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: Amur minnow (Rhynchocypris lagowskii), an economically important freshwater fish, inhabits

© tributaries of the Heilongjiang River to Yangtze River in China. Thus far, no genome data of this species

. have been reported. In this study, we constructed chromosome-level genome assembly for R. lagowskii
by integration of MGI, PacBio HiFi and Hi-C sequencing technologies. The assembled genome was

: 1,041.22 Mb in size, with the scaffold N50 of 32.63 Mb, and 99.04% of the sequences (1,007.75 Mb)

. were anchored to 25 chromosomes. A total of 32,425 protein-coding genes were predicted in the

. final assembly, of which 91.09% were functionally annotated. The BUSCO score of genome assembly
and protein annotation were 96.32% and 97.53%, respectively, indicating a high quality of genome
assembly. The high-quality genome serves as a critical resource for in-depth investigations on
comparative genomics, population genetics, molecular breeding, and functional exploration of this
economically important fish.

Background & Summary

Belonging to the order Cypriniformes and the family Cyprinidae, Amur minnow (Rhynchocypris lagowskii) is
: among the most economically important small-sized freshwater fish species. It is distributed in waters such as
* tributaries in the middle and upper reaches of the Heilongjiang River, Liache River, Yellow River, Huaihe River,
. Haihe River, and Yangtze River in China'. The flesh of R. lagowskii is tender and delicious, with high nutritional
. and economic value*’. It has been selected as one of the top ten characteristic aquatic germplasm resources by
. the Ministry of Agriculture and Rural Affairs of China. Furthermore, it serves as the principal bait organism for
* the rare and endemic cold-water fish species in China, Brachymystax tsinlingensis*. In recent years, the natural
. population of R. lagowskii has been progressively declining due to environmental pollution and overfishing,
. leading to a market supply shortage®.
: R. lagowskii exhibits a broad geographical distribution, ranging from the low-latitude Yangtze River system
- to the high-latitude cold Heilongjiang River system. Comparative transcriptome analyses have revealed that
. genes in R. lagowskii, which are influenced by environmental factors such as temperature, dissolved oxygen, and
© pH, have undergone positive selection®. This process has facilitated the development of adaptability to varying
© temperatures throughout evolution, thereby endowing this species with a wide temperature tolerance range®.
. The artificial breeding and aquaculture of R. lagowskii have been successfully carried out in Northeast China,
. achieving good economic benefits”®. However, most of the fry cultured are domesticated and bred from wild
: parents without systematic selection. Research on R. lagowskii primarily concentrates on aspects such as mor-
* phological characteristics and classification®, artificial breeding and aquaculture techniques”®, analysis of muscle
: nutritional components®, karyotype®, population genetics!?, and comparative transcriptome research®. However,

reports on the genome of R. lagowskii have been lacking, which seriously hampers research on genetic selection

at the molecular level. Therefore, conducting genome sequencing and assembly of R. lagowskii is of great signif-

icance for the protection of its germplasm resources, breeding of improved varieties, and evolutionary research.
: In this study, we successfully generated a chromosome-level genome assembly for the Amur minnow
© through the integration of PacBio HiFi, and Hi-C sequencing technologies. Subsequently, the completeness
. and accuracy of the assembled genome were comprehensively assessed. High-quality genome assembly at the
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Fig. 1 Genome assembly of R. lagowskii. (a) The photo of male R. lagowskii; (b) The K-mer (21-mer)
distribution curves for estimation of the genome size of R. lagowskii.

chromosome level would be helpful for future evolutionary and functional research, as well as molecular breed-
ing and conservation of Amur minnow for improvement of its economic and ecological values.

Methods
Sample collection.  Adult male Amur minnow (The body length and weight were 12.5cm and 13.3 g, respec-
tively) (Fig. 1a) was collected from Tianjin Tianxiang Aquatic Products Co., Ltd Ninghe District, Tianjin City,
China. Muscle and skin tissues were pooled for whole genome sequencing, including MGI short-read, PacBio
HiFi long-read, and Hi-C sequencing technologies. Meanwhile, Muscle, spleen, kidney, heart, and testis tissues
were also collected for transcriptome sequencing. These samples were frozen in liquid nitrogen and stored at
—80°C before usage.

All animal experiments were approved by the Animal Welfare Committee of the Tianjin Fisheries Research
Institute (Tianjin, China).

DNA extraction and genome sequencing. High molecular weight genomic DNA (gDNA) was prepared
via a modifed SDS-based method!!, followed by purification using a Grandomics Genomic kit in accordance with
the manufacturer’s standard operating procedure. For quality and quantity assessment of the extracted DNA,
a NanoDrop™ One UV-Vis spectrophotometer (Thermo Fisher Scientific, USA), a Qubit® 4.0 Fluorometer
(Invitrogen, USA), and 1% agarose gel electrophoresis were employed, respectively.

Subsequently, the gDNA was randomly fragmented to construct a library with an average size of 200-400 bp
by using MGIEasy universal DNA library Prep Kit V1.0 (MGI, Shenzhen, China) for subsequent sequencing on
a DNBSEQ-T7RS platform (MGI). A total of 55.04 Gb of paired-end raw reads (150 bp in length) were gener-
ated. These reads were filtered with fastp v0.23.4 software!? (parameter: -n 0 -f5 -F 5 -t 5 -T 5 -q 20) to remove
low-quality reads and adaptor sequences. Ultimately, approximately 49.92 Gb of clean reads were obtained
(Table 1) for estimation of the genome size and error correction.

For the PacBio HiFi long-read sequencing, gDNA was utilized to construct long-read libraries with the
SMRTbell® prep kit 3.0, strictly following PacBio’s standard protocol. These libraries were then sequenced on a
PacBio Revio System (Pacific Biosciences, Menlo Park, CA, USA). In total, 79.53 Gb of HiFi data were generated,
featuring an average read length of 18,418 bp and an N50 size of 19,121 bp (Table 1).

For the high-throughput chromosome conformation capture (Hi-C) sequencing, one Hi-C library was
constructed using a GrandOmics Hi-C kit according to the manufacturer’s protocol (GrandOmics, Wuhan,
China). Briefly, gDNA was first cross-linked with a 4% formaldehyde solution to stabilize the chromatin struc-
ture. Subsequently, the DNA was digested with the restriction enzyme Mbol to introduce specific cleavage sites.
The resulting DNA fragments were then labeled with biotin-14-dCTP, enabling the integration of a detecta-
ble marker. These labeled DNA fragments were ligated with T4 DNA ligase to facilitate subsequent enrich-
ment steps. Following ligation, the DNA was further digested to obtain fragments within the size range of 200
to 600 bp. These fragments were then sequenced on a MGI DNBSEQ-T7 platform, with the PE150 module
employed to generate paired-end reads. A total of 94.82 Gb of raw reads were generated. Subsequently, splice
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Library type Raw data (Gb) | Clean data (Gb) | Read N50/Length(bp) | Coverage
MGI 55.04 49.92 150 57.81
PacBio HiFi / 79.53 19,124 83.53
Hi-C 94.82 93.77 150 99.6
RNA-seq

Muscle 8.02 7.76 150

Kidney 6.72 6.60 150

Testis 8.38 8.26 150

Heart 9.53 9.39 150

Spleen 8.65 8.58 150

Table 1. Sequencing data of the R. lagowskii genome. *For the PacBio HiFi sequencing, this number is read N50.

sequences and low-quality reads were filtered using fastp v0.23.4 software'2. Ultimately, 93.77 Gb of Hi-C clean
data were retained for chromosome assembly (Table 1).

RNA extraction and transcriptome sequencing (RNA-seq). Total RNA was extracted from five tis-
sues (heart, spleen, kidney, testis, and muscle) using Trizol reagent (Invitrogen, CA, USA), followed by purifica-
tion with a Qiagen RNeasy Mini Kit (Qiagen, Germantown, MD, USA). The purity and integrity of RNA were
evaluated using a NanoDrop™ One UV-Vis spectrophotometer (Thermo Fisher Scientific, USA) and a Qubit®
4.0 Fluorometer (Invitrogen, USA), respectively. RNA contamination was assessed by 1% agarose gelelectropho-
resis. Subsequently, RNA was used to construct an Illumina cDNA library in accordance with the manufacturer’s
instructions. The constructed library was then sequenced on a DNBSEQ-T7RS platform (MGI). Approximately
8.0 Gb of transcriptome data was generated for each tissue (for more detailed information, refer to Table 1), which
was utilized to aid in gene annotations.

Genome size and heterozygosity Estimation. To characterize the genome of R. lagowskii, the k-mer
analysis was conducted using Illumina DNA data prior to genome assembly, aiming to estimate the genome size
and heterozygosity. Briefly, high-quality reads were subjected to 21-mer frequency distribution analysis with
jellyfish v2.2.10". Subsequently, a generated histogram served as an input file for GenomeScope v2.014! to pre-
dict genetic characteristics. K-mer analysis results revealed that the estimated genome size of R. lagowskii was
952.95 Mb, with a heterozygosity rate of 1.11% (Fig. 1b).

Genome assembly assessment. De novo genome assembly. Contigs were assembled using Hifasm
v0.16.0'° (default parameters) based on HiFi long-read length data. The results showed that the length of this pri-
mary genome assembly was 1077.26 Mb, and the N50 size was 32.63 Mb. Subsequently, to optimize the assembly,
quality-controlled MGI short-read data was used with NextPolish v1.2.4'¢ (default parameters) to correct the ini-
tial results. After redundancy removal, the genome size reached 1041.22 Mb, while the N50 remained 32.63 Mb.
Based on this primary genome assembly, Hi-C short reads were then utilized to construct chromosomes for R.
lagowskii.

Construction of chromosomes. ~ First, the Hi-C clean reads were aligned to the assembled contigs using bowtie2
v2.3.217 (--very-sensitive -L 30--score-min L —0.6 —0.2--end-to-end--reorder). Subsequently, the HiC-Pro
v3.1.0"8 pipeline was deployed to identify valid ligation products; only valid paired reads were retained for fur-
ther analyses. Based on these valid reads, the primary assembly underwent orientation, ordering, and clustering
onto chromosomes using Juicer v1.5" and 3D-DNA v3.0 software® (parameters: -m haploid -r 2 -¢ 25). Juicebox
v1.11.08'? was employed to visualize before manually adjusting the candidate assemblies. Finally, a total of 25
chromosomes were delineated, achieving a chromosome assembly rate of 99.04% (Fig. 2a). The genome size
after Hi-C-assisted assembly was counted as 1017.47 Mb, with a Scaffold N50 of 39,226,643 bp and a Contig N50
0f 29,202,791 bp (Table 2). A chromosomal circle diagram was generated based on the 25 constructed chromo-
somes (Fig. 2b) using Circos v0.69-3%".

Gene structure prediction and functional annotation. Repetitive sequence annotation. To detect
repetitive sequences in the genome of R. lagowskii, both de novo and homology-based strategies were employed.
For SSR (Simple Sequence Repeat) sequences: GMATA software?? was used for analysis. It was found that
there were 146,209 SSR sequences in the genome, accounting for 0.17% of the total genome length (Table 3).
Regarding tandem repeats: TRF software?, with default parameters, was applied. There were 75,722 tandem
repeat sequences in the genome, with a total length of 14,169,939 bp. In total, the length of tandem repeats in
the genome was 14,245,661 bp, accounting for 1.40% of the entire genome (Table 3). RepeatMasker v4.0.6%* was
utilized to predict the TE repeats based on the finally constructed repeat database. The results indicated that TE
repeats accounted for 45.75%, and the total length of repetitive sequences was 547,037,662 bp, corresponding to
a proportion of 53.76% (Table 3).
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Fig. 2 Characteristics of the R. lagowskii genome. (a) Genome-wide analysis of chromatin interactions at 100-
kb resolution in genome; The color bar shows the contact density from low (white) to high (red). (b) A Circos
plot of the main genome features. From outside to inside include the 25 chromosomes, gene density, GC content
and repetitive sequences density. The window size for density calculation is 100 kb.

Category Rhynchocypris lagowskii
Genome survey (Mb) 952.95
Genome length (bp) 1,017,470,858
Longest scafold (bp) 57,596,106
Number of scaffolds 178

Contig N50 (bp) 29,202,791
Scaffold N50 (bp) 39,226,643
GC content 39.53%
Anchor ratio 99.04%
Number of chromosomes 25
Chromosome length (bp) 1,007,753,864

Table 2. Statistics of the R. lagowskii genome assembly.

Type Length (bp) Number of el ts | % of G
DNA transposons 238,960,543 1,940,323 23.49
LINE 69,933,699 277,272 6.87
Dispersed repeats
Retroelements LTR 95,540,395 418,241 9.39
SINE 7,382,481 62,363 0.73
Tandem repeat 14,169,939 75,722 1.39
Tandem Repeats
SSR 1,745,459 146,209 0.17
Simple repeats 8,739,801 43,626 0.86
Satellites 11,445,092 75,962 112
Other 553 166,935 0.02
Unknown 45,005,250 284,353 4.42
Total Repeats 547,037,662 3,560,290 53.76

Table 3. Classification of repetitive sequences in genome.

Protein-coding genes and functional annotations.

Three methods were combined to annotate protein-coding

genes, including de novo gene prediction, homology-based annotation, and transcriptome-based annotation.
Based on the transcript sequences, the RNA-seq data from five tissues were assembled into contigs with Trinity
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Average length (bp)
Method Software/Species | Number gene CDS exon intro Average exon per gene
De novo Augustus 29,276 18,160.65 1,625.11 170.33 | 1,936.08 | 9.54
Glimmer 63,927 14,637.28 798.57 153.18 | 3,284.51 5.21
D. rerio 84,558 36,134.41 1,581.99 | 20545 |5,157.03 |7.7
L. waleckii 79,545 24,888.46 1,268.22 | 208.19 |4,639.13 |6.09
Homolog C. carpio 101,356 31,572.28 1,530.21 188.05 | 4,209.07 |8.14
C. auratus 135,786 33,683.09 1,575.64 192.46 | 4,467.57 |8.19
C. idella 62,157 36,833.18 1,644.96 192.36 | 4,659.67 | 8.55
RNA-seq PASA 24,870 18,477.53 2,770.65 279.95 |1,765.4 9.9
Integrated EVM 32,425 17,600.44 1,601.75 189.51 |2,146.86 | 8.45

Table 4. Summary of the predicted gene structures using three methods.

Category Number Average length (bp)
Gene 32,425 17,600.44
Exons 8.45 (per gene) 189.51

Intron 7.45 (per gene) 2,146.86
Database Number Percentage (%)
Swissprot 24,105 74.34

KEGG 17,335 53.36

KOG 16,979 52.36

GO 17,632 54.38

NR 29,006 89.46
Annotated 29,535 91.09

Table 5. Functional annotation of predicted protein-coding genes.

v2.5.1%. Subsequently, gene structures were delineated using PASA v2.3.3%. A total of 24,870 genes were pre-
dicted, and the corresponding training model was generated for de novo prediction (Table 4).

GeMoMa v1.6.1%” was applied for the homology-based prediction. We aligned homology proteins from five other
fish species, including zebrafish (Danio rerio), Amur ide (Leuciscus waleckii), carp (Cyprinus carpio), crucian carp
(Carassius auratus) and Grass carp (Ctenopharyngodon idella) (downloaded from the NCBI). All predictions from
these homologous species were integrated to obtain the structural information of the corresponding predicted genes,
resulting in the prediction of 42,301 genes. Based on the genes predicted from the transcriptome, 3,000 reliable genes
were selected and trained with AUGUSTUS? to obtain the prediction model of the species. Subsequently, leverag-
ing this training model, AUGUSTUS was used to predict the gene structure, yielding 29,276 genes (Table 4). Using
Evidence Modeler (EVM)%, we integrated the gene prediction results from PASA, GeMoMa, and ab initio methods
following predefined weights (default hierarchy: PASA > GeMoMa > ab initio), to obtain the initial genomic gene
set. Genes containing transposable elements and coding errors were filtered out using TransposonPSI*’. A total of
32,425 genes were predicted from the genome, with an average gene length of 17,600.44bp, an average CDS length of
1,601.75bp, an average exon length of 189.51 bp and an average intron length of 2,146.86 bp (Table 4).

To predict the functions of these annotated genes, Blastp v2.2.26! (with parameters: -evalue le-5, -max_tar-
get_seqs 1)was used. The deduced protein sequences were queried against with five public databases, including
the SwissProt*, Gene Ontology (GO)*?, NCBI Non-Redundant Protein Sequence (NR), Kyoto Encyclopedia
of Genes and Genomes (KEGG)* and Eukaryotic Orthologous Groups (KOG)* databases. Ultimately, 29,535
(91.09%) genes were successfully annotated with at least one database (Table 5 and Fig. 3).

Annotation of non-coding RNA genes.  For annotation of non-coding RNA genes, tRNA-associated genes were
annotated using tRNAscan-SE v2.0% with default settings; rRNAs annotation was performed via RNAmmer
v1.2%7; miRNAs and snRNAs were detected with Infernal v1.1.2%® against the Rfam v14.1% database, following
default parameters. In total, annotations predicted 7,226 rRNAs, 17,872 tRNAs, 980 miRNAs, and 290 snRNAs
(see more details in Table 6).

Synteny analysis. Based on the protein-coding sequences and gene structures, we employed JCVI v v1.0.9%
to conduct a chromosomal synteny analysis between R. lagowskii and its closely related species, Phoxinus phoxi-
nus*!, Results revealed a robust collinearity relationship, with chromosomes exhibiting one-to-one correspond-
ence (Fig. 4), indicating that the assembled genomes are complete and high-quality.

Data Records

Files of the MGI, PacBio, Hi-C and transcriptome sequencing for R. lagowskii were deposited at NCBI under
the accession number PRJNA1229864, Raw reads are available in the Sequence Reads Archive (SRA) with the
accession numbers SRX28916492 to SRX28916500*. This Whole Genome Shotgun project has been deposited
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Fig. 3 Venn diagram of annotation results from the SwissProt, GO, NR, KEGG and KOG databases.

18s 25 2127.96 53,199 0.0052
RNA 28s 20 4551.8 91,036 0.0089
5.8s 2 154.00 308 0.0000
5s 7,179 115.45 828,782 0.0815
snRNA snRNA 290 138.36 40,124 0.0039
spliceosomal 1,867 157.95 294,888 0.0290
miRNA 980 89.06 87,279 0.0086
tRNA 17,872 75.23 1,344,445 0.1321
Regulatory | cis-regulatory elements 2,823 53.72 151,653 0.0149

Table 6. Statistics of the non-coding RNA annotations.

Rhynchocypris lagowskii

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
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Phoxinus phoxinus

Fig. 4 Genome synteny between R. lagowskii and P. phoxinus.

at NCBI/GenBank under the accession GCA_050574305.1*. Furthermore, the genome assembly, predicted cod-
ing sequences and function annotation files of R. lagowskii were stored in Figshare (No: m9.figshare.28817660)*.
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Type Evaluation Methods Results
Mapping short reads rate 99.16%
Mapping HiFi reads rate 99.92%
Genome accuracy and completeness av HiFi reads 68.71
Short reads 50.44
BUSCO 96.32%
Complete BUSCOs 97.53% (3,550)
Complete and single-copy BUSCOs (S) 95.63% (3,481)
Annotation quality Complete and duplicated BUSCOs (D) 1.09% (69)
Fragmented BUSCOs (F) 0.05% (2)
Missing BUSCOs (M) 2.42% (88)

Table 7. Evaluation of the genome assembly and annotation.

Technical Validation

To evaluate the quality of our genome assembly, three methods were used to assess the quality of assembled
genomes. First, the integrity of the genome assembly was evaluated by employing BUSCO (Benchmarking Universal
Single-Copy Orthologs) version 5.0%. 96.32% (Single Copy Complete Genes: 94.18%, Duplicated Complete Genes:
2.14%) of complete BUSCOs in the actinopterygii_odb10 database were identified. Second, Merqury v1.3* was
applied to estimate the base-level accuracy and completeness based on k-mer counts, resulting ina QV of 68.71 and
85.11%, respectively. Third, all the HiFi data from sequencing were back-compared to the assembled error-corrected
genome by minimap2 (-ax map-hifi)*’, and the comparison rate was counted. The overall number of reads was
4,317,794, and 99.92% (4,314,505) of the reads could be compared back to the reference genome. The BUSCO
completeness value calculation showed that 97.53% of the predicted protein-coding genes were complete (Table 7).

Data availability
In this study, sequencing data for R. lagowskii, including MGI, PacBio, Hi-C, and transcriptome sequencing,
have been deposited in the NCBI BioProject database under the accession number PRJNA1229864. The raw
sequencing reads are available in the NCBI Sequence Read Archive (SRA) under the accession numbers
SRX28916492 to SRX28916500*2. This Whole Genome Shotgun project has been deposited at NCBI/GenBank
under the accession GCA_050574305.1%. Furthermore, the genome assembly, predicted coding sequences and
function annotation files of R. lagowskii were stored in Figshare (No: m9.figshare.28817660)*.

The workflow scripts for protein-coding sequences, circos and repeat masking have been deposited on GitHub
(https://github.com/huandna/Genome-Assembly).

Code availability

The versions and parameters of bioinformatics tools applied in this study have been described in the Method
section. If no parameter is provided, the default is set. The workflow scripts for protein-coding sequences, circos
and repeat masking have been deposited on GitHub (https://github.com/huandna/Genome- Assembly).
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