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Computer databases, networks and software tools are essential materials
and methods for biomedical research and are involved in almost every
aspect of disease gene mapping and positional cloning. Public databases of
DNA and protein sequences and genetic and physical map information are
increasing rapidly in size and complexity and are also improving in quality,
comprehensiveness, interoperability and access. A new generation of software
tools for navigating through the biomedical literature has become available.
Programs for sequence homology searching and genetic map construction
have become more sophisticated, yet easier to use. Global computer networks
are bringing state-of-the-art capabilities to all.
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Introduction

Information science and technology (informatics) be-
came an essential concern to biologists following the
development of rapid DNA sequencing methods in
the mid-1970s. Fueled by the anticipated data deluge
from the Human Genome Project, and assisted by the
general advancement of computer hardware, software
and networking technologies, bioinformatics is under-
going a period of explosive growth and development,
a snapshot of which will be presented in this review.
Bioinformatics is broad in scope and involves every-
thing from laboratory automation and data acquisition
to electronic publishing. The focus of this review will
be the selected information analysis and retrieval tools
which occupy a central role for all researchers that con-
cern themselves with genetic and molecular sequence
data and the biomedical literature.

The information landscape

The growth of information of potential interest to
biomedical researchers is shown in Fig. 1. MEDLINE
is an international bibliographic database provided by
the US National Library of Medicine (NLM). MEDLINE
currently contains over 7 million abstracts (Fig. 1a) de-
rived from published articles in approximately 4000 sci-
entific journals. NLM indexes nearly 400 000 articles per
year. The literature devoted to genetics is growing at
a rate somewhat faster than the biomedical literature
as a whole and now contains over 60000 articles (Fig.

1b). However, the number of articles directly relevant
to molecular biology, biotechnology and genetics is at
least three times greater than this, as evidenced by the
number of MEDLINE records included in release 10.0
of the National Center for Biotechnology (NCBI) Entrez
retrieval system (see below).

Gene mapping data is growing exponentially (Fig. 1c),
as are data on nucleotide sequences, protein sequences
and protein crystal structures (Fig. 1d-f). The Genome
Data Base (GDB) is an on-line encyclopedia of human
cytogenetic, linkage and physical mapping informa-
tion [1]. For some of the latest results and data sets
(e.g. [2*]), however, one also needs to be aware of a
number of other repositories (Table 1). The amount of
DNA sequence data in GenBank® [3] is doubling ev-
ery 20 months, and this is even before the full impact
of concerted genome sequencing is felt [4].

Over the past three years, an important new type of
sequence data has become available [5]. In order to
rapidly survey the expressed genome, several groups
are using automated sequencing technology to gener-
ate ‘single pass’, partial cDNA sequences —'expressed
sequence tags’ (ESTs) — from a variety of animal and
plant species [6,7]. Because of some of the unique char-
acteristics of these data, a special database (dbEST) has
been set up to facilitate usage by contributors and
end-users alike [8°]. Release 2.10 of dbEST contains
more than 34 000 sequences, with the majority coming
from Homo sapiens (human), Caenorbabditis elegans
(nematode), Arabidopsis thaliana (thale cress), Oryza
sativa (rice), Plasmodium falciparum (malarial para-
site) and Zea mays (maize). ESTs are being system-
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atically mapped [9], are becoming increasingly useful
for identifying candidate genes (see below), and can
greatly streamline the search for cognate genes among
different organisms [10,11].

All of these data are available in electronic databases,
but until recently researchers had been faced with the
daunting task of mastering a number of complex search
and retrieval systems and then integrating the informa-
tion manually, post hoc. All of this has now changed
as a result of a number of informatics efforts, some as
part of the general development of computerized infor-
mation resources and some under the direct auspices
of biological research. An example of the latter case is
GenBank® which has, under new management [3], un-
dergone a major expansion in data coverage and anno-
tation content and developed a host of new services for
electronic data submission, sequence similarity search-
ing and integrated information retrieval.

Exploring the information space

Certainly the most significant development in bioinfor-
matics over the past year has been the tremendous
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proliferation of Internet resources devoted to the life
sciences. Indeed, one ‘virtual library’ lists over 200 dif-
ferent databases or services for biology and medicine
(see below). The Internet itself is a global assem-
blage of more than 30000 interconnected computer
networks, including US government, private and inter-
national networks, that has evolved over more than 20
years and is neither owned nor operated by any single
organization [12*¢]. Internet resources consist of ‘server’
computers containing information (file servers), exe-
cutable programs (compute servers), or both, These
servers interact with ‘client’ computers which request
information or services. The easiest (and most limited)
way to access these services is through electronic mail
(e-mail), but computer workstations and increasingly
powerful personal computers running graphical user
interfaces (GUISs) offer the most impressive capabilities,
which include audio and video communications.

It is impossible to capture in writing the richness and
complexity of the Internet, so I will try to identify only
a few ways and means by which to enter this ‘informa-
tion space’ and try to point out some of the most useful
resources for genetics and molecular biology (Table 1).
An excellent tutorial on the Internet and its navigation
may be found in [12¢°].
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Table 1. Selected World-Wide Web (WWW) and Gopher servers.

NCSA Mosaic

Virtual Library:
Biosciences

ExPASY

NCBI GenBank®

Genome Data Base (GDB)

CEPH/Généthon

Cooperative Human Linkage
Center (CHLC)

UK Human Genome Mapping
Project

MIT Genome Center

Jackson Laboratory

Dan’s Favorite BioGopher

Resource WWW Uniform Resource Locator or Features and comments
Gopher address
World-Wide Web http://info.cern.ch/ WWW project background; pointers to the world’s on-line

http://www.ncsa.uiuc.edu/

http://golgi.harvard.edu/

http://expasy.hcuge.ch/

http:/ncbi.nim.nih.gov/

http://gdbwww.gdb.org/

http://www.genethon.fr/

gopher://gopher.chic.org/

gopher://menu.crc.ac.uk/

http://www-genome.wi.mit.edu/

http://www.jax.org/

gopher://gopher.gdb.org/

information; information on WWW software products;
frequently asked questions (and answers).

Starting points for Internet exploration; Internet
resources meta-index; “What’s New” with NCSA and
Internet.

Comprehensive list and links to WWW resources for
biology and medicine.

Comprehensive library of documents describing e-mail
servers, databases and software for molecular biology.

Information for submitting and updating sequences;
GenBank® release notes; homology and text searching
of sequence databases; Entrez MEDLINE browser.

Search GDB and On-line Mendelian Inheritance in Man (OMIM)
Human genome genetic and physical mapping data; search
for information on YAC clones and STSs; QUICKMAP software
for viewing CEPH map.

Markers, genotype data and integrated maps.

Primers, probes and chromosome abnormality database; cell
lines from patients with genetic disorders or cytogenetic

abnormalities.

Quarterly data releases from the human physical mapping and
mouse genetic mapping projects.

Locus catalog and genetic maps of the mouse.
Library catalogs around the world; world-wide campus

phonebooks; search for people by name, location,
research interest or funding agency.

Gopher, originally developed at the University of Min-
nesota, is an Internet search client that allows one to
browse for resources on different servers, using menus,
and to retrieve files of interest. Gopher client software
is available free for all popular computers and can be
obtained by anonymous file transfer protocol (ftp) —
see [12**] or your local systems administrator for more
details.

The World-Wide Web (WWW) originated at CERN, the
European Laboratory for Particle Physics near Geneva,
and is similar to Gopher in the sense that it is a
client-server information system running over the In-
ternet. WWW is based on a more versatile data model,
however, which allows ‘hypertext’ links, or cross-refer-
ences, among related information resources [12¢*). The
WWW server at CERN (Table 1) lists a variety of client

programs that allow one to access WWW directly from
a personal computer, including line-mode browsers
for users of ‘dumb’ terminals, as well as full-screen
browsers for use on VT100 terminals. One particu-
larly notable client is Mosaic, produced by the US Na-
tional Center for Supercomputer Applications (NCSA).
Mosaic, available for X-windows/UNIX, Apple Macin-
tosh, Microsoft Windows and other systems, utilizes a
graphical user interface that permits retrieval of sound
and images and demonstrates the potential for WWW
as a distributed hypermedia system.

In my experience, Gopher and WWW servers are out-
standing tools for browsing available resources and for
finding specific items when one is uncertain about their
accessibility or location. A sampling of Internet biology
resources, available through Gopher or WWW, is pre-
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sented in Table 1. For resources that one uses heavily
and routinely, however, special, dedicated applications
are often more efficient and superior in performance.
Several of these are described below.

Network resour¢es for analysis, search and
retrieval

Every researcher searches the literature and almost
every researcher needs to perform sequence ‘homol-
ogy’ searching at one time or another. Somewhat
smaller numbers need frequent access to protein crys-
tal structures or consensus genetic map information,
and only specialized research groups routinely com-
pute on atomic coordinates or raw genetic and physical
mapping data. The availability and ease of use of many
informatics tools (and the data itself) are generally pro-
portional to this distribution of end-users.

Many useful programs for database searching, se-
quence analysis and information retrieval are available
via e-mail. Because of limited space, and my emphasis
on the newer client-server technology, these will not
be discussed here. The reader is directed to the short
review by Henikoff [13), to the Indiana University Bio-
Gopher (ftp.bio.indiana.edu) and to the EXPASy WWW
server (Table 1) for more information on e-mail ser-
vices.

Integrated information retrieval

Entrez, produced by NCBI, is a versatile information
retrieval system that integrates DNA and protein se-
quence data with MEDLINE abstracts in a graphical
user interface, mouse-driven, point-and-click environ-
ment that runs on Apple Macintosh, Microsoft Win-
dows and UNIX/X-windows computers [14°,15]. Entrez
links the coding sequences of genes with their pro-
tein products and relates both types of sequence to
the published literature. In addition, each release of
Entrez includes computed ‘homologies’ for all DNA
sequences and protein sequences derived from Ba-
sic Local Alignment Search Tool (BLAST) similarity
searching (see below) of each database against itself.
Relationships among MEDLINE records, and automatic
retrieval of similar articles, are also available through
a process known as ‘neighboring’, based on term fre-
quency statistics. Entrez is available on CD-ROM (six
releases per year) or as a free Internet service [14¢].
The current release of Entrez contains 199956 MED-
LINE records, 161160 DNA and 172595 protein se-
quences. For users of non-graphical systems, a text-
based ‘command line Entrez version’ (CLEVER) has
been developed by T Littlejohn, P Rioux and W Gilbert
(contact ogmp@bch.umontreal.can by e-mail).

Homology searching

Sequence similarity (homology) searching is probably
the most important analytic method that molecular bi-
ologists use and much effort has been directed at its
development, usually focusing on the speed and sen-
sitivity of the underlying algorithm. Recently, it has
become apparent that a number of associated issues
are equally important for maximizing the efficiency
of search procedures [16*], including access to up-to-
date, non-redundant sequence collections, improved
scoring systems and methods for assessing the statis-
tical significance of sequence similarities, and various
types of sequence ‘masking’ to reduce or eliminate vo-
luminous, spurious results that arise from locally biased
amino acid composition, the presence of Alu repeats, et
cetera in query sequences. These issues become critical
for high-throughput, genome-sc-le sequencing efforts
in which automated or semi-automated data analysis
is required. Most of these features are embodied in the
BLAST family of programs, which are available as a free
network service from NCBI [16°].

Successful positional cloning depends upon the abil-
ity to locate exons or potential coding regions by
either experimental or computational means (see re-
view by Monaco [pp 360-365]). Sequence data de-
rived from either ‘genome survey sequencing’ or exon
‘trapping’ or amplification procedures need to be an-
alyzed by database homology searching at the earliest
opportunity to identify candidate genes. Error-tolerant
algorithms (BLASTX [17]) and scoring systems [18] are
available for this purpose.

Exon identification

The best evidence for an exon (on the basis of se-
quence analysis alone) is the existence of a statistically
significant similarity to a known gene product or EST.
Some evidence suggests that most gene products that
are shared across phyla are already present in the se-
quence databases [19]. This finding, together with the
continuing rapid accumulation of partial cDNAs [8°],
indicates that the chances of detecting exons by se-
quence similarity are getting better all the time. In the
absence of similarity, however, methods for the iden-
tification of putative exons from intrinsic properties
of sequences are essential. These properties include
statistical differences between coding and non-cod-
ing nucleotide sequences, the presence of potential
promoter sequences, splice junctions and polyadeny-
lation signals, and other sequence attributes.

XGRAIL is a client-server implementation of a pop-
ular application for sequence analysis and the con-
struction of gene models on the basis of intrinsic
sequence characteristics [20]. XGRAIL client software
is available for UNIX workstations from Sun Micro-
systems and Digital Equipment Corporation (e-mail
to grailmail@ornl.gov). GenelD is another system for
analyzing vertebrate DNA with predictions of exons
and gene structure [21] and is available through a
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Gopher interface (dna.cedb.uwf.edu). GenelD auto-
matically tests predicted exons using a BLASTX {16*,17]
protein database search; XGRAIL features several sim-
ilarity search options.

Mapping data

GDB/Accessor is a new client-server program for
searching the GDB (Table 1) and related databases,
such as On-line Mendelian Inheritance in Man (OMIM),
GenBank®/EMBL and SWISS-PROT. The software
(Macintosh only) and a detailed user guide are avail-
able for free (e-mail to help@gdb.org).

Finally in this review, I describe several programs for
working with chromosome mapping data. In con-
trast to the tools described above, these are not In-
ternet client-server applications, but are included be-
cause they are important tools for gene mapping
and positional cloning. QUICKMAP is a new graphi-
cal user interface for CEPH mapping data and al-
lows one to visualize sequence-tagged sites (STSs) and
yeast artificial chromosome (YAC) contigs anchored
on the genetic map. (YAC contigs are clones whose
inserts overlap.) QUICKMAP runs on Sun worksta-
tions and is so new that only minimal documenta-
tion was available at the time of writing (e-mail to
rigault@genethon.fr for more information). MultiMap
[22] is an ‘expert system’ that automates genetic linkage
map construction. It requires a Lisp interpreter and the
CRI-MAP program [23] on a Sun workstation (e-mail
to multimap@genomel.hgen.pitt.edu). The Coopera-
tive Human Linkage Center (CHLC; see Table 1) pro-
vides an e-mail server (contact info-server@chlc.org)
to which one can send genotype data from CEPH
reference families and obtain information on linked
markers from the CHLC data sets [24]. SEGMAP is a
program for constructing physical maps of chromo-
somes based on the STS content of YAC contigs [25).
SEGMAP is available for UNIX workstations (e-mail to
pg@genome.wustl.edu).

Conclusions

Given the rapid accumulation of data and the prolifera-
tion of new software tools and network resources, this
review will be dated before the ink is dry. The only
way to keep abreast of important new developments
is to master some of the instruments introduced herein
and use them regularly. I would also recommend sub-
scribing to the BIOSCI newsgroups [26]. In the future,
however, ‘intelligent agents’ (software robots) will be
programmed with our individual interests and will con-
tinuously scan the information space, automatically no-
tifying us when any relevant new data or observations
become available. This capability will fundamentally
change the nature of scientific communication [27].
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