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© The yellow-foot clam, Paphia malabarica Chemnitz, 1782 is a regionally important fishery and

: aquaculture resource along the southwest coast of India. The fishery of this species from the Ashtamudi
. estuary has been certified as sustainable by the Marine Stewardship Council. We generated the first

. high-quality, comprehensive de novo transcriptome assembly of Paphia malabarica using lllumina

. paired-end sequencing. A total of 729.2 million raw reads were generated and further processed and

. assembled using the Trinity assembler. The final assembly yielded 55,980 predicted coding sequences

. (CDS) with an N50 of 1,605 bp. The BUSCO completeness of the transcriptome assembly was 97.8%

. against the Metazoa (metazoa_odb10) dataset and 88.52% against the Mollusca (mollusca_odb10)

. dataset. Functional annotations were performed using UniProt, KEGG, Reactome, InterPro, and

. eggNOG databases. Out of 56,713 transcripts, 20,624 sequences (36.37%) were annotated with Gene

: Ontology (GO) terms, yielding 360,305 annotations. Gene ontology and pathway analyses indicated

© that transcripts associated with key biological processes, such as replication, recombination and repair,
. transcription, signal transduction mechanisms, posttranslational modification, protein turnover,

. chaperones, carbohydrate transport and metabolism, and amino acid transport and metabolism, are

. important for the buried lifestyle of the yellow-foot clam, Paphia malabarica.

: Background & Summary

: Marine ecosystems are increasingly affected by climate change, with major consequences for biodiversity, eco-
: system functioning, and the sustainability of living marine resources. Sedentary bivalves such as clams, oys-
© ters, and mussels are particularly vulnerable to climate-driven stressors, including rising seawater temperature,
. marine heatwaves, ocean acidification, hypoxia, and altered pathogen dynamics, as these factors directly influ-
© ence their physiology, survival, reproduction, and distribution!-. Venerid clams represent an ecologically and
. economically important group within marine bivalves, with several species supporting fisheries and aquaculture
: systems worldwide, including Venerupis philippinarum, Mercenaria mercenaria, and Meretrix spp*. Along the
. Indian coast, genera such as Meretrix, Marcia, and Paphia support regionally important fishery systems®. Habitat
. degradation, anthropogenic pollution, and environmental changes are major threats to the sustainability of clam
. populations and fisheries®.

: Clams exhibit wide variations in shape, size, colour, and body structure’. Their wedge-shaped muscular foot
. and long extendible siphons facilitate burrowing behaviour®®. They inhabit estuarine and intertidal environ-
. ments characterised by fluctuating salinity, temperature, and dissolved oxygen, making them relevant models
© for investigating molecular mechanisms of environmental adaptation and stress tolerance. They play important
. roles in biogeochemical cycling and sediment-water exchange processes'?. These ecological and physiologi-
© cal characteristics make transcriptomic resources particularly valuable for understanding how benthic bivalves
: respond to rapidly changing coastal environments.
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Fig. 1 Photograph of the yellow-foot clam Paphia malabarica. (a) External view of the shell. (b) Internal view of
the shell.

Genomic and transcriptomic resources provide direct insights into the molecular mechanisms underlying
environmental adaptation in bivalves!!-!*>. Comprehensive identification of expressed protein-coding genes
enables the characterisation of pathways associated with thermal tolerance, oxidative stress response, hypoxia
adaptation, immune defence, and xenobiotic detoxification!®-!8. These molecular insights are particularly rele-
vant for aquaculture, where they can support the identification of stress-resilient stocks, improve understanding
of host-pathogen interactions, and inform strategies to mitigate the impacts of marine heatwaves and disease
outbreaks. In addition, transcriptomic data can aid in elucidating genes involved in growth regulation, repro-
ductive cycles, and larval development, thereby contributing to improved broodstock management and seed
production!*",

The gene families and molecular underpinnings of bivalve stress responses have been extensively studied
across multiple taxa, including clams, oysters, mussels, scallops, and cockles'"?°-2%. Bivalves have developed
specialised tolerance mechanisms to counteract constant exposure to pathogens because they lack an adaptive
immune system?. Innate immune pathways, including apoptosis regulation and stress-response signalling, play
central roles in maintaining cellular homeostasis in bivalves under environmental stress?"?.

Despite their ecological importance, genomic resources for many clam species remain limited. The genome
and transcriptome of the Manila clam, Ruditapes philippinarum, have been characterised, providing insights into
its unique metabolic mechanism and neuroregulatory system associated with its adaptation to infaunal lives?. A
high-quality chromosome-level assembly of the Venus clam, Cyclina sinensis, provided insights into adaptation
to a buried lifestyle”. Genomic investigations were also undertaken on the Asian clam Corbicula fluminea®, the
purple butter clam Saxidomus purpuratus®, the Pismo clam, Tivela stultorum®!, the Snout otter clam, Lutraria
rhynchaena® and the giant clam Tridacna gigas®.

The yellow-foot clam, Paphia malabarica Chemnitz 1782, is widely distributed along the south-west and
south-east coasts of India, and its fishery contributes to local consumption as well as exports®. Even though it
is frequently referred to as P. malabarica in India, it has been synonymised as Protapes gallus*>*¢. The present
authors have suggested retaining the name Paphia malabarica as the specimens collected from India were found
to be different from Protapes gallus in morphological and molecular characteristics®”. Some of the recent studies
suggested reassignment of P. malabarica to Marcia recens, which is also yet to be accepted®®*. In view of the
taxonomic ambiguity, the present study retains the name Paphia malabarica.

The fishery of yellow-foot clams from the Ashtamudi estuary, Kollam, Kerala, has been certified as sus-
tainable by the Marine Stewardship Council and the fishery is now managed by a set of fishery management
plans. The captive broodstock maturation and seed production of the yellow-foot clam have been standardised
by temperature manipulation and enhanced feeding*’. Hormone-induced spawning protocols have also been
standardised in this species, contributing to efficient seed production®.

Considering the ecological and economic importance of this species, transcriptomic analysis of Paphia mal-
abarica was undertaken to generate a comprehensive gene expression resource. This dataset will facilitate the
identification of molecular pathways associated with environmental adaptation, stress tolerance, and physiolog-
ical regulation, and will support future studies aimed at improving breeding strategies and larval rearing.

Methods

Sample collection. Paphia malabarica specimens were collected from Ashtamudi estuary (Kollam, Kerala,
India) and Dharmadam (Kannur, Kerala, India) following morphological descriptions*! (Fig. 1). A total of six
specimens were collected from each location. Tissues from adductor muscle, mantle, foot and gill were snap-fro-
zen in liquid nitrogen and stored at —80 °C until further processing. The animal experimentation protocols were
approved by the Institutional Animal Ethical Committee of ICAR-Central Marine Fisheries Research Institute
(CMFRI), Kochi (Approval No: MBT/GEN/25-05). All methods reported in this manuscript were carried out
following the ARRIVE guidelines (http://arriveguidelines.org).

RNA Extraction, library preparation and sequencing. RNA extraction from each individual tissue
was undertaken using TRIzol reagent (Invitrogen, USA) following the manufacturer’s instructions. Any genomic
DNA was removed by treating the RNA samples using RNAse-Free DNase I (Qiagen, USA). RNA samples that
had an RNA integrity number of at least 7 and an OD 260/280 > 1.8 were chosen for additional analysis. We
pooled an equal quantity of high-quality RNA from 6 samples for each tissue (tissue-specific samples), and these
tissue-specific samples were then used for cDNA synthesis and subsequent tissue-specific transcriptome profiling.
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Sample Name P. malabarica | % GC | Average Read Length | M Seqs
Adductor muscle R1 40% 150bp 235M
Adductor muscle R2 40% 150bp 23.5M
Foot R1 39% 150bp 20.5M
Foot R2 39% 150bp 20.5M
Gill R1 37% 150bp 171M
GillR2 38% 150bp 171 M
Mantle R1 38% 150bp 27.0M
Mantle R2 38% 150bp 27.0M
Pooled transcriptome 1R1 40% 100bp 142.9M
Pooled transcriptome 1R2 40% 100bp 1429M
Pooled transcriptome 2 R1 41% 100bp 59.1M
Pooled transcriptome 2 R2 40% 100bp 59.1M
Pooled transcriptome 3 R1 41% 100bp 53.5M
Pooled transcriptome 3 R2 41% 100bp 53.5M

Table 1. Raw sequencing read statistics of Paphia malabarica transcriptome datasets.
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Fig. 2 Distribution of open reading frame (ORF) types in the Paphia malabarica transcriptome.

In addition, pooled RNA of the four tissues was sequenced in triplicate to generate a comprehensive transcrip-
tomic assembly of P. malabarica. The RNA quality and quantity were checked using 1.5% denaturing agarose gel
electrophoresis and the Agilent 2100 Bioanalyzer (Agilent Technologies, USA). Library preparation was under-
taken using the TruSeq Standard mRNA-seq library preparation kit. Quality of the library was assessed using
the Agilent 2100 Bioanalyzer (Part No. G2939BA), and concentration was measured using the KAPA Library
Quantification Kit (Cat. No. KK4824). Final sequencing was performed on an Illumina NovaSeq. 6000 platform
in paired-end mode with 150-bp reads.

Pre-assembly processing. All bioinformatics analyses were performed using the high-performance com-
puting system, FISH@CMFRI server facility at ICAR-CMFRI. A total of 729.2 million raw reads were generated
through [llumina sequencing. Quality of the raw reads was assessed using FastQC v0.11.8%2. The statistics of the
raw data are shown in Table 1. Fastp v1.12* was used to remove adaptor sequences and low-quality reads with
PHRED score < 20. A total of 674 million cleaned reads were retained for de novo transcriptome assembly, rep-
resenting 98% of the raw reads.

De novo transcriptome assembly. The transcriptome assembly was constructed using the Trinity v2.11
program with default parameters***. The final assembly comprised 274,880 transcripts, with an N50 of 2,164 bp.
The Trinity assembly output was clustered with CD-HIT-est v. 4.8.1 using a hierarchical clustering algorithm to
reduce redundancy. A total of 171,022 unigenes were finally identified. The output from CD-HIT-est*® was then
processed using TransDecoder v. 5.7.0* for detecting long open reading frames (ORFs) in assembled transcripts
(Fig. 2). Transcriptome assembly was also screened with Kraken2 v2.1.3*® and NCBI-FCS v0.5.0*° to remove all
potential contaminants. The quality and completeness of the assembly were checked using quality assessment
tools like BUSCO v5.4.4 (Benchmarking Universal Single-Copy Orthologs)* and TransRate v1.0.3°!. A compre-
hensive summary of all assemblies and corresponding statistics is provided in Tables 2, 3. BUSCO completeness
analyses were conducted against two databases: Metazoa (metazoa_odb10) and Mollusca (mollusca_odb10). The
genome module benchmark values against the Metazoa (metazoa_odb10) dataset were calculated as C: 97.8%,
including [S: 72.12%, D: 25.68%], F: 0.73%, M: 1.47% (C: complete, S: single-copy, D: duplicated, F: fragmented,
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Metric Raw Assembly | Supertranscript Assembly | FCS Filtered Assembly | Clusters CDS

Total Sequences (n seqs) 276,340 130,346 274,880 171,022 55,980
Smallest Contig Length 271bp 301bp 271bp 275bp 255bp
Largest Contig Length 66,663 bp 66,727 bp 66,663 bp 66,663 bp 65,514bp
Total Number of Bases (n bases) | 377,601,325 152,616,097 376,563,653 193,802,086 65,726,733
Mean Contig Length 1,366.44bp 1,170.85bp 1,369.92bp 1,133.20bp 1,174.11bp
Contigs <200bp 0 0 0 0 0

Contigs with ORFs 84,452 26,132 84,084 39,735 42,866
Mean ORF Percentage 44.03% 34.22% 43.98% 41.98% 99.81%
N50 2,160bp 2,062bp 2,164bp 1,823bp 1,605 bp
GC Content 34% 34% 34% 34% 40%

Bases with ‘N’ 0 0 0 0 0

Table 2. Overview of combined assembly quality metrics.

Metrics Gill Muscle Mantle Foot

Total number of transcripts 142,612 89,143 167,926 122,303

Total number of genes (Trinity clusters) 102,768 68,285 119,230 89,240

GC content 34.97% 34.87% 34.92% 35.22%

Total assembled bases (all transcripts) 153,279,868bp | 91,731,467bp | 174,445,042bp | 133,344,912bp
Total assembled bases (longest isoform per gene) | 85,291,245bp | 55,353,422bp | 93,070,198bp | 74,623,202 bp
N50 (all transcripts) 2,178 bp 2,041bp 2,182bp 2,248bp

N50 (longest isoform per gene) 1,649bp 1,525bp 1,583bp 1,704 bp

Table 3. Overview of tissue-specific assembly quality metrics.
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Fig. 3 Overview of functional pathway assignments derived from transcriptome annotation.

M: missing). The BUSCO completeness against the Mollusca Odb10 dataset indicated C: 88.52, including [S:
59.55%, D: 28.97%], F: 8.96%, M: 2.75% (C: complete, S: single-copy, D: duplicated, F: fragmented, M: missing).
The read support was finally assessed by aligning reads back to the assembly using the sequence alignment tool
STAR v2.7.8a%%.

Transcriptome annotation. Transcriptome annotation and protein-coding region prediction were per-
formed using BLASTx and BLASTp against UniProtKB, which served as the primary reference database for func-
tional annotation (E-value cutoff of 1e-10). Functional annotations and pathway analyses were performed using
Reactome (Release V90)>, KEGG (Release 117.0)*, and EggNOG v2.1.12 (Figs. 3-5). A total of 32,190 predicted
protein-coding sequences were annotated, which may include transcript fragments and isoforms. Gene Ontology
(GO) analyses were performed using Blast2GO v5.2%, classifying transcripts to cellular components, molecular
functions and biological processes. From 56,713 transcripts, 20,624 sequences (36.37%) were annotated with
Gene Ontology (GO) terms, yielding 360,305 individual annotations. In addition, functional protein domains
were identified using InterProScan v4.0°, which integrates prediction models from multiple databases, including
PANTHER, Gene3D, and Pfam. Enzyme Code mapper* is employed for identification of enzyme classes across
the assembly (Fig. 6).
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Fig. 4 Distribution of transcripts across KEGG pathway categories.
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Fig. 5 Classification of transcripts based on Reactome pathway categories.
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Fig. 6 Distribution of annotated transcripts across enzyme classes.

Data Records

The de novo transcriptome assembly has been submitted to NCBI GenBank under Bioproject PRJNA1177681
with accession number GKZK00000000.1%. The raw data generated through Illumina sequencing (tissue-specific
and pooled) have been deposited in the NCBI Sequence Read Archive (SRA) under accession numbers SRR3112
7582-SRR31127588°%-%%, All the annotation files have been deposited in the Figshare database®.

Technical Validation

Integrity and quality of RNA samples were validated using Qubit 4 Fluorometer (Invitrogen), NanoDrop One
Spectrophotometer (ThermoScientific, USA), and Agilent 2200 TapeStation, and RNA samples with RNA integ-
rity (RIN) values greater than or equal to 7 were used for pooling and sequencing. The completeness of the
assembly was validated using BUSCO analysis.

Data availability

All the data reported in this manuscript are deposited in publicly accessible data repositories. The de novo
transcriptome assembly has been submitted to NCBI GenBank under Bioproject PRJNA1177681 with accession
number GKZK00000000.1(https://identifiers.org/ncbi/insdc:GKZK00000000.1). The raw data generated through
Ilumina sequencing (tissue-specific and pooled) have been deposited in the NCBI Sequence Read Archive
(SRA) under accession numbers SRR31127582-SRR31127588 (https://identifiers.org/insdc.sra:SRR31127582;
https://identifiers.org/insdc.sra:SRR31127583; https://identifiers.org/insdc.sra:SRR31127584; https://identifiers.
org/insdc.sra:SRR31127585; https://identifiers.org/insdc.sra:SRR31127586; https://identifiers.org/insdc.
sra:SRR31127587; https://identifiers.org/insdc.sra:SRR31127588). All the annotation files have been deposited in
the Figshare database (https://doi.org/10.6084/m9.figshare.32752470).

Code availability
No custom code was generated in this study.
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