0 1997 Oxford University Press

GenBank

Nucleic Acids Research, 1997, Vol. 25, No. 1 1-6

Dennis A. Benson* , Mark S. Boguski , David J. Lipman and James Ostell

National Center for Biotechnology Information, National Library of Medicine, National Institutes of Health,
Building 38A, 8600 Rockville Pike, Bethesda, MD 20894, USA

Received October 4, 1996; Accepted October 8, 1996

ABSTRACT

The GenBank sequence database incorporates DNA
sequences from all available public sources, primarily
through the direct submission of sequence data from
authors and from large-scale sequencing projects.
Data exchange with the EMBL Data Library and the
DNA Data Bank of Japan helps ensure comprehensive
coverage. GenBank continues to focus on quality
control and annotation while expanding data coverage
and retrieval services. An integrated retrieval system,
known as Entrez, incorporates data from the major
DNA and protein sequence databases, along with
genome maps and protein structure information.
MEDLINE abstracts from published articles describing
the sequences are also included as an additional
source of biological annotation. Sequence similarity
searching is offered through the BLAST family of
programs. All of NCBI's services are offered through
the World Wide Web. In addition, there are specialized
server/client versions as well as FTP and e-mail server
access.

INTRODUCTION

GenBank (1) is a public database of all known nucleotide an
protein sequences with supporting bibliographic and biologic

Biotechnology Information (NCBI), a division of the National
Library of Medicine (NLM), located on the campus of the U

S

maintain comprehensive sets of sequence information. The data
are made available at no cost through the Internet, either by
downloading database files or by text and sequence similarity
search services.

ORGANIZATION OF THE DATABASE

GenBank has experienced another year of unprecedented growth.
Over the past 12 months 420 000 new sequences have been addec
As of Release 96 in August, 1996, GenBank contained 602 072 354
nucleotide bases from 920 588 different sequences. Notably,
1996 is the year in which the complete genome of a eukaryotic
organism, the yeastaccharomyces cerevisiagas completed
and added to GenBank)( The complete genomic sequences of
an archeonMethanococcus jannasch(B) also entered the
database this year (see Genomes division below). Historically, the
database had been doubling in size about every 18 months, but
that rate has rapidly accelerated due to the enormous growth in
data from expressed sequence tags (ESTs). Over 65% of the
sequences in the current release are ESTs and most of the growth
in terms of sequence records over the past 2 years has come from
the collaborative project between the Merck & Co. and
Washington University4,5). This growth is expected to continue
because Washington University and the Howard Hughes Medical
nstitute are pursuing a mouse EST project of the same scale as
iuman EST sequencing. Furthermore, the Human Genome
roject has entered its pilot scale-up sequencing phase and 100
hillion nucleotides of human genomic DNA sequence data are
expected during the next 2 years. Sequence records from several
of the six US centers funded to do this work are already beginning

National Institutes of Health (NIH). NCBI was created by, appear in GenBank
Congress in 1988 to develop information systems, such as '

GenBank, to support the biomedical research community. NC
was also mandated to conduct basic and applied research and;,
part of the NIH Intramural Program, NCBI scientists work inOf the nearly one million sequences in GenBank, human entries
areas of gene and genome analysis, computational structusaédominate, constituting 59% of the total, but >16 000 species
biology, and mathematical methods for sequence analysis. are represented ahtlO new organisms enter GenBank each day.
NCBI builds GenBank primarily from the direct submission ofDatabase sequences are processed, and can be queried, using
sequence data from authors and secondarily from scanning ttensistent and comprehensive sequence-based taxonomy devel-
journal literature. A major source of data are bulk submissions oped by NCBI in collaboration with EMBL and DDBJ and with
EST and other high-throughput data from sequencing centetke valuable assistance of external advisors and curators. Further
The data are supplemented by sequences from other puldietails along with a taxonomy browser and information on
databases. Through an international collaboration with th@xonomic resources may be found via NCBI's home page.
EMBL Data Library in the UK and the DNA Databank of Japan After Homo sapienghe top species in GenBank, in terms of the
(DDBJ), data are exchanged daily to ensure that all three sitesmber of bases, inclu@aenorhabditis elegans, Mus musculus,

%%uence-based taxonomy
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Saccharomyces cerevisjaandArabidopsis thalianaFor Cae-  division. This concept of a reference sequence is critical for
norhabditis and Saccharomyceshis is due to the impact of human genome data, because the complete human sequence wil
genomic sequencing projects; fdusandArabidopsissequence actually be a composite of the sequences of several individuals
abundance currently reflects large-scale EST sequencing efforts).
In some cases, for example yeast and some bacterial genomes
Records and divisions the complete sequences of the chromosomes are known but exist
. . o as many separate records in GenBank. In these cases a virtual
Each GenBank entry includes a concise description of theference sequence is created that contains instructions on how to
sequence, the scientific name and taxonomy of the sourg@semble the GenBank records to make the complete chromo-
organism, and a table of features that identifies coding regions aggine. The NCBI software tools can dynamically project the
other sites of biological significance, such as transcription unitseatures annotated on the GenBank records to the coordinate
intron/exon boundaries, sites of mutations or modifications, af‘;@stem of the reference sequence, including entire chromosomes,
other sequence features. Protein translations for coding regiog$ any region of interest. This provides the scientist with both a
are included in the feature table. Bibliographic references afgrge-scale view of genomic sequence data but also a view of
included along with links to the MEDLINEunique identifiers  smaller regions around genes in the traditional GenBank record
for all published sequences. N format. The breakdown of a genome sequence into separate
‘The files in the GenBank distribution have traditionally beefecords makes for a convenient unit of analysis and annotation
divided into ‘divisions’ which roughly correspond to taxonomicypdates because only a relatively small GenBank record need be
divisions, e.g. bacteria, viruses, primates, rodents, etc. In the paihnged and distributed. Nevertheless, any new information will
year a division has been added for Genome Survey Sequencgspear automatically in the large-scale view as well.
e.g. ‘single pass’ reads from cosmid/BAC/YAC ends, exon- The most complicated case is for chromosomes which are not
trapped genomic sequences, and Alu PCR sequences. A ngdnpletely sequenced such as eukaryotic chromosomes other
division, for High-Throughput Genomic (HTG) sequences, Waghan yeast. As one example, NCBI has obtained, in collaboration
added with Release 97 in October, 1996. The HTG division igith a number of established mapping centers, genetic, physical
designed for the efficient processing and distribution of longind cytogenetic maps of human chromosomes and produced
sequences expected to be primarily human and includingoss-referenced sets of aligned maps. Using STS markers on

computer-generated annotation. these maps, and the UniGene set of non-redundant human genes
(7), aligned groups of sequences can be placed onto the
Integrated database and sequence identifiers framework of the whole chromosome. These sequences appear as

. __.‘islands’ on the sequence map (Figand2) and will eventually
'Int orde”r to ||3r(t)ducet éheD (i;eananerdz?tatbasE, N dC.Bé maintaiR?,5|esce into contiguous sequence as the Human Genome Projec
Intérnally an Integrated Database, 1L, 10 rack and INGEX reCOMS oo mpleted. This approach provides an important organizing

from the multiple sources of sequence data. These sources incl qfﬁci ; ; i
e ple for making optimal use of traditional annotated human
submissions from EMBL, DDBJ, Genome Sequence Databasg, ience records in GenBank, as well as the specialized

(GSDB), and patents, plus amino acid sequences from PI ;

SWISS-PROT, Protein Research Foundation (PRF) and t eOpertles of EST, STS and HTG sequences.
Protein Data Bank (PDB). ID represents the most current view
that each data source has of its sequence data, and allows NEBIT data

to assign stable identifiers. Such identifiers for nucleotide ) _
sequences are found in the ‘NID’ field of a GenBank recordESTs or ‘expressed sequence tags’ are still the most rapidly
directly following the ACCESSION field. Identifiers for encoded €xpanding source of new sequence records and genes. Last yea
protein sequences are found in the FEATURES table under CIy¥re were 328 905 sequences in the EST Division of GenBank
and are labeled ‘PID’. Through this approach, sequence inform@bEST). Over the past year there has been a doubling in the
tion from a wide Variety of sources can have a unifornﬂumber Of ESTs forlaCUrrenttOtal.Of 658 698 SeqU?nCESln dbEST
identification system. These identifiers are stable and therefofépresenting 63 different organisms. The top five organisms
help identify sequences which have changed. include: 476 148 human ESTSs (72%); 74 312 mouse ESTs (11%);
30 196 nematode ESTs (4.6%); 28 8babidopsiESTs (4.4%);

and 11 316 rice ESTs (1.7%). ESTs continue to provide the major
source of new gene discoveries and NCBI has serviced more than
A separate section of the database has been created for llaéf a million queries (BLAST searches, e-mail retrievals, WWW
placement of chromosome- or genome-length sequences. Thixesses and anonymous ftp downloads) for dbEST data to date.
section, the Genomes division, arose from the need to storeéBecause of the nature of EST survey sequencing, there is much
sequences >350 000 bases, the upper limit for single databasdundancy in dbEST. For example, there are >1300 sequences
entries. The entries in this section are organized with respect toegpresenting serum albumin mRNA. In order to organize the data
‘reference sequence’. A reference sequence can be the complatea more useful fashion, NCBI has created the UniGene
sequence of a genome as contained in a single GenBank recaallection of unique human geneg.(Briefly, UniGene starts

or a specific sequence that has been accepted by researchemsitin human entries in the primate (PRI) division of GenBank,
that particular field (e.g. HIV research) as a reference sequencembines these with human ESTs and creates clusters of
In some cases, the selection of a reference sequence is arbitraggiuences that share virtually identicauBtranslated regions
With respect to the reference, all other sequences in GenBafBUTRS). In this manner, the nearly 500 000 human ESTs in
from that organism or organelle are aligned and the alignmend®EST have been reduced 10-fold & 000 sequence clusters
are presented under the reference sequence in the Genomash of which may be considered as representing a single human

Genomes division
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Figure 1. Detail of a region of Human Chromosome 4 around the ADH2 gene. Top is the Stanford radiation hybrid map, next the Wstiteteaddiation
hybrid/YAC content map, and third the NCBI sequence map. Généthon, CHLC and GDB maps are also present for this chr&mivezout aould not be shown
in this figure. Vertical lines connect markers on different maps. Small arrows at bottom of figure show islands of alignedduenee placed on the chromosome.
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Figure 2. Detail of ADH2 mRNA cluster from previous detailed figure. Open arrows indicate sequence records in GenBank. Solid ar&)\& fdadures annotated
on those records. Vertical lines within open arrow represent mismatches and deletions relative to reference sequeres étdehdiny below open arrows are
insertions. Two short records at bottom are ESTs. Alignment can also be seen as text alignment with single base resalsiated@DS shown in register in

alignment (not shown).

gene. Access to the UniGene collection is provided througBTS data

NCBI's home page on the WWW. The UniGene collection has

been effectively utilized as a source of mapping candidates for thiée ultimate purpose for creating high resolution physical maps
construction of a human gene map (n this case, th¢ BTRs  of the human genome is to create a scaffold for organizing
of genes and ESTSs are converted to STSs which are then plat&ade-scale sequencing)( Physical maps based on ‘sequence

on physical maps and integrated with preexisting genetic mapstafyjged site’ (STS) landmarks are used to develop so-called
the genome. ‘sequence-ready’ clones consisting of overlapping cosmids or
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BACs. As the high-throughput sequence data derived from thesetwork. The advantages of Sequin over the previous submission
clones are submitted to GenBank, STSs become crucial referempregram, Authorin, include the capacity to handle long sequences
points for organizing, presenting and searching the data. NCBhd segmented entries, easier editing and updating, and complex
uses a process of ‘electronic PCR’ in which all human sequencasnotation capabilities. In addition, Sequin contains a number of
are compared with the contents of the STS division of GenBarduilt-in validation functions for enhanced quality assurance.
(dbSTS) to see if the former sequences contain primer bindingrsions for Macintoshes, PCs and Unix are available at no
sites in the correct orientation and at an appropriate spacing tichiarge. It can be obtained by anonymous FTP to
the expected product would be amplified in a PCR reaction. Thiscbi.nim.nih.gov’ in the ‘pub/sequin’ directory. Once a sub-
tool permits us to assign an initial location on the map fomission is completed, users can e-mail it to the address:
sequence data and to relate previous GenBank entries to the rggwsub@ncbi.nlm.nih.gov
reference sequence. The electronic PCR tool developed for thissenBank staff can usually assign an author an accession
task is also being made publicly available on the WWW to enabfeimber within 1 working day of receipt. The accession humber
any researcher with a new human sequence to relate that sequesgrees as confirmation that the sequence has been submitted anc
to existing maps and HTG sequence data. allows readers of the article to retrieve the relevant data. All direct
The STS division of GenBank currently contains 37 261 STSubmissions receive a systematic quality assurance review
sequences and includes anonymous STSs based on genomituding screening against GenBank to identify full or partial
sequence as well gene-based STSs derived froni #1@d8 of matches, checking for vector sequence and verifying proper
genes and ESTs. These STS records usually include primeanslation of coding regions. A draft of the GenBank record is

sequences and PCR reaction conditions. passed back to the author for review before entering the database.
Authors have the right to request that their sequences be kept
BUILDING THE DATABASE confidential until the time of publication. In these cases, authors

are reminded to inform the database of the publication date in

The data in GenBank come from three sources: (i) authors wigéder to have a timely release of the data. Although only the
submit data directly to the collaborating databases; (i) bulRubmitting scientist is permitted to modify sequence data or
submissions from sequencing centers; and (i) annotators &notations, all users are encouraged to inform the database of
NCBI who extract the information from relevant journals. Datd?0ssible errors or omissions using the e-mail address:
are exchanged daily with collaborating databases so that the daigdate@ncbi.nlm.nih.gov

updates from NCBI servers incorporate the most recently

available sequence data from all sources. Molecular Modeling Database (MMDB) and Cn3D

] o NCBI has begun distributing a database of macromolecular
Direct submission three-dimensional structure information, specifically aimed at
olecular modeling research. MMDB is based upon the data in
e Brookhaven PDB. By reorganizing and validating the PDB
ata, MMDB provides explicit descriptions of a biopolymer’s
atial structure, its chemical organization, and the linkage
tween the two. With MMDB, there is a clear cross-referencing
tween the three-dimensional structure and the chemistry of a
acromolecule. Explicit linkages have been made to the
O%quence entries within the ID database so that, with the
agr%ropriate graphics software, users are able to view the

e-dimensional structure of proteins identified via text or
ilarity searching of the sequence database. During the past
ar, NCBI added a new three-dimensional structure viewer
alled Cn3D (‘See in 3D’) to theéntrezretrieval system.

The majority of entries continue to enter the database throu

direct author submission. Many journals have the policy o
requiring authors with sequence data to submit data directly to t
database as a condition of publication. Even for those journ

without a mandatory submission policy, author submission hebse
the positive benefits of acquiring annotation information directl){n
from the authors and reducing the time-lag between publicati
and the appearance of the sequence in the database.

Over the past year several large-scale sequencing projects h
begun scaling up to the goal of producing hundreds of megabasg
of human genomic DNA sequence over the next 1-3 years. NC
is working closely with sequencing centers to ensure timel
incorporation of these data for public release. In parallel, NC
has developed methods to display these data integrated with
genetic and physical map data and to search the sequences nhgrd RIEVING GENBANK DATA
effective_l_y (e.g. options in BLAST to mask A_Iu and other typesrho ENTREZ system
of repetitive elements). GenBank offers special batch procedures
for large-scale sequencing groups to facilitate data submissiorntrezis an integrated database retrieval system which accesses

Over 80% of individual submissions are how received througBNA and protein sequence data, related MEDLINE references,
a Web-based data submission tool, Banklt. With Banklt, authogenome data from the GenBank genomes division, the NCBI
enter sequence information directly into a form, edit as necessatgxonomy and three-dimensional structures from MMB)BThe
and add biological annotation (e.g. coding regions, mMRNANA and protein sequence data are integrated from a variety of
features). Free-form text boxes provide the option of using yowources via the 1D database previously described. The MEDLINE
own words to describe the sequence, without having to learaferences are approximately one million citations indexed under
formatting rules or use restricted vocabularies. Banklt createstee NLM’'s Medical Subject Heading (MeSH), ‘genetics’.
draft record in GenBank flat file format for the user to review and The linkages among data sources are shown in Fijurke
revise. DNA sequence, protein sequence, MEDLINE, genome and

GenBank has developed a platform-independent submissithree-dimensional structure data are linked to provide easy
program called Sequin, which runs stand-alone or over theaversal among the data sé&rtrezprovides an entry point into
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— Fulltext = PowerBLAST is particularly useful for assessing multiple EST
OMIM MEDLINE electronic= matches with a query sequence.
= journals = The primary databases for sequence similarity searching are
non-redundant (‘nr’) versions of nucleotide and protein
sequences. ESTs are available for separate searching, as is a se
GenBank — of those sequences added during the previous 30 days (designatec
Nucleotide 3D ‘month’ on the BLAST web pages). Frequent users may find the
Sequences structures server/client version of BLAST more convenient; clients are
available for several platforms. BLAST client software also
incorporates advanced features such as one-to-many alignments
of the query sequence with all the matching sequences (as
Maps & Protein Taxonomy opposed_ to t_he standar_d results that s_how the query sequence
Genomes sequences aligned individually against each matching sequence). Another

feature of the client software is the ability to generate organism-
Figure 3. Data sources and interconnecting links among the various informa-SPECIfic output, for example, searches restricted to human
tion components which comprise tBatrezintegrated retrieval system. sequences. Information on BLAST client software can be
obtained by e-mail to the address: blast-help@ncbi.nim.nih.gov

sequence or bibliographic records by simple Boolean querie&nonymous FTP
From a record, hypertext links may be used to navigate throu
the information space using a point-and-click interface. Some
the links are simple cross-references, for example, betwee
sequence and the abstract of the paper in which the sequence e
reported, or between a protein sequence and its correspondﬁ
DNA sequence. Among these cross-references are external i

to the full-text versions of articles when these are available froff®

publishers'’ WWW sites. Other links are based on computed® Compressed files in the directory, ‘genbank’. A cumulative
similarities among the sequences or among the textual docRdate file is contained in the subdirectory, ‘daily’, and a

P g : - lative set of updates is in the subdirectory, ‘daily-nc’.
ments. The pre-computed ‘neighbors’ allow very rapid access f pn-cumu g . e :
browsing groups of related records. QSN.l formatted data is in the directory, ‘ncbi-asnl’. Software

Entrezis available over the Internet through the Web and in EVEIOPers creating their own interfaces or analysis tools for
9 %enBank data are offered the NCBI toolkit to assist in developing

server/client version. A CD-ROM version has been discontinue o~ T . . )
because of the size of the database and the inconvenienceRCialized applications. Software can be found in the directory:

multiple CD-ROM discs. The server/client versionEitrez  (00IPox/nchi_tools
operates with a client program on a user’s machine over the
Internet connected to a server located at the NCBI. Clieft-mail servers

programs for Macintosh, PC and Unix computers can be obtaingglo s yith access to electronic mail can search GenBank and

gy d(iwnlo_?r?in\?vfrgm ‘nqbi.r;llm.nih.gmt/_’ il? The ‘entrez]{net\;\_/ork’l_ everal other databases by accession number or Boolean com-
irectory. The Web version has essentially the same functionalifff-ions™  of  text words, The QUERY  server

as the server/client, plus the added capability of linking to full-te uery@ncbi.nim.nih.gov) performs text-based searches of the

versions of journal articles. Viewers are available in both versio tegratecEntrezdatabases. It allows access not only to sets of
to visualize genome and related map information as well &g, ,ence or MEDLINE records, but also to the neighbored data.
three-dimensional structures. Since the three-dimensional strigsious output formats, such as FASTA for sequence data, are
ture information has been linked to the set of protein sequenC&tyjjapie. The RETRIEVE e-mail server is still operating
users can easily determine a set.of sequence neighbors for a gi 'p'ieve@ncbi.nlm.nih.gov) but will eventually be superseded
sequence and then locate and visualize structures for member )?QUERY which also supf;orts the RETRIEVE query syntax.
the neighbor set. BLAST sequence similarity searches can be performed by e-mail
through the address: blast@ncbi.nim.nih.gov. Documentation
BLAST sequence similarity searching can be obtained for each of the servers by sending the word ‘help’

) __in the body of an e-mail message to the addresses above.
One of the most frequent uses of GenBank is sequence similarity

searching. NCBI offers the BLAST family of search programs 'D-ROM

perform fast searching with rigorous statistical methods for

judging the significance of matches. WWW access to BLASThe flat file version of GenBank is available on CD-ROM
currently offers two interfaces, a ‘Basic’ version with defaultthrough a subscription service with the Government Printing
search parameters and an ‘Advanced’ option which allon®ffice (Tel: +1 202 512 1800; Fax: +1 202 512 2233). Order
customization of the parameters. A new graphical version calléddrms are also included in each issueNsEEBI News a free
PowerBLAST, designed for rapid analysis and annotation of largaibscription to which may be obtained by contacting NCBI. A
contigs of genomic sequence data (J. Zhang, personal commuméw release of the database appears every 2 months. Each releas
cation), is available as a server/client application on NCBI's ftis a full release incorporating all previous GenBank data
site and it is being modified for use via the BLAST WWW pagessupplemented by new data from direct submissions, NCBI

%?sers on the Internet can use the file transfer protocol (FTP)
rPlpgram to download the entire GenBank release or the daily
tes (which also incorporate sequence data from other public
fabases). Files of the full release and daily updates of the
nBank database are available for anonymous FTP from:
i.nim.nih.gov. The full release in flat-file format is available
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journal scanning, patents and the other sequence databasgssub@ncbi.nlm.nih.gov (submission of sequence data to
Conceptual translations of coding regions appear in featuf@enBank)

tables. The release contains the standard index files anduigdate@ncbi.nim.nih.gov (revisions to GenBank entries and
organized into divisions. No retrieval software is provided. Thaotification of release of *hold until published’ entries).
distribution currently requires six CD-ROMs. (The CDROMinfo@nchi.nlm.nih.gov (general information about NCBI and
version ofEntrezhas been discontinued because of the size of tleervices).

distribution files.)

GenBank Fellows CITING GENBANK
The GenBank Fellowship Program is an NCBI initiative tolf you use GenBank as a tool in your published research, we ask
improve the quality of the database and also to serve asthat this paper be cited.

bioinformatics training program. GenBank fellows are selected

for strong backgrounds in biology and for motivation to apply
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