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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 not only contribute 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.
Comparison to the Core Eukaryotic Genes Mapping Approach (CEGMA) metazoan
complement revealed that the genome possesses 91.9% of core metazoan orthologs.
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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Dear Dr. Hans Zauner
Giga Science

Thank you so much for your time and valuable help in improving the manuscript.
Please find below our detailed responses addressing the comments (answers in blue).

Reviewer Comments:
Reviewer #2:
The response by Yang et al has mostly addressed my concerns. However, I have a
few remaining points to address, which should be corrected before acceptance.
Major points to address:
1) the main text tables have not been provided, and I am unable to assess their
contents. I do not need to see these again provided the editor can confirm their
veracity.
in answer to my major point 1) regarding N content as I cannot see if this information is
provided in the table, please ensure that it is noted either in the main text or in the table
legend that gaps are preset at 100Ns, and may be longer or shorter. It may be useful to
give a "total number of gaps" figure in this table.
Yes, total numbers of gaps are listed in Table 2 of the revision, which describes that
each gap is preset at 100 Ns (Line 675-676).

2) for Figure 5 it is still confusing why M. coruscus is not compared to all the other
genomes, rather than doing these comparisons with another species (which has been
studied previously). Would you like to show more M. coruscus results?
Thanks for your suggestion. We construct the synteny between M. coruscus and four
reported chromosome-level genomes in the revision (Fig. 5). In the main text (Fig.5), P.
maximus is selected as a reference to illustrate gene collinearity (P. maximus vs
another 4 species, including M. coruscus) due to its slow evolution. The synteny
between the hard-shelled mussel and another three species (Pacific oyster, blood
clam, pearl oyster) is added in the Fig. 5g-h of the revision (mentioned in main text Line
309-312, Line 475-478) as the follows:
In addition, the high gene collinearity between the hard-shelled mussel and another
three bivalves of the Pacific oyster, blood clam and pearl oyster also reflected the
satisfied quality of the hard-shelled mussel assemblies (Fig. 5f-h).

Figure 5. Chromosome synteny. a. Alignment of king scallop and blood clam
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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 four other bivalve species. The king scallop chromosomes
are represented by bars of different colors, and synteny and rearrangements in the
chromosomes of the four 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 to 19, the blood
clam chromosomes as SB 1 to 19, the hard-shelled mussel chromosomes as MC 1 to
14, the pearl oyster chromosomes as PF 1 to 14, and the Pacific oyster chromosomes
as CG 1 to 10. Scale unit, Mb. a–d, f-h. The circularized blocks represent the
chromosomes of the five bivalves. Aligned homologous genes are connected by
ribbons, shown in different colors depending on their chromosome location.

3) in Fig 6b, please indicate in the figure legend whether these results are the
averages of your 3 replicate samples, or individual samples
Thanks for your suggestion. We describe the information in the legend of the Fig. 6b
that these quantification results of gene expression are the averages of three replicate
samples. (Line 495-496).

Minor points:

The manuscript would still benefit from another round of proof reading. I have noted
some problems below.
Thanks for your suggestion, we have performed another round of proof reading.

Abstract:

-Linkage misspelled, "14 linage groups"
Sorry for the typo. The misspelling is corrected in the revision (Line 30).

-carried is the wrong word, and the past tense is incorrect here: "carried 91.9% of core
metazoan orthologs." Perhaps "possesses 91.9% of the core metazoan ortholog set"
Sorry for the confusion. The sentence is corrected as "the genome possesses 91.9%
of the core metazoan ortholog set" (Line 32).

- "the sister taxon" not "a sister taxon" (also in methods section)
Sorry for the mistake. We replace "a sister taxon" by "the sister taxon" in both abstract
and method sections (Line 34 and Line 247).

Introduction:
- "due to their high economic" not "due to the high"
Sorry. We have corrected it in the revision. (Line 48).

-"understanding of the larvae-juvenile" not "understanding of larvae-juvenile"
Sorry for the mistake. We correct it in the revision (Line 64).

-"widespread among metazoans" not "widespread among metazoan "
Sorry for the mistake. We correct it in the revision (Line 68).

-"Most studies" not "Most of studies"
Sorry for the mistake. "of " is removed from that phrase (Line 74).

-"hard-shelled mussel genetic breeding" not "the hard-shelled mussel genetic
breeding" (no the)
Sorry for the mistake. "the " is removed from that sentence in the revision (Line 80).

- I suggest "molluscs" rather than "mollusks" in the last paragraph, to match your usage
elsewhere
Thanks for your suggestion, "mollusks" is replaced by "molluscs" (Line 88 and Line
375).
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Methods:
- no "a"s in "at a 57× coverage and the heterozygous peak was at a 28×" - this should
read "at 57× coverage and the heterozygous peak was at 28×"
Sorry for the mistake. "a" is removed from "at a 57× coverage and the heterozygous
peak was at a 28×" in the revision (Line 152-153).

-"usually occurs in fragmented assemblies" not "usually occurs in fragmented
assembly",
Sorry for the mistake. We correct it in the revision (Line 158).

-"align to one or more of the InterPro " not "have the alignment to one or more of the
InterPro"
Thanks. The sentence is corrected as "35,471 protein-coding genes (94.6% of the
37,478 gene models) align to one or more of the InterPro " (Line 218).

-"Chromosome-level genomes allow re-sequencing and population genetic studies."
not "Chromosome-level genome is important for re-sequencing and population
genetic."
As your suggestions, the sentence is corrected as "Chromosome-level genomes allow
re-sequencing and population genetic studies" (Line 251).

-"preliminary assay" not "preliminary try "
Thanks for your suggestions. We use “assay", instead (Line 252).

-"Benchmark Universal Single-Copy Orthologs (BUSCO) v4.1.4" not "Benchmark
Universal Single-Copy Orthologs BUSCO v4.1.4"
As your suggestion, "Benchmark Universal Single-Copy Orthologs BUSCO v4.1.4" is
replaced by "Benchmark Universal Single-Copy Orthologs (BUSCO) v4.1.4" (Line 354).

Abbreviations"
no "the", TPM: Transcripts per Million;
As your suggestion, "the" is removed (Line 388).

Figure 3 legend (and possibly elsewhere) please italicise the k in kmer
As your suggestion, we italicize the k in k-mer (Line 148-153, Line 587, Line 593).

Figure 4 legend: gene names need italics
Thanks for your suggestion. We italicize the gene names as chitobiase (Line 460-461).

Fig 5 legend: "corresponding evolutionary relationship" not "corresponding evolution
relationship"
Thanks for your suggestion. We correct it in the revision (Line 475).

-some bold font needed, Additional Files title page (pg 25)
Thanks for your suggestion. Bold font is used in the revision (Line 513, Line 515).

Additional Information:

Question Response

Are you submitting this manuscript to a
special series or article collection?

No

Experimental design and statistics

Full details of the experimental design and
statistical methods used should be given
in the Methods section, as detailed in our
Minimum Standards Reporting Checklist.
Information essential to interpreting the

Yes
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data presented should be made available
in the figure legends.

Have you included all the information
requested in your manuscript?

Resources

A description of all resources used,
including antibodies, cell lines, animals
and software tools, with enough
information to allow them to be uniquely
identified, should be included in the
Methods section. Authors are strongly
encouraged to cite Research Resource
Identifiers (RRIDs) for antibodies, model
organisms and tools, where possible.

Have you included the information
requested as detailed in our Minimum
Standards Reporting Checklist?

Yes

Availability of data and materials

All datasets and code on which the
conclusions of the paper rely must be
either included in your submission or
deposited in publicly available repositories
(where available and ethically
appropriate), referencing such data using
a unique identifier in the references and in
the “Availability of Data and Materials”
section of your manuscript.

Have you have met the above
requirement as detailed in our Minimum
Standards Reporting Checklist?

Yes
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Abstract 20 

Background: The hard-shelled mussel (Mytilus coruscus) is widely distributed in the 21 

temperate seas of East Asia, and is an important commercial bivalve in China.  22 

Chromosome-level genome information of this species will not only contribute to the 23 

development of hard-shelled mussel genetic breeding, but also to studies on larval 24 

ecology, climate change biology, marine biology, aquaculture, biofouling, and 25 

antifouling. Findings: We applied a combination of Illumina sequencing, Oxford 26 

Nanopore Technologies sequencing, and high-throughput chromosome conformation 27 

capture technologies to construct a chromosome-level genome of the hard-shelled 28 

mussel, with a total length of 1.57 Gb and a median contig length of 1.49 Mb. 29 

Approximately 90.9% of the assemblies were anchored to 14 linkage groups. We 30 

assayed the genome completeness using Benchmark Universal Single-Copy Orthologs 31 

(BUSCO). In the metazoan dataset, the current assemblies have 89.4% complete, 1.9% 32 

incomplete and 8.7% missing BUSCOs. Gene modeling enabled the annotation of 33 

37,478 protein-coding genes and 26,917 non-coding RNA loci. Phylogenetic analysis 34 

showed that M. coruscus is the sister taxon to the clade including Modiolus 35 

philippinarum and Bathymodiolus platifrons. Conserved chromosome synteny was 36 

observed between hard-shelled mussel and king scallop, suggesting that this is shared 37 

ancestrally. Transcriptomic profiling indicated that the pathways of catecholamine 38 

biosynthesis and adrenergic signaling in cardiomyocytes might be involved in 39 

metamorphosis. Conclusions: The chromosome-level assembly of the hard-shelled 40 

mussel genome will provide novel insights into mussel genome evolution and serve as 41 
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a fundamental platform for studies regarding the planktonic-sessile transition, genetic 42 

diversity, and genomic breeding of this bivalve. 43 

Keywords: Mytilus coruscus, genome sequencing, Hi-C, chromosome, metamorphosis 44 

 45 

Context 46 

Marine mussels, which belong to the phylum Mollusca, settle on most immersed 47 

surfaces of substrata and play a crucial role in marine ecosystems. As healthy and 48 

sustainable food items, these mussels are beneficial for humans due to their high 49 

economic value for fishery and aquaculture, constituting more than 8% of mollusc 50 

aquaculture production [1]. Simultaneously, mussels are also known as typical 51 

macrofouling organisms that result in detrimental economic and ecological 52 

consequences for the maritime and aquaculture industries [2-4]. Mussels have been 53 

used as model organisms for adaptation to climate change, biomonitoring, integrative 54 

ecomechanics, biomaterials, larval ecology, settlement and metamorphosis, adhesion, 55 

bacteria-host interaction, biofouling and antifouling studies [5-12]. Although they are 56 

significant for biology, ecology and the economy, whole genome information of marine 57 

mussels is limited [13, 14] and this lack of knowledge postpones our understanding the 58 

molecular basis of adaption, evolution, breeding, genetic manipulation, bacteria-host 59 

interaction, and settlement mechanism.  60 

 As many other marine invertebrates, marine mussels also possess a free-swimming 61 

larval phase. After this stage, these minute larvae will settle on the substrata and finish 62 

metamorphosis transition, accompanied with dramatic remodeling of their anatomy [4, 63 
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15]. Multiple physicochemical stimuli play critical roles in the process of larval 64 

settlement and metamorphosis [15-17]. Thus, understanding of the larvae-juvenile 65 

transition process is still a keystone question in marine biology, larval ecology, 66 

aquaculture, biofouling and antifouling [4, 15, 18, 19]. The finding that chemical cues 67 

from bacterial biofilms trigger settlement and metamorphosis is widespread among 68 

metazoans [15, 16, 18].  69 

 The hard-shelled mussel (Mytilus coruscus Gould 1861, NCBI Taxonomy ID: 70 

42192, Fig. 1) mainly inhabits temperate areas along the coastal waters of China, Japan, 71 

Korea and Far East of Russia, covering from East China Sea to Sea of Japan [20]. In 72 

China, the hard-shelled mussel is an important commercial bivalve as well as a typical 73 

macrofouling organism. As a sessile marine bivalve, the hard-shelled mussel needs to 74 

adapt to the hostile and complex environments of intertidal regions. Most studies 75 

focused on the planktonic-sessile transition mechanism of receptor and biofilm 76 

regulation, host-bacteria interaction, aquaculture and biofouling and antifouling studies 77 

in this species [3-5, 12, 21-23]. To date, no genome of any member of the genus Mytilus 78 

has been assembled at the chromosome level, although a draft genome of M. coruscus 79 

[24] and an improved genome of M. galloprovincialis [13, 25] have been reported. The 80 

lack of whole-genome information has hindered the development of hard-shelled 81 

mussel genetic breeding, larval ecology, climate change biology, marine biology, 82 

aquaculture, biofouling and antifouling studies. 83 

 In this study, we report a chromosome-level assembly of the hard-shelled mussel 84 

genome obtained by combining Illumina sequencing, Oxford Nanopore Technologies 85 
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(ONT) sequencing, and high-throughput chromosome conformation capture (Hi-C) 86 

technologies. We validated the genome assemblies by chromosome synteny analysis, 87 

comparing them with the published chromosome-level genomes of the most studied 88 

molluscs. Larvae at five early developmental stages were subjected to RNA sequencing 89 

(RNA-seq) analysis for the profiling of gene expression during metamorphosis. 90 

Accessible chromosome-level genome datasets [26, 27] will facilitate comparative 91 

genomics studies on chromosome rearrangements across different species. 92 

 93 

Methods 94 

Sample information and collection 95 

Wild individuals for genome sequencing were collected from the coast of Shengsi, 96 

Zhejiang province, which is the central coast of the Chinese mainland, and one of the 97 

original and main breeding areas of the hard-shelled mussel in China. Farmed and wild 98 

adults were also collected from the coast of Shengsi (122.77E 30.73N and 122.74E 99 

30.71N, respectively) (Fig. 1). A female wild adult with a mature ovary was dissected, 100 

and the adductor muscle was collected to isolate high-molecular-weight genomic DNA 101 

for the sequencing of the reference genome. The DNA extracted from the farmed and 102 

wild populations (10 individuals per population) was pooled for genome re-sequencing. 103 

Adductor muscle, mantle, gill, digestive gland, hemocyte, labial palp, female gonad, 104 

male gonad, foot, and gut tissues were dissected from fresh samples for transcriptome 105 

sequencing to assist with the prediction of protein-coding genes. 106 

 107 
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Isolation of genomic DNA and RNA 108 

Genomic DNA was extracted from fresh adductor muscle tissue using the SDS 109 

extraction method [28], and then used for sequencing on an ONT PromethION platform 110 

(Oxford Nanopore Technologies, UK). Using the TIANamp Marine Animals DNA kit 111 

(Tiangen, China), DNA for whole genome re-sequencing was extracted from the 112 

muscles of five female and five male individuals from each population. Using the 113 

RNAiso Plus kit (TaKaRa, Japan), total RNA was extracted from 10 different tissues of 114 

five female and five male individuals from each population to obtain a large gene 115 

expression dataset. Fresh muscle cells were crosslinked with formaldehyde, and 116 

digestion, marking of DNA ends, and blunt-end ligation were performed as described 117 

in a previous study [29]. The purified DNA was used for Hi-C. 118 

 119 

Genome sequencing with different technologies 120 

A combined sequencing strategy was applied to obtain the hard-shelled mussel genome 121 

(Fig. 2). Qualified DNA was filtered using a BluePippinTM System to extract large 122 

fragments. The large-fragment DNA was employed to construct a library using the ONT 123 

Template prep kit and the NEB Next FFPE DNA Repair Mix kit [New England Biolabs 124 

(NEB), USA]. A high-quality library with an average length of 20 kb was sequenced 125 

on the ONT PromethION platform with the corresponding R9 cell and ONT sequencing 126 

reagent kit. A total of 246.8 Gb of data (~159× coverage) were generated (Table 1). 127 

  Sequencing of Hi-C and genome survey libraries was performed on an Illumina 128 

sequencing platform. Briefly, the extracted DNA was fragmented to a size of 300–350 129 
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bp using an E210 Focused Ultrasonicator (Covaris, USA). The construction of paired-130 

end libraries encompassed the successive steps of end repair, poly(A) addition, barcode 131 

indexing, purification, and PCR amplification. The libraries were sequenced with the 132 

Illumina NovaSeq 6000 platform (Illumina, USA) to generate 150-bp paired-end reads. 133 

Sequencing of the Hi-C libraries generated a total of 249.6 Gb of data (~161× coverage), 134 

and sequencing of the genome survey libraries generated a total of 160.6 Gb of data 135 

(~104× coverage). 136 

The qualified RNA extracted from the same tissues of 10 individuals was equally 137 

mixed for RNA-seq. The sample was enriched in mRNA by extracting poly(A) 138 

transcripts from total RNA using oligo-d(T) magnetic beads. Sequencing libraries were 139 

prepared using the NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB, 140 

USA) following the manufacturer’s recommendations. A total of 10 libraries were 141 

sequenced on the Illumina NovaSeq 6000 platform in a 150-bp paired-end mode. 142 

The raw reads from Illumina sequencing platform were cleaned using FastQC45 and 143 

HTQC46 by the following steps: (a) filtered reads with adapter sequence; (b) filtered 144 

PE reads with one reads more than 10% N bases; (c) filtered PE reads with any end has 145 

more than 50% inferior quality (≤5) bases. 146 

 147 

Genome survey and contig assembly 148 

The size of the hard-shelled mussel genome was estimated using the k-mer-based 149 

method implemented in Jellyfish (version 2.3.0) with values of 51-mers [30] and 150 

GenomeScope (10,000× cut-off) [31]. The k-mers refer to all the k-mer frequency 151 
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distributions from a read obtained through Illumina DNA sequencing. The homozygous 152 

peak of the assembly was at 57× coverage and the heterozygous peak was at 28× 153 

coverage (Fig. 3a). The assessment of genome size by k-mer counting suggested a 154 

complete genome size of approximately 1.51 Gb (Fig. 3a), which is close to the final 155 

assembly (1.57 Gb) and cytogenetic estimates [32]. Sequence alignment between the 156 

previous assembly (1.90 Gb) [24] and the one in this study revealed considerable 157 

heterozygous redundancies in the former. This kind of overestimation of genome size 158 

usually occurs in fragmented assemblies, like the recently published M. 159 

galloprovincialis genome [25].  160 

  Genome assembly from long-read data was carried out following three methods. First, 161 

long reads were de novo assembled using the Canu (Canu, RRID:SCR_015880) v1.5 162 

software with default parameters [33]; next, error correction was performed with Racon 163 

v1.3.1 [34]. Then, further polishing with Illumina short-read data was conducted using 164 

Pilon (Pilon, RRID:SCR_014731) v1.22 [35]. The final assembly was approximately 165 

1.57 Gb in size, consisting of 6,449 contigs with an overall median length (N50) of 1.49 166 

Mb, while the previously published draft genome only had an N50 of 0.66 Mb [24]. 167 

The present genome had a heterozygous rate of 1.39 % (also calculated by 168 

GenomeScope) and an average GC content of approximately 32%. 169 

 170 

Anchoring of the contigs to pseudo-moleculars with Hi-C data 171 

To complete the assembly of the hard-shelled mussel genome, Hi-C technology was 172 

carried out to generate information on the interactions among contigs. DNA from fresh 173 
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adductor muscle tissue was used to prepare a Hi-C library. This was then sequenced on 174 

the Illumina NovaSeq 6000 platform, producing 249.6 Gb of reads (Table 1). These 175 

reads were aligned to the assembled contigs using BWA (BWA, RRID:SCR_010910) 176 

aligner v0.7.10-r789 [36]. Lachesis v2e27abb was applied to anchor the contigs onto 177 

the linkage groups using the agglomerative hierarchical clustering method [37]. Finally, 178 

2,029 contigs representing 90.9% of the total assemblies were successfully anchored to 179 

14 chromosomes (Table 2); this number was consistent with the outputs of the 180 

karyotype [38]. The unclosed gaps only occupies 0.014% of the assembly (201,500 bp), 181 

which is filled with Ns (Table 2). The N50 of the anchored contigs was over 1.7 Mb, 182 

around 1.14 times of the initial assemblies from the ONT long reads.  183 

 184 

Genome annotation  185 

A de novo repeat annotation of the hard-shelled mussel genome was carried out using 186 

RepeatModeler (RepeatModeler, RRID:SCR_015027) version 1.0.11 [39] and 187 

RepeatMasker (RepeatMasker, RRID:SCR_012954) version 4.0.7 [40]. 188 

RepeatModeler was used to construct the repeat library, which was then examined using 189 

two other programs, RECON and RepeatScout (RepeatScout, RRID:SCR_014653). 190 

The yielded consensus sequences were manually checked by aligning to the genes from 191 

the GenBank database (nt and nr; released in October 2019) to avoid that sequences of 192 

the high-copy genes are masked in following process with RepeatMasker. The final 193 

repeat library consisted of 2,264 consensus sequences with the respective classification 194 

information, which was used to run RepeatMasker against the genome assemblies. The 195 
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repetitive sequences constituted a length of 735.6 Mb, representing 47.4% of the total 196 

genome length (Supplementary Table S1). Simple sequence repeats (SSRs) were 197 

identified using Tandem Repeats Finder V 4.04. Only monomers, dimers, trimers, 198 

tetramers, pentamers, and hexamers with at least four repeat units were considered. The 199 

total length of the 5,324 identified SSRs was approximately 138.0 kb.  200 

  Conserved non-coding RNAs were predicted using the Rfam 11.0 databases. Putative 201 

microRNAs (miRNAs) and ribosomal RNAs (rRNAs) were predicted using Infernal 202 

(Infernal, RRID:SCR_011809) version 1.1.2 [41], and transfer RNAs (tRNAs) were 203 

predicted with tRNAscan-SE (tRNAscan-SE, RRID:SCR_010835) v2.0.3. A total of 204 

9,186 miRNAs, 342 rRNAs, and 1,881 tRNAs were detected (Supplementary Table 205 

S2). 206 

  Protein-coding genes were predicted using a combined strategy of ab initio 207 

prediction, homology-based prediction, and transcriptome-based prediction (Fig. 2). 208 

The ab initio prediction was conducted using the Augustus (Augustus: Gene Prediction, 209 

RRID:SCR_008417) version 3.1 [38], GlimmerHMM (GlimmerHMM, 210 

RRID:SCR_002654) version 1.2 [39], and SNAP (version 2006-07-28) software [42]. 211 

For homology-based prediction, protein sequences of two closely related mollusk 212 

species (Modiolus philippinarum and Bathymodiolus platifrons), downloaded from 213 

GenBank, were aligned to the genome assemblies using Exonerate (version 2.2.0) [43]. 214 

In parallel, transcriptomic data from 10 tissues (GenBank SRA accession ID: 215 

PRJNA578350) were assembled de novo using Trinity (Trinity, RRID:SCR_013048) 216 

version 2.4.0 [44] and Cufflinks (Cufflinks, RRID:SCR_014597) version 2.2.1 [45]. 217 
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The outputs of both assemblers were integrated using the Program to Assemble Spliced 218 

Alignments (PASA, version 2.3.3) [46]. After merging of all of these predictions using 219 

EVidenceModeler (v1.1.0) [46], a total of 37,478 final gene models were generated 220 

(Table 3), a number lower than that of the previously published 42,684 gene models in 221 

the draft genome [24]. Functional annotations displayed that 35,471 protein-coding 222 

genes (94.6% of the 37,478 gene models) align to one or more of the InterPro (version 223 

5.22-61.0) [47], GO [48], KEGG [49], Swissprot [50] and NCBI non-redundant protein 224 

(NR) functional databases (Table 4; Fig. 3b). This information is illustrated in a 225 

genome landscape map (Fig. 3c). Using a bidirectional BLASTp between the two 226 

assemblies, we observed that a considerable heterozygous redundancies (over 20%) 227 

were probably included into the previous draft assemblies (Supplementary Table S3), 228 

which might be owing to the widespread hemizygosity and massive gene 229 

presence/absence variation (PAV) [25, 51] or assembling errors.  230 

 231 

Phylogenetic analysis 232 

Gene clusters were identified among 12 selected genomes, namely those of 233 

Chlamys farreri (PRJNA185465), Pinctada fucata martensii (GCA_002216045.1), M. 234 

philippinarum (GCA_002080025.1), Crassostrea gigas (GCF_000297895.1), B. 235 

platifrons (GCA_002080005.1), Mizuhopecten yessoensis (GCA_002113885.2),  236 

Penaeus vannamei (ASM378908v1), Pecten maximus (GCA 902652985.1), Scapharca 237 

(Anadara) broughtonii (PRJNA521075), Pomacea canaliculata (PRJNA427478), 238 

Haliotis discus hannai (PRJNA317403), and M. coruscus, using OrthoMCL  239 
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(OrthoMCL DB: Ortholog Groups of Protein Sequences, RRID:SCR_007839) version 240 

1.4 with a BLASTp cut-off value of 10−5 and an inflation value of 1.5 [52]. A total of 241 

448 single-copy genes identified by OrthoDB were aligned and concatenated. The 242 

amino acid sequences were first aligned using MUSCLE (MUSCLE, 243 

RRID:SCR_011812) [53], and then further concatenated to create one supergene 244 

sequence for each species and form a data matrix. The phylogenetic relationships 245 

among different supergenes were then assessed using a maximum-likelihood model in 246 

RAxML (RAxML, RRID:SCR_006086) version 8 [54] with the optimal substitution 247 

model of PROTGAMMAJTT. The robustness of the maximum-likelihood tree was 248 

assessed using the bootstrap method (100 pseudo-replicates). Furthermore, single-copy 249 

orthologs and one reference divergence time on the root node obtained from the 250 

TimeTree database [55] were used to calibrate the divergence dates of other nodes on 251 

this phylogenetic tree using the MCMCTREE tool in the PAML (PAML, 252 

RRID:SCR_014932) package [56]. Visualization of phylogenetic relationships with 253 

FigTree (version 1.4.3) [57] suggested that M. coruscus is the sister taxon to the clade 254 

containing M. philippinarum and B. platifrons, with a divergence time of approximately 255 

129 Mya (Fig. 3d). 256 

 257 

Whole genome re-sequencing of farmed and wild individuals 258 

Chromosome-level genomes allow re-sequencing and population genetic studies. We 259 

performed a preliminary assay to detect sequence variation by sequencing two genomic 260 

DNA pools of wild population and farmed population. A total of 50.4 Gb and 46.7 Gb 261 

https://cn.bing.com/academic/profile?id=ebc98ce134215529127bfbb65d7ed622&encoded=0&v=paper_preview&mkt=zh-cn
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of Illumina clean reads were finally generated in farmed and wild samples, respectively. 262 

Over 89% reads were aligned to the reference genome with BWA (v0.7.10-r789) [36]. 263 

The PCR duplicates (duplicates introduced by PCR) were removed with 264 

MarkDuplicates in the Picard (Picard, RRID:SCR_006525) toolkit [58]. SNPs and 265 

small indels (10 bp or less) were identified with GATK (GATK , RRID:SCR_001876) 266 

version 3.7 [59] with default parameters and the addition of three extra thresholds to 267 

discard unreliable items during post-filter analysis, namely: 1) any two SNPs located 268 

within 5 bp from each other; 2) any two indels located within 10 bp from each other; 269 

and 3) any SNPs located within 5 bp from an indel. Finally, we identified 5,733,780 270 

SNPs and 1,821,690 small indels in the farmed population and 5,719,771 SNPs and 271 

1,820,404 small indels in the wild population. Similar distribution patterns of SNPs and 272 

indels were detected between the farmed and wild population (Supplementary Fig. S1) 273 

when nearly 99% of the SNPs/indels were shared by both populations (Fig. 4a), 274 

reflecting that only approximately 1% of the sequence variations were farmed 275 

population specific (FPS) or wild population specific (WPS). We focused on the 276 

differential variations located in the flanking regions and genic regions, between the 277 

farmed and wild populations, to identify candidate genes and causal mutations related 278 

to morphological traits. The software SnpEff version 2.0.5 [60] was applied to detect 279 

the effect of SNPs/indels by comparing the loci of SNPs/indels with those of protein-280 

coding genes, which revealed that 59 genes carrying FPS SNPs/indels (FPSGs) and 57 281 

genes carrying WPS SNPs/indels (WPSGs) underwent loss of translational start sites, 282 

gain or loss of stop codons, or variants in the acceptor/donor of splicing sites. Some 283 
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variations were observed to cluster in farmed population (Fig. 4b), implicating a 284 

potentially influence to morphological diversity. In addition, PAV might play a role in 285 

determining phenotypic traits [25, 51], which should be included in the future re-286 

sequencing analyses. 287 

 288 

Chromosome synteny and evolution in bivalves 289 

To investigate the evolution of the mussel chromosomes, gene collinearity was 290 

constructed by aligning the genes of the king scallop P. maximus to the reference 291 

genomes of the blood clam S. broughtonii, the hard-shelled mussel M. coruscus, the 292 

pearl oyster P. martensii, and the Pacific oyster C. gigas using MCscan (version 0.8). 293 

The parameters of the MCscan alignment were set as -s, 7; k, 150; m, 250; e, 1e−10. We 294 

identified 404 scallop-vs-clam, 276 scallop-vs-mussel, 159 scallop-vs-pearl-oyster, and 295 

232 scallop-vs-pacific-oyster syntenic blocks, which included 10,055, 4,716, 3,636, and 296 

5,009 genes of blood clam, hard-shelled mussel, pearl oyster and Pacific oyster, 297 

respectively. The mean gene number per syntenic block was 21.4. King scallop and 298 

blood clam had the highest gene collinearity (Fig. 5a), consistent with their close 299 

phylogenetic relationship in the Bivalvia clade [61] (Fig. 3d). The chromosome synteny 300 

illustrated that large-scale rearrangements are rare between scallop and mussel, but 301 

frequent between scallop and oysters (Fig. 5b–d), as exemplified by considerable 302 

structural variations between the scallop and the Pacific oyster genomes (Fig. 5d). The 303 

identified cross-chromosome rearrangements between the scallop and mussel genomes 304 

were different from those between the genomes of scallop and the two oyster species 305 
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(Fig. 5b–e). The scallop linkage groups (PM) 1, 5, 6, 8, 10, 16, 17, 18, and 19 were 306 

syntenic to a single mussel chromosome (MC) 8, 9, 3, 4, 10, 13, 11, 12, and 14, 307 

respectively. PM 2 and 15 were aligned to the same reference, MC 2; similarly, PM 3 308 

and 14 aligned to MC 5, PM 4 and 7 aligned to MC 1, PM 9 and 12 aligned to MC 7, 309 

and PM 11 and 13 aligned to MC 6. Comparatively, some additional chromosome 310 

rearrangements occurred between scallop and the two oyster species, especially the 311 

Pacific oyster. Both the Pacific oyster chromosome 9 and the pearl oyster chromosome 312 

7 were predominantly syntenic to the scallop PM 15, suggesting that they might carry 313 

conserved genomic regions with the same origin (Fig. 5c–e). Among all the syntenic 314 

chromosomes, we did not observe any chromosome to be entirely conserved in all of 315 

the bivalve genomes. Intriguingly, almost all of the chromosome rearrangements 316 

between the mussel and the oyster genomes were different (Fig. 5e), implicating 317 

independent chromosome fusion events. In addition, the high gene collinearity between 318 

the hard-shelled mussel and another three bivalves of the Pacific oyster, blood clam and 319 

pearl oyster also reflected the satisfied quality of the hard-shelled mussel assemblies 320 

(Fig. 5f-h). The identification of such diverse chromosome rearrangements suggested 321 

a complex evolutionary history of bivalve chromosomes. 322 

 323 

Metamorphosis-related transcriptome analysis 324 

To profile gene expression during development and metamorphosis in hard-325 

shelled mussels, RNA-seq analysis was conducted at five developmental stages: 326 

trochophore, D-veliger, umbo, pediveliger, and juvenile (PRJNA689932). The 327 



16 
 

quantification of gene expression enabled the detection of 33,743 transcripts with the 328 

TPM > 0 at all stages (Supplementary Table S4). The limma statistical method was 329 

used to detect DEGs based on linear models [62]. Using the trochophore as control, 330 

5,795; 6,163; 9,308; and 7,486 upregulated genes [log2(fold-change) > 1 and adjusted 331 

P < 0.05] were identified in D-veliger, umbo, pediveliger, and juvenile larvae, 332 

respectively. Functional annotation indicated that these were mainly involved in 333 

“environmental information processing” (“signal transduction” and “signaling 334 

molecules and interaction”) and “cellular processes” (“transport and catabolism”), in 335 

agreement with the key role of signal transduction and the endocrine system in larval 336 

development [17].  337 

Since the ability to effectuate metamorphosis develops during the pediveliger 338 

stage [17], we investigate the 774 up-regulated genes during the transition from the 339 

umbo to the pediveliger stage. Functional annotation revealed that they were mainly 340 

employed in a network of six related pathways: “adrenergic signaling in 341 

cardiomyocytes,” “calcium signaling pathway,” “MAPK signaling pathway,” “protein 342 

export,” “endocytosis,” and “catecholamine biosynthesis” (Fig. 6a), which have been 343 

reported to be involved in settlement and metamorphosis [18, 63]. The expression of 344 

most of the genes involved in these pathways increased during one or more periods 345 

(Fig. 6b). Among them, 20 genes have been functionally identified to be associated 346 

with metamorphosis (Supplementary Table S5) and 26 up-regulated encompassing 347 

from the umbo to the pediveliger stages belonged to the categories “adrenergic 348 

signaling in cardiomyocytes,” “calcium signaling pathway,” and “catecholamine 349 
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transport”, which was consistent with the findings of a recent proteome study on larval 350 

settlement and the metamorphosis of oysters [63-66]. Although some additional 351 

pathways, such as “phagosome” and “oxytocin signaling pathway”, are also detected, 352 

we did not analyze them in detail because still lacking evidence on their involvement 353 

in metamorphosis. In summary, the analysis of the involved pathways revealed that 354 

biosynthesis, transport, and transduction of catecholamines might be critical for the 355 

completion of metamorphosis.  356 

 357 

Assembly assessment 358 

The quality of the assembled genome was validated in terms of completeness, accuracy 359 

of the assemblies, and conservation of synteny. Alignment of Illumina reads against the 360 

reference genome revealed insert sizes of paired-end sequencing libraries of 361 

approximately 300–350 bp and a mapping rate of over 96.7%. We assayed the genome 362 

completeness using Benchmark Universal Single-Copy Orthologs (BUSCO (BUSCO, 363 

RRID:SCR_015008)) v4.1.4 referencing metazoan and molluscan gene sets. In the 364 

metazoan dataset, the current assemblies have 89.4% complete (of which 1.0% were 365 

duplicated), 1.9% incomplete and 8.7% missing BUSCOs, corresponding to a recovery 366 

of 91.3% of the entire BUSCO set. In the molluscan dataset, 85.5% complete (of which 367 

1.3% were duplicated), 0.8% incomplete and 13.7% missing BUSCOs were recorded, 368 

corresponding to 86.3% of the entire BUSCO set. Motifs with the characteristics of 369 

telomeric repeats were detected in 23 termini of the 13 chromosomes, suggesting the 370 

completeness of the assemblies (Supplementary Table S6). The accuracy of the 371 



18 
 

genome assembly was evaluated by calling sequence variants through the alignment of 372 

Illumina sequencing data against the genome. Sequence alignment with the BCFtools 373 

(version 1.3) [67] revealed 368,991 homozygous SNP loci, reflecting an error rate of 374 

less than 0.02% in the genome assemblies. In addition, the highly conserved synteny 375 

and the strict correspondence of chromosome fusion points and gene assignment 376 

identified between the hard-shelled mussel and king scallop genomes (Fig. 5b) were 377 

indicative of a high-quality assembly of the hard-shelled mussel genome, since the king 378 

scallop genome is considered as the best-scaffolded genome available for bivalves [68].  379 

 380 

Conclusion 381 

The chromosome-level assemblies of the hard-shelled mussel genome presented here 382 

is a well-assembled and annotated resource that would facilitate a wide range of 383 

research in mussels, bivalves, and molluscs. The outputs of this study shed light on the 384 

chromosome evolution in bivalves, resulting in the regulation of the molecular 385 

pathways involved in larval metamorphosis. As one of the chromosome-level genome 386 

assemblies of bivalves, this genome data set will serve as a high-quality genome 387 

platform for comparative genomics at the chromosome level.  388 

 389 

Availability of Supporting Data and Materials 390 

All of the raw Illumina and ONT reads were deposited to NCBI Sequence Read Archive 391 

and the assembled genome was deposited to GenBank, under the accession number 392 

PRJNA578350. Gene expression data in different developmental stages is released 393 
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under the accession number PRJNA689255. The corresponding genome sequences and 394 

read alignments (VCF files) are available in Figshare [69] and GigaDB [70]. 395 
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Figure legends 442 

Figure 1. Sequenced individuals and sampling sites. a. Pictures of the sequenced 443 

individuals collected in Shengsi. A wild M. coruscus adult was used for genome 444 

sequencing. Both wild and farmed populations were used for re-sequencing. b. The 445 

geographic locations of the sampling sites. 446 

 447 

Figure 2. Workflow of genome sequencing and annotation. The rectangles indicate the 448 

steps of data treatment and the diamonds indicate output or input data.       449 

 450 

Figure 3. Annotation and evolution. a. GenomeScope plot of the 51-mer content within 451 

the hard-shelled mussel genome. Estimates of genome size and read data were shown. 452 

b. Venn diagram indicating the number of genes that were annotated in one or more 453 

databases. c. Genomic landscape of M. coruscus. The chromosomes were labeled as 454 

LG01 to LG14. From the outer to the inner circle: 5, marker distribution across 14 455 

chromosomes at a megabase scale; 4, gene density across the whole genome; 3, SNP 456 

density; 2 and 1, number of repetitive sequences and GC content across the genome. 1–457 

5 are drawn in non-overlapping 0.1-Mb sliding windows. The length of chromosomes 458 

is defined by the scale (Mb) on the outer circles. d. Phylogenetic tree based on protein 459 

sequences from 12 metazoan genomes, namely those of Chlamys farreri 460 

(PRJNA185465), Pinctada fucata martensii (GCA_002216045.1), Modiolus 461 

philippinarum (GCA_002080025.1), Crassostrea gigas (GCF_000297895.1), Mytilus 462 

coruscus, Bathymodiolus platifrons (GCA_002080005.1), Mizuhopecten yessoensis 463 
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(GCA_002113885.2), Penaeus vannamei (ASM378908v1), Pecten maximus (GCA 464 

902652985.1), Scapharca (Anadara) broughtonii (PRJNA521075), Pomacea 465 

canaliculata (PRJNA427478), and Haliotis discus hannai (PRJNA317403). 466 

 467 

Figure 4. Sequence variations between farmed and wild populations. a. Venn diagrams 468 

showing the number and distribution of indels and SNPs between the farmed and wild 469 

populations. b. Differences in the number of SNPs on the exons of chitobiase. The 470 

rectangles indicate the 14 exons of the chitobiase gene and the lines between the 14 471 

rectangles indicate introns; the pink matrix represents reads from the farmed population, 472 

and the blue matrix represents reads from the wild population. Bases denoted by capital 473 

letters are located on exons, whereas those denoted by small letters are located on 474 

introns. 475 

 476 

Figure 5. Chromosome synteny. a. Alignment of king scallop and blood clam 477 

chromosomes. b. Alignment of king scallop and hard-shelled mussel chromosomes. c. 478 

Alignment of king scallop and pearl oyster chromosomes. d. Alignment of king scallop 479 

and Pacific oyster chromosomes. e. Rearrangements between the chromosomes of king 480 

scallop and those of four other bivalve species. The king scallop chromosomes are 481 

represented by bars of different colors, and synteny and rearrangements in the 482 

chromosomes of the four other bivalves are indicated by different blocks, whose colors 483 

correspond to those of the reference king scallop chromosomes, the dashed lines 484 

indicate the corresponding evolutionary relationship. f. Alignment of hard-shelled 485 
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mussel and blood clam chromosomes. g. Alignment of hard-shelled mussel and pearl 486 

oyster chromosomes. h. Alignment of hard-shelled mussel and Pacific oyster 487 

chromosomes. The king scallop linkage groups are labeled as PM 1 to 19, the blood 488 

clam chromosomes as SB 1 to 19, the hard-shelled mussel chromosomes as MC 1 to 489 

14, the pearl oyster chromosomes as PF 1 to 14, and the Pacific oyster chromosomes as 490 

CG 1 to 10. Scale unit, Mb. a–d, f-h. The circularized blocks represent the 491 

chromosomes of the five bivalves. Aligned homologous genes are connected by ribbons, 492 

shown in different colors depending on their chromosome location. 493 

 494 

Figure 6. Spatial and temporal expression of genes involved in development and 495 

metamorphosis. a. Expression pattern of genes implied in the pathways of 496 

catecholamine biosynthesis and adrenergic signaling in cardiomyocytes, according to 497 

KEGG-based annotation. Red rectangles indicate upregulated genes during 498 

development， red rectangles with black edge indicate upregulated genes at Pediveliger 499 

stage and metamorphosis, and white rectangles denote genes that were identified during 500 

KEGG analysis but whose expression did not change. Red bubbles represent the most 501 

important pathways in which the upregulated genes are involved. b. Heatmap showing 502 

the expression levels of all genes involved in the pathways of catecholamine 503 

biosynthesis and adrenergic signaling in cardiomyocytes across five developmental 504 

stages. These quantification results of gene expression are the averages of three 505 

replicate samples.  506 

 507 
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Table captions 508 

Table 1. Statistics of whole genome sequencing using Illumina and ONT 509 

Table 2. Results of contig anchoring on pseudochromosomes using Hi-C data 510 

Table 3. General statistics of the predicted protein-coding genes 511 

Table 4. General statistics of gene functional annotation 512 

  513 
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Additional Files 514 

Supplementary Table S1. Repetitive sequences in the hard-shelled mussel genome 515 

Supplementary Table S2. Overview of the predicted non-coding RNAs 516 

Supplementary Table S3. Bidirectional BLASTp between the previously published 517 

gene models of the hard-shelled mussel and the predicted gene models in this study. 518 

Supplementary Table S4. Gene expression profiles during five developmental stages 519 

Supplementary Table S5. Genes involved in the pathways of catecholamine 520 

biosynthesis and adrenergic signaling in the cardiomyocytes were reported to affect 521 

metamorphosis. 522 

Supplementary Table S6. Information of the motifs with the characteristic of telomeric 523 

repeats 524 

Supplementary Figure S1. Circles showing genome-wide SNPs and indels from the 525 

farmed and wild populations. From the outer to the inner circle: first circle, marker 526 

distribution across 14 pseudochromosomes at a megabase scale; green circle, SNP 527 

density across the whole genome; red circle, indel density. 528 

  529 
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Table 1 Statistics of whole genome sequencing using Illumina and ONT 687 

Types Method 
Library 

size (bp) 

Reads 

number 

Clean data 

(Gb) 

length 

(bp) 

coverage 

(x) 

Genome Illumina 300-350 1,235,384,620  160.6 150 104× 

Genome ONT 20,000 11,108,773  246.8 
30,945 

(N50) 
159× 

Genome Hi-C \ 832,911,978  249.6 150 161× 

Transcriptome Illumina 300-350 787,692,308  102.4 150 \ 

  688 
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Table 2 Results of contig anchoring on pseudochromosomes using Hi-C data 689 

LG Length (bp) Gene 

Number 

Contig N50 length 

(bp) 

Contig 

Number 

Number 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.  690 
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Table 3 General statistics of the predicted protein-coding genes 691 

  692 

Gene set Number  

Average 

transcript 

length 

(bp) 

Average 

CDS 

length 

(bp) 

Average 

exons 

per 

gene 

Average 

exon 

length 

(bp) 

Average 

intron 

length (bp) 

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  

Trans.orf/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  
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Table 4 General statistics of gene functional annotation 693 

Type Number 
Percentage 

(%) 

Total 37,478  100.0  

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  

Annotated 35,471  94.6  

Unannotated 2,007  5.4  

 694 
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Dear Editor Prof. Hans Zauner, 

 

We would like to appreciate the editors and the reviewers for taking the time to 

review the manuscript entitled "Chromosome-level genome assembly of the hard-

shelled mussel Mytilus coruscus, a widely distributed species from the temperate 

areas of East Asia ". According to the reviewers’ comments, the manuscript is revised 

by improving the experiments and the descriptions. All of the corresponding 

alterations made in the revised main text are highlighted in red. A point-by-point 

letter is uploaded to address the comments. At the same time, we have performed 

another round of proof reading to make small corrections elsewhere in the revised 

main text, none of which affect substance. The related data and codes are now 

available in the public database. 

 

Main alterations in the revision: 

1)  Now, we are sure that the main tables are included. And total numbers of gaps are 

listed in Table 2 of the revision, which describes that each gap is preset as 100 Ns 

(Line 693-694). 

2)  We construct the synteny between M. coruscus and another four reported 

chromosome-level genomes in the revision (Fig. 5). 

 

Looking forward to receiving your positive reply.  

Best regards. 

 

Jin-Long Yang (jlyang@shou.edu.cn) & Ying Lu (yinglu@shou.edu.cn)                   
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