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Abstract

Rapid response to the current coronavirus disease 2019 (COVID-19) pandemic requires fast dissemination of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) genomic sequence data in order to align diagnostic tests and vaccines with the natural evolution of the virus as
it spreads through the world. To facilitate this, the National Library of Medicine's National Center for Biotechnology Information developed an
automated pipeline for the deposition and quick processing of SARS-CoV-2 genome assemblies into GenBank for the user community. The
pipeline ensures the collection of contextual information about the virus source, assesses sequence quality and annotates descriptive biological
features, such as protein-coding regions and mature peptides. The process promotes standardized nomenclature and creates and publishes fully
processed GenBank files within minutes of deposition. The software has processed and published 982 454 annotated SARS-CoV-2 sequences,
as of 21 October 2021. This development addresses the needs of the scientific community as the sequencing of SARS-CoV-2 genomes increases
and will facilitate unrestricted access to and usability of SARS-CoV-2 genomic sequence data, providing important reagents for scientific and

public health activities in response to the COVID-19 pandemic.

Database URL: https://submit.ncbi.nim.nih.gov/sarscov2/genbank/

Introduction

The coronavirus disease 2019 (COVID-19) pandemic caused
by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is a global health concern that has disrupted
economies and personal lives, causing sickness and loss of
life. Research around the world is focused on developing
and improving diagnostic tools and vaccines for SARS-CoV-2
and tracking and understanding the evolution of the virus.
This relies on the availability of high-quality nucleic acid
sequences as a basis for discovery (1-5). The importance of
making global SARS-CoV-2 sequence data quickly and read-
ily accessible with rich contextual detail, describing where and
when the virus was isolated from samples across the world,
in a central, unrestricted and familiar repository cannot be
overemphasized.

In response to this need, we developed an automated
SARS-CoV-2 submission pipeline to expedite the publication
of SARS-CoV-2 sequence data to the GenBank database. Gen-
Bank is the public comprehensive genetic sequence database
(6) housed at the National Library of Medicine’s (NLM’s)
National Center for Biotechnology Information (NCBI),
which relies on the input of genetic sequence data from
the international scientific research communities. GenBank is

freely available via an internet connection, its access is unre-
stricted and it is widely accessed and cited by a diversity of
users. GenBank, together with the International Nucleotide
Sequence Database Collaboration (INSDC) partners DNA
Data Bank of Japan (DDBJ) and European Nucleotide Archive
(ENA), is designed to provide and encourage access within the
scientific community to the most up-to-date and comprehen-
sive DNA sequence information (7).

Input of data into GenBank relies on users to provide their
data through a webpage or file deposition. Given the all-
inclusive nature of the sequence types accepted to GenBank,
GenBank submission tools have generally been built with flex-
ibility in mind, offering access to the wide range of potential
features appropriate to different sequence types. The submis-
sion tools have allowed for variability in biological data, while
also evaluating data accuracy and ensuring data conforms to
database formatting standardizations, with the end goal of
adhering to FAIR (Findable, Accessible, Interoperable, and
Reusable) data principles (8). Additionally, the tools must be
accessible and usable to a wide range of users with varying
levels of expertise. This flexibility and inclusivity have made
it difficult for some users to figure out what was needed and
appropriate for their own submission.
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One way we have begun to address this complexity and
expedite public release of sequences critical to public health,
as well as other commonly submitted sequence types, is by
creating specialized GenBank sequence submission web-based
wizards. Each wizard is focused on a specific sequence type
and presents only options relevant to that type. Additionally,
an FTP-based submission method has been developed for data
deposition for users who wish to submit as part of a com-
putational pipeline. Subsequent processing of deposited data
received via web and FTP is automated to facilitate rapid data
release. During processing, sequences are analysed and vali-
dated, annotation is added for features such as proteins and
mature peptides, accession numbers are assigned and data
are released to the public databases. Here, we present the
SARS-CoV-2 GenBank submission wizard. The requirements,
validations and processing steps for this wizard will be dis-
cussed. Sequence submissions that pass validations through
this pipeline are accessible from the NLM/NCBI SARS-CoV-
2 resources page (https://www.ncbi.nlm.nih.gov/sars-cov-2/),
which catalogues all COVID-19-related data available from
NLM/NCBI including sequences, literature and clinical trials.

Materials and methods

The SARS-CoV-2 submission pipeline is designed to accept,
validate and annotate partial and complete genome sequences
for publication to GenBank. The information in this section
outlines the files and information a submitter would use
to submit SARS-CoV-2 sequence data and is followed by
a description of the processing workflow implemented by
NLM/NCBI.

Successful entry into the full processing pipeline requires a
login, input of data and files in web-based forms or providing
all required data in files via FTP. There are no restrictions for
either method; however, submitters with a larger number of
sequences may find the deposition of data by FTP easier.

In the web-based submission wizard (https:/submit.
ncbi.nlm.nih.gov/sarscov2/genbank/), a data submitter is
guided through a series of pages for providing the pertinent
information to complete the submission (Figure 1). The fol-
lowing information is collected: contact information for the
authors, sequencing technology and assembly methodology
used to generate the data, sequence data in FASTA format,
a minimum set of source metadata either as tab-delimited
table or provided through input forms, sequence authors
and reference information (if applicable). Related BioPro-
ject, BioSample and Sequence Read Archive (SRA) accession
numbers are optional but may also be provided together
with source metadata. Biological sequence features, such as
genes, coding regions, mature peptides and stem-loops, are
automatically added after the user submits (during process-
ing at NLM/NCBI), so this information does not need to be
provided by the submitter.

As an alternative to data entry in web-based forms, input
files may be provided via FTP. The following information is
required: FTP account, sequence data in FASTA format, tab-
delimited source metadata including at least organism, isolate,
host, collection date and country and a submission tem-
plate that contains contact information as well as sequencing
and assembly information. Additional optional information
may be provided. Submission templates can be created using
https://submit.ncbi.nlm.nih.gov/genbank/template/submissio
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n/. More extensive documentation is available for SARS-
CoV-2 FTP-based submission to NLM/NCBI (https://submit.
ncbi.nlm.nih.gov/sarscov2/genbank/).

Upon notification that a submitter has made a SARS-CoV-2
submission, compute resources at NLM/NCBI process the
submission data through a series of automated steps linked
together through the Apache Airflow workflow framework.
The workflow trims ambiguous sequence ends, removes
vector, checks the sequences for minimum and maximum
length requirements, performs taxonomy lookups, vali-
dates and annotates sequences using the Viral Annotation
DefineR (VADR) software package (9), executes basic clean-
ups, sorts errors and loads the data to the public database
or triggers submission correction (workflow outlined in
Figure 2).

Results and discussion

Source metadata processing and validation for
SARS-CoV-2 submissions to GenBank

For source metadata, a minimal set of requirements and
standards were established through outreach and collabora-
tion with the SPHERES consortium (Sequencing for Public
Health Emergency Response, Epidemiology, and Surveil-
lance; https://www.cdc.gov/coronavirus/2019-ncov/variants/
spheres.html) and PHA4GE working group (https:/pha
4ge.org/). Establishing these minimal requirements for source
metadata was done to make the data useful for comparative
analysis, research discovery, trend monitoring and future data
reuse. The required fields (known as source modifiers at Gen-
Bank) include isolate, collection date, locality and host and
are collected to assess the WHO, WHAT, HOW, WHERE and
WHEN descriptions of the samples. Examples for each field in
the preferred format are provided as a guide for the user. For
the isolate source modifier, in order to promote consistency
and comparability in source metadata, the International Com-
mittee on Taxonomy of Viruses-recommended isolate format
(SARS-CoV-2/host/location/laboratory ID/date) was adopted
for GenBank submissions (10). Rather than requiring the user
to supply the properly formatted isolate and risking variation
in this standardized field, the submission tool constructs a
well-formatted isolate based on the laboratory ID provided
in this field and other required source metadata. A valid col-
lection date is required and is automatically converted to the
ISO format. The country field is automatically checked and
standardized to formats agreed upon by the INSDC (e.g. USA:
Maryland). Information about the host organism in which the
SARS-CoV-2 sample was found is required and stored in the
‘host’ source modifier. Additional source metadata fields may
be provided with the GenBank submissions, such as isolation
source, which describes details about the physical environ-
ment of the biological sample from which the sequence was
derived. A list of other source modifiers that may be provided
is available (https://www.insdc.org/files/feature_table.html).
Common variations in user-provided source modifier val-
ues are detected and automatic conversions to a standardized
format are made to help ease the burden on the submit-
ter. For example, common host typos for Homo sapiens
are detected and corrected. There are cases, however, where
a value is deemed invalid by the software since it is not
close enough to the expected format. Invalid or missing
values for these required source modifier fields trigger an
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Submit SARS-CoV-2 sequences

Add your SARS-CoV-2 sequence data to the growing public archive

A. Starting a SARS-CoV-2 web submission to GenBank

GenBank

Submit assembled reads of SARS-
CoV-2 with FASTA files and source
metadata. Annotation for SARS-CoV-
2 is not required.

Accessions in 2 hours (avg) . .
Submission Type
Learn more

* What do your sequences contain?
(O rRNA or IRNAITS©
O COX1 from metazoan mitochondria @

* Which virus?
@ SARS-Cov-2
(O Influenza virus
() Norovirus

(O Dengue virus

@ SARS-CoV-2, Influenza, Norovirus, or Dengue virus

B. FASTA upload and option to auto-remove

Sequences

* Upload a nucleotide FASTA formatted file.

. Choose file | ordrag and drop it here

>seql

CAACCAACTTTCGATCTCTTGTAGATCTGTTCTCTAAACGAACTTTAL
CACTCACGCAGTATAATTAATAACTAATTACTGTCGTTGACAGGACAC
TTCGTCCGTGTTGCAGCCGATCATCAGCACATCTAGGTTTTGTCCGGE
>seq2

CAACCAACTTTCGATCTCTTGTAGATCTGTTCTCTAAACGAACTTTAL
CACTCACGCAGTATAATTAATAACTAATTACTGTCGTTGACAGGACAC
TTCGTCCGTGTTGCAGCCGATCATCAGCACATCTAGGTTTTGTCCGGE

Option to automatically remove failed sequences

@ |If errors are found on sequences during processing, they will be removed from this
submission and the successful sequences You will receive a detailed
report on these errors.

% During processing, should NCBI remove sequences with errors and process the

rest?

Source Modifiers

For each sequence, GenBank requires the following source information:
collection-date,
country,

host, and
isolate.

.

~ % How do you want to apply source modifiers?
() Use an editable table
(:) Upload a tab-delimited table (template file provided)

C. Source Metadata: options to use (i) an editable table OR (ii) file upload

(ii) file upload
Apply source modifiers by uploading a tab-delimited table

1. Download source modifier template table.
2. Edit the downloaded table in Microsoft Excel or another editor.

See an example Source Modifiers table

3. Save the table as a tab-delimited text file.

4. Upload your saved table file.

5. Click Continue to validate the information and follow the instructions.

(i) Editable table — type directly in the table or copy/paste

% Sequence_ID % country @ * host® % isolate @ * collection-date @ isolation-source @ BioSample SRA © Add column
1 seql USA: Washington, King County Homo sapiens m910-a 2021-09-18 nasal swab PRINX##### SRZ######
2 seq2 USA: Texas Homo sapiens m41-1 2021-11 blood PRINX######  SRZ######
3 seq3 USA: Virginia Homo sapiens v91-71a 2021-02-14 oronasopharynx PRINX#####%#  SRZ######
4 seq4 USA: Washington Homo sapiens | 901-a2 2021-10-23 oronasopharynx PRUNX######  SRZ######
5 seq5 USA: Florida, Miami Homo sapiens phyl119a 2021-08-03 nasal swab PRINX#####%#  SRZ####H#

Figure 1. NLM/NCBI SARS-CoV-2 web submission forms for starting a submission (A), uploading sequences (B) and providing source metadata (C).
Screenshots are from https://submit.ncbi.nim.nih.gov/sarscov2/ and https://submit.ncbi.nlm.nih.gov/subs/genbank/.

error for the submitting user to fix and respond to, enforc-
ing richer context for the sequence data for all users of the
database.

Submitters are encouraged to submit the associated
raw reads to SRA (https://submit.ncbi.nlm.nih.gov/subs/sra/).
During this process, a BioProject, which describes the initia-
tive, and a BioSample, which describes the physical sample,
are also created. The three assigned accession numbers from
BioProject, BioSample and SRA should be included in the
GenBank assembly submission to provide linkage between
these data. In most cases, the ‘SARS-CoV-2-clinical’ BioSam-
ple package should be used as it contains additional rich
contextual metadata fields to describe information surround-
ing the infection, disease status and vaccination and treatment
status (https://submit.ncbi.nlm.nih.gov/biosample/template/?

organism-organism_name=&organism-taxonomy_id=&pac
kage-0=SARS-CoV-2.cl.1.0&action=definition). Templates
for non-host-derived samples, such as SARS-CoV-2 wastewa-
ter samples, are also available to capture rich information in
surveillance efforts to understand the reach of infection more
fully.

Sequence processing and biological feature
annotation

Several sequence checks and edits are performed to help
ensure high quality data (Figure 2). This includes the follow-
ing: trim terminal ambiguous nucleotides, remove sequences
with >50% dispersed ambiguities, trim terminal vector and
laboratory adaptor sequences using NLM/NCBI VecScreen
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SARS-CoV-2
submission
detected

Register submission
at NCBI

Trim ambiguous
sequence ends

Vector screen +
trim vector

Remove sequences
<50 and >30000

Taxonomy
Lookup

VADR:
sequence validation and
feature annotation

Scripts to correct common text errors
and standardize data, generate
GenBank definition lines

Extended
seqentry cleanup

User corrects Final validation
submission checks

User
Errors

Post error report

and prompt to fix Errorsoning

Any final cleanup,
if needed

Release to
GenBank

Figure 2. Post-submission processing steps performed at NLM/NCBI to
evaluate, annotate and prepare SARS-CoV-2 sequence data for public
release to the GenBank database.

(https://www.ncbi.nlm.nih.gov/tools/vecscreen/), remove seq-
uences longer than 30 000 nucleotides and remove sequences
shorter than 50 nucleotides. Long sequences are removed
because the genome size of SARS-CoV-2 is less than 30000
nucleotides and sequences longer than the expected genome
size are indicative of problematic data. A list of edits per-
formed and sequences removed is provided to the user either
in the web wizard or in a report post-submission, depending
on the submission size and method.

Database, Vol. 2022, Article ID baac006

Feature annotation is performed automatically to make
submission easier and to promote consistent annotation. Gen-
Bank uses the VADR software package (9; Nawrocki et al.,
manuscript in preparation) to align submitted sequences to
reference SARS-CoV-2 genomes and to annotate stem-loop,
coding region (CDS) and mature peptide features in the
sequences based on that alignment and the existing reference
genome annotation. VADR reports potential problems with
each sequence as alerts, including regions of low sequence
similarity to the reference and potential frameshift mutations
in coding regions. These alerts could indicate new variants
that do not align properly with existing references, or they
could indicate problems with the sequence such as incorrect
sequence assembly or low-quality sequence. If problems are
detected, the data submitter is alerted about the problem and
given the opportunity to upload a corrected file for reanalysis.
If the data submitter has evidence the sequence is correct and
there is a naturally occurring variation (for example, there is
high sequence read coverage and/or experimental evidence is
provided in support of a variation that led to a VADR alert),
the submitter can communicate with NLM/NCBI to verify
and allow release of the data. The VADR reference library
will be updated to include additional references when new
variants become widespread; for example, an alpha (B.1.1.7)
reference sequence was added in January 2021. Information
about the alerts generated by VADR as well as other test
tools used by GenBank can be found at https://www.ncbi.
nlm.nih.gov/genbank/sequencecheck/virus/ and https://www.
ncbi.nlm.nih.gov/genbank/validation/. VADR can be down-
loaded and run locally by submitters prior to submis-
sion to determine if their sequences will generate alerts at
this stage of the submission pipeline (https://github.com/
ncbi/vadr/wiki/Coronavirus-annotation).

Feedback provided to the user

The web-based forms provide real-time validation and a pre-
view of records generated from the information provided at
the time of submission. A limited set of validations allows for
immediate correction of data in the forms before the submis-
sion is completed (Figure 3). A data summary and preview
of records are provided on the final page of a web submis-
sion (Figure 4), which provides the submitter an opportunity
to see their data in the familiar GenBank format and correct
typos or information they notice is incorrect before sub-
mitting. Complete validation, information about processing,
comprehensive error reporting, annotated records and acces-
sion numbers matched to sequence_IDs are typically available
for the submitter within 1-2h after submission (Figure 5).
Upon accession assignment, sequence records are immediately
loaded to the public GenBank database unless the user has
opted to hold the data private until a given date. The GenBank
records are annotated with gene, stem-loop and coding region
features as well as the conceptual protein translation and
mature peptide features. Data with errors (including VADR
alerts) are immediately presented to the submitter with expla-
nations. Both web-based forms and the file deposition-based
submission method have an option to either prioritize pro-
cessing of sequences that pass all checks or hold the entire
submission until it is determined to be error-free. The option
to automatically remove sequences with errors is available
for multiple sequences and results in faster accession assign-
ment and rapid final processing of passing sequences, while

9202 YoJBlN G0 UO 1senB Aq 95| 0%59/9000BEA/SSEqRIEP/EE0 L0 /10p/a[0NJE/oSEGRIEP/W00"dNO"oILapEdE//:SAY WOy POpeojumod


https://www.ncbi.nlm.nih.gov/tools/vecscreen/
https://www.ncbi.nlm.nih.gov/genbank/sequencecheck/virus/
https://www.ncbi.nlm.nih.gov/genbank/sequencecheck/virus/
https://www.ncbi.nlm.nih.gov/genbank/validation/
https://www.ncbi.nlm.nih.gov/genbank/validation/
https://github.com/ncbi/vadr/wiki/Coronavirus-annotation
https://github.com/ncbi/vadr/wiki/Coronavirus-annotation

Database, Vol. 2022, Article ID baac006 5
Source Modifiers © Required fields are marked with % asterisk.
At least one of the fields marked with %%, 11 or $F is required.
o Error:
The following collection dates appear to be before the start of the SARS-
CoV-2 outbreak in 2019. Please provide corrected dates.
Sequence_ID Collection-Date
new_variant 2018
Warning: Country is not recognized. Please see Country List for list of recognized countries.
Country name with more specific location information must be entered in this format:
Country: specific location information
USA: Eagle Mountain, Pike's County, MD.
Sequence_ID value
info_partial Maryland
Warning: Please provide the complete collection date, including month and day if known. Examples: 22-Jan-
2020, Jan-2020, 2020-01-22
Sequence_ID Collection-Date
new_variant 2018
Some information you provided may not be applied because of the errors listed above. Please fix these issues and submit your updated
source modifiers.
Figure 3. Example of real-time validation of source metadata during the web submission process prompting for immediate feedback and correction.
Table 1. Submission statistics for sequences published by the NLM/NCBI SARS-CoV-2 GenBank processing pipeline, as of 21 October 2021
Number of sequences with
Number of sequences with source metadata present data linkages (optional)
Total number
of sequences Collection Isolation source Biosample linkage ~ SRA linkage
published Isolate Country date Host (optional) present present
982454 982451 982438 982418 982379 547014 245737 208011
(99.9%) (99.9%) (99.9%) (99.9%) (55.7%) (25.0%) (21.1%)

sequences with VADR alerts are removed and reported back
to the user for further review. If the option to auto-remove is
declined by the user and there are sequences with errors, the
system will report back with an error report and the opportu-
nity to correct the data in the submission before accessions are
assigned. While many errors are presented back to the user for
correction, a minimal set of errors are subject to NLM/NCBI
review and further processing.

Performance and outcomes

At the time of this analysis (21 October 2021), the
SARS-CoV-2 submission pipeline has processed and pub-
lished to the database 982454 SARS-CoV-2 sequences. To
assess the quality and content of submissions processed
through this pipeline, publicly available sequences processed
by this software pipeline were downloaded and filtered
from the NLM/NCBI Virus SARS-CoV-2 dashboard (https:/
www.ncbi.nlm.nih.gov/labs/virus/vssi/#/sars-cov-2). Submis-
sion statistics for data available at the time of this analysis
is presented in Table 1.

Over 99% of the published sequences have relevant
descriptive source metadata to give context to the sequence.
Nearly all sequences (>99%) had values for the required

source metadata fields, including country, collection date,
host and isolate code. The records missing a value for a
required field were evaluated to determine why data for a
required field were missing. Two reasons were found to
explain the missing values. In one case, the sequence was
from a passaged source, so these fields were not applicable.
However, metadata was present to accurately represent the
laboratory passaging (e.g. MT576563). In other cases, host
values were missing (75 sequence records). Records missing
host information were generally from samples collected from
the environment, which is more appropriately described in
the isolation-source field (e.g. MT670008, from an air sam-
ple, not a host). The isolation-source field is not a required
field for a SARS-CoV-2 submission. We observed around 55%
of the submissions had a value for this non-required field.
The data outcomes and usage patterns described above will
be taken into consideration as we design future submission
tools.

The submission pipeline optionally allows for submitters
to provide the BioSample, BioProject, and SRA accessions.
These accessions link the GenBank data with experimen-
tal data archived in other NLM/NCBI databases (11) giving
database users direct access to the underlying data used to gen-
erate sequence assemblies and other experimental data from
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7 SUBMISSIONTYPE 2 SUBMITTER 3 SEQUENCING TECHNOLOGY 4 SEQUENCES 5 SEQUENCE PROCESSING 6 SOURCEINFO 7 SOURCE MODIFIERS 8 REFERENCES O REVIEW & SUBMIT

Review & Submit

To proceed please review your submission, make any

necessary changes using the tabs/steps above, then click on
the Submit button below.

k Record Preview

You have requested that your seq data be diately following p ing.
Submitter
Submitter Beverly Underwood

example@your-email.org
your-email@contact.org

Institution NIH
Department NCBI

Street 45 Center Dr
City Bethesda
State MD

Postal code 20892
Country USA

Sequence authors

Beverly A. Underwood
Linda Yankie
Eric P. Nawrocki

Vasuki Palanigobu

References

S SR

Why is some information missi i in this record preview? +

Locus 182340 29865 bp DNA linear VRL 14-DEC-2021
DEFINITION Severe acute respiratory syndrome coronavirus 2 isolate
SARS-CoV-2/human/CHN/SH-P@1/2020.
ACCESSION
VERSION
KEYWORDS .
SOURCE Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
ORGANISM Severe acute respiratory syndrome coronavirus 2
viruses; Riboviria; Orthornavirae; Pisuviricota; Pisoniviricetes;
Nidovirales; Cornidovirineae; Coronaviridae; Orthocoronavirinae;
Betacoronavirus; Sarbecovirus.
REFERENCE 1 (bases 1 to 29865)
AUTHORS  Underwood,B.A., Yankie,L., Nawrocki,E.P. and Palanigobu,V.

TITLE Direct Submission
JOURNAL Submitted (14-DEC-2021) NCBI, NIH, 45 Center Dr, Bethesda, MD
20892, USA
COMMENT ##Assembly-Data-START##

Sequencing Technology ::
##Assembly-Data-END##
FEATURES Location/Qualifiers
source 1..29865

forganism="Severe acute respiratory syndrome coronavirus
2"
/mol_type="genomic DNA"
/isolate="SARS-CoV-2/human/CHN/SH-Pe1/2828"
/isolation_source="feces"
/host="Homo sapiens”
/db_xref="taxon:2697049"
/country="China"
/collection_date="2020-02-06"

Sanger dideoxy sequencing

Figure 4. The Review & Submit page in a SARS-CoV-2 web submission. The left side of the page contains a summary of information, data files, and
pre-submission sequence processing reports. The right side of the page displays a preview of the GenBank flatfiles prior to feature annotation and full
submission processing. The preview is a familiar, human-readable format that allows submitters to confirm the author names, publications (if provided),
contact information, sequencing technology and source information are correct before submitting.

2 submissions

Submission ¢ Title ¢

SUB586032 SARS-CoV-2 jdoe
SUB586031 SARS-CoV-2 jdoe

Owner Group Status ¢

Updated ¢
© GenBank: Error @ Apr 07
has errors
2 files:
* SUB586032-Report.html
+ SUB586032-detailed-error-report
tsv
+ GenBank: Processed Dec 02
XX123456-XX123459
3files:
« AccessionReport.tsv
« flatfile.txt
« email txt

Figure 5. Post-submission processing reports. Example SUB586032 shows a (test) submission with errors with an error summary
(SUBB86032-Report.html) as well as a detailed VADR alert report (SUB586032-detailed-error-report.tsv). The error reports list the sequence_IDs with
errors, instruction on how to correct the submission via the fix button or by contacting NLM/NCBI staff with more information. Example SUB586031
displays a successfully processed (test) submission with downloadable files containing GenBank Accessions, tab-delimited accession report with
original sequence_IDs mapped to GenBank Accession numbers (AccessionReport.tsv), a copy of the fully processed annotated records (flatfile.txt) and a

copy of the email sent upon successful processing (email.txt).

a given project or sample. Linking the assembled sequence to
the underlying read data in SRA is an essential tool in tracking
viral variation. At the time of this writing, over 20% of the
sequences have these linkages (Table 1).

Processed data availability

Accessioned GenBank records are provided to the submit-
ter for review and loaded to the public GenBank database

for unrestricted access the day an error-free submission is
made. Error-free submissions have a median processing time
of 10 min, which means data are public approximately 10 min
after a user submits the data for processing for web- and
FTP-based submissions. Data published to GenBank are
exchanged daily with INSDC partners ENA and DDBJ. Acces-
sioned sequences subsequently become accessible via the
NLM/NCBI SARS-CoV-2 resources page (https://www.ncbi.
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nlm.nih.gov/sars-cov-2/), NLM/NCBI Virus (https://www.
ncbi.nlm.nih.gov/labs/virus/vssi/#/sars-cov-2), various sea-
rches (e.g. by accession number or organism), nr and
betacoronavirus BLAST® databases (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) and NLM/NCBI Datasets (https://www.
ncbi.nlm.nih.gov/datasets). The GenBank presentation of a
SARS-CoV-2 record may include links to related resources,
such as the BioSample, BioProject and/or SRA sequences
associated with this record, if provided by the user. These
linkages allow users to navigate between the raw reads and
assembled genome, understand additional attributes about
the sequenced sample and see other related sequences from
the same initiative.

Conclusions

The SARS-CoV-2 submission pipeline allows submitters
to quickly validate and publish partial and complete
SARS-CoV-2 genome sequences to the public GenBank
database through web-based forms or by FTP-based file
deposition. Both methods provide automated feature anno-
tation and sequence quality checks for the user. The web-
based submission interface and links to other SARS-CoV-2
resources at NLM/NCBI may be found at https://www.ncbi.
nlm.nih.gov/sars-cov-2/. The pipeline ensures the collection of
a minimal set of specific source metadata to aid in maximiz-
ing the reusability of the data. By automating the submission,
the pipeline also promotes the usage of consistent nomencla-
ture and feature annotations and checks data for errors to
allow for rapid release of quality SARS-CoV-2 data to the
research community. NLM/NCBI has removed the burden of
selecting source metadata and feature annotations for SARS-
CoV-2 sequence submissions to streamline processing of these
sequences. Similar automated processing strategies have been
applied to other sequence data types for GenBank submis-
sions, including ribosomal RNA, ribosomal RNA-internal
transcribed spacer, influenza virus, dengue virus, norovirus
and metazoan mitochondrial cytochrome oxidase subunit 1.
We plan to continue to expand the processing capabilities to
automate more sequence types in the future.
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Data availability

SARS-CoV-2 data resources are available at NLM/NCBI
(https://www.ncbi.nlm.nih.gov/sars-cov-2/). SARS-CoV-2

sequence data may be submitted to GenBank via the web sub-
mission forms or FTP file deposition (https:/submit.ncbi.nlm.
nih.gov/sarscov2/genbank/). File creation, sequence screening
and validation tools are available at the NLM/NCBI FTP site
(https:/ftp.ncbi.nih.gov/toolbox/ncbi_tools/converters/by_pr
ogram/). The VADR annotation tool is provided on the
NLM/NCBI GitHub repository (https://github.com/ncbi/va
dr) and instructions for use on SARS-CoV-2 sequences are
also on GitHub (https:/github.com/ncbi/vadr/wiki/Corona
virus-annotation). SARS-CoV-2 submission processing errors
are documented at NLM/NCBI (https://www.ncbi.nlm.nih.
gov/genbank/sequencecheck/virus/ and https://www.ncbi.nl
m.nih.gov/genbank/validation/). Accessioned sequences suc-
cessfully processed through this pipeline are made available
through NLM/NCBI Virus (https://www.ncbi.nlm.nih.gov/
labs/virus/vssi/#/sars-cov-2), NLM/NCBI database searches
(e.g. by accession number or organism in https://www.ncbi.
nlm.nih.gov/nuccore/), nr and betacoronavirus BLAST®
databases (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and NLM/
NCBI Datasets (https://www.ncbi.nlm.nih.gov/datasets).
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