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OPEN: Assembling chromosome-level
paTADESCRIPTOR genomes of male and female
Chanodichthys mongolicus using
PacBio HiFireads and Hi-C
technologies
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. Chanodichthys mongolicus, a carnivorous fish belonging to the Cyprinidae family (Erythroculter), is

: widely distributed in reservoirs and lakes across China. However, the lack of research on whole genome
. assembly has impeded advancements in genetic studies for this species. In this study, we employed

. PacBio sequencing and Hi-C technology to assemble high-quality genomes for both female and male

. Chanodichthys mongolicus at the chromosome level. The assembly results revealed a male genome

. size of 1.10 GB with a scaffold N50 of 43 Mb, while the female genome was 1.09 GB with a scaffold

. N50 of 42 Mb. Both assemblies consist of 24 chromosomes and demonstrate an average genome

. integrity of 98.5%, as assessed by BUSCO. We annotated the male genome using a combination of ab
©initio predictions, protein homology comparisons, and RNAseq data, resulting in the identification

. of 33,581 genes, of which 88.15% were predicted to have functional roles. These findings provide a

© valuable resource for future research on the genetic breeding and genome evolution of Chanodichthys
: mongolicus.

Background & Summary

. Chanodichthys mongolicus is a formidable carnivorous fish belonging to the Cyprinidae family, widely distrib-
. uted throughout East Asia, particularly in the reservoirs and freshwater lakes of China’. This species typically
. inhabits the middle and upper levels of slow-moving bays and lakes, and is known for its quick movements
. and active behavior, and does not exhibit migratory habits!. C. mongolicus is highly prized for its tender and
fresh meat, rich nutrients, and its dual use in medicine and food, offering significant economic value in China.
' However, in recent years, wild populations have sharply declined due to environmental degradation and over-
. fishing, bringing them close to depletion?. Fortunately, domestication and artificial breeding efforts have been
. initiated for C. mongolicus**, which not only helpful to the local economy but also helped preserve biodiversity.
. Currently, researches on C. mongolicus predominantly focused on its meat quality®!?, seedling transport!!, and
. growth characteristics'?. Studies on its genome have primarily addressed the mitochondrial genome'*!* and
. population genetics'*"'°. Nevertheless, a comprehensive genome assembly for this species remains unavailable,
: hindering advances in molecular breeding and evolutionary studies.

: Whole genome sequencing technology encompasses both next-generation sequencing (NGS) and
. third-generation sequencing. NGS allows for rapid and cost-effective whole genome sequencing, while
. single-molecule real-time (SMRT) sequencing, a type of third-generation technology, offers read lengths of up
© to 30-50kb, significantly enhancing the integrity of genome assembly. Hi-C (high-throughput chromosomal
: conformation capture) facilitates the study of DNA interactions across the genome, enabling the creation of
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Fig. 1 Flowchart of chromosome-level genome assembly of Chanodichthys mongolicus.

high-resolution three-dimensional chromatin structure maps. The HiFi + Hi-C approach improves the fidelity,
continuity, and completeness of genome assembly by leveraging high-fidelity long reads and chromatin interaction
data, minimizing errors and biases, and enhancing structural resolution, especially in complex and large genomes?®.

In recent years, this strategy has been applied to sequence the genomes of various fish species, including
Acrossocheilus fasciatus®, Spinibarbus caldwelli*?, Elopichthys bambusa®, Plagiognathops microlepis** and
Epinephelus awoara®. These genomes contribute to studies in aquaculture, germplasm resource protection,
and environmental adaptability. In this study, we assembled high-quality chromosome-level genomes for both
female and male Chanodichthys mongolicus using PacBio HiFi reads and Hi-C technologies (see Fig. 1). The final
assemblies yielded lengths of approximately 1,100 Mb for the male and 1,093 Mb for the female, with scaffold
N50 values of 43 Mb and 42 Mb, respectively. The resulting assemblies comprised 24 chromosomes, covering
about 99.25% of the genome size after Hi-C integration.

This represents the first genome assembly of Chanodichthys mongolicus, providing a valuable genetic founda-
tion for future research in genetic breeding and evolutionary analysis for this species.

Methods

Sampling and genome sequencing. We collected muscle and fin tissues from a male (M) and a female (F)
Chanodichthys mongolicus, preserving them in liquid nitrogen and a 75% alcohol solution, respectively. Genomic
DNA was extracted from the fin tissue using the Fast Pure Cell/Tissue DNA Isolation Mini Kit (Vazyme, Nanjing,
China) according to the manufacturer’s instructions. The short-read sequencing was then performed on an
Ilumina NovaSeq platform, following the manufacturer’s protocols. This generated 25.4 Gb data for the male and
30.6 Gb for the female, with 150 bp paired-end reads (Table 1).

Genomic DNA was isolated from muscle using the phenol/chloroform method for long-read sequencing, we
then prepared SMRTbell libraries using high-quality DNA (Novogene, Beijing, China). This high-quality DNA
was digested using the restriction endonuclease DpnlI to produce DNA fragments with sticky ends. Following
end repair and phosphorylation, the DNA fragments were appended with SMRTbell junctions, which include
PacBio adapters and primer binding sites. DNA ligase then sealed the complementary junction halves, forming
the closed-loop SMRTbell DNA molecule. After verifying the quality of the library, it was sequenced on the
PacBio Sequel-Revio platform, utilizing the Sequel Binding Kit 3.0 (Pacific Biosciences, Menlo Park, CA, USA).
The long-read sequencing produced 30.3 Gb of HiFi reads for the male and 35.9 Gb for the female (Table 1).
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Type Sample Platform Data (Gb)(M) | Data (Gb)(F)
HiFi Muscle Sequel-Revio 30.3 359

Hi-C Muscle Tllumina NovaSeq | 88.6 104.6
DNAseq | Fin Illumina NovaSeq | 25.4 30.6

RNAseq | Pooled Illumina NovaSeq | 36.2 36.2

Table 1. Statistics of the sequencing data for C. mongolicus genome assembly.

Hi-C sequencing. The Hi-C library is constructed using muscle tissue according to standard protocols
and has undergone some modifications. Initially, 4% formaldehyde was used for sample fixation to enable
DNA-protein crosslinking. Following cell lysis, DNA was digested with Mbol I restriction enzyme to gener-
ate fragments with sticky ends. These fragments were modified with sequencing junctions through end repair,
A-tailing, and ligation using T4 DNA ligase. The junction-labeled DNA fragments were then purified by isolating
biotinylated Hi-C samples with streptavidin-coated magnetic beads. The Hi-C sequencing library was sequenced
on the Illumina NovaSeq platform. In the end, sequencing yielded 88.6 Gb and 104.6 G data for M and F, respec-
tively (Table 1).

RNA-seq sequencing. Total RNA was extracted from muscle, liver, spleen, intestines, testis, and ovaries
of male and female C. mongolicus using TRIzol Reagent (Invitrogen, MA, USA) according to the manufacturer’s
instructions. RNA samples from various tissues were pooled in equal amounts. mRNA enrichment was per-
formed using oligo(dT)-coated magnetic beads. The enriched mRNA was then fragmented and reverse tran-
scribed into first-strand cDNA using random hexamers. The second strand of cDNA was synthesized by adding
buffer, ANTPs, RNase H, and DNA polymerase I. Following cDNA purification, the ends were repaired and
A-tailing was performed before ligating sequencing adapters. Target size fragments were recovered through aga-
rose gel electrophoresis, and PCR amplification was conducted to complete the preparation of the pooled RNA
library. The constructed library was sequenced on the Illumina NovaSeq platform, producing 36.2 Gb of RNA-seq
data (Table 1).

Genome size estimation. We estimated genome size using Jellyfish*® (v2.3.0) counts. By setting 19, 23, 27,
and 31 k-mer parameters and utilizing high-coverage short reads, we calculated the total number of k-mers. The
genome size was determined by dividing the total k-mer count by the number of copies. The estimated genome
sizes ranged from 1.05 to 1.11 Gb for the male (M) and from 1.07 to 1.10 Gb for the female (F) (Table 2).

Contig assembly. We assembled the contig-level of genome using the default parameters of Hifiasm?’
(v0.13.0-R307). Utilizing the HiFi data from the male and female, we obtained two assemblies of 1.097 Gb with
N50 of 34.6 Mb for M, and 1.092 Gb with N50 of 34.4 Mb for F (Table 3). The assembly sizes are consistent with
the k-mer estimates.

Chromosome-level genome assembly using Hi-C data. To achieve chromosome-level genome assem-
bly, we incorporated Hi-C data into the genome construction process. The raw Hi-C data was first processed with
HICUP? (v0.8.1) to generate valid Hi-C data for downstream analysis. This valid Hi-C data was then integrated
into the scaffold assemblies using the default parameters of Hifiasm. We then utilized 3D-DNA?* (v180419) to
generate the chromosome-level genome, followed by manual corrections using Juicerbox® (v1.11.08). After man-
ual correction, the genomes were reassembled using the run-asm-pipeline-post-review.sh script of 3D-DNA. The
final results, labeled with “FINAL,” represent the completed chromosome-level genomes.

We obtained a male and a female genome, each consisting of 24 chromosomes, with a Hi-C data loading rate
of approximately 99.25% (Fig. 2). The male genome measures 1,092 Mb and consists of 58 scaffolds, while the
female genome measures 1,093 Mb and consists of 98 scaffolds (Table 3).

Assessment of the genome assemblies. The Benchmarking Universal Single-Copy Orthologues
(BUSCO)?! (v5.1.2) was empolyed to assesse genomic completeness. A total of 3,640 orthologue genes in the
assemblies of Chanodichthys mongolicus were identified via a single-copy direct homologous gene database
(actinopteryGIi_ODb10, https://busco-data.ezlab.org). In the male assembly, 3,585 complete genes (C; 98.50% of
the genome) were detected, including 3,517 complete and single-copy (S; 96.60% of C). The rest were duplicates
(D; 1.90%), fragmented (F; 0.50%), and missing genes (M; 1.00%). For the female assembly, we identified 3,586
complete genes (C; 98.50% of the genome), with 3,537 complete and single-copy genes (S; 97.20% of C). The per-
centages of D, F, and M were 1.30%, 0.60%, and 0.90%, respectively (Table 4).

Additionally, we evaluated the accuracy and completeness of the assembled genomes using Merqury*.
High-coverage Illumina short reads were employed to produce optimal k-mers, yielding consensus quality val-
ues (QV) and completeness metrics for the assemblies. The QV for the male assembly was 42.89, with a com-
pleteness of 94.94%. For the female assembly, the QV was 44.25, with a completeness of 94.75%.

Repeat annotation. We employed LTR_FINDER?*® (v1.0.7), LTR _retriever* (v2.9.0), RepeatModeler™
(v1.0.8) and RepeatMasker® (v4.0.5) to generate ab initio repetitive sequences for the male genome. We ini-
tially detected full-length LTR retrotransposons in the C. mongolicus genome using LTR_FINDER with default
parameters. Based on the output, we utilized LTR _retriever to identify LTR retrotransposons and generate a
non-redundant LTR-RT library. The BuildDatabase function in RepeatModeler was then used to create a database
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Sample M F

K-mer (bp) | 19 23 27 31 19 23 27 31

Total Nod 10,001 9,999 9,998 9,992 10,001 10,001 10,001 9,999

Total K-mers | 20,483,991,649 | 19,916,028,877 | 19,358,673,523 | 18,723,043,939 | 24,333,552,542 | 23,676,218,765 | 22,972,216,802 | 22,215,022,542
Peak 19 18 18 17 23 22 21 20

fﬁg“‘wd size | 1 078 1,106 1,075 1,101 1,058 1,076 1,094 1111
Singlecopy | 694,238,169 | 753,965,234 | 749,189,566 800,684,119 663,790,161 | 737,826,691 | 788,930,523 | 824,561,294
Proportion | 0.64 0.68 0.70 0.73 0.63 0.69 0.72 0.74

Table 2. Estimation of genome size using Jellyfish counts.

Sample M F

Type Contig (kb) | Scaffold (kb) | Contig (kb) | Scaffold (kb)
Number 164 58 197 98

N10 58,325 62,424 58,264 61,254

N50 34,599 42,303 34,440 43,064

N90 13,127 36,061 13,030 34,523

Max length | 58,703 83,280 61,071 90,105

Total length | 1,097,893 1,100,778 1,092,363 1,092,928

Table 3. Assembly statistics at the contig level and scaffold level for C.mongolicus.

for duplicate sequence identification. We merged the resulting libraries to create the final library, which was input
into RepeatMasker to identify repeat sequences. Additionally, we applied RepeatMasker with the parameters “-e
ncbi” The outputs were combined to obtain the genome after masking the repetitive sequences, along with the
repetitive sequence annotation file and the statistics file. The analysis indicated that the male genome of C. mongo-
licus contains 63.27% repetitive sequences, including 36.3% DNA elements, 9.87% long terminal repeats (LTRs),
and 3.22% long interspersed nuclear elements (LINEs). Compared to other carps, the genome of C. mongolicus
has a higher percentage of repeats than Ctenopharyngodon idellus (38.06%), and is slightly higher than Danio rerio
(52.2%) and Chanodichthys erythropterus (51.34%)*".

Gene prediction and annotation. We used three strategies for annotating the genes of the male
genome: ab initio prediction, homology-based prediction and RNA-Seq prediction. Augustus®® (v3.2.3) was
used for ab initio gene prediction. For homology-based prediction, protein sequences of 8 species (Cyprinus_
carpio, Sinocyclocheilus rhinocerous, Sinocyclocheilus grahami, Danio_rerio, Oryzias latipes, Gadus morhua,
Oreochromis niloticus) were compared using GeMoMa (v1.9)%°. Exonerate® (v2.2.0) was then employed to
select 10 kb of sequences surrounding the best comparison gene for exon region prediction. For RNA-Seq
prediction, Trinity*! (v2.4.0) assembled the transcriptome, and PASA* (v2.1.0) aligned RNA-seq data to
the genome, producing redundant transcript sequences, transcript-genome alignment results, and varia-
ble splicing information, as well as predict open reading frame (ORF) regions. We employed Tophat*® to
align transcriptome sequencing data and subsequently used Cufflinks** (v2.1.1) for transcriptome predic-
tion. Finally, Evidence Modeler (EVM)* (v1.1.1) combined the gene prediction results, with PASA updating
EVM predictions to include UTR and splicing annotations. A total of 33,581 putative genes were predicted
in the Chanodichthys mongolicus genome. Functional annotation of these genes was performed by align-
ing them with the SwissProt*, NCBI nonredundant protein (Nr), KEGGY, and GO*® databases using
BLAST + (v2.11.0) software (e-value < 1e®)*. As a result, a total of 29,602 genes (88.15%) were successfully
annotated (Table 5).

Data Records

The female genomic [llumina sequencing data were deposited in the SRA at NCBI SRX24981704%.
The male genomic Illumina sequencing data were deposited in the SRA at NCBI SRX24981703%".
The female genomic PacBio sequencing data were deposited in the SRA at NCBI SRX24981712%,
The male genomic PacBio sequencing data were deposited in the SRA at NCBI SRX24981711%.
The transcriptomic sequencing data were deposited in the SRA at NCBI SRX24981715>,
The female Hi-C sequencing data were deposited in the SRA at NCBI SRX24981714°>.
The male Hi-C sequencing data were deposited in the SRA at NCBI SRX24981713°.
The male chromosome assembly was deposited in GenBank at NCBI JBEUTB000000000".
The female chromosome assembly was deposited in GenBank at NCBI JBEUTA000000000%.
The genome annotation file is available in figshare*.
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Fig. 2 Overview of the genome assemblies for Chanodichthys mongolicus. (a) Heatmap of chromosomal
genome assembly for the male. (b) Heatmap of chromosomal genome assembly for the female. In both
heatmaps, the blue boxes represent chromosomes, where the green boxes indicate scaffolds. Both the male and
female genomes have 24 chromosomes.

Sample

Type Numb Perc ge (%) | Numb Perc ge (%)
Complete BUSCOs (C) 3,585 98.50% 3,586 98.50%
Complete and single-copy BUSCOs (S) | 3,517 96.60% 3,537 97.20%
Complete and duplicated BUSCOs (D) | 68 1.90% 49 1.30%
Fragmented BUSCOs (F) 19 0.50% 21 0.60%

Missing BUSCOs (M) 36 1.00% 33 0.90%

Total BUSCO groups searched 3,640 \ 3,640 \

Table 4. Results of BUSCO assessment.

Database Gene number | Percentage (%)
KEGG 25,278 75.27

GO 19,228 57.26

NR 29,383 87.50
Swissport 19,589 58.33

All Annotated 29,602 88.15
Predicted Genes | 33,581

Table 5. Statistics of functional annotation.

Technical Validation

The DNA samples prepared for PacBio sequencing were validated by agarose gel electrophoresis, exhibiting a
prominent band exceeding 20 kb. DNA concentration was quantified with a Qubit Fluorometer (Thermo Fisher
Scientific, USA), and the 260/280 nm absorbance ratio was measured at 1.804 with a NanoDrop ND-1000 spec-
trophotometer (LabTech, USA).

For RNA sequencing, total RNA was isolated with TRIzol reagent (Invitrogen, MA, USA), adhering to
the supplier’s instructions. The integrity of the RNA was evaluated on an Agilent 2100 Bioanalyzer (Agilent
Technologies, CA, USA). The RNA sample selected for this investigation presented an RNA Integrity Number
(RIN) exceeding 9.0.

Code availability
No specific code was used in this study. Data analyses were performed using standard bioinformatics tools as
described in the methods.
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