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ABSTRACT

The National Institute of Allergy and Infectious Dis-
eases (NIAID) established the Bioinformatics Re-
source Center (BRC) program to assist researchers
with analyzing the growing body of genome se-
quence and other omics-related data. In this report,
we describe the merger of the PAThosystems Re-
source Integration Center (PATRIC), the Influenza
Research Database (IRD) and the Virus Pathogen
Database and Analysis Resource (ViPR) BRCs to
form the Bacterial and Viral Bioinformatics Resource
Center (BV-BRC) https://www.bv-brc.org/. The com-

bined BV-BRC leverages the functionality of the bac-
terial and viral resources to provide a unified data
model, enhanced web-based visualization and anal-
ysis tools, bioinformatics services, and a powerful
suite of command line tools that benefit the bacterial
and viral research communities.

INTRODUCTION

In 2004, the National Institute of Allergy and Infectious
Diseases (NIAID) established the Bioinformatic Resource
Center (BRC) program to facilitate research on pathogens
by integrating genomic and other biological data (1). The

*To whom correspondence should be addressed. Tel: +1 630 252 1190; Email: jjdavis@anl.gov

In memory of Michael Fonstein (1959-2022).

Present address: James J. Davis, Argonne National Laboratory Computing, Environment and Life Sciences 9700 S. Cass Avenue Argonne, IL 60439, USA.

Published by Oxford University Press on behalf of Nucleic Acids Research 2022.

This work is written by (a) US Government employee(s) and is in the public domain in the US.

$20Z yoJe\ /g uo Jesn jnuiag 1o AlsiaAlun ueosuswy Aq GOp189/829a/1L /L S/8101UE/1eu/w0o2 dno olwapeoe//:sdiy Wol) papEojuMO(]


https://orcid.org/0000-0003-0104-5852
https://orcid.org/0000-0001-6018-6490
https://orcid.org/0000-0002-4748-4925
https://orcid.org/0000-0001-6567-0564
https://orcid.org/0000-0003-1355-892X
https://orcid.org/0000-0002-4268-4020
https://www.bv-brc.org/

goal was to provide the necessary data environment, bioin-
formatics tools, and work ows to enhance ongoing basic
and applied research. The centers have evolved over the
years, such that there are currently two BRCs, one that sup-
ports research on eukaryotic pathogens and invertebrate
vectors (VEuPathDB) (2) and one that supports research
on bacterial and viral pathogens (BV-BRC).

The Bacterial and Viral Bioinformatics Research Cen-
ter (BV-BRC) was formed in 2019 through a merger of
three BRC resources: the PAThosystems Resource Integra-
tion Center (PATRIC) (3), the In uenza Research Database
(IRD) (4) and the Virus Pathogen Database and Analy-
sis Resource (ViPR) (5). PATRIC was one of the origi-
nal BRCs and was designed to support bioinformatics for
bacterial pathogens (6). In 2012, the National Microbial
Pathogen Database Resource (NMPDR) (7) was merged
into the PATRIC BRC, bringing in the well-known SEED
and RAST annotation resources (8). IRD, which was orig-
inally part of the BioHealthBase BRC (9), and the ViPR
BRC (5,10) were designed to support analyses on in uenza
and a variety of other important human viral pathogens,
respectively. The current, combined BV-BRC resource is
supported by teams of researchers from the University of
Chicago, the J. Craig Venter Institute, the University of Vir-
ginia and the Fellowship for Interpretation of Genomes, as
well as many close collaborators at other institutions.

The PATRIC and IRD/VIiPR resources differed in their
approaches to aiding the research community. For many
years, the PATRIC resource has been providing a uni ed
browsing environment covering bacterial pathogens, along
with publicly available non-pathogenic bacterial and ar-
chaeal genomes, plasmids, and phages for comparison. The
underlying protein annotation system, RAST (11), enabled
the comparison of orthologous genes across large phyloge-
netic distances and powered many of the website visualiza-
tions. Following on the success of RAST, the PATRIC re-
source developed a robust set of over 15 analysis services en-
abling genome assembly, RNA-Seq analysis, whole genome
alignment, phylogenetic tree construction, and many other
complex bioinformatic work ows. IRD and ViPR were
more narrowly focused on developing user visual analyt-
ics and tools that were tailored to the major category A-
C viral priority pathogens. This enabled the development
of robust and focused searching and comparative analyses
website tools. IRD and ViPR were also well known for the
development of their meta-CATS tool for comparing sets
of sequences based on metadata (12), VIGOR tool for an-
notating viral genomes (13), and Archaeopteryx.js tool for
visualizing phylogenetic trees (14). Thus, one of the goals
in merging the resources was to retain the functionality of
these bacterial and viral resources and extend their func-
tionality to other user communities.

While the merger of these BRC resources presented sig-
ni cant engineering challenges, it also provided important
advantages to the user communities supported. First, there
is enhanced ef ciency in providing a single uni ed website,
suite of analysis tools, and back-end database and comput-
ing architecture. Second, it enables the synergistic devel-
opment of tools that help researchers studying the gamut
of bacterial and viral pathogens. Third, providing a cen-
tralized resource with educational and outreach materials
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helps lower the learning curve for those studying a variety
of pathogens using various analysis methods. Finally, as ex-
empli ed by the SARS-CoV-2 pandemic, it provides a hub
for tailoring data storage and retrieval, analysis tools, ser-
vices, and reporting in response to infectious disease out-
breaks with public health implications.
In this paper, we describe the BV-BRC resource for the
rst time. We highlight the new functionality that the merger
provides for the bacterial and viral research communities, as
well as the improvements to the underlying computing ar-
chitecture. We also describe new functionality that has been
developed since the merger that is unique to the BV-BRC.

DATA
Genomes

The BV-BRC hosts genomic and other related data
types for bacterial and viral pathogens with an original
focus on the NIAID Category A-C Priority Pathogens
(https://www.niaid.nih.gov/research/emerging-infectious-
diseases-pathogens). To allow researchers to compare these
human pathogens to their non-pathogenic relatives and
understand the virulence and pathogenicity characteristics
that set them apart, the BV-BRC integrates all publicly
available bacterial and archaeal genome sequences and
features as well as all genome sequences and features from
the virus families containing human pathogens. In addi-
tion, the BV-BRC hosts all publicly available bacteriophage
genome sequences and their bacterial host metadata to
support research on bacteriophages and phage therapy, as
well as a select set of eukaryotic host genome sequences
to support research on host-pathogen interactions and
host response to bacterial and viral infections. As of
August 2022, the BV-BRC hosts over 600 000 bacterial
genomes, 11 000 archaeal genomes and 8.5 million viral
genomes, including over 6 million SARS-CoV-2 genomes,
22 000 phage genomes, and 10 eukaryotic host genomes
(Figure 1).

Most of these genomes are gathered from the NCBI Gen-
Bank database (15), with new genomes being integrated on
a daily basis. In addition, many genomes with useful meta-
data have been assembled from the NCBI Sequence Read
Archive (16) and then integrated into the BV-BRC (17).

Genome annotation

All of the bacterial and archaeal genomes in the BV-BRC
are consistently annotated using the BV-BRC Annotation
Service, which uses RASTtk (11) to provide accurate and
high-quality annotations for genes, protein functions, pro-
tein families, metabolic pathways and subsystems (18). The
annotation also includes the identi cation of genes of spe-
cial interest to the infectious disease research community,
such as antimicrobial resistance genes (19-21), virulence
factors (22,23), essential genes, drug targets (24,25), trans-
porters (26), and human homologs. The consistent anno-
tation across all bacterial and archaeal genomes allows
researchers to perform comparative genomic analysis in
closely related as well as distant taxa using local or global
protein families, metabolic pathways, and subsystems. Sim-
ilarly, for select viral families, consistent annotations are
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Figure 1. Growth of genome sequences in the BRC resources. Dates prior to 2020 include separate data for IRD, ViPR and PATRIC; dates after 2020
include data from BV-BRC. The large jump in viral genomes in 2020 coincides with the SARS-CoV-2 pandemic. Private genomes represent sequences

uploaded and analyzed by individual users.

provided using VIGOR4 (13), which uses manually cu-
rated reference databases to annotate genes, proteins, pro-
tein functions, and mature peptides. In the beginning of
the COVID-19 pandemic, a specialized SARS-CoV-2 refer-
ence database was developed for VIGORA4, which has been
used to provide accurate and consistent annotations across
the SARS-CoV-2 genomes in BV-BRC. The VIGORA4 refer-
ence database collection was then expanded to support ve
subgenera in the genus Betacoronavirus (Embecovirus, Hi-
becovirus, Novecovirus, Merbecovirus, Sarbecovirus), three
families in the order Bunyavirales (Arenaviridae, Phenuiviri-
dae, Phasmaviridae), and viruses belonging to the species
Monkeypox. Consistent annotations across all bacterio-
phage genomes are provided using Phanotate (27) in the
BV-BRC Annotation Service.

Genome metadata

The BV-BRC uses a combination of automated and manual
metadata collection and curation to collect and augment
high value metadata attributes relating to the bacterial and
viral pathogens, host, and other clinical metadata to ensure
consistency and accuracy, which are crucial for support-
ing comparative genomics, epidemiological analysis, and
development of predictive machine learning models. The
genome ingestion process uses automated scripts to gather
relevant metadata from the GenBank (15) and BioSample
(16) records. In addition, rule-based parsers are used to de-
rive missing metadata, such as host name, geographic lo-
cation, and collection year, from strain name or comment

elds. Select metadata attributes, such as isolation coun-
try, geographic group, host common name, and host group,
are harmonized using authoritative data sources (e.g., bird
species from the Integrated Taxonomic Information System
— ITIS and eBird) and manually curated metadata mapping
tables to provide for consistent and comprehensive meta-
data annotations. In addition, the BV-BRC currently main-
tains a collection of laboratory-derived antimicrobial sus-

ceptibility test (AST) results for 90 829 bacterial genomes
curated from NCBI and 250 publications (17).

Non-genomic data

In addition to consistently annotated genomes and meta-
data, the BV-BRC provides several other data types which
are linked to these genomes, such as domains and motifs,
immune epitopes, and protein structures. These data types
were available in ViPR and IRD, but not PATRIC. In the
BV-BRC, these data types are now available for both bac-
teria and viruses and are accessible from the genome and
protein-level pages. The domains and motifs are computed
for all proteins from NCBI-designated reference and repre-
sentative genomes by running an InterProScan search (28).
The experimentally characterized epitopes are gathered
from the Immune Epitope Database (IEDB) (29), mapped
to corresponding proteins in BV-BRC using UniProt ID
mapping (30) and exact sequence matching. The epitopes
have played an important role in assessing the emerging
variations in SARS-CoV-2 Spike protein and their impact
on public health. The experimentally derived protein struc-
tures are collected from PDB (31) and then mapped to
the corresponding bacterial and viral proteins in the BV-
BRC. As of August 2022, the BV-BRC hosts over 170 mil-
lion predicted domains and motifs, 300 000 experimentally
characterized epitopes and 77 000 protein structures. Other
non-genomic data types include protein-protein interac-
tions, transcriptomics and host-response, and surveillance
and serology data inherited from PATRIC, IRD and ViPR.
These data types are hosted using a uni ed data model and
database schema to provide equitable search and analysis
capabilities across bacterial and viral datasets.

USER INTERFACE/WEBSITE

One of the key undertakings of the BV-BRC was the devel-
opment of a uni ed BV-BRC website, which supports the
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Figure 2. The BV-BRC home page. Various ways for accessing bacterial and viral data are shown.

needs of both the bacterial and viral research communi-
ties. The BV-BRC website was built by leveraging the ex-
isting PATRIC website framework and user interface (Ul)
design, and then extending it to incorporate the novel data
types, analysis tools, and use cases from IRD and ViPR,
thus combining the strengths of these existing resources and
reusing existing components. The website maintains a uni-
ed look and feel across all organisms by using common
Ul elements to support searching and browsing of the data,
while supporting context-driven customizations where they
are needed to highlight the data or metadata attributes that
are important for a given organism. For example, the BV-
BRC uses tabbed navigation to provide access to various
data types available for a given taxon, genome, or protein.
The tabs shown for a given taxon are customized for bac-
teria and viruses based on the applicability and availability
of certain data types. Similarly, the tables and table Iters
also use context-driven customizations to show default at-
tributes that are most relevant for bacteria or viruses.

New home page

The new BV-BRC home page (https://www.bv-brc.org) is
designed to provide easy access to all available data and
analysis tools and to help existing PATRIC and IRD/ViPR
users successfully transition to the new BV-BRC website
(Figure 2). The home page highlights key aspects of the BV-
BRC website, including popular searches, analysis tools and
services, the private user workspace function, batch access

via the data API, Command-line Interface (CLI), the FTP
site, and extensive help documentation. The home page also
provides access to special instructional pages that provide
mapping of key website functionality and tools between the
new BV-BRC website and the legacy PATRIC, IRD and
ViPR websites and highlight the new features for bacterial
and viral researchers.

New advanced searches

The legacy PATRIC website offered data browsing by taxon
with data-type-speci c tabs and global searching as the pri-
mary way of nding data of interest. The ViPR and IRD
websites allowed users to rst select the viral family of in-
terest and then used data-type-speci ¢ advanced searches as
primary entry point for searching or browsing the available
data for a viral family. The new BV-BRC website provides a
global search as well as data type speci ¢ advanced searches
to support both of these user work ows. The global search
allows users to quickly nd data of interest by using sim-
ple keywords or identi ers as search terms, select the data
matching those terms, and then further re ne the results as
needed using progressive Iters available from the result ta-
ble. The advanced searches allow users to restrict the scope
of their search based on the organism or taxon of interest
and de ne one or more search criteria based on attributes
relevant for a given data type. Together, these search mech-
anisms combine the best of the search capabilities provided
by PATRIC, IRD and ViPR.
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Figure 3. New and enhanced visual analytics tools at BV-BRC. Top left: the surveillance map viewer based on Google Maps, top right: the Archaeopteryx
Tree Viewer for the Gene tree and Phylogenetic tree services, bottom left: the enhanced compare regions viewer, bottom right: The new protein structure

viewer.

VISUAL ANALYTICS TOOLS

The BV-BRC resource provides a variety of interactive vi-
sual analytics tools to allow researchers to visually explore
the complex data and gain further insights from the analysis
results. Most of these tools existed in the legacy PATRIC,
IRD and ViPR websites and were designed primarily to sup-
port either bacterial or viral data. The BV-BRC has now
combined the tools from these resources and expands their
scope to support both bacterial and viral analyses. Below is
a brief description of the tools that have been signi cantly
enhanced or are new to either PATRIC or IRD/VIiPR (Fig-
ure 3).

New phylogenetic tree viewer

The BV-BRC includes the Archaeopteryx Tree Viewer (14)
for both the Gene Tree and Phylogenetic Tree services. Ar-
chaeopteryx.js is a software tool for the visualization and
analysis of highly annotated phylogenetic trees that runs
in the web browser (source code available at https://github.
com/cmzmasek/archaeopteryx-js). The visualization pro-
vided by Archaeopteryx.js allows specifying and coloring
the annotation eld(s) to be used as the tip labels. These
include taxonomic classi cations, host hames, geographic
locations, and protein functions. Users can zoom, scroll,
change label sizes, and optionally hide overlapping tip la-
bels. Selected tree nodes can be collapsed, and selected tips
can be collected into groups and saved to the workspace or
can be viewed in a tabular page showing extensive data for
each entity. The tool can be used to display fairly large trees

(up to 3500 external nodes on a medium-range desktop or
notebook computer).

New protein structure viewer

The BV-BRC has a new interactive protein structure viewer,
implemented using Mol* (32). This viewer replaces the JS-
Mol Viewer (33) previously used in ViPR and IRD and pro-
vides better performance and functionality. The new viewer
shows the protein sequence and 3D structure simultane-
ously and allows users to select a single amino acid or re-
gion of interest on the protein sequence and directly zoom
in to that region in the 3D-structure view or select a posi-
tion in the 3D-structure view and highlight that position in
the sequence view. This feature is quite helpful when assess-
ing the impact of mutations on the structure and function
of the protein. The viewer also integrates domains, motifs,
epitopes, and other manually curated sequence features and
allows users to highlight them in the protein structure.

New surveillance map viewer

The BV-BRC hosts surveillance data for In uenza virus,
collected from human, animals, and birds as part of the
NIAID CEIRS program (34). The data are accessible us-
ing either the Surveillance Search or the Surveillance Tab
from the In uenza taxon-level pages and are displayed as
an interactive table, which allows users to nd the records
of interest using metadata-based progressive Iters, select
one or more records and then view them in the interac-
tive Surveillance Map Viewer. The viewer is implemented
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