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Telomere-to-telomere gap-free  
genome assembly of the 
Opsariichthys evolans 
(Cypriniformes: Cyprinidae)
Pan Wang1,2,4, Xinyue Wang2,3,4, Denghua Yin   1,2, Jie Liu1,2, Min Jiang1,2 & Kai Liu   1,2,3 ✉

Opsariichthys evolans is a stream-dwelling fish species endemic to China, with its primary distribution 
encompassing southeastern China and Taiwan. Initially classified under the genus Zacco, it was later 
reclassified into the genus Opsariichthys based primarily on mitochondrial DNA evidence. However, 
this taxonomic revision remains partially inconclusive due to the absence of whole-genome data. 
Therefore, we assembled a telomere-to-telomere, gap-free genome assembly of O. evolans, consisting 
of 39 chromosomes with one contiguous sequence per chromosome. The assembly had a total size 
of 886.9 Mb and a contig N50 of 25.44 Mb. The presence of the telomere repeat was clearly confirmed 
in the genome. BUSCO assessment confirmed 99.34% genome completeness. Collinearity analysis 
revealed high synteny between O. evolans, O. bidens and Zacco platypus. Genomic comparisons 
revealed key candidate genes and related biological pathways potentially responsible for color 
patterning and hydrodynamic adaptation. The complete O. evolans genome provides insights into 
its genome structure and function, and supports the taxonomic reclassification between the genera 
Opsariichthys and Zacco.

Background & Summary
Opsariichthys evolans represents a characteristic stream-dwelling species, currently classified within the 
Xenocyprididae family’s Opsariichthyinae subfamily under modern taxonomic systems1 (Fig. 1A). Its natu-
ral distribution primarily includes flowing freshwater ecosystems throughout southeastern China and Taiwan. 
During the breeding season, O. evolans exhibits pronounced sexual dimorphism: Males display vivid coloration, 
with clearly visible lateral body stripes, and develop distinct granular pearl organs on their lips and periorbital 
regions2. A key diagnostic feature of this species is the presence of a blackish-purple snout in adult males during 
their active life phase3. As a keystone species in stream ecosystems, O. evolans plays a crucial ecological role in 
maintaining aquatic food web dynamics, serving as an indicator of water quality, and contributing to biodiver-
sity conservation. However, recent ecological surveys have revealed concerning population trends, including 
habitat fragmentation and marked declines in abundance across portions of its range, primarily attributable 
to anthropogenic disturbances such as habitat degradation, aquatic pollution, and competition with invasive 
alien species4. Despite its ecological significance, research attention on O. evolans remains limited compared 
to commercially valuable species Opsariichthys bidens, with existing studies primarily focused on taxonomic 
classification and species identification5–7.

The widespread minnow tribe Opsariichthine, a significant endemic group of Xenocyprididae fishes in East 
Asia, has long attracted scholarly attention due to the high morphological similarity among its members8–10. 
As a representative species, O. evolans epitomizes the central paradox in opsariichthine systematics: apparent 
morphological homogeneity likely results from convergent evolution, whereas molecular phylogenies uncover 
substantially more intricate evolutionary relationships11,12. Initially described as Zacco evolans by Jordan and 
Evermann13 in 1902, traditional taxonomy relied on several key features: the absence of distinct jaw notches, 
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the markedly elongated anal fin in mature males, and the clear blue-green vertical stripes along the flanks. 
After that, this species was frequently confused with the Zacco platypus and was even classified as a subspecies 
of Z. platypus14–16. It was not until 2005 that Chen and Chang2 clearly assigned it to the genus Opsariichthys, 
renaming it O. evolans. They identified key diagnostic traits distinguishing it from Z. platypus: (1) distinct, 
separate vertical stripes and granular breeding tubercles in O. evolans, versus (2) fused stripes forming patches 
and plate-like tubercles in Z. platypus. These characteristics later became widely accepted as critical taxonomic 
criteria for differentiating Opsariichthys from Zacco17,18. Subsequent molecular phylogenetic studies have con-
sistently validated the species-level distinction of O. evolans11,12,17. Analyses based on mitochondrial Cyt b and 
complete mitochondrial genomes indicate that the genetic divergence between O. evolans and Z. platypus meets 
the criteria for sister-species differentiation2,5,11,12. Nevertheless, phylogenetic relationships remain contentious, 
mitochondrial genomic data support its placement within Opsariichthys, whereas recombination activating gene 
1 (RAG1) analyses suggest a nested relationship with Zacco16. Therefore, higher-resolution molecular data are 
required to validate the genetic basis of these key morphological traits and enhance the accuracy of taxonomic 
classification.

The whole genome data of O. bidens and Z. platypus have been published, while the whole genome data 
of other species in the same genus have not yet been reported. To provide more reliable data for the clas-
sification research of Opsariichthine, this study successfully constructed a high-quality chromosome-level 
reference genome of O. evolans (886.9 Mb, 39 chromosomes) based on PacBio and Hi-C technologies, with 
a BUSCO completeness of 99.34%, which is superior to the existing genomes of O. bidens and Z. platypus. 
To address potential taxonomic biases from mitochondrial and nuclear gene markers and to identify key 
genes and pathways involved in body stripe pigmentation, we performed comparative genomic analyses.This 
genome assembly not only fills a critical gap in genomic data for congeneric species, but also establishes a 
high-resolution molecular framework for both taxonomic revision and environmental adaptation studies in 
opsariichthine fishes.

Methods
Sample collection and ethics statement.  In May 2023, field sampling was conducted along the Jingde 
segment of the Huishui River in Anhui Province, China (geographic coordinates: 38.377254°N, 118.428048°E). 
The collected male specimen, measuring 122.77 mm in body length and weighing 18.4 g, served as the biological 
material for this study. Following standard protocols, we aseptically dissected 9 tissue types (including muscle, 
liver, eye, brain, spleen, gonads, gills, heart and kidney) from the individual, which were immediately preserved 
in liquid nitrogen for subsequent molecular analyses. DNA extraction was specifically performed on muscle 
and liver tissues to facilitate whole genome assembly, while RNA extracted from 9 tissue samples were used for 
genome annotation.

The experimental samples were obtained during a routine survey under the Monitoring of Aquatic Resources 
in Key Waters of Anhui Province Project (ZF2022-18-0399), with the Special Fishing License ([2023] No. 002) 
issued by the Anhui Provincial Department of Agriculture and Rural Affairs. Animal welfare and sampling 
procedures were conducted in compliance with the guiding principles on the Laboratory animal—Guideline for 
ethical review of animal welfare (GB/T35892-2018) issued by the Technical Committee for Laboratory Animal 
Sciences of the Standardisation Administration of China (SAC/TC281).

Library construction and sequencing.  For whole-genome shotgun (WGS) short-read sequenc-
ing, high molecular weight genomic DNA (gDNA) was isolated from muscle tissue using the CTAB 
(Cetyltrimethylammonium Bromide) method. DNA quality and quantity were assessed using three methods: 
(i) a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA), (ii) gel electrophoresis, and (iii) a 
Qubit fluorometer (Invitrogen, USA). Libraries were prepared by MGIEasy Universal DNA Library Prep Kit 
V1.0 (MGI, China) following the standard protocol. Briefly, 1 μg of gDNA was randomly fragmented using the 

Fig. 1  Morphological characteristics of O. evolans (A); Distribution of k-mer depth and frequency at 17-mer for 
O. evolans genome (B).
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Covaris Adaptive Focused Acoustics® (AFA) (Covaris, Brighton, UK). The DNA fragments were size-selected 
(300–350 bp) with MGIEasy DNA Clean Beads (MGI, China) and used to construct a single strand circle DNA 
(ssCir DNA) library. The qualified libraries were then subjected to paired-end sequencing on the DNBSEQ-T7 
platform. A total of 87.65 Gb of clean data was obtained by removing adapters and low-quality reads using fastp 
(v0.20.0)19 with default parameters (Table 1). The genome size (818 Mb) and heterozygosity (0.82%) of O. evolans 
were estimated using k-mer analysis (k = 17) in GCE (v1.0.0) software20 with DNBSEQ short reads (Fig. 1B).

DNA processing was performed using the same method as described above. For PacBio sequencing, the puri-
fied DNA was processed using SMRTbell Prep Kit 3.0 (Pacific Biosciences, USA) to construct SMRTbell libraries. 
The library preparation involved DNA shearing, end repair, and hairpin adapter ligation to generate circularized 
templates compatible with single-molecule real-time (SMRT) sequencing. The libraries were then sequenced in 
Circular Consensus Sequencing (CCS) mode on the PacBio Revio platform (https://www.pacb.com/). PacBio 
HiFi reads were processed through SMRT Link v11.0.0 (https://www.pacb.com/support/software-downloads) 
with the following filtering parameters “-minPasses3-minPredictedAccuracy 0.99-minLength 500”. Finally, we 
generated 49.19 Gb of the PacBio HiFi long reads with N50 of 20.18 kb and an average length of 20.19 kb using 
the CCS algorithm (Fig. S1; Table S1).

High-quality gDNA was extracted from muscle tissue using the SDS method, followed by quality and quan-
tity assessment via Pulsed Field Gel Electrophoresis Systems (Bio-Rad, USA), Qubit fluorometer (Invitrogen, 
USA) and NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA). For Oxford Nanopore 
Technologies (ONT) ultralong sequencing, we constructed sequencing libraries for Oxford Nanopore platforms 
(https://nanoporetech.com) using the SQK-LSK110 ligation kit (ONT, UK) with extracted muscle DNA. The 
purified libraries were loaded onto pre-primed R9.4 Spot-On Flow Cells and sequenced on a PromethION 
device (ONT, Oxford, UK) with 48-h runs. Approximately 58.39 Gb of data was obtained after performed using 
the Oxford Nanopore GUPPY software (v0.3.0)21 (Table 1; Table S2, Fig. S2).

For Hi-C sequencing, 1 g of liver tissue was crosslinked with 40 ml of 2% formaldehyde for 15 minutes at 
room temperature to facilitate DNA-protein crosslinking. DNA was digested with the 4-cutter restriction 
enzyme (400 units of MboI) and marked ends with biotin-14-dCTP. Proximity ligation of the cross-linked frag-
ments was then performed with T4 DNA ligase to capture interactions between adjacent chromatin regions. 
After de-crosslinking and purification, DNA was sheared to 300–500 bp segments. Biotinylated DNA was cap-
tured, followed by end repair, A-tailing, adapter ligation, PCR cycle optimization and purification for library 
construction. After quality control, libraries were pooled based on effective concentration and sequencing 
requirements for short-read sequencing on the DNBSEQ-T7 platform. Following quality control with fastp 
software, a total of 110.23 Gb of 150 bp paired-end reads were obtained (Table 1).

Gap-free genome assembly and telomere identification.  Combining the HiFi reads and ONT reads 
ultralong sequencing, the initial contigs were assembled with the Hifiasm (v0.19.6) (https://github.com/chh-
ylp123/hifiasm). After removing redundant contigs using the Purge_Haplotigs algorithms (v1.0.4)22, we obtained 
an initial contigs assembly of 917.3 Mb, featuring a largest contig size of 44.42 Mb and a contig N50 length of 
22.05 Mb (Table S3). The Hi-C sequencing data were processed using HiCUP pipeline (v0.7.2)23 to generate 
non-redundant contig interaction matrices, followed by chromosomal anchoring of contigs through the 3D-DNA 
pipeline (https://github.com/theaidenlab/3d-dna). The scaffolds were subjected to a meticulous manual assess-
ment and refinement process using Juicebox Assembly Tools (v1.11.08)24 to address any chromosome inversions 
or translocations25. Using the Hi-C data (Table S4), the preliminary assembly was refined and anchored to 39 
chromosomes, achieving an anchoring rate of 98.35% (Fig. 2A, Table S5).

All ONT ultra-long reads were alignd to the chromosome using minimap2 (v2-2.24)26. Uniquely mapped 
reads within the 100 bp regions at both chromosome ends were collected and reassembled into consensus 
sequences using medaka_consensus (https://github.com/nanoporetech/medaka); then perform blastn (https://
ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/), alignment of these consensus sequences to both ends 
of each chromosome, replacing the original telomeric sequences with aligned sequences (coverage ≥ 90%) based 
on their positional matches. Using TGS-GapCloser (v1.2.0)27 to fill gaps between contigs by leveraging the cov-
erage relationship between ONT ultra-long reads and the already assembled contigs, thereby extending the 
contigs. Pilon (v1.23)28 was used to correct the errors of the extended and gap-filled genome using short read 
sequencing. The gap-free level was reached after three rounds of gap filling.

Then, telomere sequences were utilized the Telomere Identification quarTeT to identify from the genome 
assembly based on the characteristic motif (CCCTAA/TTAGGG), with a minimum repetition of four times 
within the 50 kb region at each end of the chromosome. A total of 51 telomeres were annotated across the 39 
chromosomes (Fig. 2B, Table S6). The final assembly yielded a 0.89 Gb telomere-to-telomere (T2T), gap-free 
level genome of O. evolans, with each chromosome represented by a single contig (Fig. S3, Table 2).

Library type Tissue Raw data (Gb) Clean data (Gb) Average read length (bp)

DNBSEQ T7 Muscle 91.55 87.65 150

PacBio HiFi Muscle 49.19 49.19 20000

ONT Muscle 58.39 58.39 34386

Hi-C Muscle 110.23 103.19 150

Table 1.  Statistics of sequencing data for O. evolans genome assembly and annotation.
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Genomic structure and functional annotation.  Through combined homology-based, de novo 
sequencing approaches, we identified 398 Mb of repetitive sequences representing 44.91% of the whole 
genome. The repetitive sequences consisted of DNA transposons (242 Mb; 27.34%), LINEs (32 Mb; 3.65%), 
SINEs (6 Mb; 0.70%), and LTR retrotransposons (77 Mb; 8.73%) (Table 3; Fig. 3A). The annotation was per-
formed using the following integrated approaches: RepBase transposable elements (TEs) and TE proteins 
were obtained by annotating the genome using RepeatMasker (v4.0.9)29 and RepeatProteinMask (v4.1.0) 
(http://www.repeatmasker.org) respectively based on the RepBase database30; De novo prediction was per-
formed by constructing a non-redundant repeat library using RepeatModeler (v1.0.11)31 and LTR-FINDER_
parallel (v1.0.7)32 followed by genome annotation with RepeatMasker; Combined TEs represent the final 
non-redundant repetitive sequences generated by integrating and deduplicating the results from these three 
methods (Table S7).

Subsequently, Protein-coding genes within the O. evolans genome were predicted using a combination of 
three distinct approaches: homologous methods, ab initio and RNA sequencing methods. To annotate homol-
ogous sequences, we aligned the O. evolans genome against reference protein sequences from four species 
(Opsariichthys bidens33, Zacco platypus34, Danio rerio35, and Hypophthalmichthys molitrix36) using TBlastN 
(E-value ≤ 1e-5)37, followed by precise splicing annotation with miniprot (v0.11-r23)38 and liftoff (v1.6.3)39. 
Additionally, ab initio gene prediction was conducted using Augustus (v3.3.2)40 and Genscan41, guided by the 
organism’s taxonomic classification. Total RNA was extracted from 9 tissues using TRIzol reagent (Tiangen, 

Fig. 2  Heatmap of interactions within and among chromosomes based on Hi-C data (A); Chromosome-level 
genome display for O. evolans (B).

Contig Length (bp) Contig Number

N90 12,760,410 33

N80 18,777,144 26

N70 20,317,145 22

N60 22,206,782 18

N50 25,440,736 14

Total length 886,877,176 39

Number(>=100 bp) — 63

Number(>=2 kb) — 63

Mean length (bp) 14,077,415 —

Max length (bp) 44,478,744 —

Table 2.  Genomic features of O. evolans assembly.
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Germany) under cryogenic conditions, following the manufacturer’s instructions. For RNA-sequencing-based 
prediction, transcriptomic data derived from 9 pooled tissue types were aligned with assembled genome using 
HISAT2 (v2.1.0)42, and predicted transcript structures were detected using StringTie (v1.3.5)43. All gene models 
were merged to eliminate redundancy using MAKER2 (v2.31.10)44 and HiFAP (https://www.onemore-tech.com/)  
with default settings. Finally, we identified 29,670 genes, with an average CDS lengths of 1575 bp, average exon 
and intron lengths were 267 bp and 1669 bp, respectively (Table 4).

We annotated protein-coding genes through sequence homology searches using diamond (v2.0.1424)45 with 
an e-value cut-off of 1e-5. The analysis revealed high annotation coverage across multiple databases: KEGG46 
(90.51%), SwissProt47 (77.73%), TrEMBL (http://www.uniprot.org) (92.27%), KOG48 (72.07%), and NR49 
(92.64%) (Fig. 3B). Notably, comprehensive functional annotations were achieved for all predicted genes in  
O. evolans, with 26,885 genes successfully annotated (92.9% coverage) (Table 5).

Methods DNA LINE SINE LTR Satellite Unknown Total

RepBase TEs
Length (bp) 160,371,500 26,322,705 4,672,698 35,993,527 11,625,107 4,044,207 225,151,338

Percentage (%) 18.08 2.97 0.53 4.06 1.31 0.46 25.39

TE Proteins
Length (bp) 16,884,760 13,870,562 0 14,627,739 0 2,205 45,363,356

Percentage (%) 1.9 1.56 0 1.65 0 0 5.11

De novo
Length (bp) 148,282,232 14,185,004 2,564,178 55,308,875 2,629,173 54,493,393 270,940,213

Percentage (%) 16.72 1.6 0.29 6.24 0.3 6.14 30.55

Combined TEs
Length (bp) 242,448,719 32,333,261 6,178,237 77,380,689 13,572,430 57,477,058 398,336,441

Percentage (%) 27.34 3.65 0.7 8.73 1.53 6.48 44.91

Table 3.  Statistics of repeated sequence classification for O. evolans genome.

Fig. 3  Distribution of divergence of four TE sequences predicted by De novo method (A); The venn diagram of 
annotation results of five databases for O. evolans genome (B).

Methods/Tools
Gene 
number

Average gene 
length (bp)

Average exons 
per gene

Average length (bp)

CDS Exon Intron

De novo
Genscan 33,623 17,261 7.68 1,463 190.48 2,365

Augustus 25,068 12,807 8.11 1,459 179.93 1,597

Homolog

Z. platypus 39,186 14,654 8.87 1,602 180.57 1,658

O. bidens 40,551 10,699 7.2 1,462 203.16 1,490

H. molitrix 33,638 15,729 8.32 1,622 194.93 1,927

D. rerio 63,970 22,205 11.14 2,058 184.84 1,988

Liftoff
Z. platypus 23,740 15,103 8.92 1,579 177.11 1,708

O. bidens 29,301 11,277 8.62 1,540 178.7 1,278

Trans ORF RNAseq 16,273 23,148 12.02 1,891 324.2 1,746

BUSCO 3,651 13,229 10.23 1,630 159.38 1,257

MAKER 27,222 18,042 9.62 1,526 299.41 1,759

HiFAP 29,670 15,398 8.81 1,575 267 1,669

Table 4.  Gene prediction of assembly for O. evolans genome.
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To complete the non-coding RNA prediction and annotation, we used INFERNAL based on the rfam 
(v14.8)50 and miRBase51 to predict ribosomal RNA (rRNA), microRNA (miRNA) and small nuclear RNA 
(snRNA) genes. Additionally, tRNAscan-SE (v1.3.1) software52 was applied to identify Transfer RNA (tRNA) 
genes. In total, we identified four types of noncoding RNAs in the O. evolans genome: 1,696 miRNAs, 8,757 
tRNAs, 5,835 rRNAs, and 1,537 snRNAs (Table 6).

Data Records
The sequencing dataset and genome assembly of O. evolans have been deposited in the NCBI SRA database 
under project number PRJNA128279553, including: Hi-C data (SRX29433841)54; DNBSEQ-T7 genome sequenc-
ing data (SRX29433842)55; PacBio Revio genome sequencing data (SRX29433843)56; oxford_nanopore genome 
sequencing data (SRX29433844)57; transcriptomic data (SRX29433845)58. The complete genome assembly and 
its annotation have been deposited in Figshare (https://doi.org/10.6084/m9.figshare.29399834)59. The sequenc-
ing data are available in the European Nucleotide Archive (ENA) under accession number PRJEB100826. 
(https://www.ebi.ac.uk/ena/browser/view/PRJEB100826)60.

Data Overview
The protein sequences of 10 species (O. evolans; O. bidens; Z. platypus; Danio rerio; Hypophthalmichthys molitrix; 
Anabarilius grahami61; Cyprinus carpio62; Labeo rohita63; Sinocyclocheilus rhinocerous64) were clustered into gene 
families using OrthoMCL (v2.0.9)65 with BLASTP alignments (e-value ≤ 1e-5) (https://blast.ncbi.nlm.nih.gov/
Blast.cgi). Our analysis revealed 24,591 gene families, 1,074 of which were single-copy gene families. The rela-
tionships between species-specific gene families and shared gene families are visualized through clustered petal 
plots (Fig. 4A). Species phylogeny was reconstructed using RAxML (v8.2.12)66 under maximum likelihood, 
with divergence times estimated by MCMCtree (v4.9)67(clock = 3; model = 0) based on Timetree calibrations. 
The results revealed that O. evolans diverged later than Z. platypus, with an estimated divergence time between 
7.9 and 19.2 million years ago (Fig. 4B). This study provides the first genome-based evolutionary analysis since 
their recognition as distinct species. Genome synteny among O. evolans, O. bidens, and Z. platypus was assessed 
using WGDI (v0.5.6)68, with visualization performed via JCVI (v1.4.1445)69. The results showed that the genome 
assembly of the O. evolans had high collinearity with the O. bidens (Fig. 4C).

Gene mRNA

Number Percent (%) Number Percent (%)

NR 24,598 99.47 24,598 99.47

SwissProt 21,214 85.78 21,214 85.78

TrEMBL 24,582 99.4 24,582 99.4

KOG 19,641 79.42 19,641 79.42

TF 6,183 25 6,183 25

InterPro 23,404 94.64 23,404 94.64

GO 17,696 71.56 17,696 71.56

KEGG_ALL 24,549 99.27 24,549 99.27

KEGG_KO 16,540 66.88 16,540 66.88

Pfam 22,038 89.11 22,038 89.11

Total 26,885 90.61 39,453 92.90

Table 5.  The Functional annotation of O. evolans genome.

Type Copy
Average 
length (bp)

Total 
length (bp)

% of 
genome

miRNA 1,696 88 149,898 0.016902

tRNA 8,757 75 660,322 0.074455

rRNA 5,835 121 708,439 0.079880

18S 12 1,542 18,508 0.002087

28S 0 0 0 0.000000

5.8S 12 150 1,799 0.000203

5S 5,811 118 688,132 0.077590

snRNA 1,537 149 228,371 0.025750

CD-box 227 147 33,279 0.003752

HACA-box 73 152 11,068 0.001248

splicing 1,227 148 181,647 0.020482

scaRNA 10 238 2,377 0.000268

Table 6.  Statistics of non-coding RNA annotation for O. evolans genome.
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Technical Validation
We evaluated the accuracy and completeness of the O. evolans genome assembly and gene annotation using 
BUSCO (v5.7.154)70, identifying 3,616 (99.34%) complete conserved genes and 3,595 (98.76%) highly con-
served core proteins, indicating successful genome assembly and annotation (Table 7). After mapping short 
reads to the genome, variants (SNPs and InDels) were detected using samtools71, Picard (https://broadinstitute.
github.io/picard/), and GATK72, revealing low homozygous and heterozygous rates, further supporting high 
assembly accuracy and low heterozygosity (Table S8). To confirm the species specificity of the assembly, the 
genome sequences were fragmented in 10-kb windows and aligned to the NCBI NT database using BLAST, 
yielding a median identity of 91.74% with conspecific sequences, suggesting minimal assembly errors (Table S9). 
Subsequently, short and long reads were mapped to the genome using bwa73 and minimap226, demonstrat-
ing high alignment rates and coverage, indicating strong consistency between the assembly and sequencing 
data (Table S10). Additionally, Merqury (v1.353)74 was employed for k-mer-based quality assessment, integrat-
ing both short and long reads to generate high QV scores (Table S11, Fig. S4). High collinearity was observed 
between our assembly and the genomes of, O. bidens, and Z. platypus (Fig. 4C), further validating assembly 

Fig. 4  Gene family clustering petal diagram (A), Constructing phylogenetic trees of species based on maximum 
likelihood method (ML TREE) (B) and Chromosome-level genomic synteny between O. evolans, O. bidens, and 
Z. platypus (C).

Software Busco

Type

Assembly Annotation

Proteins Percentage (%) Proteins Percentage (%)

Complete BUSCOs 3,616 99.34 3,595 98.76

Complete Single-Copy BUSCOs 3,589 98.6 3,549 97.5

Complete Duplicated BUSCOs 27 0.74 46 1.26

Fragmented BUSCOs 16 0.44 8 0.22

Missing BUSCOs 8 0.22 37 1.02

Total BUSCO groups searched 3,640 100.00 3,640 100.00

Database actinopterygii_odb10 actinopterygii_odb10

Table 7.  The evaluation of genome assembly and annotation in O. evolans.
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accuracy. Moreover, structural annotations exhibited high similarity to those of closely related species (Fig. S5). 
Collectively, these results demonstrate the high quality, reliability, and accuracy of the O. evolans genome assem-
bly and annotation.

Data availability
The data for this study have been deposited in the European Nucleotide Archive (ENA) at EMBL-EBI under 
accession number PRJEB100826 (https://www.ebi.ac.uk/ena/browser/view/PRJEB100826)60.

Code availability
No specific code was used in this study. All commands were executed according to the manuals and protocols of 
the respective bioinformatics software.
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