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ABSTRACT

The Genomes OnLine Database (GOLD) (https://
gold.jgi.doe.gov/) at the Department of Energy Joint
Genome Institute (DOE-JGI) continues to maintain
its role as one of the flagship genomic metadata
repositories of the world. The ever-increasing num-
ber of projects and metadata are freely available to
the user community world-wide. GOLD’s metadata is
consumed by scientists and remains an important
source for large-scale comparative genomics anal-
ysis initiatives. Encouraged by this active user en-
gagement and growth, GOLD has continued to add
new components and capabilities. The new features
such as a public Application Programming Interface
(API) and Ecosystem landing page as well as the
growth of different entities in this current GOLD v.9
edition are described in detail in this manuscript.

INTRODUCTION

Genomes OnLine Database (GOLD) is a web-based re-
source that hosts a wealth of information from sequencing
projects from all over the world. GOLD’s humble begin-
nings can be traced to 6 projects in an Excel spreadsheet
on a personal computer back in 1997. The first published
version of the database contained 20 complete genomes that
were organized as a flat file (1). Today, 25 years later, GOLD
has transformed into a relational database with web inter-
face and Application Programming Interface (API) access
to its curated metadata. Starting in 1999, we have published
the developments and growth of the database periodically in
several journals. The GOLD statistics page (https://gold.jgi.
doe.gov/statistics) provides more detailed information on
the growth of different types of projects over time.

A lot has changed in the sequencing world in these past
25 years. The explosive growth in the sheer volume of se-

quences has been astounding (2,3). To keep up with this in-
crease in the number and diversity of genomes, the GOLD
database has also evolved significantly (4–6). What has not
changed is GOLD’s commitment to provide this informa-
tion without any restrictions and by adhering to FAIR
(Findable, Accessible, Interoperable, and Reusable) prin-
ciples (7). GOLD continues to promote and comply with
community-driven standards (8) including Minimum Infor-
mation about any (x) Sequence (MIxS) standards (9), those
for single amplified genome (MISAG) and a metagenome-
assembled genome (MIMAG) of bacteria and archaea (10)
as well as standards for uncultivated viral genomes (MI-
UViG) (11). GOLD users have always been able to freely
access the user-interface (UI), interact with its advanced
search features, and download standardized metadata rel-
evant to their field of research.

Genomic data sharing and comparative analyses advance
all forms of research. When the data is accompanied by
well-curated metadata, it leads to new discoveries and bet-
ter insights. For example, the COVID-19 pandemic that has
disrupted our lives in unimaginable ways over the last cou-
ple of years (12) has led to one of the most expansive efforts
in viral genome sequencing across the world. And the fact
that each new sequence has been accompanied with a cu-
rated set of metadata, such as the viral host, health condi-
tion, geographic location of isolation and more, has dras-
tically enhanced the usability of the data. Along with the
intricacies of identifying and tracking viral mutations, ac-
curate recordkeeping of associated metadata has been in-
strumental in developing appropriate epidemiological re-
sponses. Unavailability, inaccuracies, and mismanagement
of metadata can be detrimental and have far-reaching ef-
fects especially during public health emergencies like the
COVID-19 pandemic (13,14). Thus, the importance of a
large-scale, manually curated metadata management sys-
tem such as GOLD cannot be overstated. Below we describe
GOLD’s data management system and new updates in the
last two years.
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DATA MANAGEMENT

GOLD is comprised of various components that interop-
erate to enable the browsing and searching of curated mi-
crobiome metadata from around the world. It serves as
a public facing metadata hub for Joint Genome Institute
(JGI) by providing services to support processing, analysis,
and publication of (meta)genomic data. GOLD’s metadata
can also be downloaded in Excel format or accessed via a
public API, to be discussed in more detail in later sections
of this manuscript. Projects and their metadata get added
to GOLD using a combination of automated and manual
steps. They are imported through one of the following three
routes: (Figure 1) (i) samples sequenced at JGI through one
of its science programs; (ii) projects imported from public
repositories such as GenBank (15) and SRA (2); and (iii)
projects added manually by GOLD users in order to get
their sequences annotated from the Integrated Microbial
Genomes (IMG) data management system (16). Having a
project defined in GOLD along with all the required meta-
data is a necessary step before any sequence can be submit-
ted to IMG for annotation.

GOLD’s underlying codebase is written in a combina-
tion of Java, Python, Perl and Bash programming lan-
guages. The website and APIs run inside Apache Tom-
cat containers and use public web frameworks, such as
Google Guice, Spring, and various Hibernate-related tech-
nologies. GOLD’s search and browsing capabilities are han-
dled by the Apache Lucene search engine. GOLD’s in-
ternal components include a suite of Extract-Transform-
Load (ETL) processes that ingest data from various sources.
These processes can be broadly divided into three sepa-
rate stages: (i) Extraction phase: Software pipelines process
metadata from external repositories like NCBI and inter-
nal JGI sources. GOLD’s website also allows users to sub-
mit their own private data to GOLD for analysis in JGI’s
systems such as IMG and MycoCosm (17), to name a few.
(ii) Transformation phase: Since data originates from differ-
ent sources, it tends to have its own unique terms and orga-
nization (i.e. a unique schema). Before such data can be im-
ported into GOLD, these different schemas must be trans-
lated into a single unified schema. This is done through a
set of automated and semi-automated pipelines, as well as
by manual curation. (iii) Loading phase: In this phase, the
unified data is loaded into GOLD’s Oracle database to be
consumed by users.

CURRENT STATUS

GOLD data has increased significantly over the past years
to keep up with the growth in genome sequencing initia-
tives worldwide. As of August 2022, there were 54 052 Stud-
ies in GOLD, representing an increase of 18% since the
last release in September 2020. The number of Sequenc-
ing Projects (SP) and Analysis Projects (AP) has also gone
up substantially. Currently, GOLD has 485 203 SPs, out
of which 308 000 are isolate genome and transcriptome
projects spread across bacteria (67%), eukaryotes (28%),
virus (4.2%) and archaea (0.8%), followed by 149 642
metagenome and 27 560 metatranscriptome projects. The
latest release also contains 368 875 APs in GOLD, repre-

senting over a 36% increase compared to the previous re-
lease. Approximately 42% of these APs have been submit-
ted to IMG and have an IMG Taxon OID. Around 61.5%
of the APs are for individual genomes while 38% of them
are for metagenomes and metatranscriptomes, and the re-
maining 0.5% are combined assembly APs. There are 174
363 Biosamples in GOLD distributed across Environmental
(43%), Host-associated (47%), and Engineered (9%) ecosys-
tems. The number of GOLD Organisms has grown to 468
058, a 21% increase over the previous release. This can be
largely attributed to the import of over 30 000 organisms
with a rich set of metadata from Bacdive (18).

RESEARCH SUPPORTED BY GOLD METADATA

Metadata plays an important role in genomic data anal-
ysis by providing better correlations, interpretations, and
insights into the analyzed data. Well curated metadata
thus promotes large scale comparative genomic studies and
new hypothesis testing, which otherwise would not have
been possible. Here, we would like to highlight a select
few publications that leveraged GOLD curated metadata.
Edgar et al. (19) used virus host metadata from GOLD
to characterize novel viruses and pinpoint their environ-
mental reservoirs. Specifically, the authors studied genetic
diversity of the Coronaviridae family to identify possi-
ble animal to human transmission routes. Vuong et al.
(20) were analyzing the distribution of potential PHA-
producing bacteria and archaea in various environments.
For this goal, the authors used genome mining methods
along with GOLD metadata––specifically, the taxonomic
and ecological (ecosystem classification) ones. The meta-
data available in GOLD helped the researchers to find which
classes of the PHA synthases (PhaC) had a diverse distri-
bution. In another recent study, Yadav et al. (21) combined
ecological distribution metadata from GOLD’s ecosystem
classification to investigate metabolic and ecological mark-
ers of the UBA6911 Acidobacteria family.

NEW DEVELOPMENTS

In the past two years, the GOLD group has implemented
several new features, some of which are described below.

Expanded download file

In order to facilitate easy access to GOLD’s growing list
of projects and metadata, a dedicated ‘Downloads’ sec-
tion was added to our home page. Users can download
four separate files, each containing an export of different
types of public GOLD data along with a preselected list
of key metadata fields. These downloadable files are up-
dated daily and have been popular among our users. In re-
sponse to user requests, over the past couple of years, we
have significantly expanded the list of available metadata
fields that can be downloaded. Twenty-eight new metadata
fields were added to the download file containing a public
list of GOLD organisms; organism host name, sporulation,
salinity, and motility were some of the metadata fields that
were most requested. Similarly, genome publications asso-
ciated with GOLD projects and data utilization status for
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Figure 1. Overview of GOLD system and processes. Application components of GOLD system consisting of Oracle database and front and backend
components.

JGI sequenced genomes were two of the additional fields
that were added to the download file.

Downloadable search result upgrades

Fulfilling the goals of the future plans section of the pre-
vious GOLD publication (6), we have made two important
changes to our search result downloads: (i) in GOLD v.9,
users can download additional 10 000 rows of their search
results for a total of 30 000 records. (ii) We have doubled the
storage capacity, and users now have access to their search
results for 4 weeks instead of 2 weeks in the earlier version.

Importing NCBI RefSeq viruses

Importing viral genomes from NCBI has been a long-
standing challenge since NCBI virus projects and sequences
do not always have the NCBI/GenBank accessions that are
standard for isolate genomes. To include the growing num-
ber of viral sequences into GOLD and IMG, we designed
a separate NCBI virus import process to circumvent the

above challenges. As a result, we are now able to track all
the viral genomes from NCBI’s Reference Sequence (Ref-
Seq) (22) collection, and add them to the database on an
ongoing basis.

API

The GOLD API module was designed to provide users with
a programmatic way of accessing GOLD’s metadata in a se-
cure and reliable manner (Figure 2). Metadata can be re-
trieved in JavaScript Object Notation (JSON) format for
all five of GOLD’s entities by referencing their associated
GOLD IDs. The API also includes a website to handle user
actions, such as signing in using JGI’s Single Sign On sys-
tem, generating offline tokens to authorize programmatic
access to the API’s metadata, as well as viewing the devel-
oper’s manual and API documentation.

GOLD API uses Spring Boot 2.0 (https://spring.io/
projects/spring-boot/#overview), a widely used framework
for building RESTful web services. Its auto-configuration
feature shortens code length and reduces boilerplate code,
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Figure 2. Schematic representation of GOLD API implementation.

making web application development faster and easier.
API’s Data Access Layer is implemented using Spring Data
JPA on top of Hibernate ORM. Spring Data JPA pro-
vides enhanced support, such as dynamic query derivation
from repository method names, reduced boilerplate code
for CRUD operations, pagination, sorting, and auditing.
API’s authentication layer leverages JGI’s Keycloak Single-
Sign On system which acts as a centralized authentication
server that provides and validates tokens for API users to
access the API’s endpoints. Spring Boot Actuator is used to
monitor the API and gathers metrics, traffic, and health in-
formation of the running application. API documentation
is implemented by using Swagger (OpenAPI 3) technology
(https://swagger.io/specification/). Not only does it provide
detailed schema information for consuming the API’s data,
but it also allows developers to interactively try out the API
using a web browser.

MIxS Packages

Users entering a GOLD Biosample or Organism can either
select the standard list of fields or choose from one of the
following eight environmental packages: Soil, Water, Sedi-
ment, Plant, Microbial Mat, Hydrocarbon Core, Hydrocar-
bon FS, or Host-Associated package. The Host-Associated
package was added in the most recent version of GOLD.

This package has 48 new metadata fields including 2 new
controlled vocabulary (CV) fields. All these environmental
packages were updated to comply with the updated fields
from the current MIxS v. 6.0.

Ecosystem Landing Page

GOLD’s five-tiered Ecosystem Classification system was
originally developed to systematically classify metagenome
samples (23) in an ecosystem-diverse manner not avail-
able from any of the other metadata ontology systems. Ac-
cordingly, while it does bear some similarities to the Envi-
ronmental Ontology (ENVO) (24) and Earth Microbiome
Project Ontology (EMPO) (25) classification systems, it dif-
fers in several aspects, such as in simplicity and adaptabil-
ity. GOLD’s ecosystem terms are not meant to be exhaus-
tive and do not include all possible paths from a particu-
lar environment. Instead, the system contains a finite list
of terms that cover environmental attributes from the sam-
ples that are entered. Periodically, the terms are reviewed
and updated as more and more samples from novel envi-
ronments are curated. New and existing users who are in-
terested to know more about the Ecosystem Classification
can access our new ecosystem landing page (https://gold.jgi.
doe.gov/ecosystem classification) to learn about the differ-
ent ecosystem terms and explore distinct classification paths
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with examples. GOLD’s Ecosystem Classification is, how-
ever, the most diverse and inclusive habitat classification
system to date, and remains unique in integrating environ-
mental, host-associated, and engineered habitats in a single
ontology. Accordingly, the top level consists of three broad
Ecosystem terms: ‘Environmental’, ‘Engineered’ and ‘Host-
Associated’. Each of them is further subcategorized into
subsequent levels called Ecosystem Category, Ecosystem
Type, Ecosystem Subtype and Specific Ecosystem to cap-
ture more details about the sample environment. For exam-
ple, a sample isolated from a leaf nodule will have a GOLD
Ecosystem Classification of Host-Associated: Plants: Phyl-
losphere: Phylloplane/Leaf: Leaf Nodule (Figure 3).

Type strains in GOLD

A bacterial or archaeal type strain is the strain used when
a species is first reported, described, and officially named,
following regulations of the International Code of Nomen-
clature of Prokaryotes (26). It serves as the cultured repre-
sentative strain for its species and acts as an important tax-
onomic marker in the prokaryotic tree of life. By principles
of nomenclature (27) as well as DNA:DNA hybridization
and Average Nucleotide Identity (ANI) comparisons (28),
no two type strains can be exactly similar to each other. As
a result, studying the individual genomic sequences and as-
sociating them to their metabolism and phenotypes is very
important. On its homepage, GOLD maintains a type strain
tracker, which is reviewed and updated regularly. Users can
click on individual type strain organisms and look at their
respective metadata, access the list of type strains with IMG
annotations, or view the projects imported from GenBank.
As of August 2022, there are over 27,000 type strains in
GOLD, including coidentical strains that have their respec-
tive type materials deposited in separate culture collections.

Updated help page

GOLD’s help page (https://gold.jgi.doe.gov/help) is fre-
quently used by new and returning users to learn about
different GOLD entities; it also teaches them how to en-
ter one’s own projects or to send a message to our techni-
cal team. The main landing page has five subsections: (a)
GOLD Documentation, (b) Contact us with Feedback or
Questions, (c) GOLD Terminology, (d) Frequently Asked
Questions and (e) Trainings and Workshops. All these sec-
tions are routinely updated to add new information, based
on user feedback. For example, the section on Trainings and
Workshops is a completely new addition in the current re-
lease. It has links to a video tutorial that gives an overview
of GOLD and provides step-by-step directions on how to
enter different types of sequencing and analysis projects.

FUTURE DEVELOPMENT PLANS

The developments in microbial and microbiome research,
both in terms of the volume of the data generated and the
availability of novel computational and visualization tools,
makes the need for curated metadata more relevant than
ever. To support the needs of the research community, we
plan to continue to curate and integrate projects from di-
verse environments and sources. This will include sourcing

metadata and collaborating with the research community
and other resources.

Expand access to metadata

We plan to expand the metadata fields in our download file
and in our public API application, based on the user re-
quests.

Collaborations

We closely work with two other DOE-funded projects such
as National Microbiome Data Collaborative (NMDC) (29)
and DOE Biology Knowledgebase (KBase) (30) in meta-
data curation, establishing metadata standards, and sample
metadata exchange. We plan to further extend collaborative
efforts in these areas of metadata curation, sharing, and en-
richment.

‘How To’ short videos

As recommended by our Prokaryote Advisory Committee
overseeing our program, we plan to develop short how-to
videos to help our users in entering and updating metadata
in GOLD. This will be in addition to the help pages and
full-length help video we currently have available.

Environmental packages

As described above, we updated all our existing MIxS pack-
ages to version 6. We plan to include additional packages
such as Built-environment, Human-associated, and Agri-
cultural Microbiome packages in the near future.

Equivalent strains and metadata propagation

It is very common to have a strain deposited in multiple
culture collections with distinct culture collection IDs. Type
strain designation requires the strain be deposited in at least
two culture collections. So, the proliferation of equivalent
strains not only results in multiple taxonomies but also re-
sults in the variation or omission of metadata from one en-
try to the other. To address this, GOLD organizes equiv-
alent strains into a single organism group and propagates
metadata from one strain to another within that group. This
is an ongoing process, and we continue to curate equivalent
statins and enrich metadata through propagation.

Integration of Isolate and MAG taxonomy information form
GTDB-tk

The Genome Taxonomy Database (GTDB) establishes a
standardized microbial taxonomy based on genome phy-
logeny (31). Genomes used for phylogeny construction in-
clude those from GenBank as well as genomes of uncul-
tured microorganisms obtained from metagenomes and sin-
gle cells to ensure improved genomic representation of the
microbial world. GOLD plans to develop stronger links
with the GTDB, including the import and curation of new
uncultured organisms proposed as type material.
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Figure 3. A select list of GOLD’s 5-level ecosystem classification paths.

SeqCode

As new community initiatives, such as SeqCode (32), be-
come widely accepted, GOLD plans to adapt the pro-
posed nomenclatural code for uncultivated prokaryotes
with DNA sequences as type. This implies that as new un-
cultured organisms are sequenced and proposed as type
strains, GOLD will expand its type strain catalog to include
these new entries.

DATA AVAILABILITY

Genomes Online Database (GOLD) is freely available at the
following URL: https://gold.jgi.doe.gov.
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