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Abstract

Background: The hard-shelled mussel (Mytilus coruscus) is widely distributed in the temperate seas of East Asia and is an
important commercial bivalve in China. Chromosome-level genome information of this species will contribute not only to
the development of hard-shelled mussel genetic breeding but also to studies on larval ecology, climate change biology,
marine biology, aquaculture, biofouling, and antifouling. Findings: We applied a combination of Illumina sequencing,
Oxford Nanopore Technologies sequencing, and high-throughput chromosome conformation capture technologies to
construct a chromosome-level genome of the hard-shelled mussel, with a total length of 1.57 Gb and a median contig
length of 1.49 Mb. Approximately 90.9% of the assemblies were anchored to 14 linkage groups. We assayed the genome
completeness using BUSCO. In the metazoan dataset, the present assemblies have 89.4% complete, 1.9% incomplete, and
8.7% missing BUSCOs. Gene modeling enabled the annotation of 37,478 protein-coding genes and 26,917 non-coding RNA
loci. Phylogenetic analysis showed that M. coruscus is the sister taxon to the clade including Modiolus philippinarum and
Bathymodiolus platifrons. Conserved chromosome synteny was observed between hard-shelled mussel and king scallop,
suggesting that this is shared ancestrally. Transcriptomic profiling indicated that the pathways of catecholamine
biosynthesis and adrenergic signaling in cardiomyocytes might be involved in metamorphosis. Conclusions: The
chromosome-level assembly of the hard-shelled mussel genome will provide novel insights into mussel genome evolution
and serve as a fundamental platform for studies regarding the planktonic-sessile transition, genetic diversity, and genomic
breeding of this bivalve.
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Context

Marine mussels, which belong to the phylum Mollusca, settle
on most immersed surfaces of substrata and play a crucial role
in marine ecosystems. As healthy and sustainable food items,
these mussels are beneficial for humans owing to their high
economic value for fishery and aquaculture, constituting >8%
of mollusc aquaculture production [1]. Simultaneously, mussels
are also known as typical macrofouling organisms that result in
detrimental economic and ecological consequences for the mar-
itime and aquaculture industries [2–4]. Mussels have been used
as model organisms for adaptation to climate change, biomon-
itoring, integrative ecomechanics, biomaterials, larval ecology,
settlement and metamorphosis, adhesion, bacteria-host inter-
action, and biofouling and antifouling studies [5–12]. Although
they are significant for biology, ecology, and the economy, whole-
genome information of marine mussels is limited [13, 14] and
this lack of knowledge postpones our understanding the molec-
ular basis of adaption, evolution, breeding, genetic manipula-
tion, bacteria-host interaction, and settlement mechanisms.

Like many other marine invertebrates, marine mussels also
possess a free-swimming larval phase. After this stage, these
minute larvae will settle on the substrata and finish metamor-
phosis transition, accompanied by dramatic remodeling of their
anatomy [4, 15]. Multiple physicochemical stimuli play critical
roles in the process of larval settlement and metamorphosis [15–
17]. Thus, understanding of the larvae-juvenile transition pro-
cess is still a keystone question in marine biology, larval ecol-
ogy, aquaculture, biofouling, and antifouling [4, 15, 18, 19]. The
finding that chemical cues from bacterial biofilms trigger settle-
ment and metamorphosis is widespread among metazoans [15,
16, 18].

The hard-shelled mussel (Mytilus coruscus Gould 1861,
NCBI:txid42192, Fig. 1) mainly inhabits temperate areas along
the coastal waters of China, Japan, Korea, and the Far East of
Russia, covering from the East China Sea to Sea of Japan [20]. In
China, the hard-shelled mussel is an important commercial bi-
valve, as well as a typical macrofouling organism. As a sessile
marine bivalve, the hard-shelled mussel needs to adapt to the
hostile and complex environments of intertidal regions. Most
studies have focused on the planktonic-sessile transition mech-
anism of receptor and biofilm regulation, host-bacteria interac-
tion, aquaculture, and biofouling and antifouling in this species
[3–5, 12, 21–23]. To date, no genome of any member of the genus
Mytilus has been assembled at the chromosome level, although
a draft genome of M. coruscus [24] and an improved genome
of Mytilus galloprovincialis [13, 25] have been reported. The lack
of whole-genome information has hindered the development
of hard-shelled mussel genetic breeding, larval ecology, climate
change biology, marine biology, aquaculture, biofouling, and an-
tifouling studies.

In this study, we report a chromosome-level assembly of the
hard-shelled mussel genome obtained by combining Illumina
sequencing, Oxford Nanopore Technologies (ONT) sequencing,
and high-throughput chromosome conformation capture (Hi-
C) technologies. We validated the genome assemblies by chro-
mosome synteny analysis, comparing them with the published
chromosome-level genomes of the most studied molluscs. Lar-
vae at 5 early developmental stages were subjected to RNA se-
quencing (RNA-seq) analysis for the profiling of gene expression
during metamorphosis. Accessible chromosome-level genome

datasets [26, 27] will facilitate comparative genomics studies on
chromosome rearrangements across different species.

Methods
Sample information and collection

Wild individuals for genome sequencing were collected from the
coast of Shengsi, Zhejiang province, which is the central coast of
the Chinese mainland, and one of the original and main breed-
ing areas of the hard-shelled mussel in China. Farmed and wild
adults were also collected from the coast of Shengsi (122 46.2 E
30 43.8 N and 122 44.4 E, 30 42.6 N, respectively) (Fig. 1). A female
wild adult with a mature ovary was dissected, and the adductor
muscle was collected to isolate high molecular weight genomic
DNA for the sequencing of the reference genome. The DNA ex-
tracted from the farmed and wild populations (10 individuals
per population) was pooled for genome resequencing. Adductor
muscle, mantle, gill, digestive gland, hemocyte, labial palp, fe-
male gonad, male gonad, foot, and gut tissues were dissected
from fresh samples for transcriptome sequencing to assist with
the prediction of protein-coding genes.

Isolation of genomic DNA and RNA

Genomic DNA was extracted from fresh adductor muscle tis-
sue using the sodium dodecyl sulfate extraction method [28]
and then used for sequencing on an ONT PromethION platform
(Oxford Nanopore, Oxford, UK). Using the TIANamp Marine An-
imals DNA kit (Tiangen,Beijing, China), DNA for whole-genome
resequencing was extracted from the muscles of 5 female and
5 male individuals from each population. Using the RNAiso Plus
kit (TaKaRa, Shiga, Japan), total RNA was extracted from 10 dif-
ferent tissues of 5 female and 5 male individuals from each pop-
ulation to obtain a large gene expression dataset. Fresh muscle
cells were crosslinked with formaldehyde, and digestion, mark-
ing of DNA ends, and blunt-end ligation were performed as de-
scribed in a previous study [29]. The purified DNA was used for
Hi-C.

Genome sequencing with different technologies

A combined sequencing strategy was applied to obtain the hard-
shelled mussel genome (Fig. 2). Qualified DNA was filtered us-
ing a BluePippinTM System to extract large fragments. The large-
fragment DNA was used to construct a library using the ONT
Template prep kit and the NEB Next FFPE DNA Repair Mix kit
(New England Biolabs, Ipswich, MA, USA). A high-quality library
with a mean length of 20 kb was sequenced on the ONT Prome-
thION platform with the corresponding R9 cell and ONT se-
quencing reagent kit. A total of 246.8 Gb of data (∼159× coverage)
were generated (Table 1).

Sequencing of Hi-C and genome survey libraries was per-
formed on an Illumina sequencing platform. Briefly, the ex-
tracted DNA was fragmented to a size of 300–350 bp using an
E210 Focused Ultrasonicator (Covaris,Woburn, MA, USA). The
construction of paired-end (PE) libraries encompassed the suc-
cessive steps of end repair, poly(A) addition, barcode index-
ing, purification, and PCR amplification. The libraries were se-
quenced with the Illumina NovaSeq 6000 platform (Illumina,
San Diego, CA, USA) to generate 150-bp PE reads. Sequencing of
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Figure 1: Sequenced individuals and sampling sites. A. Pictures of the sequenced individuals collected in Shengsi. A wild M. coruscus adult was used for genome
sequencing. Both wild and farmed populations were used for resequencing. B. The geographic locations of the sampling sites.

Table 1: Statistics of whole-genome sequencing using Illumina and ONT

Type Method Library size (bp) Reads No. Clean data (Gb) Length (bp) Coverage (×)

Genome Illumina 300–350 1,235,384,620 160.6 150 104
ONT 20,000 11,108,773 246.8 30,945 (N50) 159
Hi-C 832,911,978 249.6 150 161

Transcriptome Illumina 300–350 787,692,308 102.4 150

the Hi-C libraries generated a total of 249.6 Gb of data (∼161×
coverage), and sequencing of the genome survey libraries gen-
erated a total of 160.6 Gb of data (∼104× coverage).

The qualified RNA extracted from the same tissues of 10 in-
dividuals was equally mixed for RNA-seq. The sample was en-
riched in messenger RNA by extracting poly(A) transcripts from
total RNA using oligo-d(T) magnetic beads. Sequencing libraries
were prepared using the NEBNext R© UltraTM RNA Library Prep Kit
for Illumina R© (New England Biolabs, Ipswich, MA, USA) follow-
ing the manufacturer’s recommendations. A total of 10 libraries
were sequenced on the Illumina NovaSeq 6000 platform in a 150-
bp PE mode.

The raw reads from the Illumina sequencing platform were
cleaned using FastQC45 and HTQC46 by the following steps: (i)
filtered reads with adapter sequence; (ii) filtered PE reads with
1 read having >10% N bases; (iii) filtered PE reads with any end
having >50% inferior quality (≤5) bases.

Genome survey and contig assembly

The size of the hard-shelled mussel genome was estimated us-
ing the k-mer–based method implemented in Jellyfish (version
2.3.0) with values of 51-mers [30] and GenomeScope (10,000×
cut-off) [31]. The k-mers refer to all the k-mer frequency distri-
butions from a read obtained through Illumina DNA sequencing.
The homozygous peak of the assembly was at 57× coverage and

the heterozygous peak was at 28× coverage (Fig. 3A). The assess-
ment of genome size by k-mer counting suggested a complete
genome size of ∼1.51 Gb (Fig. 3A), which is close to the final as-
sembly (1.57 Gb) and cytogenetic estimates [32]. Sequence align-
ment between the previous assembly (1.90 Gb) [24] and the one
in this study revealed considerable heterozygous redundancies
in the former. This kind of overestimation of genome size usu-
ally occurs in fragmented assemblies, like the recently published
M. galloprovincialis genome [25].

Genome assembly from long-read data was carried out fol-
lowing 3 methods. First, long reads were de novo assembled using
the Canu (Canu, RRID:SCR 015880) v1.5 software with default pa-
rameters [33]; next, error correction was performed with Racon
v1.3.1 [34]. Then, further polishing with Illumina short-read data
was conducted using Pilon (Pilon, RRID:SCR 014731) v1.22 [35].
The final assembly was ∼1.57 Gb in size, consisting of 6,449 con-
tigs with an overall median length (N50) of 1.49 Mb, while the
previously published draft genome only had an N50 of 0.66 Mb
[24]. The present genome had a heterozygous rate of 1.39% (also
calculated by GenomeScope) and a mean GC content of ∼32%.

Anchoring of the contigs to pseudo-moleculars with
Hi-C data

To complete the assembly of the hard-shelled mussel genome,
Hi-C technology was carried out to generate information on

https://scicrunch.org/resolver/RRID:SCR_015880
https://scicrunch.org/resolver/RRID:SCR_014731
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Figure 2: Workflow of genome sequencing and annotation. The rectangles indicate the steps of data treatment and the diamonds indicate output or input data. ncRNA:
non-coding RNA.

the interactions among contigs. DNA from fresh adductor mus-
cle tissue was used to prepare a Hi-C library. This was then
sequenced on the Illumina NovaSeq 6000 platform, producing
249.6 Gb of reads (Table 1). These reads were aligned to the
assembled contigs using BWA (BWA, RRID:SCR 010910) aligner
v0.7.10-r789 [36]. Lachesis v2e27abb was applied to anchor the
contigs onto the linkage groups using the agglomerative hier-
archical clustering method [37]. Finally, 2,029 contigs represent-
ing 90.9% of the total assemblies were successfully anchored to
14 chromosomes (Table 2); this number was consistent with the
outputs of the karyotype [38]. The unclosed gaps only occupy
0.014% of the assembly (201,500 bp), which is filled with Ns (Ta-
ble 2). The N50 of the anchored contigs was >1.7 Mb, ∼1.14 times
that of the initial assemblies from the ONT long reads.

Genome annotation

A de novo repeat annotation of the hard-shelled mussel genome
was carried out using RepeatModeler (RepeatModeler, RRID:SC

R 015027) version 1.0.11 [39] and RepeatMasker (RepeatMasker,
RRID:SCR 012954) version 4.0.7 [40]. RepeatModeler was used to
construct the repeat library, which was then examined using
2 other programs, RECON and RepeatScout (RepeatScout, RRID:
SCR 014653). The yielded consensus sequences were manually
checked by aligning to the genes from the GenBank database
(nt and nr; released in October 2019) to avoid sequences of the
high-copy genes being masked in following process with Repeat-
Masker. The final repeat library consisted of 2,264 consensus se-
quences with the respective classification information, which
was used to run RepeatMasker against the genome assemblies.
The repetitive sequences constituted a length of 735.6 Mb, repre-
senting 47.4% of the total genome length (Supplementary Table
S1). Simple sequence repeats (SSRs) were identified using Tan-
dem Repeats Finder V 4.04. Only monomers, dimers, trimers,
tetramers, pentamers, and hexamers with ≥4 repeat units were
considered. The total length of the 5,324 identified SSRs was
∼138.0 kb.

https://scicrunch.org/resolver/RRID:SCR_010910
https://scicrunch.org/resolver/RRID:SCR_015027
https://scicrunch.org/resolver/RRID:SCR_015027
https://scicrunch.org/resolver/RRID:SCR_012954
https://scicrunch.org/resolver/RRID:SCR_014653
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Figure 3: Annotation and evolution. A. GenomeScope plot of the 51-mer content within the hard-shelled mussel genome. Estimates of genome size and read data
are shown. B. Venn diagram indicating the number of genes that were annotated in ≥1 database. C. Genomic landscape of M. coruscus. The chromosomes are labeled
as LG01–LG14. From the outer to the inner circle: 5, marker distribution across 14 chromosomes at a megabase scale; 4, gene density across the whole genome; 3,

SNP density; 2 and 1, number of repetitive sequences and GC content across the genome, respectively. 1–5 are drawn in non-overlapping 0.1-Mb sliding windows. The
length of chromosomes is defined by the scale (Mb) on the outer circles. D. Phylogenetic tree based on protein sequences from 12 metazoan genomes, namely, those of
Chlamys farreri (PRJNA185465), Pinctada fucata martensii (GCA 002216045.1), Modiolus philippinarum (GCA 002080025.1), Crassostrea gigas (GCF 000297895.1), Mytilus coruscus,

Bathymodiolus platifrons (GCA 002080005.1), Mizuhopecten yessoensis (GCA 002113885.2), Penaeus vannamei (ASM378908v1), Pecten maximus (GCA 902652985.1), Scapharca

(Anadara) broughtonii (PRJNA521075), Pomacea canaliculata (PRJNA427478), and Haliotis discus hannai (PRJNA317403).

Conserved non-coding RNAs were predicted using the Rfam
11.0 databases. Putative microRNAs and ribosomal RNAs were
predicted using Infernal (Infernal, RRID:SCR 011809) version
1.1.2 [41], and transfer RNAs (tRNAs) were predicted with
tRNAscan-SE (tRNAscan-SE, RRID:SCR 010835) v2.0.3. A total of
9,186 microRNAs, 342 ribosomal RNAs, and 1,881 tRNAs were de-
tected (Supplementary Table S2).

Protein-coding genes were predicted using a combined strat-
egy of ab initio prediction, homology-based prediction, and
transcriptome-based prediction (Fig. 2). The ab initio prediction
was conducted using Augustus (Augustus: Gene Prediction, RR
ID:SCR 008417) version 3.1 [38], GlimmerHMM (GlimmerHMM,
RRID:SCR 002654) version 1.2 [39], and SNAP (version 2006–07-

28) software [42]. For homology-based prediction, protein se-
quences of 2 closely related mollusk species (Modiolus philip-
pinarum and Bathymodiolus platifrons), downloaded from Gen-
Bank, were aligned to the genome assemblies using Exoner-
ate (version 2.2.0) [43]. In parallel, transcriptomic data from
10 tissues (GenBank SRA accession ID: PRJNA578350) were as-
sembled de novo using Trinity (Trinity, RRID:SCR 013048) ver-
sion 2.4.0 [44] and Cufflinks (Cufflinks, RRID:SCR 014597) version
2.2.1 [45]. The outputs of both assemblers were integrated us-
ing PASA, version 2.3.3 [46]. After merging of all of these pre-
dictions using EVidenceModeler (v1.1.0) [46], a total of 37,478
final gene models were generated (Table 3), a number lower
than that of the previously published 42,684 gene models in the

https://scicrunch.org/resolver/RRID:SCR_011809
https://scicrunch.org/resolver/RRID:SCR_010835
https://scicrunch.org/resolver/RRID:SCR_008417
https://scicrunch.org/resolver/RRID:SCR_002654
https://scicrunch.org/resolver/RRID:SCR_013048
https://scicrunch.org/resolver/RRID:SCR_014597
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Table 2: Results of contig anchoring on pseudochromosomes using Hi-C data

LG Length (bp) Gene No.
Contig N50
length (bp) Contig No.

No. of gaps
(bp)

LG01 141,585,364 3,535 2,274,693 122 12,100
LG02 144,576,766 3,347 3,700,000 88 8,700
LG03 99,268,963 2,454 1,068,300 196 19,500
LG04 99,542,347 2,554 894,135 225 22,400
LG05 122,084,758 3,159 2,900,000 96 9,500
LG06 102,382,230 2,442 2,078,006 106 10,500
LG07 122,148,919 2,720 3,437,001 91 9,000
LG08 101,363,610 2,456 2,665,365 138 13,700
LG09 90,511,107 2,243 1,458,983 124 12,300
LG10 94,491,177 2,295 1,062,238 172 17,100
LG11 85,619,405 1,927 619,639 249 24,800
LG12 76,129,233 1,754 767,559 180 17,900
LG13 79,962,191 1,837 2,050,444 117 11,600
LG14 63,392,598 1,391 1,000,000 125 12,400
Total 1,423,058,668 34,114 1,700,000 2,029 201,500

Gaps are preset at 100 Ns.

Table 3: General statistics of the predicted protein-coding genes

Gene set No.
Mean length (bp) Mean exons per

gene
Mean length (bp)

Transcripts CDSs Exons Introns

De novo SNAP 52,359 15,377 488 4.8 101 3,894
GlimmerHMM 196,665 7,017 525 3.3 157 2,776
Augustus 67,930 8,512 1,036 4.1 250 2,380

Homolog B. platifrons 34,836 10,631 784 3.6 217 3,778
M. philippinarum 27,088 7,174 643 2.8 227 3,568

RNAseq 53,578 16,183 966 6.0 275 2,900
Final EVM models 37,478 14,735 1,290 5.9 217 2,727

CDS: coding sequence.

Table 4: General statistics of gene functional annotation

Type No. (%)

Total 37,478 (100)
Annotated

InterPro 32,821 (87.6)
GO 18,497 (49.4)
KEGG 7,625 (20.3)
Swissprot 16,868 (45.0)
NR 31,489 (84.0)
Total 35,471 (94.6)

Unannotated 2,007 (5.4)

draft genome [24]. Functional annotations displayed that 35,471
protein-coding genes (94.6% of the 37,478 gene models) align to
≥1 of the InterPro (version 5.22–61.0) [47], GO [48], KEGG [49],
Swissprot [50], and NCBI non-redundant protein (NR) functional
databases (Table 4; Fig. 3B). This information is illustrated in a
genome landscape map (Fig.3C). Using a bidirectional BLASTp
between the 2 assemblies, we observed that a considerable pro-
portion of heterozygous redundancies (>20%) were probably in-
cluded into the previous draft assemblies (Supplementary Table
S3), which might be owing to the widespread hemizygosity and
massive gene presence/absence variation [25, 51] or assembling
errors.

Phylogenetic analysis

Gene clusters were identified among 12 selected genomes,
namely, those of Chlamys farreri (PRJNA185465), Pinc-
tada fucata martensii (GCA 002216045.1), M. philippinarum
(GCA 002080025.1), Crassostrea gigas (GCF 000297895.1),
B. platifrons (GCA 002080005.1), Mizuhopecten yessoensis
(GCA 002113 885.2), Penaeus vannamei (ASM378908v1), Pecten
maximus (GCA 902652985.1), Scapharca (Anadara) broughtonii
(PRJNA521075), Pomacea canaliculata (PRJNA427478), Halio-
tis discus hannai (PRJNA317403), and M. coruscus, using Or-
thoMCL (OrthoMCL DB: Ortholog Groups of Protein Sequences,
RRID:SCR 007839) version 1.4 with a BLASTp cut-off value of
10−5 and an inflation value of 1.5 [52]. A total of 448 single-copy
genes identified by OrthoDB were aligned and concatenated.
The amino acid sequences were first aligned using MUSCLE
(MUSCLE, RRID:SCR 011812) [53] and then further concatenated
to create 1 supergene sequence for each species and form a data
matrix. The phylogenetic relationships among different super-
genes were then assessed using a maximum-likelihood model
in RAxML (RAxML, RRID:SCR 006086) version 8 [54] with the
optimal substitution model of PROTGAMMAJTT. The robustness
of the maximum-likelihood tree was assessed using the boot-
strap method (100 pseudo-replicates). Furthermore, single-copy
orthologs and 1 reference divergence time on the root node
obtained from the TimeTree database [55] were used to calibrate
the divergence dates of other nodes on this phylogenetic tree
using the MCMCTREE tool in the PAML (PAML, RRID:SCR 014932)

https://scicrunch.org/resolver/RRID:SCR_007839
https://scicrunch.org/resolver/RRID:SCR_011812
https://scicrunch.org/resolver/RRID:SCR_006086
https://scicrunch.org/resolver/RRID:SCR_014932
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package [56]. Visualization of phylogenetic relationships with
FigTree (version 1.4.3) [57] suggested that M. coruscus is the sister
taxon to the clade containing M. philippinarum and B. platifrons,
with a divergence time of ∼129 million years ago (Fig. 3D).

Whole-genome resequencing of farmed and wild
individuals

Chromosome-level genomes allow resequencing and popula-
tion genetic studies. We performed a preliminary assay to detect
sequence variation by sequencing 2 genomic DNA pools of wild
population and farmed population. A total of 50.4 and 46.7 Gb of
Illumina clean reads were finally generated in farmed and wild
samples, respectively. More than 89% of the reads were aligned
to the reference genome with BWA (v0.7.10-r789) [36]. The PCR
duplicates (duplicates introduced by PCR) were removed with
MarkDuplicates in the Picard (Picard, RRID:SCR 006525) toolkit
[58]. Single-nucleotide polymorphisms (SNPs) and small indels
(≤10 bp) were identified with GATK (GATK, RRID:SCR 001876) ver-
sion 3.7 [59] with default parameters and the addition of 3 extra
thresholds to discard unreliable items during post-filter analy-
sis, namely, (i) any 2 SNPs located within 5 bp from each other,
(ii) any 2 indels located within 10 bp from each other, and (iii)
any SNPs located within 5 bp from an indel. Finally, we iden-
tified 5,733,780 SNPs and 1,821,690 small indels in the farmed
population and 5,719,771 SNPs and 1,820,404 small indels in the
wild population. Similar distribution patterns of SNPs and indels
were detected between the farmed and wild population (Sup-
plementary Fig. S1) when 99% of the SNPs/indels were shared
by both populations (Fig. 4A), reflecting that only ∼1% of the se-
quence variations were farmed population specific (FPS) or wild
population specific (WPS). We focused on the differential varia-
tions located in the flanking regions and genic regions, between
the farmed and wild populations, to identify candidate genes
and causal mutations related to morphological traits. The soft-
ware SnpEff version 2.0.5 [60] was applied to detect the effect of
SNPs/indels by comparing the loci of SNPs/indels with those of
protein-coding genes, which revealed that 59 genes carrying FPS
SNPs/indels and 57 genes carrying WPS SNPs/indels underwent
loss of translational start sites, gain or loss of stop codons, or
variants in the acceptor/donor of splicing sites. Some variations
were observed to cluster in farmed population (Fig. 4B), implicat-
ing a potential influence on morphological diversity. In addition,
gene presence/absence variation might play a role in determin-
ing phenotypic traits [25, 51], which should be included in future
resequencing analyses.

Chromosome synteny and evolution in bivalves

To investigate the evolution of the mussel chromosomes, gene
collinearity was constructed by aligning the genes of the king
scallop P. maximus to the reference genomes of the blood clam S.
broughtonii, the hard-shelled mussel M. coruscus, the pearl oyster
P. martensii, and the Pacific oyster C. gigas using MCscan (version
0.8). The parameters of the MCscan alignment were set as -s, 7;
k, 150; m, 250; e, 1e−10. We identified 404 scallop-vs-clam, 276
scallop-vs-mussel, 159 scallop–vs–pearl oyster, and 232 scallop–
vs–Pacific oyster syntenic blocks, which included 10,055, 4,716,
3,636, and 5,009 genes of blood clam, hard-shelled mussel, pearl
oyster, and Pacific oyster, respectively. The mean gene num-
ber per syntenic block was 21.4. King scallop and blood clam
had the highest gene collinearity (Fig. 5A), consistent with their
close phylogenetic relationship in the Bivalvia clade [61] (Fig.
3D). The chromosome synteny illustrated that large-scale rear-

rangements are rare between scallop and mussel but frequent
between scallop and oysters (Fig. 5B–D), as exemplified by con-
siderable structural variations between the scallop and the Pa-
cific oyster genomes (Fig. 5D). The identified cross-chromosome
rearrangements between the scallop and mussel genomes were
different from those between the genomes of scallop and the 2
oyster species (Fig. 5B–E). The scallop linkage groups (PM) 1, 5, 6,
8, 10, 16, 17, 18, and 19 were syntenic to a single mussel chro-
mosome (MC) 8, 9, 3, 4, 10, 13, 11, 12, and 14, respectively. PM 2
and 15 were aligned to the same reference, MC 2; similarly, PM
3 and 14 aligned to MC 5, PM 4 and 7 aligned to MC 1, PM 9 and
12 aligned to MC 7, and PM 11 and 13 aligned to MC 6. Compar-
atively, some additional chromosome rearrangements occurred
between scallop and the 2 oyster species, especially the Pacific
oyster. Both the Pacific oyster chromosome 9 and the pearl oys-
ter chromosome 7 were predominantly syntenic to the scallop
PM 15, suggesting that they might carry conserved genomic re-
gions with the same origin (Fig. 5C–E). Among all the syntenic
chromosomes, we did not observe any chromosome to be en-
tirely conserved in all of the bivalve genomes. Intriguingly, al-
most all of the chromosome rearrangements between the mus-
sel and the oyster genomes were different (Fig. 5E), implicating
independent chromosome fusion events. In addition, the high
gene collinearity between the hard-shelled mussel and another
3 bivalves, the Pacific oyster, blood clam, and pearl oyster, also
reflected the satisfactory quality of the hard-shelled mussel as-
semblies (Fig. 5F–H). The identification of such diverse chromo-
some rearrangements suggested a complex evolutionary history
of bivalve chromosomes.

Metamorphosis-related transcriptome analysis

To profile gene expression during development and metamor-
phosis in hard-shelled mussels, RNA-seq analysis was con-
ducted at 5 developmental stages: trochophore, D-veliger, umbo,
pediveliger, and juvenile (PRJNA689932). The quantification of
gene expression enabled the detection of 33,743 transcripts with
TPMs > 0 at all stages (Supplementary Table S4). The limma sta-
tistical method was used to detect differentially expressed genes
on the basis of linear models [62]. Using the trochophore as con-
trol, 5,795; 6,163; 9,308; and 7,486 upregulated genes [log2(fold-
change) > 1 and adjusted P < 0.05] were identified in D-veliger,
umbo, pediveliger, and juvenile larvae, respectively. Functional
annotation indicated that these were mainly involved in “envi-
ronmental information processing” (“signal transduction” and
“signaling molecules and interaction”) and “cellular processes”
(“transport and catabolism”), in agreement with the key role of
signal transduction and the endocrine system in larval develop-
ment [17].

Because the ability to effectuate metamorphosis develops
during the pediveliger stage [17], we investigate the 774 up-
regulated genes during the transition from the umbo to the pe-
diveliger stage. Functional annotation revealed that they were
mainly used in a network of 6 related pathways: “adrenergic sig-
naling in cardiomyocytes,” “calcium signaling pathway,” “MAPK
signaling pathway,” “protein export,” “endocytosis,” and “cate-
cholamine biosynthesis” (Fig. 6A), which have been reported to
be involved in settlement and metamorphosis [18, 63]. The ex-
pression of most of the genes involved in these pathways in-
creased during ≥1 period (Fig. 6B). Among them, 20 genes have
been functionally identified to be associated with metamorpho-
sis (Supplementary Table S5) and 26 up-regulated encompass-
ing from the umbo to the pediveliger stages belonged to the
categories “adrenergic signaling in cardiomyocytes,” “calcium

https://scicrunch.org/resolver/RRID:SCR_006525
https://scicrunch.org/resolver/RRID:SCR_001876
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Figure 4: Sequence variations between farmed and wild populations. A. Venn diagrams showing the number and distribution of indels and SNPs between the farmed
and wild populations. B. Differences in the number of SNPs on the exons of chitobiase. The rectangles indicate the 14 exons of the chitobiase gene and the lines between
the 14 rectangles indicate introns; the pink matrix represents reads from the farmed population, and the blue matrix represents reads from the wild population. Bases
denoted by capital letters are located on exons, whereas those denoted by small letters are located on introns.

signaling pathway,” and “catecholamine transport,” which was
consistent with the findings of a recent proteome study on lar-
val settlement and the metamorphosis of oysters [63–66]. Al-
though some additional pathways, such as “phagosome” and
“oxytocin signaling pathway,” are also detected, we did not an-
alyze their function in detail because we still lack evidence on
their involvement in metamorphosis. In summary, the analy-
sis of the involved pathways revealed that biosynthesis, trans-
port, and transduction of catecholamines might be critical for
the completion of metamorphosis.

Assembly assessment

The quality of the assembled genome was validated in terms
of completeness, accuracy of the assemblies, and conservation
of synteny. Alignment of Illumina reads against the reference
genome revealed insert sizes of PE sequencing libraries of ∼300–
350 bp and a mapping rate of >96.7%. We assayed the genome
completeness using BUSCO (BUSCO, RRID:SCR 015008) v4.1.4
referencing metazoan and molluscan gene sets. In the meta-
zoan dataset, the present assemblies have 89.4% complete (of
which 1.0% were duplicated), 1.9% incomplete, and 8.7% miss-
ing BUSCOs, corresponding to a recovery of 91.3% of the entire
BUSCO set. In the molluscan dataset, 85.5% complete (of which
1.3% were duplicated), 0.8% incomplete, and 13.7% missing BUS-
COs were recorded, corresponding to 86.3% of the entire BUSCO
set. Motifs with the characteristics of telomeric repeats were de-
tected in 23 termini of the 13 chromosomes, suggesting the com-
pleteness of the assemblies (Supplementary Table S6). The accu-
racy of the genome assembly was evaluated by calling sequence
variants through the alignment of Illumina sequencing data
against the genome. Sequence alignment with BCFtools (ver-

sion 1.3) [67] revealed 368,991 homozygous SNP loci, reflecting an
error rate of <0.02% in the genome assemblies. In addition, the
highly conserved synteny and the strict correspondence of chro-
mosome fusion points and gene assignment identified between
the hard-shelled mussel and king scallop genomes (Fig. 5B) were
indicative of a high-quality assembly of the hard-shelled mus-
sel genome because the king scallop genome is considered as
the best-scaffolded genome available for bivalves [68].

Conclusion

The chromosome-level assemblies of the hard-shelled mussel
genome presented here are a well-assembled and annotated re-
source that could facilitate a wide range of research in mus-
sels, bivalves, and molluscs. The outputs of this study shed light
on chromosome evolution in bivalves, resulting in the regula-
tion of the molecular pathways involved in larval metamor-
phosis. As one of the chromosome-level genome assemblies
of bivalves, this genome dataset will serve as a high-quality
genome platform for comparative genomics at the chromosome
level.

Data Availability

All of the raw Illumina and ONT read data underlying this arti-
cle were deposited to NCBI SRA and the assembled genome was
deposited to GenBank, under the accession No. PRJNA578350.
Gene expression data in different developmental stages is re-
leased under the accession No. PRJNA689255. The corresponding
genome sequences and read alignments (VCF files) are available
in Figshare [69] and GigaDB [70].

https://scicrunch.org/resolver/RRID:SCR_015008
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Figure 5: Chromosome synteny. A. Alignment of king scallop and blood clam chromosomes. B. Alignment of king scallop and hard-shelled mussel chromosomes. C.
Alignment of king scallop and pearl oyster chromosomes. D. Alignment of king scallop and Pacific oyster chromosomes. E. Rearrangements between the chromosomes
of king scallop and those of 4 other bivalve species. The king scallop chromosomes are represented by bars of different colors, and synteny and rearrangements in the
chromosomes of the 4 other bivalves are indicated by different blocks, whose colors correspond to those of the reference king scallop chromosomes; the dashed lines

indicate the corresponding evolutionary relationship. F. Alignment of hard-shelled mussel and blood clam chromosomes. G. Alignment of hard-shelled mussel and
pearl oyster chromosomes. H. Alignment of hard-shelled mussel and Pacific oyster chromosomes. The king scallop linkage groups are labeled as PM 1–19, the blood
clam chromosomes as SB 1–19, the hard-shelled mussel chromosomes as MC 1–14, the pearl oyster chromosomes as PF 1–14, and the Pacific oyster chromosomes as
CG 1–10. Scale unit, Mb. A–D, F–H. The circularized blocks represent the chromosomes of the 5 bivalves. Aligned homologous genes are connected by ribbons, shown

in different colors depending on their chromosome location.
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Figure 6: Spatial and temporal expression of genes involved in development and metamorphosis. A. Expression pattern of genes implied in the pathways of cate-
cholamine biosynthesis and adrenergic signaling in cardiomyocytes, according to KEGG-based annotation. Red rectangles indicate upregulated genes during devel-

opment, red rectangles with black edge indicate upregulated genes at Pediveliger stage and metamorphosis, and white rectangles denote genes that were identified
during KEGG analysis but whose expression did not change. Red bubbles represent the most important pathways in which the upregulated genes are involved. B.
Heat map showing the expression levels of all genes involved in the pathways of catecholamine biosynthesis and adrenergic signaling in cardiomyocytes across 5
developmental stages. These quantification results of gene expression are the averages of 3 replicate samples.
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Supplementary Table S1. Repetitive sequences in the hard-
shelled mussel genome

Supplementary Table S2. Overview of the predicted non-
coding RNAs

Supplementary Table S3. Bidirectional BLASTp between the
previously published gene models of the hard-shelled mussel
and the predicted gene models in this study

Supplementary Table S4. Gene expression profiles during 5
developmental stages

Supplementary Table S5. Genes involved in the pathways of
catecholamine biosynthesis and adrenergic signaling in the car-
diomyocytes were reported to affect metamorphosis

Supplementary Table S6. Information on the motifs with the
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outer to the inner circle: first circle, marker distribution across
14 pseudochromosomes at a megabase scale; green circle, SNP
density across the whole genome; red circle, indel density.

Abbreviations

α-ARA: alpha-1A adrenergic receptor-like; α-ARB: adrenergic
receptor alpha-1B; β2AR: adrenergic receptor beta-2; AC1:

adenylate cyclase 1; AC10: adenylate cyclase 10; Akt: RAC
serine/threonine-protein kinase; BLAST: Basic Local Alignment
Search Tool; bp: base pairs; BUSCO: Benchmarking Univer-
sal Single-Copy Orthologs; BWA: Burrows-Wheeler Aligner;
CaM: calmodulin; CaMKII: calcium/calmodulin-dependent pro-
tein kinase (CaM kinase) II; CAV1: caveolin 1; CAV3: cave-
olin 3; CREB: cyclic AMP-responsive element-binding protein;
DBH: dopamine beta-monooxygenase; DDC: aromatic-L-amino-
acid decarboxylase; DHPR: voltage-dependent calcium channel
gamma-1; Epac: Rap guanine nucleotide exchange factor; ERK:
mitogen-activated protein kinase 1/3; FPS: farmed population
specific; GATK: Genome Analysis Tool Kit; Gb: gigabase pairs;
GC: guanine-cytosine; Gi: guanine nucleotide-binding protein
G(i) subunit alpha; GO: Gene Ontology; Gq: guanine nucleotide-
binding protein G(q) subunit alpha; Gs: guanine nucleotide-
binding protein G(s) subunit alpha; Hi-C: high-throughput chro-
mosome conformation capture; ICER: cAMP response element
modulator; IKS: potassium voltage-gated channel KQT-like sub-
family member 1; IMP2: mitochondrial inner membrane pro-
tease subunit 2; INaK: sodium/potassium-transporting ATPase
subunit alpha; kb: kilobase pairs; KEGG: Kyoto Encyclopedia
of Genes and Genomes; MAOA: monoamine oxidase A; MAOB:
monoamine oxidase B; Mb: megabase pairs; MSK1: ribosomal
protein S6 kinase alpha-5; NCBI: National Center for Biotechnol-
ogy Information; NCX: solute carrier family 8 (sodium/calcium
exchanger); NF-κB: nuclear factor NF-kappa-B p105 subunit;
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NHE: solute carrier family 9 (sodium/hydrogen exchanger); ONT:
Oxford Nanopore Technologies; p38MAPK: p38 MAP kinase;
PASA: Program to Assemble Spliced Alignments; PE: paired end;
PI3K: phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha/beta/delta; PKA: protein kinase A; PKCα: classi-
cal protein kinase C alpha type; PLC: phosphatidylinositol phos-
pholipase C; PP1: serine/threonine-protein phosphatase PP1 cat-
alytic subunit; RAxML: Randomized Axelerated Maximum Like-
lihood; RNA-Seq: RNA sequencing; SNP: single-nucleotide poly-
morphism; SRA: Sequence Read Archive; SSR: simple sequence
repeat; TnI: Troponin I; TPMs: transcripts per million; TPM:
tropomyosin; tRNA: transfer RNA; TYR: tyrosinase; WPS: wild
population specific.
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