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Abstract 
Homologous chromosomes in the diploid genome are thought to contain equivalent genetic information, but this common concept has not 
been fully verified in animal genomes with high heterozygosity. Here we report a near-complete, haplotype-phased, genome assembly of the 
pearl oyster, Pinctada fucata, using hi-fidelity (HiFi) long reads and chromosome conformation capture data. This assembly includes 14 pairs 
of long scaffolds (>38 Mb) corresponding to chromosomes (2n = 28). The accuracy of the assembly, as measured by an analysis of k-mers, 
is estimated to be 99.99997%. Moreover, the haplotypes contain 95.2% and 95.9%, respectively, complete and single-copy BUSCO genes, 
demonstrating the high quality of the assembly. Transposons comprise 53.3% of the assembly and are a major contributor to structural vari-
ations. Despite overall collinearity between haplotypes, one of the chromosomal scaffolds contains megabase-scale non-syntenic regions, 
which necessarily have never been detected and resolved in conventional haplotype-merged assemblies. These regions encode expanded 
gene families of NACHT, DZIP3/hRUL138-like HEPN, and immunoglobulin domains, multiplying the immunity gene repertoire, which we hy-
pothesize is important for the innate immune capability of pearl oysters. The pearl oyster genome provides insight into remarkable haplotype 
diversity in animals.
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1. Introduction
It is fundamental to construct a reference genome assembly 
as a platform to investigate the biological features of living 
organisms. To produce a genome assembly of a diploid or-
ganism, parental haplotypes are often collapsed to consensus 
sequences. This haplotype-merged assembly contains a com-
plete set of genetic information vital for the organism, pro-
viding that parental haplotypes are genetically equivalent. 
This premise is valid for inbred model organisms with nearly 
identical haplotypes or species with low heterozygosity. In 
contrast, a haplotype-merged assembly of a highly heterozy-
gous genome can lose a substantial amount of genetic vari-
ations maintained in only one of the parental haplotypes, 
resulting in a limited view of genetic diversity. This issue has 
been overlooked despite the recent rapid accumulation of 
genome assemblies of wild, non-model organisms that show 
high heterozygosity.

In general, marine invertebrates, including molluscs, have 
highly heterozygotic genomes. This is possibly due in part 
to their large population sizes and enormous fecundity.1,2 
Recently, 12 chromosome-scale genome assemblies of mol-
luscs have been reported using long reads and chromatin 
conformation capture data.3–14 All of these studies produced 
haplotype-merged assemblies, which are mosaics of sequences 
derived from chromosome pairs. As a result, these assemblies 
lose some of the genetic information in a diploid genome and 
can deviate notably from the true haploid genome sequence 
considering the high heterozygosity. It is important to es-
tablish a haplotype-phased genome assembly to thoroughly 
understand the genetic variation between haplotypes that 
characterizes molluscan genomes.

One of the major findings of molluscan genomics was 
remarkable gene family expansions related to immune rec-
ognition in bivalves.15–18 Bivalves are the second-largest 
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group after the Gastropoda in the Phylum Mollusca, rep-
resenting a wide range of habitats in aquatic environments 
from the intertidal zone to the deep seafloor. As they adopt 
filter-feeding and sedentary lifestyles in various habitats, 
lineage-specific gene expansions of the immune system may 
be essential to their ecological success to protect them from 
diverse microbial challenges. Recently, it was proposed that 
immunity and the stress-response gene repertoire are not 
consistent among individuals in the Mediterranean mussel, 
Mytilus galloprovincialis, demonstrating that genome diver-
sity is linked to their evolutionary success.19 To test whether 
genome diversity is present within a species, it is essential to 
establish a haplotype-phased reference genome assembly.

The pearl oyster, Pinctada fucata (order Bivalvia, phylum 
Mollusca), receives special attention from researchers be-
cause of its value in the fishery industry for pearl production. 
Pearls are one of the most beautiful jewels, largely produced 
in Japan since technical innovations in their cultivation in the 
early 20th century.20 For the last decade, natural conditions at 
sites of pearl oyster fisheries have become less hospitable for 
reasons as yet not understood. In the 1990s in Japan, mass 
mortality induced by infectious diseases reduced pearl pro-
duction to about one third over the course of a decade.21,22 
Recently, fisheries have suffered disease outbreaks in juvenile 
and adult pearl oysters that may be related to both pathogens 
and increased seawater temperatures.23,24

In 2012, we published a draft genome of P. fucata (version 
1.0), which was one of the first molluscan draft genomes.25 
Subsequently, we improved the draft assembly (version 2.0) 
by producing more sequence data and applying a duplication 
removal strategy to overcome the high level of heterozygosity 
of the P. fucata genome.15 These initial genome reconstruc-
tions were useful in resolving biological questions such as the 
population structure of the species based on genome-wide 
SNPs.26 However, to accurately understand the complexity 
of the pearl oyster genome and for aquaculture improve-
ment, e.g., genomic selection and GWAS, a more contiguous, 
high-quality genome resource with haplotype information is 
required.

Here we report a fully phased assembly of the P. fucata 
genome that was constructed using PacBio single-molecule 
real-time (SMRT) HiFi long reads and Omni-C chromo-
somal capture data. In addition, we also produced haplotype-
merged genome assembly of P. fucata using a combination 
of sequencing technologies. We show that the quality and 
accuracy of this haplotype-phased assembly surpasses that 
of a haplotype-merged assembly, demonstrating that our 
haplotype-phased genome assembly strategy is effective in 
producing a nearly complete reference genome. Furthermore, 
the pearl oyster genome revealed unexpected diversity be-
tween haplotypes, especially in non-syntenic regions that may 
have a vital role in maintaining pearl oyster innate immunity.

2. Materials and methods
2.1. Materials
For haplotype-phased genome assembly, a wild indi-
vidual kept in an aquaculture farm at Ainoshima Island, 
Fukuoka, Japan (hereafter we refer this individual as to 
AI) was used. For the haplotype-merged genome assembly, 
we obtained an inbred individual produced through three 
successive sib-mating generations at the Pearl Research 
Institute of K. MIKIMOTO & CO., LTD, Shima, Japan 

(MK). The experimental procedure and methods for the 
haplotype-merged MK assembly construction are described 
in Supplementary Text.

For specimen AI, an adductor muscle was sampled, im-
mediately frozen in liquid nitrogen, and stored at −80°C 
until DNA extraction. High-molecular-weight genomic 
DNA was extracted using a Bionano Prep Blood and Cell 
Culture DNA isolation Kit (Bionano Genomics, CA, USA) 
following the manufacturer’s instructions. The size distribu-
tion and concentration of the extracted DNA were assessed 
using a FEMTO Pulse (Agilent Technologies, CA, USA) and 
a Qubit Fluorometer (Thermo Fisher Scientific, MA, USA) 
devices.

2.2. HiFi library construction, sequencing, and 
contig construction for the haplotype-phased 
assembly
Genomic DNA of AI was fragmented to a target size of 22 kb 
using a Megaruptor3 (Diagenode, Belgium). Fragmented 
DNA was then purified using AMPure PB (Pacific Biosciences, 
CA, USA). DNA fragment sizes were confirmed using a Femto 
Pulse System (Agilent Technologies). HiFi SMRTbell libraries 
were constructed using a SMRTbell Express Template Prep Kit 
2.0 following the manufacturer’s protocol. Single-molecule 
sequencing was then conducted in circular consensus se-
quence (CCS) mode on a PacBio Sequel II platform. The 
quality of the obtained HiFi reads was confirmed based on 
k-mer (k = 40) spectra analysis with GeneScope.FK (https://
github.com/thegenemyers/GENESCOPE.FK) and PloidyPlot 
(https://github.com/thegenemyers/MERQURY.FK), which are 
reimplemented and improved versions of GenomeScope 2.0 
and SmudgePlot,27 respectively. We confirmed that both HiFi 
reads and Omni-C reads were generated from a single diploid 
genome (Supplementary Fig. S1C and D), with no contamin-
ation from other individuals or other species. HiFi reads were 
assembled using hifiasm version 0.13-r30828 with default 
parameters. The primary unitigs (*.p_utg.gfa), which contain 
nucleotide sequences of a pair of both haplotypes, generated 
by hifiasm were used as contigs that were subsequently scaf-
folded with Omni-C data.

2.3. Omni-C library preparation, sequencing, and 
scaffolding for final assembly
To construct a chromosome-scale assembly, we obtained 
long-range linkage information based on an in vivo chro-
matin conformation capture library produced with Dovetail’s 
endonuclease-based, proximity-ligation method called 
Omni-C. We further contracted them to perform data gener-
ation. The library was sequenced on an Illumina HiSeqX plat-
form to approximately 30x sequence coverage. The quality of 
the Omni-C read set was confirmed with GeneScope.FK and 
PloidyPlot (k = 21) similarly to the HiFi reads.

Omni-C library sequences were aligned to the hifiasm as-
sembly using bwa (https://github.com/lh3/bwa). Scaffolding 
was then performed by Dovetail using their HiRise pipeline.29 
Distances between Omni-C read pairs mapped within contigs 
were analyzed with HiRise to produce a likelihood model for 
genomic distance between read pairs, and then this model was 
used to identify and break putative misjoins, to score pro-
spective joins, and to make joins above a given threshold. 
Given the HiRise scaffolds, we then eliminated any remaining 
observable structural errors via manual inspection of the 
Omni-C contact map using Juicebox Assembly Tools.30

https://github.com/thegenemyers/GENESCOPE.FK
https://github.com/thegenemyers/GENESCOPE.FK
https://github.com/thegenemyers/MERQURY.FK
http://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsac035#supplementary-data
https://github.com/lh3/bwa
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2.3. Quality assessment of the genome assembly
We basically followed criteria proposed in the Vertebrate 
Genome Project31 for quality assessment of the assembled 
scaffolds. We ran Merqury (v1.3)32 on the HiFi reads to calcu-
late the k-mer (k = 20)-based quality value (QV). To estimate 
structural accuracy, we calculated the reliable block N50 
length using Asset (v1.0.3; https://github.com/dfguan/asset). 
Mappings of HiFi reads and Omni-C reads for Asset were gen-
erated with Winnowmap33 and bwa (v0.7.17),34 respectively, 
using default parameters. To assess genome completeness, we 
ran BUSCO version 5.2.235 with the metazoan_odb10 protein 
set (24 February 2021), using ‘--augustus’ option to predict 
gene sequences.

2.4. Repeat analysis
To develop a de novo repeat library, we ran RepeatModeler 
(version 2.0.1),36 which uses ab initio repeat predic-
tion programs (RepeatScout 1.0.637 and RECON 1.0838). 
Long terminal repeat (LTR) elements were identified using 
LTRharvest39 and LTR_retriever 2.9.0.40 These repeats were 
classified based on BLAST hits to the Repbase library (ver. 
20181026) (https://www.girinst.org/)41 using RepeatMasker 
ver. 4.1.0 (http://www.repeatmasker.org/). Transposable elem-
ents (TEs) not classified by RepeatModeler were analyzed 
using DeepTE.42 The Kimura substitution rates of TEs were 
calculated using the Perl script calcDivergenceFromAlign.
pl bundled in RepeatMasker. Tandem repeats were searched 
using Tandem Repeat Finder (TRF, ver. 4.09),43 and classi-
fied using the Tandem Repeats Analysis Program (TRAP, ver. 
1.1.0).44

2.5. RNA-seq-guided and de novo gene predictions
Total RNA was isolated from frozen specimens using TRIzol 
reagent (Life Technologies, Carlsbad, CA, USA) according to 
the manufacturer’s protocol. Quality and quantity of RNA 
were checked using a Bioanalyzer (Agilent Technologies) 
and quantified using a Qubit fluorometer (Life Technologies, 
Waltham, MA, USA).

Strand-specific cDNA libraries of 15 developmental 
stages from unfertilized egg to umbo larva with eye 
spots (Supplementary Table S4) were constructed with 
TruSeq Stranded mRNA Library Prep (Illumina) re-
agents and sequenced  on an Illumina HiSeq 4000 
instrument. Raw sequence  data were cleaned and quality-
trimmed using Trimmomatic version 0.3645 with options 
‘SLIDINGWINDOW:3:20 LEADING:3 TRAILING:3 
HEADCROP:4 MINLEN:36’. In addition, RNA-seq data 
obtained from previous studies15,46 were also used for gene pre-
diction. RNA-seq reads were mapped to the genome assembly 
using HiSAT2 (ver. 2.1.0)47 to generate a SAM file. The SAM 
file was sorted and transformed to a BAM file using samtools 
(ver. 1.6)48 and converted to GTF format using StringTie (ver. 
2.1.5).49 Then, the GTF file and genome assembly were used 
as inputs for TransDecoder (ver. 5.5.0)50 to predict protein-
coding regions in the genome. Quality-trimmed RNA-seq 
reads were assembled using Trinity (ver. 2.11.0).51

For Iso-Seq, total RNA was extracted from adult tissues 
and embryos at five different stages (Supplementary Table S5). 
Double-stranded cDNA was constructed using a NEBNext 
Single Cell/Low Input cDNA Synthesis & Amplification 
Module (New England Biolabs, USA), according to PacBio 
instructions. Size selection of the PCR product was performed 

using ProNex Size-Selective Chemistry (Promega Corporation, 
USA), and fragments of 2–8 kb were retained. Each SMRTbell 
library was constructed using the Pacific Biosciences SMRTbell 
Express Template Prep Kit 2.0. Fragment size distribution 
was confirmed on a Bioanalyzer High Sensitivity DNA Chip 
(Agilent Technologies) and quantified on a Qubit Fluorometer 
(Thermo Fisher Scientific). Iso-Seq sequencing was carried out 
on a PacBio Sequel II instrument using a Sequel II Sequencing 
2.0 Kit and a SMRT Cell 8M Tray. Iso-Seq data processing 
was performed using the IsoSeq 3.1 software pipeline (Pacific 
Biosciences). CCSs were generated from subreads. Full-length 
non-concatemer reads were selected and clustered to obtain 
full-length isoforms. Polished isoforms were used in the fol-
lowing downstream analysis.

The transcriptome constructed from RNA-seq short reads 
and Iso-Seq reads was fed into the PASA (ver. 2.5) pipeline52 to 
build datasets for training and testing for gene prediction using 
Augustus (ver. 3.3.3).53 To generate hint files for Augustus, 
full-length cDNA sequences deposited at NCBI were Blast-
searched against the genome assembly, and RNA-seq reads 
were mapped to the genome using STAR (ver. 2.7.8a).54 The 
genome assembly, with tandem repeats masked, was used 
for gene prediction using Augustus. Gene models were then 
analyzed using the InterProScan (ver. 5.14-53.0) platform55 
to identify functional domains. Over-representing Pfam do-
mains in non-syntenic regions of scaffold 9 (see section 3.4.) 
were identified using a hypergeometric test (q-value < 0.001), 
adjusted using the Benjamini–Hochberg method in R. Protein 
sequences were also Blastp-searched against both the nr and 
UniProt databases. We also ran BUSCO56 to assess the com-
pleteness of the gene models. Conserved sequence motifs were 
visualized using ggseqlogo.57

2.6. Conserved synteny between haplotypes
To identify syntenic blocks between 2 haplotypes, we ran 
MCScanX58 using Blastp results and gene arrangements with 
the following parameters: match_score: 50, match_size: 10, 
gap_penalty: −1, overlap_window: 5, E_value: 1e-05, max 
gaps: 25. Ka and Ks values of syntenic alleles were calculated 
using the add_kaks_to_MCScanX.pl script provided in the 
collinearity package (https://github.com/reubwn/collinearity).

2.7. Active autonomous transposons
Iso-seq sequences were mapped onto the haploid genome as-
semblies without repeat masking using pbmm2 (ver. 1.4.0, 
code at https://github.com/PacificBiosciences/pbmm2). 
Coding regions confirmed with the Iso-Seq reads were 
blastn-searched against the de novo TE database generated 
using RepeatModeler. Annotated genes were translated using 
TransDecoder (ver. 5.5.0)50 and protein sequences with more 
than 99 amino acids were analyzed using InterProScan (ver. 
5.14-53.0)55 to identify functional domains. We examined 
genes having functional domains related to reverse tran-
scriptase (RT), PIF1-like helicase, integrase, endonuclease, 
and recombinase.

2.8. Identification of genomic structural variations
PacBio HiFi reads were mapped using pbmm2 (ver. 1.4.0). 
Structural variants were called using the Pacific Biosciences 
caller PBSV (version 2.6.0, code at https://github.com/
PacificBiosciences/pbsv), with default settings except for 
adding the ‘--tandem-repeats’ option in the ‘pbsv discover’ 
process to apply tandem repeat annotation generated from 

https://github.com/dfguan/asset
https://www.girinst.org/
http://www.repeatmasker.org/
http://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsac035#supplementary-data
http://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsac035#supplementary-data
https://github.com/reubwn/collinearity
https://github.com/PacificBiosciences/pbmm2
https://github.com/PacificBiosciences/pbsv
https://github.com/PacificBiosciences/pbsv
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the TRAP results. Inserted sequences were blastn-searched 
against the de novo transposon database constructed from 
the P. fucata genome assembly using RepeatModeler.

3. Results
3.1. Genome assembly, quality assessment, and 
gene annotation
To establish a fully phased genome assembly of P. fucata, we 
sequenced genomic DNA of a wild individual from Ainoshima 
Island, Fukuoka, Japan (AI). We knew that the genome has 
significant sequence diversity between homologous chromo-
somes and expected that this high rate of heterozygosity (~3% 
according to GenomeScope) compared with the average error 
rate of PacBio SMRT HiFi sequencing reads (~0.2%) would 
allow us to assemble the two haplotypes separately. We also 
sequenced the genome of an inbred individual produced 
through three successive sib-mating generations cultured 
at the Pearl Research Institute of K. MIKIMOTO & CO., 

LTD, Shima, Japan (MK individual) to produce a haplotype-
merged assembly for comparison (see Supplementary Text in 
detail for the MK assembly).

From the AI genome, we obtained 3,799,879 HiFi 
long reads with an average length of 20.8 kbp (Fig. 1A, 
Supplementary Table S1). Altogether the HiFi reads consti-
tute approximately 67.5× coverage of the P. fucata genome, 
the size of which is approximately 1.15 Gbp as measured 
using flow cytometry.25 An initial AI assembly, produced with 
hifiasm,28 consisted of 2,064 contigs with an N50 length of 
2.56  Mb, showing substantial improvement over our pre-
vious P. fucata assemblies15,25 (Fig. 1B). Using an in vivo 
proximity-ligation method, Omni-C, we contracted the pro-
duction of 34.6× coverage of the genome in 150-bp Illumina 
read pairs giving long-range linkage. These data were used 
to scaffold contigs with HiRise29 into 1,001 scaffolds with 
an N50 of 64.5 Mbp and an N90 of 52.3 Mbp. Finally, we 
manually curated the assembly based on contact map infor-
mation at nine locations (Supplementary Fig. S2). The 28 

Figure 1. A haplotype-phased genome assembly of Pinctada fucata. (A) The sequencing and assembly pipeline to produce the haplotype-phased AI 
genome assembly. (B) An N(x) plot of four P. fucata genome assembly versions shows their relative contiguity. Versions 1.0 and 2.0 correspond to those 
reported in Takeuchi et al. (2012) and Takeuchi et al. (2016), respectively. The AI (haplotype-phased) and MK (haplotype-merged) assemblies are reported 
in this study. (C) A whole genome contact map showing 28 clusters representing chromosomal scaffolds. The colour scale is based on the relative 
interaction value from highest (1, red) to lowest value (<0.001, white).

http://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsac035#supplementary-data
http://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsac035#supplementary-data
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largest scaffolds were deemed to constitute the final diploid 
chromosome set, leaving 71 Mbp (3.7%) of unassembled se-
quence in small scaffolds, likely filling the 1,160 gaps in the 
chromosome-designated scaffolds (Fig. 1C, Supplementary 
Table S2). We assessed the reads by PloidyPlot (https://
github.com/thegenemyers/MERQURY.FK) and confirmed 
that both HiFi reads and Omni-C reads were indeed gener-
ated from a single diploid genome (Supplementary Fig. S1C 
and D), showing that there is no contamination from other 
individuals or other species. Analysis with Merqury32 using 
HiFi reads showed that the k-mer-based QV of the assembly 
is 65.0, i.e. 99.99997% accurate, and k-mer completeness 
reached 98.1%, outperforming any genome assemblies re-
ported in the Vertebrate Genome Project (k-mer QV 33.6–
44.5, k-mer completeness 87.2–98.1%).31 The N50 length of 
reliable blocks, in which no structural errors are thought to 
exist, was estimated with the Asset pipeline as 2.08 Mbp. 
These numbers demonstrate the high quality of the diploid 
assembly (Supplementary Table S2).

The remainder of the analysis in this article focuses on 
the designated 28 chromosomes of the final AI assembly, all 
of which are longer than 38 Mbp. We conducted pairwise 
alignment of these scaffolds using MUMmer59 and iden-
tified 14 pairs of chromosomal scaffolds, which were then 
arbitrarily assigned to one of the chromosome-scale assem-
blies haplotype A or B in the order in which they appeared 
in the assembler software output file (Supplementary Fig. 
S3). The length difference of chromosomal scaffolds between 
haplotypes varies from 10 kb (scaffold 12) to 3.58 Mb (scaf-
fold 8), averaging 1.6  Mb (Supplementary Table S3). The 
length difference between haplotypes is possibly due to se-
quence gaps in the scaffolds as well as structural variations 
(SVs) (Supplementary Fig. S4). Integrity of the two haplo-
type assemblies was assessed using Benchmarking Universal 
Single-Copy Orthologs (BUSCO) analysis with the metazoan 
dataset, showing that each haplotypes contained 95.2% and 
95.9% of complete and single-copy BUSCOs (Supplementary 
Fig. S6), which are slightly higher than that of the haplotype-
merged MK assembly (95.1%, Supplementary Table S2). 
The haplotype assemblies include 0.4% and 0.3% of com-
plete and duplicated BUSCOs, which are lower than that of 
the MK assembly (1.0%). Both haploid genome assemblies 
showed the highest complete single-copy BUSCO and lowest 
complete duplicated BUSCO rate among published bivalve 
genomes (Supplementary Fig. S6). Based on the order of hom-
ologous genes, highly conserved synteny between haplotype 
pairs was confirmed (Fig. 2). These findings strongly imply 
that the 14 pairs of designated chromosome scaffolds, pro-
duced using HiFi long reads and Omni-C scaffolding, con-
stitute a high-quality, nearly complete, haplotype-phased 
reconstruction of the genome of the AI pearl oyster.

Then, genemodel predictions were done for each haplotype. 
To this end, we obtained different types of genetic evidence, 
including RNA-seq short-read (Supplementary Tables S4) and 
Iso-Seq long-read transcriptomic data (Supplementary Tables 
S5) from various developmental stages and different tissues. 
We annotated 32,938 and 32,759 protein-coding genes for 
haplotypes A and B, respectively (Supplementary Table S6). 
BUSCO analysis demonstrated that assembled haplotypes A 
and B contain 94.6% and 96.2% complete metazoan BUSCO 
genes, respectively. These results showed that the assembly 
and annotation both comprise highly complete protein-
coding sequences.

Based on the order of homologous genes, highly conserved 
synteny between the haplotype pairs was confirmed (Fig. 2). 
In addition, putative centromere regions were characterized 
in chromosomal scaffolds 1, 3, 5, 6, 9, and 11 by high GC% 
content and an absence of protein-coding genes. Megabase-
scale inversions are also evident in chromosomal scaffolds 3, 
7, 11, and 13 (Fig. 2 and Supplementary Fig. S3). Notably, 
scaffold 9 includes regions that lack synteny (Fig. 2) and pair-
wise alignment (Supplementary Figs S3I and S12). We con-
firmed that the assembly of these regions was correct because 
(i) there are few gaps in these regions and (ii) coverage of con-
tact map information is comparable to that of other regions 
(Supplementary Figs S3 and S4).

In summary, the present sequencing and assembly strategy 
succeeded in constructing a fully phased, chromosome-scale 
genome assembly. To our knowledge, this P. fucata genome 
assembly outperforms previous pearl oyster genome assem-
blies15,25,60 and is one of the most accurate and continuous 
animal genome assemblies of any species.

3.2. Transposable elements
TEs are major components of the P. fucata genome. We con-
firmed that TEs constitute 53.3% of all nucleotides of the 
AI genome (Fig. 3A, Supplementary Figs S7 and S8, and 
Supplementary Table S7), which greatly surpasses the ver.1 
assembly (1.8%), indicating that accurate long reads suc-
cessfully reconstructed far more TEs. The most abundant 
retrotransposon subclass was LINE (11.58% of the total as-
sembly), mainly composed of Penelope (10.34% of the total 
assembly). Among the LTR-retrotransposons, Gypsy (2.69% 
of the total assembly) was the most abundant in the P. fucata 
genome, consistent with a previous study.61 The other major 
element includes rolling-circle Helitron (8.42%), DNA trans-
posons TcMar (6.49%), and hAT (5.26%). TEs are distrib-
uted unevenly in the P. fucata genome (Fig. 2). For example, 
Helitrons are often found in centromeric regions that typic-
ally show high GC contents and lack protein-coding genes. 
This tendency was reported in plant genomes.62,63

To examine evolution of the TEs in the P. fucata genome, 
we estimated Kimura substitution levels by comparing TE 
copy and its consensus sequence (Fig. 3A, Supplementary 
Fig. S8). Assuming that the TEs are under neutral conditions, 
the older the TE family, the more mutations it contains. The 
landscape of Kimura substitution levels showed that most 
TE sequence divergence was low (4-5%), implying either 
that TEs expanded in number recently or are currently ac-
tive in the P. fucata genome. We applied the same TE anno-
tation pipeline to selected bivalve genomes and found that 
TE proportions vary among bivalve species (Supplementary 
Fig. S8C–G). DNA transposons are the most abundant re-
peat component in all bivalve species examined. LINE is the 
second most abundant element in P. fucata and M. edulis gen-
omes, presumably due to a recent expansion of LINE, as sug-
gested by low Kimura substitution levels (Supplementary Fig. 
S8B and D). In comparison to other bivalves, the P. fucata 
genome is rich in LTR elements with low substitution levels, 
peaking at 1% and comprising 0.6% of the total assembly 
(Supplementary Fig. S8B).

Iso-Seq was used to confirm expression of genes for 
autonomous TEs (Fig. 3B, Supplementary Table S8). 
Autonomous transposons have open-reading frames that 
encode proteins necessary for transposition.64 The RT do-
main (PF00078), which is typically found in autonomous 
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retrotransposons, was detected in all transcriptomes from 
the 5 developmental stages and 6 adult tissue types that we 
examined (Supplementary Fig. S9, Supplementary Table S8). 

We searched full-length Iso-Seq sequences that encode con-
served functional domains of RT for autonomous retrotrans-
poson and transposase for autonomous DNA transposons. 

Figure 2. Collinearity between the 14 chromosomal scaffold pairs of haplotype A and B characterized by syntenic gene arrangement, gene density, 
GC%, and density of transposable elements including LTR, LINE, SINE, Helitron, and DNA transposons. Black arrowheads indicate putative centromere 
regions characterized by high GC% and the absence of protein-coding genes. Red arrowheads indicate examples of gap positions where repetitive 
sequences were missing in the scaffolds. See also supplementary Fig. S4.
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Typical domain architectures of autonomous transposon gene 
products are shown in Fig. 3B. Transcripts encoding the RT 
domain are abundant in both embryos and adult tissues (55–
215 transcripts per library), except for 1-h post-fertilization 
embryos, which contained only 4 transcripts. This indicates 
that TE-related transcripts are rarely, if ever carried from ma-
ternal tissue to the egg, and autonomous TE-related genes are 
zygotically expressed in later developmental stages, possibly 
after the maternal to zygotic transition.

3.3. Structural variations (SVs)
Our haplotype-resolved genome allowed us to accurately 
identify SVs within the genome. SVs include genomic re-
arrangements such as deletions, insertions, inversions, dupli-
cations, and translocations of more than 50 bp.65 To identify 
SVs, PacBio HiFi reads were mapped to the haplotype A as-
sembly. Relative to haplotype B, the haplotype A assembly 

included 75,012 insertions (76.1 Mb) and 72,531 deletions 
(92.5 Mb), corresponding to 8.18% and 9.94% of the hap-
loid assembly, respectively (Supplementary Figs S10 and 
S11, Supplementary Table S9). SVs may contribute, at least 
in part, to the differences in scaffold length between haplo-
types (Supplementary Table S10). The size distribution of in-
sertions showed sharp peaks at particular lengths, and these 
insertions were attributable to specific TEs (Fig. 3C). Among 
the inserted sequences longer than 199 bases, 38,283 of 
46,245 sequences (82.8%) align to TEs in our P. fucata data-
base by a Blastn search. Peaks around 950, 1,200–1,500, 
2,000, and 6,000 bp correspond to PIF, Helitron, hAT, and 
Gypsy transposons, respectively. Those inserted elements of 
similar size represent intact copies; therefore, they emerged 
recently in the P. fucata genome, assuming that sequence 
identity is reduced over time under neutral selection. These 
results indicate that active TEs contribute significantly to the 
structural diversity between haplotypes.

Figure 3. The recent expansion of transposable elements (TEs) shapes the pearl oyster genome. (A) A pie chart summarizes the TE content of the P. 
fucata genome assembly. A histogram shows the distribution of Kimura substitution levels among the TEs. The Kimura substitution level (%) for each 
copy compared with its consensus sequence is used as a proxy for the expansion history of the TEs. In general, TEs show low substitution levels, 
indicating their recent expansion. (B) Examples of domain architectures of TE-related gene products found in the Iso-Seq data. (C) The size distribution 
of insertions in haplotype A. TE copy insertions of similar size indicate that they are less degraded under neutral selection and that they have been 
inserted recently.
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3.4. The presence of non-syntenic regions in 
chromosomal scaffold 9
Sequence collinearity is conserved between haplotypes A 
and B over all chromosomes, as confirmed by k-mer-based 
sequence pairwise alignments (Supplementary Fig. S3) and 
synteny of protein-coding genes (Fig. 2). Exceptionally, 
chromosomal scaffold 9 has highly rearranged regions where 
no synteny was observed over 1  Mb between haplotypes 
(Figs 2 and 4A, Supplementary Figs S3I and S12). The total 
lengths of non-syntenic regions are 13.0 Mb in scaffold 9A 
and 15.4 Mb in scaffold 9B, occupying 23.5% and 28.6% 
of chromosomal scaffold 9, respectively. We analyzed en-
riched Pfam functional domains encoded in these regions 
(Supplementary Fig. S13, Supplementary Tables S11–17). 
Enriched Pfam domains include functional domains related 
to transposons, such as RT (PF00078), integrase (PF00665), 
Pao peptidase (PF05380), PIF1-like helicase (PF05970), and 
DDE endonuclease (PF13359). Haplotype-specific insertions 
of these mobile elements have disrupted the synteny between 
the haplotypes.

We also observed enrichment of immunity-related do-
mains such as NACHT (NAIP, CIITA, HET-E, TP1),66 DZIP3/
hRUL138-like HEPN (higher eukaryotes and prokaryotes 
nucleotide-binding domain),67,68 and immunoglobulin do-
mains in non-syntenic regions (Fig. 4B, Supplementary Fig. 
S13). NACHT and DZIP3/hRUL138-like HEPN domain-
containing protein (DCP) genes exhibit remarkable copy 
number variation and rearrangement between the two haplo-
types (Fig. 4C–H). The P. fucata haploid genome contains 
more than 200 NACHT DCP genes, which is unusual among 
protostome genomes (Fig. 4I, Supplementary Table S18).

Gene expansion in the P. fucata genome allows diverse do-
main combinations with NACHT. In vertebrates, NACHT do-
mains are found in nucleotide-binding domains, leucine-rich 
repeat (LRR)–containing receptors (NLRs),69 which are intra-
cellular pattern recognition receptors to recognize various 
types of pathogens and damage-associated molecules.70 NLRs 
show a tripartite domain architecture of a C-terminal ligand-
sensing LRR domain, a central nucleotide-binding NACHT 
domain, and an N-terminal effector domain, which is respon-
sible for protein–protein interaction.70 A similar domain archi-
tecture is observed in the NACHT DCPs of P. fucata, often 
having a death domain or a DZIP3/hRUL138-like HEPN do-
main at the N-terminus (Fig. 4J and K). In particular, more 
than 50 NACHT DCPs possess DZIP3/hRUL138-like HEPN 
domains at their N-termini, which are overrepresented in the 
bivalve lineage (Fig. 4I and K, Supplementary Tables S18 and 
S19). In addition to LRRs, NACHT DCPs can carry repeat 
motifs, such as a tetratricopeptide repeat (TPR) or a WD40 
repeat at their C-termini (Fig. 4M and N).

The HEPN superfamily contains conserved arginine and 
histidine residues separated by 4–6 variable amino acids 
(Rx4-6H), which is a putative RNase active site.68 In the 
diploid P. fucata genome, 194 of 202 DZIP3/hRUL138-like 
HEPN DCP include a typical Rx4-6H motif (Fig. 4O). Rx4H 
was the most common motif found in 131 proteins. The 
residue immediately after the conserved arginine was typic-
ally asparagine, as observed in diverse HEPN superfamily 
proteins.68

In the non-syntenic region near the centromere of chromo-
somal scaffold 9, immunoglobulin DCP genes are clustered 
(Supplementary Figs S14C and S15). Immunoglobulin DCPs 
often contain a fibronectin III domain and a transmembrane 

domain at their C-termini, while the number of immuno-
globulin domains varies (Supplementary Fig. S15). We also 
analyzed synteny of expanded gene families related to innate 
immunity (C1q) and response to environmental stresses (heat 
shock protein 70, HSP70)15. C1q and HSP70 gene loci are 
consistent between haplotypes and have no significant pres-
ence/absence variation (Supplementary Fig. S14D and E).

3.5. Reduced heterozygosity by inbreeding
We observed a significant reduction of the heterozygosity 
rate after 3 consecutive full-sib matings in the MK strain 
(see Supplementary Text). K-mer-based estimates showed 
that the heterozygosity rate decreased from 3.57% to 2.55% 
(Supplementary Fig. S17). To count sites of single-nucleotide 
polymorphisms (SNPs), we mapped 60 Gbp of short reads 
(approximately 60 times the P. fucata haploid genome 
assembly size) from the original individual and a third-
generation inbred individual to the MK assembly. After the 
3 full-sib matings, the total number of SNP sites dropped 
from 10,141,582 to 3,634,878 (Fig. 5A). The SNP density 
was reduced throughout the chromosomes. Megabase-scale 
runs of homozygosity (ROH) were observed in chromosomal 
scaffolds 3, 6, 9, 10, 12, 13, and 14 (Fig. 5B, Supplementary 
Fig. S18).

4. Discussion
4.1. The haplotype-phased assembly strategy 
outperforms conventional haplotype-merged 
assembly
It is challenging to establish complete reference genome as-
semblies of bivalves due to their high heterozygosity and 
large numbers of repeat elements. Conventionally, genome 
assembly studies have endeavoured to remove redundancy 
in nucleotide sequences of highly heterozygotic diploid bi-
valve genomes to build more continuous genome assem-
blies, by using inbred individual Pacific oysters, Crassostrea 
gigas,71 and Manila clams, Ruditapes philippinarum,18 pro-
duced through sequential sister–brother matings or by using 
a hermaphroditic selfing scallop Patinopecten yessoensis.72 
Afterward, advances in long-read sequencing technology 
have been applied to overcome the complexity of bivalve 
genomes. The major advantage of long-read sequencing 
is the ability to span low-complexity, repetitive regions. 
Furthermore, chromosome conformation capture technology 
can be used to cluster contigs using physical proximity in-
formation of the genome.29 The recent strategy for bivalve 
genome assembly is to combine multiple technologies, re-
sulting in chromosome-scale assembly, which includes scaf-
folds with lengths of several tens of megabases, representing 
a large portion of total assembly size.4,6,9,11,12,14 In molluscs, 
gastropod genomes3,5,7,10,13 and a cephalopod species8 have 
also been assembled to chromosomal scale. Despite these 
chromosome-scale genome assembly efforts for molluscan 
species, all of them are haplotype-merged assembles; there-
fore, they did not fully investigate genetic variation in the 
respective species.

To establish a fully phased genome assembly, we sequenced 
genomic DNA from a wild individual, expecting that the 
genome would have significant sequence diversity between 
homologous chromosomes. The high rate of heterozygosity 
allows us to assemble separate haplotypes in the genome 
sequences. HiFi long-read sequences were assembled using 
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Figure 4. Non-syntenic regions in scaffold 9 contain an expanded repertoire of innate immunity genes. (A) Pairwise alignment of haplotypes A and B 
of scaffold 9. Aligned segments are represented as red (forward alignment) or blue (reverse alignment) dots. (B) Chromosomal positions of NACHT 
(PF05729) and DZIP3/hRUL138-like HEPN (PF18738) domain-containing protein (DCP) genes. Loci of NACHT DCP genes (red arrowheads), DZIP3/
hRUL138-like HEPN DCP genes (blue arrowheads), and genes encoding both domains (purple arrowheads) are enriched in non-syntenic regions 
of scaffold 9. (C–H) The gene order of HEPN and DZIP3/hRUL138-like HEPN DCP genes is marked by grey lines in panel (B). Gene numbers are 
shown in white boxes if more than 9 genes intercalate in the tandem array of NACHT and DZIP3/hRUL138-like HEPN DCP genes. (I) Approximate 
numbers of NACHT and DZIP3/hRUL138-like DCP genes in Protostome species. In contrast to Ecdysozoa, there is wide copy gene number variation 
in Lophotorochozoa, ranging from 0 (Schistosoma mansoni) to 218 (P. fucata). The lineage-specific expansion of NACHT DCP genes in P. fucata is 
evident because the copy number is typically 5–20 in other molluscan species. Abbreviations of species names: Pfu, Pinctada fucata; Cgi, Crassostrea 
gigas; Bpl, Bathymodiolus platifrons; Mph, Modiolus philippinarum; Mye, Mizuhopecten yessoensis; Pma, Pecten maximus; Lgi, Lottia gigantea; Hdi, 
Haliotis discus; Gae, Gigantopelta aegis; Pca, Pomacea canaliculata; Aca, Aplysia californica; Bgl, Biomphalaria glabrata; Obi, Octopus bimaculoides; 
Osi, Octopus sinensis; Sph, Sepia pharaonis; Nge, Notospermus geniculatus; Pau, Phoronis australis; Lan, Lingula anatina; Cte, Capitella teleta; Hro, 
Helobdella robusta; Sma, Schistosoma mansoni; Sme, Schmidtea mediterranea; Cel, Caenorhabditis elegans; Dme, Drosophila melanogaster; Tca, 
Tribolium castaneum. (J–N) Examples of the diverse domain architectures of NACHT DCPs. The number of amino acids is shown at the right. (J, K) P. 
fucata NACHT DCPs with the typical tripartite domain architecture of NLRs, including a C-terminal ligand-sensing leucine-rich repeat (LRR) domain, a 
central nucleotide-binding NACHT domain, and an N-terminal effector domain. (O) Sequence logos for the consensus Rx4-6H motif in DZIP3/hRUL138-
like HEPN domains. In the diploid P. fucata genome, 194 of 202 DZIP3/hRUL138-like HEPN DCPs include the typical Rx4-6H motif. Rx4H was the most 
common motif, found in 131 proteins. The presence of typical Rx4-6H motifs indicates RNase activity of the protein.
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the haplotype-resolved assembler hifiasm28 and proceeded to 
Omni-C scaffolding without a purging step, which is conven-
tionally employed for genome assembly studies to eliminate 
one of the haplotypes. As a result, we succeeded in building a 
pair of chromosomal haploid genome sequences with hugely 
improved quality and contiguity compare to previous assem-
blies (Fig. 1B).

The quality of the haplotype-phased AI assembly is com-
parable to or even better than the haplotype-merged MK as-
sembly (Fig. 1B), which was generated with a conventional 
sequencing strategy, using an inbred individual, combining 
different sequencing approaches, and purging duplicated 
sequences derived from the 2 haplotypes (Supplementary 
Text). For instance, complete and single-copy BUSCO scores 
of haplotype A (95.6%) and B (96.2%) assemblies are slightly 
higher than that of MK assembly (95.1%, Supplementary 
Table S2), indicating that each haploid assembly retains nearly 
complete information in terms of BUSCOs. Our haplotype-
phasing approach using HiFi long-read and Omni-C scaf-
folding produced 2 sets of nearly complete reference genome 
assemblies. This method is straightforward and likely applic-
able to decode genomes of non-model organisms with high 
heterozygosity rates. Therefore, our haplotype-phasing ap-
proach provides an unprecedented opportunity to decode 
bivalve genomes, which are extremely challenging using con-
ventional approaches.

4.2. Active transposon in the pearl oyster genome
TEs are major components of the P. fucata genome, comprising 
53.3% of all nucleotides (Fig. 3A, Supplementary Fig. 7, and 
Supplementary Table S7). This result far exceeds the previous 
estimate of the ver.1 genome assembly, in which TEs comprised 
only 1.8%.25 This proportion was possibly underestimated 

because the previous assembly was constructed from medium 
to short reads generated using Roche 454 and Illumina GAIIx 
platforms, which do not span repetitive sequences.

Our Iso-Seq data indicate genes for autonomous TEs are 
expressed in all developmental stages and adult tissues exam-
ined (Fig. 3B, Supplementary Fig. S9, and Supplementary 
Table S8). LTR-retrotransposons usually encode 2 genes (gag 
and pol) in 1 or 2 open-reading frames.73 The Gag protein 
is involved in formation of virus-like particles. Pol protein 
contains functional domains responsible for transposition, 
including a protease, an integrase, a RT, and a RNaseH. LINE 
retrotransposons include ORF2, which encodes an endo-
nuclease and an integrase.74 Expansion of copy numbers of 
RT genes and a low Kimura substitution level demonstrate 
that these TEs are currently active in the pearl oyster.

4.3. Various immune gene repertoires are retained 
in haplotypes
In general, a pair of homologous chromosomes is assumed 
to show collinearity of alleles across their length. This collin-
earity allows a physical exchange of alleles by recombination 
during meiosis, providing genomic diversity among siblings. 
The idea of collinearity between homologous chromosomes 
within a species has been challenged by studies of plant spe-
cies.75,76 In non-syntenic regions, recombination cannot occur, 
resulting in reduced genome diversity in offspring. At the 
same time, non-syntenic regions can retain different gene rep-
ertoires in copy number and combination, resulting in haplo-
type variations in the population. Therefore, non-syntenic 
regions will consist of a balance between the cost of reduced 
recombination and the benefit of diversified gene repertoires.

The pearl oyster genome has regions lacking collinearity 
between haplotypes, which could not be recognized from 

Figure 5. Reduced heterozygosity after successive inbreeding of the MK line. To calculate the heterozygosity rate, the number of SNPs per 10-kb, 
non-overlapping window was counted. (A) The heterozygosity rate in each chromosomal scaffold. Box plots for the original individual of inbreeding are 
shown in green, those of the third-generation individual in purple. (B) The extremely reduced heterozygosity in third-generation individual is exemplified 
by scaffolds 9 and 13. Megabase-scale ROH regions were observed from 49 to 58 Mb in scaffold 9 and from 0 to 18 Mb in scaffold 13, respectively, 
possibly due to autozygosity by inbreeding.
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conventional haplotype-merged genome assemblies of ani-
mals. Notably, the non-syntenic regions retain a remark-
able gene repertoire of specific functional domains including 
NACHT, DZIP3/hRUL138-like HEPN, and Immunoglobulin 
domains (Fig. 4B–H, Supplementary Figs S13–15).

In vertebrates, NACHT domains are often associated 
with LRRs to constitute NLRs, which recognize intracel-
lular pathogens to activate several innate immune pathways, 
including NF-κB signalling, IL-1β production, and apop-
tosis.69,77 In protostomes, NLRs are absent in fruit flies and 
nematodes,69 while the domain architecture is found in sea 
urchins78 and cnidarians.79,80 In the P. fucata genome, there are 
19 genes encoding a central NACHT domain, an N-terminal 
death domain, and C-terminal LRRs (Fig. 4J, Supplementary 
Table S18). More than 50 NACHT DCPs possess a DZIP3/
hRUL138-like HEPN domain at their N-termini, which 
is overrepresented in the bivalve lineage (Fig. 4I and K, 
Supplementary Tables S18 and S19). Based on their similarity 
to the tripartite domain architecture of canonical NLRs, these 
NACHT DCPs may be responsible for sensing pathogens 
within cells. NACHT DCP can also contain C-terminal repeat 
motifs, such as tetratricopeptide (TPR) and WD40 repeats. 
These domain architectures have been reported in cnidarian 
genomes,80 presumably a convergent event given their distant 
phylogenetic relationship. This shared domain architecture 
between distant lineages portends functional importance. 
Furthermore, NACHT DCPs represent variety of domain 
combinations, copy number variations, and presence/ab-
sence variations between haplotypes (Supplementary Tables 
S19 and S20). The NACHT domain is thought to interact 
with different types of NACHT DCPs, allowing a combina-
torial variety of NACHT DCP oligomers with specificity for 
pathogens.70,81 The diverse gene repertoire in NACHT DCPs 
is possibly responsible for broad reactivity against patho-
gens, although its actual role needs to be examined by further 
analyses.

DZIP3/hRUL138-like HEPN DCPs without NACHT are 
also abundant in the pearl oyster genome (Fig. 4B–H). DZIP3/
hRUL138-like HEPN domains contain a typical Rx4-6H motif 
(Fig. 4O), which is a putative RNase active site.68 It is pos-
sible that these DZIP3/hRUL138-like HEPN DCPs degrade 
RNAs of extraneous viruses and TEs. We also found copy 
number variation of Immunoglobulin (PF13927) genes be-
tween two haplotypes in one individual (Supplementary Figs. 
S14C and S15). This implies a large number of paralogues 
are maintained in the population. An immense gene reper-
toire can maximize the recognition capacities of diverse target 
sequences to countervail viral and microbial challenges.

In aquaculture, artificial selection can improve production 
efficiency by increasing survival and growth rates, and pearl 
quality, in the case of the pearl oysters. However, a major risk 
in artificial selection is inbreeding depression, which is caused 
by the increased homozygosity of deleterious recessive alleles 
or decreased heterozygosity at loci with overdominance, re-
sulting in reduced fitness of offspring.82 Inbreeding depres-
sion in aquaculture has been reported in mollusc species such 
as P. fucata,83 Crassostrea gigas,84 Ostrea edulis,85 Tridacna 
squamosa,86 and Argopecten circularis.87

We confirmed the reduced heterozygosity rate in the P. fucata 
genome after full-sib matings (Fig. 5, Supplementary Figs. 
S17 and S18). ROH in several scaffolds were evident, most 
likely due to autozygosity, in which parents transmit iden-
tical haplotypes from a common ancestor to their offspring.88 

If autozygosity occurred in non-syntenic regions of the pearl 
oyster genome, it would cause reduced fitness of the indi-
vidual by purging half of the innate immunity gene repertoire 
in these regions. It is notable that ROH was not observed in 
non-syntenic regions of scaffold 9 in the MK genome (Fig. 
5B), indicating that this individual retains haplotype diversity 
in the non-syntenic region. Our haplotype-phased genome 
of the wild individual thus suggests that genetic variation in 
haplotypes is vital to maintaining innate immune capacity. We 
can test this hypothesis by analyzing a number of individual 
genomes to see whether there is selection pressure to maintain 
haplotype diversity in this region. If this hypothesis is correct, 
then it is essential to maintain genetic variation in the pearl 
oyster population for sustainable aquaculture.

We produced a fully phased, chromosome-scale genome 
assembly of P. fucata using PacBio HiFi long-read sequencing 
and Omni-C data. The present pearl oyster genome as-
sembly is a substantial improvement over previous versions, 
providing one of the most contiguous and accurate animal 
genomes to date. Our haplotype-phased assembly strategy 
makes it possible to establish nearly complete reference gen-
omes for non-model wild metazoans with high heterozy-
gosity rates that are difficult to maintain in the laboratory. 
An assessment of the nearly complete haploid assembly re-
vealed unexpected differences between its haplotypes: a con-
siderable number of structural variants and megabase-scale 
non-syntenic regions. These non-syntenic regions contained 
remarkably diverse gene repertoires for innate pathogen 
detection, likely essential for survival. The presented pearl 
oyster genome assembly, therefore, provides pivotal infor-
mation for understanding the complexity of the genome and 
the innate immunity of this economically important animal. 
Furthermore, these findings raise questions of whether 
haplotype diversity and the presence of non-syntenic re-
gions are common to other animals, and what genomic evo-
lutionary events generate this genomic complexity. More 
genome assemblies with haplotype phasing are essential to 
examine these questions.
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