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Gapless genome assembly of East 
Asian finless porpoise
Denghua Yin  1,5, Chunhai Chen2,5, Danqing Lin1,5, Jialu Zhang1, Congping Ying3, Yan Liu1, 
Wang Liu3, Zhichen Cao4, Chenxi Zhao2, Chenhe Wang2, Liping Liang2, Pao Xu  1,3 ✉, 
Jianbo Jian2 ✉ & Kai Liu  1,3,4 ✉

In recent years, conservation efforts have increased for rare and endangered aquatic wildlife, especially 
cetaceans. However, the East Asian finless porpoise (Neophocaena asiaeorientalis sunameri), which 
has a wide distribution in China, has received far less attention and protection. As an endangered 
small cetacean, the lack of a chromosomal-level reference for the East Asian finless porpoise limits our 
understanding of its population genetics and conservation biology. To address this issue, we combined 
PacBio HiFi long reads and Hi-C sequencing data to generate a gapless genome of the East Asian finless 
porpoise that is approximately 2.5 Gb in size over its 21 autosomes and two sex chromosomes (X and Y). 
A total of 22,814 protein-coding genes were predicted where ~97.31% were functionally annotated. 
This high-quality genome assembly of East Asian finless porpoise will not only provide new resources for 
the comparative genomics of cetaceans and conservation biology of threatened species, but also lay a 
foundation for more speciation, ecology, and evolutionary studies.

Background & Summary
The finless porpoise (Neophocaena spp.) is a group of small-sized, toothed whales that are mainly distrib-
uted in southern and eastern Asia. Their distribution includes the coastal waters of the western Pacific Ocean, 
Indian Ocean, Sea of Japan, and they also appear in the Bohai Sea, Yellow Sea, East China Sea, South China Sea, 
and middle and lower reaches of the Yangtze River in Chinese waters1,2. Since Cuvier first named the species 
Delphinus phocaenoides in 1829, the taxonomy and nomenclature of the finless porpoise have been controver-
sial3,4. For decades, the finless porpoise was considered to be a single species consisting of three subspecies5–7, 
until Wang and Jefferson et al. concluded that the genus Neophocaena can be divided into two separate species 
based on their morphological and genetic characteristics, including the Indo-Pacific finless porpoise (N. pho-
caenoides) and the narrow-ridged finless porpoise (N. asiaeorientalis). The narrow-ridged finless porpoise can 
also be divided into two subspecies that include the Yangtze finless porpoise (N. a. asiaeorientalis) and the East 
Asian finless porpoise (N. a. sunameri)8,9, and this classification has been generally accepted. In 2018, Zhou et al. 
performed de novo genome sequencing of the Yangtze finless porpoise and re-sequenced three geographic pop-
ulations in Chinese waters to investigate the freshwater adaptation mechanisms of the Yangtze finless porpoise10. 
Their results found that the genetic differentiation between the Yangtze finless porpoise and East Asian finless 
porpoise reached interspecific level, which supports their classification as independent species10.

With conservation, The IUCN Red List of Threatened Species categorized the Yangtze finless porpoise as “criti-
cally endangered” in 201311, and the narrow-ridged finless porpoise as “endangered” in 201712. However, the East 
Asian finless porpoise was not listed separately. The East Asian finless porpoise was listed in the Second Class of 
the National Key Protected Wild Animals List in China announced on February 5, 2021. Similar to other small 
cetaceans throughout the world, the East Asian finless porpoise population faces many critical factors, such as 
marine environment pollution, fishing injury, loss of important habitat, and decline of fish resources under the 
dual influence of global climate change and human activities13. Ultimately, the prospect of East Asian finless 
porpoise increasing in population is not optimistic, and it is extremely urgent to explore more conservation 
efforts for this species.
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With regards to field research, East Asian finless porpoises are mainly found in the temperate waters of the 
west coast of the Pacific Ocean. For example, the coastal waters from the Taiwan Strait through the East China 
Sea north to the Yellow Sea and the Bohai Sea in China, as well as the waters of Korea and Japan7 (Fig. 1). Their 
wide distribution area makes it incredibly difficult to conduct systematic survey assessments for the entire pop-
ulation. Therefore, their total population size has not been accurately reported, which is unfavorable for their 
conservation. Because of these issues, population numbers are only recorded in local areas. Yoshida, Amano 
and Shirakihara assessed the population size of East Asian finless porpoise in the Ariake Sound/Tachibana Bay, 
Chiba/Sendai Bay and the Inland Sea of Japan, and estimated the population size to be 7,572 in the Inland Sea 
of Japan14–16. Population evaluation of the East Asian finless porpoise in China is only found in the Bohai Sea17.

Compared to Yangtze finless porpoise, very few systematic studies have explored the molecular biology, 
ecology, acoustics and feeding behavior of the East Asian finless porpoise over the past 40 years. Ruan et al. 

Fig. 1 Location distribution and photograph of the East Asian finless porpoise, N. a. sunameri. (a) A natural 
distribution map of N. a. sunameri and the sampling site (red star) of the study. (b) N. a. sunameri photographed 
in Penglai Polar Ocean World, Penglai, Shandong, China.
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sequenced and compared the renal transcriptomes between the Yangtze finless porpoise and the East Asian 
finless porpoise to investigate the mechanism of osmotic pressure regulation with adaptation to their different 
habitats18. Additionally, Li et al. used a single hydrophone to record and analyze the echolocation signals of 
East Asian finless porpoises in Liaodong Bay and conducted a comparative study to Yangtze finless porpoises19. 
Further, Dong et al. concluded that the migration pattern of the East Asian finless porpoise population is mainly 
related to the migratory distribution of its preferred fish20, and finless porpoises have a broad diet that largely 
consists of fish, shrimp, and cephalopods21,22. Although these studies help understand finless porpoise migration 
behaviors and adaptation, more research needs to focus on improving conservation efforts for the East Asian 
finless porpoise.

In China, conservation research on the East Asian finless porpoise is less enthusiastic than that on the 
Yangtze finless porpoise. There is a serious lack of basic research on the East Asian finless porpoise, especially 
on its current population size, distribution characteristics, migration patterns, and key habitats. To date, the 
population size and distribution pattern of the East Asian finless porpoise in China are still not systematically 
known, and little is known about its key habitats. Consequently, its conservation biology research should receive 
more attention because it is an endangered marine mammal that is also listed as a second-class key protected 
wild animal in China.

The goal of this study was to assemble a gapless genome for the East Asian finless porpoise to aid in the 
conservation of this species. Here, we report a gapless cetacean genome that was generated through combining 
PacBio HiFi long reads and Hi-C sequencing data. We sequenced and analyzed the genome of the East Asian 
finless porpoise at the chromosomal level to gain a deeper understanding of its genetic background and evolu-
tionary characteristics. The assembled genome size is approximately 2.50 Gb with a contig N50 of 84.69 Mb and 
scaffold N50 of 122.40 Mb. A total of 52 contigs were anchored onto 23 chromosomes (21 autosomes, X and Y 
chromosomes), and one mitochondrion chromosome. This genome contained 7 gapless assemblies of chromo-
some 4 (147 Mb), chromosome 9 (108 Mb), chromosome 11 (102 Mb), chromosome 16 (86 Mb), chromosome 
18 (80 Mb), chromosome 21 (36 Mb), and chromosome X (125 Mb). Consequently, only 28 gaps were retained 
for next step filling in our assembly results. As the telomere-to-telomere assembly of human genome published 
this year23, ultra-long (>100-kbp) nanopore reads can be enable to span complex repeats and complete assem-
blies of the centromeres and telomeres. Gene annotation yielded 22,814 protein-coding genes and 97.31% of 
the predicted genes were annotated in publicly available biological databases, including NR, GO, KOG, KEGG, 
TrEMBL, Interpro and Swissprot. This high-quality assembled genome will provide rich research resources for 
conservation biology and phylogenetic studies on the East Asian finless porpoise, as well as research on genetic 
differentiation and adaptive evolution of other small toothed whales, like the Yangtze finless porpoise.

Methods
Sample collection. A muscle sample was collected from a male specimen of East Asian finless porpoise that 
died in the Yellow Sea near Lianyungang City, Jiangsu Province, China, in 2019 (Fig. 1). No ethical issues were 
considered in this study. The muscle sample was washed 3 times with Phosphate buffer saline (PBS), quickly fro-
zen in liquid nitrogen, and stored at −80 °C until DNA extraction.

WGS library construction and genome size estimation. DNA was extracted from muscle specimen of 
the East Asian finless porpoise using MZ 1.3 (hypervariable minisatellite probe), as well as locus-specific minisat-
ellite probes (g3, MS1 and MS43). For the short insert WGS library, DNA was sheared into fragments between 50 
to 800 bp using a Covaris E220 ultrasonicator (Covaris, Brighton, UK) according to the manufacturer’s instruc-
tions. Fragments between 300 to 400 bp were selected to generate a single-stranded circular DNA library. The 
DNA library was sequenced on a MGISEQ-2000 platform. A total of 232.16 Gb of raw short reads were generated 
and 182.87 Gb of clean data were retained after adaptor removing and low-quality reads filtering by SOAPnuke 
(v2.0)24 with parameters “-n 0.01 -l 20 -q 0.1 -i -Q 2 -G 2 -M 2 -A 0.5” (Supplementary Table S1).

We used KmerGenie (v1.7051)25 to estimate the genome size with varied k-mer sizes from 21 to 121 (Fig. 2a). 
According to the smooth curves of estimated genome size, we obtained the predicted optimal k-mer size of 91 
and the predicted genome size of 2,475,638,739 bp (Fig. 2b). The predicted genome size of the East Asian finless 
porpoise is consistent with that of the Yangtze finless porpoise (2.49 Gb) found in a previous study10.

PacBio library preparation, sequencing, and de novo assembly using HiFi reads. DNA was 
extracted from the same muscle specimen using a QIAGEN Blood & Cell Culture DNA Midi Kit following the 
manufacturer’s instruction (QIAGEN, Germany). After DNA extraction, two sequencing libraries were prepared 
according to the “Using SMRTbell Express Template Prep Kit 2.0 With Low DNA Input” protocol from PacBio 
with an insert size of approximately 20 kb (Pacific Biosciences, USA). The libraries were then sequenced on a 
PacBio Sequel II SMRT cells in circular consensus sequence (CCS) mode. A total of 5 SMRT Cells were sequenced. 
2,397 Gb subreads were processed using the CCS algorithm of SMRTLink (v8.0.0)26 with parameters “–min-
Passes 3 –minPredictedAccuracy 0.99 –minLength 500”, yielding 154 Gb of PacBio’s long high-fidelity (HiFi) 
reads (Supplementary Table S1). With the HiFi reads, the primary contigs were assembled by Hifiasm (v0.15.1)27 
with default parameters. After, the Purge-Haplotigs28 program was used to remove redundant sequences with 
parameters “-j 80 -s 80 -a 30”, which yielded a contig assembly with a size of approximately 2.50 Gb and contig 
N50 of 84.69 Mb (Table 1).

Hi-C library preparation, sequencing, and chromosome anchoring. The same muscle specimen 
was fixed with 1% formaldehyde for 10–30 min at room temperature to coagulate proteins that are involved in 
chromatin interaction in the genome. The restriction enzyme Mbo I (NEB, Ipswich, USA) was then added to 
digest the DNA, and fragments with flat or sticky ends were obtained. The ends were flattened and repaired, and 
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then labeled with biotin. The inter-match fragments were ligated with T4 DNA ligase (Thermo Scientific, USA) to 
form a loop. Proteins that connected the DNA fragments were then digested to obtain the crosslinked fragments, 
and the clip was interrupted again using ultrasound. A Hi-C library was made by capturing the biotin with mag-
netic beads and sequenced on a MGISEQ-2000 instrument. A total of 219.2 Gb of clean data were obtained from 
263.87 Gb of sequencing data using software SOAPnuke (v2.0)24 with parameters “-n 0.01 -l 20 -q 0.1 -i -Q 2 -G 2 
-M 2 -A 0.5” (Supplementary Table S1).

To anchor contigs onto chromosomes, the Hi-C clean data were mapped to the assembled contigs using 
BWA (v0.7.12)29, and then erroneous mappings (MAPQ = 0) and duplicates were filtered by the juicer pipe-
line (v1.5)30 to obtain the interaction matrix. Following, approximately 625.70 Mb reads (~77.77%) were used 
to anchor the contigs into chromosomes with 3D-DNA pipeline (v180,922)31. And 3D-DNA pipeline31 was 
used to remove select short contigs using default parameters. The Hi-C contact maps were then reviewed with 
JUICEBOX Assembly Tools (v2.15.07)30. These processes generated a final genome assembly, where the genome 
size was approximately 2.50 Gb and contig N50 was 84.69 Mb. Remarkably, 52 contigs were linked onto the 21 
autosomes, two sex chromosomes, and one mitochondria sequence (Fig. 3, Tables 1 and 2).

Identification of Y chromosome sequences. Generally, sequence assembly on the Y chromosome 
is a challenge due to its complex repetitive nature. Here, we assembled all the PacBio HiFi reads into contigs 
by Hifiasm27 software, and then filtered the redundant sequences using Purge-Haplotigs28 software. Finally, 
we anchored the non- redundant contigs into scaffold with Hi-C data. In order to identify the Y sequence, we 
mapped the scaffold sequences onto the Y chromosome of Tursiops truncates32. Additionally, we mapped the con-
tig sequences of the East Asian finless porpoise genome into Y chromosome of Tursiops truncates genome using 
Ragtag (v2.1.0)33 with default parameters. Based on the above two methods, we obtained a candidate Y sequence 
with a high degree of similarity. We selected the Y sequence assembled from the first method. The newly assem-
bled Y chromosome sequence is 11.02 Mb in length and contains 82 intact protein-coding gene models. Of these 

Fig. 2 K-mers analysis to estimate the genome size of the East Asian finless porpoise. (a) 182 Gb of high-quality 
data was used to generate 16 different k-mers depth distribution curve frequencies by KmerGenie. The k-mers 
value was automatically set by the software from 21 to 121. The x-axis indicates k-mer size, while the y-axis is 
the number of genomics k-mers at that k-mer size. (b) 91-mer depth frequency distribution. The x-axis is depth 
(X), while the y-axis is the proportion that represents the frequency at that depth divided by the total frequency 
of all depths. The genome size was estimated using the following formula: Genome size = K-mer num/Peak 
depth. The peak depth is approximately 28 and the estimated genome size is 2,475,638,739 bp.

Statistical level Super-scaffold length (bp) Number Contig length (bp) Number

Total number 24 52

Total length (bp) 2,497,855,621 2,497,841,621

Gap number (bp) 14,000 28 0 0

N50 122,398,165 8 84,691,504 13

N90 80,211,367 19 29,542,604 32

Maximum length (bp) 210,684,203 147,659,217

Minimum length (bp) 30,528 27,689

GC content (%) 41.70% 41.70%

BUSCO Evaluation (mammalian) C:95.4%[S:93.7%,D:1.7%],F:1.1%,M:3.5%,n:9226 C:95.2%[S:93.4%,D:1.8%],F:1.3%,M:3.5%,n:9226

Table 1. Statistics of assembly.
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Fig. 3 Genome-wide Hi-C heat maps of the East Asian finless porpoise genome.

ID Length (bp) N% GC%
Contig 
Number

Gap 
Number

Chr01 210,684,203 0 42.41 6 5

Chr02 180,789,114 0 41.57 3 2

Chr03 180,234,385 0 41.12 3 2

Chr04 147,659,217 0 39.5 1 0

Chr05 160,011,187 0 39.86 2 1

Chr06 122,398,165 0 42.1 2 1

Chr07 127,996,830 0 40.55 4 3

Chr08 111,548,431 0 42.51 3 2

Chr09 108,601,407 0 40.45 1 0

Chr10 105,006,622 0 43.17 2 1

Chr11 102,703,641 0 41.69 1 0

Chr12 117,621,280 0 40.99 3 2

Chr13 90,542,439 0 42.83 2 1

Chr14 91,315,151 0 41.74 3 2

Chr15 88,758,320 0 45.88 2 1

Chr16 86,011,275 0 42.87 1 0

Chr17 82,389,581 0 40.76 2 1

Chr18 80,211,367 0 39.43 1 0

Chr19 61,752,428 0 45.74 3 2

Chr20 68,815,040 0 46.24 2 1

Chr21 36,121,570 0 40.92 1 0

X 125,630,717 0 40.24 1 0

Y 11,022,723 0 43.51 2 1

MT 30,528 0 40.76 1 0

Table 2. Chromosomes Length of East Asian finless porpoise.
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82 genes, seven genes were identified as TSPY genes. In humans, these four genes (SRY, TSPY1, TSPY3 and ZFY) 
are linked to the Y chromosome34–39. Accordingly, this assembled Y chromosome sequence is highly reliable.

repeat annotation. Two strategies including de novo and homolog methods were used to annotate repeat 
elements. De novo repeats were identified by RepeatModeler (v1.0.4)40 and long terminal repeats were anno-
tated by LTR-FINDER (v1.0.7)41. DNA and protein transposable elements (TEs) were detected by RepeatMasker 
(v4.0.7)42 and RepeatProteinMasker (v4.0.7), respectively, based on Repbase database43. Tandem repeats were 
performed by Tandem Repeat Finder (v4.10.0)44. We obtained approximately 1.05 Gb (~42.23%) of repetitive 
sequences (Supplementary Table S2), which were similar to the Yangtze finless porpoise10, and 38.63% belonged 
to LINE subfamily (Supplementary Table S3).

Fig. 4 Gene function annotation results in a statistics Venn diagram using five public databases: NR, InterPro, 
KEGG, SwissProt and KOG.

Species
Genome 
Size/Gb

Contig 
N50/Mb

Contig 
Number

Super-scaffold 
N50/Mb

BUSCO 
Evaluation Data Source Sequencing Technology

East Asian finless porpoise 2.50 84.69 52 122.40 C:95.4% This study Pacbio Sequel II HiFi; HiC

Bottlenose dolphin 2.37 9.73 1,003 108.43 C:94.9% GCF_011762595
PacBio Sequel I CLR; Illumina 
NovaSeq; Arima Genomics 
Hi-C; Bionano Genomics DLS

Beluga whale 2.32 0.20 23,189 31.18 C:95.0% GCF_002288925 Illumina HiSeqX

Indo-Pacific humpback dolphin 2.45 0.11 113,866 27.70 C:91.9% GCA_007760645 Illumina HiSeq

Yangtze finless porpoise 2.27 0.09 47,942 6.34 C:94.0% GCF_000442215 Illumina Hiseq. 2000

Killer whale 2.23 0.07 59,440 12.74 C:95.0% GCF_000331955 Illumina HiSeq

Bowhead whale 2.07 0.04 96,651 0.88 C:90.0% bowhead-whale.org Illumina HiSeq. 2000

Sperm whale 2.37 0.04 94,454 122.18 C:92.3% GCF_002837175 BGISEQ-500

Yangtze River dolphin 2.37 0.03 118,297 2.44 C:94.6% GCF_003031525 Illumina HiSeq. 2000

Common minke whale 2.26 0.02 147,744 13.03 C:93.8% GCF_000493695 Illumina HiSeq. 2000

Table 3. Comparison of the East Asian finless porpoise genome with previously published cetacean genomes.
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Protein-coding genes prediction and functional annotation. To predict genes, we generated 32 
RNA-seq samples from blood tissue of the Yangtze finless porpoise specimen (Supplementary Table S4)45,46. 
These reads were then aligned to East Asian finless porpoise genome using Hisat2 (v2.1.0)47 with the follow-
ing parameters: –sensitive –no-discordant –no-mixed -I 1 -X 1000 –max-intronlen 1000000. The aligned 
reads were assembled using Stringtie (v1.3.5)48 with the following parameters: -f 0.3 -j 3 -c 5 -g 100 -s 10000. 
Subsequently, TransDecoder (v5.5.0) (https://github.com/TransDecoder/TransDecoder) was used to identify the 
coding sequence with default parameters. Gene models for the East Asian finless porpoise were also predicted 
by Augustus (v3.2.1)49 for de novo annotation. Homologous proteins of eight reference species were downloaded 
from common databases. Data for the Bowhead whale50 was downloaded from the Bowhead Whale Genome 
Resource (http://www.bowhead-whale.org). Common minke whale51, Beluga whale52, Yangtze River dolphin53, 
Yangtze finless porpoise10, Killer whale54, Bottlenose dolphin54 and Sperm whale were downloaded from the 
National Center for Biotechnology Information (NCBI). GeMoMa (v1.8)55 was used to search coding structures 
based on transcriptome data and homologous proteins. A total of 22,814 coding genes (36,167 transcripts) were 
predicted (Supplementary Table S5). All protein coding genes were supported by at least one prediction method 

Fig. 5 Comparison of sequence synteny between the East Asian finless porpoise and the Yangtze finless 
porpoise. (a) MUMmer was used to identify similar regions between the East Asian finless porpoise and 
Yangtze finless porpoise genome sequences. (b) WGDI was used to detect syntenic blocks between the East 
Asian finless porpoise and Yangtze finless porpoise gene pairs. The x-axis is the chromosome scale of East Asian 
finless porpoise genome, and the y-axis is the contig scale of Yangtze finless porpoise genome.

Species
Gene 
Number

Average 
mRNA 
length 
(bp)

Average 
CDS 
length 
(bp)

Average 
exon per 
gene

Average 
exon 
length 
(bp)

Average 
intron 
length 
(bp) BUSCO

East Asian finless 
porpoise 22,814 64,616 2,035 10 211 5,053 C:97.9%[S:96.7%,D:1.2%],F:0.5%,M:1.6%

Common minke 
whale 18,400 50,782 1,697 10 165 4,702 C:93.9%[S:92.7%,D:1.2%],F:2.1%,M:4.0%

Bowhead whale 22,733 18,102 1,249 7 174 2,505 C:66.2%[S:65.3%,D:0.9%],F:12.9%,M:20.9%

Beluga whale 17,701 48,646 1,761 10 171 5,041 C:96.5%[S:95.7%,D:0.8%],F:0.7%,M:2.8%

Yangtze River 
dolphin 18,877 45,086 1,697 10 180 4,614 C:93.6%[S:93.1%,D:0.5%],F:0.9%,M:5.5%

Yangtze finless 
porpoise 18,479 36,930 1,687 10 166 3,842 C:94.6%[S:94.0%,D:0.6%],F:1.3%,M:4.1%

Killer whale 18,129 51,256 1,749 10 170 4,950 C:96.1%[S:94.6%,D:1.5%],F:0.8%,M:3.1%

Sperm whale 18,626 37,852 1,603 10 166 3,795 C:92.9%[S:92.1%,D:0.8%],F:2.8%,M:4.3%

Bottlenose dolphin 18,418 45,437 1,720 10 174 4,914 C:96.0%[S:94.3%,D:1.7%],F:0.9%,M:3.1%

Table 4. Comparison of the East Asian finless porpoise genes with other representative cetacean gene sets.
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(Supplementary Table S6). The final gene set was functionally annotated by mapping against KEGG56, Swiss-Prot57, 
TrEMBL57, KOG58, InterPro59 and NR (NCBI Non-redundant protein) databases using BLAST (v2.2.26)60 with an 
E-value threshold of 1E-5. The protein domains and motifs were annotated using InterProScan61. GO Ontology 
(GO)62 was obtained from the InterProScan61 results in this study, and 97.31% of the 22,814 proteins were anno-
tated by at least one database (Supplementary Table S7). Of these functional proteins, 16,455 (~72%) were sup-
ported by all five databases (Fig. 4).

Data records
The DNA sequence reads of East Asian finless porpoise (Experiment of DNA sequencing data from 
genome survey library: SRR2104715463; Experiments of DNA sequencing data from Hi-C library: SRR2
076093564-SRR2076093665; Experiments of DNA sequencing data from PacBio HiFi library: SRR209979
31-SRR2099793566–70) have been deposited in the Sequence Read Archive (SRA) under project number 
SRP38952971. The Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank under the acces-
sion JANJGR00000000072. Files of the assembled genome, gene structure annotation, repeat predictions and 
gene functional annotation of East Asian finless porpoise were deposited at Figshare database under DOI code73.

Technical Validation
Evaluation of the genome assembly. By comparing the assembled metrics of the East Asian finless por-
poise to the other cetacean species, our assembly substantially improved because of increased contig and scaffold 
lengths, which indicates that our assembly is highly contiguous. Our gapless genome assembly increased the 
contiguity metrics 941-fold (by contig N50) or 921-fold (by the number of contigs) compared to a previously 
reported Yangtze finless porpoise assembly10. Among the public cetacean genomes, our assembly had the longest 
contig N50 length and smallest gap number, which suggests that our East Asian finless porpoise genome is high 
quality (Table 3).

To assess the completeness of our East Asian finless porpoise genome, we performed an analysis using 
Benchmarking Universal Single-Copy Orthologs (BUSCO, v5.1.0)74 with the mammalia_odb10 database. The 
results showed that 95.4% of the expected mammalian genes (including 93.7% single and 1.7% duplicated ones) 
had complete gene coverage, and 1.1% were identified as fragmented, respectively. However, 3.5% were consid-
ered missing in our East Asian finless porpoise genome. Still, the complete evaluation of the East Asian finless 
porpoise genome is more superior than other current public cetacean genomes (Table 3).

To evaluate the telomere sequences assembled in the East Asian finless porpoise genome, we used the 
Telomere Identification toolkit (Tidk, v0.2.0) (https://github.com/tolkit/telomeric-identifier) to search telomere 
sequences (TTAGGG) along with the genome sequence. From the results, 23 chromosomes detected at least one 
side of telomere sequences, such as Chr5 and Chr11. Individual sequences were identified with partial telomere 
sequences, which should be further investigated and optimized.

To compare the genome consistency between the East Asian finless porpoise and the Yangtze finless porpoise, 
we used MuMmer (v4.0.0)75 to identify similar regions with parameters “–mum -c 500 -l 40” at the genome level. 
Additionally, we also used BLAST60 and WGDI (https://github.com/SunPengChuan/wgdi) software to search 
the synteny blocks with at least ten gene pairs at the gene level. These two analyses revealed that the two genomes 
are highly consistent (Fig. 5).

Evaluation of the gene annotation. We performed BUSCO74 analysis with the mammalia_odb10 data-
base to assess the completeness of the coding sequences for the East Asian finless porpoise. The results showed 
that 97.9% of the expected mammalian genes (including 96.7% single and 1.2% duplicated ones) had complete 
gene coverage, and only 0.5% were identified as fragmented, respectively. However, 1.6% were considered missing 
in our East Asian finless porpoise genome. Compared to other complete evaluations of protein-coding genes, our 
East Asian finless porpoise has a high degree of integrity (Table 4).

Code availability
No specific code was developed for this work. The data analyses were performed according to the manuals and 
protocols provided by the developers of the corresponding bioinformatics tools that are described in the Methods 
section together with the versions used.

Received: 16 August 2022; Accepted: 23 November 2022;
Published: xx xx xxxx

references
 1. Gao, A. L. & Zhou, K. Y. Growth and reproduction of three populations of finless porpoise, Neophocaena phocaenoides, in Chinese 

waters. Aquat Mamm 19, 3–12 (1993).
 2. Jefferson, T. A. Preliminary analysis of geographic variation in cranial morphometrics of the finless porpoise (Neophocaena 

phocaenoides). Raffles Bull Zool 10, 3–14 (2002).
 3. Pilleri, G. & Gihr, M. Contribution to the knowledge of the cetaceans of Pakistan with particular reference to the genera Neomeris, 

Sousa, Delphinus and Tursiops and description of a new Chinese porpoise (Neomeris asiaeorientalis). Investig Cetacea 4, 107–162 
(1972).

 4. Pilleri, G. & Gihr, M. On the taxonomy and ecology of the finless black porpoise, Neophocaena (Cetacea, Delphinidae). Mammalia 
39, 657–673 (1975).

 5. Wang, P. L. The morphological characters and the problem of subspecies identifications of the finless porpoise. Fish Sci 11, 4–8 
(1992).

 6. Wang, P. L. On the taxonomy of the finless porpoise in China. Fish Sci 6, 10–14 (1992).

https://doi.org/10.1038/s41597-022-01868-4
https://github.com/tolkit/telomeric-identifier
https://github.com/SunPengChuan/wgdi


9Scientific Data |           (2022) 9:765  | https://doi.org/10.1038/s41597-022-01868-4

www.nature.com/scientificdatawww.nature.com/scientificdata/

 7. Gao, A. L. & Zhou, K. Y. Geographical variation of external measurements and three subspecies of Neophocaena phocaenoides in 
Chinese waters. Acta Theriol Sin 15, 81–92 (1995).

 8. Wang, J. Y., Frasier, T. R., Yang, S. C. & White, B. N. Detecting recent speciation events: the case of the finless porpoise (genus 
Neophocaena). Heredity 101, 145–155 (2008).

 9. Jefferson, T. A. & Wang, J. Y. Revision of the taxonomy of finless porpoises (genus Neophocaena): the existence of two species. J Mar 
Anim Ecol 4, 3–16 (2011).

 10. Zhou, X. M. et al. Population genomics of finless porpoises reveal an incipient cetacean species adapted to freshwater. Nat Commun 
9, 1276 (2018).

 11. Wang, D., Turvey, S.T., Zhao, X. & Mei, Z. Neophocaena asiaeorientalis ssp. asiaeorientalis. The IUCN Red List of Threatened Species 
https://www.iucnredlist.org/species/43205774/45893487 (2013).

 12. Wang, J. Y. & Reeves, R. Neophocaena Asiaeorientalis. The IUCN Red List of Threatened Species https://www.iucnredlist.org/
species/41754/50381766 (2017).

 13. Kasuya, T. Japanese whaling and other cetacean fisheries. Environ Sci Pollut Res Int 14, 39–48 (2007).
 14. Yoshida, H., Shirakihara, K., Kishino, H. & Shirakihara, M. A population size estimate of the finless porpoise, Neophocaena 

phocaenoides, from aerial sighting surveys in Ariake Sound and Tachibana Bay, Japan. Popul Ecol 39, 239–247 (1997).
 15. Amano, M., Nakahara, F., Hayano, A. & Shirakihara, K. Abundance estimate of finless porpoises off the Pacific coast of eastern Japan 

based on aerial surveys. Mamm Study 28, 103–110 (2003).
 16. Shirakihara, K., Shirakihara, M. & Yamamoto, Y. Distribution and abundance of finless porpoise in the Inland Sea of Japan. Mar Biol 

150, 1025–1032 (2007).
 17. Zuo, T., Sun, J. Q., Shi, Y. Q. & Wang, J. Primary survey of finless porpoise population in the Bohai Sea. Acta Theriol Sin 38, 551–561 

(2018).
 18. Ruan, R., Guo, A. H., Hao, Y. J., Zheng, J. S. & Wang, D. De novo assembly and characterization of narrow-ridged finless porpoise 

renal transcriptome and identification of candidate genes involved in osmoregulation. Int J Mol Sci 16, 2220–2238 (2015).
 19. Li, S. H. et al. Echolocation click sounds from wild inshore finless porpoise (Neophocaena phocaenoides sunameri) with comparisons 

to the sonar of riverine N. p. asiaeorientalis. J Acoust Soc Am 121, 3938–3946 (2007).
 20. Dong, J. H., Wang, G. J. & Xiao, Z. Z. Migration and population difference of the finless porpoise in China. Mar Sci 5, 42–45 (1993).
 21. Lu, Z. C. et al. Analysis of the diet of finless porpoise (Neophocaena asiaeorientalis sunameri) based on prey morphological 

characters and DNA barcoding. Conserv Genet Resour 8, 523–531 (2016).
 22. Chen, B. et al. Finless porpoises (Neophocaena asiaeorientalis) in the East China Sea: insights into feeding habits using 

morphological, molecular, and stable isotopic techniques. Can J Fish Aquat Sci 74, 1628–1645 (2017).
 23. Nurk, S. et al. The complete sequence of a human genome. Science 376, 44–53 (2022).
 24. Chen, Y. X. et al. SOAPnuke: a MapReduce acceleration-supported software for integrated quality control and preprocessing of high-

throughput sequencing data. Gigascience 7, 1–6 (2018).
 25. Chikhi, R. & Medvedev, P. Informed and automated k-mer size selection for genome assembly. Bioinformatics 30, 31–37 (2014).
 26. Chin, C. S. et al. Nonhybrid, finished microbial genome assemblies from long-read SMRT sequencing data. Nat Methods 10, 

563–569 (2013).
 27. Cheng, H. Y., Concepcion, G. T., Feng, X. W., Zhang, H. W. & Li, H. Haplotype-resolved de novo assembly using phased assembly 

graphs with hifiasm. Nat Methods 18, 170–175 (2021).
 28. Roach, M. J., Schmidt, S. A. & Borneman, A. R. Purge Haplotigs: allelic contig reassignment for third-gen diploid genome 

assemblies. BMC Bioinformatics 19, 1–10 (2018).
 29. Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 25, 1754–1760 (2009).
 30. Durand, N. C. et al. Juicer provides a one-click system for analyzing loop-resolution Hi-C experiments. Cell Syst 3, 95–98 (2016).
 31. Dudchenko, O. et al. De novo assembly of the Aedes aegypti genome using Hi-C yields chromosome-length scaffolds. Science 356, 

92–95 (2017).
 32. Xiong, Y., Brandley, M. C., Xu, S. X., Zhou, K. Y. & Yang, G. Seven new dolphin mitochondrial genomes and a time-calibrated 

phylogeny of whales. BMC Evol Biol 9, 1–13 (2009).
 33. Alonge, M. et al. RaGOO: fast and accurate reference-guided scaffolding of draft genomes. Genome Biol 20, 1–17 (2019).
 34. Mayer, A., Lahr, G., Swaab, D. F., Pilgrim, C. & Reisert, I. The Y-chromosomal genes SRY and ZFY are transcribed in adult human 

brain. Neurogenetics 1, 281–288 (1998).
 35. Sinclair, A. H. et al. A gene from the human sex-determining region encodes a protein with homology to a conserved DNA-binding 

motif. Nature 346, 240–244 (1990).
 36. Koopman, P., Gubbay, J., Vivian, N., Goodfellow, P. & Lovell-Badge, R. Male development of chromosomally female mice transgenic 

for Sry. Nature 351, 117–121 (1991).
 37. Salo, P. et al. Molecular mapping of the putative gonadoblastoma locus on the Y chromosome. Genes Chromosomes Cancer 14, 

210–214 (1995).
 38. Tsuchiya, K., Reijo, R., Page, D. C. & Disteche, C. M. Gonadoblastoma: molecular definition of the susceptibility region on the Y 

chromosome. Am J Hum Genet 57, 1400–1407 (1995).
 39. Gegenschatz-Schmid, K., Verkauskas, G., Stadler, M. B. & Hadziselimovic, F. Genes located in Y-chromosomal regions important 

for male fertility show altered transcript levels in cryptorchidism and respond to curative hormone treatment. Basic Clin Androl 29, 
1–8 (2019).

 40. Chen, N. Using Repeat Masker to identify repetitive elements in genomic sequences. Curr protoc Bioinf 5, 4–10 (2004).
 41. Xu, Z. & Wang, H. LTR_FINDER: an efficient tool for the prediction of full-length LTR retrotransposons. Nucleic Acids Res 35, 

W265–W268 (2007).
 42. Price, A. L., Jones, N. C. & Pevzner, P. A. De novo identification of repeat families in large genomes. Bioinformatics 21, i351–i358 

(2005).
 43. Bao, W. D., Kojima, K. K. & Kohany, O. Repbase Update, a database of repetitive elements in eukaryotic genomes. Mob DNA 6, 1–6 

(2015).
 44. Benson, G. Tandem repeats finder: a program to analyze DNA sequences. Nucleic Acids Res 27, 573–580 (1999).
 45. Liu, W. et al. Blood Transcriptome Analysis Reveals Gene Expression Differences between Yangtze Finless Porpoises from Two 

Habitats: Natural and Ex Situ Protected Waters. Fishes 7, 96 (2022).
 46. Yin, D. H. et al. Integrated analysis of blood mRNAs and microRNAs reveals immune changes with age in the Yangtze finless 

porpoise (Neophocaena asiaeorientalis). Comp Biochem Physiol B Biochem Mol Biol 256, 110635 (2021).
 47. Kim, D., Paggi, J. M., Park, C., Bennett, C. & Salzberg, S. L. Graph-based genome alignment and genotyping with HISAT2 and 

HISAT-genotype. Nat Biotechnol 37, 907–915 (2019).
 48. Kovaka, S. et al. Transcriptome assembly from long-read RNA-seq alignments with StringTie2. Genome Biol 20, 1–13 (2019).
 49. Stanke, M., Diekhans, M., Baertsch, R. & Haussler, D. Using native and syntenically mapped cDNA alignments to improve de novo 

gene finding. Bioinformatics 24, 637–644 (2008).
 50. Keane, M. et al. Insights into the evolution of longevity from the bowhead whale genome. Cell Rep 10, 112–122 (2015).
 51. Yim, H. S. et al. Minke whale genome and aquatic adaptation in cetaceans. Nat Genet 46, 88–92 (2014).
 52. Jones, S. J. et al. The genome of the beluga whale (Delphinapterus leucas). Genes 8, 378 (2017).

https://doi.org/10.1038/s41597-022-01868-4
https://www.iucnredlist.org/species/43205774/45893487
https://www.iucnredlist.org/species/41754/50381766
https://www.iucnredlist.org/species/41754/50381766


1 0Scientific Data |           (2022) 9:765  | https://doi.org/10.1038/s41597-022-01868-4

www.nature.com/scientificdatawww.nature.com/scientificdata/

 53. Zhou, X. M. et al. Baiji genomes reveal low genetic variability and new insights into secondary aquatic adaptations. Nat Commun 4, 
1–6 (2013).

 54. Foote, A. D. et al. Convergent evolution of the genomes of marine mammals. Nat Genet 47, 272–275 (2015).
 55. Keilwagen, J., Hartung, F. & Grau, J. GeMoMa: homology-based gene prediction utilizing intron position conservation and RNA-seq 

data. Methods Mol Biol 1962, 161–177 (2019).
 56. Kanehisa, M., Sato, Y., Kawashima, M., Furumichi, M. & Tanabe, M. KEGG as a reference resource for gene and protein annotation. 

Nucleic Acids Res 44, D457–D462 (2016).
 57. Bairoch, A. & Apweiler, R. The SWISS-PROT protein sequence database and its supplement TrEMBL in 2000. Nucleic Acids Res 28, 

45–48 (2000).
 58. Korf, I. Gene finding in novel genomes. BMC bioinformatics 5, 1–9 (2004).
 59. Finn, R. D. et al. InterPro in 2017-beyond protein family and domain annotations. Nucleic Acids Res 45, D190–D199 (2017).
 60. Altschul, S. F., Gish, W., Miller, W., Myers, E. W. & Lipman, D. J. Basic local alignment search tool. J Mol Biol 215, 403–410 (1990).
 61. Mulder, N. J. & Apweiler, R. InterPro and InterProScan: tools for protein sequence classification and comparison. Methods Mol Biol 

396, 59–70 (2007).
 62. Ashburner, M. et al. Gene ontology: tool for the unification of biology. Nat Genet 25, 25–29 (2000).
 63. NCBI Sequence Read Archive https://identifiers.org/ncbi/insdc.sra:SRR21047154 (2022).
 64. NCBI Sequence Read Archive https://identifiers.org/ncbi/insdc.sra:SRR20760935 (2022).
 65. NCBI Sequence Read Archive https://identifiers.org/ncbi/insdc.sra:SRR20760936 (2022).
 66. NCBI Sequence Read Archive https://identifiers.org/ncbi/insdc.sra:SRR20997931 (2022).
 67. NCBI Sequence Read Archive https://identifiers.org/ncbi/insdc.sra:SRR20997932 (2022).
 68. NCBI Sequence Read Archive https://identifiers.org/ncbi/insdc.sra:SRR20997933 (2022).
 69. NCBI Sequence Read Archive https://identifiers.org/ncbi/insdc.sra:SRR20997934 (2022).
 70. NCBI Sequence Read Archive https://identifiers.org/ncbi/insdc.sra:SRR20997935 (2022).
 71. NCBI Sequence Read Archive https://identifiers.org/ncbi/insdc.sra:SRP389529 (2022).
 72. Yin, D. H. et al. Neophocaena asiaeorientalis sunameri isolate NAS202207, whole genome shotgun sequencing project. GenBank 

https://identifiers.org/insdc.gca:GCA_026225855.1 (2022).
 73. Yin, D. H. et al. Gapless genome assembly of East Asian finless porpoise, Neophocaena asiaeorientalis sunameri. figshare https://doi.

org/10.6084/m9.figshare.20381274.v2 (2022).
 74. Simão, F. A., Waterhouse, R. M., Ioannidis, P., Kriventseva, E. V. & Zdobnov, E. M. BUSCO: assessing genome assembly and 

annotation completeness with single-copy orthologs. Bioinformatics 31, 3210–3212 (2015).
 75. Marçais, G. et al. MUMmer4: A fast and versatile genome alignment system. PLoS Comput Biol 14, e1005944 (2018).

Acknowledgements
This work was funded by the National Key R&D Program of China (2021YFD1200304), the Central Public-
interest Scientific Institution Basal Research Fund, Freshwater Fisheries Research Center, CAFS (2021JBFM15) 
and Project of Implementation of Yangtze Finless Porpoise Protection in the Middle and Lower Reaches of 
Yangtze River (2021).

Author contributions
K.L., J.B.J. and P.X. conceived the study. D.H.Y., J.L.Z. and C.P.Y. collected and prepared the samples. C.H.C. 
and C.X.Z. performed bioinformatics analysis. D.H.Y., C.H.C. and J.B.J. wrote the manuscript with significant 
contributions from Y.L., W.L., Z.C.C., L.P.L. and C.H.W. K.L. and D.Q.L. provided the financial support. All 
authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at https://doi.
org/10.1038/s41597-022-01868-4.
Correspondence and requests for materials should be addressed to P.X., J.J. or K.L.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2022

https://doi.org/10.1038/s41597-022-01868-4
https://identifiers.org/ncbi/insdc.sra:SRR21047154
https://identifiers.org/ncbi/insdc.sra:SRR20760935
https://identifiers.org/ncbi/insdc.sra:SRR20760936
https://identifiers.org/ncbi/insdc.sra:SRR20997931
https://identifiers.org/ncbi/insdc.sra:SRR20997932
https://identifiers.org/ncbi/insdc.sra:SRR20997933
https://identifiers.org/ncbi/insdc.sra:SRR20997934
https://identifiers.org/ncbi/insdc.sra:SRR20997935
https://identifiers.org/ncbi/insdc.sra:SRP389529
https://identifiers.org/insdc.gca:GCA_026225855.1
https://doi.org/10.6084/m9.figshare.20381274.v2
https://doi.org/10.6084/m9.figshare.20381274.v2
https://doi.org/10.1038/s41597-022-01868-4
https://doi.org/10.1038/s41597-022-01868-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Gapless genome assembly of East Asian finless porpoise
	Background & Summary
	Methods
	Sample collection. 
	WGS library construction and genome size estimation. 
	PacBio library preparation, sequencing, and de novo assembly using HiFi reads. 
	Hi-C library preparation, sequencing, and chromosome anchoring. 
	Identification of Y chromosome sequences. 
	Repeat annotation. 
	Protein-coding genes prediction and functional annotation. 

	Data Records
	Technical Validation
	Evaluation of the genome assembly. 
	Evaluation of the gene annotation. 

	Acknowledgements
	Fig. 1 Location distribution and photograph of the East Asian finless porpoise, N.
	Fig. 2 K-mers analysis to estimate the genome size of the East Asian finless porpoise.
	Fig. 3 Genome-wide Hi-C heat maps of the East Asian finless porpoise genome.
	Fig. 4 Gene function annotation results in a statistics Venn diagram using five public databases: NR, InterPro, KEGG, SwissProt and KOG.
	Fig. 5 Comparison of sequence synteny between the East Asian finless porpoise and the Yangtze finless porpoise.
	Table 1 Statistics of assembly.
	Table 2 Chromosomes Length of East Asian finless porpoise.
	Table 3 Comparison of the East Asian finless porpoise genome with previously published cetacean genomes.
	Table 4 Comparison of the East Asian finless porpoise genes with other representative cetacean gene sets.




