.  Statistical results of k-mer analysis.

Fig. 2  Chromosome-level genome assembly and annotation of the northern snakehead. (a) k-mer frequency 
distribution in the C. argus genome. The k-mer distributions showed that the genome size was calculated to 
be 681.47 Mb with a heterozygous rate of 0.20%. (b) Hi-C interaction heatmap for the northern snakehead 
genome. The map shows scaffolded and independently assembled chromosomes at high resolution. (c) 
Characterization of the assembled genome of C. argus. The tracks indicate a) gene density, b) GC density, c) 
DNA repeat, d) LINE repeat, e) LTR repeat, and f) SINE repeat. The densities of genes, GC, and TEs were 
calculated in 100 kb windows. (d) Distribution of divergence rate for TEs in the C. argus genome.
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The genome of C. argus was initially assembled by HiFiasm (v 0.13) using the HiFi reads from the long-read 
sequencing31. Duplicate contigs and redundant sequences in the primary assembly were removed using the 
Purge_dups program32. After de novo assembly and polishing, a 712.14 Mb reference genome of C. argus with a 
scaffold N50 length of 11.61 Mb was generated (Table 3). To further construct the chromosome-level genome, 
Hi-C clean reads were aligned with the primarily assembled genome by BWA (v 0.7.10)33 to construct inter-/
intrachromosomal contact maps. Open-source tools Juicer (v 1.5)34 and 3D-DNA pipeline35 were applied to 
anchor the initially assembled genome scaffolds to chromosomes. Finally, 652.14 Mb of the genome sequence 
(~91.57% of the assembly) were anchored and oriented into 24 large scaffolds matching the chromosome num-
ber of C. argus with a scaffold N50 length of 28.08 Mb (Fig. 2b-c, Tables 3,4).

Genomic repeat annotation.  We annotated the repetitive sequences in the C. argus genome with a com-
bination of de novo prediction and homology-based approaches. For de novo prediction, the LTR_FINDER 
(v 1.05)36 and RepeatScout37 tools were used to construct C. argus repeat library based on the characteristics 
of the repeat sequences. For the homology-based method, RepeatProteinMask (v 3.3.0) and RepeatMasker  
(v 4.0.5)38 were used for predicting based on homologous sequences in RepBase database (http://www.girinst.org/ 
repbase)39.

The repetitive sequences were annotated in the assembled genome of C. argus using combined 
homology-based and de novo predictions of repeats. In total, 197.24 Mb consisted of repetitive sequences, 
accounting for 27.70% of the genome assembly. Transposable elements (TEs) accounted for the largest number 

Features Statistics

Assembled genome size 712.14 Mb

Coverage 158.06 × 

Number of scaffolds 414

N50 contigs 11.61 Mb

N50 scaffolds 28.08 Mb

Largest scaffold 54.82 Mb

Number of predicted protein-coding genes 21,643

Table 3.  Assembly statistics of the C. argus genome.

Chromosome ID Length (bp) Percentage

chr1 54,820,115 7.70%

chr2 35,064,694 4.92%

chr3 34,749,973 4.88%

chr4 31,357,850 4.40%

chr5 31,319,733 4.40%

chr6 30,899,339 4.34%

chr7 30,834,011 4.33%

chr8 30,554,426 4.29%

chr9 30,496,680 4.28%

chr10 29,189,983 4.10%

chr11 28,076,099 3.94%

chr12 27,967,726 3.93%

chr13 27,708,905 3.89%

chr14 27,611,317 3.88%

chr15 23,951,042 3.36%

chr16 23,629,612 3.32%

chr17 23,531,644 3.30%

chr18 23,398,285 3.29%

chr19 22,946,491 3.22%

chr20 22,577,630 3.17%

chr21 21,790,777 3.06%

chr22 15,680,959 2.20%

chr23 13,051,962 1.83%

chr24 10,926,970 1.53%

Unanchored 60,004,617 8.43%

Total 712,140,840

Table 4.  Result of C. argus genomic assembly at chromosome-level.
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of repeats, which occupied 19.49% of the genome assembly (Supplementary Table 1). These TEs included 
DNA repeat elements (6.18%), long interspersed nuclear elements (LINEs, 10.37%), short interspersed nuclear 
elements (SINEs, 3.23%), long terminal repeats (LTRs, 4.28%), and others (0.48%) (Fig. 2d, Supplementary 
Table 1). Their distributions across each chromosome were illustrated in Fig. 2c.

Protein-coding gene prediction and function annotation.  The gene structure annotation was con-
ducted by combining de novo prediction, homologous prediction, and transcriptome-based prediction. For  
de novo prediction, the gene structures were predicted using AUGUSTUS (v 3.2.2)40, GlimmerHMM (v 3.0.4)41 
and GENESCAN (v 1.0)42 with default settings, respectively. Amino acid sequences of six teleost species, includ-
ing tongue sole (Cynoglossus semilaevis), three-spine stickleback (Gasterosteus aculeatus), large yellow croaker 
(Larimichthys crocea), Nile tilapia (Oreochromis niloticus), Japanese medaka (Oryzias latipes), and pufferfish 
(Takifugu rubripes) were downloaded from the National Center for Biotechnology Information (NCBI) database 
and used for homology-based annotation using Genewise (v 2.4.0)43. For the transcriptome-based prediction, 
RNA-seq data from 3 tissues (skin, gill, and eye) were assembled by TRINITY (v 2.1.1)44. Then PASA (v 2.0.1)45 
was used to align the transcripts to the genome, and Transdecoder (http://transdecoder.github.io) was performed 
to identify Open Reading Frames (ORFs). Finally, the results of gene structure prediction based on the above 
methods were integrated by EVidenceModeler (v 1.1.1)46.

For gene functional annotation, the sequences of predicted protein-coding genes were aligned to the public 
protein databases, including TrEMBL47, SwissProt47, InterPro48, the Kyoto Encyclopedia of Genes and Genomes 
(KEGG)49 and NR (https://www.ncbi.nlm.nih.gov/refseq/about/nonredundantproteins) using BLASTP with the 
threshold of E-value of 1e-5. InterProScan (v 4.7)50 was employed to obtain protein domain annotation and 
Gene Ontology (GO) annotation51.

A total of 21,643 protein-coding genes were predicted in the C. argus genome assembly through integrated 
transcriptome sequences, de novo prediction, and homology-based strategies (Supplementary Table 2). The 
predicted gene length and CDS length averaged 17,549 bp and 1,966 bp, respectively. The average number of 
exons per gene was 11.26, and the average length of exons and introns were 175 bp and 1,519 bp, respectively 
(Supplementary Table 2). The gene structures of C. argus were relatively conserved compared to other teleosts 

Fig. 3  Comparisons of the genomic elements in C. argus and related species.

Database Numbers Percent

Total 21,643 100%

Swissprot 18,541 85.67%

KEGG 17,985 83.10%

TrEMBL 19,658 90.83%

Interpro 18,242 84.29%

GO 14,856 68.64%

NR 19,755 91.28%

Overall 19,847 91.70%

Table 5.  Statistics for gene function annotation in C. argus genome.
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with available annotation data (Fig. 3). For gene function prediction, 19,847 genes were successfully annotated, 
representing 91.70% of all predicted protein-coding genes of C. argus (Table 5). Consequently, the high integra-
tion efficiency, mapping ratio, recognition rate of single-copy orthologues, and gene number indicate that the 
genome assembly of C. argus is of high quality.

Data Records
The assembled genome has been deposited in the NCBI Assembly database with GenBank accession 
JAJQTP00000000052. All the raw sequencing data utilized in this study, including WGS, HiFi, and Hi-C have 
been deposited in the NCBI SRA database under accession numbers SRP37529653. The genome annotation files 
were also available in figshare54.

Technical Validation
Evaluating the completeness of the genome assembly and annotation.  To evaluate the com-
pleteness and consistence of the genome assembly, clean short reads were mapped onto the assembled genome 
using BWA software with default parameters55. The mapping ratios of the assembly was 99.70%, with a genome 
coverage of 99.91% (Table 6). Subsequently, Benchmarking Universal Single-Copy Orthologs (BUSCO) (v 3.0)56 
analysis was conducted using the Actinopterygii_odb10 database to assess the completeness and quality of the  
genome assembly. Of the 3,640 single-copy orthologues, 98.6% (3,588) were fully identified in the genome assem
bly (Fig. 4, Table 7). This study significantly improves the assembly contiguity and functional completeness 
compared to previously published C. argus assemblies1,27,28, leading to its selection as the reference genome for  
C. argus in the NCBI database.

Statistics Result

Reads mapping rate (%) 99.70

Genome average sequencing depth (×) 158.06

Coverage of genome (%) 99.91

Coverage of genome > 4× (%) 99.75

Coverage of genome > 10× (%) 99.52

Coverage of genome > 20× (%) 99.12

Table 6.  Coverage assessment of the C. argus genome using WGS data.

Fig. 4  Quality assessment of assembled genome of C. argus. Comparison of BUSCO scores (Actinopterygii_
odb10) for the assemblies of C. argus with three other assemblies.

Type Gene Number Percent (%)

Complete BUSCOs (C) 3,588 98.6

Complete and single-copy BUSCOs (S) 3,561 97.8

Complete and duplicated BUSCOs (D) 27 0.7

Fragmented BUSCOs (F) 12 0.3

Missing BUSCOs (M) 40 1.1

Total BUSCO groups searched 3,640 100

Table 7.  Assessment of C. argus genome completeness by BUSCO.
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Code availability
All software and pipelines used for data analyses were executed according to the manual and protocols of the 
published bioinformatic tools. The version and code/parameters of software have been described in Methods.
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