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A telomere-to-telomere gap-
free genome assembly of the 
endangered humphead wrasse 
(Cheilinus undulatus)
Kai Zhang   1, Jianchao Chen1, Binwei Duan1, Canbei You1, Wenchuan Zhou2, Yanfei Zhao3, 
Shaosen Yang3, Jinhui Wu3 ✉ & Qiong Shi   1,4 ✉

Humphead wrasse, Cheilinus undulatus, is an endangered fish species with high economic and 
ecological value as well as natural sex change from female to male, while sexual selection occurs in 
breeding aggregations. In our present study, we constructed the first gap-free telomere-to-telomere 
(T2T) genome assembly for humphead wrasse, by integration of PacBio HiFi, ONT Ultra-long and 
Hi-C sequencing techniques. With 99% of the entire sequences anchored into 24 chromosomes, this 
haplotypic genome assembly spans approximately 1.25 Gb and presents a complete set of 48 telomeres 
and 24 centromeres. In terms of correctness (quality value QV: 53.447) and completeness (BUSCO score: 
99.3%), this chromosome-scale assembly is indeed of high quality. We predicted 658.03 Mb of repetitive 
sequences and annotated 26,609 protein-coding genes in the assembled genome. This high-quality T2T 
genome assembly not only facilitates the genetic conservation of humphead wrasse, but also offers 
fundamental genomic data for supporting in-depth investigations on functional genomics, genetic 
diversity, and selective breeding for this economically important teleost.

Background & Summary
Humphead wrasse (Cheilinus undulates), also commonly known as Maori or Napoleon wrasse, is an endan-
gered fish species with significant ecological importance for coral reef ecosystems. As a member of the Labridae 
family within the order Perciformes, it is characterized by large size and striking appearance1,2. Moreover, it has 
a sparse population, slow growth, and a long lifespan (over 30 years), as well as intricate reproductive behav-
iors, but it significantly contributes to bioerosion and sand production3. Previous investigations indicate that 
its populations are declining alarmingly because of ongoing overharvesting, habitat degradation, and climate 
change impacts4,5. Humphead wrasse has been classified as ‘Endangered’ on the IUCN (International Union 
for Conservation of Nature) Red List and is included in the CITES (Convention on International Trade in 
Endangered Species of Wild Fauna and Flora) Appendix II6.

Like many other environmentally-sensitive sex-changing species, humphead wrasse exhibits protogynous 
hermaphroditism, i.e., transitioning from female to male at approximately 8-9 years old, after attaining female 
sexual maturity at 5–7 years7,8. Males usually follow two distinct developmental pathways to achieve diandry, 
either developing directly from juveniles into small males (smaller than the smallest mature female) or transi-
tioning from adult females through sex change to become large males (exceeding female size)4. However, the 
detailed molecular mechanisms of its sex change remain largely unknown. Additionally, due to its unique visual 
system and fused pharyngeal bones, it always serves as an excellent model organism for studying opsin evolu-
tion in coral reef fishes, and for comparative studies with other fish genomes to demonstrate specific opsin gene 
expansions in humphead wrasse9.
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In a previous genome study for humphead wrasse, a draft chromosome-level genome assembly was 
reported9. Nevertheless, this assembly version contains excessive gaps accompanied by low BUSCO values, lead-
ing to significant fragment loss that impairs both genome completeness and annotation accuracy. Here, utilizing 
cutting-edge high-throughput sequencing platforms including PacBio HiFi and Oxford Nanopore Technologies 
(ONT) ultra-long technology, we produced a refined telomere-to-telomere (T2T) chromosome-level genome 
assembly for humphead wrasse. This improved assembly demonstrates superior scaffold N50 and BUSCO 
scores, as well as gap-free genome sequence with encouraging details of telomeres and centromeres. This new 
genome assembly not only provides a valuable genetic resource for in-depth investigations on population genet-
ics and conservation biology of humphead wrasse, but also supports comparative and molecular studies on the 
regulation of natural sex change and opsin evolution in various vertebrates.

Methods
Sample collection.  We obtained an adult humphead wrasse (Fig. 1a) from Guangdong Marine Fisheries 
Experimental Centre, an offsite facility of the Agro-Tech Extension Center of Guangdong Province, which is 
situated in Huizhou city, Guangdong province, China. Muscle tissue was collected for whole-genome sequencing, 
and ten tissues (including intestine, spleen, lung, heart, liver, muscle, gill, eye, skin, and gonad) were sampled for 
transcriptome sequencing. The sampling procedure and experimental workflow were performed in accordance 
with the guidelines and approval from the Animal Ethics Committee of Shenzhen University (Shenzhen, China).

Fig. 1  A T2T genome assembly of the humphead wrasse. (a) An image of the sequenced fish. (b) A 
GenomeScope k-mer plot. (c) The Hi-C contact matrices contain 24 unique blocks in total. (d) A Circos plot 
displaying the primary genome characteristics, with features annotated from the outermost to innermost 
rings, (I) the 24 chromosomes, (II) gene density, (III) GC skew, (IV) GC content, (V) tandem repeats, and 
(VI) transposons.
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DNA extraction and genome sequencing.  Genomic DNA (gDNA) was extracted from the muscle tissue 
using a modified CTAB method10. The extracted gDNA was used for construction of a BGISeq DNA PCRfree 
library, which was then sequenced on a BGI T7 platform (MGI, Shenzhen, China). A total of 57.98 Gb of raw 
reads (150 bp in length) were generated, among them low-quality reads and adaptor sequences were filtered using 
Trimmomatic (v0.40)11 with default settings. Finally, we obtained 56.64 Gb of clean reads for estimating genome 
size and assembling sequences.

Moreover, we prepared long-read libraries using the PacBio Sequel II System and SMRTbell Express Template 
Prep Kit 3.0 (Pacific Biosciences, Menlo Park, CA, USA) for HiFi sequencing. The CCS software (SMRT Link 
v9.0)12 was then applied to generate consensus sequences. In this study we yielded approximately 113.26 Gb of 
consensus reads, with an average length of 19.07 kb.

ONT technology was applied by construction of an ultra-long library and then sequencing of one flow cell on 
a PromethION platform (Oxford Nanopore Technologies Co., UK). The raw reads were first refined to remove 
those with quality value (QV) below 7. Subsequently, Porechop (https://github.com/rrwick/Porechop) was 
applied to eliminate adaptors, and Filtlong (https://github.com/rrwick/Filtlong) was employed to remove those 
reads shorter than 30 kb and mean read quality scores less than 90%. Finally, we obtained a total of 27.88 Gb 
clean reads, with an average read length of 96.15 kb and an N50 length of 100 kb.

DNA libraries for Hi-C sequencing were constructed with a GrandOmics Hi-C kit (GrandOmics, China), 
employing DpnII as the restriction enzyme, in accordance with the manufacturer’s instructions. By using the Illumina 
Novaseq system (Illumina Inc., San Diego, CA, USA), we produced 74.82 Gb of raw reads from the Hi-C libraries. We 
then employed Trimmomatic (v0.4)11 to remove low-quality reads (quality scores <20), adapter sequences, and reads 
shorter than 36 bp. After filtering, 71.53 Gb of clean data were available for subsequent chromosome scaffolding.

RNA extraction and transcriptome sequencing.  We used poly‐T oligo‐attached magnetic beads to 
purify mRNAs from the lung, heart, liver, muscle, gill, eye, skin, and gonad tissues. Sequencing libraries were gen-
erated from the purified mRNAs using the VAHTS Universal V6 RNA-seq Library Kit for MGI (Vazyme, Nanjing, 
China) following the manufacturer’s recommendations with unique index codes. Library quantification and size 
were assessed using Qubit 3.0 Fluorometer (Life Technologies, Carlsbad, CA, USA) and Bioanalyzer 2100 system 
(Agilent Technologies, CA, USA). Subsequently, sequencing was performed on a MGI-SEQ. 2000 platform by 
Frasergen Bioinformatics Co. Ltd. (Wuhan, China).

To obtain clean reads, adaptor sequences and low-quality raw reads were filtered via SOAPfilter (v2.2)13 with 
default parameters. In the end, the clean reads of the ten tissues (namely the intestine, spleen, lung, heart, liver, 
muscle, gill, eye, skin, and gonad) were 5.77, 5.58, 6.29, 8.56, 5.64, 8.38, 6.10, 6.14, 5.96 and 13.58 Gb, respec-
tively. These retained data were collected for annotation of gene structures.

ID Contig Length (bp) Gap

Centromere Telomere

Start_pos End_pos
Upstream 
start_pos

Upstream 
end_pos

Downstream 
start_pos

Downstream 
end_pos

Chr1 1 62,753,487 0 4,028,673 4,590,142 1 4,318 62,749,383 62,753,487

Chr2 2 62,185,528 0 424,551 1,946,019 1 3,717 62,181,018 62,185,528

Chr3 1 59,147,669 0 8,199,075 8,864,864 1 4,320 59,144,483 59,147,669

Chr4 2 59,138,989 0 16,204,932 17,119,191 1 4,425 59,135,391 59,138,989

Chr5 2 58,687,792 0 3,677,610 4,645,404 1 4,574 58,683,588 58,687,792

Chr6 1 58,905,035 0 2,207,086 3,841,834 1 3,973 58,902,171 58,905,035

Chr7 2 58,728,802 0 54,561,354 55,872,711 1 5,170 58,725,126 58,728,802

Chr8 1 59,339,311 0 11,401,145 12,391,978 1 2,733 59,335,996 59,339,311

Chr9 1 54,990,632 0 40,239,586 41,606,467 1 4,139 54,986,048 54,990,632

Chr10 1 54,515,121 0 35,495,267 36,999,226 1 4,963 54,510,370 54,515,121

Chr11 1 53,212,265 0 18,508,183 18,509,417 1 3,391 53,210,090 53,212,265

Chr12 1 54,699,724 0 7,651,134 8,186,179 1 2,990 54,696,572 54,699,724

Chr13 1 56,760,748 0 14,244,461 14,818,745 1 4,331 56,757,289 56,760,748

Chr14 2 52,682,691 0 2,281,906 2,289,935 1 4,768 52,678,025 52,682,691

Chr15 1 51,876,577 0 3,903,246 4,658,685 1 2,960 51,873,188 51,876,577

Chr16 1 50,715,850 0 49,786,078 50,629,160 1 3,504 50,711,881 50,715,850

Chr17 1 46,029,477 0 28,337,466 29,717,896 1 4,476 46,026,263 46,029,477

Chr18 1 45,965,567 0 41,168,193 41,975,834 1 4,316 45,961,228 45,965,567

Chr19 1 47,128,129 0 3,820,324 4,840,280 1 3,246 47,125,859 47,128,129

Chr20 1 44,942,877 0 8,091,376 8,724,144 1 5,162 44,938,654 44,942,877

Chr21 1 45,007,296 0 25,626,732 27,228,282 1 2,985 45,001,834 45,007,296

Chr22 1 43,612,624 0 214,269 1,319,562 1 4,036 43,609,150 43,612,624

Chr23 2 38,602,026 0 160,681 1,925,474 1 2,830 38,597,037 38,602,026

Chr24 1 30,742,627 0 5,251,613 6,413,672 1 5,466 30,738,518 30,742,627

Table 1.  Positions of telomeres and centromeres across all chromosomes in the assembled genome of the 
humphead wrasse.
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Genome assembly.  Genome-size estimation.  We employed Jellyfish (v2.2.6)14 and GenomeScope (v2.0)15 
to analyze the K-mer frequency distribution of the BGI clean reads. Our results showed that the humphead 
wrasse genome was estimated to be 1.17 Gb in length, with a genomic heterozygosity rate of 0.27% (Fig. 1b).

De novo genome assembly.  We applied HiFiasm (v0.19.5)16 to assemble HiFi and ONT long reads into contigs, 
which were then polished using T2T-polish17 with the optimized parameter set to task = best using the BGI 
short reads. The initial genome assembly had a total length of 1.253 Gb, with a contig N50 of 54.5 Mb and an 
organized of 53 contigs.

Construction of chromosomes and gap filling.  Hi-C reads were aligned to the primary genome assembly 
using Bowtie2 (v2.3.2)18, followed by identification of valid contact paired reads through the HiC-Pro (v2.8.1) 
pipeline19. The assembled contigs were anchored to chromosomes using these Hi-C valid reads through the 
3D-DNA pipeline20 with the parameter -r 0, followed by manual refinement of the chromosome-level scaffolds 
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Fig. 2  An overview of the T2T gap-free genome assembly of humphead wrasse. The telomere regions are shown 
as orange segments at both ends of each chromosome, while the centromere region appears as a gully area 
within the chromosome.

Type

Repbase TEs Protein TEs Denovo TEs Combined TEs

Length (bp) Percentage (%) Length (bp) Percentage (%) Length (bp) Percentage (%) Length (bp) Percentage (%)

DNA 136,106,727 10.89 11,788,023 0.94 382,724,728 30.61 413,970,913 33.11

LINE 31,121,422 2.49 14,780,967 1.18 100,248,724 8.02 113,716,545 9.09

SINE 6,080,612 0.49 0 0.00 3,620,546 0.29 8,826,152 0.71

LTR 12,814,672 1.02 3,713,512 0.30 91,186,201 7.29 99,688,185 7.97

Other 7,915 0.00 0 0.00 0 0.00 7,915 0.00

Unknown 3,068,862 0.25 0 0.00 104,268,038 8.34 107,014,822 8.56

Total 184,602,580 14.76 30,276,313 2.42 611,377,854 48.90 658,029,080 52.63

Table 2.  The proportion of repetitive sequences identified in the humphead wrasse genome assembly.
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in JuiceBox21. To close nucleotide gaps in the chromosome-level genome assembly, we utilized TGS-GapCloser 
(v1.1.1)22 with default parameters, leveraging both HiFi and ONT long reads. The final genome assembly spans 
1.25 Gb, with 99% of the primary sequences anchored to 24 chromosomes, achieving a contig N50 of 54.51 Mb 
(Fig. 1c,d and Table 1).

Identification of centromere and telomere sequences.  Telomere sequences were identified by detecting 
(TTAGGG/CCCTAA) repeats in telomeric regions, while centromeres were localized using the Centromics 
program (https://github.com/ShuaiNIEgithub/Centromics) to analyze HiFi sequencing data, Hi-C data, and the 
final genome assembly. Finally, we revealed that the humphead wrasse chromosomes possessed 48 telomeres and 
24 centromeres (see more details in Fig. 2 and Table 1).

Genome annotation.  Repeat annotation. Tandem repeats were identified using Tandem Repeats Finder 
(TRF, v4.09.1)23 with the following parameters: 2 7 7 80 10 50 2000. Moreover, transposable elements (TEs) 
were detected through an integration of de novo prediction and homology searches at both DNA and protein 
levels. LTR retrotransposons were initially identified using LTR_FINDER (v1.0.7)24 at the DNA level, while 
RepeatModeler (v2.0.1)25 generated a classified de novo repeat library. Subsequently, RepeatMasker (v4.1.2)26 
performed comparative analyses against both the Repbase TE database27 and the newly constructed repeat library. 

Item Number Average length (bp)

Gene 25,064 27,840.67

Exon 10.20 (per gene) 347.27

Intron — 2,641.57

Database Number Percentage (%)

InterPro 21266 84.85

GO 8306 33.14

KEGG_ALL 24416 97.41

KEGG_KO 17050 68.03

Swissprot 18848 75.20

TrEMBL 24135 96.29

NR 24789 98.90

Table 3.  Gene structures and functional annotations.

Type Copy Average length (bp) Total length (bp) % of genome

miRNA 781 83.14597 64,937 0.005193

tRNA 3,020 75.34437 227,540 0.018198

rRNA rRNA 2,221 171.00765 379,808 0.030376

18S 11 1,929.00000 21,219 0.001697

28S 14 7,611.35714 106,559 0.008522

5S 2,196 114.76776 252,030 0.020156

snRNA snRNA 646 152.83591 98,732 0.007896

CD-box 101 107.95050 10,903 0.000872

HACA-box 49 152.38776 7,467 0.000597

splicing 490 161.18163 78,979 0.006316

scaRNA 6 230.50000 1,383 0.000111

Table 4.  Statistics of the non-coding RNA annotations.

Type

Genome (T2T)

Number Percentage (%)

Complete BUSCOs 3616 99.3

Complete and single-copy BUSCOs 3609 99.1

Complete and duplicated BUSCOs 7 0.2

Fragmented BUSCOs 20 0.6

Missing BUSCOs 4 0.1

Total BUSCO groups searched 3640 100

Table 5.  Statistics of BUSCO results of the T2T genome assembly.
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Protein-level TE annotation was performed using RepeatProteinMask26 against the transposable element protein 
database. A total of 658.03 Mb repetitive sequences were detected in the humphead wrasse genome assembly 
(Table 2).

Gene annotation.  Protein-coding genes were predicted using a combination of homology-based, ab initio 
and transcriptome-assisted annotation approaches. The homology-based annotation was initiated by perform-
ing Tblastn (v2.11.0+)28 searches against our assembly using protein sequences from four representative spe-
cies, including yellowfin seabream (Acanthopagrus latus), sharksucker (Echeneis naucrates), zebrafish (Danio 
rerio), and medaka (Oryzias latipes). The high-quality alignments were subsequently refined using Exonerate 
(v2.4.0)29 for precise gene model prediction. The de novo annotation was performed using Augustus (v3.4.0)30 
and GlimmerHMM (v3.0.4)31. For the transcriptome-assisted annotation, RNA-seq reads were first aligned 
to the reference genome using HiSat2 (v2.2.1)32, followed by transcript assembly through a genome-guided 
approach implemented in StringTie (v2.1.7)33. Predicted gene models were integrated and refined using MAKER 
(v3.01.03)34 to generate a non-redundant gene set. Final annotation improvements, including UTR annotation 
and alternative splicing variant prediction, were accomplished through the PASA pipeline (v2.4.1)35. Ultimately, 
we annotated a total of 25,064 protein-coding genes, with an average gene length of 27.84 kb and a mean coding 
sequence (CDS) size of 1,745.64 bp (see Table 3).

Functional annotations.  Functional annotation was performed by aligning protein sequences against multiple 
databases (NCBI NR, KEGG36, GO37, TrEMBL and Swiss-Prot38) using DIAMOND BLASTP (v2.0.7)39, with 
assignments based on best matches. Functional annotations were assigned to 24,789 genes (98.90%) with sup-
portive evidence from at least one database (see more details in Table 3).
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Fig. 3  Good synteny of chromosomes between the newly assembled genome and the previously published 
version9.
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Annotation of non-coding RNA genes.  tRNAscan-SE (v2.0.9)40 with default settings was utilized to detect tRNA 
genes. Moreover, we applied RNAmmer (v1.2)41 to identify rRNA sequences. Annotation of MiRNA and snRNA 
genes was performed using Infernal (v1.1.2)42 through homology searches against the Rfam database (v14.6)43. 
Finally, a total of 2,221 rRNAs, 3,020 tRNAs, 781 miRNAs, and 646 snRNAs were predicted (see Table 4 for more 
details).

Data Records
All genomic data are publically available from China National GeneBank DataBase (CNGBdb) under the project 
ID no. CRA02360944. The genome assembly has been submitted to the GenBank database with the accession 
number JBMUSF01000000045. In addition, comprehensive documentation regarding the genome assembly, gene 
structures, functional annotations, and repeat elements of humphead wrasse has been deposited on Figshare46.

Technical Validation
Evaluation of the genome assembly.  Genome completeness was assessed using BUSCO (v5.2.2)47 
against the actinopterygii_odb10 database (3,640 single-copy orthologs). Our results demonstrated 98.9% 
complete gene coverage (including 98.4% single-copy and 0.5% duplicated genes), with only 0.4% fragmented 
sequences (see Table 5). Moreover, the Merqury (v1.3)48 analysis estimated a genome assembly quality value of 
53.45. Genome assembly accuracy was evaluated by aligning sequencing datasets, revealing mapping rates of 
96.58% (RNA-Seq reads), 99.64% (for BGI reads), 99.93% (for PacBio reads), and 100% (for ONT reads). These 
analyses collectively validate the high-quality of this humphead wrasse genome assembly.3

Collinearity analysis.  GenomeSyn (v1.2.7)49 was employed for whole-genome synteny comparison between 
the newly assembled genome and the previously published version (GCF_018320785.1)9. Our findings revealed 
good one-to-one chromosomal synteny between both assemblies (Fig. 3), which further validates that our present 
assembly of the humphead wrasse genome is indeed of high quality.

Code availability
This study did not employ any custom code. In cases where specific parameters were unavailable for any software 
type, the default settings recommended by the developers were applied.
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