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Genome data of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is essential for virus diagnosis,
vaccine development, and variant surveillance. To archive and integrate worldwide SARS-CoV-2 genome data,
a series of resources have been constructed, serving as a fundamental infrastructure for SARS-CoV-2 research,
pandemic prevention and control, and coronavirus disease 2019 (COVID-19) therapy. Here we present an over-
view of extant SARS-CoV-2 resources that are devoted to genome data deposition and integration. We review
deposition resources in data accessibility, metadata standardization, data curation and annotation; review inte-
grative resources in data source, de-redundancy processing, data curation and quality assessment, and variant
annotation. Moreover, we address issues that impede SARS-CoV-2 genome data integration, including low-
complexity, inconsistency and absence of isolate name, sequence inconsistency, asynchronous update of gen-
ome data, and mismatched metadata. We finally provide insights into data standardization consensus and data
submission guidelines, to promote SARS-CoV-2 genome data sharing and integration.
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1. Introduction

The genome data of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), including both genome sequences and the relevant
metadata, play essential roles in the design of effective molecular diag-
nostic tests [1,2], preparation of efficient vaccine [3,4], accurate tracing
of the origins and transmission of the outbreak [5-7], and development
of efficacious therapeutics [8-10]. Since the outbreak of the coron-
avirus disease 2019 (COVID-19) in late 2019, genome sequences of
SARS-CoV-2 have been generated by a large number of laboratories
around the world at an unprecedented rate. As of June 2023, over 16
million SARS-CoV-2 genome sequences from 193 countries/regions
have been available to the researchers according to RCoV19 (formerly
known as 2019-nCoVR) [11]. Particularly, the United States and United
Kingdom have contributed more than 50% of the total sequences.

Given the rapid data generation along with the duration of the pan-
demic, resources dedicated to SARS-CoV-2 genome data collection and
integration continue to increase in importance. These resources could
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be broadly classified into two categories, viz., those devoted to data
deposition, and those that feature genome data integration and
value-added curation. Two representative repositories for data deposi-
tion are GenBank at National Center for Biotechnology Information
(NCBI) [12], part of International Nucleotide Sequence Database Col-
laboration (INSDC) [13], and EpiCoV™ at Global Initiative on Sharing
All Influenza Data (GISAID) [14]. Both serve as indispensable
resources for fast deposition and dissemination of SARS-CoV-2 genome
data among the scientific community. However, there is no clear evi-
dence that GenBank (unrestricted access) and EpiCoV™ (restricted
access) publicly exchange SARS-CoV-2 genome data with each other.
Therefore, it is highly desired to integrate a comprehensive list of
worldwide SARS-CoV-2 sequences with appropriate metadata, to sup-
port pandemic prevention and control. Towards this end, integrative
resource such as RCoV19 was launched to integrate genome data, offer
cross-references between different data sources, and provide system-
atic variation annotation and lineage monitoring of SARS-CoV-2
[11]. Also, ViruSurf was built to provide an integrated search of meta-
data and sequence variants over multiple sources in an effective and
scalable way [15]. However, ViruSurf has not been updated since
2022.

Despite the significant efforts made by the existing resources in col-
lecting and integrating SARS-CoV-2 genome data, important issues
remain around data standardization and consistency, and connections
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between different resources are not always seamless. While the pan-
demic is ongoing with new Omicron subvariants (e.g., BA.4, BA.5,
BQ.1.1, and XBB) emerging and becoming globally dominant
[16,17], a central collection of data or interoperability among
resources is critically important for fostering a better understanding
and promoting new discoveries related to SARS-CoV-2. Here, we
review the progress made by existing resources for SARS-CoV-2 gen-
ome data, discuss their limitations, and point out challenges ahead
in terms of data distribution and sharing. We also propose appropriate
frameworks for efficient data integration to provide new insights into
SARS-CoV-2 data collection and pave the way for studying possible
future pandemics.

2. SARS-CoV-2 genome data deposition and standardization

The repositories for SARS-CoV-2 genome data deposition are
mainly designed to accept the original data submitted by users, issue
accession numbers for the genome sequences, and standardize the
sequences as well as related metadata for further research. A total
number of seven repositories have been developed to collect SARS-
CoV-2 genome data, including GenBank at NCBI [12], European
Nucleotide Archive (ENA) at EMBL's European Bioinformatics Institute
(EMBL-EBI) [18], DNA Data Bank of Japan (DDBJ) at National Insti-
tute of Genetics (NIG) in Japan [19], EpiCoV™ at GISAID [14], Gen-
Base at National Genomics Data Center (NGDC) [20], China National
GeneBank DataBase (CNGBdb) at China National GeneBank (CNGB)
[21], and Novel Coronavirus National Science and Technology
Resource Service System (hereafter referred to as NCNSTRSS for con-
venience) at National Microbiology Data Center (NMDC) (Fig. 1). It
should be noted that GenBank, ENA, and DDBJ are INSDC member
databases, and they employ unique accession prefixes (https://www.
ncbi.nlm.nih.gov/genbank/acc_prefix/) to denote their individual data
sources. The member databases collect data under INSDC policies, and
exchange data daily to keep the identical information and represent
the complete INSDC collection [13]. For conveniences, GenBank will
be used hereafter to represent all three INSDC databases. GenBase,
CNGBdb, and NCNSTRSS are constructed by separate data centers in
China for individual demands. However, unlike INSDC members, these
databases or data centers do not share data amongst one another.

2.1. Data accessibility

Most of these deposition repositories are public and open to all
users (Table 1). Among these resources, GenBank archives SARS-
CoV-2 sequences of genomes, other nucleotides, and proteins [22],
and NCBI Virus serves as a customized search engine to support retrie-
val, display and analysis of GenBank SARS-CoV-2 datasets [23]. In line
with GenBank, GenBase was released in 2023 to take over Genome
Warehouse [24], to accept submissions of SARS-CoV-2 sequences in
NGDC. As of June 19, 2023, the total INSDC collection included
7,115,780 SARS-CoV-2 nucleotide sequences (GenBank 3,541,157,
ENA 3,557,035, DDBJ 1,479 sequences through direct submission;
with the remaining 16,109 sequences derived from genome project
data, patents, and other sources); GenBase accommodated 19,795
SARS-CoV-2 genome sequences. In addition, CNGBdb [21] and
NCNSTRSS have collected a small number of 87 and 305 SARS-CoV-
2 genome sequences respectively. Different from the public open
repositories, data are restricted in EpiCoV™, which requires registra-
tion for data acquisition and application for data sharing [14]. Epi-
CoV™ has hosted the largest number of SARS-CoV-2 nucleotide
sequences (15,694,915 as of June 19, 2023).

2.2. Metadata standardization

Deposition repositories play a crucial role in standardizing SARS-
CoV-2 genome metadata (Table 1). These metadata typically include
virus details (virus name, accession ID, passage details/history), sam-
ple information (collection date, location, host, outbreak detail, sam-
pling strategy, specimen source, originating lab), patient information
(gender, patient age, patient status, last vaccinated, treatment),
sequencing and assembly information (sequencing technology, assem-
bly method, coverage), and submission information (submitter, sub-
mission date, address, submitting lab). EpiCoV™ has provided the
most comprehensive meta information by including all these sections
and items, while the remaining resources provide little clinical infor-
mation. The SARS-CoV-2 isolate name format recommended by Inter-
national Committee on Taxonomy of Viruses, “SARS-CoV-2/host/
location/isolate/date” [25], is adopted by both GenBank and GenBase,
while EpiCoV™ uses the format of “hCoV-19/location/isolate/date”. In
terms of sequence changes, both INSDC member databases and Gen-
Base use accession.version format to assign identification numbers. If
there is any change to the sequence data, the version numbers will
be incremented accordingly.

2.3. Data curation and annotation

The deposition repositories provide essential curations and analysis
(Table 1). EpiCoV™ evaluates sequence quality based on three aspects:
N, Gap, Coverage. GenBank and GenBase assess nucleotide complete-
ness. GenBank and GenBase provide links to raw data and related pub-
lication. Furthermore, GenBank and EpiCoV™ assign Pango lineages
for genome sequences. Aside from basic curation and annotation, each
repository offers unique annotations and tools. GenBase, CNGBdb, and
NCNSTRSS provide BLAST tools for sequence retrieval, while GenBank
offers gene annotations with its virus genome annotation pipeline, and
provides tools for multiple alignment, phylogenetic tree construction
and BLAST. Notably, EpiCoV™ offers amino acids variations, as well
as global phylogeny, genome diversity, and emerging variants analysis
and visualization.

3. SARS-CoV-2 genome data integration and curation

To provide a comprehensive collection of worldwide SARS-CoV-2
genomes and perform value-added curations and analysis, several
databases have been built, including CoV-Seq, RCoV19, VirusDIP,
and ViruSurf (Fig. 1). Databases that rely solely on one primary data
source have not been included in this review. These integration
resources are different in data sources, curation strategies, and varia-
tion analysis (Table 1). VirusDIP is a one-stop service platform for
virus data archive, integration, and analysis [26]. CoV-Seq is an inte-
grated web server for SARS-CoV-2 genome data visualization and anal-
ysis [27]. ViruSurf is an integrated database to enable effective search
over large and curated sequence data from heterogeneous sources
[15]. RCoV19 is a comprehensive database for global landscape of
SARS-CoV-2 genomes, mutations, and haplotypes [28]. It is noted that
RCoV19 and VirusDIP provide daily updates. As of June 19, 2023,
RCoV19 and VirusDIP accommodated genome data for 16,182,187
and 15,709,705 SARS-CoV-2 sequences, respectively. However, CoV-
Seq and ViruSurf have not been updated since 2020-09-28 and
2022-01-13, respectively.

3.1. Data source

All of these integration resources integrate genome data from both
GenBank and EpiCoV™ (Table 1). In addition, VirusDIP incorporates


https://www.ncbi.nlm.nih.gov/genbank/acc_prefix/
https://www.ncbi.nlm.nih.gov/genbank/acc_prefix/

206 L. Ma et al. / Biosafety and Health 5 (2023) 204-210

GWH

[EpiCoVTM] [ eEnEEss } [NCNSTRSS] [ CNGBdb ]

8 [ ENA J———[ DDBJ ]
g INSDC

3

8

2

° I\
5

s

g

£

(6]

o

(72}

=

5

®

5

£ CoV-Seq

=

8

VirusDIP

RCoV19

Fig. 1. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) genome data resources and their relationships. SARS-CoV-2 genome data resources fall
into two main categories: those focused on data deposition and those dedicated to data integration. Among the deposition repositories, GenBank (NCBI), ENA
(EMBL-EBI), and DDBJ (NIG) are International Nucleotide Sequence Database Collaboration (INSDC) member databases. They three exchange data on a daily basis
to ensure identical information and represent the complete INSDC collection. In contrast, GenBase (NGDC), CNGBdb (CNGB), and NCNSTRSS (which stands for
“Novel Coronavirus National Science and Technology Resource Service System”) (NMDC) are from separate data centers in China and do not share data with each
other like the INSDC member databases do. Additionally, NCBI Virus functions as a customized search engine for INSDC SARS-CoV-2 datasets. Databases stemming
from the same data center are highlighted with matching fonts and borders. Double arrows illustrate data exchange, while single arrows denote data collection.

data from CNGBdb, ViruSurf includes data from COG-UK (https://
www.cogconsortium.uk/) [29] and NCNSTRSS, CoV-Seq integrates
data from CNGBdb and ENA, RCoV19 collects data from CNGBdb,
NCNSTRSS and GenBase. As a result, RCoV19 has collected the most
comprehensive list of SARS-CoV-2 genomes worldwide, and databases
such as Coronavirus GenBrowser obtains high-quality SARS-CoV-2
variants from RCoV19 to carry out global/local transmission and evo-
lution analysis [28]. It is noted that VirusDIP provides data mirroring
of EpiCoV™, while sequences from EpiCoV™ couldn’t be downloaded
in VirusDIP as well as other related resources due to usage rights.

3.2. De-redundancy processing

Most integration resources perform de-redundancy processing
among different data sources, to provide a non-redundant list of world-
wide SARS-CoV-2 genomes (Table 1). Specifically, ViruSurf identifies
redundancies by comparing strain/isolate names and sequence lengths
[15]; CoV-Seq identifies identical sequences between EpiCoV™ and
INSDC member databases (it is unclear how) [27]; VirusDIP identifies
redundancies that have identical sequences (it is unclear how);
RCoV19 identifies the same genome sequences submitted to different
sources by comparing key meta information (virus name, collection
date, and location) as well as sequences after removing Ns and unify-
ing the letter case. Once redundancies are identified, RCoV19 selects
the first publicly released sequence to represent this genome, cross-
referencing other IDs in the “Related ID” field. However, the remain-
ing resources lack cross-referencing for redundancies.

3.3. Data curation and quality assessment

These integration resources standardize metadata terms, unify data
formats, and assess sequence quality, to facilitate data screening before
downstream analysis (Table 1). RCoV19 and ViruSurf use virus names
and accession IDs of data sources, standardize host terms, and unify
the formats of collection date and location. In addition, ViruSurf pro-
vides sequencing and assembly information (coverage of the raw data,
sequencing technology, and assembly method), calculates GC% and N
%, and determines sequence completeness. RCoV19 assesses sequence

quality in five aspects (Ns, degenerate bases, total gaps, mutation num-
ber, and mutation density), defines high-quality sequences by consid-
ering Ns and degenerate bases, and determines completeness of the
coding region.

3.4. Variation annotation

These integration resources perform variation calling, visualiza-
tion, and monitoring based on data integration and curation. CoV-
Seq and RCoV19 utilize in-house tools to filter out low-quality
sequences and call variants. ViruSurf provides association analysis
between variants and epitopes. RCoV19 offers spatiotemporal dynam-
ics visualization, high-risk variants monitoring, and online analysis
with multiple tools [11,30].

4. Issues on SARS-CoV-2 genome data integration

As noted, most of the databases identify the same sequences sub-
mitted to different sources and perform de-redundancy processing,
based on the comparison of meta information and sequences. How-
ever, data integration is significantly challenged by several factors
such as low-complexity, inconsistency and absence of isolate name,
sequence inconsistency, asynchronous update of genome data, and
mismatched metadata (Table 2, Supplementary Data 1).

4.1. Low-complexity isolate name

A significant proportion of isolate names exhibit low character
diversity or are short in length, which poses challenges in ensuring
their uniqueness. According to our statistics, at least 390,101 genome
sequences use exclusively numerical characters as isolate names, with
at least 82,176 isolate names being fewer than five characters in
length. For instance, 7 genomes (from Iceland, Finland, Croatia, Nor-
way, and Singapore) use “3000” as their isolate names. Furthermore,
at least 38,005 genomes use exclusively alphabetical characters as iso-
late names, such as the isolate name “JFEG” in virus name “SARS-CoV-
2/human/USA/JFEG/2020”.
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Table 1

Resources for SARS-CoV-2 genome data deposition and integration.

URL Data type Data source Virus Sample Patient and Sequence Completeness  Related De- Lineage Variant Update Update Data
detail assembly quality links redundancy annotation frequency  accessibility
GenBank https://www. Genome, Direct Name, Collection date, - Sequencing Submitter, - Complete / Raw data, - Pango - Version Real time Unrestricted
ncbi.nlm. other submission, Accession Location, Host, technology, Assembly Date, Lab partial Publications lineages
nih.gov/genbank/  nucleotide, INSDC D Isolation source method
protein datasets
ENA https://www.ebi. Genome, Direct Name, Collection date, - - Submitter, - - Raw data, - - - Version  Real time Unrestricted
ac.uk/ena/ other submission, Accession Location, Host, Date, Lab Publications
nucleotide INSDC D Isolation source
datasets
DDBJ https://www. Genome, Direct Name, Collection date, - - Submitter, - - Raw data, - - - Version Real time Unrestricted
ddbj.nig.ac.jp other submission, Accession Location, Host, Date, Lab Publications
nucleotide INSDC D Isolation source
datasets
GenBase https://ngdc. Genome, Direct Name, Collection date, Sex, Age, Sequencing Submitter, - Complete / Raw data, - - - Version  Real time Unrestricted
cncb.ac. other submission Accession Location, Host, Status technology, Assembly Date, Lab partial Publications
cn/genbase/ nucleotide, D, Sampling strategy, method
protein Passage Isolation source
details/
history
EpiCoVv™ https://www. Genome Direct Name, Collection date, Gender, Age, Sequencing Submitter, N, Gap, - - - Pango Yes - Real time Restricted
epicov.org/epi3/ submission Accession Location, Host, Status, technology, Assembly Date, Lab Coverage lineages,
frontend#3543d8 D, Outbreak detail, Specimen method, Coverage WHO
Passage Sampling strategy, source, Last label
details/ Specimen source, vaccinated,
history Lab Treatment
CNGBdb https://db.cngb. Genome, Direct Name, Collection date, - Sequencing Submitter, - - - - - - - Real time  Unrestricted
org/virusdip/ other submission Accession Location, Host, Lab technology/platform, Date, Lab
ncov nucleotide, D Assembly method
protein
NCNSTRSS https://nmdc.cn/ Genome, Direct Name, Collection date, - Sequencing Submitter, - - - - - - - Real time Unrestricted
nCoV other submission, Accession Location, Host, technology Lab
nucleotide, GenBank D Isolation source
protein
CoV-Seq https://covseq. Genomes GenBank, Name, Collection date, - - - - - - Identify - Yes - Last Unrestricted
baidu.com/ EpiCoV™, Accession Location redundancies update:
ENA, D 2020-09-
CNGBdb 28
VirusDIP https://db.cngb. Genomes, GenBank, Name, Collection date, - Sequencing Submitter, - - Publication Identify - Yes - Daily Unrestricted
org/virusdip/ proteins EpiCoV™, Accession Location, Host, Lab technology, Date, Lab redundancies
CNGBdb D
ViruSurf https://gmql.eu/ Genomes GenBank, Name, Collection date, Gender Sequencing Date GC%, N% Complete / - Identify Pango Yes - Last Unrestricted
virusurf/, https:// EpiCoV™, Accession Location, Host, technology, Assembly partial redundancies lineage update:
cerilab.deib. COG-UK, D Specimen source method, Coverage 2022-01-
polimi.it/ NCNSTRSS 13
virusurf_gisaid/
RCoV19 https://ngdc. Genomes GenBank, Name, Collection date, Gender, Age - Date, Lab Sequence Complete / Raw data Identify Pango Yes - Daily Unrestricted
cncb.ac.cn/ncov/ EpiCoV™, Accession Location, Host, Lab quality partial redundancies, lineage,
GenBase, D control and and provide WHO
CNGBdb, quality cross- label
NCNSTRSS Assessment references
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Table 2

Issues on SARS-CoV-2 genome data integration.
Type Description Count Statistical time
Low-complexity isolate name Low character diversity 428,106 2022-11-13
Inconsistent isolate name Isolate name inconsistency across different sources 68,802 End of 2022
Isolate name absence Absent of isolate name 3,176,537 2023-04-10
Sequence inconsistency Varying lengths due to different processing 2,756,473 2023-04-07
Asynchronous update Asynchronous update across data sources or between data sources and integration resources 640,092 End of 2022
Mismatched metadata Mismatched names 404 2023-01-11

Note: These data were collected at different points in time and are evidently underestimated. Details for each type could be viewed in Supplementary Data 1.

4.2. Inconsistent isolate name

Inconsistency of isolate naming across different sources is a preva-
lent issue. We discovered at least 68,802 pairs of genomes show differ-
ent isolate names between GenBank and EpiCoV™, despite being
identical genomes sharing the same meta information such as collec-
tion dates, locations, and hosts. Examples of such inconsistencies
include MZ472651.1 (AZ-1773) and EPIISL 2716369 (AZ-ASPHL-
1773), OK549954.1 (CA-SEARCH-104691) and EPI ISL 3373690
(CA-ALSR-104691), and MZ637560.1 (NY-PRL-2021_0205.08D12)
and EPI ISL_ 1041222 (NY-PRL-2021_02_05.08D12), representing the
major categories of “keyword missing”, “keyword variation”, and “for-
mat variation”.

4.3. Isolate name absence

At least 3,176,537 genomes in GenBank lack isolate names, primar-
ily exchanged from ENA and originated from the UK. We sourced their
sample names from BioSample and cross-referenced them with Epi-
CoV™ based on isolate name, collection date, country, and sequence,
ultimately discovering at least 1,882,388 pairs of identical genomes
between GenBank and EpiCoV™. For instance, GenBank sequence
0X243287.1, named “COG-UK/QEUH-3ED15C6” in BioSample, corre-
sponds to EpiCoV™ sequence EPI ISL_13875089, with a virus name of
“hCoV-19/England/QEUH-3ED15C6,/2022”.

Unfortunately, we were unable to find matching EpiCoV™
sequences for 450,491 GenBank sequences from Germany by compar-
ing BioSample sample name with EpiCoV™ virus name. This is because
the sample name listed in BioSample don’t correspond with the virus
name present in EpiCoV™, but instead reflect the Sample ID allocated
by the originating laboratory. As an example, GenBank sequence
0U366026.1, with a sample name of “IMS-10209-CVDP-2FB19292-0
D4A-486F-AAA4-2393066873F0” in BioSample, corresponds to Epi-
CoV™ sequence EPI ISL._1153242. However, the virus name is actually
“hCoV-19/Germany/BW-RKI-I-023076,/2021”, and the Sample ID is
the same with the sample name.

4.4. Sequence inconsistency

The same genome sequences submitted to GenBank and EpiCoV™
sometimes display differing lengths, primarily due to inconsistent pro-
cessing of Ns. For example, the GenBank sequence OW028255.1
(29885 nt) and EpiCoV™ sequence EPI ISL_10485469 (28771 nt) are
from the same sample and are identical after all Ns are removed. We
have identified at least 2,756,473 pairs of sequences exhibiting vary-
ing lengths.

4.5. Asynchronous update

Asynchronous update of sequences and metadata across different
deposition repositories, or between such deposition repositories and
integration resources, pose a significant hindrance to data integration.
To illustrate this, the collection date for EPI_ISL_13344383 was chan-
ged from 2022 to 06-06 to 2022-06-03. However, as of June 19,
2023, the corresponding GenBank sequence ON797504.1 still had a
collection date of 2022-06-06.

It is worth noting that genome metadata and sequences in both
GenBank and EpiCoV™ are subject to frequent updates, making it dif-
ficult for integration resources to achieve synchronicity, except in the
case of mirror database. We have detected at least 10,728 sequences
that were removed from the data source, while updates have been
made to 88,345 sequences in the original databases with respect to
virus name, 405,261 sequences to sequence length, 45,479 sequences
to collection date, 1,380 sequences to host, and 88,899 sequences to
collection location.

4.6. Mismatched metadata

Last but not least, some sequences are associated with mismatched
virus names and sample names. For instance, the isolate name of
0U058581.1 is “hCoV-19/Switzerland/ZH-UZH-IMV-3ba472
d2/2021”, whereas the corresponding BioSample sample name is
“hCoV-19/Switzerland/ZH-UZH-IMV-3ba47365/2021”, which corre-
spond to two different EpiCoV™ sequences: EPIISL 2102278 and
EPI _ISL_2102222.

5. Perspectives

Current resources and initiatives have been instrumental in pro-
moting and facilitating the sharing of SARS-CoV-2 genome data on a
global scale. Nonetheless, the vast amount of SARS-CoV-2 genome
data are scattered across different repositories without centralized
management, hindering comprehensive analysis that could lead to a
better understanding of virus transmission and the development of
clinical and epidemiological mitigation strategies. However, the depo-
sition repositories have different standardization and curation criteria,
and data integration is significantly impeded by low-complexity,
inconsistency, and absence of isolate name, sequence inconsistency,
asynchronous update, and metadata mismatch.

To increase the precision and potential benefits of genome data in
the public health response, deposition repositories ought to collect as
much comprehensive metadata as possible and establish a universe
consensus regarding metadata formats (including isolate name, acces-
sion.version format ID, sample information, patient information,
sequencing and assembly information, and submission information).
As an example, the Public Health Alliance for Genomic Epidemiology
(PHA4GE, https://pha4ge.org/) has developed a contextual data speci-
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fication for SARS-CoV-2 based on INSDC pathogen package to enhance
consistency and reusability of collected data [31]. Additionally, data
submitters must ensure consistency in sequences and metadata submit-
ted to distinct resources and make sure that the data are updated syn-
chronously across resources. It would be preferable if the submitters
could specify the corresponding accession IDs when resubmitting the
data to different resources. Meanwhile, deposition repositories ought
to designate a specific field for archiving the “Related ID” so that
cross-referencing can be established for easy tracking. Furthermore,
deposition repositories should introduce suitable frameworks for indi-
cating metadata updates, which effectively communicate any signifi-
cant changes to users (such as collection date). For example,
GenBank offers “Revision History” that facilitates tracking metadata
updates and enables comparisons between different revisions. With
these endeavors and enhancements, compiling the scattered data into
larger data sets would be considerably simpler and thus facilitates a
range of value-added curations and analysis.
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