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ABSTRACT

Testing hypothesis about the biogeography of genes
using large data resources such as Tara Oceans
marine metagenomes and metatranscriptomes re-
quires significant hardware resources and program-
ming skills. The new release of the ‘Ocean Gene
Atlas’ (OGA2) is a freely available intuitive online
service to mine large and complex marine environ-
mental genomic databases. OGA2 datasets avail-
able have been extended and now include, from the
Tara Oceans portfolio: (i) eukaryotic Metagenome-
Assembled-Genomes (MAGs) and Single-cell As-
sembled Genomes (SAGs) (10.2E+6 coding genes),
(ii) version 2 of Ocean Microbial Reference Gene
Catalogue (46.8E+6 non-redundant genes), (iii) 924
MetaGenomic Transcriptomes (7E+6 unigenes), (iv)
530 MAGs from an Arctic MAG catalogue (1E+6
genes) and (v) 1888 Bacterial and Archaeal Genomes
(4.5E+6 genes), and an additional dataset from the
Malaspina 2010 global circumnavigation: (vi) 317
Malaspina Deep Metagenome Assembled Genomes
(0.9E+6 genes). Novel analyses enabled by OGA2 in-
clude phylogenetic tree inference to visualize user
queries within their context of sequence homologues
from both the marine environmental dataset and the
RefSeq database. An Application Programming In-
terface (API) now allows users to query OGA2 using
command-line tools, hence providing local workflow
integration. Finally, gene abundance can be interac-
tively filtered directly on map displays using any of
the available environmental variables. Ocean Gene

Atlas v2.0 is freely-available at: https://tara-oceans.
mio.osupytheas.fr/ocean-gene-atlas/.
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INTRODUCTION

Marine plankton ecosystems represent main actors in
global climate regulation (1). Marine microorganisms ex-
port photosynthetically fixed carbon to the deep ocean
and contribute about half of global primary production
(2). Their role in biogeochemical cycles such as the bio-
logical carbon pump in the ocean is crucial in the context
of climate change (3). Intense large scale oceanographic
sampling campaigns are providing precious observational
data from the planet’s largest but still underexplored con-
tinuous biome. Such samples subjected to high through-
put DNA and RNA sequencing have in turn provided in-
creasingly comprehensive and insightful environmental ge-
nomics resources, mostly from uncultivated organisms. In
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the wake of the Global Ocean Sampling (GOS) expedi-
tion, which produced a 6.1 million gene catalogue mostly
from marine prokaryotes (4), the Tara Oceans pan-oceanic
expedition applied a holistic sampling of plankton from
viruses to fish larvae coupled with comprehensive in situ
biogeochemical measurements, albeit with sampling bias
towards the epipelagic sunlit layer (5,6). Marine gene cat-
alogues released from the Tura Oceans sequencing effort in-
clude datasets specific to prokaryotes (7) as well as eukary-
otes (8). The Malaspina 2010 global circumnavigation (9)
used a similar sampling approach applied to the tropical
and subtropical deep oceans from surface down to 4000 m
depth.

Resulting environmental genomics resources have been
made available via a variety of modes, including the MAR
databases (10), MGnify (11), Planet Microbe (12) and the
Ocean Microbiomics Database (13). The updated Ocean
Gene Atlas (14) presented here is unique in presenting 8 tril-
lion of marine environmental read sequences in their envi-
ronmental context, hence allowing marine biologists to ex-
plore the biogeography and phylogeny of plankton genes
among a total of 228 millions. Indeed, the Ocean Gene At-
las v2.0 (OGAZ2) provides an integrated interactive interface
to mine all major 7ara Oceans and Malaspina gene datasets
characterized as of early 2022 without any requirement for
programming or dedicated hardware. Moreover, no account
or identification is necessary to run queries, and results vi-
sualization occurs on-the-fly.

OGA v2.0: NEW FEATURES AND UPDATES

The Ocean Gene Atlas v2.0 (OGA2) web service provides
a user-friendly interface to identify and geolocate marine
environmental homologous sequences using a nucleic acid
or protein sequence query.

The web service update consists on the one hand in the in-
tegration of six datasets from 7ara Oceans and Malaspina
consortium sequencing efforts, and on the other hand new
tools to quantitatively explore contextualized genes of in-
terest in the global ocean ecosystem. An updated user
manual is provided online from the OGA2 service web

pages.

New resources

The first version of the Ocean Gene Atlas deployed its anal-
yses based on two datasets: (i) the Ocean Microbial Ref-
erence Gene Catalogue (OM-RGC) comprising 40 million
non-redundant mostly prokaryotic gene sequences associ-
ated with both 7ara Oceans and Global Ocean Sampling
(GOS) gene abundances (7) and (ii) the Marine Atlas of
Tara Ocean Unigenes (MATOU) composed of >116 mil-
lion eukaryotic unigenes (8).

The OGA?2 includes the following new 7ara Oceans and
Malaspina datasets:

1) 713 non-redundant and manually curated eukaryotic
MAGs and SAGs containing 10 million genes (15).
This EUK_SMAGs dataset was built from 280 bil-
lion Tara Oceans metagenomic reads from polar, tem-
perate, and tropical sunlit oceans and covers cukary-

otic environmental genomes ranging from 10 Mb to
1.3 Gb.

2) 1888 non-redundant and manually curated bacterial and
archacal MAGs containing 4.5 million genes (16). This
BAC_ARC_MAGs dataset was built using the same 280
billion Tara Oceans metagenomic reads.

3) 924 non-redundant MetaGenomic Transcriptomes
(MGTs) containing 7 million unigenes (17). This MGT
database is mostly eukaryotic and was built based on the
MATOU catalogue (7ara Oceans).

4) 530 bacterial and archaeal MAGs containing 1 million
genes (18). This Arctic. MAGs dataset was built using the
Tara Oceans Polar Circle expedition.

5) 317 bacterial and archaeal MAGs containing 0.9 million
genes (19). This MDeep-MAGs dataset was built using
the Malaspina metagenomes.

6) version 2 of Ocean Microbial Reference Gene Cata-
logue (OM-RGCv2) with additional data from the Arctic
Ocean comprising a total of 47 million non-redundant
gene sequences from 370 marine metagenomes and 187
metatranscriptomes (20).

Together with the gene sequence catalogues, two addi-
tional complementary data objects were also included in
OGAZ2: gene abundances for each sample, and sample bio-
geochemical environmental context (see Data availability
section and Table 1).

New implementations

1) Application Programming Interface (API)

The Application Programming Interface (API) offers re-
searchers the option of command line to facilitate access
to OGA2 and ensure the datasets are explored to their
fullest. The APT uses standard protocols and readily avail-
able programming languages, allowing for instance full
control of OGA2 through a simple bash script. A tuto-
rial with examples of codes is available at the following
address: https://tara-oceans.mio.osupytheas.fr/ocean-gene-
atlas/build/script/API_tutorial.pdf. Three types of API
commands are possible as described in Figure 1. The first
type is to ‘Submit a request’ using a JSON file with search
parameters, such as a FASTA sequence or Pfam identifier,
as well as the dataset to be mined. The Laravel application
server (detailed in the ‘Data integration and framework’
paragraph) from OGAZ2 sends a response in JSON format
with the request identifier and an estimation of the compu-
tation time. The second type of command is to ‘Check re-
sults” accompanied with the request identifier provided after
the initial query submission above. Once the computation is
completed, the server will return the URL of the results web
page. The third API command is the ‘Fetch results’ request
using the request identifier and the results file of interest.
Three files can be provided containing the alignment results,
the homologues sequences or the homologues abundances
together with the associated contextual environmental data.
A throttling limits users to 200 jobs per 24 h, and we advise
users to submit no more than one request every 30 seconds.
In order to provide the best possible interactive experience,
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queries launched from the web interface have priority over
API requests.

2) Phylogenetic analysis

A new feature of OGAZ2 is the phylogenetic analysis of the
user query sequence together with its closest (applying the
user defined E-value threshold, or the maximum number
of aligned sequences) BLAST hits in both marine metage-
nomic homologues and reference databases. To do so, the
‘Phylogenetic tree’ option should be selected on the website
submission form. An additional panel section will then dis-
play a phylogenetic tree in the results page.

For this purpose, the sequence query is used to search
homologues in the RefSeq database (21). If the number of
RefSeq homologues is greater than the number of metage-
nomic homologues, the RefSeq homologous sequences are
progressively clustered with CD-HIT (22) until the sequence
number is equal or less than that of metagenomic homo-
logues sequences (to avoid some cases we observed where
RefSeq homologues could clutter the resulting tree, such as
queries close to over-represented enterobacteria). This clus-
tering step is done iteratively by gradually decreasing the
threshold of clustering from 100% to a minimum of 60%.
The sequences in the resulting combined dataset, consisting
of the user query sequence, the metagenomic homologues,
and the reference RefSeq homologues, are then aligned with
MAFFT (23). This alignment is cleaned with MaxAlign
(24) and trimAl (25) before submission to FastTree (26) for
phylogenetic tree inference (Figure 2). To visualize the re-
sulting tree, the Newick Ultilities (27) tools suite is used.

Once the phylogeny workflow has completed success-
fully, the resulting phylogenetic tree is rendered in the re-
sults interface in a new panel with several phylogenetic tree
formatting options. The user query sequence is represented
in blue, the metagenomic homologues appear in red, and
the RefSeq reference homologues are labelled in green (Fig-
ure 3). One can download the tree in SVG format as well
as all intermediate files used in the workflow (multi-FASTA
homologues, multiple alignment before and after trimming,
Newick formatted tree) (Figure 4). It is also possible to in-
teract with the tree (change from radial to linear), change
the substitution mode or tree inference (gamma law), but
also to root the tree (with the longest branch or branch spec-
ified by the user) and zoom in or out. The colored multiple
sequence alignment with selected positions (as output by
trimAl) can also be displayed.

3) Selection of homologous sequences using an environ-
mental parameter range

Below the map showing geographic distribution of ho-
mologues abundances (see Figure 5), users can select a
sequence subset defined by an environmental parameter
range: users first choose an environmental variable from the
drop-down list (e.g. temperature), and then define the de-
sired range using the associated slider (e.g. 4-12°C). When
the ‘Apply’ button is clicked, only samples corresponding to
the selected range are displayed on the map. It is then pos-
sible to download the abundance files and environmental
variables corresponding to the subset selection.
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Check results
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{ API }
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URL of the result page

laravel

Fetch results
. Request id & result file name

[
<

Result file

laravel

Figure 1. The three types of API request. The first type of API request, ‘Submit a request’, uses a JSON file with parameters (such as FASTA sequence,
Hidden Markov Model profile or Pfam identifier). Then the Laravel application server from OGA2 sends a JSON formatted response with the request
identifier and an estimation of the time of arrival (ETA) or computation time. The second type of command ‘Check results’ can be ran accompanied with
the request identifier provided after the initial query submission. The OGA2 server then returns the URL of the results web page when the computation is
over. The last command, ‘Fetch results’, uses the request identifier and the resulting file name.

Multi- MAFFT MaxAlign
sequence li t
FASTA alignment o?)tlisyn:]i?aetir:)n

TrimAl FastTree Newick
sequence phylogenetic tree Utilities
cleaning inference tree visualization

Figure 2. Phylogenetic pipeline. All sequences identified as homologous to the user query sequence are first aligned with MAFFT (23), the sequence
alignment is treated with MaxAlign (24) to maximize the number of amino acid symbols in the alignment area and cleaned with an automated alignment
trimming tool named trimAl (25). FastTree (26), with the default settings, allows to infer approximately-maximum-likelihood phylogenetic tree from the
resulting alignment with the JTT (Jones-Taylor-Thornton 1992) model of amino acid evolution, and computes local support values with the Shimodaira-
Hasegawa test. The tree visualization is done with Newick Utilities tools suite (27).

4) Abundance normalization

The abundance of each catalogue gene (for OM-RGCvl
and MATOU) in specific biosamples was estimated by eval-
uating the coverage of raw sequencing reads mapped to the
gene’s nucleotide sequence as described earlier (14). Briefly,
depending on the database queried (Table 2), abundance es-
timates may be expressed in one of three available normal-
ization schemes: (i) the gene’s read coverage is divided by
the sum of the total gene coverages for the sample (‘percent
of total coverage’), (ii) the gene’s read coverage is divided by
the total number of reads for the sample (‘percent of total
reads’), (iii) the gene’s read coverage is divided by the me-
dian of the coverages of a set of 10 universal single copy
marker genes (‘average copies per cell’) that were previously
benchmarked for their suitability for prokaryotes metage-
nomics data analysis (28).

In order to estimate the abundance and expression
of each MGT unigene in each sample, cleaned reads
(from metagenomes and metatranscriptomes) were mapped
against the reference catalog as described in (17). Reads
covering at least 80% of read length with at least 95% of
identity were retained for further analysis. Unigene expres-
sion values and genomic occurrences were computed in
RPKM (reads per kilo base covered per million of mapped
reads).

Gene abundance from MAG catalogues was computed
using reads per genomic kilobase and metagenomic giga-
base (RPKG). For Euk SMAGs, BAC_ARC_MAGs and
Arctic MAGs gene abundance, we attributed to gene its
MAGs abundance computed as described in (15,16,18).

For the MDeep-MAGs dataset, the abundance of each
MAG was expressed by the number of mapped reads per
genomic kilobase and sample gigabase as described in (19).
And each gene abundance is expressed as mean read cover-
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Figure 3. An example of phylogenetic tree. In the phylogenetic tree, the user query sequence is colored in blue, the metagenomic homologues in red, and

the RefSeq reference homologues in green.

age (best read map, with at least 95% identity over at least
90% of the read length).

5) Data integration and framework

All data objects (sample gene abundance tables, environ-
mental context and gene catalogues) were downloaded from
ENA, Pangaea or companion websites (Table 1) and pre-
processed using bash, perl or R (version 4.03) scripts to
generate files for database integration (Figure 6). Figure 7
represents the MariaDB version 10.3.27 managed relational
database schema (note that MAG datasets use a dedicated
table). These datasets are queried by Laravel 5.4 PHP ap-
plication server that uses a classical Model-View-Controller
pattern architecture to create web interfaces. Hosted on
dedicated Linux hardware, the application server commu-

nicates with the user through an Apache2 HTTP server us-
ing HTMLS, CSS3, Javascript and AJAX to retrieve user
requests and display results. As per FAIR principles (29),
a database dump is done every week to save the data to a
remote backup server and the scripts are hosted under bit-
bucket and gitlab (see Data accessibility section) in order to
facilitate updates and collaborative work.

CONCLUSIONS

OGA 2.0 is a web service for biogeographical analysis of
large scale marine environmental genomics datasets. The
additional datasets presented here now offer users access to
a comprehensive set of environmental sequences, including
metagenomes, metatranscriptomes, MAGs and SAGs. The
API allows users to run several requests using a command
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Phylogenetic tree : marine environmental genes in context of reference sequences @

View multiple alignment @

« Radial / Linear tree &Download tree in svg format
« Root on the longest branch &Download sequences in fasta format
« Remove tree root &Download full fasta alignment
« Add branch length values &Download the intermediate column cleaned alignment (Trimal) in fasta format
« Increase / Decrease leaf size, Hide / Show leaf labels &Download the final cleaned alignment (MaxAlign) in fasta format
« Grow / Shrink tree size &Download output from second alignment curation step (MaxAlign)
« Reset (cancel all changes) &Download tree in newick format
* Root the tree on the following leaf: ‘ ‘ a‘

« FastTree option's :
(O WAG substitution model O JTT substitution mode

O Gamma20 distribution O no Gamma distribution ‘ Recompute tree | @
(It may take several minutes)

Number of sequences from SMAGs : 77 (4 sequence(s) were/was excluded during the maxalign step)
Number of sequences from RefSeq after clustering: (8 sequence(s) were/was excluded during the maxalign step)

100% | 95% | 90% | 85% | 80% | 75% | 70% | 65% | 60%

Clustering at identity:

Number of sequences: | 1254 | 1234 | 891 | 685 | 545 | 399 | 280 | 189 | 112 |64

Figure 4. Phylogenetic analysis options. Several options allow user to download the tree in SVG format and intermediate files used in the phylogeny
workflow (multi-FASTA homologues, multiple alignment before and after trimming and newick formatted tree). The link ‘view multiple alignment’ shows
the HTML file generated by trimAl. The tree can be changed from radial to linear, the substitution mode or tree inference (gamma law) can be modified,
and it is possible to root the tree (with the longest branch or branch specified by the user) and zoom in or out. The colored multiple sequence alignment
can also be displayed.
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Figure 5. Interactive world map. The geographic distribution of homologues abundances are represented on a map and an environmental parameter can be
selected from the drop-down list (e.g. temperature). Using the associated slider (e.g. 4-12°C) and the ‘Apply’ button, only the sequence subset corresponding
to the selected range are displayed on the map. The abundance files and environmental variables corresponding to the subset selection can be downloaded.
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Table 2. Dataset abundance normalization methods

Datasets Percent of total coverage RPKM or RPKG Percent of total reads Average copies per cell

OM-RGCv1
OM-RGVv2
MATOU

MGT
EUK_SMAGs
BAC_ARC_MAGs
Arctic. MAGs
MDeep-MAGs

X X

X

Ll o I I I ]

,% s I&Tw %‘;m / @ BASH \ ENAPOS :

 mag
Q%QL \

T Bitbucket
Ay GitLab
Scripts

4—»?

o,

582 .@

laravel

Figure 6. OGA2 processing. To answer to the FAIR principles (Findability, Accessibility, Interoperability, and Reusability), the processing of OGAZ2 server
is the following: the metadata (sample gene abundance tables, environmental context and gene catalogues) are collected from a data warehouse such as
ENA, PANGAEA or companion websites. All data objects are preprocessed using bash, perl or R scripts to generate the files for database integration and
BLAST databases are generated from sequence files. Laravel requests allow to query the different datasets and the application server communicates with
the user through an Apache 2 HTTP server to display results. Every week an OGA2 database dump is done to save the data to a remote backup server. In
order to facilitate updates and collaborative work, the scripts are hosted under bitbucket and gitlab.

MAG_id ene id
MAG_id = \ gene_
= label MAG id
sample_id tax_classification gene_label
abundance lenath -
eng function
gene_nb

sample_id = sample_metadata
\ metadata_definitions

sample_original_id sample_id

sample_label metadata_id —— metadata_id
env_feature_tag numeric_value metadata_name
lower_fraction categoric_value metadata_description
upper_fraction unit

latitude type

longitude

Figure 7. Relational schema of the OGA2 database. For the gene catalogue dataset, five tables are used and a sixth table is needed for the MAGs dataset.
The primary key is in bold in each table. Relation between tables are represented with solid lines.
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line to facilitate access and ensure the datasets are explored
to their fullest. Moreover programmatic execution allows a
better documentation of the requests (with the trace of the
script) and increased repeatability of results. The automated
phylogenetic tree option provides an initial view of the ho-
mologues neighborhood that can be valuable for evolution-
ary studies (30).

OGA 2.0 has recently been awarded ELIXIR-FR ac-
creditation for its Service Delivery Plan and we main-
tain our commitment to high performance and stabil-
ity. The increasing number of users since 2018 illus-
trated in Figure 8 and the appreciable number of citations
(74) since the initial OGA paper (14) underline commu-
nity interest in the services offered by the Ocean Gene
Atlas.

In terms of future development, we plan to explore
further available dataset annotation such as MAG
ecological niches (15) (https://end.mio.osupytheas.fr/
Ecological Niche_database/) as well as Gene Ontology to
allow users to query MAG contig sequences for a partic-
ular gene but also gene environment to address genome
plasticity and evolution (e.g. collinearity and synteny).We
encourage scientists to solicit our help in order to integrate
additional datasets into OGA2, to which end we can
provide a user-friendly data preparation and integration
tool.

DATA AVAILABILITY

Ocean Gene Atlas 2.0 is freely available and can be accessed
via the following link: https://tara-oceans.mio.osupytheas.
fr/ocean-gene-atlas/.

Source code is available at GitLab repository: https://
gitlab.osupytheas.fr/ocean _atlas/oga.

Shotgun sequences are available at the FEuropean
Nucleotide Archive (ENA, https://www.ebi.ac.uk/ena)
under accession number PRIJEB7988 (OM-RGCvl
and v2), PRJEB6609 (MATOU), PRIJEB41575 (Tara
Arctic metagenome co-assemblies) and PRJEB402
(EUK_SMAG:s) (see Table 1).

The predicted genes from the OM-RGC are available
at ENA under the accession numbers ERZ(094224 and
ERZ096909 to ERZ097151, and the protein sequences
are available at: ftp:/ftp.genome.jp/pub/db/mgenes/
Environmental/Tara.pep.gz.

For OM-RGCv2, all data files can be found through
BioStudies with the accession S-BSST297 and for the 530
Tara Arctic metagenome co-assemblies with S-BSST451.

All MATOU, EUK_SMAG:s, MGT and
BAC_ARC_MAGs resources are available at http:
/Iwww.genoscope.cns.fr/tara/.

Registry of all the samples from the Tara Oceans Expe-
dition (2009-2013) with environmental metadata are avail-
able at PANGAEA: https://doi.org/10.1594/PANGAEA.
875582.

For the Global Malaspina 2010 Expedition, all raw se-
quences are publicly available at both DOE’s JGI Inte-
grated Microbial Genomes and Microbiomes (IMG/MER)
and the European Nucleotide Archive (ENA). Individual
metagenome assemblies, annotation files, and alignment
files can be accessed at IMG/MER. All accession num-

bers are listed at https://www.nature.com/articles/s42003-
021-02112--2#MOESM4 in Supplementary Data 1. The
metagenomic data can be found through ENA with ac-
cession number PRJEB44456 and the co-assembly for the
MAG dataset construction with accession number PR-
JEB40454, the nucleotide sequence for each MAG and
their annotation files can be found through BioStudies
with accession S-BSST457 and also in the companion
publication website at: https://malaspina-public.gitlab.io/
malaspina-deep-ocean-microbiome/.

The user manual is available at https://tara-oceans.mio.
osupytheas.fr/ocean-gene-atlas/build/pdf/Ocean-Gene-
Atlas_User_Manual.pdf.
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Figure 8. Request number on OGA?2 webserver. Since the first publication of OGA in January 2018, the number of webserver requests is increasing.
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