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Chromosome-level assembly and 
annotation of the yellow-shelled 
fish (Barbodes Wynaadensis)
Qi Shen1,4, Junjie Wu2,4, Chunxiang Yang   2, Qiang Sheng1, Mei Xu3, Shaokui Yi1 ✉  
& Jianyu Song2 ✉

Barbodes wynaadensis, a unique cyprinid species native to Yunnan Province in China, stands out as an 
allotetraploid (AABB) fish with a complex evolutionary history. Leveraging a multi-platform sequencing 
strategy combining MGI short-read, PacBio long-read, and Hi-C scaffolding technologies, we assembled 
the first chromosome-level genome for B. wynaadensis. The final assembled genome spans 1.76 Gb in 
length with a contig N50 of 33.53 Mb, demonstrating high assembly continuity. Hi-C scaffolding enabled 
the reconstruction of 50 pseudochromosomes, representing 99.94% of the total genome assembly. 
Genome annotation identified 46,121 protein-coding genes, with a functional annotation rate of 99.76%. 
Repetitive elements constituted 48.26% of the genomic sequences, including lineage-specific expansions 
of DNA transposons (29.26%) and LTRs (6.36%). This high-quality assembly resolves challenges in 
polyploid genome reconstruction and provides a critical resource for investigating Cyprinidae evolution, 
particularly subgenome divergence and adaptation. The dataset also enables practical applications, such 
as molecular marker development for population monitoring, supporting conservation efforts for this 
threatened endemic species amid habitat degradation in the Nujiang River basin.

Background & Summary
The freshwater cyprinid species Barbodes wynaadensis belongs to the family Cyprinidae, subfamily Barbinae, 
and genus Barbodes. This species was first formally described by Wu et al.1, with subsequent taxonomic revisions 
and a comprehensive synopsis of the genus Barbodes, including an identification key, provided by Chen et al.2.  
B. wynaadensis is an endemic species exclusively distributed within the Nujiang River basin in Yunnan Province, 
China. However, with increasing human activities and environmental degradation, B. wynaadensis faces signif-
icant threats. In recent years, the species has been increasingly targeted for its perceived value, leading to over-
exploitation and indiscriminate capture driven by economic interests. Coupled with the serious environmental 
problems, these factors have contributed to a sharp decline in the wild population of B. wynaadensis3. Due to its 
restricted geographic range and relatively small population size, it has been listed as a protected aquatic wildlife 
species in Yunnan Province4.

Morphologically, B. wynaadensis is characterized by a fusiform body shape, with adults typically reaching a 
substantial size. The species exhibits a predominant cyan-blue body coloration, with lateral line scales that are 
primarily yellow, although some individuals display black lateral line scales, a phenotypic variation potentially 
influenced by local water quality and environmental factors. In its natural habitat, the yellow lateral line scales 
form a distinct longitudinal band, earning it the common name “yellow-shelled fish.” Ecologically, B. wynaaden-
sis is an omnivorous species. Reproductive studies indicate that males generally achieve gonadal maturity by two 
years of age, while females reach maturity by three years, suggesting a one-year difference in reproductive devel-
opment between sexes5. The species is highly valued for its large body size, tender flesh, and sweet taste, which 
contribute to its economic importance. Additionally, its large scales, blue body coloration, and the striking yel-
low longitudinal band formed by the lateral line scales enhance its ornamental appeal. B. wynaadensis predom-
inantly inhabits the upper and middle layers of the water column. Beyond its economic and ornamental value, 
the species is also recognized for its potential medicinal properties. Given its favorable aquaculture potential,  
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B. wynaadensis represents a species of significant academic interest and practical value, particularly in the fields 
of conservation biology, aquaculture development, and traditional medicine research.

In 2016, Zhou et al.6 conducted the first mitochondrial genome sequencing of B. hexagonolepis and recon-
structed a phylogenetic tree, which confirmed its distinct phylogenetic position relative to other genera within 
the subfamily Barbinae. Despite this advancement, genomic research on the genus Barbodes remains scarce. 
In this study, we present the first high-quality genome assembly of B. wynaadensis, which serves as a critical 
genomic resource for elucidating phylogenetic relationships and adaptive evolutionary mechanisms within the 
genus. The findings provide crucial insights for conservation of the Barbodes species, particularly subgenome 
divergence and adaptation. This genomic resource not only advances our understanding of adaptive evolution 
in cyprinids but also provides scientific guidance for both wild population conservation and sustainable aqua-
culture breeding practices.

Methods
Sample collection and sequencing.  In September 2023, a 2-year-old male B. wynaadensis (Fig. 1) was 
collected in Nanpeng River, Yunnan Province, China (23.68°N, 98.94°E). High-quality, high-molecular-weight 
genomic DNA was extracted from muscle tissue using the cetyltrimethylammonium bromide (CTAB) method7. 
DNA purity was assessed through 1% agarose gel electrophoresis and quantified using a NanoDropTM One 
UV-Vis spectrophotometer (Thermo Fisher Scientific, USA). DNA concentration was further determined using 
a Qubit 4.0 fluorometer (Invitrogen, USA). Following quality assessment, paired-end sequencing was performed 
on the Illumina HiSeq X Ten platform, generating 144.34 Gb of raw reads. Quality control of the sequencing data 
was conducted using fastp v0.23.28, resulting in 139.25 Gb of clean reads. For long-read sequencing, a SMRTbell 
library was constructed and sequenced on the PacBio Sequel II system (Pacific Biosciences, USA), yielding 
70.9 Gb (~40 × sequencing depth) of high-quality Circular Consensus Sequencing (CCS) reads after preproc-
essing with the CCS program9. Additionally, DNA extracted from liver tissue was subjected to Hi-C library con-
struction and sequencing using the HiSeq X Ten platform (Illumina, USA), producing 186.7 Gb of clean reads. 
To support transcriptomic analysis, high-quality RNA was isolated from multiple tissues, including beard, spleen, 
gill, liver, hypothalamus, pituitary, heart, kidney, eye, and intestine. RNA sequencing libraries were constructed 
and sequenced on the Illumina NovaSeq6000 platform, generating 11.0 Gb of clean reads for downstream  
analyses (Table 1).

Genome survey.  To characterize the genetic composition of the sample, 10,000 paired-end reads were ran-
domly subsampled from the filtered high-quality sequencing data. These reads were subjected to homology-based 
alignment against the NCBI nucleotide database using BLAST software, with a focus on identifying the top 80% 
most abundant species. The analysis demonstrated that 86.18% of the reads aligned to the genus Cyprinus, con-
firming the absence of significant exogenous contamination in the sequencing library. Subsequently, Smudgeplot 
v1.0.010 was employed to perform K-mer analysis on the entire high-quality dataset. Genome characteristics, 
including genome size, heterozygosity rate, and repetitive sequence content, were inferred using a K-mer length 
of 17 nucleotides. The results estimated a genome size of approximately 1,665 Mb, a heterozygosity rate of 0.38%, 
and a repetitive sequence content of 65.30% (Fig. 2a). Additionally, Smudgeplot was utilized to extract and 

Fig. 1  Overview of the B. wynaadensis specimen used for sequencing in the study.

Sequencing strategy Platform Usage Clean data (Gb) Sequencing depth (×)

Short-reads Illumina NovaSeq 6000 Genome survey 139.25 79

Hi-Fi PacBio Sequel II Assembly 70.9 40

Hi-C Illumina HiSeq X Ten Hi-C assembly 186.7 106

ISO-seq Illumina HiSeq X Ten Annotation 11.0 —

Table 1.  Statistics of the sequencing data used for genome assembly.
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analyze heterozygous K-mer pairs from the K-mer database generated from the sequencing data with the param-
eter of “-k21-m200-ci1-cs10000”. By evaluating the total coverage (CovA + CovB) and relative coverage (CovB 
/ (CovA + CovB)) of K-mer pairs, the number of heterozygous K-mer pairs was quantified, and the genome 
structure was determined. The analysis revealed a tetraploid (AABB) genome configuration with a confidence 
score of 0.78 (Fig. 2b).

Genome assembly and Hi-C scaffolding.  The initial genome assembly was performed using Hifiasm11 
due to its demonstrated efficacy in generating haplotype-phased assemblies from long-read sequencing data. 
The Hifiasm yielded a draft assembly spanning 1.77 Gb with an N50 of 32.49 Mb, comprising 169 contigs. To 
address redundancy in the preliminary assembly, purge_haplotigs v1.2.512 was utilized to identify and remove 
redundant heterozygous contigs based on read depth distribution and sequence similarity. The refined assembly 
consisted of 137 contigs, totaling 1.76 Gb (Table 2), which served as the basis for downstream analyses. Short-read 
and long-read data were aligned to the genome using BWA v0.7.1213 and minimap214, respectively. Alignment 
statistics revealed a short-read mapping rate of 99.76%, an average sequencing depth of 81.11 × , and 98.84% 
of sequences achieving a depth of 20 × or greater. For long-read data, the mapping rate was 99.99%, with an 
average depth of 39.65 × and 95.26% of sequences exceeding 20 × depth. Hi-C data were aligned to the genome 
using Juicer v1.615 to facilitate chromosome-level scaffolding. Error correction was subsequently performed 
using 3D-DNA v18092216 and Juicebox v1.11.0817. During the scaffolding and error correction processes, the 
original 137 contigs were reorganized based on interaction maps. To further split the assembled chromosomes 
into subgenomes, we mapped the genome sequences against the reference genome of Cyprinus carpio (version: 
GCA_027406505.1, 2n = 100), which is a representative species of the Cyprinidae family. The final assembly com-
prised 50 chromosomes and 28 scaffolds, with a total length of 1.76 Gb and a N50 of 33.53 Mb (Fig. 3a, Table 3). 
The genome size is close to that of its congeneric species, Sinocyclocheilus graham (1.75 Gb)18, consistent with 
their phylogenetic proximity within Cyprinidae. The chromosome anchoring rate reached 99.94%. Assembly 
completeness was evaluated using Benchmarking Universal Single-Copy Orthologs (BUSCO, v5.3.119). BUSCO 
analysis showed that among 3640 single copy homologues in the actinopterygii_odb10 database, 97.61% were 
complete BUSCOs (24.40% single copy genes, 73.21% repeat genes), 0.25% were fragmented and 2.14% were 
missing. These results collectively confirm the successful generation of a high-quality, chromosome-level genome 
assembly (Fig. 3b).

a b

Fig. 2  Genome size estimation and ploidy determination. (a) Frequency distribution of K-mer depth and 
species-specific K-mer patterns; (b) Smudgeplot output showing tetraploid (AABB) configuration, where dot 
clusters represent distinct subgenome coverage ratios (CovB/[CovA + CovB]).

Assembly B. wynaadensis

Estimated genome size by k-mer (Mb) 1665

Total scaffolded assembly size (Mb) 1756

Contigs N50 (Mb) 32.42

Completeness BUSCOs (%) 97.61

Chromosome number 50

Anchoring ratio (%) 99.94

Table 2.  Genome assembly and assessment of B. wynaadensis genome.
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Repeat and protein-coding gene annotation.  Repetitive sequences were annotated through an inte-
grated approach combining three methodologies: de novo prediction using TRF v4.0920; homology-based pre-
diction employing RepeatMasker v4.0921 and RepeatProteinMask22 with the RepBase database; and a hybrid 
approach utilizing RepeatModeler v1.0.1123, LTR_FINDER_parallel v1.0.724, and RepeatMasker. This compre-
hensive analysis identified 847.46 Mb of repetitive sequences, representing 48.26% of the assembled genome. 
The annotated repetitive elements included 29.26% DNA transposons, 4.99% long interspersed nuclear elements 
(LINEs), and 6.36% long terminal repeats (LTRs) (Table 4). DNA transposons, as the dominant repeat type, may 
have contributed to gene regulatory diversification through exaptation as cis-regulatory elements.

The structural annotation of protein-coding genes was performed using an integrative multi-method 
approach. Homology-based prediction was conducted using Exonerate v2.2.025 with parameter of “--model 
protein2genome--showtargetgff 1” and Liftoff v1.6.326, utilizing genomic data from closely related species 
(Carassius auratus, C. gibelio, Ctenopharyngodon idella, Cyprinus carpio, and Danio rerio). De novo prediction 
was implemented through Augustus v3.3.227 and Genscan. For transcript-based prediction, RNA-seq data 
were aligned using HISAT2 v2.1.028, followed by transcript assembly with StringTie v1.3.529. Full-length tran-
script isoforms were reconstructed using ISOseq3, and coding sequences were predicted with TransDecoder 
v5.5.030. Additionally, BUSCO5 was employed to optimize the Augustus self-training model and validate pre-
dictions against species-specific conserved gene sets. The gene sets generated from these diverse approaches 
were integrated into a non-redundant, comprehensive gene set using MAKER2 v2.31.1031. Final refinement 
and integration were performed using the in-house HiFAP software (Wuhan OneMore Tech Co., Ltd., https://
www.onemore-tech.com/), resulting in a high-confidence gene set containing 46,121 protein-coding genes. 
Functional annotation of the predicted proteins was conducted by aligning against multiple databases, includ-
ing the non-redundant protein database (NR), Kyoto Encyclopedia of Genes and Genomes (KEGG), Swiss-Prot, 
TrEMBL, eukaryotic Orthologous Groups (KOG), and Gene Ontology (GO), using Diamond v2.0.14 with the 
parameter of “--evalue 1e-05”. KEGG pathway mapping was performed using KOBAS v3.032 with the parameter 
of “-t blastout:tab -s ko”. Conserved domain analysis was carried out using InterProScan v5.61-93.033 (parame-
ter:--seqtype p--formats TSV--goterms--pathways -dp) and HMMER3 v3.3.134, achieving functional annotation 
for 99.76% (46,076) of the predicted genes (Table 5). Non-coding RNA annotation included tRNA identification 
using tRNAscan-SE v1.3.135, rRNA alignment with BLASTN v2.11.0, and miRNA/snRNA annotation using 
Rfam v14.836. This analysis identified 1,923 miRNAs, 3,337 rRNAs, 7,912 tRNAs, and 2,066 snRNAs (Table 6). 
Gene prediction completeness was assessed using BUSCO, and the result showed that 99.0% were complete 
BUSCOs, 0.3% were fragmented and 0.7% were missing, which confirms the high accuracy and reliability of the 
annotation results.

Data Records
The DNA sequencing data from the PacBio HiFi library are available under the SRA accession number 
SRR3311879537, the Hi-C library data under SRR3305333038, the short-read genomic sequencing data under 
SRR3303825539, and the RNA-seq data under SRR3303830040. The assembled genome sequences have been 
deposited in the fingshare41 and NCBI GenBank with the accession number GCA_050231085.142. The genome 
annotation results have been deposited in the figshare database43.

Fig. 3  Summary of the B. wynaadensis genome assembly. (a) Hi-C interaction heatmap illustrating 
chromosomal interactions, the color blocks represent the interaction strength from yellow (low) to red (high); 
(b) Chromosomal characteristics. The window size, calculated as the genome size divided by 3,000, corresponds 
to approximately 587 kb.
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Technical Validation
The corrected high-quality short-read data were aligned to the assembled genome sequence using BWA, 
achieving a read mapping rate of 99.76%, with an average sequencing depth of 81.11 × . Notably, 98.84% of the 
sequences exhibited a depth of 20 × or greater. For long-read data alignment, minimap2 was employed, resulting 

Pseudo-chromosomes Length (bp) Percentage (%)

ChrA1 44,942,959 2.56%

ChrB1 39,671,520 2.26%

ChrA2 38,658,994 2.20%

ChrB2 35,629,333 2.03%

ChrA3 39,669,728 2.26%

ChrB3 61,535,814 3.50%

ChrA4 29,278,426 1.67%

ChrB4 42,018,561 2.39%

ChrA5 43,472,899 2.48%

ChrB5 44,796,331 2.55%

ChrA6 34,541,378 1.97%

ChrB6 35,251,886 2.01%

ChrA7 45,220,695 2.57%

ChrB7 51,006,105 2.90%

ChrA8 31,515,007 1.79%

ChrB8 33,530,384 1.91%

ChrA9 40,737,619 2.32%

ChrB9 36,401,475 2.07%

ChrA10 26,948,553 1.53%

ChrB10 26,755,777 1.52%

ChrA11 32,755,848 1.87%

ChrB11 27,684,329 1.58%

ChrA12 32,347,550 1.84%

ChrB12 31,301,146 1.78%

ChrA13 32,511,389 1.85%

ChrB13 32,972,587 1.88%

ChrA14 31,577,642 1.80%

ChrB14 32,478,696 1.85%

ChrA15 30,197,892 1.72%

ChrB15 32,490,658 1.85%

ChrA16 32,639,146 1.86%

ChrB16 38,805,466 2.21%

ChrA17 31,951,385 1.82%

ChrB17 32,835,873 1.87%

ChrA18 34,174,382 1.95%

ChrB18 35,360,686 2.01%

ChrA19 30,477,323 1.74%

ChrB19 35,653,970 2.03%

ChrA20 32,409,301 1.85%

ChrB20 33,534,364 1.91%

ChrA21 28,943,742 1.65%

ChrB21 32,415,148 1.85%

ChrA22 23,518,999 1.34%

ChrB22 63,129,461 3.59%

ChrA23 29,979,761 1.71%

ChrB23 30,656,317 1.75%

ChrA24 27,897,507 1.59%

ChrB24 28,263,262 1.61%

ChrA25 25,001,006 1.42%

ChrB25 29,561,550 1.68%

Total 1,756,165,279 100.00%

Table 3.  Summary of chromosome length of B. wynaadensis genome.
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in a mapping rate of 99.99%, an average sequencing depth of 39.65 × , and 95.26% of sequences achieving a 
depth of 20 × or higher. BUSCO analysis demonstrated that 97.61% of the BUSCO genes were identified as 
complete, underscoring the high integrity of the genome assembly. To investigate the genomic synteny between 
B. wynaadensis and related cyprinid species (Puntigrus tetrazona, Labeo rohita, and C. auratus), we conducted 
a comprehensive comparative genomic analysis. Initially, an all-versus-all protein sequence alignment was per-
formed using BLASTP v2.11.0+44 with a stringent e-value cutoff of 1e-5. Subsequently, chromosomal location 
data and chromosome length information were extracted for syntenic block identification. These data were ana-
lyzed using JCVI v1.1.2245, facilitating the interpretation of conserved genomic architecture among the studied 
species. Interspecies synteny analysis identified substantial gene pair conservation: B. wynaadensis shared 47,713 
syntenic pairs with P. tetrazona, 47,194 with L. rohita, and notably higher conservation (83,381 pairs) with C. 
auratus, suggesting significant homology at both the sequence and structural levels (Fig. 4). Furthermore, the 
Hi-C interaction heatmap revealed significantly higher interaction intensities along the diagonal positions com-
pared to non-diagonal regions, providing strong evidence for the high quality of the chromosome-level genome 
assembly.

RepBase TEs TE Proteins De novo Combined TEs

Length (bp) %in Genome Length (bp) %in Genome Length (bp) %in Genome Length (bp) %in Genome

DNA 345,380,795 19.67 36,700,591 2.09 320,840,106 18.27 513,839,090 29.26

LINE 69,903,788 3.98 47,748,699 2.72 43,532,674 2.48 87,654,741 4.99

SINE 6,951,332 0.4 0 0 5,879,063 0.33 11,443,567 0.65

LTR 65,437,335 3.73 35,725,239 2.03 73,998,706 4.21 111,700,746 6.36

Satellite 42,061,381 2.4 0 0 7,789,470 0.44 48,345,108 2.75

Simple_repeat 0 0 0 0 271,965 0.02 271,965 0.02

Other 23,031 0 0 0 0 0 23,031 0

Unknown 7,963,636 0.45 4,785 0 93,017,950 5.3 98,590,755 5.61

Total 508,631,607 28.96 120,148,736 6.84 536,404,070 30.54 821,475,608 46.78

Table 4.  Statistics of repetitive sequence classification results. Note: TEs, transposable elements; LINE, long 
interspersed nuclear elements; SINE, short interspersed nuclear elements; LTR, long terminal repeats.

Database Number of annotated genes Percentage (%)

NR 46,012 99.76

SwissProt 40,577 87.98

TrEMBL 45,991 99.72

KOG 37,569 81.46

TF 11,986 25.99

InterPro 44,444 96.36

GO 33,633 72.92

KEGG 45,928 99.58

Table 5.  Number of genes annotated using different databases.

Type of ncRNA   Type Number Total length (bp) Percentage of genome (%)

miRNA 1,923 169,063 0.009627

tRNA 7,912 593,099 0.033772

rRNA

rRNA 3,337 458,838 0.026127

18S 43 72,232 0.004113

28S 0 0 0

5.8S 37 5,698 0.000324

5S 3,257 380,908 0.02169

snRNA

snRNA 2,066 303,050 0.017256

CD-box 311 40,118 0.002284

HACA-box 150 22,712 0.001293

splicing 1,584 235,559 0.013413

scaRNA 21 4,661 0.000265

Table 6.  Number of the annotated non-coding RNA.
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Code availability
The versions and parameters of bioinformatic tools used in this study have been described in the Method section. 
If no parameter is provided, the default is used. No custom code was used.
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