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Abstract 

The deep ocean is one of Earth’s most vast and least explored frontiers, characterized by extreme conditions such as high pressure, limited 
light, and nutrient scarcity. T hese en vironments pose unparalleled challenges to life, making them in v aluable f or studying genetic and molecular 
adaptations to extreme conditions. Emerging omics resources have recently provided significant insights into the advanced understanding 
of deep ocean ecosystems and evolution. However, a centralized resource for deep ocean multi-omics data remains lacking. To bridge this 
gap, the Deep Ocean Omics (D O O, https://DeepOceanOmics.org ) database, a multi-omics atlas for deep ocean organisms, is presented. D O O 

integrates diverse omics resources from 68 species across se v en ph yla and 16 classes, encompassing 72 genomes, 950 bulk transcriptomes, 15 
single-cell transcriptomes, and 1 1 12 metagenomes, alongside functional support toolkits for functional and comparative analysis. DOO provides a 
sy stematic vie w of genomic information, including genome assembly, ph ylogen y, gene annotation, BUSCO genes, transcription factors/ubiquitin 
family, gene clusters, symbiont and mitochondrial genomes, and fossil records. Moreover, DOO offers co-expression networks with expression 
views across different tissues, and development al st ages and micro- and macrosynteny analyses to elucidate the pan-evolutionary features of 
genome str uct ure. As the first comprehensive multi-omics resource dedicated to deep ocean organisms, D O O serv es as a piv otal platf orm 

f or unco v ering multi-omics underpinnings of deep ocean organisms and offering insights into the understanding of deep ocean biodiversity, 
e v olution, and genetic adaptation under extreme conditions. 
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Introduction

The deep ocean, as the largest ecosystem on the planet, repre-
sents one of the final unexplored frontiers on Earth, harbour-
ing unique ecosystems and extraordinary biodiversity [ 1–3 ].
The synergistic interplay of abyssal stressors, including high
pressure, oxygen deficiency, perpetual darkness, low temper-
ature, and nutrient limitation, imposes profound physiologi-
cal constraints on deep ocean organisms [ 4 , 5 ]. Consequently,
deep ocean was long considered almost devoid of organisms
akin to a desert [ 6 ]. It was only until the 1970s, with the help
of HOV Alvin [ 7 ], that the scientific community discovered
deep ocean habitats with high organismal abundance such as
hydrothermal vents and methane seeps. These areas turned
out to be biodiversity hotspots that support chemosynthesis-
based ecosystems and a diverse array of deep ocean organisms
[ 8 , 9 ]. Organisms living in these deep ocean ecosystems ex-
hibit extreme adaptations and serve as vital components driv-
ing critical ecological processes, including chemosynthetic car-
bon fixation and cross-trophic energy transfer [ 10 , 11 ]. These
deep ocean organisms, which are defined as living beyond the
mesopelagic zone (below 1000 m) hereby, represent unparal-
leled models for elucidating the adaptation mechanisms un-
der hostile conditions, providing deeper understanding of the
genetic and molecular basis of evolutionary changes. Due to
the extreme remoteness and multifaceted environmental con-
straints in the deep ocean, studying these organisms is substan-
tially challenging, which severely limits the understanding of
their extreme adaptations [ 12 , 13 ]. 

Recently, the rapid advancement of multi-omics technolo-
gies has opened up a new avenue to study deep ocean or-
ganisms with new insights such as the genetic, proteomic,
metabolic, and other functional genomic characteristics [ 14 ].
These multi-omics approaches provide powerful analytical ca-
pabilities for deciphering the molecular adaptations of deep
ocean organisms [ 15–17 ], uncovering conserved metabolic
pathways, stress responses, and adaptations to extreme en-
vironments [ 18 , 19 ]. Indeed, a substantial number of recent
studies have reported the genetic and molecular basis of deep
ocean adaptation by using multi-omics approaches [ 20–27 ].
Despite the increasing application of omics technologies in
deep ocean research and the growing number of omics re-
sources, no centralized repository is available for multi-omics
data on deep ocean organisms [ 28–30 ]. 

A comprehensive multi-omics database for deep ocean or-
ganisms is crucial, offering substantial scientific and practical
benefits. It could allow researchers to investigate complex bi-
ological questions in a systematic manner, such as adaptations
to extreme environments, trophic and community dynamics,
life history, and evolution. In this study, Deep Ocean Omics
(DOO, https://DeepOceanOmics.org ) database, the first com-
prehensive multi-omics repository dedicated to deep ocean
organisms, was established. DOO integrates multi-omics re-
sources (genomes, bulk and single-cell transcriptomes, and
metagenomes) and provides convenient toolkits for multidi-
mensional functional and comparative analysis. DOO offers
a systematic overview of functional genomic information and
multi-omics datasets. It provides valuable customized datasets
such as gene co-expression networks and pan-evolutionary
features. This database could enhance collaboration and com-
munication, accelerate the utilization of biological resources,
and offer new insights into deep ocean biodiversity and evo-
lution. 
Materials and methods

Genomic resources and processing

All available genomic resources for deep ocean organisms 
across Annelida [ 31–36 ], Arthropoda [ 20 , 37 ], Chordata [ 24 ,
38–42 ], Cnidaria [ 43–49 ], Echinodermata [ 50–52 ], Mollusca 
[ 23 , 53–61 ], and Porifera [ 62 ] were comprehensively col- 
lected from the National Center for Biotechnology Informa- 
tion (NCBI) [ 63 ], figshare [ 64 ], DRYAD [ 65 ], GigaDB [ 66 ],
and ScienceDB [ 67 ]. The collection encompassed genomic se- 
quences, coding sequences, transcript sequences, and protein 

sequences. Additionally, gene annotations in GFF format were 
also incorporated. The genomic resources for deep ocean or- 
ganisms were compiled, incorporating taxonomy, assembly 
details, habitat information, references, and associated data.
As for those organisms with multiple genomic versions, high- 
quality and full-annotated genomes were selected for subse- 
quent analysis and integration into the database. 

Genome annotation and synteny analysis

Protein-coding genes in deep ocean organisms were anno- 
tated through the Pfam database [ 68 ], the UniProt database 
[ 69 ], the PANTHER database [ 70 ], the Gene Ontology (GO) 
database [ 68 ], and the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) database [ 71 ]. Additionally, the Animal 
Transcription Factor Database (version 4.0) [ 72 ] and the iU- 
UCD database [ 73 ] were utilized to annotate transcription 

factors (TFs) and ubiquitin families, respectively. The BUSCO 

genes were identified at the metazoan level for each organ- 
ism to support phylogenetic studies [ 74 ]. Phylotree.js [ 75 ] 
was employed to visualize three species trees, including deep 

ocean organisms with full-annotated genomes, deep ocean or- 
ganisms with chromosome-level genome assemblies, and deep 

ocean and shallow-water organisms. Micro- and macrosyn- 
teny blocks were identified using Pansyn toolkit [ 76 ] to illus- 
trate collinearity comparisons. Mitochondrial genomes were 
included and visualized by OGDRAW [ 77 ]. 

Bulk and single-cell transcriptomic data resources
and processing

Publicly available transcriptomic data from the Gene Expres- 
sion Omnibus (GEO), Genome Sequence Archive, and Na- 
tional Genomics Data Center databases were retrieved. For 
bulk transcriptomic data, initial quality control was con- 
ducted using FastQC (version 0.12.1) [ 78 ] to ensure se- 
quencing quality. Adapter and low-quality sequences were 
trimmed using Trimmomatic (version 0.39) [ 79 ] with the fol- 
lowing parameters: SLIDINGWINDOW:4:15 MINLEN:36.
The cleaned reads were then aligned to the reference genome 
by using HISAT2 (version 2.2.1) [ 80 ]. Gene expression quan- 
tification was performed with featureCounts (version 2.0.1) 
[ 81 ] based on the genome annotation file and StringTie (ver- 
sion 2.2.1) [ 82 ]. Transcripts per million values were merged 

into a unified expression matrix for subsequent heatmap visu- 
alization and co-expression network construction. For single- 
cell transcriptomic data, FASTQ files were processed using the 
CellRanger (version 8.0.1) pipeline [ 83 ] with default parame- 
ters to perform sampling demultiplexing, barcode processing,
and alignment to the reference genome. The generated unique 
molecular identifier (UMI) count matrices were imported into 

R (version 4.3.2) and analysed through the R package Seurat 
(version 4.4.0) [ 84 ]. Low-quality cells and ambient RNA con- 

https://DeepOceanOmics.org
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amination were removed based on the following criteria: cells
ith total RNA counts (nCount_RNA) below 600 or above
000 were excluded, and cells with mitochondrial gene ex-
ression percentage (Percent.mt) outside the 30%–80% range
ere filtered out. After quality control, the data were nor-
alized and scaled using the ‘NormalizeData’ and ‘ScaleData’

unctions. Dimensionality reduction was performed using the
RunUMAP’ function and clustering was carried out using
he ‘FindClusters’ function with a resolution parameter set
o 0.15. Differentially expressed genes (DEGs) between clus-
ers were identified using the ‘FindAllMarkers’ function with
hresholds of min.pct = 0.25 and logfc.threshold = 0.25. Gene
xpression patterns were visualized using ‘FeaturePlot’ and
VInplot’ functions. 

etagenomic data resources and processing

ublicly available metagenomic data from the GEO, Genome
axonomy Database (GTDB) [ 85 ], and published papers were
ollected. The collection consists of information on microor-
anisms associated with deep ocean organisms, including
enome features, NCBI metadata, and gene structural an-
otations. Gene functional annotations for assembled mi-
roorganism genomes were performed by eggNOG-mapper
 86 ] tool according to the EggNOG, CAZy, GO, and KEGG
atabases. 

o-expression network construction

earson correlation coefficients (PCCs) were calculated be-
ween gene pairs to identify high-confidence co-expressed
ene pairs, denoted as mutual rank (MR). A higher PCC
alue means more similar gene expression patterns between
enes. The MR algorithm ranks the PCC values, ensuring that
ow-confidence co-expressed gene pairs are filtered out. The
ombined PCC and MR values were utilized to construct the
ene co-expression network [ 87 , 88 ] and visualized using Cy-
oscape (version 3.10.3) [ 89 ]. 

hylogenetic tree construction

he orthologues and paralogues of deep ocean organisms
ere identified using OrthoFinder (version 2.5.5) [ 90 ]. Protein

equences of one-to-one orthologues were extracted from each
rthogroup using an in-house Python script ( Supplementary
oftware S1 ). Multiple alignments for each orthogroup were
erformed through MAFFT (version 7.526) [ 91 ] with the
–anysymbol’ parameter. The aligned sequences were then
rimmed using BMGE (version 1.12) tool [ 92 ] under default
arameters. Phylogenetic trees were constructed using IQ-
REE (version 2.3.5) [ 93 ] with ‘-st AA -m MFP -B 1000 –alrt
000 –bnni’ parameter using maximum likelihood models. 

atabase construction

he DOO database was constructed under the LAMP
Linux + Apache + MySQL + PHP) environment utilizing es-
ablished methodologies [ 94 , 95 ]. The interactive interface
as implemented using HTML, CSS, JavaScript, and PHP

anguages on Ubuntu Linux powered by an Apache server
o facilitate users accessing functional genomic and multi-
mics information, ensuring smooth data extraction, visual-
zation, and presentation. Data visualization, including charts
nd graphs, was implemented using Highcharts and the D3
ibrary. DOO is designed with reference to MolluscDB 2.0
database [ 30 ] and is now freely available online without reg-
istration or login requirements for access. 

Results

Overview of DOO database

The DOO database provides a systematic overview of multi-
omics resources in deep ocean organisms, serving as a user-
friendly platform to explore deep ocean biodiversity and evo-
lution. DOO represents the first comprehensive integration
of deep ocean multi-omics datasets, including 72 assembled
genomes, 950 bulk transcriptomes, 15 single-cell transcrip-
tomes, and 1112 metagenomes (Table 1 ). The integration also
retrieves taxonomy data from the Global Biodiversity Infor-
mation Facility (GBIF, https://www.gbif.org ), the World Reg-
ister of Marine Species (WoRMS, https://www.marinespecies.
org ), and the NCBI Taxonomy database [ 63 ], achieving ex-
tensive taxonomic coverage across seven phyla (Annelida,
Arthropoda, Chordata, Cnidaria, Echinodermata, Mollusca,
and Porifera), 16 classes, 35 orders, 42 families, and 68
species (Fig. 1 A). DOO provides various genomic informa-
tion, including assembly details, fossil records, genome phy-
logeny, BUSCO genes, gene structure, gene annotation, ex-
pression profiles, gene families, TFs, and ubiquitin families.
Additionally, DOO integrates species-featured resources for
gene co-expression networks, single-cell transcriptomes, sym-
biont genomes, and micro- and macrosynteny analysis for in-
ferring karyotype evolution. Moreover, DOO offers conve-
nient toolkits for gene search, functional enrichment analysis,
BLAST alignments, PCR primer design and Jbrowse visualiza-
tion (Fig. 1 B and Table 1 ). 

Species and multi-omics resources

At the genome level, DOO integrates 46 high-quality genomes
with full-annotated gene information (Table 2 ) and provides
a phylogenetic tree to elucidate the evolutionary relationship
among deep ocean organisms on the main page. Users can se-
lect species or click on names in the ‘Taxonomy’ section to ac-
cess comprehensive genomic resources, which include species
information, taxonomic classification, and an external link to
GBIF, WoRMS, and the NCBI Taxonomy database for fur-
ther details (Fig. 2 A and B). Fossils serve as pivotal evidence
for reconstructingdeep ocean phylogenetics and evolutionary
trajectories [ 96 , 97 ]. DOO provides 1413 fossil records for
deep ocean taxon collected from the Paleobiology Database
(PBDB) [ 98 ] and the World Register of Deep-Sea Species in
the ‘Paleobiology’ part (Fig. 2 C). Users can click on a taxon
to access the PBDB database, which provides linked paleobi-
ology information, including taxonomic history, classification,
morphology, age range, and collection location of fossils. 

DOO summarizes multi-omics data resources across sev-
eral modules. The ‘Genomic Data’ module offers detailed
information, including genome assembly, BUSCO complete-
ness, gene number, and corresponding published literatures
(Fig. 2 D). A total of 950 transcriptomic datasets, selected
for further expression and network analysis across various
developmental stages, tissues, and treatments, are included
in the ‘Transcriptomic Data’ module (Fig. 2 E). The ‘Single-
cell Data’ module summarizes single-cell RNA-seq datasets
from deep ocean tubeworm Paraescarpia echinospica , coupled
with single-nucleus RNA-seq datasets from deep ocean mus-
sel Gigantidas platifrons (Fig. 2 F). The ‘Metagenomic Data’

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1096#supplementary-data
https://www.gbif.org
https://www.marinespecies.org
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Table 1. Summary of data composition in D O O database 

Data Statistics 

Phylum/class/order/family/species 7/16/35/42/68 
Assembled/fully annotated genomes 72/46 
Tracks in Jbrowse 401 
Paleobiological records 1413 
Protein-coding genes 1 449 954 
GO/KEGG/Pfam/Panther/Interpro annotation 3 606 859/18 539/1 281 713/928 123/3 640 096 
TFs/ubiquitin families 60 866/82 844 
Gene families/associated genes 212 597/1 385 060 
Macrosynteny gene pairs 398 247 
Busco gene 16 015 
Mitochondrial genomic datasets 53 
Transcriptomic data 950 
Co-expressed networks/positive/negative gene pairs 6/1 485 344/520 014 
Single-cell or single-nucleus datasets 15 
Cell types 14 
Cell markers 1793 
Symbiotic microorganisms 1112 
Annotated microbial genes 92 682 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

module in DOO provides 1112 metagenomic samples from
deep ocean symbiotic communities, capturing genomic fea-
tures of microorganisms associated with deep ocean organ-
isms (Fig. 2 G). Deep ocean organisms engage in chemosyn-
thetic symbioses with microorganisms to derive energy. Ad-
ditionally, certain symbiotic microorganisms produce biolu-
minescence for predator deterrence and prey attraction. The
highly specialized adaptation substantially enhances their sur-
vival in extreme habitats [ 99 ]. 

Genome annotation

Advancements in sequencing techniques provide an enhanced
understanding of deep ocean evolution through the ever-
expanding genomic datasets [ 12 , 100 ]. However, the potential
of these datasets is often limited by fragmentation across stud-
ies [ 101 ], underscoring an urgent need for integrated genomic
resources to ensure data accessibility, standardized functional
annotation, and cross-species comparative analysis [ 102 ]. The
‘Genome’ module in DOO is aimed at providing accurate
genomic information, cross-species comparisons, and pan-
evolutionary analysis for comparative genomic and phyloge-
netic study. 

Based on the ‘Gene Search’ module, users can access the
structural and functional annotations for 1 449 954 protein-
coding genes from 46 deep ocean organisms (Fig. 3 A). The
‘Mitogenomic Data’ module provides mitochondrial genomes
and annotations for 53 deep ocean organisms (Fig. 3 B), aiding
the exploration of evolutionary patterns in these organisms
[ 103 ]. Gene functional annotations are performed for protein-
coding genes using several widely used databases (Pfam, In-
terPro [ 104 ], P ANTHER, GO , and KEGG) (Fig. 3 C). BUSCO
gene completeness and uniqueness can serve as a quantitative
assessment of genome assembly and annotation completeness
[ 105 ]. The ‘BUSCO Gene’ module identifies 16 015 BUSCO
genes at the metazoan level for each species (Fig. 3 D). TFs
critically regulate fundamental biological processes, includ-
ing growth trajectories, developmental programs, and envi-
ronmental stress responses [ 106 , 107 ]. Ubiquitins function
as post-translational modifiers mediating protein degradation,
cell cycle control, and DNA repair [ 108 , 109 ]. Both families
are annotated in the ‘TFs/Ubs’ module, comprising 60 866
TFs and 82 844 ubiquitins (Fig. 3 E), respectively. The ‘Gene
Family’ module identifies and annotates 212 597 gene fami- 
lies through clustering analysis, allowing users to access de- 
tailed gene family information, including gene family mem- 
bers and PANTHER annotations (Fig. 3 F). The ‘Symbiotic 
Microorganism’ module integrates 131 assembled symbiotic 
microorganisms (Fig. 3 G) from the NCBI and GTDB [ 85 ] 
databases, including genome characteristics such as the qual- 
ity of microorganisms’ genomes through checkM assessment 
[ 110 ] and NCBI metadata, including assembly information 

and genome category, to facilitate the study of symbiotic inter- 
action. Additionally, the module provides gene structural and 

functional annotations for symbiont genomes, with all anno- 
tations performed by the eggNOG-mapper [ 86 ] tool mainly in 

accordance with the EggNOG, CAZy [ 111 ], GO, and KEGG 

databases (Fig. 3 H). 

Bulk and single-cell transcriptomic modules

The transcriptome is continuously responding to dynamic 
physiological and environmental conditions, and its profil- 
ing reflects the physiological and functional state of tissues 
or cells, inferring insights into the genetic basis of extreme 
adaptation in a specific tissue or cell [ 112 , 113 ]. The ‘Tran- 
scriptome’ and ‘Single-cell’ modules in DOO provide gene ex- 
pression profiles and co-expression networks to infer potential 
gene regulatory networks and molecular signatures of adap- 
tation mechanisms in deep ocean organisms. 

The ‘Network Visualization’ module represents gene co- 
expression networks for deep ocean organisms across various 
tissues and developmental stages, encompassing 2 005 358 co- 
expressed gene pairs, and dynamic expression views to high- 
light the tissue- and stress-specific DEGs (Fig. 4 A and B).
Users can select specific genes to explore corresponding co- 
expression networks and perform expression profiling analy- 
sis (Fig. 4 C). Detailed information about co-expressed genes 
and their relationships is also provided. The “Cell Atlas”mod- 
ule annotates various cell types across deep ocean organisms,
presenting a landscape of all cell types (Fig. 4 D) and correla- 
tions across different repeats or conditions. The ‘Cell Marker’ 
module facilitates access to expression levels of marker genes 
in specific cell types or clusters (Fig. 4 E), along with the top 

50 marker genes and corresponding P -values. The ‘Single-Cell 
Gene Expression’ module visualizes the expression patterns of 



5 

Figure 1. Ov ervie w of D O O database. ( A ) Tax onom y co v erage of deep ocean organisms across ph yla and classes from the inner la y er to the outer la y er. 
( B ) Database architecture and function. Different colours represent different modules in D O O. 
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rotein-coding genes across different cell types by using violin
lots (Fig. 4 F). 

an-evolutionary module

enomic synteny analysis serves as the cornerstone for an-
estral karyotype reconstruction, providing critical insights
nto the mechanisms driving genome diversity, chromosomal
earrangements, and cross-species evolutionary conservation
 114 , 115 ]. Several well-known tools for synteny analysis,
 

such as MCScanX [ 116 ], SyMAP [ 117 ], and DAGchainer
[ 118 ], primarily focus on microsynteny analysis between
closely related species, limiting comparisons in deep phy-
logeny in scenario such as the deep ocean organisms. The Pan-
Syn tool [ 76 ] has been developed to investigate the macroevo-
lution of genome architecture from ancestors to extant species
through deep phylogenetic comparisons. In DOO, PanSyn
integrated micro- and macrosynteny analyses to reconstruct
the ancestral karyotype utilising conserved ancestral link-
age groups (ALGs) from Patinopecten y essoensis , Branc hios-
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Table 2. Summary of 46 full-annotated genomes from deep ocean organisms 

Phylum Species Size (Mb) Assembl y le vel 

BUSCO 

complete- 
ness 
(%) 

Scaffold/contig 
N50 (kb) 

GC content 
(%) 

Repeat 
rate (%) PubMed 

Annelida Branchipolynoe longqiensis 1860 Chromosome 89.30 97 050/566.3 44.35 71.14 [ 33 ] 
Riftia pachyptila 560.7 Contig 99.37 2870 40.49 29.99 [ 34 ] 
Ridgeia piscesae 658.2 Contig 94.00 365.4 41.00 – [ 35 ]
Paralvinella palmiformis 601 Contig 96.00 557.2 36.00 – [ 35 ]
Paraescarpia echinospica 1090 Chromosome 96.40 67 235/253.6 41.00 55.00 [ 32 ] 
Osedax frankpressi 285 Scaffold 80.10 426 29.08 29.16 [ 34 ] 
Oasisia alvinae 808 Scaffold 96.90 2975 41.04 50.15 [ 34 ] 
Osedax fenrisi 699.1 Chromosome 90.10 99 500/1900 27.50 – –
Oasisia sp. SBJ-2009 764.2 Chromosome 95.81 54 000/2100 41.5 – –
Lamellibrachia satsuma 736 Scaffold 95.50 8074/6600 40.2 – [ 36 ]
Lamellibrachia luymesi 687.71 Scaffold 95.80 373/24.1 40.16 36.92 [ 31 ] 
Lamellibrachia columna 879.7 Chromosome 97.30 472.9/472.5 40.5 – –

Arthropoda Bathynomus jamesi 5892 Contig 94.80 586.5 37.28 85.32 [ 37 ] 
Hirondellea gigas 139 200 Chromosome 89.34 458 700/466.1 38.80 72.75 [ 20 ] 

Chordata Amblyr aja r adiata 2600 Chromosome 96.70 62 100/1500 44.50 – –
Synaphobranchus kaupii 1500 Chromosome 97.90 76 800/519.8 42.5 – [ 38 ]
Pseudoliparis swirei 626.4 Chromosome 96.00 25 738/4219 44.00 – [ 39 ]
Pseudoliparis sp. Yap Trench 731.75 Scaffold 96.17 1260/750 44 53.61 [ 40 ] 
Aldrovandia affinis 1230 Scaffold 96.00 3800/2000 43.00 – [ 38 ] 
Chaunax sp. 709.63 Chromosome 97.06 29 421/15 241 40.68 36.14 [ 41 ] 
Coryphaenoides rupestris 838.2 Scaffold 95.50 188.2/62.4 47.00 – [ 24 ]
Ilyophis brunneus 1500 Chromosome 94.30 115 310/2760 42.09 48.41 [ 42 ] 

Cnidaria Actinernus sp. WN-2022 1400 Scaffold 94.55 71 937/1102 39.14 61.12 [ 43 ] 
Actinoscyphia liui 522 Chromosome 94.70 58 422/3400 38 44.06 [ 44 ] 
Actinostola sp. Cb2023 424.3 Scaffold 83.20 383.1/372.9 38.70 25.50 [ 45 ] 
Alvinactis idsseensis sp. Nov. 456.58 Chromosome 92.80 27 561/1715 38.84 63.27 [ 46 ] 
Lophelia pertusa 556.9 Scaffold 88.90 1600/438.6 39.40 57.37 [ 47 ] 
Paraphelliactis xishaensis sp. nov. 542.9 Contig 92.90 761.1 37.50 56.60 [ 48 ] 
Trachythela sp. YZ-2020 578.2 Contig 90.70 3563 37.50 57.88 [ 49 ] 

Echinodermata Paelopatides sp. Yap 3700 Contig 89.40 137.1 38.19 76.06 [ 50 ] 
Zoroaster sp. YZ-2022 1000 Chromosome 95.91 40 400/376.2 38 63.90 [ 51 ] 
Chiridota heheva 1100 Chromosome 94.50 53 240/1220 37.12 70.80 [ 52 ] 

Mollusca Chaetoderma shenloong 2400 Chromosome 89.52 141 459/785.5 40.93 55.81 [ 53 ] 
Siphonodentalium dalli 2 300 Chromosome 95.40 234 870/2110 38 0.76 [ 54 ] 
Gigantopelta aegis 1100 Chromosome 94.60 81 591/461.8 37 56.00 [ 55 ] 
Bathymodiolus brooksi 2000 Chromosome 94.00 130 400/2900 35 – –
Bathymodiolus septemdierum 1400 Chromosome 97.60 99 700/2300 34.5 – –
Dr acogyr a subfusca 1160 Scaffold 32.70 5.9/4.1 37 56.00 [ 55 ] 
Chrysomallon squamiferum 404.6 Chromosome 96.60 30 198/1883 29.82 25.22 [ 56 ] 
Bathyacmaea lactea 754.3 Contig 94.30 1570 32.67 61.40 [ 57 ] 
Architeuthis dux 2700 Scaffold 90.40 4852/5.7 36.10 48.21 [ 58 ] 
Placopecten magellanicus 1830 Chromosome 94.10 86 713/6535 38.06 43.04 [ 59 ] 
Gigantidas platifrons 1640 Scaffold 96.30 343.3/12.6 34.30 47.93 [ 23 ] 
Conchocele bisecta 1900 Chromosome 95.40 106 900/488.6 39.22 66.96 [ 60 ] 
Arc hiv esica marissinica 1500 Chromosome 93.50 74 300/79.1 39.00 52.81 [ 61 ] 

Porifera Geodia barretti 144.8 Scaffold 71.50 48.4 49.30 19.05 [ 62 ] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

toma floridae , and Nematostella vectensis , track syntenic
block evolution, classify gene clusters, and elucidate the pan-
evolutionary features of genome structure. 

The ‘Microsynteny Analysis’ module represents a correla-
tion heatmap of genome similarities among 21 deep ocean or-
ganisms with chromosome-level genome assembly and anno-
tation. Users can click one square to view the distribution and
correspondence of microsynteny blocks between two species
(Fig. 5 A–C). The ‘Macrosynteny Analysis’ module compares
karyotypes between these three ALGs and deep ocean or-
ganisms to identify ancestral gene families and macrosynteny
blocks. A total of 10 863 ancestral gene families are identified,
with each species retaining > 5800 of these conserved lineages
( Supplementary Table S1 ). Users can select different reference
ALGs to view detailed synteny blocks and their distribution on
chromosomes (Fig. 5 D–G). Additionally, users can download 

macrosynteny dot plots, homologous gene pairs, and related 

gene sequences. 

Case study

Studies have highlighted the crucial role and evolutionary im- 
portance of microbial symbionts in facilitating deep ocean or- 
ganisms to adapt to extreme environments [ 23 , 119 ]. Cathep- 
sins (CTSs), members of the papain family cysteine proteases,
are essential for host–symbiont interaction through endopep- 
tidase immune response and cell death regulation [ 120 , 121 ].
They also play pivotal roles in maintaining bacteriocyte home- 
ostasis and controlling the symbiont population [ 31 , 32 ]. In 

this context, the CTS gene from deep ocean tubeworm P. echi- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1096#supplementary-data
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Figure 2. Tax onom y , paleobiology , and multi-omics resources in D O O. ( A ) Species inf ormation. ( B ) Tax onom y classification. ( C ) Paleobiology. ( D ) 
Genomic data. ( E ) Transcriptomic data. ( F ) Single-cell transcriptomic data. ( G ) Metagenomic data. The underlined parts provide a link for users to access 
detailed information. 
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ospica was used as an example to explore its potential func-
ion at the multi-omics and evolutionary level by using DOO.

The ‘Gene Search’ module reveals the function of CTS gene
s a lysosomal cysteine protease (CTS) and its participation
n immune response and apoptosis (Fig. 6 A). Jbrowse visual-
zation shows that the gene is primarily expressed in tropho-
ome tissue, with RNA-seq peaks enriched in the coding re-
ion (Fig. 6 B). Trophosome tissue is a specialized symbiotic
rgan that houses sulphide-oxidising gammaproteobacterial
ndosymbionts in deep ocean tubeworm [ 32 , 122 ]. As for
he co-expression network of CTS (Fig. 6 C), positively co-
xpressed genes were observed to be related to pivotal biologi-
al processes such as metabolism regulation ( SAM Mt ), carbon
upply for symbionts ( CA ), maintenance of symbiotic home-
stasis ( MUC4 ), and low oxygen response ( HIF-1 α inhibitor).
hese co-expressed genes have been reported to be potentially

nvolved in the symbiotic interaction [ 123–126 ]. Further anal-
sis of GO enrichment for these co-expressed genes uncov-
red significant enrichments in specific biological processes
uch as metabolic processes, oxidoreductase activity, steroid
ydroxylase activity , methyltransferase activity , iron ion bind-

ng, and oxygen transport and binding (Fig. 6 D). These re-
ults highlight the processes that are related to the regula-
ion of symbiotic metabolites, the maintenance of symbiotic
omeostasis, and chemosynthetic energy exchange. Examina-
ion of the single-cell expression levels of CTS by using the
Single Cell’ module showed that CTS is highly expressed in
acteriocyte-periphery (Bac-P) and bacteriocyte-center (Bac-
) cells (Fig. 6 E), and it has been validated as a marker gene
f these two bacteriocytes [ 126 ]. Bac-P cells host symbionts to
acilitate aerobic carbon fixation, symbiont digestion for nu-
rient harvest, and shuttle nitrogen waste towards the centre.
Bac-C cells harbour symbionts to drive anaerobic denitrifica-
tion for ammonia detoxificationwhile processing host-derived
metabolites [ 126 ]. Clearly, their strong interaction pattern
with symbionts is consistent with the previous analysis results
based on the information acquired from DOO. CTS s are evo-
lutionarily conserved and used by diverse animal hosts to di-
gest their symbiotic microorganisms [ 31 , 32 ]. Based on the
Jbrowse visualization of RNA-seq peaks in DOO, CTS also
shows high expression in symbiont-hosting tissues of some
other deep ocean organisms. Additionally, comparative ge-
nomic analysis for CTS gene families was performed on the
basis of the data of the ‘Gene Family’ and ‘Protein Domain’
modules. The results revealed that most deep ocean organ-
isms in DOO carry this gene, except for Trachythela sp. YZ-
2020 , Paraphelliactis xishaensis sp. nov., and Ilyophis brun-
neus . A significant change was observed in the CTS gene fam-
ily size, with the highest being 37 and the lowest being 0. This
finding indicated that CTS genes were fast evolving in deep
ocean organisms. Additionally, the protein domain of CTS
genes among deep ocean organisms was explored, and the re-
sults showed that most CTS genes contain two domains: Pep-
tidase_C1 (papain family cysteine protease) and Inhibitor_I29
[cathepsin propeptide inhibitor domain (I29)]. Moreover, a
small number of CTS genes contain peptidase_C1 only. Addi-
tionally, another type of CTS gene containing three domains
was discovered among deep ocean molluscs (Fig. 6 F). In sum-
mary, the case study demonstrates the practicality and relia-
bility of the DOO database, which can provide new insights
into deep ocean adaptation and evolution. 
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Figure 3. Genome annotation in D O O. ( A ) Gene structure. ( B ) Mitogenomic data. ( C ) Gene annotation. ( D ) BUSCO gene. ( E ) Transcription 
f actors/ubiquitin f amily. ( F ) Gene f amily. ( G ) Symbiotic microorganism data. ( H ) Gene inf o in symbiotic microorganism. T he underlined parts pro vide a link 
for users to access detailed information. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Future directions

DOO represents the first comprehensive deep ocean multi-
omics platform to date, integrating genomic, bulk and single-
cell transcriptomic, metagenomic, mitogenomic, and paleo-
biology resources across seven phyla. Considering that deep
ocean adaptation and evolution is a highly active research
field, and genomic resources are rapidly expanding, additional
high-quality, full-annotated genomes and multi-omics data
will be continuously incorporated into DOO. Currently, there
are some limitations for our database, mainly including the
limited availability of deep ocean genomes, insufficient multi-
omics data integration and visualization, and a lack of sys-
tematic comparative genomic analysis. To address this gap,
we plan to regularly update the database, with a focus on the
following improvements: (i) incorporating broader omics data
layers (proteome, epigenome, and metabolome) alongside ex-
panded genomic resources; (ii) expanding taxonomy coverage
through leveraging ongoing global deep ocean genome initia-
tives, such as the United Nations Decade of Ocean Science
for Sustainable Development, Mariana Trench Environment
and Ecology Research, and the Deep Ocean Microbiomes and
Ecosystems project, incorporating more species and assembled
symbiont genomes; (iii) enhancing comparative genomic in-
sights through systematic comparison between deep ocean or- 
ganisms and their nearshore relatives; (iv) implementing AI- 
driven models into deep mining of multi-omics data [ 127 ]; 
and (v) developing user-friendly tools for cross-species multi- 
omics comparison and visualization. 
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Figure 4. Visualization of bulk and single-cell transcriptomes in D O O. ( A ) Network analysis. Query genes are highlighted in yellow. And the blue line 
represents a negative co-expression relationship between two genes, and the pink line represents a positive co-expression relationship. ( B ) Dynamic 
netw ork vie w. T he red and blue he xagons represent upregulated and do wnregulated genes in particular conditions, respectiv ely. ( C ) Expression heatmap 
of interested gene lists among different samples. The deeper the colour, the higher the gene expression. ( D ) Cell atlas. Different colours represent 
different cell types. ( E ) Expression profiles of cell markers in different clusters. The size of dots represents the proportion of gene-expressing cells, and 
the colour intensity of the dots represents the a v erage le v el of gene e xpression. ( F ) Single-cell gene e xpression. It represents the e xpression pattern of 
protein-coding genes on the violin plot across different cell types. 
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Figur e 5. P an-e v olutionary analy sis f or identifying conserv ed gene clusters and kary otypes. ( A –C ) Microsynten y analy sis among deep ocean organisms. 
( A ) Correlation squares among deep ocean organisms based on microsynteny blocks. ( B ) Circos plot for distribution and visualization of microsynteny 
blocks between two deep ocean organisms. ( C ) Dot plot for distribution and visualization of microsynteny blocks between two deep ocean organisms. 
( D –G ) Macrosynteny analysis between deep ocean organisms with chromosome-level genome assembly and three ancestral linkage groups (ALGs). ( D ) 
Identification of ancestral gene families across deep ocean organisms and ALGs. The left, middle, and right represent evolutionary relationships, the 
percentage of ancestral gene families for each species, and the number of ancestral gene families in each species, respectively. ( E ) Macrosynteny 
analy sis f or deep ocean organisms across fiv e ph yla. ( F ) Analy sis and visualization of kary otype e v olution betw een ALGs and deep ocean organisms. ( G ) 
Visualization of karyotype comparisons between the ancestors and deep ocean organisms. 



11 

Figure 6. Case study using CTS gene. ( A ) Functional annotation for CTS gene. Different colours represent different functional types. ( B ) Jbrowse 
visualization of CTS gene with RNA-seq peaks in different tissues. ( C ) Co-expression network of CTS gene. SAM Mt , SAM-dependent methyltransferase; 
CA , carbonic anh y drase; MUC4 , mucin protein; BLR2807 , globin family member; LGIC, ligand-gated ion channel protein; SMCT , sodium-coupled 
monocarboxylate transporter, HIF-1 α inhibitor, h ypo xia-inducible f actor 1-alpha inhibitor; ACBP , acyl-CoA-binding protein; CYP3 and CYP508A4 , 
cytochrome P450 family member; COL1A1 , alpha-1 collagen protein. ( D ) GO enrichment analysis results for all genes in the co-expression network. ( E ) 
Violin plot of single-cell expression of CTS gene across cell types. ( F ) Phylogenetic tree and protein domain compositions of CTS gene families in 46 
deep ocean organisms. The left and middle represent the phylogenetic tree of deep ocean organisms and the number of CTS gene families with 
Peptidase_C1 or Inhibitor_I29 domain, respectively. The right represents protein domain compositions of CTS gene families, mainly including three 
types: (i) type I, CTS genes with Peptidase_C1 domain only; (ii) type II, CTS genes with Peptidase_C1 and Inhibitor_I29 domains; and (iii) type III, CTS 
genes with Inhibitor_I29 or three domains only. Peptidase_C1 (PF00112), papain family cysteine protease; Inhibitor_I29 (PF08246), cathepsin propeptide 
inhibitor domain (I29); Bet a-lact amase (PF0 0144), bet a-lact amase; SLC52_ribofla_tr (PF06237), solute carrier f amily 52, ribofla vin transporter. 
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