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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
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goal was to provide the necessary data environment, bioin-
formatics tools, and workflows 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 Influenza 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 influenza
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/ViPR resources differed in their
approaches to aiding the research community. For many
years, the PATRIC resource has been providing a unified
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 workflows. 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-
nificant engineering challenges, it also provided important
advantages to the user communities supported. First, there
is enhanced efficiency in providing a single unified 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-
emplified 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
first 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 identification 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 VIGOR4, which has been
used to provide accurate and consistent annotations across
the SARS-CoV-2 genomes in BV-BRC. The VIGOR4 refer-
ence database collection was then expanded to support five
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
fields. 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 unified 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 unified 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 (UI)
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-
fied look and feel across all organisms by using common
UI 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 filters
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-specific tabs and global searching as the pri-
mary way of finding data of interest. The ViPR and IRD
websites allowed users to first select the viral family of in-
terest and then used data-type-specific 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 specific advanced searches
to support both of these user workflows. The global search
allows users to quickly find data of interest by using sim-
ple keywords or identifiers as search terms, select the data
matching those terms, and then further refine the results as
needed using progressive filters 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 define 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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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 significantly
enhanced or are new to either PATRIC or IRD/ViPR (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 field(s) to be used as the tip labels. These
include taxonomic classifications, host names, 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 Influenza 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 Influenza taxon-level pages and are displayed as
an interactive table, which allows users to find the records
of interest using metadata-based progressive filters, select
one or more records and then view them in the interac-
tive Surveillance Map Viewer. The viewer is implemented
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using Google Maps, which is overlaid with Bird Migration
Flyways. The viewer provides a summary of the number of
records by location and allows users to filter by location to
see total samples collected from that location and percent-
age of the samples that tested positive for Influenza virus.
In the future, this viewer will be generalized to visualize
surveillance records for other viruses and antimicrobial re-
sistance (AMR) records for bacterial pathogens.

Genome browser

The BV-BRC has an interactive linear genome browser, im-
plemented using JBrowse (35), which allows users to visu-
ally explore both bacterial and viral genomes. Users can
zoom out to see entire genomes and contigs or zoom in to
see individual nucleotides. The viewer loads data dynami-
cally by querying the database in real-time, eliminating the
need to maintain precomputed files and images. It also al-
lows users to load a variety of computational and experi-
mental datasets as separate tracks and view them simultane-
ously, providing an integrated view of the data. The results
from several services, including Variation Analysis, RNA-
Seq Analysis and Tn-seq Analysis, are linked to the genome
browser to enable users to visually explore the content of
corresponding BAM, WIG or VCF files.

Enhanced MSA viewer

Nucleotide and protein alignments are an important part
of any genomic analysis, and the three original BRCs pro-
vided ways to both generate and view alignments using ex-
tensions to the BioJS MSAViewer for the visualization (36).
The ViPR and IRD resources included the advanced abil-
ity of allowing researchers to view the metadata associated
with the genome or strain for each of the proteins in the
alignment. The BV-BRC has incorporated this functional-
ity and now bacterial and viral researchers can sce the gene
or genome 1D, genome name, accession number, species, or
strain, geographic or host group, isolation country, collec-
tion year, subtype, lineage or clade available for their data
mapped to the alignment.

Enhanced compare region viewer

Originally part of the RAST server (37), the Compare Re-
gion Viewer was designed to show the genomic neighbor-
hood of a protein-coding gene across a phylogenetic dis-
tance. Along with the ability to view the genes in a particu-
lar region and filter on reference, representative or all public
genomes in the resource, this viewer also enables selecting
the number of regions, size, and type of protein family. New
improvements have been added in BV-BRC that include the
ability to view a genome group or feature group of interest.
The Compare Region Viewer also includes a high resolution
SVG image that can be exported.

Tools for SARS-CoV-2 analysis

The SARS-CoV-2 pandemic began shortly after the cre-
ation of the merged BV-BRC resource. The outbreak
elicited an unprecedented global response and a subsequent
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explosion in viral genome sequence data and epidemiolog-
ical metadata. Along with these new data came the need
for bioinformatic tools and services to understand the out-
break. The BV-BRC currently mirrors the publicly avail-
able and reusable collection of SARS-CoV-2 genomes from
GenBank (38), updating the collection of genomes daily.
The genomes are uniformly annotated with VIGOR4 (13)
and can be browsed on the website. At the time of writing,
there over 6 million public SARS-CoV-2 genomes in the BV-
BRC.

In addition to simply hosting the genomes, a SARS-
CoV-2 Variant Tracker component (https://www.bv-brc.
org/view/VariantLineage/#view_tab=overview) was devel-
oped in the BV-BRC (Figure 4) to enable users to browse
current and past lineages of concern and interest, vari-
ants, covariants, and their prevalence by isolation date, ge-
ographic location, and other metadata fields. Important ge-
nomic regions are also displayed in the genome browser
with over 100 manually curated tracks, including gene and
protein annotations, functional features, immune epitopes,
primer and probe sites, variants of concern (VOC) and vari-
ants of interest (VOI), drug resistant mutations, experimen-
tal mutational scanning and binding affinity data, and pos-
itive and negative selection sites. The tracker also employs
a heuristic that is used to compute growth rates for variants
to highlight those that may cause future waves of infection
(39).

SERVICES

The BV-BRC provides access to a variety of complex bioin-
formatic workflow services. These services capture common
bioinformatic protocols and enable them through the web-
site user interface and the command line. Users provide in-
put data and receive outputs from each service through their
private workspace. Computing for these services and data
storage in the workspace are free to the public. Access to
the workspace and services requires users to register for an
account; the BV-BRC currently has over 35 000 registered
users (Figure 5). Access to these bioinformatic services was
a major driver of PATRIC usage. Prior to the merger in
September 2019, over 270 000 private user jobs had been
submitted to PATRIC, with an average of 4657 jobs per
month. Since then, over 650 000 jobs have been submitted
by our users, averaging 19 716 jobs per month (Figure 6). In
addition to increases in users and data volume, this large in-
crease in user jobs is also due to the incorporation of several
IRD/ViPR workflows into the service architecture, and the
development of a fast-track service queue for shorter jobs,
such as small BLAST service jobs, which were originally run
outside of the service architecture in PATRIC.

New services for PATRIC users

Many of the BV-BRC services are new to either the PATRIC
or IRD/ViPR user communities. For PATRIC users, there
are three new services that have been brought in from IRD
and ViPR (Table 1). The Meta-CATS (Mectadata driven
Comparative Analysis Tool for Sequences) service (12) al-
lows users to identify statistically significant SNPs between
two or more feature groups of genes or proteins. The Primer
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Figure 5. Cumulative growth in registered users for BV-BRC. For dates
prior to 2020, data have been combined for PATRIC, IRD and ViPR.

Design service uses Primer3 (40) to enable the design of PCR
primers for a given sequence. The Gene Tree service enables
users to build phylogenetic trees from a feature group of
genes or proteins of their choice using MAFFT (41) to build
the alignment, and RaxML (42), PhyML (43), or FastTree
(44) to infer the phylogenetic relationships. It can also align
and build trees from entire viral genomes or segments as
large as Monkeypox.

New services for IRD and ViPR users

For IRD and ViPR users, there are a variety of new ser-
vices that are now accessible through the BV-BRC (Table
1), including the Fastg Utilities, which enables quality filter-

ing and assessment of sequence reads; Assembly, which pre-
forms de novo assembly of long or short reads, single cell se-
quencing reads, or metagenomes; RNA-Seq Analysis, which
enables the comparison of expression differences between
sets of reads in an RNA-Seq study; Whole Genome Align-
ment, which uses Mauve (45) to align whole genomes; Pro-
teome Comparison, which enables a bidirectional BLAST
(46) best hits search between two or more genomes; Similar
Genome Finder, which uses Mash (47) to identify the most
similar genomes in the database; Taxonomic Classification,
which uses Kraken 2 to identify the taxa in a set of reads or
contigs (48); and Metagenomic Binning, which attempts to
bin whole genomes from metagenomic assemblies and uses
CheckV to evaluate genome quality and completeness for
viral metagenome assembled genomes (49).

New SARS-CoV-2 assembly and annotation service

Following the merger of PATRIC, IRD, and ViPR,
the SARS-CoV-2 Assembly and Annotation  ser-
vice was  developed  (https://www.bv-brc.org/app/
ComprehensiveSARS2Analysis) to enable wusers to
perform reference-guided assemblies of SARS-CoV-2
genomes against the Wuhan-Hu-1 reference genome
(GenBank ID: NC_045512.2). The assemblies are con-
structed by performing quality trimming with seqtk
(https://github.com/lh3/seqtk.git), primer trimming with
iVar (50), aligning reads against the reference with min-
imap2 (51), and calling the consensus sequence with
iVar (50). Users can select from several popular primer
schemes for the primer trimming step. The assembly
output consists of the consensus sequence, list of varia-
tions, images of the read depths, and several intermediate
files including the read pileup plots (52). The assembled
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Table 1. Notable improvements in BV-BRC that either did not exist in
PATRIC, IRD/ViPR, or both prior to the merger

PATRIC IRD/ViPR BV-BRC
Data types
Domains and motifs No Yes Yes
Epitopes No Yes Yes
Protein structures No Yes Yes
Surveillance and serology No Yes Yes
Services
Assembly (de novo) Yes No Yes
SARS-Cov-2 assembly and No No Yes
annotation
SARS-CoV-2 variant tracking No No Yes
Similar genome finder Yes No Yes
Meta-CATS No Yes Yes
Whole genome alignment Yes No Yes
Primer design No Yes Yes
Gene tree (user-selected No Yes Yes
genes/proteins)
Proteome comparison Yes No Yes
Taxonomic classification Yes No Yes
Metagenomic binning Yes No Yes
RNA-Seq analysis Yes No Yes
Fastq utilities Yes No Yes
Command line interface Yes No Yes

consensus sequence is then annotated using VIGOR4
(13), which calls all the open reading frames and mature
peptides. Finally, lineages are called using PANGOLIN
(https://cov-lineages.org/resources/pangolin.html). All
privately annotated genomes are indexed in the BV-BRC
Solr database and can be compared to genomes in the
public collection.

SYSTEM ARCHITECTURE AND INFRASTRUCTURE

The merger of PATRIC, IRD and ViPR to form the BV-
BRC has required considerable engineering of the back-

end environment to maintain the data and functionality
of each of the original resources and to adapt to the re-
sulting increase in user volume. Preexisting user accounts
have been seamlessly merged into a unified private BV-BRC
workspace environment. Updates to the backend comput-
ing environment have provided rapid web browsing and ef-
ficient and equitable turnaround times for user-submitted
jobs. Software engineering was also required to create an
environment where the underlying software from all ser-
vices can be run harmoniously on different operating sys-
tems, as well as being FAIR compliant (53). The overall BV-
BRC system consists of several key components including
the database, workspace, application framework, authenti-
cation service, and command line interface.

Database

The BV-BRC database provides a highly scalable and effi-
cient system for the storage, management, search, and re-
trieval of all structured data and related metadata. The
BV-BRC data model unifies the data models that were
previously used by the PATRIC and IRD/ViPR systems
to support a variety of bacterial and viral data types,
including genomes, genomic features (genes, RNAs, pro-
teins, mature peptides, etc.), transcriptomics, protein func-
tions, metabolic pathways, protein families, domains, pro-
tein structures, etc. It also supports data types that are
of special interest for epidemiological analysis, such as se-
quence typing, pathogen-specific clade and lineage assign-
ments, AMR genotypes and phenotypes, surveillance data,
immune epitopes, and serology data. The data model uses
community-accepted data and metadata standards (54) and
is highly extensible to support new data types and evolving
metadata standards.

The database system is implemented using the state-of-
the-art open-source indexing platform, Apache Solr. The
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database instance is hosted using a distributed SolrCloud
architecture to meet high performance and scalability re-
quirements. The database has 38 collections, and each col-
lection has two or more replicas. The largest collection,
“genome_feature”, which hosts the genes and proteins from
all the genomes in BV-BRC, has more than 6.1 billion
records. As of August 2022, the BV-BRC SolrCloud con-
sists of 24 Solr instances hosted on over six machines, each
with Xeon(R) Gold 6248 CPU @ 2.50GHz processors, 80
compute cores, 790GB memory, and 10TB SSD.

Workspace

The BV-BRC workspace provides bulk data upload, stor-
age, and download services for private user data and anal-
ysis results and allow users to share data with their collab-
orators or make it public. The same workspace service has
been successfully used in PATRIC for over 10 years and cur-
rently hosts over 225 TB of private user data. The data stor-
age for the workspace utilizes a NetApp FAST8040 network
storage appliance configured with 1.4 petabytes of storage;
access to this storage is provided via a Shock service (595).
The metadata storage for the workspace is provided via
a replicated MongoDB database server. The workspace is
accessible using an interactive web browser, programmatic
APIs, or an FTP gateway. The data stored in the workspace
is private to the owner of the data. The owner can grant
or revoke access to the data to other users or make it
public.

Application framework

The BV-BRC application framework is a modular and
extensible microservice architecture for integrating high-
throughput analysis services, such as genome assembly, an-
notation, multiple sequence alignment, phylogenetic trees,
etc. The application framework runs on a model of asyn-
chronous computation to support all non-trivial analyses,
from quick BLAST (46) searches to multi-day metagenomic
analyses. These computations are modeled as tasks; each
task has a set of parameters encoded in a compact tex-
tual form. The parameters define the inputs to the task
(which come from the BV-BRC workspace, from the BV-
BRC Solr database, or directly from external sources such
as the NCBI Sequence Read Archive), the location for the
outputs in the BV-BRC workspace, and any required appli-
cation parameters. The tasks are managed by a scheduler
that maintains metadata about the tasks (ownership, exe-
cution status, runtime and memory use for completed jobs,
application used, task parameter data, etc.) and schedules
the jobs for execution.

By default, a local computational cluster is used as the
backend for the task scheduler. The cluster is comprised of
a collection of standard Linux servers ranging in processor
size from 8 to 128 cores, with available memory from 16 GB
to 768 GB. During typical load times, the system has ~24
nodes and 3166 cores allocated. The cluster is managed by
a SLURM scheduler (56); a module in the task scheduler
submits task instances to the SLURM scheduler as job re-
quests. The SLURM scheduler is configured to support fair-
share allocation to enable users to submit many jobs to the

BV-BRC without preventing job allocation to other users.
It is also configured with fast-run queues to enable quick
turnaround for small jobs.

The BV-BRC analysis backend is enabled by two key
technologies. The first is the BV-BRC workspace. Our abil-
ity to enable transfer of input data from the workspace to
the compute node and results from the compute node back
to the workspace frees the compute environment from any
tight binding to specific shared resources such as network
filesystems. The second is our use of Singularity contain-
ers (57) to encapsulate the software environment required
for the analysis. The analysis backend is comprised of code
from multiple modules, each managed as an independent
module in our GitHub repository (https://github.com/BV-
BRC). The BV-BRC build system provides the integration
logic to combine these multiple modules into a single de-
ployable system. The BV-BRC developers can deploy this
system on their own machines to do testing; for production,
the build system creates Singularity containers from the
modules. These containers are subject to a rigorous qual-
ity assurance process, and when they pass, they are config-
ured in the scheduler to be used first in our alpha and/or
beta test systems. When we have final approval from our
test users, the container is promoted to be the new produc-
tion backend. The use of containers also isolates the anal-
ysis code from the Linux distribution and version found
on the compute nodes. This enables the seamless alloca-
tion of additional compute resources when job volumes are
high.

Website and authentication

The BV-BRC website provides interactive access to the pub-
lic and private data, user workspace, analysis services, and
visual analytics tools. The website is developed using a
JavaScript/Node.js stack and other modern web technolo-
gies. It utilizes OAuth 2.0 bearer tokens to provide au-
thorized access to private data. The authentication service
manages a user database and allow users to request the cre-
ation of a token given a username and password pair using
a REST APL

Application programming and command-line interfaces

While many users access the BRC resources only through
the BV-BRC website, there are users who prefer to use
these resources via a programming interface. The BV-BRC
Data API provides programmatic access to all the in-
dexed data hosted in the BV-BRC database via easy-to-
use REST API (https://www.bv-brc.org/api/doc/). The BV-
BRC Command-line Interface (CLI, https://github.com/
BV-BRC/BV-BRC-CLI/releases) provides command line
access to all the public and private data as well as analy-
sis services. We maintain and distribute CLI Toolkits for
Mac, Windows, and Linux operating systems that expose
command line programs to access all the data managed by
the BV-BRC Solr database, including private user data, al-
low batch upload and download of the data to and from
the BV-BRC workspace, and enable batch submissions for
analysis services.
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LEARNING TO USE THE BV-BRC

The BV-BRC team provides a variety of educational mate-
rials so that users may become proficient at using the tools
that are available in the resource. Extensive help documen-
tation (https://www.bv-brc.org/docs/) provides access to ref-
erence guides and tutorials describing how to use website
tools, each service, and the command line. Tutorial links
are also provided on the landing page of each service, along
with information guides stepping the users through the in-
puts for each job. The BV-BRC team regularly conducts we-
binars and in-person workshops that are open to the pub-
lic and are often recorded and placed under the “Webi-
nars and Videos” link on the website and available from
the BV-BRC YouTube channel (https://www.youtube.com/
¢/BVBRC). The webinars and workshops are usually driven
by a research theme, with the intention of covering as much
of the functionality of the resource as possible. We have also
developed a bacterial bioinformatics Massive Online Open
Course (MOOC) course that teaches the fundamentals of
bacterial bioinformatics while stepping students through
analyses on the resource (https://www.coursera.org/learn/
informatics). At the time of writing, the bacterial MOOC
has had over 7000 registrants.

For individuals seeking help with specific job submis-
sions, there is a ‘Report Issue’ link for each job on the jobs
page. This link generates a structured form reporting the
necessary information for tracking problems with the job.
There is also a ‘Rerun’ button that will reload the submis-
sion page with the previously submitted data and selections,
allowing the user to adjust their original job parameters
rather than starting from scratch. The BV-BRC also now
provides a service suggestion tool for groups of data in the
workspace. Clicking on this will provide a list of possible
tools and services that can be deployed for the grouped data
set. For individual help with more general issues, users can
contact the team directly under the ‘Contact Us’ link under
the ‘About’ tab, and the query will be routed to the appropri-
ate team member with the expertise to answer the question.

FUTURE DIRECTIONS

There are several tasks remaining in the merger of PATRIC,
IRD and ViPR that are required for providing complete
cross functionality for bacterial and viral analyses, which
will be the focus of efforts over the next year. For example,
the original PATRIC Compare Regions and Protein Family
Sorter tools use protein families to compare sets of orthol-
ogous genes, and the original PATRIC Phylogenetic Tree
service uses protein families to build concatenated align-
ments. In order to make these tools work for viruses, we will
be updating our protein family generation algorithm (58)
to incorporate the Strict Ortholog Groups concept (59,60)
and recomputing protein families to accommodate the viral
genomes (58). We will also begin incorporating predicted
protein structures for select bacterial and viral reference
genomes using AlphaFold (61). The Genome Assembly ser-
vice is another example where coverage is incomplete. Since
this tool was developed out of PATRIC, the focus had been
on de novo assembly of reads from whole genome shotgun
sequencing. However, amplicon sequencing with reference-
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guided assembly is often more useful for studying viruses,
so the assembly service will be updated to better accommo-
date common viral assembly protocols. We are also working
to harmonize metadata and browsing, including curating
host metadata and other metadata fields. This in turn will
fuel the development of comparative analysis tools, such as
those that rely on artificial intelligence techniques, to bet-
ter leverage the metadata collection. Additional efforts, in-
cluding the generation and curation of new protein anno-
tations in the SEED, integration of antimicrobial resistance
metadata, further development of tools and visualizations
for aiding in the SARS-CoV-2 pandemic, and providing ed-
ucation and outreach are important tasks that we continue
to carry forward.

DATA AVAILABILITY

All data and links to the FTP site and command line in-
terface tools can be found on the BV-BRC website, https:
/Iwww.bv-brc.org/. All project code can be found at our
GitHub repo, https://github.com/BV-BRC.
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