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Telomere-to-telomere-level 
genome assembly and annotation 
of the Zi goose Anser cygnoides
Ke Jiang1,4, Hechuan Wang1,4, Kexin Cong1, Yunuo Liu1, Jiaxin Yin1, Xiaofang Ren1, 
Zhifeng Chen2, Kun Yang2, Ying Zhang1,3, Qiuju Wang1,3 & Shengjun Liu1,3 ✉

This study leveraged advanced genomic sequencing technologies, including Oxford Nanopore 
technology long reads, Pacific Biosciences HiFi sequencing reads, BGISEQ T7 short reads, and high-
throughput chromatin conformation capture technology, to demonstrate the telomere-to-telomere 
genome assembly and annotation of the Zi goose, a distinctive breed in the cold regions of China. The 
assembled genome spans 1,305,488,053 bp with exceptional continuity (contig N50: 54,135,724 bp; 
scaffold N50: 81,055,700 bp). A total of 1,219,987,289 bp were anchored to 40 chromosomes (38 
autosomes and a Z/W sex chromosome pair), with 13 chromosomes assembled gap-free, a BUSCO 
completeness score of 96.8%, and a protein completeness score of 91.7%. Genome annotation 
predicted a total of 18,359 protein-coding genes, among which 17,592 have been functionally 
characterized. In addition, 260,266,197 bp of sequences were identified as repetitive sequences, and 
655,314 bp were identified as noncoding RNA sequences. This high-quality genome assembly provides 
valuable genetic resources and a theoretical basis for dissecting the important economic traits of the Zi 
goose and promoting the development of unique agriculture in cold regions.

Background & Summary
Geese are widely raised poultry with significant economic value, providing humans with nutrient-rich meat and 
eggs, high-quality hepatic fat, and soft down feathers for clothing production1. Furthermore, geese possess dis-
tinct physiological traits. For example, through overfeeding, their livers can expand to 5–10 times the weight of 
normal livers while remaining healthy2; this remarkable capacity for lipid accumulation also makes goose livers 
valuable models for studying hepatic steatosis in humans3. In terms of diet, despite being herbivorous poultry, 
geese avoid most broad-leaved plants and thus can be used for weed and pest control in various crops4.

In recent years, considerable progress has been made in research on the goose genome. In 2015, Lu et al. per-
formed genome sequencing and analysis on the Zhedong white goose, utilizing second-generation sequencing 
data and Soapdenovo software to generate the first goose genome assembly5. Chromosome-level genomes of 
other goose breeds and related species, including the wild Swan goose6, Sichuan white goose7, Tianfu goose8, 
and bar-headed goose9, have since been published. However, previously assembled goose genomes still contain 
numerous gaps, particularly in telomeric and centromeric regions enriched with repetitive sequences. These 
regions harbour genetic information crucial for chromosome structure and genetic regulation, yet their high 
repetitiveness poses significant challenges to accurate sequencing and assembly.

Whole-genome sequencing techniques allow for the comprehensive capture of genetic variation informa-
tion at single-base resolution in target individuals of a species10. Currently, the widely used next-generation 
sequencing (NGS) technology offers high sequencing accuracy but has significant limitations in handling repet-
itive sequence regions of the genome because of its short read length (typically 100–150 bp). Third-generation 
sequencing technologies have largely addressed this drawback. For instance, the high-fidelity (HiFi) sequencing 
technique developed by Pacific Biosciences, which combines single-molecule real-time (SMRT) sequencing 
technology, can generate sequence data with both high accuracy and long read lengths11, thereby significantly 
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improving the completeness of the genome assembly. Moreover, the Oxford Nanopore Technologies (ONT) 
platform, allows the sequencing of ultralong fragments up to hundreds of thousands of nucleotides, exhibiting 
unique advantages in resolving complex genome structures12,13. Additionally, high-throughput chromatin con-
formation capture (Hi-C) technology can aid in the construction of high-quality chromosome-level genome 
assemblies, further enhancing the continuity and biological significance of the genome14–16. With the advance-
ment of these long-read sequencing technologies, gap-free telomere-to-telomere (T2T) genome assemblies have 
been constructed for multiple species, including humans17, cattle and sheep18, fish19, chickens20,and pigeons21. 
In geese, relevant studies have also been reported. In 2024, Zhao et al. assembled the first T2T-level genome of 
geese using the Taihu goose, a characteristic breed from southern China, as the sample, with a total length of 
1,197,991,206 bp and a scaffold N50 of 81,007,908 bp22. These studies provide invaluable insights into the struc-
tural characteristics of complex regions such as telomeres and centromeres.

The Zi goose (Anser cygnoides), a species of the genus Anser in the family Anatidae, is a high-quality local 
breed originating from Heilongjiang Province in northern China. Despite its small body size, Zi geese exhibit 
strong cold tolerance23 and can adapt to the cold climatic conditions in Heilongjiang during the winter, which 
significantly reduces the breeding risks associated with low temperatures in local winter farming practices. In 
addition, compared with other goose breeds, the Zi goose has excellent egg-laying performance24; thus, it holds 
important economic value in the development of the local poultry industry. Given the current lack of research 
on the Zi goose genome, in this study, we performed de novo genome assembly using a combination of sequenc-
ing data: short-read data from second-generation DNBSEQ, long-read data from third-generation Hi-Fi and 
ONT technologies, and Hi-C chromatin conformation capture data. Concurrently, we conducted comprehen-
sive genome annotation by integrating RNA-Seq transcriptome data, Iso-seq full-length transcriptome data, 
and protein databases, ultimately constructing a T2T-level genome for the Zi goose. This high-quality genome 
assembly will significantly increase our understanding of the genomic structural characteristics of goose breeds 
in northern China and provide critical theoretical support for genomic research on these breed.

Methods
Sample collection.  An adult female Zi goose, sourced from the Heilongjiang Academy of Agricultural 
Sciences, Animal Husbandry Research Institute, China, served as the research sample. Before slaughter, 5 mL anti-
coagulant collection tubes (BD Vacutainer® EDTA) were used to collect blood from the wing vein, from which 
genomic DNA was extracted for second- and third-generation whole-genome sequencing. Eight tissues, includ-
ing heart, liver, brain, spleen, lung, kidney, ovary, and muscle were harvested, cut into small pieces, placed in 2 mL 
cryovials, flash-frozen in liquid nitrogen, and then temporarily stored at −80 °C for transcriptome sequencing. 
For enhanced genome annotation accuracy, equal-volume mixtures of various tissues were used for third-gen-
eration full-length transcriptome sequencing. This protocol was approved by the Science and Technology Ethics 
Committee of Heilongjiang Bayi Agricultural University (Daqing, China; approval No. DWKJXY2024061).

To ensure sufficient gDNA quality and quantity, a NanoPhotometer® spectrophotometer (IMPLEN, 
CA, USA) was used to assess DNA purity, and a Qubit® DNA Assay Kit and a Qubit® 2.0 fluorometer (Life 
Technologies, CA, USA) were used to measure DNA concentration. Acceptable DNA samples had an OD₂₆₀/₂₈₀ 
ratio of 1.8–2.0 and a concentration >100 ng/μL, with integrity verified via 1% agarose gel electrophoresis. Those 
DNA samples were stored at −80 °C. Total RNA was extracted from tissues using the TRNzol method, and its 
concentration, purity, and integrity were determined with an Agilent 5400 Bioanalyzer. Eligible RNA samples 
were stored at −80 °C to preserve integrity for subsequent analyses.

Library construction and sequencing.  For short-read sequencing, 1.5 μg of genomic DNA was first frag-
mented using Covaris-mediated ultrasonication, followed by end repair, A-tailing, and adapter ligation. After 
PCR amplification, paired-end sequencing (150 bp) was performed on the DNBSEQ-T7 platform (MGI Tech Co, 
Ltd, Shenzhen, China), generating 206,601,419 reads with a GC content of 42.79% (Table 1).

Platform Tissue Reads number Total bases(G) N50 length(bp) GC (%) Sequence coverage(X)

DNBSEQ-T7 blood 206,601,419 61.98 9,704 42.79 47.49

HiFi blood 2,092,108 37.72 17,984 41.60 28.90

ONT blood 546,957 47.18 100,001 43.73 36.15

Hi-C liver 402,086,941 120.63 150 42.84 92.44

RNA-seq

kidney 75,411,696 11.31 150 51.07 8.67

muscle 77,575,154 11.64 150 52.56 8.92

ovary 119,436,558 17.92 150 49.74 13.73

lung 63,681,134 9.55 150 50.34 7.32

liver 65,081,278 9.76 150 49.09 7.48

brain 90,572,256 13.59 150 49.16 10.41

spleen 64,400,820 9.66 150 49.87 7.40

heart 72,435,558 10.87 150 49.12 8.33

ISO-seq Mixed 51,553,127 130.60 3,029 46.23 100.08

Table 1.  Statistics of sequencing data results.
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For HiFi sequencing, high-quality genomic DNA was sheared to an average size of 18 kb using Covaris 
g-TUBE tubes. Libraries were prepared using the SMRTbell Express Template Prep Kit 2.0 (Pacific Biosciences, 
CA, USA), followed by sequencing on the PacBio RS II platform. This process yielded 2,092,108 HiFi reads, with 
an N50 length of 17,984 bp and a GC content of 41.60% (Table 1).

For ONT sequencing, library preparation was performed using the Nanopore SQK-LSK109 kit (Oxford 
Nanopore Technologies, CA, USA). Afterwards, the library was loaded into an R9.4 nanopore flow cell and 
sequenced on the PromethION platform. A total of 546,957 reads were obtained, with an N50 length of 
100,001 bp and a GC content of 43.73% (Table 1).

For Hi-C sequencing, liver tissue was homogenized in liquid nitrogen and cross-linked with 4% formal-
dehyde under vacuum at room temperature for 30 min. The nuclei were resuspended in NEB buffer, and the 
chromatin was solubilized with SDS. DNA was digested with MboI, followed by biotin labelling of sticky ends 
and removal of unligated biotin tags. Fragments were sonicated to approximately 350 bp, end-repaired, and used 
for library construction. Paired-end 150 bp sequencing on the Illumina NovaSeq 6000 platform (Illumina, CA, 
USA) generated 402,086,941 reads with a GC content of 42.84% (Table 1).

For transcriptome sequencing, total RNA isolated from heart, spleen, liver, brain, lung, kidney, ovary and 
pectoral muscle tissues. mRNA was enriched with Oligo (dT) magnetic beads and reverse transcribed into 
cDNA, and 150 bp end-to-end sequencing was performed on the DNBSEQ-T7 platform (MGI Tech Co, Ltd, 
Shenzhen, China). Among all the tissues, the ovaries produced the most reads (119,436,558), with a GC content 
of 49.74% (Table 1).

For full-length transcript acquisition, ISO-seq was performed using the PacBio Sequel system (Pacific 
Biosciences, CA, USA). Qualified RNA was used to construct cDNA libraries with the SMARTer PCR cDNA 
Synthesis Kit, followed by sequencing on the PacBio Sequel IIe platform. This generated 51,553,127 reads with 
an N50 length of 3,029 bp and a GC content of 46.23% (Table 1).

Genome survey.  Following quality control of the DNBSEQ sequencing data using fastp v0.23.2 software25 
with default parameters, clean reads were subjected to K-mer analysis. First, Jellyfish v2.2.7 software26 was used to 
calculate 17-mer frequencies and generate a K-mer frequency distribution table. Specifically, genome character-
istics were estimated based on 17-mer profiles using a three-step Jellyfish workflow: (1) k-mer counting (jellyfish 
count -t 2 -m 17 -C -o kmercount.jf < input_reads.fasta > ), (2) histogram generation (jellyfish histo kmercount.
jf > 17merFreq.histo), and (3) statistical summary (jellyfish stats kmercount.jf > jelly.log). The k-mer size was set 
to 17, and the -C option was used to canonicalize k-mers from both strands. Subsequently, GenomeScope v2.0 
software27 was used to model and analyse the K-mer frequency data. The results revealed a Zi goose genome size 
of 1,105,696,574 bp, with a heterozygosity rate of 0.59% and a unique sequence proportion of 57.1% (Fig. 1).

Contig and scaffold assembly.  For contig assembly, first, the raw HiFi sequencing data were processed to 
break the adapter regions and filter out the adapter sequences. The generated subreads were subjected to filtration 
with a minimum length threshold set at 50 bp. High-quality HiFi reads were subsequently generated using ccs 
software (parameters: min-passes = 3, min-rq = 0.99). Finally, de novo genome assembly was performed using 
Hifiasm v0.24.0 software28 with default parameters. Hifiasm is a haplotype-aware assembler that constructs a 
phased assembly graph, enabling heterozygous alleles to be represented as alternative paths during assembly and 
thereby facilitating the resolution of heterozygous regions. The primary assembly was used as the main reference 
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Fig. 1  GenomeScope genome size estimates for the Zi goose.
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for downstream analyses, and alternate contigs were retained as supplementary haplotype information. A contig 
set with a total length of 1,303,912,393 bp was obtained, with a contig N50 of 42,590,201 bp (Table 2).

After the contig assembly was completed, scaffold construction was performed. Following the filtering of 
low-quality sequences using fastp v0.23.2 software with default parameters, the Hi-C data were first processed 
with HiCUP v0.9.2 software29 (parameters:–longest 800–shortest 0), and only fragments within the range of 
0–800 bp were retained. ALLHiC software (parameters:–minREs50–maxlinkdensity 3–NonInformativeRabio 
2) was subsequently used to cluster the contigs into homologous chromosome groups based on the Hi-C inter-
action intensity, optimizing the order and orientation of the contigs30. Finally, Juicebox v1.11.08 software with 
default parameters was employed to determine the final positions and orientations of the scaffolds in the chro-
mosome set according to the interaction signals31. The results revealed that the total length of the scaffolds was 
1,303,921,693 bp, with a scaffold N50 of 81,047,141 bp (Table 2). A total of 1,219,987,289 bp of scaffolds were 
anchored to 40 chromosomes, resulting in an anchoring rate of 93.56%. The longest and shortest chromosomes 
measured 222,224,303 bp and 1,806,224 bp in length, respectively (Table 3). The 40 chromosomes were eas-
ily distinguishable in the heatmap (Fig. 2), with strong interaction signals concentrated around the diagonal, 
indicating high-quality genome assembly. In addition, sequence alignment with the goose reference genome 
(GCA_040182565.1) retrieved from NCBI revealed chromosomal correspondence between the two genomes, 
enabling chromosome renaming based on the matched sequences of chromosomes 1–38, as well as the Z and W 
chromosomes. The alignment results revealed that the Z and W chromosome mapped to chromosomes 4 and 10 
of the Zi goose, respectively (Table 3; Fig. 2).

Gap filling.  During the scaffold construction process, some contigs were connected with “N” bases as gaps. 
To fill these gaps in the Hi-C-based chromosome-level genome, we combined the ultralong reads generated by 
Nanopore platform sequencing and used TGS-GapCloser v1.2.1 software32 (parameters: “-tgstype ont-reads out-
put.fasta -scaff gap.fasta -min_nread 5 -output”). Correction was performed using Racon v1.4.20 software33 with 
default parameters. After gap filling, only 33 unfilled gaps remained in the genome, which were distributed across 
27 chromosomes, with 13 chromosomes achieving complete gap-free assembly (Table 4). The assembly contained 
305 contigs and 272 scaffolds, with a total scaffold length of 1,305,488,089 bp, a contig N50 of 54,135,724 Mb, and 
a scaffold N50 of 81,055,700 bp (Table 5). Compared with those in previous studies, such as the goose reference 
genome (GCA_040182565.1), our assembled Zi goose genome was larger and had longer contig N50 and scaffold 

Term HiFi Contigs (bp) Hi-C Scaffolds (bp)

N50 42,590,201 81,047,141

N90 7,047,446 6,485,889

Max length 165,737,842 222,224,803

Total length 1,303,912,393 1,303,921,693

Table 2.  Statistics of genome assembly results.

Chromosome ID Length (bp) Chromosome ID Length (bp)

Chr01 222,224,303 Chr19 13,864,324

Chr02 165,737,842 Chr20 12,539,600

Chr03 124,048,642 Chr21 11,987,524

ChrZ 85,693,147 Chr22 9,074,446

Chr04 81,046,941 Chr23 7,884,770

Chr05 66,200,929 Chr24 7,296,921

Chr06 42,090,201 Chr25 7,231,402

Chr07 39,171,359 Chr26 6,738,867

Chr08 33,468,513 Chr27 6,485,789

Chr09 27,719,449 Chr28 6,140,342

ChrW 25,512,936 Chr29 5,466,589

Chr10 23,936,533 Chr30 5,458,412

Chr11 22,340,373 Chr31 4,915,013

Chr12 22,164,948 Chr32 4,385,353

Chr13 21,511,482 Chr33 4,025,193

Chr14 19,955,523 Chr34 3,786,409

Chr15 18,185,937 Chr35 3,252,047

Chr16 17,815,345 Chr36 2,898,584

Chr17 17,764,318 Chr37 2,668,542

Chr18 15,482,897 Chr38 1,806,244

Table 3.  Statistics of chromosome lengths after clustering results.
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Fig. 2  Genome-wide Hi-C interaction heatmap for the Zi goose.

Chromosome ID
Gap 
Number Chromosome ID

Gap 
Number

Chr01 2 Chr19 1

Chr02 0 Chr20 1

Chr03 1 Chr21 1

ChrZ 2 Chr22 0

Chr04 0 Chr23 1

Chr05 0 Chr24 2

Chr06 0 Chr25 1

Chr07 1 Chr26 0

Chr08 1 Chr27 1

Chr09 1 Chr28 1

ChrW 0 Chr29 0

Chr10 0 Chr30 1

Chr11 0 Chr31 1

Chr12 1 Chr32 0

Chr13 1 Chr33 2

Chr14 1 Chr34 0

Chr15 1 Chr35 1

Chr16 1 Chr36 2

Chr17 1 Chr37 0

Chr18 2 Chr38 1

Table 4.  Statistics of genome gaps results.
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N50, values, indicating excellent continuity of the Zi goose genome.A circos map of the genome was generated 
using the Circos tool, thereby revealing the basic structure of the Zi goose genome(Fig. 3).

Telomere and centromere identification.  Telomere identification on chromosomes of the Zi goose 
genome was performed using the telomeric repeat sequence TTAGGG, which is specific to most animal spe-
cies, with tidk v0.2.0 software34 (parameter: tidk search–string TTAGGG–output < prefix > –dir < output_
dir > –window 100000 < genome.fa > ). TTAGGG is a 6-bp telomeric repeat motif; therefore, TTAGGG signals 
were quantified in 100-kb windows at both chromosome termini, and terminal windows showing TTAGGG 
counts ≥ 100 with tandem repeat arrays were defined as candidate telomeric sequences to distinguish them from 
sporadic internal matches or non-telomeric terminal sequences.. Centromeric candidate regions were predicted 
using the CentroMiner module of the quarTeT toolkit35 with default settings (parameter: quarTeT CentroMiner 
-i < genome.fa > ). The results demonstrated that the assembled Zi goose genome contains a total of 39 telomeres, 
distributed as follows: telomeres were detected at both ends of 9 chromosomes and at one end of 21 chromo-
somes. In addition, 20 centromeric regions were identified in the genome assembly (Fig. 4).

Annotation of repetitive sequences.  Repetitive sequences in the genome were annotated using a 
combined approach of homology-based alignment and de novo prediction. For homology-based alignment, 
RepeatMasker v2.0.3 software36 (parameters: -nolow -no_is -norna -pa 30) was used, and its component 
RepeatProteinMask was run under default parameters. Genomic sequences were aligned against known trans-
posable elements (TEs) in the widely used Repbase database to identify and annotate repetitive regions37. For 
de novo annotation, RepeatModeler v2.0.2 software38 (parameters: -engine ncbi -pa 30 -LTRStruct) was used to 
construct a custom database of repetitive elements. Repetitive sequences with a length > 100 bp and unknown 
base (N) content < 5% were selected to construct the original TE library. Finally, we integrated the Repbase data-
base with the self-constructed TE library that had undergone redundancy removal using UClust, establishing 
a comprehensive reference set of repetitive sequences. This set was used as input for RepeatMasker to perform 
genome-wide annotation and analysis of repetitive elements. The results revealed that the total length of the iden-
tified repetitive sequences in the goose genome was 260.267,197 bp, accounting for 19.94% of the genome. Within 
the identified repetitive sequences, short interspersed nuclear elements (SINEs) accounted for 0.04% (506,139 bp) 
of the genome, long interspersed nuclear elements (LINEs) represented 6.25% (81,652,793 bp) of the genome, 
long terminal repeats (LTRs) constituted 10.24% (133,711,538 bp) of the genome, DNA transposons made up 
1.10% (14,382,088 bp) of the genome, and unclassified transposable elements accounted for 0.34% (4,451,441 bp) 
of the genome (Table 6).

Prediction of protein-coding genes.  Protein-coding genes in the Zi goose genome were systemati-
cally annotated through an integrated approach encompassing ab initio prediction, homology alignment, and 
RNA-Seq-assisted annotation. For homology-based prediction, homologous protein sequences from related 
species, including Taihu goose (GCF_040182565.1), Sichuan white goose (GCF_002166845.1), Zhedong white 
goose (GCF_000971095.1), Beijing duck (GCF_047663525.1), and Northern pintail (GCF_963932015.1), were 
retrieved from the NCBI database. The protein sequences were aligned to the Zi goose genome using TBLASTN 
v2.2.26 software39 (parameter settings: -e 1e-10 -v 10000 -b 10000), and the screening threshold was an E 
value ≤ 1e−5. Precise splicing site alignment was subsequently performed using GeneWise v2.4.1 software40 
(parameter:-tfor -genesf -gff -sum) to predict the corresponding gene structure. For ab initio prediction, auto-
mated gene prediction was performed using Augustus v3.5 software41 (parameters:–species = pasa1–unique-
GeneId = TRUE–noInFrameStop = TRUE–GFF3 = on–genemodel = complete–strand = both) and SNAP 
v2013-11-29 software42 (parameters: -gff pasa1.hmm). For RNA-Seq-assisted annotation, transcriptome data 
were assembled using Trinity v2.8.5 software43 (parameter:–normalize_reads–full_cleanup–min_glue 2–min_
kme_cov 2). Filtered long-read Iso-seq and short-read RNA-seq data were aligned to the Zi goose genome using 
HISAT2 v2.2.1 software44 under default parameters to identify exons and splice sites. The alignment results were 
subsequently processed using StringTie v2.2.1 software45 with default parameters to predict the transcripts. To 
integrate the prediction results from the three methods, we extracted the maximum integer value of the aver-
age gene length from the GFF files generated by each method as a reference standard, which was input into 
EvidenceModeler v1.1.1 software46 (parameter:–segmentSize 200000–overlapSize 20000–min_intron_length 20) 
for integrated analysis. Moreover, we incorporated terminal exon support information provided by Program 

Type Contig Length Contig Number Scaffold Length Scaffold Number

Total 1,305,484,789 305 1,305,488,053 272

Max 165,737,842 — 222,461,471 —

Number ≥ 2000 — 305 — 272

N50 54,135,724 7 81,055,700 5

N60 30,593,592 10 42,100,974 7

N70 19,447,608 15 23,933,904 12

N80 9,554,331 24 17,815,445 18

N90 3,753,254 46 6,485,889 29

Total Gap — — 3300 33

Table 5.  Statistics of genome assembly after gap filling results.
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to Assemble Spliced Alignment (PASA) and included masked transposable elements in the prediction process, 
ultimately constructing a nonredundant high-quality reference gene set. Genome annotation predicted a total 
of 18,359 protein-coding genes (Table 7). Of these, 17,428 genes (94.93%) were supported by transcript-related 
evidence, including transcript alignments, rna_0.5 evidence, or expression evidence (RPKM > 1 in at least one 
sample). Specifically, 16,479 genes were supported by transcript alignments (rna_0.5). For all evidence types, 
support was defined as an overlap of more than 50% with the gene region (Fig. 5). These genes had a mean length 
of 26,080.24 bp, with coding sequences (CDSs) averaging 1,765.09 bp in length. Each gene contained, on average, 
9.58 exons, with mean exon and intron lengths of 184.29 bp and 2,834.71 bp, respectively (Table 7). We subse-
quently compared the CDS region length, gene length, number of exons, exon length, and intron length of this 
species with those of five other closely related species. The results revealed that the distribution of these elements 
was similar among the closely related species (Fig. 6), which may indicate that this species shares a comparable 
distribution pattern in gene structure with species whose genomes have been published.

Functional annotation of protein-coding genes.  To further annotate gene functions, first, the BLASTP 
v2.2.26 tool (parameter:-max_target_seqs. 1 -evalue 1e-5) was used to align protein sequences against the 
Swiss-Prot47 database (E value ≤ 1e-5), with basic functional annotations assigned to genes based on the best 

e

f

50

100

150

200

Chr01
50

100

150

C
hr02

50

10
0

C
hr

03

50
Chr0

4

50
Chr05

Chr06

Chr07Chr08

Chr09

Chr10

Chr11

Chr12

Chr13

Chr14

Chr15

Chr16

C
hr17

C
hr18

C
hr19

C
hr20

C
hr

21
C

hr
22

C
hr

23
C

hr
24

C
hr

25
Ch

r2
6

Ch
r2

7
Ch

r2
8

Ch
r2

9
Chr

30
Chr

31
Chr3

2 Chr3
3Chr3

4Chr35C
hr36C

hr37Chr38
ChrW

50ChrZ a

b

c

d

h

g

Fig. 3  Circos plot of chromosomes in the Zi goose genome. From outside to inside: (a) Chromosomes, (b) GC 
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match results. Concurrently, Diamond v0.8.22 software48 (parameter:–more-sensitive -k 10 -e 1e-5 -f 6 qseqid-
qlen qstart qend sseqid slen sstart sendpident ppos qcovhsp bitscore evalue–salltitles–threads 10) was employed 
to compare protein sequences with the NR database49 (E value ≤ 1e-5), and functional information from homol-
ogous sequences was transferred to supplement gene function annotations. For the analysis of protein structural 
characteristics, the Pfam database50 was retrieved using InterProScan v5.39 software51 (parameter:-cpu 20 -format 
tsv -appl ProDom,SMART,ProSiteProfiles,PRINTS,Pfam,Panther -iprlookup-dp -goterms) to determine the con-
served motifs and domains, and the corresponding GO52 entries were obtained by association with InterPro 

Fig. 4  Distribution of telomeres and centromeres on chromosomes. The numbers indicate the chromosome 
numbers. The green triangles represent telomeres, and the orange circles represent centromeres. The colour 
gradient from blue (low) to red (high) denotes the relative signal intensity.

Type Genome Number Length(bp) Percentage(%)

SINE 4,119 506,139 0.04

LINE 162,526 81,652,793 6.25

LTR 546,211 133,711,538 10.24

DNA 67,733 14,382,088 1.10

Unknown 15,547 4,451,441 0.34

Total 260,266,197 19.94

Table 6.  Statistics of repeat sequence classification results.

Genome 
Number

Average gene 
length (bp)

Average CDS 
length (bp)

Average exons 
per gene

Average exon 
length (bp)

Average intron 
length (bp)

18,359 26,080.24 1,765.09 9.58 184.29 2,834.71

Table 7.  Statistics of structural prediction results.
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entries53. Additionally, gene sets were mapped to the KEGG pathway database54 to clarify their functional roles in 
metabolic and signalling pathways. Ultimately, 17,592 genes were successfully annotated, accounting for 95.82% 
of all the predicted genes (Table 8).

Annotation of noncoding RNAs.  To identify noncoding RNAs (ncRNAs) in the Zi goose genome, we 
employed a combined strategy integrating database searches and model prediction. First, tRNA sequences were 
predicted using tRNAscan-SE v1.455 with default parameters.. BLASTN v2.2.26 (parameters: -e 1e-10 -v 10000 
-b 10000) was subsequently used to align the genomic sequences against a database of known rRNA sequences 
to identify rRNA-encoding regions. For the identification of miRNA and snRNA sequences, Infernal v1.1.456 was 
used with default parameters to perform alignments against the Rfam database57. In total, 2,654 ncRNAs were 
annotated, including 326 miRNAs, 1,188 rRNAs, 832 tRNAs, and 308 snRNAs (Table 9).

Data Records
The short-read genomic sequencing data generated via DNBSEQ have been deposited in the NCBI Sequence 
Read Archive under accession number SRR3345885158.

Long-read genomic sequencing data produced using PacBio HiFi technology are available in the NCBI 
Sequence Read Archive with the accession number SRR3345885259.

Ultralong-read genomic sequencing data obtained through Nanopore sequencing have been stored in the 
NCBI Sequence Read Archive under accession number SRR3359340460.

Hi-C sequencing data obtained via the Illumina platform have been deposited in the NCBI Sequence Read 
Archive under accession number SRR3345477961.

Transcriptome sequencing data from heart, liver, brain, spleen, lung, kidney, muscle, and ovary tissues, along 
with full-length transcriptome sequencing data from mixed tissues, have been deposited in the NCBI Sequence 
Read Archive under the following accession numbers: SRR3351401962, SRR3351402063, SRR3351402164, 
SRR3351402265, SRR3351402366, SRR3351402467, SRR3351402568, SRR3351402669, and SRR3351367470.

The genome assembly files have been submitted to NCBI GenBank under the accession number 
JBPZTX000000000071.

Genome assembly files and annotation files have also been uploaded to Figshare. (https://doi.org/10.6084/
m9.figshare.29909237)72.

Technical Validation
Genome evaluation.  The assembly quality of the Zi goose genome was evaluated using BUSCOv5.4.7 soft-
ware73 by alignment with the aves_odb10 and vertebrata_odb10 databases of single-copy orthologous genes. For 
the aves_odb10 library (parameters: -i genome.fa -l aves_odb10 -m genome), the results revealed that the overall 
completeness of the genome was 96.8%. Specifically, 96.2% of the genes were complete and single-copy genes, 
0.6% were complete and duplicated, 0.6% were fragmented, and 2.6% were missing. For the vertebrata_odb10 
library (parameters: -i genome.fa -l vertebrata_odb10 -m genome), the results revealed that the overall com-
pleteness of the genome was 95.6%. Specifically, 94.7% of the genes were complete and single-copy genes, 0.9% 
were complete and duplicated, 2.1% were fragmented, and 2.3% were missing. In addition, the completeness 
of the genome protein sequences was evaluated using BUSCO v5.4.7. For the aves_odb10 library (parameters: 
-i proteins.fa -l aves_odb10 -m proteins), the results revealed that the overall completeness of the genome was 
91.7%. Specifically, 90.9% of the genes were complete and single-copy genes, 0.8% were complete and dupli-
cated, 2.9% were fragmented, and 5.4% were missing. For the vertebrata_odb10 library (parameters: -i proteins.
fa -l vertebrata_odb10 -m proteins), the results revealed that the overall completeness of the genome was 90.5%. 

Fig. 5  Venn diagram of gene evidence supporting the Zi goose genome.Regions represent genes supported 
by de novo prediction (denovo_0.5), homologue-based prediction (homolog_0.5), RNA-seq (rna_0.5), active 
transcription (rpkm > 1), and CDS annotations. Overlap > 50% indicates evidence support; numbers indicate gene 
counts. Central overlap highlights high-confidence genes, and peripheral regions show unique supported genes.
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Specifically, 89.4% of the genes were complete and single-copy genes, 1.1% were complete and duplicated, 4.6% 
were fragmented, and 4.9% were missing (Fig. 7). Short-read data were mapped to the genome sequence using 
BWA v0.7.17 software74 with default parameters, with the read mapping rate and genome coverage rate reaching 
99.75% and 99.61%, Additionally, HiFi long-read sequencing data were aligned to the assembled genome using 
minimap2 v2.30 (parameters: minimap2 -x map-hifi -t 50 -a genome.fa hifi.fq.gz), achieving a read mapping 
rate of 99.98% and a genome coverage rate of 99.50%, respectively. ONT long-read sequencing data were also 
aligned to the assembled genome using minimap2 v2.30 (parameters: minimap2 -x map-ont -t 50 -a genome.fa 
ont.fq.gz), resulting in a read mapping rate of 99.99% and a genome coverage rate of 99.26%. Collectively, these 
results demonstrate the high accuracy, consistency, and completeness of the genome assembly. SNP statistics of 
the genome were conducted using SAMtools v1.9 software75 with default parameters, and the results revealed that 
the percentage of all SNPs in the genome was 0.2411%, and the percentage of homologous SNPs was 0.000418%, 
indicating extremely high single-base accuracy of the genome. Through k-mer analysis using Mercury v1.3 soft-
ware76 with default parameters, the genome quality value (QV) estimated based on short-read data was 38.729, 
corresponding to a base accuracy of approximately 99.99% and confirming the high accuracy of the genome.

Taihu goose
Sichuan white goose

Northern pintail

Zhedong white goose
Beijing duck

Zi goose

Fig. 6  Comparison of various components among the genomes of closely related species.

Type Genome Number Percent(%)

Total 18,359 —

NR 16,961 92.39

Swissport 15,974 87.01

KEGG 15,193 82.76

InterPro 17,115 93.22

Pfam 14,461 78.77

GO 14,353 78.18

Annotated 17,592 95.82%

Unannotated 767 4.18

Table 8.  Statistics of gene function annotation results.

Type Copy number Average length(bp) Total length(bp) Percent(%)

miRNA 326 87.423 28,500 0.002

tRNA 832 73.304 60,989 0.005

rRNA 1,188 443.505 526,884 0.040

snRNA 308 126.432 38,941 0.003

Table 9.  Statistics of non-coding RNA annotations results.
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Data availability
All raw sequencing data and the genome assembly generated in this study are publicly available. Short-read, 
long-read, ultralong-read, and high-throughput chromosome conformation capture (Hi-C) genomic sequencing 
data are available in the NCBI Sequence Read Archive (SRA) under accessions SRR33458851, SRR33458852, 
SRR33593404, and SRR33454779. Transcriptome sequencing data from heart, liver, brain, spleen, lung, kidney, 
muscle, and ovary, together with full-length transcriptome sequencing data from a mixed-tissue sample, are 
available in the SRA under accessions SRR33514019, SRR33514020, SRR33514021, SRR33514022, SRR33514023, 
SRR33514024, SRR33514025, SRR33514026, and SRR33513674. The genome assembly has been deposited in 
NCBI GenBank under accession JBPZTX0000000000. The genome annotation files have been deposited in the 
Figshare database (https://doi.org/10.6084/m9.figshare.29909237).

Code availability
All the software utilized in this study is publicly available, and detailed parameter settings are explicitly described 
in the Methods section. In cases where specific parameters were not specified, the default values recommended 
by the software developers were adopted. No custom scripts or programming codes were developed or employed.
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