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OPEN - A high-quality chromosome-level
paTaDEscriPTOR  genome assembly of the common
_carp (Cyprinus carpio var. Xiangxi)

Zhe Li%?, Zi'ao Wang?, Yinghai Peng?, Yazhou Hu?™ & Xianwen Zhou!™

Cyprinus carpio var. Xiangxi is a regionally farmed rice-field carp endemic to the Xiangxi region of Hunan
Province, China. To adapt to the rice-fish farming environment, this variety has developed a range
of genetic and physiological adaptations. However, genomic research on this strain remains limited.
Here, we assembled a high-quality chromosome-level genome of C. carpio var. Xiangxi to fill this

. knowledge gap. Using PacBio HiFi, DNBSEQ, and Hi-C technology, We generated a 1.54Gb genome

. with a contig N50 of 28.12 Mb. Using Hi-C data, 99.38% of the assembly (1,535.34 Mb) was anchored

" to50 pseudochromosomes, yielding a scaffold N50 of 30.26 Mb. The quality value and Benchmarking

. Universal Single-Copy Ortholog score were 62.32 and 97.4%, respectively, indicating that our genome

. sequence is of high quality and completeness. A total of 46,362 protein-coding genes were predicted, of

: which 45,409 (97.94%) were functionally annotated. This study provides a valuable genomic resource

. for the conservation of C. carpio var. Xiangxi and offers new insights into the evolutionary history of

© common carp.

Background & Summary

. The common carp (Cyprinus carpio) is an important freshwater species native to Asia and is now widely dis-

. tributed worldwide, including China, Japan, Europe, and North America. It plays a vital role in aquaculture,

. culture, and ecology'?. As one of the earliest domesticated aquatic species, common carp has been shaped by

. both natural and artificial selection over its evolutionary history, leading to the development of several selec-

. tively bred varieties adapted to different environmental conditions and human needs. These include C. carpio

: var. vuyuanensis, C. carpio var. specularis, C. carpio var. hongguoensis, C. carpio var. wananensis, and C. carpio
haematopterus, all of which have contributed valuable genetic resources for breeding research.

Advancements in third-generation sequencing technologies, such as Single-Molecule Real-Time (SMRT)
sequencing and Nanopore sequencing’, have revolutionized whole-genome sequencing, providing a robust basis
for studying species evolution and adaptive mechanisms. Genomic data for several C. carpio varieties, including
C. carpio var. vuyuanensis*, C. carpio var. specularis®, and C. carpio haematopterus?, have been sequenced and
are publicly available, revealing patterns in carp ploidy evolution and mechanisms of environmental adaptation.

Despite the extensive genomic studies of various common carp species, information on the genome of C. car-

. piovar. Xiangxi, alocally bred strain from the mountainous regions of Xiangxi, Hunan Province, China, remains

© lacking. This strain, developed through long-term rice-farming practices®, is renowned for its high adaptability,
disease resistance, docile behavior, and low escape rate, making it particularly well-suited for rice-fish farming
systems, and it plays a crucial role in the regional rice farming industry’. However, the genetic variation and

. adaptive mechanisms underlying its domestication remain poorly characterized, largely due to the absence of

: high-quality, chromosome-level genomic resources.

: In this study, we assembled a high-quality chromosome-level genome of Cyprinus carpio var. Xiangxi through
a combination of PacBio HiFi sequencing, DNBSEQ, and Hi-C technology. A total of 1,535.34 Mb (99.38%) of
sequences were successfully anchored to 50 pseudochromosomes, with a scaffold N50 of 30.26 Mb and a BUSCO

- completeness score of 97.40%. A total of 45,409 protein-coding genes were identified through genome annota-

. tion. This high-quality genome provides valuable resources for the conservation of C. carpio var. Xiangxi and

. offers important insights into the evolutionary studies of common carp.
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Type Total base(Gb) | Reads Numbers | Maxlength (bp) | Mean length (bp) | N50(bp) Depth(X)
HiFi 91.01 5,496,785 63,852 16,557 16,550 58.9
Hi-C 345.84 1,152,793,314 150 150 150 222.7
RNA 26.78 178,558,442 150 150 150 —

Table 1. Statistical information of PacBio HiFi and DNBSEQ sequencing data.

Methods

Sample collection and sequencing. The experimental fish were collected from the Xiangxi Tujia and
Miao Autonomous Prefecture, Hunan Province, China. After being identified as female, the fish were anesthe-
tized with MS-222. Muscle, liver, pancreas and swim bladder samples were then rapidly collected and immedi-
ately frozen in liquid nitrogen. A multi-platform sequencing approach involving PacBio, DNBSEQ, and Hi-C was
employed to assemble a chromosome-level genome.

For HiFi sequencing, High-quality genomic DNA was extracted using a modified CTAB method. The
quality and quantity of the extracted DNA were examined using a NanoDrop 2000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA), Qubit dsDNA HS Assay Kit on a Qubit 3.0 Fluorometer
(Life Technologies, Carlsbad, CA, USA) and electrophoresis on a 0.8% agarose gel, respectively. The SMRT
Bell library was prepared using the SMRTbell Express Template Prep Kit 2.0. Large fragments (>15kb) were
enriched using the BluePippin size selection system (Sage Science). The quality of the selected libraries was ana-
lyzed using Femto Pulse, and their concentrations were measured with a Qubit fluorometer (Life Technologies).
Sequencing was performed at Frasergen Bioinformatics (Wuhan, China) using a PacBio Sequel II instrument on
PacBio SMRT cells 8 M. This resulted in the generation of 91.01 Gb of HiFi long pass reads (Table 1).

For Hi-C sequencing, a high-throughput chromatin conformation capture (Hi-C) library was prepared
by formaldehyde crosslinking, Mbol enzyme digestion, biotin labeling, ligation, and purification. The qual-
ified libraries (with insert sizes ranging from 200 to 600 bp) were subsequently subjected to sequencing on a
DNBSEQ-T7 platform, yielding a total of 345.84 Gb of 150-bp paired-end reads, which covered approximately
222.7 x of the genome (Table 1).

For genome-assisted annotation, Total RNA from a pooled sample of muscle, liver, pancreas, and lung tis-
sues was extracted using Trizol reagent (Magen, GuangDong, China). RNA purity and integrity was moni-
tored by NanoDrop 2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and a Agilent
2100 Bioanalyzer (Agilent Technologies, CA, USA). RNA contamination was assessed by 1.5% agarose gel.
Sequencing was performed on a DNBSEQ-T?7 platform using paired-end 150 bp reads, generating a total of
26.78 Gb of clean data (Table 1).

Genome assembly. HiFi reads were used to construct highly accurate contigs through de novo assembly,
while Hi-C data were subsequently applied to organize these contigs into chromosome-scale scaffolds. The draft
genome assembly was performed using HiFiasm (v0.16.1)® with default parameters, and the sequence graph
in GFA format was converted to FASTA format using gfatools (https://github.com/lh3/gfatools). Trimmomatic
(v0.40)” was used to trim high-quality paired-end reads to remove low-quality bases and adapter sequences from
the reads. The draft genome assembly spans a total length of 1,544.93 Mb, with a contig N50 of 28.12 Mb across
216 contigs. And all filtered reads were aligned to contigs using a juicer (https://github.com/aidenlab/juicer, v3)?
to calculate the contact frequency. Then, 3D-DNA (v180922)° was used with two iterative rounds for misjoin
correction (-r?) using default parameters. The oriented scaffolds were utilized to generate the interaction matrices
with a juicer to inspect and manually correct with Juicebox assembly tools (v1.11.08)%. Subgenome identification
was performed using Subphaser software!® based on 15 k-mer clustering, with chromosome numbering deter-
mined based on Xu’s results*(Fig. 1). A total of 1,535.34 Mb (99.38%) of contig data were anchored to 50 chromo-
somes, with a scaffold N50 of 30.26 Mb. (Fig. 2 and Table 2). Benchmarking Universal Single-Copy Orthologue
(BUSCO, v3.0.2)"! analyses were performed to assess the completeness of the genome, and 97.4% of the core con-
served genes were found in the genome. Long reads were mapped using Minimap2 (v2.24)!? with the parameters
“-ax map-ont/map-hifi”. we obtained a mapping rate of 99.98%, a genome coverage of 99.99%, demonstrating the
high quality of the assembled genome. Additionally, k-mer-based quality estimates (k= 19bp) for the genome
were assessed using the Merqury pipeline (v1.3)'® with HiFi reads resulting in a quality value (QV) score of 62.32
(Table 2).

Genome repeats annotation. Repetitive sequences, including tandem repeats and transposable elements
(TEs), were identified using a combination of de novo and homology-based approaches. Tandem repeats were
annotated using Tandem Repeats Finder (TRF, v4.09.1)'* with the parameters 2 7 7 80 10 50 2000. To iden-
tify TEs at the DNA level, LTR_FINDER (v1.0.7)!> was used to detect LTR retrotransposons (LTR-RTs), and
RepeatModeler (v2.0.1)'® was employed to construct a de novo repeat library, which included a repeat consensus
database with classification information. Additionally, RepeatMasker (v4.1.2)'” was used to search for TEs in both
the known Repbase TE library!'®!° and the de novo repeat library. At the protein level, RepeatProteinMask within
the RepeatMasker package was utilized to search against the TE protein database using the WU-BLASTX engine.
This analysis revealed that 46.46% (717.75Mb) of the genome comprises transposable element sequences, among
the TE repeats, short interspersed nuclear elements (SINEs), long interspersed nuclear elements (LINEs), long
terminal repeats (LTRs), DNA transposons, and other unclassified repeats accounted for 0.85%, 9.50%, 10.11%,
29.36%, and 3.23%, respectively (Table 3).
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Fig. 1 C. carpio var. Xiangxi subgenome clustering map based on 15 k-mer.

Gene annotation. Gene annotation was performed using homologous, ab initio, and transcriptome-assisted
approaches. For homologous annotation, TBLASTN (v2.11.0 +)* was employed to align sequences from 5 spe-
cies, including Cyprinus carpio (European Carp (GCF_018340385.1))%, Cyprinus carpio (Yellow river carp
(GWHAATB00000000)), Cyprinus carpio (German mirror carp (GWHAATC00000000))??, Cyprinus car-
pio (Hebao red carp (GWHAATDO00000000))* and Carassius auratus (GCF_003368295.1)*, to the reference
genome, and the aligned sequences and their corresponding proteins were filtered and further refined using
Exonerate (v2.4.0)%. For de novo gene prediction, Augustus (v3.4.0)**-* and GlimmerHMM (v3.0.4)* were used.
In addition, transcriptome data were incorporated into the annotation process using transcriptome assemblies.
RNA-seq reads were aligned using HiSat2 (v.2.2.1)*°, followed by further assembly of RNA-seq alignments into
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Fig. 2 The heat map of Hi-C contact matrix of the C. carpio var. Xiangxi genome assembly. The horizontal axis
(left to right) corresponds to chromosomes Chr1A-Chr25A and Chr1B-Chr25B.

Assembly C. carpio var. Xiangxi
Number of contigs 216

Assembly length(bp) 1,544,934,851

Contig N50(bp) 28,128,084

Scaffold N50(bp) 30,265,916

anchor ratio(%) 99.38

HiFi reads mapping rate(%) 99.98

HiFi reads coverage(%) 99.99

BUSCO(%) 97.40

Qv 62.32

Table 2. Genome assembly results and evaluation.

RepeatMasl peatProteinMask De novo Combined TEs | Combined TEs %
Type TEs Length (bp) | TEs Length (bp) Length (bp) | Length (bp) in genome
DNA 255987590 2303552 305626771 453560812 29.36
LINE 66278192 39414203 117227068 146830039 9.5
SINE 6285136 0 7815603 13156535 0.85
LTR 59474559 27063836 134655927 156268031 10.11
Other 53749 0 0 53749 0
Unknown | 4152522 0 46407869 49884144 3.23
Total TE 365761998 68768622 562244186 717750237 46.46

Table 3. Classification and summary of transposable elements.

transcripts with the genome-guided assembler Stringtie (v.2.1.7)3!. The transcriptome was also assembled de
novo using Trinity (v2.8.5)%2. For gene set integration, Maker (v3.01.03)* was used to merge the predicted gene
sets into a non-redundant, more complete, and reliable gene set. The PASA pipeline (v2.4.1)** was employed to
update Maker’s consensus predictions, adding UTR annotations and models for alternatively spliced isoforms. A
total of 46,362 protein-coding genes were successfully predicted, with BUSCO results indicating 98.2% complete
BUSCOs, 0.5% fragmented BUSCOs, and 1.3% missing BUSCOs. Gene functions were inferred according to the
best match of the alignments to the National Center for Biotechnology Information (NCBI) Non-Redundant
(NR), Kyoto Encyclopedia of Genes and Genomes (KEGG) database®®, Gene Ontology (GO)*¢, TrEMBL* and
Swiss-Prot* protein databases using Diamond BLASTP (v2.0.7)*® with an E-value threshold of 1E-5. The protein
domains were annotated using InterProScan (v5.50-84.0)*° based on InterPro* protein databases. In summary,
the function of 45,409 protein-coding genes (97.94%) was successfully annotated (Table 4). We used tRNAscan-SE
(v2.0.9) algorithms*! with default parameters to identify the genes associated with tRNA. RNAmmer (v1.2)** was
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Number Percent(%)

Total 46,362

InterPro 38,518 83.08
GO 32,954 71.08
KEGG_ALL 44,803 96.64
KEGG_KO 30,348 65.46
Swissprot 40,082 86.45
TrEMBL 44,179 95.29
NR 45,383 97.89
Annotated 45,409 97.94
Unannotated 953 2.06

Table 4. Summary of functional annotation statistics.
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Fig. 3 The collinearity of the C. carpio var. Xiangxi assembled genome. From the outermost to the innermost
circles, the tracks represent gene density, repeat sequence density, and GC content, respectively, calculated in
50kb windows.
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used to predict rRNA sequences. snoRNAs are a class of small RNA molecules that guide chemical modifications
of other RNAs, mainly ribosomal RNAs, transfer RNAs and small nuclear RNAs. MiRNAs and snRNAs were
identified by Infernal (v1.1.2)* software against the Rfam (v14.6) database® with default parameters. In total,
2,604 miRNAs, 28,459 tRNAs, 10,009 rRNAs, and 3,984 snRNAs were identified. In addition, the overview of this
genome including the syntenic block links among the chromosomes, GC content, and gene density were analyzed
and visualized using MCScanX** and Advanced Circos* in TBtools-1I*7 (Fig. 3).

Ethics declarations. This work was approved by the Bioethical Committee of affair center of animal hus-
bandry and aquaculture in XiangXi Autonomous Prefecture. All the methods used in this study were carried out
following approved guidelines.

Data Records

The genome assembly of C. carpio var. Xiangxi is available at GenBank (JBNVZQ000000000.1)* and GWH
(GWHFQUJ00000000.1)*. The raw data of Cyprinus carpio var. Xiangxi were deposited at the CNCB (China
National Center for Bioinformation), and the accession number of RNA-seq sequencing data, Hi-C sequencing
data and PacBio HiFi sequencing data is CRA023823%.

Technical Validation

High-quality genomic DNA was extracted for sequencing library construction. The DNA samples exhibited a
concentration of 166.8 ng/pl, 0D260/280 ratio of 1.8, OD260/230 ratio of 2.58, and a fragment size > 23 kb. The
ratio of Nanodrop to Qubit concentration (N/Q) was 0.96, indicating reliable quantification and high purity.
Total RNA samples used for transcriptome sequencing met stringent quality requirements, with a total yield of
25.374pg (sufficient for three library preparations), a concentration of 845.8 ng/pl, volume > 30 pul, 0D260/280
ratio of 1.95, OD260/230 ratio of 1.83, a normal absorption peak at 260 nm, and an RNA integrity number
(RIN) > 6.3. Comprehensive quality assessments were conducted to evaluate the assembled genome of Cyprinus
carpio var. Xiangxi. These assessments included genome completeness analysis using BUSCO, sequence accu-
racy (QV score), and structural integrity via Hi-C interaction heatmaps. The results demonstrated high com-
pleteness, accuracy, and chromosomal collinearity, supporting the robustness of the final genome assembly.

Data availability

The genome assembly of Cyprinus carpio var. Xiangxi has been deposited in GenBank under accession number
JBNVZQ000000000.1 and in the Genome Warehouse (GWH) under accession number GWHFQUJ00000000.1.
The raw sequencing data, including RNA-seq, Hi-C, and PacBio HiFi reads, are available at the China National
Center for Bioinformation under project accession CRA023823.

Code availability
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