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the chromosome level genome 
assembly of the asian green 
mussel, Perna viridis
Sandhya Sukumaran  1 ✉, V. G. Vysakh1, Wilson Sebastian  1, a. Gopalakrishnan1, 
Lalitha Hari Dharani2, akhilesh Pandey  3, abhishek Kumar3 & J. K. Jena1

the asian green mussel, Perna viridis is an important aquaculture species in the family Mytilidae 
contributing substantially to molluscan aquaculture. We generated a high-quality chromosome level 
assembly of this species by combining PacBio single molecule sequencing technique (SMRt), Illumina 
paired-end sequencing, high-throughput chromosome conformation capture technique (Hi-C) and 
Bionano mapping. The final assembly resulted in a genome of 723.49 Mb in size with a scaffold N50 
of 49.74 Mb with 99% anchored into 15 chromosomes. A total of 49654 protein-coding genes were 
predicted from the genome. The presence of 634 genes associated with the cancer pathway and 408 
genes associated with viral carcinogenesis indicates the potential of this species to be used as a model 
for cancer studies. the chromosome-level assembly of this species is also a valuable resource for further 
genomic selection and selective breeding for improving economically important aquaculture traits and 
augmenting aquaculture productivity.

Background & Summary
Shell fishes, especially bivalve molluscs, form a major component of world culture fisheries, accounting for 
more than 20% of the global aquaculture production1, and are relished as a delicacy in many countries. Molluscs 
belonging to the family Mytilidae, in particular, are very important globally, contributing to 6.2% of the total 
mollusc aquaculture1. Aquaculture of many of these species is popular due to their fast growth rate, tolerance 
to a wide range of environmental conditions, amenability to culture conditions and ease of reproduction. The 
capacity to accumulate a wide range of environmental pollutants and the ability to tolerate harsh environmental 
conditions makes them ideal sentinel species for environmental biomonitoring. Bivalves are considered as engi-
neers of the ecosystems2 as they recycle nutrients through filter feeding, clean water and protect coastlines from 
extreme weather conditions by forming reefs3,4.

Perna viridis or green mussel is a widely distributed species across India and the Indo-Pacific5 and has been 
reported to tolerate a wide range of temperature and salinity conditions. It is an important aquaculture species 
worldwide due to its ease of culture in confined conditions, rapid growth rate and tolerance to diverse environ-
mental conditions5.

It contributes substantially to the bivalve fishery and is in high demand in both the domestic as well as export 
markets6. Hatchery technology for the production of seeds is also standardized making this one of the priority 
species in bivalve farming. The annual production of bivalves in India in 2017 was estimated at 1,03,639 tons of 
which mussels contributed around 22.2%7. Parasitic diseases (mainly due to protozoan parasites, Perkinsus olseni 
and Perkinsus beihaiensis) constitute a major threat to P. viridis aquaculture in India causing substantial mor-
talities in farms8. Genomic and transcriptomic investigations on this species are vital to understand genes, gene 
combinations and signaling pathways that determine economically important traits like growth, reproduction 
and disease resistance. In addition to aquaculture, P. viridis is also important as a biomonitor as it is capable of 
accumulating heavy metals and other environmental pollutants in large quantities9,10. Whole genome informa-
tion is valuable for understanding the genomic pathways involved in response to pollutants.
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Green mussels are nutritionally enriched with polyunsaturated fatty acids (PUFAs), essential minerals, bal-
anced amino acids, and vitamins11,12. The sessile nature of bivalves has made them adaptable to local environ-
mental stressors like variations in pH, temperature, salinity and air exposure, as well as chemical and pathogenic 
stressors in the water column due to filter feeding habit13. Constant exposure to stressors requires robust adap-
tation mechanisms, and the molecular basis of bivalve stress responses and gene families involved have been 
investigated in oysters and clams2,14,15. Due to the absence of an adaptive immune system in bivalves, specialized 
tolerance mechanisms have been developed to combat constant exposure to pathogens16. Cellular function is 
maintained during infection by protein recycling pathways, chaperone proteins and apoptotic inhibitors17,18. 
The high diversity of inhibitor of apoptosis proteins (IAPs) in bivalves indicates the role of apoptosis regulation 
in stress tolerance14,19.

Neoplasms have been reported in mollusks, mainly neoplastic diseases of the hematopoietic system. Gonadal 
and disseminated neoplasms are widely reported in mollusks20. It is now considered as a transmissible disease 
that is transmitted between individuals through physical transfer of cancerous cells21 and this is referred to as 
bivalve transmissible neoplasia (BTN)22. Neoplastic diseases have been reported in bivalves belonging to the 
family Mytilidae22. The whole genome of P. viridis can be a valuable tool to investigate the genes involved in 
cancer pathways and thus P. viridis can be a model organism for such investigations on transmissible neoplasia.

Despite the importance of P. viridis, genomic resources are very few. Transcriptomic resources are avail-
able for P. viridis with respect to toxicity to metals, endocrine disruptors, organic pollutants and engineered 
nanoparticles23. The durability of the byssus threads of P. viridis has been investigated through genomics and 
transcriptomics24. The diploid chromosome number of P. viridis is 30 (2n) and the karyotype is composed of 
ten metacentric and five submetacentric chromosome pairs25. We estimated the genome size of P. viridis as 
842 Mb based on flow cytometry analysis. The chromosome level genome assembly of P. viridis was assembled by 
adopting an integrated approach using PacBio Sequel II, Illumina, Hi-C Sequencing and Bionano mapping. The 
chromosome level genome assembly of P. viridis is an important genomic resource for further genomic improve-
ments, genomic selection and selective breeding programmes for improving economically important traits like 
growth and disease resistance of this important aquaculture species. In addition, the genes and gene families 
that are important in cancer pathways can be elucidated, which can be further utilized for gaining insights into 
human cancers. The genes and gene families involved in tolerance to xenobiotics can also be explored to identify 
genomic biomarkers of toxicity.

Methods
Sample collection. Male specimens of the Asian green mussel, Perna viridis (Fig. 1) were collected live from 
mussel beds off Munambam (10°10′46″N; 76°9′53″E) (Kochi, Kerala, India). The adductor muscle, mantle, gonad, 
foot and gill tissues were dissected out and flash frozen in liquid nitrogen and stored at −80 °C until DNA and 
RNA extraction and subsequent sequencing.

DNA extraction and genome sequencing. High molecular weight genomic DNA was extracted from 
adductor muscle tissue using a genomic DNA isolation kit (QIAGEN 100/G) following manufacturer’s proto-
col. The quantity and quality of isolated DNA were measured using the NanoDrop 2000 spectrophotometer 
(Thermofisher Scientific, Massachusetts, USA). For short-read sequencing, paired end libraries with an insert size 
of 500 bp were prepared using the KAPA HyperPlus kit (Basel, Switzerland) following manufacturer’s protocol 

Fig. 1 A photograph of the Asian green mussel, Perna viridis used for whole genome sequencing.
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and the libraries were sequenced on the Illumina Novaseq 6000 platform. A total of 123 Gb data was generated 
from the Illumina short-read DNA library, with 169X genome coverage.

Long read genome sequencing was performed using the PacBio Sequel II system (Pacific Biosciences, 
California, USA). PacBio libraries were constructed using SMRTbell Express template preparation kit 2.0 
(Pacific Biosciences, California, USA) according to manufacturer’s protocol and purified using AMpure PB 
beads (Pacific Biosciences, California, USA). The purified libraries were treated with SMRTbell Enzyme Cleanup 
Kit 2.0 to remove any unbound adapters and damaged DNA and purified again with AMPure PB beads. Purified 
libraries were size selected using BluePippin (Sage Science, USA). A library with an insert size of 15.935 kb was 
loaded onto one SMRTcell containing 8 M ZMW and sequenced in the PacBio Sequel II system in CCS/HiFi 
mode. A total of 71.17 Gb (98x coverage) PacBio long sequencing reads (clean data) with N50 read length of 
21.933 Kb were were obtained after removing adaptors in polymerase reads. The raw data generated was assem-
bled and annotated subsequently.

Chromosome level assembly was constructed using the Hi-C technique and the Hi-C libraries were con-
structed as reported previously26,27. Adductor muscle tissue cells were fixed with formaldehyde to preserve the 
3D structure of DNA in the cells, and the cells were then digested using the Mbol restriction enzyme. The 5’ 
overhangs were then repaired with biotinylated residues. After ligation of the blunt-ended fragments in situ, the 
isolated DNA was reverse-cross linked, purified and filtered to remove biotin-containing fragments. End repair 
of DNA fragments, ligation of the adapter, and polymerase chain reaction (PCR) were performed successively. 
Library concentration was determined using the Qubit 3.0 platform and the insert size using the LabChip GX 
platform (PerkinElmer). Finally, the high quality Hi-C libraries were sequenced on the Illumina Novaseq 6000 
platform with a strategy of 2 × 150 bp and the sequencing data were used for chromosome level assembly28. A 
total of 359 Gb of Hi-C paired-end raw reads (150 bp in length) were generated. Subsequently, fastp was applied 
to filter the adapters, and those reads shorter than 30 bp or of low-quality (quality scores <20) were removed. 
The high quality reads were subsequently used for construction of the chromosome level assembly.

Bionano optical mapping was performed with Saphyr’s streamlined workflow (Bionano Genomics) to 
improve genome assembly. The ultra high molecular weight DNA (UHMW DNA) extraction was performed 
with the Bionano Animal Tissue DNA Isolation Kit (San Diego, CA, USA), using the manufacturer’s protocol. 
The prepared UHMW DNA was then labelled, counterstained and imaged sequentially in nanochannels on the 
Bionano Saphyr instrument. Raw data were filtered if (a) the molecule is <150 Kb; (b) molecule SNR (signal to 
noise ratio) <2.75 & label SNR <2.75; and (c) label intensity >0.8. The filtered data were assembled and cor-
rected using BIONANO Solve v3.4 (Bionano Genomics) and anchored to the reference genome to produce the 
scaffolds. A total of 15,933 maps were generated with a map N50 of 4.1 Mb. Transcriptome sequencing of the 
expressed genes was then performed to improve annotation.

RNA extraction and Transcriptome sequencing. The adductor muscle, mantle, gonad, foot and gill 
tissues were dissected out and total RNA was extracted from each tissue using Trizol reagent (Invitrogen) and 
the isolated RNA was purified using Nucleospin RNA Cleanup Kit (Macherey-Nagel, Germany). Quantity of 
the purified RNA was measured using the Qubit 3.0 Flurometer and the purity was checked using NanoDrop 
2000 (Thermofisher Scientific, Massachusetts, USA). The integrity of the sample was confirmed on a Bioanalyzer 
(Agilent 2100) and the RNA extracted from all the tissues was pooled at equimolar concentration. The RNA was 
subjected to cDNA synthesis and amplification using the NEBNext Single Cell/Low input cDNA synthesis and 
amplification module in conjunction with the Iso-Seq Express Oligo Kit (Pacific Biosciences, California, USA). 
The Pronex beads (Promega, Wisconsin, USA) were used for purification of the cDNA before amplification and 
later for size selection of the amplified product. The library was constructed using SMRTbell Express template 
preparation kit 2.0 (Pacific Biosciences, California, USA) according to the manufacturer’s protocol. The library 
was purified using Pronex beads (Promega, Wisconsin, USA) and the library size was assessed using Bioanalyzer 
(Agilent 2100). About 80 pM of the library was loaded onto one SMRT cell containing 8 M ZMW and sequenced 
in the PacBio Sequel II system in CCS/HiFi mode. A total of 1.8 Gb high quality reads was generated from Iso-Seq 
sequencing of the P. viridis pooled transcriptome.

Estimation of the genome size using k-mer analysis and flow cytometry. K-mer analyses were 
performed using Jellyfish v.2.3.129. and GenomeScope (v.2.0)30 with 21-mer frequencies. The genome size was 
estimated at 651 Mb with a heterozygosity value of 0.51.

The genome size of the Asian green mussel, Perna viridis was also estimated using flow cytometry. In flow 
cytometry, genome size is estimated by staining the DNA of individual cells using propidium iodide31 or DAPI32 
and analyzing the fluorescence. Haemolymph was withdrawn from the adductor muscle of each mussel using a 
1-ml syringe prefilled with 0.01 M PBS. The haemolymph was centrifuged at 5000 rpm for 8 minutes to sediment 
the haemocytes. The cells were subsequently washed twice with 0.01 M PBS to remove any residues and fixed 
with ice-cold 70% ethanol for 2 hours at 4 °C. Cells were again washed with 0.01 M PBS to remove any residual 
ethanol. The cells were then stained with propidium iodide and analyzed using flow cytometry. Chicken red 
blood cells were used as a standard. The genome size of the Asian green mussel, Perna viridis was estimated 
using a Beckman Coulter Cytoflex flow cytometer with laser excitation at 488 nm with a minimum of 10,000 
events (cells) per sample. The genome size was estimated to be 842 Mb.

The estimated genome size using K-mer analyses (651 Mb) is smaller than that estimated by flow cytometry 
(842 Mb) and assembled by PacBio (723.49 Mb) in the present study.

De Novo genome assembly. Illumina sequencing data was used to polish preliminary contigs. The 
Illumina reads were filtered using fastp software (v.0.23.1)33 for filtering adapter sequences and low-quality reads 
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and the remaining reads were used for polishing of preliminary contigs. The preliminary contig assembly was 
generated using PacBio sequencing data. The subreads generated by the PacBio sequel II system were used to call 
the ccs reads using the SMRT link v10.2. Multiple subreads of the same SMRTbell molecule were combined using 
a statistical model to generate one highly accurate consensus sequence (CCS), also called a HiFi read, along with 
base quality values. Further, contig-level assembly was performed using the Hifiasm (v0.16.1)34. Hifiasm is an effi-
cient and fast haplotype-resolved de novo assembler specifically for PacBio HiFi reads. Sequences were corrected 
using Hifiasm. Further, the assembly was corrected by haplotype-aware read and phased string graph construc-
tion. Partially phased assemblies of high quality were generated. The primary contigs were then polished with 
Illumina reads using Pilon v.1.235. Scaffolding was performed using Bionano data, integrating long-range struc-
tural information from Bionano maps with the assembled contigs. The gaps between contigs and misassemblies 
were resolved and the contigs were oriented along the chromosomes. The structural data from Bionano high-
lighted the connections between contigs that are distant from each other in the linear genome but physically close 
to each other in the three-dimensional chromatin structure using BIONANO Solve v3.4 (Bionano Genomics). 
Hybrid scaffolds were generated as the output. The hybrid scaffolds were again super-scaffolded with Hi-C reads 
using scaffHiC v1.1 (https://github.com/wtsi-hpag/scaffHiC). The Hi-C chromosome contact map plot is shown 
in Fig. 2. Large scaffolds were constructed using graph construction and link scoring function, and the best final 
scaffolds were selected. Manual curation was carried out using the tool “pretext” to get the chromosomal level 
assembly. The final assembly resulted in a genome of 723.49 Mb in size with a scaffold N50 of 49.74 Mb with 99% 
anchored into 15 chromosomes. The circus plot of the genome assembly is shown in Fig. 3. The assembly statistics 
are given in Table 1. The completeness of the assembly was evaluated using BUSCO assessment with BUSCO 
v5.3.236. A total of 924 out of the 954 (96.85%) of the Metazoa gene set (Metazoa_Odb10) were fully identified in 
the assembled genome. The genome module benchmark values were calculated as C: 96.85%, including [S: 96.0%, 
D: 0.85%], F: 1.8%, M: 1.4% and n = 954 (C: complete, S: single-copy, D: duplicated, F: fragmented, M: missing 
and n: total BUSCO groups of Mollusca Odb10 data). A total of 4594 out of the 5295 (86.76%) of Mollusca gene 
set (Mollusca_Odb10) were fully identified in the genome. The genome module benchmark values were calcu-
lated as C: 86.7%, including [S: 86.0%, D: 0.7%], F: 3.3%, M: 10.0% and n = 5295 (C: complete, S: single-copy, D: 
duplicated, F: fragmented, M: missing and n: total BUSCO groups of Mollusca Odb10 data). The BUSCO values 

Fig. 2 Contact map plot of the Asian green mussel, Perna viridis genome. The raw read pairs from Hi-C were 
aligned with the genome sequences. The x and y axes indicate their positions. The positions of the read pairs are 
indicated by the red dots. A high density of red dots indicates that they are located on the same chromosome.
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assessed using Metazoan dataset (single copy and duplicated) is higher than the high quality genome assembly of 
the hard shelled mussel, Mytilus coruscus (91.09%)37, the manila clam, Ruditapes philippinarum (91.0%)38 and the 
pearl oyster, Pinctada fucata (95.2%)39 indicating the high quality of the assembly of P. viridis in the present study. 
Transcriptome assembly was then performed to improve genome annotation.

De Novo transcriptome assembly. The iso-seq data were processed by calling the circular consensus 
sequence (CCS) using SMRT tool ‘ccs’ and HiFi reads were generated. The HiFi reads were subjected to refine-
ment and clustering. Full length non-chimeric reads (FLNC) were generated using the tool ‘isoseq. 3 refine’ 
(https://github.com/nf-core/modules/tree/master/modules/nf-core/isoseq. 3/refine), which removed poly(A) tail 
and concatemer from the reads. The trimmed full-length reads were clustered at the isoform level and consensus 
is called. The transcripts with a predicted accuracy ≥0.99 are considered as the high quality reads and <0.99 are 
considered as low quality reads. The redundant transcripts generated by reads which originated from 5’ degraded 
RNA were removed by collapsing. The high quality reads were mapped to the reference genome of P. viridis, 
using pbmm2 tool (https://github.com/PacificBiosciences/pbmm2) and these mapped reads were then collapsed 
using the’isoseq. 3 collapse’ tool. Subsequently, unique isoforms were generated in GFF format along with sec-
ondary files containing information about the number of reads supporting each unique isoform. We found align-
ment coverage (alignment length to transcript length) of 100% for expressed genes in the genome assembly. The 
genome was further analyzed for repeat content and type of repeat units.

Repeat annotation. Annotation of repeat units was performed using ab initio prediction and homol-
ogy annotation. RepeatModeler (http:// https://www.repeatmasker.org/RepeatModeler)40, Repeat Scout41 and 
LTR FINDER42 were used to identify various types of repeat elements. RepeatMasker (https://www.repeat-
masker.org/)43 was employed to construct a repeat elements library based on the Repbase TE v22.11 database44.  

Fig. 3 Circos plot of the P. viridis genome assembly. (A) 15 chromosomes (B) Gene density heat map (C) N 
-ratio, (D) GC skew (E) the distribution of GC content.
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The Tandem Repeats Finder was used to identify the Tandem elements. Known repeat element types were iden-
tified from the Repbase database using Repeat Masker and Repeat ProteinMask. A total of 324.3 Mb of repetitive 
elements were identified in the genome of the Asian green mussel, accounting for 44.82% of the genome.

The repeat content is lower than that of the Korean mussel, Mytilus coruscus (52.83%)37 the Philippine horse 
mussel, Modiolus philippinarum (62.0%)45 and the deep-sea mussel, Bathymodiolus platifrons (47.9%)45. The 
statistics of the repeat elements of the P. viridis genome are shown in Table 2. Further, protein coding gene pre-
diction was performed on repeat masked assembly.

Protein coding gene prediction and functional annotation. Gene predictions were undertaken 
using ab initio, homology-based and transcriptome-based prediction strategies. The predictions were made 
using the AUGUSTUS gene prediction server (https://bioinf.uni-greifswald.de/augustus/), as implemented in 
the OmicsBox version 2.2 platform (https://www.biobam.com/omicsbox/) using the repeat masked sequences 
as input with ab initio and extrinsic evidence options. Homology based predictions were performed using the 
proteome data of Bathymodiolus platifrons, Crassostrea gigas, Crassostrea viriginica and Modiolus philippinarum 
retrieved from the Mollusc DB database (http://mgbase.qnlm.ac/home)46. A final non-redundant gene set was 
created by merging all the gene sets from these three approaches using BRAKER47. The combined gene set gen-
erated through all the prediction strategies was functionally annotated via OmicsBox using biological databases; 
Uniprot (https://www.uniprot.org/), KEGG pathways and EggNOG databases48. The InterProScan program was 
used to perform gene ontology annotations. A total of 49654 protein-coding genes were predicted with a mean 
length of 1081 bp. About 46304 (93.25%) of the total predicted genes were assigned with function annotation. 
This high number of protein coding genes is comparable to other molluscs like Mytilus galloprovincialis (Family: 
Mytilidae) (core set of 45000 genes)49 and Ruditapes philippinarum (Family: Veneridae) (set of 40909 genes) 
(Mollusc DB: http://mgbase.qnlm.ac/home). KEGG analysis revealed 634 genes associated with the cancer path-
way and 408 genes associated with viral carcinogenesis. We also predicted 4604 long non-coding RNAs from 
the genome using the programme PLEK50. The annotated data was further used for ortholog and phylogenetic 
analyses.

ortholog and phylogenetic analyses. We downloaded reference protein sequences of 12 representa-
tive species, including the hard shelled mussel or Korean mussel Mytilus coruscus, the Philippine horse mussel 
Modiolus philippinarum, the deep sea mussel Bathymodiolus platifrons, the Akoya pearl oyster Pinctada fucata 
and P. fucata martensii, the Sydney rock oyster Saccostrea glomerata, the Pacific oyster Crassostrea gigas, the east-
ern oyster Crassostrea virginica, the Yesso scallop Patinopecten yessoensis, the Zhilong scallop Chlamys farreri, the 

Genome assembly statistics Data

Total Length 723496279 bp

No: of super scaffolds/contigs assigned to chromosomes 15

No: of unanchored contigs 31

Largest contig 72616575 bp

GC rate (% of genome) 32.9%

N50 Scaffold length 49738958 bp

N90 Scaffold length 36560911 bp

Repeat elements (% of genome) 44.82%

BUSCO genome completeness score Data Ratio

Complete BUSCOs 923 96.8%

Complete and single copy BUSCOs (C) 916 96.0%

Complete and duplicated BUSCOs (D) 7 0.80%

Fragmented BUSCOs (F) 17 1.80%

Missing BUSCOs 14 1.40%

Total number of Metazoa orthologs 954

Table 1. Statistics of the assembled genome of Asian green mussel, Perna viridis.

Repeat classes Length Percentage of genome

Retro elements 70340305 bp 9.72%

DNA transposons 6201062 bp 0.86%

Unclassified 240875560 bp 33.29%

Total interspersed repeats 317416927 bp 43.87%

Simple repeats 5382517 bp 0.74%

Low complexity 1509814 bp 0.21%

Total 324309258 bp 44.82%

Table 2. Statistics of repeat elements in the genome of Perna viridis.

https://doi.org/10.1038/s41597-024-03802-2
https://bioinf.uni-greifswald.de/augustus/
https://www.biobam.com/omicsbox/
http://mgbase.qnlm.ac/home
https://www.uniprot.org/
http://mgbase.qnlm.ac/home


7Scientific Data |          (2024) 11:930  | https://doi.org/10.1038/s41597-024-03802-2

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

Great scallop Pecten maximus and the Peruvian calico scallop Argopecten purpuratus from the Mollusc DB data-
base (http://mgbase.qnlm.ac/home)46. Subsequently the protein sets were filtered by removing protein sequences 
with less than 50 amino acids. The orthologous genes were identified from this sequence dataset (including Perna 
viridis protein set) using OrthoFinder v 2.5.4 (-S diamond -I 1.5 -M msa -A maf -T fasttree -oa)51. Single copy 
orthologous genes from all species (620 numbers) were aligned and concatenated and phylogenetic analyzes were 
performed. A maximum Likelihood (ML) tree was constructed based on these alignments using IQ-TREE v 2.1.4 
(–seqtype AA -m JTT + F + I + G4 -bb 10000 -alrt 10000)52 (Fig. 4). P. viridis clustered with the species belonging 
to the family Mytilidae, Mytilus coruscus, corroborating the findings from traditional taxonomy.

Data Records
The genome assembly of P. viridis has been deposited with NCBI, GenBank under accession number 
JAVAIJ00000000053. BioProject ID: PRJNA964485 and BioSample ID: SAMN34473462. The transcriptome 
sequence dataset has been deposited in the NCBI Sequence Read Archive (SRA) under the project number 
SRR2618900554. The DNA sequence dataset generated from Illumina Novaseq 6000 platform (paired end 
library) has been deposited under project number SRR2436365755. The DNA sequence dataset generated 
from the PacBio Sequel II platform has been deposited under the project number SRR2611437456. The DNA 
sequence dataset generated from Hi-C sequencing (Illumina) has been deposited under the project num-
ber SRR2613287157. Bionano maps generated from Bionano Saphyr were deposited as supplementary file 
SUPPF_0000005531. The files of the assembled genome and annotaton of P. viridis have been deposited in the 
Figshare database 58.

technical Validation
The quality of extracted DNA was analyzed using the agarose gel electrophoresis. The main band was around 
20 kb with DNA spectrophotometer ratios (260/280) more than 1.8. Quantity of the purified DNA was measured 
using Qubit 3.0 fluorometer. DNA shearing was performed on Megarupture 3 system (Diagenode, Belgium) at 
speed settings of 31 and 32 with disposable shearing syringe. The library was constructed using the SMRTbell 
Express template preparation kit 2.0 (Pacific Biosciences, California, USA) as per manufacturer’s protocol. The 
library was purified using AMPure PB beads ((Pacific Biosciences, California, USA). The purified libraries were 
treated with SMRTbell Enzyme cleanup kit 2.0 to remove any unbound adapters and damaged DNA. The librar-
ies were again purified using AMPure PB reads after enzyme cleanup. Purified libraries were size selected using 
BluePippin (Sage Science, USA) (10kb-50kb mode) with 0.75% DF Marker S1 High pass Cassette. Size selected 
SMRT libraries were purified and then subjected to primer annealing and polymerase binding using Sequel II 
binding kit 2.2 to prepare bound complex. About 90pM of the library was loaded onto one SMRTcell containing 
8 M ZMW and sequenced in PacBio Sequel II system in CCS/HiFi Mode. The quality of the purified RNA mol-
ecules was determined by Nanodrop 2000 spectrophotometer (Thermofisher Scientific, Massachusetts, USA) 
as absorbance values > 1.7 at 260 nm/280 nm. The integrity of RNA was evaluated on Agilent 2100 Bioanalyzer 
(Agilent Technologies, California, USA) as the RIN of 8.0. We further evaluated the completeness of the P. viridis 
genome assembly using BUSCO v5.2.2. and 96.8% of the BUSCO genes were complete.

Fig. 4 Maximum likelihood phylogenetic tree generated using single copy orthologous genes from 12 
representative Molluscan species and Perna viridis. Octopus bimaculoides was used as an out group. The tree was 
generated using IQ-TREE v 2.1.4.
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Code availability
The genome and transcriptome analyses were performed following the manuals and protocols of the cited 
bioinformatic software. No new codes were written for this study.

Received: 20 March 2024; Accepted: 20 August 2024;
Published: xx xx xxxx

References
 1. FAO. The State of World Fisheries and Aquaculture 2022. Towards Blue Transformation. https://doi.org/10.4060/cc0461en (FAO 

Rome, 2022).
 2. Regan, T. et al. Ancestral Physical Stress and Later Immune Gene Family Expansions Shaped Bivalve Mollusc Evolution. Genome 

Biol. Evol. 13(8), evab177, https://doi.org/10.1093/gbe/evab177 (2021).
 3. van der Schatte Olivier, A. et al. A global review of the ecosystem services provided by bivalve aquaculture. Rev. Aquacult. 12(1), 

3–25 (2020).
 4. Ray, N. E. & Fulweiler, R. W. Meta-analysis of oyster impacts on coastal biogeochemistry. Nat. Sustain. 4(3), 261–269 (2021).
 5. Rajagopal, S., Venugopalan, V. P., van der Velde, G. & Jenner, H. A. Greening of the coasts: a review of the Perna viridis success story. 

Aquat. Ecol. 40, 273–297, https://doi.org/10.1007/s10452-006-9032-8 (2006).
 6. CMFRI, Kochi. CMFRI Annual Report 2000-2001 (CMFRI Kochi, 2001).
 7. CMFRI, Kochi. CMFRI Annual Report 2017-2018 (CMFRI, Kochi, 2018).
 8. Parappurathu, S. et al. Green mussel (Perna viridis L.) farming in India: an analysis of major growth milestones, recent decline due 

to disease incidence, and prospects for revival. Aquacult. Int. 29, 1813–1828, https://doi.org/10.1007/s10499-021-00716-3 (2021).
 9. Sudaryanto, A. et al. Asia-Pacific mussel watch: Monitoring of butyltin contamination in coastal waters of Asian developing 

countries. Environ. Toxicol. Chem. 21(10), 2119–2130 (2002).
 10. Monirith, I. et al. Asia-Pacific mussel watch: monitoring contamination of persistent organochlorine compounds in coastal waters 

of Asian countries. Mar. Pollut. Bull. 46(3), 281–300 (2003).
 11. Chakraborty, K., Joseph, D. & Chakkalakal, S. J. Toxicity profile of a nutraceutical formulation derived from green mussel Perna 

viridis. BioMed. Res. Int. 471565 https://doi.org/10.1155/2014/471565 (2014).
 12. Astorga-Espana, M. S., Rodriguez-Rodriguez, E. M. & Diaz-Romero, C. Comparison of mineral and trace element concentrations 

in two mollusks form the Srait of Magellan (Chile). J. Food Compos. Anal. 20(3-4), 273–279 (2007).
 13. Burge, C. A. et al. The use of filter-feeders to manage disease in a changing world. Integr. Comp. Biol. 56(4), 573–587 (2016).
 14. Song, H. et al. The hard clam genome reveals massive expansion and diversification of inhibitors of apoptosis in Bivalvia. BMC Biol 

19(1), 15, https://doi.org/10.1186/s12915-020-00943-9 (2021). Available from.
 15. Witkop, E. M., Proestou, D. A. & Gomez-Chiarri, M. The expanded inhibitor of apoptosis gene family in oysters possesses novel 

domain architectures and may play diverse roles in apoptosis following immune challenge. BMC Genomics 23, 201, https://doi.
org/10.1186/s12864-021-08233-6 (2022).

 16. Wang, L., Qiu, L., Zhou, Z. & Song, L. Research progress on the mollusk immunity in China. Dev. Comp. Immunol. 39(1–2), 2–10 
(2013).

 17. Hughes, F. M., Foster, B., Grewal, S. & Sokolova, I. M. Apoptosis as a host defense mechanism in Crassostrea virginica and its 
modulation by Perkinsus marinus. Fish Shellfish Immunol. 29(2), 247–257 (2010).

 18. Sunila, I. & LaBanca, J. Apoptosis in the pathogenesis of infectious diseases of the eastern oyster Crassostrea virginica. Dis. Aquat. 
Organ. 56(2), 163–170 (2003).

 19. Vogeler, S., Carboni, S., Li, X. & Joyce, A. Phylogenetic analysis of the caspase family in bivalves: implications for programmed cell 
death, immune response and development. BMC Genomics 22(1), 80 (2021).

 20. Odintsova, N. A. Leukemia-like cancer in bivalves. Russ. J. Mar. Biol. 46, 59–67 (2020).
 21. Metzger, M. J. et al. Widespread transmission of independent cancer lineages within multiple bivalve species. Nature 534, 705–709 

(2016).
 22. Skazina, M. et al. Two lineages of bivalve transmissible neoplasia affect the blue mussel Mytilus trossulus Gould in the subarctic Sea 

of Okhotsk. Curr. Zool. 69(1), 91–102 (2022).
 23. Leung, P. T. et al. De novo transcriptome analysis of Perna viridis highlights tissue-specific patterns for environmental studies. BMC 

genomics 15(1), 804 (2014).
 24. Inoue, K. et al. Genomics and transcriptomics of the green mussel explain the durability of its byssus. Sci. Rep. 11(1), 1–11, https://

doi.org/10.1038/s41598-021-84948-6 (2021).
 25. Muhammed Zafar Iqbal, A. N., Khan, M. S. & Goswami, U. Cytogenetic studies in green mussel, Perna viridis (Mytiloida: 

Pteriomorphia), from West Coast of India. Mar Biol 153, 987–993, https://doi.org/10.1007/s00227-007-0870-2 (2008).
 26. Rao, S. S. P. et al. A 3D map of the human genome at kilobase resolution reveals principles of chromatin looping. Cell 159, 

1665–1680, https://doi.org/10.1016/j.cell.2014.11.021 (2014).
 27. Gong, G. et al. Chromosomal-level assembly of yellow catfsh genome using third-generation DNA sequencing and Hi-C analysis. 

Gigascience 7(11), giy120, https://doi.org/10.1093/gigascience/giy120 (2018).
 28. Burton, J. N. et al. Chromosome-scale scaffolding of de novo genome assemblies based on chromatin interactions. Nat. Biotechnol. 

31, 1119–1125, https://doi.org/10.1038/nbt.2727 (2013).
 29. Marcais, G. & Kingsford, C. A fast, lock-free approach for efficient parallel counting of occurrences of k-mers. Bioinformatics 27(6), 

764–770 (2011).
 30. Ranallo-Benavidez, T. R., Jaron, K. S. & Schatz, M. C. GenomeScope 2.0 and Smudgeplot for reference-free profiling of polyploid 

genomes. Nat. Commun. 11, 1432 (2020).
 31. Brainerd, E. L., Slutz, S. S., Hall, E. K. & Phillis, R. W. Patterns of genome size evolution in tetraodontiform fishes. Evolution 55, 

2363–2368 (2001).
 32. Zhu, D. et al. Flow cytometric determination of genome size for eight commercially important fish species in China. In Vitro Cell. 

Dev. Biol. Anim. 48, 507–517 (2012).
 33. Chen, S., Zhou, Y., Chen, Y. & Gu, J. fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34(17), i884–i890, https://doi.

org/10.1093/bioinformatics/bty560 (2018).
 34. Cheng, H., Concepcion, G. T., Feng, X., Zhang, H. & Li, H. Haplotype-resolved de novo assembly using phased assembly graphs with 

hifiasm. Nat. Methods 18, 170–175, https://doi.org/10.1038/s41592-020-01056-5 (2021).
 35. Walker, B. J. et al. Pilon: an integrated tool for comprehensive microbial variant detection and genome assembly improvement. PloS 

one 9, e112963 (2014).
 36. Manni, M., Berkeley, M. R., Seppey, M., Zdobnov, E. M. & BUSCO Assessing genomic data quality and beyond. Currt. Protoc. 1, 

e323 (2021).
 37. Li, R. et al. The whole-genome sequencing and hybrid assembly of Mytilus coruscus. Front. Genet. 11, 440, https://doi.org/10.3389/

fgene.2020.00440 (2020).
 38. Yan, X. et al. Clam genome sequence clarifies the molecular basis of its benthic adaptation and extraordinary shell color diversity. 

iScience 19, 1225–1237, https://doi.org/10.1016/j.isci.2019.08.049 (2019).

https://doi.org/10.1038/s41597-024-03802-2
https://doi.org/10.4060/cc0461en
https://doi.org/10.1093/gbe/evab177
https://doi.org/10.1007/s10452-006-9032-8
https://doi.org/10.1007/s10499-021-00716-3
https://doi.org/10.1155/2014/471565
https://doi.org/10.1186/s12915-020-00943-9
https://doi.org/10.1186/s12864-021-08233-6
https://doi.org/10.1186/s12864-021-08233-6
https://doi.org/10.1038/s41598-021-84948-6
https://doi.org/10.1038/s41598-021-84948-6
https://doi.org/10.1007/s00227-007-0870-2
https://doi.org/10.1016/j.cell.2014.11.021
https://doi.org/10.1093/gigascience/giy120
https://doi.org/10.1038/nbt.2727
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1038/s41592-020-01056-5
https://doi.org/10.3389/fgene.2020.00440
https://doi.org/10.3389/fgene.2020.00440
https://doi.org/10.1016/j.isci.2019.08.049


9Scientific Data |          (2024) 11:930  | https://doi.org/10.1038/s41597-024-03802-2

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

 39. Takeuchi, T. et al. A high-quality, haplotype-phased genome reconstruction reveals unexpected haplotype diversity in a pearl oyster. 
DNA Res. 29(6), dsac035, https://doi.org/10.1093/dnares/dsac035 (2022).

 40. Flynn, J. M. et al. RepeatModeler2 for automated genomic discovery of transposable element families. Proc. Natl. Acad. Sci. USA 
117(17), 9451–9457 (2020).

 41. Price, A. L., Jones, N. C. & Pevzner, P. A. De novo identification of repeat families in large genomes. Bioinformatics. Suppl 1, i351–8 
(2005).

 42. Xu, Z. & Wang, H. LTR FINDER: an efficient tool for the prediction of full-length LTR retrotransposons. Nucleic Acids Res. 35, 
W265–W268, https://doi.org/10.1093/nar/gkm286 (2007).

 43. Tarailo-Graovac, M. & Chen, N. Using RepeatMasker to identify repetitive elements in genomic sequences. Curr. Protoc. 
Bioinformatics. 4(10), https://doi.org/10.1002/0471250953.bi0410s25 (2009).

 44. Bao, W., Kojima, K. K. & Kohany, O. Repbase Update, a database of repetitive elements in eukaryotic genomes. Mobile DNA 6, 11, 
https://doi.org/10.1186/s13100-015-0041-9 (2015).

 45. Sun, J. et al. Adaptation to deep-sea chemosynthetic environments as revealed by mussel genomes. Nat. Ecol. Evol. 1, 0121, https://
doi.org/10.1038/s41559-017-0121 (2017).

 46. Caurcel, C. et al. MolluscDB: a genome and transcriptome database for molluscs. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 376(1825), 
20200157 (2021).

 47. Hoff, K. J., Lomsadze, A., Borodovsky, M. & Stanke, M. Whole-Genome Annotation with BRAKER. Methods Mol Biol. 1962, 65–95 
(2019).

 48. Huerta-Cepas, J. et al. EggNOG 5.0: a hierarchical, functionally and phylogenetically annotated orthology resource based on 5090 
organisms and 2502 viruses. Nucleic Acids Res. D309–D314, https://doi.org/10.1093/nar/gky1085 (2019).

 49. Gerdol, M. et al. Massive gene presence-absence variation shapes an open pan-genome in the Mediterranean mussel. Genome Biol. 
21, 275, https://doi.org/10.1186/s13059-020-02180-3 (2020).

 50. Li, A., Zhang, J. & Zhou, Z. PLEK: a tool for predicting long non-coding RNAs and messenger RNAs based on an improved k-mer 
scheme. BMC bioinformatics 15, 311, https://doi.org/10.1186/1471-2105-15-311 (2014).

 51. Emms, D. M. & Kelly, S. OrthoFinder: phylogenetic orthology inference for comparative genomics. Genome Biol. 20, 238, https://
doi.org/10.1186/s13059-019-1832-y (2019).

 52. Minh, B. Q. et al. IQ-TREE 2: New models and efficient methods for phylogenetic inference in the genomic era. Mol. Biol. Evol. 37, 
1530–1534, https://doi.org/10.1093/molbev/msaa015 (2020).

 53. Sukumaran, S. et al. Perna viridis isolate PV_CMFRI_1.1, whole genome shotgun sequencing project. GenBank https://identifiers.
org/ncbi/insdc:JAVAIJ000000000 (2024).

 54. NCBI Sequence Read Archive, https://identifiers.org/insdc.sra:SRR26189005 (2024).
 55. NCBI Sequence Read Archive, https://identifiers.org/insdc.sra:SRR24363657 (2024).
 56. NCBI Sequence Read Archive, https://identifiers.org/insdc.sra:SRR26114374 (2024).
 57. NCBI Sequence Read Archive, https://identifiers.org/insdc.sra:SRR26132871 (2024).
 58. Sukumaran, S. et al. The chromosome level genome assembly of the Asian green mussel, Perna viridis. Figshare. https://doi.

org/10.6084/m9.figshare.25427476.v1 (2024).

Acknowledgements
This research was funded by the Department of Biotechnology, NewDelhi, India. The authors would like 
to thank the Director, Central Marine Fisheries Research Institute (CMFRI), Dr. S. R. Krupesha Sharma and  
Dr. Kajal Chakraborty (Heads of Divisions, Marine Biotechnology, Fish Nutrition and Health Division, CMFRI) 
for providing facilities to carry out this work.

author contributions
S.S. and A.G. conceived the study. S.S., W.S. and V.V.G. carried out the lab work. S.S., V.V.G., W.S., L.H.D., A.P. and 
A.K. performed the bioinformatic analyses. S.S. and V.V.G. wrote the initial manuscript. A.G. and J.K.J. reviewed 
and approved the manuscript.

Competing interests
The authors declare no competing interests.

additional information
Correspondence and requests for materials should be addressed to S.S.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

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

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2024

https://doi.org/10.1038/s41597-024-03802-2
https://doi.org/10.1093/dnares/dsac035
https://doi.org/10.1093/nar/gkm286
https://doi.org/10.1002/0471250953.bi0410s25
https://doi.org/10.1186/s13100-015-0041-9
https://doi.org/10.1038/s41559-017-0121
https://doi.org/10.1038/s41559-017-0121
https://doi.org/10.1093/nar/gky1085
https://doi.org/10.1186/s13059-020-02180-3
https://doi.org/10.1186/1471-2105-15-311
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1093/molbev/msaa015
https://identifiers.org/ncbi/insdc:JAVAIJ000000000
https://identifiers.org/ncbi/insdc:JAVAIJ000000000
https://identifiers.org/insdc.sra:SRR26189005
https://identifiers.org/insdc.sra:SRR24363657
https://identifiers.org/insdc.sra:SRR26114374
https://identifiers.org/insdc.sra:SRR26132871
https://doi.org/10.6084/m9.figshare.25427476.v1
https://doi.org/10.6084/m9.figshare.25427476.v1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The chromosome level genome assembly of the Asian green mussel, Perna viridis
	Background & Summary
	Methods
	Sample collection. 
	DNA extraction and genome sequencing. 
	RNA extraction and Transcriptome sequencing. 
	Estimation of the genome size using k-mer analysis and flow cytometry. 
	De Novo genome assembly. 
	De Novo transcriptome assembly. 
	Repeat annotation. 
	Protein coding gene prediction and functional annotation. 
	Ortholog and phylogenetic analyses. 

	Data Records
	Technical Validation
	Acknowledgements
	Fig. 1 A photograph of the Asian green mussel, Perna viridis used for whole genome sequencing.
	Fig. 2 Contact map plot of the Asian green mussel, Perna viridis genome.
	Fig. 3 Circos plot of the P.
	Fig. 4 Maximum likelihood phylogenetic tree generated using single copy orthologous genes from 12 representative Molluscan species and Perna viridis.
	Table 1 Statistics of the assembled genome of Asian green mussel, Perna viridis.
	Table 2 Statistics of repeat elements in the genome of Perna viridis.




