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Abstract

With the outbreak of the COVID-19 disease, the research community is producing unprecedented efforts
dedicated to better understand and mitigate the affects of the pandemic. In this context, we review
the data integration efforts required for accessing and searching genome sequences and metadata of
SARS-CoV2, the virus responsible for the COVID-19 disease, which have been deposited into the most
important repositories of viral sequences. Organizations that were already present in the virus domain
are now dedicating special interest to the emergence of COVID-19 pandemics, by emphasizing specific
SARS-CoV2 data and services. At the same time, novel organizations and resources were born in this
critical period to serve specifically the purposes of COVID-19 mitigation, while setting the research ground
for contrasting possible future pandemics. Accessibility and integration of viral sequence data, possibly
in conjunction with the human host genotype and clinical data, are paramount to better understand the
COVID-19 disease and mitigate its effects.
Keywords: epidemic, viral sequences, genomics, metadata, data harmonization, integration and search.

Introduction
The outbreak of the COVID-19 disease is presenting novel challenges to
the research community, which is rushing towards the delivery of results,
pushed by the intent of rapidly mitigating the pandemic effects. During
these times, we observe the production of an exorbitant amount of data,
often associated with a poor quality of describing information, sometimes
generated by insufficiently tested or not peer-reviewed efforts. But we also
observe contradictions in published literature, as it is typical of a disease
that is still at its infancy, and thus only partially understood.

In this context, the collection of viral genome sequences is of
paramount importance, in order to study the origin, wide spreading
and evolution of SARS-CoV2 (the virus responsible for the COVID-
19 disease) in terms of haplotypes, phylogenetic tree and new variants.
Since the beginning of the pandemic, we have observed an almost
exponential growth of the number of deposited sequences within large
shared databases, from few hundreds up to thousands; indeed, it is the first
time that Next Generation Sequencing technologies have been used for
sequencing a massive amount of viral sequences. Today, the total number
of sequences of SARS-CoV2 available worldwide is about one hundred
thousand. In several cases, also relevant associated data and metadata are
provided, although their amount, coverage and harmonization are still
limited.

Several institutions provide databases and resources for depositing
viral sequences. Some of them, such as NCBI’s GenBank [1], preexist the
COVID-19 pandemic, as they host thousands of viral species – including,
e.g., Ebola, SARS and Dengue, which are also a threat to humanity. Other
organizations have produced a new data collection specifically dedicated to

the hosting of SARS-CoV2 sequences, such as GISAID [2; 3] – originally
created for hosting virus sequences of influenza – which is soon becoming
the predominant data source.

Most data sources reviewed in this paper, including GenBank,
COG-UK [4] and some new data sources from China, have
adopted a fully open-source model of data distribution and sharing.
Instead, GISAID is protecting the deposited sequences by controlling
users, who must login from an institutional site and must observe
a Database Access Agreement (https://www.gisaid.org/
registration/terms-of-use/); probably, such protected use of
the deposited data contributes to the success of GISAID in attracting
depositors from around the world.

Given that viral sequence data are distributed over many database
sources, there is a need for data integration and harmonization, so as to
support integrative search systems and analyses; many such search systems
have been recently developed, motivated by the COVID-19 pandemic.

In this review paper, we start from describing the database sources
hosting viral sequences and related data and metadata, distinguishing
between fully open-source and GISAID. We then discuss the data
integration issues that are specific to viral sequences, by considering
schema integration and value harmonization. Then, we present the various
search systems that are available for integrative data access to viral
resources. We also briefly discuss how viral genome sequences can be
connected to the human phenotype and genotype, so as to build an
inclusive, holistic view of how SARS-CoV2 virus sequences can be linked
to the COVID-19 disease and to support integrative analyses that can help
its mitigation.
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Landscape of data resources for viral sequences
The panorama of relevant initiatives dedicated to data collection, retrieval
and analysis of viral sequences is broad. Many resources previously
available for viruses have responded to the general call to arms against
the COVID-19 pandemic and started collecting data about SARS-CoV2.

According to the WHO’s code of conduct [5], alternative options are
available to data providers of virus sequences. The providers who are not
concerned about retaining ownership of the data may share it within the
many databases that provide full open data access. Among them, GenBank
assumes that its submitters have “received any necessary informed consent
authorizations required prior to submitting sequences,” which includes
data redistribution. However, in many cases data providers prefer data
sharing options in which they retain some level of data ownership. This
attitude has established since the influenza pandemics (around 2006), when
the alternative model of GISAID EpiFlu™ has emerged as dominant. We
next review the sources of virus sequences, starting with the sources that
provide full open access, and then presenting GISAID.

Fully open-source resources

NCBI-hosted resources
The three main organizations providing open-source viral sequences
are NCBI (US), DDBJ (Japan), and EMBL-EBI (Europe); they
operate within the broader context of the International Nucleotide
Sequence Database Collaboration (INSDC, http://www.insdc.

org/). INSDC provides what we call a political integration of sequences
(i.e., three institutions provide unified and agreed submission pipelines,
curation process, and points of access to the public).

NCBI hosts the two most relevant sequence databases: GenBank [1]
contains the annotated collection of publicly available DNA and RNA
sequences; RefSeq [6] provides a stable reference for genome annotations,
gene identification/characterization, and mutation/polymorphism analysis.
GenBank is continuously updated thanks to abundant submissions
(through https://submit.ncbi.nlm.nih.gov/sarscov2/)
from multiple laboratories and data contributors around the world; SARS-
CoV2 nucleotide sequences have increased from about 300 around
the end of March 2020, to 13,303 by August 1st, 2020). EMBL-
EBI hosts the European Nucleotide Archive [7], which has a broader
scope, accepting submissions of nucleotide sequencing information,
including raw sequencing data, sequence assembly information and
functional annotations. Several tools are directly provided by the INSDC
institutions for supporting the access to their viral resources, such as
E-utilities [8], NCBI Virus (https://www.ncbi.nlm.nih.gov/
labs/virus) [9], and Pathogens (https://www.ebi.ac.uk/
ena/pathogens/).

COG-UK
The Coronavirus Disease 2019 Genomics UK Consortium (COG-UK) [4]
is a national-based initiative launched in March 2020 thanks to a big
financial support from three institutional partners: UK Research and
Innovation, UK Department of Health and Social Care, and Wellcome
Trust. The primary goal of COG-UK is to sequence about 230,000 SARS-
CoV2 patients (with priority to health-care workers and other essential
workers in the UK) to help the tracking of the virus transmission. They
provide data directly on their webpage, open for use, as a single FASTA file
on https://www.cogconsortium.uk/data/; this is associated
with a csv file for metadata. At the time of writing, the most updated release
is dated 2020-07-28, with 38,124 sequences.

Chinese sources
Since the early offspring of COVID-19, several resources were made
available in China.

• The Chinese National Genomic Data Center [10] provides some
data resources relevant for COVID-19 related research, including
the Genome Warehouse (https://bigd.big.ac.cn/gwh/),
which contains genome assemblies with their detailed descriptive
information: biological sample, assembly, sequence data and genome
annotation.

• The National Microbiology Data Center (NMDC, http://nmdc.
cn/) provides the “Novel Cov National Science and Technology
Resource Service System” to publish authoritative information on
resources and data concerning 2019-nCoV to provide support for
scientific studies and related prevention/control actions. The resource
is provided in Chinese language with only some headers and
information translated to English. Its FTP provides a collection of
sequences from various coronaviruses, including many from NCBI
GenBank, together with a restricted number of NMDC original ones.

• The China National GeneBank DataBase [11] (CNGBdb, https:
//db.cngb.org/) is a platform for sharing biological data and
application services to the research community, including internal data
resources; its also imports large amounts of external data from INSDC
databases.

Around the world there are many other sequence collections not
yet included within international repositories, which are hardly
accounted; one of them is the CHLA-CPM dataset collected by the
Center for Personalized Medicine (CPM, https://www.chla.org/
center-personalized-medicine) at the Children’s Hospital, Los
Angeles (CHLA), resulting from an initiative launched in March 2020 to
test a broad population within the Los Angeles metropolitan area.

GISAID and its resources

During the COVID-19 pandemic, GISAID has proposed again its solution
in the form of the new database EpiCoV™, associated with similar services
as the ones provided for influenza. The GISAID restricted open-source
model has greatly facilitated the rapid sharing of virus sequence data, but
it contemplates constraints on data integration and redistribution, which we
later describe in the ‘Discussion’ section. At the time of writing, GISAID
has become the most used database for SARS-CoV2 sequence deposition,
preferred by the vast majority of data submitters and gathering 75,507
sequences by August 1st, 2020.

It is also the case that GISAID formatting/criteria for metadata
are generally considered more complete and are thus suggested even
outside of the direct submission to GISAID; the SARS-CoV2 sequencing
resource guide of the US Centers for Disease Control and Prevention
(CDC, https://www.cdc.gov/) reports, in the section regarding
recommended formatting/criteria for metadata [12], that the user is invited
to submit always using the submission formatting of GISAID EpiCoV™,
“which tends to be more comprehensive and structured”. However, in order
to check such format, the user is invited to create an account on GISAID,
which probably leads to using GISAID directly instead of going back to
GenBank.

Some interesting portals are “enabled by data from GISAID”,
as clearly stated on the top of their pages, with different focuses.
NextStrain [13] (https://nextstrain.org/ncov) overviews
emergent viral outbreaks based on the visualization of sequence data
integrated with geographic information, serology, and host species.
A similar application for exploring and visualizing genomic analysis
has been implemented by Microreact, which has a portal dedicated
specifically to COVID-19 (https://microreact.org/project/
COVID-19). CoVsurver (https://corona.bii.a-star.edu.
sg/), which had a corresponding system for influenza virus called
FluSurver (http://flusurver.bii.a-star.edu.sg), enables
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rapid screening of sequences of coronaviruses for mutations of
clinical/epidemiological importance. CoV Genome Tracker [14] (http:
//cov.genometracker.org/) combines in a dashboard a series
of visualizations based on the haplotype network, a map of collection
sites and collection dates, and a companion tab with gene-by-gene and
codon-by-codon evolutionary rates.

Integration of sources of viral sequences
Next Generation Sequencing is successfully applied to infectious
pathogens [15], with many sequencing technology companies developing
their assays and workflows for SARS-CoV2 (see Illumina [16] or
Nanopore [17]). Some sources provide the corresponding raw data (see
European Nucleotide Archive [7] of the INSDC network), but most sources
present just the resulting sequences, typically in the form of FASTA,
together with some associated metadata. In this review we do not address
the topic of sequence pipeline harmonization, as it would require an
entire discussion per se (we refer interested readers to forum threads [18]
and recent literature contributions [19]). We focus instead on the data
integration efforts required for their metadata and value integration.

Metadata integration

Metadata integration is focused on provisioning a global, unified schema
for all the data that describe sequences within the various data sources [20].
In the context of viral sequences, as the amount of data is easily
manageable, it is common to import data at the integrator site; in this
way, data curation/reprocessing can be performed in homogeneous way.
In such context, one possible solution is to apply conceptual modeling
(i.e., the entity-relationship approach [21]) as a driver of the integration
process. The use of conceptual modeling to describe genomics databases
dates back to more then 20 years ago [22]. A number of works have
targeted integration of human genomic data with a data quality-oriented
conceptual modeling approach [23; 24], data warehousing (GEDAW
UML Conceptual schema [25]), and metadata-driven search (Genomic
Conceptual Model [26]).

In the variety of resources dedicated to viruses [27], very
few works relate to conceptual data modeling. Among them, [28]
considers host information and normalized geographical location,
while [29] focuses on influenza A viruses. CoV-GLUE [30] includes a
basic conceptual model (http://glue-tools.cvr.gla.ac.uk/
images/projectModel.png) for SARS-CoV2. In comparison, the
Viral Conceptual Model (VCM, [31]) provides an extensible database and
associated query system that works seamlessly with any kind of virus,
based on the molecule type, the species and the taxonomic characteristics.
VCM has many dimensions and attributes, which are very useful for
supporting research queries on virus sequences; it uses the full power of
conceptual modeling to structure metadata and to organize data integration
and curation.

Value harmonization and ontological efforts

Besides schema unification, data values must be standardized and
harmonized in order to fully support integrated query processing. The
following value harmonization problems must be solved:

• Virus and host species should refer to dedicated controlled
vocabularies (the NCBI Taxonomy [32] is widely recognized as
the most trusted, even if some concerns apply to the ranking of
SARS-CoV2 as a species or just an isolate/group of strains).

• Sequence completeness should be calculated using standard
algorithms, using the length and the percentage of certain indicative
types of basis (e.g., unknown ones = N).

• The information on sequencing technology and assembly method
should be harmonized, especially the coverage field, which is
represented in many ways by each source.

• Dates – both collection and submission ones – must be standardized;
unfortunately, they often miss the year or the day, and sometimes it is
not clear if the submission date refers to transmission of the sequence
to the database or to a later article’s publication.

• Geographical locations, including continent, country, region, and area
name, are encoded differently by each source.

• In some rare cases, sequences come with gender and age information,
hidden in the middle of descriptive fields.

A number of efforts have been directed to the design of ontologies for
solving some of these problems:

• The Infectious Disease Ontology (IDO) has a focus on the virus
aspects; its curators have proposed an extension of the ontology core
to include terms relevant for COVID-19 [33].

• CIDO [34] is a community-based ontology to integrate and share data
on coronaviruses, more specifically on COVID-19. Its infrastructure
aims to include information about the disease etiology, transmission,
epidemiology, pathogenesis, host-coronavirus interactions, diagnosis,
prevention, and treatment. Currently, CIDO contains more than 4,000
terms; in observance of OBO Foundry principles, it aggregates already
existing well-established ontologies describing different domains
(such as ChEBI [35] for chemical entitites, Human Phenotype
Ontology [36] for human host phenotypes, the Disease Ontology [37]
for human diseases including COVID-19, the NCBI taxonomy, and
the IDO itself) – so to not create unnecessary overlaps. New CIDO-
specific terms have been developed to meet the special needs arising in
the research of COVID-19 and other coronavirus diseases. The work
on host-pathogen interactions is described in depth in [38], while the
inclusion in CIDO of aspects related to drugs and their repurposing is
described in [39].

• The COVID-19 Disease Map [40] is a visionary project by Elixir
Luxembourg, that aims to build a platform for exploration and analyses
of molecular processes involved in SARS-CoV2 interactions and
immune response.

For the sequence annotation process there are two kinds of ontologies that
are certainly relevant: the Sequence Ontology [41], used by tools such
as SnpEff [42] to characterize the different subsequences of the virus,
and the Gene Ontology [43], which has dedicated a page to COVID-19
(http://geneontology.org/covid-19.html) that provides an
overview of human proteins that are used by SARS-CoV2 to enter human
cells, divided by the 29 different virus’ proteins.

Replicated sequences in multiple sources

Record replication is a recurrent problem occurring when integrating
different sources; it is solved by “Entity Resolution” tasks, i.e., identifying
the records that correspond to the same real world entity across and within
datasets [44]. This issue arises for SARS-CoV2 sequences, as many
laboratories use to submit sequences to multiple sources; in particular,
sequences submitted to NCBI GenBank and COG-UK are often also
submitted to GISAID.

Such problem is resolved in different manners by the various integrative
systems. The main approaches aim to either resolve the redundancy by
eliminating from one source records that appear also in another one or by
linking records that represent the same sequence, adding to both records
an “external reference” pointing to the other source. Along this second
solution, a template proposal for data linkage is provided by the CDC [45]:
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Table 1. Top part: characterization of each system based on its focus on general SARS-CoV2 virus only, SARS-CoV2 and similar viruses (e.g., other Coronavirus
or pandemic-related viruses), or an extended set of viruses. Bottom part: integration of sequences by each portal (columns) from each origin source (rows).

NCBI Virus COVID-19DP ViPR EpiCoV™ CoV-GLUE 2019nCoVR VirusDIP CARD CoV-Seq ViruSurf

Sequence content
SARS-CoV2 specific × × × × × ×
SARS-CoV2 + similar × ×
Extended virus set × ×

Included sources

GenBank × × × × × × × ×
RefSeq × × × × × × ×
GISAID × × × × × × ×
COG-UK ×
NMDC × × ×
CNGBdb × × × ×
Genome Warehouse × ×
CHLA-CPM ×

a simple lightweight line list of tab-separated values to hold the name of
the sequence, as well as IDs from GISAID and GenBank.

SARS-CoV2 search systems
In this section, we compare the systems that provide search facilities for
SARS-CoV2 sequences and related metadata, possibly in addition to those
of other viruses. In Table 1 we summarize the content addressed by each
system; in the first section we indicate the target virus species, which
either includes the SARS-CoV2 virus only, or also similar viruses (e.g.,
Coronavirus, other RNA single stranded viruses, other pandemic-related
viruses), or an extended set of viruses. In the second section, the table
shows which sources are currently integrated by each system. The first five
columns refer to portals to resources gathering wither NCBI or GISAID
data, while the following ones refer to integrative systems over multiple
sources. These are described in the next two sections.

Portals to NCBI and GISAID resources

Native portals for accessing NCBI and GISAID resources are hereby
described even if they do not provide integrative access to multiple
sources, as they are recognized search facilities for SARS-CoV2 sequences
collected from laboratories all around the world.

• An interesting and rich resource (Virus Variation Resource [9])
is hosted by NCBI, targeting many viruses relevant to emerging
outbreaks. At the time of writing, a version for coronaviruses – and
SARS-CoV2 in the specific – has not been released yet. Instead, for
this virus users are forwarded to the NCBI Virus resource https://
www.ncbi.nlm.nih.gov/labs/virus/; this portal provides
a search interface to NCBI SARS-CoV2 sequences, with several filter
facets and a result table where identifiers are links to NCBI GenBank
database pages.

• COVID-19 Data Portal (https://www.covid19dataportal.
org/) joins the efforts of ELIXIR and EMBL-EBI to provide an
integrated view of resources spanning from raw reads/sequences, to
expression data, proteins and their structures, drug targets, literature
and pointers to related resources. We focus on their contribution to data
search, which is given through a data table containing different data
types (sequences, raw reads, samples, variants, etc.). The structure of
the table changes based on the data types (the metadata provided for
nucleotide sequence records are overviewed next).

• The Virus Pathogen Database and Analysis Resource (ViPR [46],
https://www.viprbrc.org/) is a rich repository of data
and analysis tools for multiple virus families, supported by the
Bioinformatics Resource Centers program. It provides GenBank
strain sequences with UniProt proteins, 3D protein structures and

experimentally determined epitopes (IEDB [47]). For SARS-CoV2
many different views are provided for genome annotation, comparative
genomics, ortholog groups, host factor experiments, and phylogenetic
tree visualization. It provides the two functions “Remove Duplicate
Genome Sequences” and “Remove Identical Protein Sequences”
to resolve redundancy respectively of nucleotide and amino acid
sequences.

• GISAID EpiCoV™ portal provides a search interface upon GISAID
metadata. Nine filters are available to design the user search, while
the results table shows 11 metadata attributes. By clicking on single
entries, the user accesses a much richer information, consisting of 31
metadata attributes.

• CoV-GLUE [30] (http://cov-glue.cvr.gla.ac.uk/) has
a database of replacements, insertions and deletions observed in
sequences sampled from the pandemic. It also provides a quite
sophisticated metadata-based search system to help filtering GISAID
sequences with mutations.

Integrative search systems

The following systems provide integrative data access from multiple
sources, as illustrated in Table 1.

• 2019nCoVR [48] (https://bigd.big.ac.cn/ncov/) at the
Chinese National Genomics Data Center (at the Beijing Institute of
Genomics) is a rich data portal with several search facets and tables.
This resource includes most sources publicly reachable, including
GISAID; however, it is unclear if this is compliant with the GISAID
data sharing agreement (see the ‘Discussion’ section). 2019nCoVR
handles sequence records redundancy by conveniently providing a
“Related ID” field that allows to map each sequence from its primary
database to others that also contain it.

• The Virus Data Integration Platform (VirusDIP [49], https://db.
cngb.org/virus/ncov) is a system developed at CNGBdb to
help researchers find, retrieve and analyze viruses quickly. It declares
itself as a general resource for all kinds of viruses; however, to date
includes only SARS-CoV2 sequences.

• The COVID-19 Analysis Research Database (CARD [50], https:
//covid19.cpmbiodev.net/) is a rich and interesting system
giving the possibility to rapidly identify SARS-CoV2 genomes using
various online tools. However, the data search engine seems to be still
under development and to date does not allow to build complex queries
combining filters yet.

• CoV-Seq [51] (http://covseq.baidu.com/) collects tools to
aggregate, analyze, and annotate genomic sequences. It claims to
integrate sequences from GISAID, NCBI, EMBL and CNGB. It has
to be noted that sequences from NCBI and EMBL are the same ones,
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Table 2. Inspection of metadata fields in different search portals for SARS-CoV2 sequences. × is used when the attribute is present in the Search filters (S), in the
Table of results (T), in single Entries (E).

NCBI Virus COVID-19DP ViPR EpiCoV™ CoV-GLUE 2019nCoVR VirusDIP CARD CoV-Seq ViruSurf
Attribute description S T S T S T S T E S T E S T E S T S T S T

B
io

lo
gy

:V
ir

us

Accession × × × × × × × × × × × × × × × × × × ×
Related ID × × × ×
Strain × × × × × × × × × × × × × × × ×
Virus Taxonomy ID × × × ×
Virus Species × × × × × × ×
Virus Genus × × × × ×
Virus Subfamily × ×
Virus Family × × × ×
Lineage × × × × × ×
CoV-GLUE Lineage ×
Pangolin Lineage ×
Total LWR ×
MoleculeType × × ×
SingleStranded ×
PositiveStranded ×
Passage detail × ×

B
io

lo
gy

:S
am

pl
e

Collection date × × × × × × × × × × × × × × × × × × × × ×
Location × × × × × × × × × × × × × × × × × × × ×
Origin lab × × × × × × × ×
Host Taxonomy ID × ×
Host organism × × × × × × × × × × × × × × × ×
Host gender × × × ×
Host age × × × ×
Host status × ×
Environmental source ×
Specimen source × × × × ×
BiosampleId ×

Te
ch

no
lo

gy

Sequencing Technology × × × ×
Assembly method × × × ×
Coverage × × × ×
Quality Assessment × × × × ×
Sequence Quality × ×
SRA Accession ×

Se
qu

en
ce

Complete × × × × × × × × × ×
Length × × × × × × × × × × ×
IsReference × × ×
GC bases% × ×
Unknown bases % × × ×
Degenerate bases % ×

O
rg

an
iz

at
io

n

Authors × × × × × × ×
Publications × ×
Submission date × × × × × × × × ×
Submission lab × × × × × × × × × ×
Submitter × ×
Release date × × × ×
Data source × × × × × × × × × ×
Last Update Time ×
Bioproject ID × ×

as part of the INSDC. It also provides a basic search system over a few
metadata and compute the “Identical_Seq” field, where a sequence is
mapped to many identical ones.

• ViruSurf (http://gmql.eu/virusurf/) is based on a
conceptual model [31] that describes sequences and their metadata
from their biological, technical, organizational, and analytical
perspectives. It provides many options for building search queries,
by combining – within rich Boolean expressions – metadata attributes

about viral sequences and nucleotide and amino acid variants. Full
search capabilities are used for open-source databases, while search
over the GISAID database is suitably restricted to be compliant
with the GISAID data sharing agreement. ViruSurf also solves the
problem of record redundancy among different databases by using
different external references IDs available and by exploiting in-house
computations.
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Table 3. Additional features provided by search systems in addition to standard metadata.

NCBI Virus COVID-19DP ViPR EpiCoV™ CoV-GLUE 2019nCoVR VirusDIP CARD CoV-Seq ViruSurf

Data features

Viral haplotype network ×
Pylogenetic tree × × × × × ×
Nucleotide sequences × × × ×
Protein sequences × × × ×
Pre-computed variants (nucleotides) × × × ×
Pre-computed variants (amino acids) × × ×

Comparison

Table 2 shows a comprehensive view of which metadata information is
included by each search system. Attributes are partitioned into macro-areas
that reflect the structure of metadata attributes in VCM [31], concerning
the biological aspects of the virus and of the host organism sample,
the technology producing the sequence, the sequence details and the
organization producing the sequence. For each of them we provide
three kinds of columns: S = Search filters (attributes supporting search
queries, typically using conjunctive queries), T = columns in result Tables
(providing direct attribute comparisons), and E = columns of single Entries
or records (once a record is clicked, search systems enable reading rich
metadata but only for each individual sequence entry).

The different systems provide the same attribute concepts in very many
terminology forms. For example:

• “Virus name” in EpiCoV™ is called “Virus Strain Name” in
2019nCoVR, just “Virus” in CoV-Seq, “Strain” or “Title” CARD (as
they provide two similar search filters), and “StrainName” in ViruSurf.

• Geographic information is named “Geo Location” in NCBI Virus
results table and “Geographic region” in the search interface; it is given
using the pattern Continent/Country/Region/SpecificArea in GISAID
EpiCoV™, while the four levels are kept separate in CARD and
ViruSurf.

• The database source is referred to as “Sequence Type”, “Data
Source”, “Data source platform”, “Data_source”, “Data_Source”, or
“DatabaseSource”.

It must be mentioned that some systems include additional metadata that
we did not added in this comparison, as they were not easily comparable.
For example, GISAID has a series of additional location details and sample
IDs that can be provided by submitters (but normally they are omitted),
whereas NCBI Virus adds info about provirus, lab host and vaccine strains
(but these are omitted for SARS-CoV2 related sequences).

Table 3 provides a quick report on which additional data features are
provided in each search system, beyond classic metadata; they include
haplotypes, philogenetic tree, nucleotide and protein sequences and their
pre-calculated variants.

Integrating host-pathogen information
Together with virus sequences and their metadata, it is critical to integrate
also information about the related host phenotype and genotype; this is
key to allow supporting the paramount host-pathogen genotype-phenotype
analyses. In this section we briefly mention how these crucial aspects are
being investigated.

The virus genotype – host phenotype connection

At the time of writing, big integration search engines are starting
to provide clinical information related to hosts of virus sequences.
2019nCoVR [48] has currently 208 clinical records (https://bigd.
big.ac.cn/ncov/clinic) related to specific assemblies (as FASTA
files), including information such as the onset date, travel/contact history,

clinical symptoms and tests in a semi-structured format (i.e., attribute-
value), where values are free-text and not homogeneous w.r.t. any
dictionary. GISAID is also progressively adding information regarding the
“patient status” (e.g., "ICU; Serious", "Hospitalized; Stable", "Released",
"Discharged") to its records (in 5,126 out of 75,507 on August 1st, 2020).

So far this kind of effort has not been systematized. Some early findings
connecting virus sequences with the human phenotype have been already
published, but these include very small datasets (e.g., [52] with only 5
patients, [53] with 9 patients, [54] and [55] with 103 sequenced SARS-
CoV2 genomes). We are not aware of big sources comprising linked
phenotype data and viral sequences, where the link connects the phenotype
of the virus host organism to the viral genome. There is a compelling need
for the combination of phenotypes with virus sequences, so to enable
more interesting queries, e.g., concerning the impact of sequence variants.
We are confident that in the near future there will be many more studies
like [52; 53; 55]. Along this direction, the efforts mentioned in this last
section are providing an initial signal, which should be encouraged. There
is need for additional comprehensive studies linking the viral sequences
of SARS-CoV2 to the phenotype of patients affected by COVID-19.

The host genotype – host phenotype connection

In addition to investigating the relationship between viral sequences and
host conditions, much larger efforts are being conducted for linking the
genotype of the human host to the COVID-19 phenotype. In this direction,
an important proposal is the COVID-19 Host Genetic Initiative (https:
//www.covid19hg.org/), aiming at bringing together the human
genetics community to generate, share and analyze data to learn the genetic
determinants of COVID-19 susceptibility, severity and outcomes.

To find important genotype-phenotype correlations, well-defined
phenotypes need to be ascertained in a quantitative and reproducible
way [56]; also the activity of sampling from clearly defined case and
control groups is fundamental. For this reason, many efforts in the
scientific community have been dedicated to harmonizing clinical records
of COVID-19 patients. This topic would require by itself a separate survey;
we next illustrate the data dictionary produced by the COVID-19 Host
Genetic Initiative, contributed by about 50 active participants and released
on April 16th, 2020 (available at http://gmql.eu/phenotype/);
genotype data is currently being collected and hosted by EGA [57], the
European Genome-phenome Archive of EMBL-EBI.

The dictionary is illustrated by the Entity-Relationship diagram in
Fig. 1; phenotype information is collected at admission and during
the course of hospitalizations, hosted by a given Hospital. For
ease of visualization, attributes are clustered within Attribute Groups,
describing: Demography&Exposure, RiskFactors, Comorbidities,
AdmissionSymptoms, HospitalizationCourse. Attributes within groups
can be further clustered within subgroups, denoted by white circles;
for instance, Comorbidities include the subgroups ImmuneSystem,
Respiratory, GenitoUrinary, CardioVascular, Neurological, Cancer; for
brevity, these are not further expanded into specific attributes. Each patient
is characterized by multiple Encounters; attribute groups of encounters
describe EncounterSymptoms, Treatments, and LaboratoryResults. Each
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Fig. 1. Entity-Relationship diagram of the Phenotype Data Dictionary proposed within the COVID-19 Host Genetics Initiative.

patient is connected to human genome information, in particular single
nucleotide variations.

Researchers can extract the patient phenotype and differentiate cases
and controls in a number of ways. For example, one analysis will
discriminate between mild, severe or critical COVID-19 disease severity,
based on a set of EncounterSymptomps and HospitalizationCourse
conditions; another analysis will distinguish cases and controls based on
Comorbidities and AdmissionSymptoms.

Many other efforts to systematize clinical data collection and
harmonization are proposed by international organizations (e.g.,
WHO [58]), national projects (e.g., AllOfUs [59]), or private companies
(e.g., 23AndMe https://www.23andme.com/).

Genome Wide Association Studies are being conducted massively at
this time [60], while some other efforts have attempted to find genetic
determinants of COVID-19 severity in specific human genes [61], also in
comparisons to SARS-CoV [62].

Note that Fig. 1 illustrates the possibility of connecting each patient
also to the viral sequence of the SARS-CoV2 virus. In general, there is
a strong need to connect human genotype, human phenotype and viral
genotype, so as to build a complete and fully encompassing scenario for
data analysis.

Discussion
We articulate the discussion along a number of directions: impact of
GISAID’s model, lack of metadata quality, (un)willingness of sequence
sharing.

GISAID restrictions

While most of the resources reviewed in this paper, and in particular all
the open data sources and search engines, are available through public
Web interfaces, the GISAID portal can be accessed just by using a
login account; access is granted in response to an application, which
must be presented by using institutional emails and requires agreeing

to a Database Access Agreement (https://www.gisaid.org/
registration/terms-of-use/). Registered users are invited to
“help GISAID protect the use of their identity and the integrity of its user
base”.

Thanks to this controlled policy, GISAID has been able to gather the
general appreciation of many scientists, who hesitate to share data within
fully open-source repositories. Some concerns are actually legitimate,
such as not being properly acknowledged; acknowledgement of data
contributors is required to whoever uses specific sequences from the
EpiCoV™ database. However, GISAID policies impose limitations to
data integrators. Sequences are not communicated to third parties, such as
integration systems; interested users can only access and download them
one by one from the GISAID portal. As the reference sequence can be
reconstructed from the full knowledge of nucleotide variants, these are
similarly not revealed.

Metadata quality

Another long-standing problem is the low quality of input metadata. A
commentary [63] from the Genomic Standards Consortium board (GSC,
https://www.gensc.org/) alerts the scientific community of the
pressing need for systematizing the metadata submissions and enforcing
metadata sharing good practices. This need is even more evident with
COVID-19, where the information on geo-localization and collection time
of a sample easily becomes a “life and death issue”; they claim that the
cost of poor descriptions about the pathogen host and collection process
could be greater than the poor quality of nucleotide sequence record
itself. To this end, EDGE COVID-19 [64] (https://edge-covid19.
edgebioinformatics.org/) has made an attempt to facilitate the
preparation of genomes of SARS-CoV2 for submission to public databases
providing help both with metadata and with processing pipelines.

For what concerns variant information, it is important that they refer
to the same reference sequence. We found that in some cases a different
sequence was used as reference for SARS-CoV2 with respect to the one
of NCBI GenBank, commonly accepted by the research community. If
different reference sequences are used and original sequence data are not
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shared, it becomes very hard to provide significant statistics about variant
impact.

The insufficient submission of enriched contextual metadata is
generally imputed to the fact that individual researchers receive little
recognition for data submission and that probably they prefer withholding
information, being concerned that their data could be reused before they
finalize their own publications. This is not only a problem of submission
practice, but also of data sharing, as discussed next.

(Un)willingness to share sequence data

In times of pandemic, there is – as discussed next – a strong need for
data sharing, creating big databases that can support research. Regardless
of this necessity, many researchers or research institutions do not join
the data sharing efforts. For example, it looks strange to us that searches
for SARS-CoV2 sequence data from Italy, witnessing one of the first big
outbreaks of COVID-19 in the world, return only a few sequences (27
on GenBank and 239 on GISAID, of which only 117 with patient status
information, as of August 1st 2020); similar numbers apply to many other
countries.

Successful provisioning of sequences is the result of a number of
conditions: having funds for sequencing, high quality technology to
retrieve useful results, willingness to join the FAIR science principles [65].
Sampling activity in the hospitals is essential, as well as its timely
processing and sequencing pipelines in laboratories; however, nowadays
the most critical impasse is met at the stage of submitting sequences and
associated metadata (if not even clinical information regarding the host),
which has become almost a deliberate political act in the current times [66].

We also observed the opposite attitude: consortia such as the COVID-
19 Host Genetic Initiative have been assembled around the objective
and principles of open data sharing. As another significant case, the
E-ellow Submarine [67] interdisciplinary initiative for exploiting data
generated during the COVID-19 pandemic is fully committed to open data.
Practical ecosystems for supporting open pathogen genomic analysis [68]
will become more widespread if proactively encouraged by a strong
institutional support. We hope and trust that events such as the COVID-19
pandemic will move scientists towards open data sharing, as a community
effort for mitigating the effects of this and future pandemic events.

Key Points
• Integration of sources of viral sequences faces traditional problems of

metadata integration, value harmonization and replication resolution.
• Controlled-access resources for submitting sequences seem to be more

popular than fully open-access ones.
• Not enough resources have been dedicated to integrating host-

pathogen information; the ideal link between the host phenotype with
its corresponding genotype and with the infecting virus genotype could
greatly improve research outcomes.

• Sharing of sequence data and of clinical aspects is paramount for the
development of future pandemics-mitigation integrated approaches;
more community and institutional efforts are needed in this direction.
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