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ABSTRACT

We introduce the marine databases; MarRef, MarDB
and MarCat (https://mmp.sfb.uit.no/databases/),
which are publicly available resources that pro-
mote marine research and innovation. These
data resources, which have been implemented
in the Marine Metagenomics Portal (MMP)
(https://mmp.sfb.uit.no/), are collections of richly
annotated and manually curated contextual (meta-
data) and sequence databases representing three
tiers of accuracy. While MarRef is a database for
completely sequenced marine prokaryotic genomes,
which represent a marine prokaryote reference
genome database, MarDB includes all incomplete
sequenced prokaryotic genomes regardless level
of completeness. The last database, MarCat, repre-
sents a gene (protein) catalog of uncultivable (and
cultivable) marine genes and proteins derived from
marine metagenomics samples. The first versions
of MarRef and MarDB contain 612 and 3726 records,
respectively. Each record is built up of 106 metadata
fields including attributes for sampling, sequencing,
assembly and annotation in addition to the organ-
ism and taxonomic information. Currently, MarCat
contains 1227 records with 55 metadata fields. On-
tologies and controlled vocabularies are used in the
contextual databases to enhance consistency. The
user-friendly web interface lets the visitors browse,
filter and search in the contextual databases and
perform BLAST searches against the corresponding
sequence databases. All contextual and sequence
databases are freely accessible and downloadable
from https://s1.sfb.uit.no/public/mar/.

INTRODUCTION

Microorganisms are ubiquitous in the marine environment,
where they play key roles in many global and local biogeo-
chemical processes such as nutrient recycling (1). These mi-
croorganisms and the communities they form, drive and re-
spond to changes in the environment and alterations in the
marine environment (2). With an estimated 10* to 10° cells
per milliliter seawater and totally over 10?° bacterial cells in
open sea, the marine microorganisms provide the grounds
for immense genetic diversity (3).

Since the first complete bacterial genome published in
1995 (4), the number of sequenced microbial genomes
has increased dramatically. Currently, more than 103
000 prokaryotic genomes are available in the National
Center for Biotechnology Information (NCBI) Genome
microbial database (https://www.ncbi.nlm.nih.gov/genome/
microbes/). Originally sequencing efforts were prioritized
to study cultured microbes. However, it is well established
that the vast majority of bacterial and archaeal taxa remain
uncultivated in vitro (5). Recently, cultivation-independent
methods such as single cell genomics and genomes recon-
structed from metagenomic deep sequencing, have begun to
yield complete or near-complete genomes from many novel
lineages (5-7). Metagenomics, the study of genetic material
recovered directly from environmental samples, is a pow-
erful tool for surveying the diversity of marine microbes,
which are important for the study of marine sciences.
Prominent examples of metagenomics studies in the ma-
rine field include the Sorcerer IT expeditions (8), Malaspina
expedition (9), Global Ocean Sampling (GOS) campaign
(10) and Tara Oceans expedition (11). Most of these data
as well as other marine metagenomic data are stored in
publicly available metagenomic databases such as iMicrobe
(https://www.imicrobe.us/), Viral Informatics Resource for
Metagenome Exploration (VIROME) (12), EBI metage-
nomics (13), Integrated Microbial Genomes and Micro-
biomes (IMG/M) (14) and Metagenomics Rapid Annota-
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Figure 1. General and simplified procedures for construction of the MAR databases. The top part represents the flow of contextual data records from its
collection to implementation on the web server. The bottom part illustrates how sequence data becomes implemented and processed. Only metagenomic
sequences in relation with MarCat has been processed using META-pipe for the first release.

tion using Subsystem Technology (MG-RAST) (15). Refer-
ence sequence databases with comprehensive metadata are
essential for analyzing and interpreting of marine metage-
nomic data (16,17). There are several general microbial
databases e.g. Prokaryotic RefSeq Genomes (18), Genomes
OnLine Database (GOLD) (19), Pathosystems Resource
Integration Center (PATRIC) (20) and MicroScope (21),
which contains marine microbial genomes. Even though the
Microbial Ecological Genomics Database (MegDB), avail-
able at the Megx.net portal, includes marine bacterial, ar-
chaeal and phage genomes and metagenomes, it is mainly a
georeference database which provides less metadata besides
the geolocation information of the samples (22).

Up to now, no dedicated sequence data resources ex-
ist for the marine metagenomics domain (17), which not
only hamper the utilization of the vast genetic resources for
biotechnology research and innovation (e.g. bioprospect-
ing), but also impede the development of sustainable tools
and resources aimed at environmental monitoring, moni-
toring of fish and shellfish pathogens and development of
sustainable feed for marine aquaculture.

Since all research and innovation is based on comparison
to existing knowledge and information, the lack of unified
formats, controlled vocabularies (CV) and ontologies (for-
mal specifications of the terms) make it difficult not only
to identify records in databases but also to compare data
within and/or between different databases. Therefore, sus-
tainable and highly accurate data resources that are easy to
access, browse and retrieve data from, are vital for perform-
ing high class and beyond the state of art research and in-
novation.

Here, we introduced the contextual and sequence MAR
databases: MarRef, MarDB and MarCat, with manually
curated metadata including attributes for sampling, se-
quencing, assembly and annotation in addition to the or-
ganism and taxonomic information and their correspond-
ing nucleotide and protein sequences.

OVERVIEW OF THE RESOURCES
Definition of marine microbial biome

To define a ‘marine microbial biome’ or a ‘marine microor-
ganism’ is not straightforward since there are many habi-
tats, which are on the borderline between marine and terres-
trial ecosystems, such as sandy shores and near river deltas.
We have chosen to define a ‘marine microbial biome’ as ‘An
aquatic microbial biome comprises of microbial communities
from open oceans, coastal and protected habitats up to the
high-water mark with salinity from 0.5 ppt (parts per thou-
sand) as in estuaries (brackish water) environments to above
100 ppt as in sea ice brine. The biome also includes marine mi-
crobial communities obtained from marine species associated
with these habitats’.

Additionally, we accept soil samples from sandy shores,
intertidal zones, salt marshes (coastal salt marshes or tidal
marshes), mudflats and estuaries, in addition to habitats
such as seawater saltern, sea ice brines, black smokers (hy-
drothermal vents) where the salinity can be extremely high
or low compared to the seawater. Microorganisms and mi-
crobiomes associated with marine species, as defined by the
World Register of Marine Species (WoRMS) have also been
defined as marine (23). This includes microorganisms asso-
ciated with or causing diseases in marine animals and plants
such as corals, shellfish, fish, macroalgae and seagrass.

Short description of MarRef, MarDB and MarCat

The construction of the marine contextual databases
and their corresponding sequence databases (BLAST
databases) are shown in Figure 1. Each genome or
metagenome assigned to a ‘marine microbial biome’, accord-
ing to our definition, is included in the databases.

The MarRef, MarDB and MarCat sequence
databases are based on the non-redundant genome
and metagenome datasets obtained from ENA (Euro-
pean Nucleotide Archive, http://www.ebi.ac.uk/ena) and
NCBI (https://www.ncbi.nlm.nih.gov/). While MarRef is
a database for completely sequenced marine prokaryotic
genomes, MarDB includes all in-complete sequenced
marine prokaryotic genomes regardless the level of com-
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pleteness. MarCat represents a gene (protein) catalog of
predicted marine genes derived from marine metagenomic
samples. Metagenomic sequences were obtained from
ENA and their corresponding gene and protein annotation
unique to each sample was generated using META-pipe,
a pipeline for taxonomic classification and functional
annotation of metagenomic sample (arXiv:1604.04103).
The corresponding contextual databases support the
international community-driven standards of the Ge-
nomics Standards Consortium (http://gensc.org/) and are
fully compliant with its recommendations for minimum
information about any (x) sequence (MIxS) standards.
These databases also include the proposed standards
for provenance of analysis proposed by the ELIXIR
EXCELERATE marine metagenomics community (24).

CONTEXTUAL DATABASES
Data collection

The MarRef, MarDB and MarCat contextual databases are
built by compiling data from a number of publicly avail-
able sequence, taxonomy and literature databases in a semi-
automatic fashion. Other databases or resources such as
bacterial diversity and culture collections databases, web
mapping services and ontology databases were used exten-
sively for curation of metadata. Resources used in the cura-
tion of the marine databases are shown in Table 1.

Curation

For curation, imported data files were compiled, converted
to tab separated value files (TAB) format and imported into
base, a full-featured desktop database front end, provided
by LibreOffice (https:/no.libreoffice.org/).

MarRef and MarDB contain in total 612 and 3726
records (Figure 2), respectively, with 106 metadata fields,
out of which 30 fields are represented by CV and the re-
maining are free text or numeric fields. These 106 meta-
data fields include information about sampling environ-
ment, the organism and taxonomy, phenotype, pathogenic-
ity, secondary metabolites, assembly and annotation.

The gene (protein) catalog database derived from ma-
rine metagenomic samples, MarCat, contains 1227 records,
including samples from the Tara Ocean expedition (248
records) and Ocean Sampling Day (150 records). Each
record contains 55 metadata fields.

The use of CV and ontologies can shortly be de-
scribed by the following example. There are three envi-
ronmental metadata fields used for describing the sam-
pling site of a microorganism in MarRef and MarDB;
environmental biome, feature and material which are
controlled by a total of 95 terms. The environmen-
tal hiome metadata field contains 11 controlled Envi-
ronment Ontology (ENVO) terms covering environments
such as Estuarine biome (ENVO0:01000020), Marginal
sea biome (ENVO:01000046), Marine benthic biome
(ENVO:01000024), Marine mud (ENVO:00005795), Ma-
rine pelagic biome (ENVO:01000023), Marine water body
(ENVO:00001999) and Ocean biome (ENVO:01000048).
The environmental feature and material metadata fields are

controlled by 59 and 25 terms, respectively. The ontolo-
gies used in the environmental biome, feature and mate-
rial fields are all well-defined and described (http://www.
environmentontology.org/), allowing consistency across the
datasets.

The databases link out to other publicly available re-
sources. For example, in MarRef sixteen of the metadata
fields have active links to the literature databases such
as  PubMed (https://www.ncbi.nlm.nih.gov/pubmed/)
and PMC Europe (https://europepmc.org/), ontol-
ogy databases such as ENVO (https://bioportal.
bioontology.org/ontologies/ENVO) and Gazetteer (GAZ)
(https://bioportal.bioontology.org/ontologies/GAZ),
sequence databases such as the universal protein re-
source  (UniProt) (http://www.uniprot.org/proteomes/)
and ENA, taxonomy databases such as NCBI Taxon-
omy (https://www.ncbi.nlm.nih.gov/taxonomy) and Silva
(https://www.arb-silva.de/) and the Bacterial Diversity
Metadatabase, BacDive (https://bacdive.dsmz.de/). Links
to other external resources such as compound and sec-
ondary metabolites databases are provided if available.
These links allow site visitors to easily access other web
pages in order to obtain more information about each
record.

For MarRef, all metadata fields have been manually cu-
rated to ensure consistency across the datasets, which allow
the end user to easily search and filter records. While Mar-
Ref is thoroughly curated, MarDB and MarCat are only
partly curated.

Records in the marine databases, MarRef, MarDB and
MarCat follow the MIxS standard guidelines developed by
the Genomic Standard Consortium, in addition to ontolo-
gies such as ENVO and GAZ.

Refinement and validation

OpenRefine (http://openrefine.org/) was used for refining
the metadata fields by cleaning, trimming of leading and
trailing whitespace, transforming data from one format into
another and extending it with web services and external
data. A validation tool was developed to convert the tab
separated value files (TSV) to extensible markup language
files (XML) and from TSV to XML to link the source TSV
curation databases to the XML database. The validator de-
fines a set of rules for the conversion—warnings and errors
during conversion are reported.

SEQUENCE DATABASES

The MarRef, MarDB and MarCat sequence databases are
based on the non-redundant genome and metagenome
datasets obtained from ENA and NCBI and by manually
inspection assigned as belonging to the ‘marine microbial
biome’ according to our definition.

MarRef and MarDB

While MarRef'is a database for completely sequenced ma-
rine prokaryotic genomes, MarDB includes all remaining
sequenced marine prokaryotic genomes regardless the level
of completeness. Both the MarRef and MarDB databases
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Table 1. Public data resources utilized for the construction of MarRef, MarDB and MarCat

Type

Database

URL

Sequence databases

Contextual databases
Taxonomic databases
Bacterial diversity metadatabases

Culture collection databases

Marine organisms database
‘Web mapping service
Literature databases

ENA, European Nucleotide Archive

UniProt, Universal Protein Resource

NCBI, National Center for Biotechnology Information
PATRIC, Pathosystems Resource Integration Center
GOLD, Genomes OnLine Database

SILVA, SILVA high quality ribosomal RNA database
NCBI Taxonomy browser

BacDive, Bacterial Diversity Metadatabase

DSMZ, Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH

ATCC, American Type Culture Collection

WoRMS, World Register of Marine Species

Google maps

Europe PMC, Europe PubMed Central

ebi.ac.uk/ena

uniprot.org
ncbi.nlm.nih.gov
patricbrc.org
gold.jgi.doe.gov
arb-silva.de
ncbi.nlm.nih.gov/taxonomy
bacdive.dsmz.de

dsmz.de

atcc.org
marinespecies.org
maps.google.com
europepmec.org

PubMed ncbi.nlm.nih.gov/pubmed
doi, Digital Object Identifier System doi.org
Ontology databases BioPortal bioportal.bioontology.org
Standards MIGS/MIMS GSC, Genomic Standards Consortium gensc.org
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Figure 2. Most occurring marine taxa. (A) The reference database MarRef at its current state has 618 records of cellular organisms in the Archaea and

Bacteria domains. Its complete and closed genomes are most prominent within the Proteobacteria phylum and the Alteromon:

adales order. (B) The partially

curated database MarDB has 3726 records of sequenced genomes. Of its 287 unique genera (8 are shown) Vibrio is the most prominent with 467 records.
These node-depleted Sankey diagrams were simplified to only display nodes exceeding 10 and 59 records for MarRef and MarD B respectively. An exception

was made for the metagenome-derived genomes of MarDB.
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primarily built on gene, protein and genome sequences
obtained from the Prokaryotic RefSeq Genomes database
(18). All archaeal and bacterial genomes in RefSeq have
been annotated using the NCBI’s Prokaryotic Genome
Automatic Annotation Pipeline (PGAAP) (25). However,
~20% of all records in MarDB did not have any RefSeq en-
try with PGAAP annotations. Circumventing the lack of
gene and protein information of these genomes, annotation
was performed on pre-assembled sequences using Prokka, a
command line software tool, for annotation of prokaryotic
genomes (26).

MarCat

MarCat represents a catalog of uncultivable (and cul-
tivable) full-length genes (proteins) derived from marine
metagenomic samples based on the Marine projects in
EBI metagenomics (https://www.ebi.ac.uk/metagenomics/).
Metagenomic sequence reads were downloaded from ENA
and annotated using META-pipe (https://arxiv.org/abs/
1604.04103). In short, sequencing reads were merged, fil-
tered and assembled using MEGAHIT (27), which has
been shown to be one the best assemblers for metagenomic
samples in the Critical Assessment of Metagenome Inter-
pretation (CAMI) challenge (28). From the resulting con-
tigs, full-length CDSs were predicted using MetaGeneAn-
notator (29) and functionally assigned using a compila-
tion of results from BLAST against UniRef (30), Priam
(31) and InterProScan5 (32). Using META-pipe for gene
prediction and functional assignment allowed us to gen-
erate a consistent catalog across the datasets in MarCat
(See https://f1000research.com/articles/6--70/v1 for a more
detailed description of functional assignment). As a start,
we used the high-coverage and high-quality sequence out-
puts from the Tara Oceans and Ocean Sampling Day
metagenomic projects (10,11). In addition, more than 30
projects of various sizes were included based on EBI’s ma-
rine projects. These were filtered in order to maintain the
whole genome shotgun marine samples exclusively and also
to avoid any project-interwoven freshwater samples. Some
examples of these smaller projects include the Amazon con-
tinuum metagenomes (33) and western english channel di-
urnal study (34).

IMPLEMENTATION AND USER INTERFACE

The MAR databases have been incorporated into the
Marine Metagenomics Portal (MMP) (https://mmp.sfb.uit.
no/).

Contextual databases

The contextual databases have been implemented using the
hugo static website engine (https://gohugo.io/). The website
engine reads the databases from XML files and allows the
site visitor to access the information from four different lay-
ers. The first layer is the ‘Database selection’ page, where the
user can select the different MAR databases for browsing,
BLAST sequences or downloading (Figure 3). The second
layer is the specific database ‘Overview’ page, which provides

information about the content of the database and the ge-
olocation of each genome/metagenome sample in the spe-
cific database. The geolocation has been embedded using
google maps and each sample can be selected to display the
organism/metagenome sample name and a short descrip-
tion of the organism/sample. The corresponding contextual
information of the record can be reached by activating the
MMP_ID link. The third layer is the ‘Browse’ (Figure 4)
page which can be reached from the ‘Overview’ page and
allows the site visitors to:

1) Browse the database records of interest.

il) Search across all metadata fields e.g. search for a spe-
cific organism, environmental ontologies, accession ID
or any word.

iii) Filter records to be visible in the table based on the most
important record attribute, such as taxonomy (phylum,
order and genus) and environmental ontologies (biome,
feature and material).

1v) Advanced filtering allows the site visitor to (a) add one
or more filters; (b) refine current filters by adding new
filters or removing already applied filters, (¢c) combine
search and filtering and (d) remove all filters and launch
a new search.

The search/filtered results will be listed in a table. Sum-
mary of the metadata will be shown when activating the
‘Summary’ button. The fourth layer contains the informa-
tion for each record. The contextual data for a record can
be viewed using the ‘expand all’ button. For the marine
genome databases, MarRef and MarDB, the 106 metadata
fields in the record is divided into seven categories; organ-
ism and taxon info, isolate info, phenotype info, secondary
metabolites, host and pathogenicity info, assembly info and
annotation info, in addition to Summary. For MarCat, the
metagenome databases, the 55 metadata fields have been di-
vided into four categories: isolate info, sampling info, host
and pathogenicity info and assembly info, in addition to
Summary.

BLAST

The BLAST (35) sequence databases provide similarity
search against all nucleotide and protein sequences of
records included in MarRef, MarDB and MarCat. The
BLAST functionality was established using SequenceServer
Version 1.09 (https://doi.org/10.1101/033142) to provide the
graphical user interface for the search results. The Se-
quenceServer allows the visitor to type, paste or drag-and-
drop a FASTA file to search either a single or several
databases. The interface automatically recognizes the se-
quence type and chooses the appropriate BLAST method
and databases. Advanced parameters (command line) can
be used to refine the search. The output of BLAST con-
sists of a list of hits with the corresponding E-value, and a
set of the traditional pairwise alignments were the target se-
quence can be viewed and downloaded. From the pairwise
alignment the visitor can also retrieve information of the
organism/metagenome sample in the MAR databases by
opening the mmp button. In MarRef and MarDB informa-
tion about the targets sequences can be obtained by opening
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the NCBI button. For MarCat, the marine metagenomics
gene catalogue, target information can be obtained from
other databases such as UniProt, InterPro and Brenda. Out-
put from the BLAST search can be downloaded in FASTA,
XML files or tab-separated files (TSV) format.

Download

The download section accommodates the contextual
databases, individual genome and metagenome related se-
quences, and BLAST databases. Contextual information
for all entries/samples exists as TSV and XML files which
are available for the current and prior release versions. In
MarRef and MarDB sequences of individual genomes are
grouped according to their names and contained in sep-
arate folders where assembly, nucleotide and protein data
are accessible as FASTA files. A general feature format file
is also provided for each genome. The full collection of
contigs/scaffolds, nucleotide and protein sequences for the
BLAST databases are accessible in the same directory tree
and may also be downloaded freely. For samples in the Mar-
Cat database, all predicted 16 S sequences and assembled
contigs in FASTA format can be downloaded. In addition,
an output file from META-pipe containing all annotated
contigs in the sample is also provided together with the in-
dividual predicted genes and protein sequences in FASTA
format.

ONGOING DEVELOPMENTS

The ongoing activities can be classified into three broad cat-
egories: (1) acquisition of data, (ii) ontologies and CV and
(ii1) linked data and interoperability

Acquisition of sequence and contextual data

The collection of data from publicly available resources will
continue. However, due to increasing amount of genomic
and metagenomic sequence- and metadata, development of
automatic and semi-automatic import tools that generate
metadata for the curation database will be improved in or-
der to build more efficient import pipelines. In this first ver-
sion of the MarRef and MarDB databases, only prokary-
ote genomes have been included. In the future, we aim to
include virus, eukaryote microbial genomes and transcrip-
tome data. In addition, we aim to include metatranscrip-
tomics data to enhance the quality of the MarCat.

Ontologies and controlled vocabularies

To enhance the curation efficiency and to provide a better
reliability of the datasets, the number of metadata fields will
be increased with ontologies and CV. This effort will not
only streamline the manual curation, but also provide data
robustness and easier aggregation and analysis. For MarCat
we intend to include metadata fields for the provenance of
analysis according to the recommendation by Hoopen et al.
(24), which includes metagenomics analysis metadata such
as filtering, assembly, taxonomy, gene prediction and func-
tional assignment.

Linked data and interoperability

In order to expose and share the curated data, we are cur-
rently working together with EMBL-EBI to link the MAR
database records to the BioSample and INSDC databases.
To improve data interoperability, we intend to implement
schema.org markup, so that MMP websites and services
contain more structured information. This structured in-
formation will make it easier for the end user to discover,
collate and analyze our data. We also aim to improve better
systems for downloading single records or multiple records
selected by searching or filtering of the datasets.

These improvements will be implemented in the next ver-
sion of the databases scheduled for March 2018.

The functionality of the databases has been tested using
different platforms and web browser, such as Safari, Firefox,
Chrome and Edge, without any problems. We welcome user
feedback by email to mmp@uit.no.
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