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This is the first report of a transcriptome assembly of a newly discovered hydrothermal vent mussel, Gigantidas
vrijenhoeki (Bivalvia: Mytilidae), on the Central Indian Ridge. Gigantidas vrijenhoeki was identified from material
collected at the newly discovered Onnuri Vent Field (OVF) on the Central Indian Ridge in 2018, and was reported
as a new species, distinct from another dominant hydrothermal vent mussel, Bathymodiolus marisindicus, in 2020.
We sequenced the transcriptome of G. vrijenhoeki using the Illumina HiSeq X System. De novo assembly and

analysis of the coding regions predicted 25,405 genes, 84.76% of which was annotated by public databases. The
transcriptome of G. vrijenhoeki will be a valuable resource in studying the ecological and biological character-
istics of this new species, which is distinct from other deep-sea mussels. These data should also support the
investigation of the relationship between the environmental conditions of hydrothermal vents and the unique
distribution of G. vrijenhoeki in the OVF of the Central Indian Ridge.

1. Introduction

Deep-sea hydrothermal vents on the seafloor are dynamic environ-
ments with steep gradients of nutrient and physicochemical conditions
resulting from both volcanic and tectonic events (Childress and Fisher
1992). Despite the extreme conditions, hydrothermal vent communities
are characterized by high endemism and a large biomass (Rogers et al.
2012), predominantly composed of vestimentiferan tube worms, bath-
ymodiolin mussels, vesicomyid clams, and shrimps. These organisms are
maintained in this habitat by chemosynthetic energy sources from hy-
drothermal mineral deposits, such as hydrogen sulfide and methane
(Dubilier et al. 2008; Nakamura and Takai 2015). The composition of
the vent fauna is affected by the type of hydrothermal vent, which can be
a basalt- or ultramafic-supported system (Rogers et al. 2012; Copley
et al. 2016).

After the discovery of the Kairei hydrothermal vent field, an active
hydrothermal vent, in 2000, only five hydrothermal vent communities
(Dodo, Edmond, Kairei, Longqu, and Solitaire) were known in the Indian
Ocean (Gamo et al. 2001). However, the new hydrothermal vent, the
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Onnuri Vent Field (OVF), located on the northern Central Indian Ridge,
was recently discovered by the Korea Institute of Ocean Science and
Technology (KIOST) during a 2017-2018 research expedition. In this
chemosynthesis-based ecosystem, the commonest species are the scaly-
foot gastropod Chrysomallon squamiferum, the shrimps Rimicaris kairei
and Mirocaris indica, the stalked barnacle Neolepas marisindica, and the
mussel Bathymodiolus marisindicus. Species of bathymodiolin mussels are
conspicuous and dominant taxa in the Indian hydrothermal vent fields
and play an important role in providing energy and habitats for various
animals (Taylor and Glover 2010; Xu et al. 2018, 2019). Although
mussels of the genus Bathymodiolus are commonly found in other vent
fields in the Indian Ocean, a new mussel species, Gigantidas vrijenhoeki
Jang et al. 2020, was found for the first time in the bathymodiolin
mussel habitats in the OVF. Gigantidas vrijenhoeki is the first member of
the genus Gigantidas recorded in the Indian Ocean. Most members of
Gigantidas occur in the western Pacific, and some are found in the
Atlantic Ocean. This new mussel species was found together with
B. marisindicus, but has a completely different shell morphology and
symbionts, and is also uniquely found in the OVF of the Central Indian
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Fig. 1. Sampling location (star) of Gigantidas vrijenhoeki.

Ridge.

Several studies have examined the mitochondrial genes of bathy-
modiolin mussels, which has allowed the reconstruction of their phy-
logeny at the genus level (Jones and Vrijenhoek 2006; Jones et al. 2006;
Lorion et al. 2010; Thubaut et al. 2013). A recent population genetic
analysis focused on their large-scale distributions across geographic
barriers, such as the world ocean and ocean currents (Breusing et al.
2015; Xu et al. 2018). Using DNA sequence analyses, Breusing et al.
(2015) showed that the evolutionary history of a Central Indian Ridge
mussel, B. marisindicus, was independent of that of the western Pacific
mussels. Studies of the molecular phylogeny and the symbiotic bacteria
in the gills of bathymodiolin mussels have also been undertaken
(Duperron et al. 2009; Fontanez and Cavanaugh 2013; Jang et al. 2020).
However, there has been no large-scale study of this taxon, limiting the
further analysis of topics such as its evolution in and adaption to its
harsh environment. Therefore, we have constructed the first tran-
scriptome assembly for G. vrijenhoeki to provide baseline data for future
studies of its survival mechanisms in deep-sea hydrothermal
environments.

2. Data description
2.1. Sample collection

A G. vrijenhoeki specimen was collected with a video-guided
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hydraulic grab (Oktopus, Germany) around the OVF (11°14'55.92”S,
66°15'15.10"E, at 2014.5 m depth) in June 2019 (Figs. 1 and 2). The
collected sample was immediately rinsed with seawater, directly frozen
in a deep-freeze, and stored at —80 °C until the extraction of its total
RNA in the laboratory.

2.2. Data production and de novo assembly

The total RNA was extracted from the whole body of G. vrijenhoeki
with TRIzol® Reagent (Thermo Fisher Scientific Inc., Waltham, MA,
USA). In brief, the whole deep-frozen G. vrijenhoeki body was pulverized
in a mortar with liquid nitrogen. This mussel powder was homogenized
in 1 mL of TRIzol® Reagent, and the RNA was extracted with the 1/5
volume of chloroform. After vigorous shaking and incubation at 4 °C for
1 h, the phase separation was done by centrifugation at 16,000 xg at
4 °C for 20 min and the aqueous phase was transferred to a fresh tube.
The RNA was precipitated by centrifugation at 16,000 xg for 30 min and
the precipitate was resuspended in 300 pL of diethyl pyrocarbonate
(DEPC)-treated water. The RNA was precipitated with a 1/10 volume of
3 M sodium acetate (pH 5.2) and the same volume of isopropanol. The
precipitated RNA was rinsed with 70% ethanol (diluted with DEPC-
treated water), and dissolved in an appropriate volume of DEPC-
treated water (30-40 pL). Contaminating DNA was removed with 1 pL
of DNase. The yield and purity of the RNA were measured with a
NanoDrop ND-1000 spectrophotometer (Thermo Scientific Inc.), and the
RNA integrity was checked as the RNA integrity number (RIN) with the
Bioanalyzer 2100 (Agilent Technology, Santa Clara, CA, USA). The final
concentration of RNA was 2.156 pg/pL and the RIN value was 9.1.

Library construction and transcriptome sequencing were conducted
with one sample of G. vrijenhoeki using the Illumina TruSeq Stranded
Total RNA LT Sample Prep Kit and Illumina HiSeq X Sequencing System
(Macrogen, Seoul, South Korea), according to the manufacturer’s in-
structions. Briefly, the purified RNA was randomly fragmented and
reverse-transcribed into cDNA. The cDNA fragments were ligated to
adapter sequences at both ends and then amplified with PCR. Fragments
with insert sizes of 200-400 base pairs (bp) were selected and subjected
to paired-end sequencing, generating 86,863,648 reads of 151 bp
(~13.1 Gbp in total). The overall GC content was 41.74% and base call
accuracy represented by Q30 (ratio of bases with Phred quality score
>30) was 94.52%. The RNA-Seq dataset has been deposited in the Na-
tional Center for Biotechnology Information (NCBI) GenBank database
(BioProject ID PRINA597854).

Before transcriptome assembly, the adaptor sequences and low-
quality sequences (window size: 4, mean quality threshold: 15, and
minimum read length: 36) were removed with Trimmomatic v0.38
(Bolger et al. 2014), leaving 85,300,970 reads containing
12,374,473,378 total bases. The quality-checked reads were assembled
de novo into contigs without a reference genome sequence using Trinity
version trinityrnaseq r20140717, with the default settings (Grabherr
etal. 2011). The assembled contigs were deemed to be the reconstructed

Fig. 2. Gigantidas vrijenhoeki specimen (A) and the sampling site view of the Onnuri Vent Field (B, depth 2014.5 m).
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Table 1

MIxS description of the Gigantidas vrijenhoeki transcriptome.
Item Description
Investigation_type Eukaryote

Project_name
Organism
Classification

Lat_lon

Geo_loc_name
Collection_date
Collector

Environment (biome)
Environment (feature)
Environment (material)
Env_package

Seq_meth
Transcriptome_platform
Assembly_method
Submitted_to_INSDC

Transcriptome assembly of Gigantidas vrijenhoeki
Gigantidas vrijenhoeki

Metazoa (kingdom); Mollusca (phylum); Bivalvia (class);
Pteriomorphia (subclass); Mytilida (order); Mytiloidea
(Superfamily); Mytilidae (family); Bathymodiolinae
(Subfamily); Gigantidas (genus)

11°14'55.92S, 66°15'15.10"E

Indian Ocean, Onnuri Vent Field

2019-06-28

Dongsung Kim, Ok Hwan Yu, Jong Guk Kim
marine benthic biome (ENVO0:01000024)

marine hydrothermal vent (ENV0:01000122)

sea water (ENV0:00002149)

Water

Ilumina

HiSeq X System

trinityrnaseq 120140717

Bioproject (PRINA597854)

Biosample (SAMN13685211)

SRA (SRR10802050)

GenBank (GIIM00000000)

universal set of transcribed mRNAs in G. vrijenhoeki. The total number of
contigs was 249,529 with a GC content of 34.17%. The minimum contig
length required to cover 50% of the transcriptome assembly (N50) was
1014 bp and the longest contig had 64,578 bp. We further calculated
ExN50, an alternative statistic of N50, which account for transcriptome
expression level. Abundance of transcripts were quantified by kallisto

EggNog

GO

KEGG

nr

nt

Pfam

UniProtKB

0.0% 10.0% 20.0% 30.0%

40.0%
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(Bray et al. 2016) and the largest expression-dependent N50 was ob-
tained by ‘contig_exn50_statistic.p]’ module provided by Trinity (Grab-
herr et al. 2011), resulted in E85N50 of 1901 bp.

The minimum information about any (x) sequence (MIxS) specifi-
cations, a standard way of reporting genetic material (Yilmaz et al.
2011), for the transcriptome assembly of G. vrijenhoeki is provided in
Table 1.

2.3. Gene prediction and functional analysis

Unigenes were identified by clustering the contigs into the nonre-
dundant and longest transcripts using cdhit-est v4.6 (Li and Godzik
2006). This process produced 194,770 unigenes with N50 of 712 bp and
a maximum contig length of 64,578 bp. The open reading frames (ORFs)
within the unigenes were then predicted with TransDecoder v3.0.1
(Haas et al. 2013) to identify candidate protein-coding sequences, with a
length threshold of 100 amino acids. The number of ORFs within the
G. vrijenhoeki unigenes was 25,405.

To annotate the identified transcripts, the ORF sequences were used
as queries in public databases, including EggNog v4, Gene Ontology
(GO) v20180319, KEGG pathway v20190104, NCBI nonredundant
protein (nr) v20180503, NCBI nucleotide (nt) v20180116, Pfam
v20160316, and UniProtKB v20180116, using BLASTN of NCBI BLAST
v2.4.0+ (Altschul et al. 1990) or BLASTX of DIAMOND v0.9.21 (Buch-
fink et al. 2015) with an E-value default cutoff of 107°. Of the
G. vrijenhoeki ORFs, 14.9% (nt) ~ 83.9% (nr) were annotated using the
database search (Fig. 3). In total, 84.76% of ORFs were annotated by at
least one database.

We cataloged G. vrijenhoeki ORFs using the GO database (Supple-
mentary Fig. 1). For the Biological Process category, the highest number

50.0% 60.0% 70.0% 80.0% 90.0%

Fig. 3. Proportions of annotated Gigantidas vrijenhoeki proteins in each database.
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Fig. 4. Heatmap representation of the Gigantidas vrijenhoeki transcriptome by similarity to other molluscs transcriptomes. Proteins identified from the Gigantidas

vrijenhoeki transcriptome were queried to those from 108 mollusc transcriptomes cataloged by Lemer et al. (2019) using BLASTP. Presence or absence of homologues

(criteria: e-value <10~*

respectively. Rows and columns

>

and alignment length >50%) in other mollusc transcriptomes are represented by red or white color.

correspond to Gigantidas vrijenhoeki proteins and 108 transcriptomes, respectively. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Protein domain analysis identified that 16,059 ORFs have at least
one Pfam or SuperFamily domains (Supplementary Fig. 2). The ‘zinc

of annotations were ‘metabolic process’ (27.8%) followed by ‘biological
regulation’ (20.9%). In the Cellullar Component category, most unig-

finger C2H2 superfamily’ domain was the most dominant domain class.

enes were related to ‘cell part’ (36.8%), ‘membrane part’ (16.9%), and
‘organelle’ (12.5%). ‘Binding” (40.3%) and ‘catalytic activity’ (39%)

were dominant terms in the Molecular Function category.

The next abundant domains were P-loop containing nucleoside

domain

immunoglobulin-like

domain,

hydrolase

triphosphate
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superfamily, cadherin-like superfamily, and ankyrin repeat-containing
domain superfamily. Approximately 21% of the identified protein do-
mains belonged to those top 5 domain classes which are mainly related
to protein structure and folding and critical for rigid scaffold for protein
interactions and stability.

The assembly completeness was quantitatively assessed with BUSCO
v3.0.2 (Waterhouse et al. 2017). Among the 978 near-universal single-
copy orthologues in the metazoan lineage, 701 single-copy and 266
duplicated genes were detected as complete forms in the G. vrijenhoeki
transcriptome assembly, indicating 98.9% assembly completeness. Nine
partial orthologues were found and only two orthologues were missing
from the assembly, indicating the high gene content of our results.

Additionally, the ORFs of G. vrijenhoeki were also compared with the
transcriptome datasets of 108 molluscs (99 bivalves and 9 non-bivalve
molluscs), including diverse taxa such as monoplacophorans, poly-
placophorans, scaphopods, bivalves, gastropods, and cephalopods
(Lemer et al. 2019). Homologues in other molluscs were identified with
a BLASTP analysis, with two criteria: e-value <10™* and alignment
length > 50% with G. vrijenhoeki proteins. The overall transcriptomic
similarity of each mollusc species to G. vrijenhoeki was visualized with
the heatmap.2 package (Fig. 4) (Warnes et al. 2012). Of the 25,405
G. vrijenhoeki ORFs, the highest number of homologues was found in a
protobranch bivalve (Ennucula tenuis, 62.6%) and the next highest in an
owl limpet (Lottia gigantea, 60.6%), a chemosymbiotic bivalve (Solemya
occidentalis, 54.4%), a lipped periwinkle (Monodonta labio, 53.7%), and
a mussel (Mytilus edulis, 53.0%). Ennucula tenuis and S. occidentalis
belong to the subclass Protobranchia, which is a cosmopolitan group at
abyssal depths (Sharma et al. 2013), and M. edulis belongs to the family
Mytilidae in the subclass Pteriomorphia, a morphologically diverse
group that includes mussels, scallops, oysters, and ark clams, including
G. vrijenhoeki. The 10 most-distant species were morphologically very
different from G. vrijenhoeki and belonged to the subclass Heterodonta, a
group that generally includes heteromyarian species, distributed from
shallow waters to deep seas (Canapa et al. 2001; Taylor et al. 2007).
Laevipilina hyaline (46.6%), in the class Monoplacophora, also shared
high homology with G. vrijenhoeki. Monoplacophorans are known as
‘living fossil” molluscs, have gills on both sides of the oval foot and no
eyes or head, and occur at abyssal and hadal depths (Sigwart et al.
2019).

Of the G. vrijenhoeki genes, 3180 shared no homology with the 108
molluscs transcriptomes examined. We assigned biological functions of
these orphan genes with GO, Pfam, and SuperFamily entries (Supple-
mentary Figs. 3 and 4). ‘Cellular process’ and ‘metabolic process’ were
the most frequent terms in the Biological Process category, and were
assigned to 11.4% and 8.8% of these genes, respectively. The genes
related to the terms ‘cell part’ (10.4%) and ‘organelle’ (5.2%) were
observed frequently in the Cellular Component category. In the Molec-
ular Function category, ‘catalytic activity’ (8.5%) and ‘binding’ (8.5%)
were frequently assigned to these lineage-specific genes (Supplementary
Fig. 3).

The G. vrijenhoeki orphan genes contained 291 Pfam and Super-
Family domains. The 12 most abundant superfamily domains in the
G. vrijenhoeki orphan genes are shown in Supplementary Fig. 4. The most
frequent domain was the alpha/beta hydrolase fold domain, which is
related to the hydrolytic enzyme superfamily, in which members with
widely differing phylogenetic origins and catalytic functions occur. The
next most frequent superfamily domains were the ‘cytochrome c-like
domain superfamily’, involved in cellular stress, and ‘P-loop containing
nucleoside triphosphate hydrolase’, which is the most prevalent domain
among several distinct nucleotide-binding protein folds.

In the deep-sea environment, hydrostatic pressure strongly inhibits
protein functions, affecting their folding and activities. Consequently,
organisms living at immense depths must maintain intracellular condi-
tions that preserve the properties and pressure resistance of their pro-
teins (Jamieson 2015). Mechanisms based on structural adaptations
have been proposed to explain the preservation of protein functions in
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deep-sea organisms. The results of our protein domain analysis of both
G. vrijenhoeki ORFs and orphan genes demonstrate that a large propor-
tion of protein domains have functions that involve protein structures,
interactions, and stability.

The deep-sea vent habitat is one of the most productive ecosystems
on earth because hydrothermal mineral deposits provide a source of
energy for chemosynthetic organisms that is independent of solar energy
(Nakamura and Takai 2015). Bathymodiolin mussels are particularly
conspicuous animals in deep-sea chemosynthesis-based ecosystems,
including hydrothermal vents and cold seeps, and these mussels often
dominate the biomass of chemosynthesis-based communities, forming
dense mussel beds that provide critical habitats for many other deep-sea
creatures (Taylor and Glover 2010; Xu et al. 2018, 2019). In this study,
we generated a reference transcriptome with 194,770 unigenes for
G. vrijenhoeki Jang et al. 2020, which was found for the first time in the
OVF in the Indian Ocean Central Ridge and reported functional classi-
fication of unigenes, the represented protein domains, and the expres-
sion distribution of transcripts and also demonstrated the homology of
translated peptides comparing with 108 mollusc transcriptomes. This
analysis provides baseline data and should facilitate the study of the
functional attributes that permit this mussel to live in the OVF, uniquely
among the six Indian Ocean hydrothermal vents. Future studies should
assess the functional expression profiles related to specific adaptations
to the OVF environment and compare the transcriptomic strategies of
G. vrijenhoeki with those of other Gigantidas species in the Pacific and
Atlantic oceans.

Data availability

The RNA-Seq reads have been deposited in GenBank (BioProject ID
PRJNA597854). The transcriptome shotgun assembly project has been
deposited in the DDBJ/EMBL/GenBank in the FASTA format under
accession number GIIM00000000. The version described in this paper is
the first version, GIIM01000000.
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