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ABSTRACT

The Ocean Gene Atlas is a web service to explore
the biogeography of genes from marine planktonic
organisms. It allows users to query protein or nu-
cleotide sequences against global ocean reference
gene catalogs. With just one click, the abundance
and location of target sequences are visualized on
world maps as well as their taxonomic distribution.
Interactive results panels allow for adjusting cut-
offs for alignment quality and displaying the abun-
dances of genes in the context of environmental
features (temperature, nutrients, etc.) measured at
the time of sampling. The ease of use enables non-
bioinformaticians to explore quantitative and con-
textualized information on genes of interest in the
global ocean ecosystem. Currently the Ocean Gene
Atlas is deployed with (i) the Ocean Microbial Refer-
ence Gene Catalog (OM-RGC) comprising 40 million
non-redundant mostly prokaryotic gene sequences
associated with both Tara Oceans and Global Ocean
Sampling (GOS) gene abundances and (ii) the Ma-
rine Atlas of Tara Ocean Unigenes (MATOU) com-
posed of >116 million eukaryote unigenes. Addi-
tional datasets will be added upon availability of
further marine environmental datasets that provide
the required complement of sequence assemblies,
raw reads and contextual environmental parame-
ters. Ocean Gene Atlas is a freely-available web ser-
vice at: http://tara-oceans.mio.osupytheas.fr/ocean-
gene-atlas/.

INTRODUCTION

Marine plankton provide essential ecosystemic functions
on the planet: at the basis of the ocean food web, they con-
tribute about half of global primary production (1). Plank-
ton are also key players of biogeochemical cycles in the
ocean and drive the biological carbon pump (2). Due to
their large distribution (oceans represents 71% of the Earth
surface) and their substantial biogeochemical roles, plank-
ton are considered to be main actors in the global climate
regulation (3) and also constitute a potential source of inno-
vations for blue biotechnology (4). Because of the difficul-
ties associated with sampling plankton in the open and deep
ocean, and because of the ultra high throughput required to
sequence the genetic makeup of such complex communities,
environmental genomics resources for these elusive organ-
isms have only become available recently (reviewed by (5)).
The first large scale sequencing of marine microbiomes led
by the Global Ocean Sampling expedition (6) produced a
6.1 million gene catalog mostly from sunlit ocean prokary-
otes.

More recently, the 7ara Oceans pan-oceanic expedition
deployed a holistic sampling of plankton ranging in size
from viruses to fish larvae, coupled with comprehensive in
situ biogeochemical measurements which provide the de-
tailed environmental contexts necessary for ecological in-
terpretation of marine microbiomes (7). Two complemen-
tary genesets have been released so far from the Tara Oceans
sequencing effort: (i) the Ocean Microbial Reference Gene
Catalog (OM-RGC) and (i) the Marine Atlas of Tara
Oceans Unigenes (MATOU). The OM-RGC is a compre-
hensive collection of 40 million genes from viruses, prokary-
otes and picoeukaryotes with a size up to 3 wm (8) retrieved
from public marine plankton metagenomes and reference
genomes. The MATOU is a catalog of 116 million unigenes

*To whom correspondence should be addressed. Tel: +33 4 86 09 06 66; Fax: +33 4 86 09 06 41; Email: emilie.villar | @gmail.com
Correspondence may also be addressed to Pascal Hingamp. Email: pascal.hingamp@mio.osupytheas.fr

© The Author(s) 2018. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Downl oaded from https://academ c. oup. conf nar/ advance-articl e-abstract/doi/10. 1093/ nar/ gky376/ 5000016
by Bl US Jussieu user
on 30 May 2018


http://tara-oceans.mio.osupytheas.fr/ocean-gene-atlas/

2 Nucleic Acids Research, 2018

TARA . = )
\ i@
OCEAN GENE ATLAS OCEANS m|o C | Eﬂéz;mch |
ONE CLICK MARINE GENE BIOGEOGRAPHY e ,,.i Medisemsnenincie_G.6°F A NTUM.ILC'S ™ SEuiownits )

Submit your gene or protein sequence below to
« display its abundance on ocean may
environmental featt

variation with r

itrients et

user manual) - Credits

Job title: o
//Sequence type: @ Protein () Nucleotide @ ~
© Either, query °
A. Input files o Fasta file, HMM profile or previous results
© or HMM file Brow No file selecte )
© or results No file selecte )
file:

B. Gene catalog

Database:

Tara Ocean Microbiome Reference Gene... v

C. Search tool Search method: | blastp

(NN

Expect | 1E-10

threshold

D. E-value threshold

Abundance as percent of total genes per sample

Maps: 2

E. Output format

Bubble plots: 2

Emalil

~

F. Email address

[ Joom

Ao

Credits

Figure 1. The Ocean Gene Atlas query submission interface. (A) The query can be either (i) a fasta format sequence, (ii) an uploaded HMM profile or
(iii) an uploaded results file from a previous search. (B) Two gene catalogs are currently available: OM-RGC, a catalog of mostly prokaryotic genes from
plankton metagenomes (with associated abundances from Tara oceans and GOS biosamples), and MATOU, a catalog of mostly eukaryotic transcripts
from plankton metatranscriptomes. (C) The sequence similarity search algorithm is one of BLAST, DIAMOND or HMMER. (D) E-value threshold to
filter the results. (E) Selection of the number of interactive panels in the results page. (F) Optionally notification of results availability can be sent by email.

obtained from poly-A+ cDNA sequencing of different filter
size fractions ranging from 0.8 to 2000 pm (9). About half
of the unigenes have a predicted taxonomic assignation rep-
resenting genes from >8000 mostly eukaryotic organisms.
Such environmental genomics datasets are increasingly
used in marine biology, ecology and evolutionary studies to
understand the mechanisms by which genes influence phe-
notype in the wild. In parallel to the holistic systems biol-
ogy approaches that tackle these datasets as a whole, bi-
ologists also frequently apply reductionist approaches that
target specific marker genes known or hypothesized to play
a role in processes such as metabolic pathways, biotic and
abiotic interactions. Testing such candidate marker gene hy-
potheses requires detailed analyses of voluminous genomic
data in their precise environmental context, a task which
requires extensive expertise in interrogating heterogeneous
data types (i.e. sequencing reads, assemblies, genes together
with their taxonomic and functional annotations, environ-
mental variables) to provide integrated interpretations. In
order to allow biologists to easily mine such large and com-
plex datasets without the requirement for either significant
hardware or programming skills, we make freely available
a web service to visualize the geolocalized abundances of

taxonomically annotated plankton genes in the context of
environmental features.

INTERFACE AND FUNCTIONALITY

The Ocean Gene Atlas (OGA) web service provides a sub-
mission interface to collect a nucleic or protein sequence
query, it then executes data mining procedures on dedicated
high performance hardware, and returns interactive result
panels for data exploration (Figure 1). A user manual and
two case study example sequences are provided online.

The query submission interface

The user-provided query (Figure 1A) may be a nucleotide
or amino acid sequence in FASTA format, or a hidden
Markov model profile (HMM; 10). Users can search for
sequences similar to their query in either one of two ma-
rine gene catalogues (Figure 1B): the OM-RGC (8) or the
MATOU (9). Users can select different methods to identify
sequence similarity (Figure 1C) depending on the type of
query (nucleotide/amino acid sequence or HMM) and the
user prefered trade-off between accuracy and speed of the
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Figure 2. The Ocean Gene Atlas interactive results panels. (A) Hits abundances are represented by the diameter of filled circle for each sample at user selected
sampling depths (e.g. subsurface or mesopelagic). Circle colors represent the filter size fractions (e.g. [0.2-3 pm]). (B) Co-variation of hits abundances
with specific environmental variables are shown on bubble plots for each sampling depths: subsurface (SRF), deep chlorophyll maximum (DCM) and
mesopelagic (MES). (C) Taxonomic distribution of the hits genes’s predicted origins are represented on interactive Krona plots. (D) Result files can be

downloaded as tab delimited flat files.

search (11). For protein sequence queries, similarity search
tools are BLASTP (12) and Diamond (13). For nucleotide
sequence queries, users can choose to carry out the simi-
larity search against a nucleotide database (BLASTN), or
to translate the nucleotide query to search against a pro-
tein database (BLASTX, DIAMOND BLASTX). For more
sensitive sequence similarity searches, users can provide an
HMM profile file instead of a FASTA sequence (either pre-
built, e.g. by Pfam (14), or custom-built from protein align-
ments using the hmmer package, http://hmmer.org). Pre-
built Pfam HMM profiles are also searchable from the OGA
submission form by simply filling the corresponding field
with the Pfam accession ID. For both sequence similar-
ity and HMM searches, the e-value threshold may be cus-
tomized (Figure 1D), as well as the number of interactive
panels in the results page (Figure 1E). The email field (Fig-
ure 1F) is strictly optional since a bookmarkable URL for
the results is immediately provided to the user upon sub-
mission. Results are usually returned to the user within 30
seconds, but for slower queries (e.g. HMM searches against
the larger MATOU catalog which may take up to several

minutes or longer in cases of high affluence), the user can
choose to provide an email address in order to be notified
when results are available (Figure 1F). Results will remain
available for 15 days on the OGA web server.

The interactive result panels

The quantitative distribution of environmental sequences
presenting similarities to the user query are displayed in
three interactive panels: geographic distribution (Figure
2A), co-variation with environmental features (Figure 2B),
and taxonomic distribution (Figure 2C). Furthermore, the
underlying data necessary to build the figures can be down-
loaded as tab delimited flat files for further analysis out-
side of OGA (Figure 2D): list of similarity search hits and
corresponding FASTA formatted sequences, gene per sam-
ple abundance matrix, as well as contextual environmental
features for each sample. The set of similarity search hits
that are included in the three interactive panels can be in-
teractively filtered by click-and-drag adjustment of the E-
value threshold directly over the provided E-value distribu-
tion histogram. The world maps of Figure 2A display quan-
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titative geographical distributions of the hits as filled cir-
cles with sizes proportional to their combined abundance
at the user-selected sampling depth, whilst circle colors indi-
cate the size fractionation applied to the sample (e.g. [0.2-3
pm] represents plankton collected on 0.2 wm pore mem-
branes after a 3 wm prefiltration step). The meaning of the
acronyms and references to source databases are provided
in a user guide hyperlinked on the results page. The side-
to-side display of multiple maps enables abundances com-
parisons between distinct size fractions and/or sampling
depths. Co-variation of gene abundances and environmen-
tal features can be examined on bubble plots (Figure 2C)
for user selectable combinations of sampling depth and size
fractions. Finally, the taxonomic distribution of the target
genes are displayed in multi-layered and interactive Krona
pie-charts (15) either for each distinct sample (by clicking on
the circles in the world maps) or for the full dataset (Figure
2C). The charts displayed on the Ocean Gene Atlas results
page can be annotated online and downloaded as image files
in vector graphics formats (SVG and PDF) suitable for pub-
lication.

DATA SOURCES

Datasets suitable for inclusion in the Ocean Gene Atlas re-
quire three complementary data objects: gene sequence cat-
alogs, gene abundances in samples, and sample environmen-
tal context (Figure 3).

Gene catalogs

The building of the OM-RGC and MATOU gene cata-
logs included in the first release of OGA are detailed in
their corresponding release articles (8 and 9 respectively).
Briefly, to construct OM-RGC, 7.2 terabases of plankton
metagenome shotgun sequencing reads were assembled for
243 Tara Oceans samples. Genes were predicted in the as-
semblies and were clustered at 80% sequence identity to-
gether with genes from publicly available marine genomic
and metagenomic datasets to generate a non-redundant set
of 40 million reference genes. These genes were translated
and taxonomically annotated by retrieving the last com-
mon ancestor of homologs identified in reference protein se-
quence databases. The MATOU catalog was obtained from
the assembly of 16.5 terabases of plankton metatranscrip-
tome (cDNA sequences corresponding to polyA+ enriched
RNA), representing 441 Tara Oceans samples. The sub-
sequent contigs obtained for each assembled sample were
then clustered at 95% sequence identity to construct a cat-
alog of 116.8 million transcribed sequences. Due to the dif-
ficulty of accurate eukaryotic gene calling from low cover-
age metatranscriptomes, the proteic version of the MATOU
catalog was obtained by six frame translation of the nucleic
MATOU gene catalog using the sixpack package from the
EMBOSS suite (16). About half of the unigenes were tax-
onomically annotated using a similar last common ances-
tor approach as described above for the OM-RGC. The vast
majority of unigenes were assigned to eukaryota, but a mi-
nor proportion (<5%) was annotated as putative bacterial
sequences.

Gene abundances

The abundance of each catalog gene in specific biosam-
ples was estimated by evaluating the coverage of raw se-
quencing reads mapped to the gene’s nucleotide sequence.
Tara Oceans sequencing reads from 243 metagenomes cor-
responding to the smallest size fractions (0-0.22, 0.1-0.22,
0.22-0.45, 0.45-0.8, 0.22-1.6 and 0.22-3 pm) and GOS
reads from 38 metagenomes (from two size fractions, 0.1-
0.8 and 0.8-3 pwm, 6) were mapped onto OM-RGC, whilst
the reads from 441 metatranscriptomes corresponding to
the largest size fractions (0.8-5, 5-20, 20-180 and 180-
2000 wm) were mapped onto MATOU. When OM-RGC
is queried, abundance estimates may be expressed in one of
two available normalization schemes: (i) the gene’s read cov-
erage is divided by the sum of the total gene coverages for
the sample (‘percent of total genes per sample’), or (ii) the
gene’s read coverage is divided by the median of the cover-
ages of a set of 10 universal single copy marker genes (‘av-
erage copies per cell’) that were previously benchmarked for
their suitability for metagenomics data analysis (17). MA-
TOU gene abundance estimates are expressed as gene read
coverage computed in RPKM (Reads Per Kilobase covered
per Million of mapped reads) divided by the sum of the to-
tal gene coverages for the sample (‘percent of total genes per
sample’).

Environmental context

For Tara oceans biosamples, contextual environmental pa-
rameters are linked to the sequence datasets via barcodes
assigned to each Tara Oceans sample (18). These metadata
serve to geo-localize the samples and provide biogeochem-
ical characteristics of the sampled seawater. Environmental
parameters used by the OGA web service are obtained from
PANGAEA (https://doi.org/10.1594/PANGAEA.875582),
the open access library which archives and distributes
georeferenced data from earth system research. For GOS
biosamples, environmental data was extracted manually
from Table 1 of Rusch et al. (6). The environmental parame-
ters provided by OGA (Figure 3) are either classical oceano-
graphic measures obtained in situ (e.g. depth, salinity, tem-
perature, oxygen, chlorophyll a, etc.) or mesoscales features
estimated from oceanographic models and remote satellite
observations (e.g. nutrient concentration at Sm depth or net
primary production). Estimated values are indicated by a
star in the drop-down menu of bubble plot panels (Figure
2C). Descriptions of the environmental parameters avail-
able in OGA as well as corresponding PANGAEA hyper-
links are provided in the ‘OGA user manual’ hyperlinked
from the OGA results page.

IMPLEMENTATION

The Ocean Gene Atlas web server is implemented through
a classical Model-View-Controller pattern architecture us-
ing the Laravel 5.4 PHP framework. Developed on the
GNU/Linux, the application server communicates with
the user through an Apache HTTP server using HTMLS5,
CSS3, Javascript and AJAX to retrieve user requests and
display results. The PHP application server queries abun-
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Figure 3. 7uara oceans data sources for the the Ocean Gene Atlas workflow. Field campaigns (blue) have collected plankton biosamples and measured in
situ environmental parameters. The OGA web server (yellow) combines heterogeneous data published by distinct archives (pink): EBI ENA for sequencing
reads, published articles companion websites for gene catalogs and taxonomic annotations, PANGAEA for contextual environmental data. For GOS,

metadata was manually extracted from table 1 of Rusch et al. (6).

dance and environmental data stored in a MySQL rela-
tional database.

CASE STUDY

Upon phosphorus deficiency, bacterioplankton have estab-
lished a widespread strategy of replacing membrane phos-
pholipids with alternative non-phosphorus lipids. Sebastian
et al. (19) have shown that this response is conserved among
diverse marine heterotrophic bacteria. Several experiments
of mutagenesis and complementation have then confirmed
the roles of the phospholipase C (PIcP) and a glycosyltrans-
ferase in lipid modelling. Analyses of metagenome datasets
such as GOS and Tara Oceans have confirmed that PIcP is
abundant in low phosphate concentrations areas. We repro-
duced the analysis of Sebastian et al. (19) using OGA to

verify that the web service conforms to the published re-
sults. We used the same phospholipase C (EAQ46983) as a
BLASTP query sequence with the author’s e-value thresh-
old of 1e=* to search for similar sequences in the OM-RGC
catalog (the same metagenome dataset used by Sebastian
et al)). The 952 PIcP hits identified showed higher abun-
dances in Mediterranean subsurface samples (Figure 4A)
related to low phosphorus concentration (Figure 4B) and
mostly originated from Proteobacteria and Bacteroidetes
(Figure 4C), which agrees with the previously published in-
terpretations of Sebastian et al. that marine heterotrophic
bacteria display reduced phosphorus requirements upon
phosphorus deficiency by PlcP-mediated replacement of
membrane phospholipids by alternative non-phosphorus
lipids.
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Figure 4. Phospholipase C (PlcP) biogeography produced by the Ocean Gene Atlas web service. (A) Abundance of PlcP hits in the OM-RGC subsurface
samples. (B) Bubble plot of the PlcP abundance in relation to PO4 concentrations; DCM: Deep Chlorophyll Maximum layer, SRF: subsurface and MES:
mesopelagic zone. (C) Krona plot of the taxonomic distribution of the PlcP hits.

CONCLUSION/PERSPECTIVES

By hiding the complex and time consuming integration of
heterogeneous data sources behind a user-friendly minimal-
ist web form, the Ocean Gene Atlas web server has the po-
tential to broaden the access to the rapidly accumulating
environmental marine genomics datasets. Enabling marine
biologists to mine such data—without specific high perfor-
mance hardware or programming skills—is one of the keys
to extract knowledge and understanding from these valu-
able but underexploited resources. With the current first
release of OGA, users can search by sequence similarity
genes and proteins in two of the largest marine gene cata-
logs representing all three eukaryotic, prokaryotic and viral
lineages.

These two first catalogs will be periodically updated as
further marine environmental genomics databases are pub-
lically released. The prerequisites for inclusion in OGA are
the availability of the three core resources: gene sequence
catalogs, gene abundance estimates in biosamples, and ge-
olocalized environmental context of biosamples. Lever-
aging the total 2100 7ara Oceans biosamples sequenced
so far (20), our short term roadmap is to (i) extend the
Tara Oceans datasets by including further sampling sites
from the Tura Polar Circle expedition, (ii) complement
the eukaryotic MATOU metatranscriptome catalog with
corresponding metagenomic abundances and (iii) comple-
ment the OM-RGC with prokaryotic metatranscriptomes.

In addition, we envisage adding the increasingly available
pangenomes relevant to the marine biome, such as the
large scale Prochlorococcus metapangenome (21). Such tar-
get OGA datasets would allow users with the powerful op-
tion to focus queries to their pangenome of interest, in order
to track their species specific distribution across the world
oceans.

We also plan to complement the current MATOU meta-
transcriptomes and OM-RGC metagenomes Ocean Gene
Atlas results panels with corresponding barcoding based
taxonomic profiles (e.g. Krona plots) available for 18S eu-
karyotic (22) and 16S prokaryotic rRNA genes (8,23). One
limitation of the current OGA analyses is that pairwise se-
quence comparisons with uncultured fragmented microbial
community genomes naturally impede fine grained taxo-
nomic interpretations. Two alternatives may be considered
to mitigate this shortcoming: (i) phylogenetic tree inference
using the subset of full length environmental sequence hits
aligned with known reference sequences and (ii) phyloge-
netic mapping on reference trees of all hits, including par-
tial sequences. Both approaches are being actively pursued
but compared to the well established and computationally
efficient pairwise alignments, these still present conceptual
and algorithmic challenges before being applicable to (semi)
automatic online on-the-fly computation.
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DATA AVAILABILITY

Ocean Gene Atlas is a freely-available web service
at: http://tara-oceans.mio.osupytheas.fr/ocean-gene-atlas/
Source code is available at: https://github.com/hingamp/oga
Shotgun sequences are available at the European Nu-
cleotide Archive (ENA, https://www.ebi.ac.uk/ena) under
accession number PRJEB402 (OM-RGC), PRJEB6609
(MATOU) and PRINA13694 (GOS). The predicted
genes from the OM-RGC are available at ENA under the
accession numbers ERZ096909 to ERZ097151, and the
protein sequences are available at: ftp://ftp.genome.jp/pub/
db/mgenes/Environmental/Tara.pep.gz. All MATOU re-
sources are available at http://www.genoscope.cns.fr/tara/.
Registry of all the samples from the 7ara Oceans
Expedition (2009-2013) are available at PANGAEA:
https://doi.org/10.1594/PANGAEA.875582.
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