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A novel invertebrate model for
ecotoxicological studies
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Mussels, particularly Perna viridis, are vital sentinel species for toxicology and biomonitoring in
environmental health. This species plays a crucial role in aquaculture and significantly impacts the
fisheries sector. Despite the ecological and economic importance of this species, its omics resources are
still scarce. We generated a gill-specific reference transcriptome for Perna viridis using 292 million short
Illumina reads from eight pooled gill tissue samples isolated from twenty-four individuals. The Trinity
assembler generated 438,842 transcripts with an N50 of 1,958 bp. Several databases were employed

in the annotation process. This dataset greatly expands the omics resources of bivalve databases and
advances our knowledge of transcriptomics, molecular biology, environmental toxicology, and cancer
research.

Background & Summary

Mussels, as bivalves, display a range of diverse adaptations evolved to manage the stressors associated with their
sedentary lifestyle in challenging environments®?. These stressors include variations in salinity and temper-
ature, as well as exposure to pollution and parasites>™. This remarkable adaptability is reflected in their gene
expression pattern and genomic data profiles, making mussels valuable model organisms for studying genomic
evolution~".

The Asian green mussel (Perna viridis) holds significant economic importance due to its ecological role and
value in fisheries. Beyond their foundational role in aquatic ecosystems, mussels exhibit notable phenotypic
plasticity, allowing them to alter physiological and physical traits in response to environmental changes®-1. This
plasticity, linked to genetic variations, enables diverse trait expressions under varying conditions. The genomic
architecture of mussels responds to stressors such as parasitic infections (e.g., Perkinsus spp.) and pollutants,
ranging from nano-micro scale to bulk contaminants'!-1°. Their high genetic diversity facilitates local adap-
tation, with populations developing traits that enhance survival in specific environments, including pollutant
tolerance. Whole-genome duplications further increase genetic variability, providing a broader range of poten-
tial adaptations. Additionally, mussels demonstrate compensatory mechanisms, such as enhanced biomineral-
isation, to cope with environmental stressors'’~*°. Therefore, the genomic plasticity of mussels enables effective
adaptation through phenotypic changes, gene regulation, and genetic diversity, contributing to their ecological
success. Understanding these mechanisms is crucial for the conservation and management of mussel popula-
tions in aquaculture®'”.

Tissue-specific transcriptome assembly is particularly critical for emerging model organisms like Perna
viridis. Such assemblies are invaluable for various application-level studies, including differential gene expres-
sion analysis, genome-wide association studies (GWAS), and comprehensive genome-wide characterisations.
Transcriptome assembly is often more advantageous than genomic assembly for differential gene expression
research, as it enables accurate characterisation of alternative splicing events and expression patterns that may
be obscured in genome assemblies. This is particularly important for sentinel mussels like Perna viridis, which
serve as vital bioindicators in biomonitoring and ecotoxicological studies?*-%,
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Tissue-specific transcriptome and expression profiling are indispensable in this context. The gill, in par-
ticular, is a vital organ for mussels, serving as the primary site of exposure to environmental pollutants and
chemicals, including nanoparticles and microplastics'®#?*%, It is also a key target for infections from parasitic
and bacterial organisms. Numerous studies have highlighted tissue damage and the impact of contaminants on
gill tissues, underscoring the need for detailed transcriptomic data!®?!. Furthermore, Perna viridis has recently
gained recognition as a model organism for cancer research based on emerging genomic data, highlighting the
future importance of tissue-specific transcriptome resources in advancing cancer biology*

Given the ecological and biomedical significance of Perna viridis, we developed a gill tissue-specific tran-
scriptome to enrich the molluscan database. This resource is crucial for ecotoxicological and biomonitoring
studies and will support future investigations into the molecular mechanisms underlying pollutant responses
and cancer biology.

Methods

Sample collection. Wild adult Asian green mussels (Perna viridis) weighing 40-50 g and having shell
lengths of 6 4 0.41 cm were collected from the coasts of Munambam, Arabian Sea (10.1772° N, 76.1655° E)
(Fig. 1). A total of 24 individuals were gathered. Gill tissues were snap-frozen in liquid nitrogen and stored at
—80°C until further processing. All animal experimentation protocols were approved by the Institutional Animal
Ethical Committee of ICAR-Central Marine Fisheries Research Institute (CMFRI), Kochi, and adhered to the
ARRIVE guidelines (http://arriveguidelines.org).

RNA extraction, library preparation and sequencing. Total RNA was extracted from each individual
using TRIzol Reagent (Invitrogen, USA) following the manufacturer’s instructions. To remove any genomic DNA,
the RNA samples were treated with RNase-Free DNase I (Qiagen, USA). RNA samples with an OD 260/280 > 1.8
and an RNA integrity number > 7 were selected for further analysis. To ensure representativeness, we combined
equal volumes of high-quality RNA from three distinct individuals to produce a unified sample. This process was
repeated across eight samples, each is a pool of three individuals, and subsequently used for cDNA synthesis and
sequencing. RNA quality and quantity were assessed using 1% denaturing agarose gel electrophoresis and the
Agilent 4200 Bioanalyzer (Agilent Technologies, USA). cDNA libraries were constructed following the TruSeq
RNA Sample Preparation Kit v2 protocol (Illumina, Cat. No. RS-122-2001 and/or RS-122-2002). Library quality
was evaluated using the Agilent 2100 Bioanalyzer (Part. No. G2939BA), and concentration was measured with the
KAPA Library Quantification Kit (Cat. No. KK4824). Sequencing was performed on an Illumina NovaSeq. 6000
platform, utilising paired-end mode with 150 bp reads.

Pre-assembly processing. All bioinformatics analyses were conducted using the high-performance com-
puting system “MY FISH” provided by CMFRI. The workflow of the bioinformatics pipeline is represented in
Fig. 2. A total of 292,823,639 raw reads were generated after sequencing (Table 1). Raw data quality was assessed
using FastQC software version 0.11.8%% The quality results for all samples were aggregated into a single report
using the MultiQC v1.12%. Adaptor sequences and low-quality reads (PHRED score < 20) were removed using the
fastp tool v1.12%. A total of 244,726,426 cleaned reads were maintained to build the de novo transcriptome assem-
bly, representing 83.5% of the raw reads. Metrics for the generated transcriptome data are summarised in Table 2.

De novo transcriptome assembly.  Trinity (version 2.11), a de novo assembly tool for eukaryotes based on
de Bruijn graphs, was used to optimise the transcriptome assembly, reduce chimeric transcripts, and improve reli-
ability®. Trinity was employed to assemble the RNA-seq data with default parameters. This approach resulted in
a total of 438,842 transcripts (Table 2). Following the assembly process, the assembled transcripts were subjected
to post-assembly quality assessment using tools such as BUSCO v5.4.4% (Benchmarking Universal Single-Copy
Orthologs) and TransRate v1.0.3% to assess assembly quality and completeness. Potential contaminants were
removed using NCBI-FCS and Kraken 23%%,

Assembly thinning and redundancy reduction. Two distinct approaches were employed for assembly
thinning to enhance the efficiency and quality of transcriptomic analysis. Firstly, CD-HIT-est v. 4.8.1% clustering
was utilised to group similar isoforms and select representative sequences for each gene cluster. This method
effectively reduces redundancy while maintaining crucial sequence information, thereby simplifying the dataset
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Fig. 2 Workflow of the bioinformatic pipeline. From raw data to annotated transcripts for the de novo
transcriptome assembly of Gill tissues from Perna viridis.

for downstream analysis. Secondly, SuperTranscript was applied to construct a hybrid transcript by stitching
together all unique exons from various isoforms into a continuous linear sequence. Although this hybrid tran-
script may not exist in a natural biological context, it provides a comprehensive representation of all possible
exonic regions, ensuring no sequence information is lost. Together, these methods complement each other by
consolidating redundant data and integrating all relevant sequence information, thus improving the depth and
accuracy of transcriptome analysis*!.

The initial assembly output from Trinity was processed using CD-HIT-est v. 4.8.1, a hierarchical cluster-
ing tool designed to eliminate redundant and fragmented transcripts often encountered in de novo assemblies,
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Sample | Read Orientation | Number of Reads Obtained | Poor Quality Reads | GC% | Mean Read Length (bp)

R1 16,115,540 0 37 151
PV1

R2 16,115,540 0 37 151

R1 17,362,360 0 37 151
PV2

R2 17,362,360 0 37 151

R1 18,266,798 0 38 151
PV3

R2 18,266,798 0 38 151

R1 18,594,860 0 37 151
PV4

R2 18,594,860 0 37 151

R1 20,004,803 0 38 151
PV5

R2 20,004,803 0 38 151

R1 27,755,105 0 37 151
PVe6

R2 19,699,776 0 37 151

R1 27,755,105 0 37 151
pPV7

R2 27,755,105 0 37 151

R1 24,579,973 0 39 151
APD3

R2 24,579,973 0 39 151

Table 1. Summary of sequencing read statistics. Summary of sequencing read statistics, including total reads,
read length distribution, and quality metrics.

Metric Trinity CD-HIT-est (Unigens) | SuperTranscript
Total Transcripts 438,842 378,672 308,707
N90 345 315 290

N70 890 687 565

N50 1,958 1,554 1,223

N30 3,471 3,005 2,920

N10 6,742 6,171 7,115

GC Content (%) 33.96 34% 33%

Bases with N (Ambiguity) 0 0 0
Proportion of Bases N 0 0 0

Number of Transcripts with ORF | 63,033 43,324 19,464
Mean ORF Percentage 39.3% 38.12% 31.41%
Mean Sequence Length (bp) 965.73 842.29 753.18
Total Number of Bases 423,808,106 | 318,952,430 232,512,581
Sequences Under 200 bp 23 12 0
Sequences Over 1,000 bp 108,162 77,183 48,461
Sequences Over 10,000 bp 1,137 691 791
Smallest Sequence Length (bp) 179 179 201

Table 2. Transcriptome Assembly Metrics. Key assembly metrics for the Perna viridis transcriptome, including
transcript count and average length.

thereby generating unique gene sequences. CD-HIT-est was executed with default parameters, setting a simi-
larity threshold of 95%. This was followed by a second validation phase of the CD-HIT-est output, as detailed
in Table 2. Subsequently, the CD-HIT-est output was analysed using TransDecoder v. 5.7.0*%, a standard tool
for identifying long open reading frames (ORFs) in assembled transcripts. TransDecoder was run with default
settings, which include ORF prediction on both strands of the assembled transcripts, irrespective of the specific
sequencing library used. It also ranks ORFs based on their completeness by examining the presence of AA
codons upstream of a start codon (AUG) and checking for an in-frame stop codon to determine the complete-
ness of the 5’ end. The “Longest ORF” rule was applied to select the longest 5’ AUG as the translation start site
relative to the in-frame stop codon*2.

Assessment of transcriptome assembly quality. The quality of the transcriptome assembly was eval-
uated using multiple analytical tools. Initially, TransRate v. 1.0.3%” was used to assess the preliminary assembly
outputs from Trinity, CD-HIT clustering, and the supertranscript. This tool provided essential metrics to identify
potential errors and assess the quality of the assembled transcriptomes.

To measure transcriptome completeness, BUSCO v. 5.4.4% was employed. The assessment was conducted
against three ortholog databases: Metazoa (metazoa_odb10), Mollusca (mollusca_odb10), and Eukaryota
(eukaryota_odb10)*. The results, detailed in Table 3, demonstrated high levels of completeness, with significant
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Lineage Dataset | Total BUSCOs | Complete Single-copy | Complete Duplicated | Fragmented | Missing Percentages

Complete: 94.5%
Mollusca 5295 2,872 (54.24%) 2,132 (40.26%) 69 (1.3%) 222 (4.19%) | Fragmented: 1.3%
Missing: 4.19%
Complete: 99.61%
Eukaryota 255 167 (65.49%) 87 (34.12%) 1(0.39%) 0 Fragmented: 0.39%
Missing: 0%
Complete: 99.69%
Metazoa 954 600 (62.89%) 351 (36.79%) 0 3(0.31%) Fragmented: 0%
Missing: 0.31%

Table 3. BUSCO Completeness Assessment. BUSCO completeness percentages for Perna viridis across
Mollusca, Eukaryota, and Metazoa lineages, including single-copy and duplicated genes.

percentages of complete gene representation across all databases. Specifically, the completeness of BUSCOs
varied from 62.89% for single-copy and 36.79% for duplicated genes in Metazoa to 65.49% and 34.12% in
Eukaryota, respectively.

Additionally, the trimmed raw reads were mapped to the final de novo transcriptome assembly using
STAR v2.7.8a*, a well-established gene alignment tool. The mapping efficiency, reflected as a read support
value, achieved 89%, further validating the high quality of the transcriptome assembly. To further validate this
approach, additional mapping was performed using Bowtie v0.7.17%, yielding an average mapping rate of above
95%. This high mapping rate underscores the accuracy and reliability of the assembly.

Transcriptome annotation. The predicted protein-coding regions were annotated through homology
searches using BLASTx and BLASTp against multiple databases, including NCBI nr and UniProtKB, with an
e-value threshold of 1e-5. Gene Ontology (GO), pathway and Enzyme code annotations were performed using
EggNOG*%, KEGGY, Reactome*, and Blast2GO v5.2.5%, assigning transcripts to specific cellular components,
functions, and biological processes*®4>0->*, Functional protein domains were identified with InterProScan v4.0°!,
which integrates predictive models from various databases such as Gene3D, PANTHER, Pfam, and others.

Identification of Simple Sequence Repeats (SSRs) in the transcriptome. Simple sequence
repeats (SSRs) within the generated transcriptome were identified using GMATA (Genome-wide Microsatellite
Analyzing Towards Application)*. SSRs with repeat units ranging from 2 to 10 base pairs and a minimum repeat
number of 5 were analysed to characterise the repetitive sequences present in the transcriptome.

Data Records

The curated transcriptome assembly has been submitted to NCBI GenBank under Bioproject PRINA1149310
with accession number GKYN00000000°. The high-quality sequence data, devoid of vector contamination, has
been deposited in the NCBI Sequence Read Archive (SRA)*’-%4. The annotated transcriptome assembly, includ-
ing the Gene Ontology (GO) annotations, is available on Figshare®.

Technical Validation

RNA and library quality control. Only RNA samples with confirmed high quality and integrity (con-
centration > 7 ng/pL and a flat baseline on the Bioanalyzer) were used for pooling. It is important to note that
the RNA Integrity Number (RIN) is not a reliable measure of RNA integrity in mussels, as molluscs, in general,
display different numbers of peaks due to the presence of hidden breaks in rRNA. Prior to multiplexing, libraries
were checked for fragment distribution and concentration to ensure that all sequencing criteria were met.

Read and de novo assembly basic statistics. Sequencing yields, assembly, and annotation statistics,
along with completeness results, are presented in Tables 2 and 3. Briefly, a total of approximately 292 million raw
reads were obtained, with an average of 6.25 Gb data per sample (Table 1). The raw paired-end reads possess a
high-quality Q30 score. FASTQC results confirmed that the cleaned reads passed the minimum quality standards,
with over 83.5% of reads retained after filtering and adapter removal, ensuring high-quality de novo assemblies.

The resulting transcriptome assembly comprised 438,842 transcripts, with a mean contig length of 965bp. The
N50 values exceeded 1,000 bp across all assemblies, reflecting high-quality data. The smallest transcript measured
272bp, and the longest reached 35,440 bp. BUSCO analysis indicated high completeness, with 89% read support
value in read mapping. These results demonstrate the successful generation of a high-quality RNA-seq dataset for
Perna viridis, with comprehensive assembly metrics provided in Table 2 and BUSCO results in Table 3.

Protein prediction and annotation. In the Perna viridis transcriptome, a total of 438,842 assembled tran-
scripts were analysed for their open reading frames (ORFs). TransDecoder analysis revealed that 74.2% of the
transcripts contained complete ORFs. Additionally, 12.4% of the transcripts had 5’ partial ORFs, 7.3% had 3’ par-
tial ORFs, and 6.7% were classified as internal ORFs. The predicted proteins had an average minimum length of
85 amino acids (aa) and a mean length of 402 aa, with the longest proteins reaching up to 14,408 aa. On average,
73% of ORFs were complete, including both START and STOP codons.

A total of 63,369 transcripts with ORF were obtained from the de novo transcriptome assembly. Of these,
23,614 transcripts (37.3%) were successfully annotated with Gene Ontology (GO) terms, providing insights
into their potential biological functions. Enzyme Commission (EC) codes were assigned to 11,472 transcripts
(18.1%), indicating their roles in various biochemical pathways.
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Fig. 3 REACTOME Pathway Annotations. Pathway annotations based on REACTOME, showing key biological
processes.
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Fig. 4 KEGG Pathway Annotations. Pathway annotations using KEGG illustrate the pathways involved.
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Fig. 5 Annotation Distribution. Distribution of functional annotations across the assembled transcripts,
highlighting different categories.

BLAST annotations were achieved for 31,535 transcripts (49.8%), highlighting significant homology with
known sequences. Additionally, 45,819 transcripts (72.3%) were annotated using EggNOG, a database for ort-
hology prediction and functional annotation, which helped to further classify the transcripts based on evolution-
ary relationships and functional domains. InterProScan analysis yielded annotations for 28597 unigenes (45%).
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Fig. 6 SSR Repeat Distribution. Distribution and frequency of simple sequence repeats (SSRs) in the
transcriptome.

In pathway analysis, 31,334 transcripts (49.4%) were linked to Reactome pathways, identifying a total of 9,923

distinct pathways (Fig. 3). Moreover, 17,934 transcripts (28.3%) were associated with KEGG (Kyoto Encyclopedia
of Genes and Genomes) pathways, resulting in the identification of 341 distinct KEGG pathways (Fig. 4). These
annotations provide a comprehensive understanding of the molecular and biological functions of the identified
transcripts, as well as their involvement in various cellular and metabolic pathways. Figure 5 represents the
percentage of annotations. Single sequence repeats identified in transcriptome assembly are indicated in Fig. 6.

Code availability

No custom code was generated in this study. All software programs utilised in this study for de novo transcriptome
assembly, pre- and post-assembly steps, and transcriptome annotation are listed below with their respective
versions. Details on any non-default parameters used are also provided.

1 FastQC v0.11.832

2 MultiQC v1.12%,

3 fastp v1.12** parameters: SLIDINGWINDOW:4:20, LEADING:5, TRAILING:5, MINLEN:25.
4 Trinity v2.11°.

5 Kraken 23,

6 NCBI FCS™.

7 CD-HIT-est v. 4.8.1

8 STAR v2.7.8a* (--alignIntronMax 1).

9 Bowtie 2%,

10 TransRate v1.0.3%.

11 BUSCO v5.4.4% parameters: dataset mollusca_odb10, Metazoa_odb, and Eukaryota®.
12 TransDecoder v5.7.0*?, parameters: default (open reading frame > 100 amino acids).
13 BLAST 2.14.0°°.

14 UniProt: (http://www.uniprot.org/help/uniprotkb).

15 eggNOG-mapper v2.1.12%, parameters: -m diamond -evalue 0.001 -score 60 -pident 40 -query_cover 20
-subject_cover 20 -itype proteins -tax_scope auto -target_orthologs all -go_evidence all -pfam_realign none

-report_orthologs -decorate_gf yes -excel.
16 Blast2GO v 5.2.5%.
17 GMATA V 2%,
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