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OPEN ' Telomere-to-telomere genome
DATA DESCRIPTOR assembly of Phoxinus lagowskii

Yanfeng Zhou'¢, Chunhai Chen?$, Dian Fang(®?, Chenhe Wang?, Yajuan Peng?, Binhu Wang?,
. Minying Zhang?, Yang You!, Yixin Liu®, Guoping Deng*, Jianbo Jian*°>*™ & Dongpo Xu™

. Asan important economic and ecological fish, Amur minnow (Phoxinus lagowskii) plays a significant role
in food products as well as evolutionary, ecological research. However, a high-quality chromosome-level
genome of P. lagowskii is not currently available. In this study, we report a T2T (Telomere-to-telomere)
genome for P. lagowskii with chromosome-level. The finally assembled genome size is 1.04G, with a
contig N50 of 41.7 Mb, comprising 25 chromosomes. The transposable elements constituted 512.40 Mb
(49.22%) of the assembled P. lagowskii genome, with DNA transposons 25.02% being the predominant
repeat type. A total of 2,4610 protein-coding genes were predicted in P. lagowskii genome, with 99.96%
of these genes being functionally annotated. The identification of telomeres, BUSCO assessment,
mapping coverage, and sequencing depth collectively demonstrated the high quality of the genome
assembly. The T2T genomic information serves as an invaluable resource for studies in evolution,
comparative genomics, fish breeding applications, and ecological research.

Background & Summary
The Amur minnow (Phoxinus lagowskii) is a commercially important cold-water fish species native to Northeast
China, the Korean Peninsula, and Far Eastern Russia'~>. P. lagowskii belongs to the family Cyprinidae or
Leuciscidae and the genus Phoxinus which owns high species diversity due to Its wide latitudinal distribution.
This species could be confused with the Larcophyllum genus* due to morphological similarities, the small size of
individuals in certain species, and the overlapping of habitats>S. It was previously known as Phoxinus lagowskii
* variegatus, Phoxinus lagowskii Dybowskii’. It is an omnivorous fish that feeds mainly on aquatic insects, mol-
. luscs, zooplankton, cladopods, and aquatic plants®®. P. lagowskii primarily inhabits the upper reaches of river
. tributaries or the middle to upper layers of reservoirs and lakes'. They prefer to inhabit cool, flowing water
and tend to live in groups in mountainous ditches and streams characterized by rapid, clear water with high
© dissolved oxygen and low temperature®!'12, In China, this species is primarily distributed in the main stem and
. tributaries of the Heilongjiang River, as well as the Rehe River, Liaohe River, and the middle and upper reaches
. of the Yellow River, extending to the Yangtze River Basin'’. It can serve as an indicator species for evaluating
environmental changes. The aquaculture production of P. lagowskii, as a food source, has increased rapidly'*!°.
: As an economically and ecologically important species, P. lagowskii had been subject to artificial seedling
. breeding programs in various regions of China. However, investigations into P. lagowskii had been limited due to
© thelack of genomic resources, particularly a reference genome. Currently, only a limited number of studies have
: focused on the transcriptomic responses to low temperature stress and recovery’, cold stress response®!¢, oxy-
gen deficiency' and chronic saline-alkaline stress'® without reference genome. To date, only a single Phoxinus
. genome has been sequenced. For genomic-level studies in the Phoxinus genus, the Eurasian minnow Phoxinus
© phoxinus (L.) genome, sized at 950.50 Mb with a Contig N50 of 2.0 Mb, had been reported"’. The advantages
: and importance of T2T genome assembly lie in its ability to resolve gaps in previously inaccessible regions,
such as telomeres, centromeres, and repetitive elements, thereby enhancing fish research'®. Additionally, novel
genes associated with centromere/telomeres regions can be identified, further enriching our understanding of
© genomic structures'. In this study, we present a completely T2T (Telomere-to-telomere) genome assembly for
. P lagowskii, integrating Nanopore ultralong reads, PacBio HiFi long reads, DNBSeq short reads, and Hi-C data.
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Fig. 1 The characteristics of P. lagowskii. (a)The picture of the P. lagowskii. (b) The genomescope plot of the

P, lagowskii genome survey. (c) The circos plot of the P. lagowskii T2T genome. a: gene density in 1-Mb sliding
windows; b: GC content in non-overlapping 1 Mb windows; c: percentage of tandem repeats in 1 Mb sliding
windows; d: percentage of interspersed repeats in 1 Mb sliding windows; e: the heatmap of telomeric locations;
f: the position of centromeres; g: the length of chromosomes in the size of Mb.

Reads Number Total length (Gb) Genome depth* | N50 length of reads (bp)
NGS data 956,248,422 148.16 148.16 150
PacBio HiFi data 1,520,742 27.18 27.18 18,182
Ultra-long ONT data 1,089,739 76.97 76.97 57,333
Hi-C data 974,676,590 146.20 146.20 150

Table 1. Summary of whole genome sequencing data of P. lagowskii genome. Note: *The sequencing depth is
calculated based on a genome size of 1 Gb.

The assembled T2T P. lagowskii genome had a size of approximately 1.04 Gb, with a contig N50 of 41.7 Mb and
48 telomeres. The assembled genome was gap-free, consisting of a single contig for each chromosome. A total
number of 24,610 protein-coding genes were annotated in the P. lagowskii genome, among which 99.96% were
functionally annotated. This T2T genome assembly and annotation provide an invaluable foundational resource
for breeding applications, ecological studies, and comparative genomics and evolution.

Methods

Sample collection. The sample, an individual P. lagowskii fish (bogy length ~14.5 cm, weight ~35 g)
of unknown gender, was collected on June 5, 2024, from Liaohe River (Taizi River), China (Fig. 1a). Due to
P, lagowskii lacks secondary sexual characteristics. The fish was captured during the non-breeding period, making
it impossible to determine the sex information. The live individual was promptly transported to the laboratory at
the Freshwater Fisheries Center of the Chinese Academy of Fishery Sciences in Wuxi for subsequent sequencing.
The muscle tissue samples were harvested and rapidly cryopreserved in liquid nitrogen, then stored at —80°C
for subsequent extraction of genomic DNA and Hi-C analysis. High molecular weight (HMW) nuclear genomic
DNA of P, lagowskii was extracted using the QIAGEN Blood & Cell Culture DNA Midi Kit (QIAGEN, Germany).
The quality of the extracted DNA was assessed through measurements of DNA concentration, OD260/280 ratio,
0D260/230 ratio, and DNA integrity. Five muscle tissue samples were utilized for RNA extraction using the
TRIZOL Reagent (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer’s protocol.

Short-read sequencing and genome survey. The genome size of P. lagowskii was estimated through
short-read sequencing prior to long-read sequencing. The library with a short insert size (350-500 bp) was
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Scaffold Contig

Length (bp) Number Length (bp) Number
N10 59,230,872 2 59,230,872 2
N20 51,327,348 4 51,327,348 4
N30 47,045,528 6 47,045,528 6
N40 43,604,662 9 43,604,662 9
N50 41,707,044 11 41,707,044 11
N60 39,317,531 14 39,317,531 14
N70 37,885,162 16 37,885,162 16
N8o 36,718,301 19 36,718,301 19
N9o 32,008,523 22 32,008,523 22
Maximum length 60,667,328 60,667,328
Total length 1,041,047,835 1,041,047,835
number > =2000 bp 25 25
GCrate 0.40 0.40

Table 2. The assembly statistics of the T2T final P. lagowskii genome.

prepared according to the MGI Library Prep Reagents protocol. A total of 157.83 Gb raw data were gener-
ated using the PE 150 sequencing strategy on the DNBSEQ-T7 platform. The adapter and low-quality reads
were removed and filtered using Fastp v0.20.0 pipeline with the parameter (--average_qual 15 -1 150)*. The
high-quality clean short-read data totaling 148.16 Gb were obtained, with a Q20 value of 98.53% and a Q30 value
0f 95.11%. A 17-mer was utilized to determine the k-mer frequency, and the distribution profile was generated
using Jellyfish v2.2.6°!. The genome size was estimated to be 989.83 Mb with formula: Genome size =K-mer/
Peak depth (131,647,395,869/133). The genomic characteristics of P. lagowskii, including an estimated genome
size (~966.57 Mb), heterozygosity (0.949%), and repeat content (60.4%), were determined using Genomescope
1.0% (Fig. 1b).

Long-read sequencing and Hi-C sequencing. With the estimated genome size of approximately 1 Gb,
the PacBio and Nanopore long-read sequencing were employed for genome assembly. A PacBio library (insert
size ~20kb) was constructed for P. lagowskii following the SMRTbell Express Template Prep Kit 2.0 protocol
(Pacific Biosciences, USA). A total number of 1,520,742 highly accurate long reads were sequenced using the
PacBio Revio SMRT cell with HiFi model. A total of 27.18 Gb HiFi long reads, with an N50 length of 18,182 bp,
were generated for the genome assembly (Table 1). An ultra-long nanopore library was constructed following
the Ligation sequencing 1D kit (SQK-LSK109, Oxford Nanopore Technologies, Oxford, UK) protocol. A single
Nanopore cell was sequenced on the PromethION platform (Oxford Nanopore Technologies), yielding 4,826,740
reads and generating 154.91 Gb of raw data. The longest reads and N50 length of ONT data were 538,660 bp and
49,841 bp, respectively. After excluding the reads which below 50kb, a total of 1,089,739 reads (76.97 Gb) of clean
data were used for genome assembly (Table 1). The average read length and N50 length, excluding reads shorter
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Hi-C assembly T2T assembly
Contig Gap Contig Gap
Chromosome Length (bp) number | number | Length (bp) number | number
Chr01 53,202,534 20 19 53,410,590 1 0
Chr02 49,063,120 33 32 49,234,908 1 0
Chr03 59,086,154 22 21 59,230,872 1 0
Chr04 46,883,403 16 15 47,023,272 1 0
Chr05 51,156,721 29 28 51,327,348 1 0
Chr06 39,115,871 33 32 39,317,531 1 0
Chr07 60,459,614 23 22 60,667,328 1 0
Chr08 36,893,514 23 22 37,057,262 1 0
Chr09 43,468,091 15 14 43,604,662 1 0
Chr10 27,954,403 12 11 28,046,637 1 0
Chrll 31,906,354 16 15 32,008,523 1 0
Chr12 39,247,039 28 27 39,399,281 1 0
Chr13 36,563,869 11 10 36,718,301 1 0
Chr14 41,602,717 41 40 41,707,044 1 0
Chrl5 45,217,027 22 21 45,370,539 1 0
Chrl6 37,771,292 18 17 37,885,162 1 0
Chrl7 36,882,754 19 18 36,985,232 1 0
Chr18 46,862,784 28 27 47,045,528 1 0
Chr19 41,957,656 22 21 42,115,647 1 0
Chr20 40,292,161 14 13 40,420,336 1 0
Chr21 36,349,363 18 17 36,483,603 1 0
Chr22 36,638,045 15 14 36,710,982 1 0
Chr23 38,508,313 21 20 38,651,393 1 0
Chr24 31,818,572 24 23 31,927,124 1 0
Chr25 28,612,939 13 12 28,698,730 1 0
Total 1,037,514,310 536 511 1,041,047,835 25 0

Table 3. The detailed statistics of genome after Hi-C anchoring and T2T assembly.

Repbase TEs TE protiens De novo *Combined TEs

% in % in % in % in
Type Length (bp) genome Length (bp) genome Length (bp) genome Length (bp) genome
DNA 155,925,909 14.98 504,392 0.05 178,622,147 17.16 260,513,634 25.02
LINE 46,359,788 4.45 33,698,065 3.24 126,711,949 12.17 151,273,556 14.53
SINE 4,662,991 0.45 0 0.00 5,358,872 0.51 9,537,649 0.92
LTR 58,419,751 5.61 25,849,677 2.48 183,531,310 17.63 197,182,388 18.94
Other 1,723 0.00 0 0.00 0 0.00 1,723 0.00
Unknown 0 0.00 0 0.00 3,978,029 0.38 3,978,029 0.38
Total 259,098,145 24.89 60,036,303 5.77 463,135,421 44.49 512,402,605 49.22

Table 4. The summary of interspersed repeat contents in the genome assembly. Note: This statistical table does
not contain Tandem Repeats, some elements may partly include another element domain. *Combined: the non-
redundant consensus of all repeat prediction/classification methods employed. LINE, long interspersed nuclear
elements; SINE, short interspersed nuclear elements; LTR, long terminal repeat.

than 50kb, were 70,630 bp and 69,302 bp, respectively. The Hi-C data can be useful for anchoring the contigs to
chromosomes. In this study, approximately 1.5 g of muscle tissue from P. lagowskii was fixed in 1% formaldehyde
at room temperature for a duration of 10 to 30 minutes. The cross-linked DNA of P. lagowskii was digested using
Mbol (New England Biolabs, Ipswich, USA). The resulting cohesive ends were labeled with biotin through incu-
bation with biotin-14-dATP and Klenow fragment. Following the completion of proximity ligation, crosslinking
reversal, and DNA purification, the Hi-C products were subsequently enriched and utilized for library construc-
tion. Then, a total of 147.2 Gb of Hi-C raw data were sequenced with DNBSEQ-T7 platform. The raw reads were
processed using Fastp v0.20.0 pipeline with the parameter (--average_qual 15 -1150)%. A total of 146.2 Gb of clean
data, with a Q20 value of 97.46%, was utilized to anchor the contigs to chromosomes (Table 1).

Genome assembly. To obtain the T2T genome assembly of P. lagowskii, PacBio HiFi reads were initially
employed to assemble the primary contigs using Hifiasm (v 0.19.6) with default parameters*. The redundant
sequences were subsequently eliminated using the purge_dups v1.2.6 program with parameters “-a 70 -b 500
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Average Average Average Average Average
genelength | CDSlength | exon per exon length | intron length
Gene set Number (bp) (bp) gene (bp) (bp)
De novo Augustus 62,450 7,986 1,327 5 267 1,681
Carassius auratus 27,402 18,172 1,799 9 197 1,778
Carassius carassius 26,334 18,941 1,711 9 183 1,828
Cyprinus carpio 26,351 18,120 1,713 9 189 1,783
Homolog
Danio rerio 22,844 19,479 1,828 9 194 1,846
Megalobrama amblycephala 26,980 19,187 1,776 9 194 1,895
Rhinichthys klamathensis 25,750 18,417 1,735 9 189 1,798
RNA-seq 20,428 20,989 6,242 25 251 619
Final 24,610 17,935 1,700 9 181 1,785

Table 5. The statistics of gene structure prediction in P. lagowskii genome.

Type Gene number Percentage
Total 24,610 100%
NR 24,597 99.95%
Swissprot 23,153 94.08%
KEGG 23,309 94.71%
Trembl 19,834 80.59%

All 24,596 99.94%
Interpro

GO 24,097 97.92%
Annotated 16,836 68.41%
Unannotated 24,599 99.96%

Table 6. The functional annotations for predicted genes in P. lagowskii genome.

—110000 -m 300 -f 0.8”%*. The assembled genome size was approximately 1.16 Gb, with a contig N50 value of
7.28 Mb with Hifiasm. Then, the assembled P. lagowskii contigs were anchored to chromosomes using Hi-C data.
The total of 146.2 Gb Hi-C data were aligned to the assembled contigs using BWA v 0.7.12%. After eliminating
duplicate and erroneous mapping reads, the valid pairs reflecting contact interactions were retained. The inter-/
intra-chromosomal interactions were calculated. The Hi-C contacts were processed using juicer pipeline v1.5%.
The assembled contigs were clustered, sorted and oriented into groups/chromosomes utilizing the 3D-DNA
pipeline, version 1801142, The manual verification was involved and refined using JUICEBOX Assembly Tools
v2.15.07%. The assembled contigs of P. lagowskii were finally anchored and oriented onto 25 chromosomes
(Fig. 1c, 2), resulting in a total length of 1.05 Gb with scaffold N50 of 41.6 Mb. The maximum scaffold and contig
size were 60.46 Mb and 28.83 Mb, respectively (Table 2). A total of 511 gaps remained across 25 chromosomes. To
address this, ultra-long reads were employed for gap closing, and NECAT v 20200119 was utilized with default
parameters for error correction®. The assembled chromosome-level genome of P. lagowskii was used as a refer-
ence to close those gaps using consensus ONT ultra-long reads, ultimately yielding a completely gap-free genome.
The gap-free P. lagowskii genome size was 1.04 Gb and the contig/scaffold N50 was 41.7 Mb, with each chromo-
some represented by a single contig (Tables 2, 3).

Genome annotation. The assembled P, lagowskii T2T genome was annotated by identifying repetitive ele-
ments and protein-coding genes. For repeat identification, the homolog and Ab initio annotation were integrated
to annotate the repeat sequences. The homologous sequences of P. lagowskii genome were detected and classified
using RepeatProteinMask v4.0.7%? and RepeatMasker v4.0.7°° based on the Repbase library’!. For Ab initio anno-
tation, the de novo repetitive element database was constructed using RepeatModeler v1.0.4** and LTRharvest®.
The Tandem repeats and long terminal repeats were identified using Tandem Repeat Finder v4.10.0° and LTR
finder v1.0.7%, respectively. Finally, a total of 49.22% of assembled P. lagowskii genome was classified as repet-
itive elements (Table 4). The proportions of DNA, long interspersed nuclear elements (LINEs), long terminal
repeats (LTRs) and among the repeat sequences were 25.02%, 14.53% and 18.94%, respectively, while short inter-
spersed nuclear elements (SINEs) accounted for only 0.92% of the P. lagowskii genome (Table 4). The annotation
of protein-coding genes was performed using three strategies including RNA-Seq assisted annotation, de novo
prediction and homology-based prediction. The transcriptome data were sequenced form five different tissues
of P. lagowskii. A total of 32.14 Gb of clean data was generated, with individual data ranging from 5.68 Gb to
6.62 Gb. The transcriptome data were assembled using Trinity (v2.15.1)% with parameters “--min_contig_length
200 --min_kmer_cov 4 --min_glue 4 --bfly_opts -V 5 --edge-thr =0.1 --stderr’ --genome_guided_max_intron
10000”. The transcripts were generated and coding region were predicted using PASA (v2.4.1)*” and TransDecoder
v5.5.0 (https://github.com/TransDecoder/TransDecoder), respectively. The sequenced transcriptome data
were mapped onto the P. lagowskii genome using Hisat2 v2.1.0% with parameters “--sensitive --no-discordant
--no-mixed -I 1 -X 1000 --max-intronlen 1000000”. The mapping rate of the five transcriptomes ranged from
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Fig. 3 Functional annotation of P. lagowskii protein-coding genes. (a) Venn diagram of functional annotation of
the P, lagowskii genome. (b) The functional annotation statistics in seven databases.

Annotation GCA_037504875.1_fPhoPho.hapl | GCF_000002035.6_GRCz11
Description Proteins | Percentage | Proteins | Percentage Proteins | Percentage
Complete BUSCOs 3,547 97.45% 3,483 95.70% 3,502 96.20%
Complete Single-Copy BUSCOs | 3,494 95.99% 2,690 73.90% 3,446 94.70%
Complete Duplicated BUSCOs | 53 1.46% 793 21.80% 56 1.50%
Fragmented BUSCOs 16 0.44% 19 0.50% 44 1.20%
Missing BUSCOs 77 2.12% 138 3.80% 94 2.60%
Total BUSCO groups searched | 3,640 100.00% 3,640 100.00% 3,640 100.00%

Table 7. The BUSCOs evaluation of gene set in P. lagowskii and P. Phoxinus.

84.86% to 88.5%. Then, the mapped reads of five samples were assembled using Stringtie v1.3.5* with parameters
(-j3-¢5-f0.3 -g 100 -s 10000). The coding sequence was predicted using TransDecoder v5.5.0 (https://github.
com/TransDecoder/TransDecoder) with default parameters. For de novo prediction, the gene models of the
P lagowskii genome were predicted using Augustus v3.2.1%° with default parameters. For homology-based pre-
diction, protein sequences of six representative fish species, namely Danio rerio (GCF_000002035.6), Carassius
auratus (GCF_003368295.1), Carassius carassius (GCF_963082965.1), Cyprinus carpio (GCF_018340385.1),
Megalobrama amblycephala (GCF_018812025.1) and Rhinichthys klamathensis (GCF_029890125.1) were
retrieved from NCBI (National Center for Biotechnology Information). Combined these three strategies results,
coding structures were annotated using GeMoMa version 1.9*!, and PASA (v2.4.1)*” was employed for the refined
the gene structure. Finally, a total of 24,610 genes were obtained for P. lagowskii genome (Table 5). The average
gene length, intron length, and CDS length of the annotated P. lagowskii genome were 17,934 bp, 1,785 bp, and
1,700 bp, respectively (Table 5).

Functional annotation. The gene set of 24,610 genes were functionally annotated using diamond v0.8.23
with an E-value threshold of 1E-5 based on the five databases including NR (NCBI nonredundant protein),
TrEMB (http://www.uniprot.org), KOG*3, KEEG (Kyoto Encyclopedia of Genes and Genomes, http://www.
genome.jp/kegg/), Swiss-Prot (http://www.gpmaw.com/html/swiss-prot.html). The protein motifs and domains
were identified using the InterProScan with InterPro 93.0*. The GO Ontology (GO) was classified from the
results of InterProScan*%. The annotation of 24,599 predicted genes (99.96%) out of the total 24,610 genes can be
found by at least one database (Fig. 3b and Table 6). Of these functional proteins, 19,367 genes (~78.7%) were
supported by five databases (Fig. 3a).
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Fig. 4 Genome evaluation of P. lagowskii. (a) GC content and depth distribution of HiFi reads in P. lagowskii
genome. (a) BUSCO assessment of P. lagowskii and P. Phoxinus genomes.

Ends identified Total counts of telomere Total counts of telomere
Chromosomes | Length (bp) | with telomeres repeats at the left end repeats at the right end
Chro01 53,410,590 | both 37 93
Chr02 49,234,908 | both 38 30
Chr03 59,230,872 | both 43 35
Chr04 47,023,272 | both 147 62
Chr05 51,327,348 | both 49 310
Chr06 39,317,531 | both 29 36
Chr07 60,667,328 | both 96 122
Chr08 37,057,262 | both 44 62
Chr09 43,604,662 | both 262 43
Chr10 28,046,637 | both 10 50
Chrl1 32,008,523 | both 58 37
Chrl2 39,399,281 | both 17 43
Chr13 36,718,301 | both 79 905
Chrl4 41,707,044 | both 15 46
Chrl5 45,370,539 | both 26 24
Chrl6 37,885,162 | right 0 18
Chrl7 36,985,232 | both 52 38
Chrl8 47,045,528 | both 54 35
Chr19 42,115,647 | both 825 111
Chr20 40,420,336 | both 35 113
Chr21 36,483,603 | both 77 75
Chr22 36,710,982 | both 330 26
Chr23 38,651,393 | left 153 0
Chr24 31,927,124 | both 128 119
Chr25 28,698,730 | both 30 347

Table 8. The identified telomeres in P. lagowskii genome.

Data Records
The sequencing data of P. lagowskii have been deposited in the NCBI SRA database under BioProject acces-
sion PRJNA1231581%, including DNA short-read survey data (SRA: SRR32570940), DNA short-read Hi-C data
(SRA: SRR32570943), DNA long-read Nanopore data (SRA: SRR32570942), DNA long-read PacBio HiFi data
(SRA: SRR32570941), and RNA short-read data (SRR32570944-SRR32570948).
The Whole Genome Shotgun project has been deposited at GenBank under accession JBNYWR000000000%.
The files of genome assembly and gene structure annotation have been deposited at Figshare®”.
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Fig. 6 The synteny comparison of P. lagowskii to Phoxinus Phoxinus using protein-coding gene synteny.

Technical Validation

Evaluation of the P. lagowskii genome quality and gene set. To evaluate the quality of the P
lagowskii genome, the short-reads were mapped to the T2T assembled reference genome with a mapping rate
0f 99.67% using BWA v 0.7.12%. Additionally, the HiFi long-reads and Nanopore long-reads were also mapped
to the P. lagowskii reference genome using Minimap2*® with the mapping rate of 100% and 99.99%, respectively.
The mapped coverage of HiFi reads was 99.39%. The analysis of sequencing depth and GC content based on HiFi
reads revealed that the GC values were tightly clustered around 40% with a pronounced peak, suggesting minimal
contamination (Fig. 4a). The BUSCO evaluation of P. lagowskii genome demonstrated that 97.1% of the BUSCOs
were classified as Complete, with 95.5% being single-copy and complete BUSCOs, while 1.6% were identified as
duplicated and complete BUSCOs (Fig. 4b). The BUSCO evaluation of the gene set demonstrated that 97.45%
of the BUSCOs were classified as Complete, with 95.99% being single-copy and complete BUSCOs, while 1.46%
were identified as duplicated and complete BUSCOs (Table 7). As T2T genome assembly in the genus of Phoxinus,
both the genome and gene set quality are higher than that previously published Eurasian minnow (Phoxinus
Phoxinus) genome (Table 7). The accuracy of the P. lagowskii genome assembly was assessed via Merqury using
21-mer based on HiFi reads, resulting in a quality value (QV) score of 32.58, and derived 99.95% accuracy. To
confirm the T2T genome quality, telomeres were identified using quarTeT pipeline* to search for telomere repeat
sequences and centromere regions in P. lagowskii genome. A total of 48 telomeres were assembled and identified
for P. lagowskii genome, except one end of chromosome 16 and 23, suggesting the new genome was assembled
nearly telomere-to-telomere (Table 8). The maximum total number of telomeres repeats at the left and right ends
were 825 and 905, respectively (Table 8). The newly T2T P. lagowskii genome were compared with the previ-
ous published Phoxinus Phoxinus genome using MUMmer4 with nucmer model (-c 100 -120 and delta-filter -1
20000). The mummer analysis of genome revealed one chromosome to one chromosome clearly and high homol-
ogy (>80%), and suggested chromosome anchoring was accurate (Fig. 5). Furthermore, gene synteny analysis
was conducted by comparing with P. phoxinus. The results revealed highly conserved gene synteny, demonstrating
a one-to-one correspondence that confirmed the accuracy of chromosome anchoring (Fig. 6).
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Code availability
No specific software or code was developed for this study. The experiments and bioinformatics were performed
accordance with the protocols detailed in the Methods section.
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