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patapescripTor | @ssembly and annotation of the
‘rock carp (Procypris rabaudi)

Xiaolu Han?, Xinle Li%, Luohao Xu®?, Qi Liu3, Shengqi Su?, WeizhiYao! & Wenping Hel>

. Procypris rabaudi, commonly known as the rock carp, is an endemic economic fish in the middle-upper
reaches of the Yangtze River. To enhance the understanding the biology of rack carps, a high-quality

. reference genome is required in different areas of study. Here, we generated the first telomere-

. to-telomere genome assembly and annotation of the rock carp, which spans 1.64Gb with a contig

: N50 of 32.36 Mb. Hi-C assembly suggested that 99.83% sequences were positioned to 50 pseudo-

. chromosomes. Notably, 43 chromosomes were assembled without any gap. Through the integration of

© homologous-based predictions and RNA-sequencing technology, we identified 44,402 protein-coding

. genes, with 43,663 of them (98.3%) predicted to be functional. Furthermore, our assembled genome

. achieved 98.1% BUSCO completeness. This work improves the quality of the rock carp genome and

. provides valuable foundation for the future studies of genomics, biology and the fishery resources
breeding.

: Background & Summary

. The rock carp, Procypris rabaudi (Tchang, 1930) (Fig. 1A), belongs to the Cyprinidae family and is an important
. endemic economic species of the middle-upper reaches of the Yangtze River, including the Jinsha River, Jialing
* River, Minjiang River, Chishui River and Tuojiang River'. Rock carp is a benthic fish that lives mainly in deep
. waters with rocky substrate, and produces adhesive eggs to attach to the gravel substrate at the bottom during
. the spawning season?. Since 1970s, the populations of rock carp have declined sharply due to anthropogenic
. influence like pollution, overfishing, among others®. At present, the rock carp is listed as the second-class aquatic
- animals in the National List of Key Protected Wild Animals of China. In recent decades, the artificial propaga-
: tion and release has been applied to restore the populations of rock carp*. The great efforts have been adopting
. to protect and recover their wild stocks in the fields. Moreover, molecular genetics provides critical reference for
. phylogeographic research and breeding, but this relies on sequencing effort and genome assembly.

: With the development of sequencing technologies, the sequencing cost has dramatically reduced®. This
: further promotes the application of high-quality genomes in basic biology. A study on the origin and subse-
: quent subgenome evolution patterns has published twenty-one cyprinids genomes including the rock carp®”.
© Although the genome assembly of rock carp have been available, there is still space for improvement in genome
. assembly and annotation. In-depth research of the rock carp is still be constrained. Presently, the assembly of
. telomere-to-telomere (T2T) gap-free genome have been possible for the advances in sequencing and assembly
: technology. In bony fish, T2T genome assemblies of several important species have been reported and provided
° new insight, like the zig-zag eel T2T genome revealed the origin and evolutionary of its sex chromosome?, the
. Chinese sea bass T2T genome provided reference for further analysis of its genome structure and mining of
. breeding genes for disease resistance’. For the rock carp, its genome is relatively complex as a tetraploid species,
: so a higher quality genome is necessary to analyze its genome structure. In addition, this will further promote
. the genetic breeding, disease resistance research and resource conservation of the rock carp. Herin, we aim
. to assemble the genome of P. rabaudi to the T2T level, and this will provide a high-quality reference for the
© in-depth study of this species.

: In this study, we generated Pacific Biosciences (PacBio), High-fdelity (HiFi) long-reads, ultra-long Oxford
. Nanopore (ONT) and Hi-C sequencing reads for P. rabaudi T2T genome assembly. Our genome assembly
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Fig. 1 (A) Genomic landscape of the rock carp. The rings, from the outermost to the innermost layer, represent
the chromosomes of the P. rabaudi genome (a), gene density (b), GC density (c), short reads density (d), long
reads density (e), outer ring shows the homology SNPs density, inner ring shows the heterozygosis SNPs density
(), outer ring shows the homology InDel density, inner ring shows the heterozygosis InDel density (g). The
completed mapped BUSCO genes density, single-copy BUSCOs is blue and duplicated BUSCOs is red (a-g).
The analysis was conducted using 50-kb genomic windows. (B) Chromosomal Hi-C heatmap of the P. rabaudi
genome assembly.

Libraries Clean reads number | Clean data (Gb) | Average length (bp) | GC content (%)
PacBio SMRT 2,776,335 53.20 19,162 37.48
ONT ultra-long | 216,856 20.21 93,184 37.70
Hi-C 950,996,110 142.59 150 38.45

Table 1. Statistics of sequencing reads data.

Mode Total length (Gb) | Total number | N50 (Mb) | N90 (Mb) | GC content (%)

Hifiasm
(CCS+ONT + Hi-C)

1.65 202 29.64 8.96 37.60

Table 2. Statistics for the P. rabaudi preliminary genome assembly.

improves the previous chromosome-level rock carp genome and provides significant genomic resources of evo-
lutionary and breeding research.

Methods
Sample collection and sequencing procedures. Adult female specimens of Procypris rabaudi were
sourced from a fish farm located in Chongging, China (coordinates: 122.212 E, 29.979 N). The research protocol
was approved by the Animal Care and Use Committee at the Fishery College of Southwest University. Muscle
and blood tissue was specifically chosen for DNA and ultra-long ONT extraction and sequencing respectively.
Various tissues, including muscle, brain, blood, skin, liver, gonad and skull were harvested and stored for subse-
quent RNA isolation for genome annotation. A PacBio HiFi-read library, featuring insert sizes ranging from 10 to
40kb, was prepared using the SMRTbell Express Template Prep Kit 2.0 (Pacific Biosciences, USA) and sequenced
on the PacBio Sequel II platform. For ONT ultra-long reads, an SDS-based extraction method was employed.
Additionally, a Hi-C short-read library was constructed from purified DNA following the protocol established by
Belton et al., and sequencing was conducted on the Illumina Novaseq 6000 platform!?. The sequencing yielded
53.20 Gb of PacBio HiFi long-reads with an N50 of 19.11kb, 20.21 Gb of ONT ultra-long reads with an N50 of
100kb, and 142.59 Gb of clean Hi-C reads for genome assembly (refer to Table 1).

For genome annotation, RNA was extracted from all collected tissues. Total RNA was isolated using TRIzol
reagent (Invitrogen, MA, USA) and processed into an RNA-seq library with the NEBNext® Ultra™ RNA Library
Prep Kit (NEB, USA). Sequencing was performed on the Illumina Novaseq 6000 platform.

Genome assembly and gap filling.  The initial genome assembly was conducted using HiFiasm (v0.16.0),
integrating HiFi data, ONT ultra-long reads, and Hi-C sequencing data'’. This resulted in a draft genome of
1.65 Gb with a contig N50 of 29.64 Mb (see Table 2). Chromosome-level assembly was achieved using Hi-C

SCIENTIFIC DATA | (2025) 12:781 | https://doi.org/10.1038/s41597-025-05066-w 2


https://doi.org/10.1038/s41597-025-05066-w

www.nature.com/scientificdata/

chrA1

L} 4024 Mb

chrA24

L] ) €8 33.63 Mo

chrA3

L] D £836.00 Mo

chrAd

] ) 2963 Mb

chrAS,

1] 8 45.69 Mb

chrA64

N ) £ 34.85 Mb

chrA7,

" £ 47.93 Mb

chrA8q

n ) £830.93 Mb

] ) 836.18 Mb

chrA9¢

chrA10,

L] 025,68 Mb

chrA114

L] 3011 Mb

chrA12,

L] 3045 Mb

chrA13,

L] @325 Mp

chrA14,

L] 3222 Mb

1
chrA15,

M 82824 Mb

chrA164

L] 034,07 Mb

chrA17¢

L] W31.32Mp

chrA18,

n 033.32Mb

chrA19,

DEm31.11 Mo

chrA204

] ) £831.96 Mb

chrA214

L} 2671 Mb

chrA22,

e 2207 Mo

chrA23,

I
W29.18Mb

chrA24,

L] @2633Mb

chrA254

] ) 2238 Mb

chrB1

n 39.27 Mb.

] 833,69 Mb.

chrB2

chrB3,

L} FB49.47 b

chrB4

-
L] D 026,64 Mo

chrB5 ¢

L] 4166 Mb

chrB6 ¢

chrB7¢

M PB33M

] ) 6B 47.44Mb

chrB8,

[ LY

chrB9,

L} 03540 Mb

chrB104

2860 Mo

chrB114

W2872Mb

chrB124

L] PB2843Mb

chrB13,

L} 313Mb

chrB14

» 3188 Mb

[
chrB15,

L] 29.07Mb

chrB16,

] ) E8 35.62 Mb

chrB17,

] 03220 Mb

chrB18,

L] A 3232Mp

chrB19¢

L] ) £833.27 Mb

chrB204

L] D 32.36 Mb.

chrB21¢

L] W20.10Mb

chrB22,

DEB29.71 Mb

chrB23,

1] 3319 M

chrB24,

1] D B 27.13Mb

chrB25,

W2545Mb

Unanchored

@280Mb

r
0

T T T T T 1
9 18 27 36 45 54 Mb

>-10Mb Contig Number
19>=1Mb and <10Mb M Centromere
W<1Mb () Telomere

@) Telomere & Centromere

Fig. 2 The contigs in the chromosomes of the P. rabaudi genome. The blue sections at each end of chromosomes
and black sections inside each chromosomes represent the identified telomeres and centromeres respectively.

data. Clean Hi-C reads were aligned to the contig-level genome using Bowtie2 (v2.3.4.3), producing 227.07 mil-
lion uniquely mapped paired-end reads, with 49.22% being valid pairs (Tables S1, S2)!2. The 3D-DNA pipeline
(v180922) and JuiceBox (v1.11.08) were utilized to calculate chromosomal interaction frequencies and correct
scaffolding errors, respectively'®!*. This process yielded 50 pseudo-chromosomes covering 99.83% of the genome,
with a contig N50 of 28.65 Mb (Fig. 1B).

To achieve a near-T2T genome, ONT ultra-long reads were mapped to the pseudo-chromosomes using
minimap2'®. TGS-GapCloser was used for gap filling and 3 rounds genome correction were performed by Pilon,
resulting in a 1.64 Gb genome with a contig N50 of 32.36 Mb and 43 fully assembled chromosomes (Fig. 2,
Table $3)'617,

Telomere and centromeric regions analysis. The quarTeT (v1.1.4) software was used in telomere and
centromere analysis'®. Telomeres were identified by scanning the genome for the TTAGGG/CCCTAA motif, with
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RepBase TEs TE Proteins De novo Combined TEs
Percentage of Percentage of Percentage of Percentage of
Length (bp) | genome (%) | Length (bp) | genome (%) Length (bp) | genome (%) Length (bp) | genome (%)
DNA 325,240,179 | 19.82 60,721,521 3.7 324,556,881 | 19.78 471,418,716 | 28.73
LINE 78,592,292 4.79 60,219,958 3.67 66,979,306 4.08 99,985,827 6.09
SINE 4,477,217 0.27 0 0 2,673,415 0.16 6,566,208 0.4
LTR 67,481,429 4.11 35,474,236 2.16 66,481,793 4.05 99,055,451 6.04
Satellite 33,280,782 2.03 0 0 9,525,001 0.58 40,232,007 2.45
Simple_repeat 0 0 0 0 83,997 0.01 83,997 0.01
Other 37,705 0 0 0 0 0 37,705 0
Unknown 5,437,434 0.33 1,581 0 92,477,788 5.64 96,685,405 5.89
Total 487,249,816 | 29.69 156,361,181 | 9.53 556,025,136 | 33.89 769,645,124 | 46.9

Table 3. Transposable elements statistics for the P. rabaudi genome.

Protein coding | Average gene | Average CDS | Average exon | Averageexon | Average intron
Gene set gene number length (bp) length (bp) per gene length (bp) length (bp)
Genscan 50,639 21,208 1,595 8.62 185.08 2,575
De novo
AUGUSTUS 42,093 14,299 1,496 8.68 172.32 1,666
Cyprinus carpio 106,095 25,820 1,998 11.67 171.15 2,232
Carassius gibelio 127,306 25,270 2,103 11.76 178.77 2,153
Homolog
Cirrhinus molitorella | 36,809 18,559 1,686 9.71 173.64 1,937
Carassius carassius 102,189 26,995 2,021 11.96 168.95 2,278
BUSCO 5,958 13,883 1,768 11.64 151.89 1,139
MAKER 44,113 18,057 1,611 9.98 219.49 1,767
HiFAP 44,402 18,302 1,699 10.13 217.41 1,763

Table 4. Statistics on transposable elements in the P. rabaudi genome.

at least four repetitions required for recognition. Based on the annotation results of genome and the identification
results of quarTeT software, regions with dense distribution of Satellite and TandemRepeat were considered as
candidate centromere regions. The estimated telomeres and centromere regions were obtained as shown in Fig. 2,
Table S3.

Repetitive sequence analysis. Repetitive sequences, including tandem and interspersed repeats, were
identified using de novo prediction and homology-based methods. A repeat library was constructed using
RepeatModeler (open-1.0.11) and LTR-FINDER_parallel (v1.0.7)'?°. Tandem repeats were detected with TRF
(v4.09), while RepeatMasker (open-4.0.9) and RepeatProteinMask were used for homology-based predictions®?2.
In total, 0.79 Gb of repetitive sequences, accounting for 48.34% of the genome, were identified, including 28.73%
DNA elements, 6.09% LINEs, and 6.04% LTRs (Table 3). And the information of repetitive sequences can be
founded in Table S4.

Protein-coding gene annotation. The repeat-masked genome was subjected to ab initio gene prediction
using AUGUSTUS (v3.3.2), Genscan (v1.0), and GlimmerHMM (v3.0.4)**7%. GeneWise (v2.4.1) was used for
precise protein mapping and splice site identification®. RNA-seq reads were aligned to the genome using HISAT2
(v2.2.1), and transcripts were assembled with StringTie (v2.2.0) and PASA (v2.3.2)”-°. MAKER2 (v2.31.10) and
HiFAP integrated these predictions, resulting in 44,402 protein-coding genes (Table 4)*. Comparative genomics
with related species (Carassius carassius, Carassius gibelio, Cirrhinus molitorella, and Cyprinus carpio) was per-
formed using TBLASTN (e-value < le-5) to identify protein-coding regions®!. Gene structures were compared
with homologous species (Fig. 3).

Functional annotation of protein-coding genes was performed using InterPro, GO, KEGG, SwissProt,
TrEMBL, TF, Pfam, NR, and KOG databases**~*. InterProScan (v5.61-93.0) was employed to annotate con-
served domains and motifs, with 98.34% (43,663) of genes functionally annotated (Table 5)*’.

Non-coding gene identification. The tRNA sequences were predicted using tRNAscan-SE (v1.3.1), while
rRNA genes were identified via BLASTN. miRNA and snRNA sequences were predicted using INFERNAL based
on the Rfam database (v14.8)3%%. Results are summarized in Table 6.

Data Records

All sequencing data from three sequencing platforms and the assembled genome have been uploaded to the
NCBI SRA database and could be accessed with BioProject number PRINA11758274-4 The genome annota-
tion files could be founded in figshare: https://doi.org/10.6084/m9.figshare.28588382.
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Fig. 3 Distribution of genes in different species.
Annotated number of
Database putative genes Percent (%)
44,402 100
43,663 98.34
NR 43,574 98.14
SwissProt 38,379 86.44
TrEMBL 43,504 97.98
KOG 35,440 79.82
Total Annotated TF 10,968 24.7
InterPro 41,463 93.38
GO 31,377 70.67
KEGG_ALL | 43,174 97.23
KEGG_KO 30,178 67.97
Pfam 39,214 88.32
Unannotated 739 1.66

Table 5. Putative protein-coding gene functional annotations of the P. rabaudi genome.

Technical Validation
DNA and RNA quality assessment.

Prior to sequencing, DNA and RNA quality (OD260/280 and

0D260/230 ratios) and concentration were measured using the NanoDrop 2000 Spectrophotometer and Qubit
3.0 Fluorometer. Sample integrity was confirmed via agarose gel electrophoresis and the Agilent 2100 Bioanalyzer.

Genome assembly quality evaluation.

Short reads were aligned to the assembled genome using BWA

(v0.7.17 -r 1188), while HiFi and ONT ultra-long reads were mapped with Minimap2 (v2.24_x64-linux)'>*".
Mapping rates were 99.88% for short reads and 99.99% for HiFi and ONT reads (Tables S5, S6). BUSCO (v5.4.3)
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Average Total Percent of
Type Copy | length (bp) | length (bp) | genome
miRNA 3,969 |88 350,160 0.02134
tRNA 8,977 |76 681,146 0.041511
rRNA 11,076 | 119 1,319,249 0.080399
18S 9 1,114 10,028 0.000611
rRNA 288 0 0 0 0
5.8 9 146 1,310 0.00008
58 11,058 | 118 1,307,911 0.079708
snRNA 6,614 | 181 1,200,130 0.07314
CD-box 463 158 73,041 0.004451
snRNA | HACA-box | 139 153 21,212 0.001293
splicing 5997 | 184 1,102,147 0.067168
scaRNA 15 249 3,730 0.000227

Table 6. Statistics of the noncoding RNA in the P. rabaudi genome.

Assembly Annotation
Type Proteins | Percentage (%) | Proteins | Percentage (%)
Complete BUSCOs (C) 3,571 98.1 3,597 98.8
Single-copy BUSCO:s (S) 1,269 349 1,071 294
Duplicated BUSCOs (D) 2,302 63.2 2,526 69.4
Fragmented BUSCOs (F) |9 0.2 9 0.2
Missing BUSCOs (M) 60 1.7 34 1
Total BUSCOs 3,640 100 3,640 100

Table 7. Statistics of BUSCO analysis of the P. rabaudi genome.

analysis based on the actinopterygii_odb10 database indicated that 98.1% of 3571 single-copy orthologs were
complete (Table 7)*.

Code availability

No specific code was used in this study. The standard bioinformatic tools were used for data analysis. Furthermore,
the parameter setting of the bioinformatics tools was performed in accordance with the manual and protocols and
described in the Methods Section.
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