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To talk about an information overload in the
modern life sciences is an understatement.
More than 30,000 of the 100,000 or so
human genes have now already been
mapped as part of the worldwide Human
Genome Project1. The genetic material
sequence information that is being amassed
as a result, to which should be added all the
genome information that exists for organ-
isms other than humans, has been aptly
called the approaching “tidal wave of data.”2

This tidal wave is, in fact, upon us and will
simply continue coming: it includes not only
continually updated sequence information
for genes and proteins, but also
structure/function annotations, disease cor-
relations, population variations, and just
about every piece of relevant information
that is being gathered by life science, all
entered into massive databases. 

Bioinformatics is the computer-assisted
data management discipline that helps us
gather, analyze, and represent this informa-
tion in order to educate ourselves, under-
stand life’s processes in the healthy and dis-
ease states, and find new or better drugs.
Bioinformatics is being practiced worldwide
by academic groups, companies, and nation-
al and international research consortia, and
it should be thought of as a bedrock of cur-
rent and future biotechnology, without
which the latter simply cannot be done.

Historical perspective
Bioinformatics is associated typically with
massive databases of gene and protein
sequence and structure/function informa-
tion into which are deposited new
sequences, and which are searched by
remote computer access whenever any
sequence needs to be compared with what
is already known. The field is thus relatively
young, as it arose after automated protein
and DNA sequencing became possible from
the mid-1970s onward, and after computers
started to be used as central repositories
that were also accessible remotely, which
took place in the mid- to late 1980s. 

Good examples of early efforts were the
Staden Package for DNA sequences and
PROPHET in the US, described as “a nation-
al computing resource for life science

research tailored to meet the data manage-
ment and analysis needs of life scientists
working in a wide variety of disciplines,
ranging from pharmacology to molecular
biology.”3 The system tried to be an integrat-
ed graphics-oriented environment whose
functionalities ranged from manipulating
and analyzing data, graphs, molecular struc-
tures, and biological simulation models, to
storing and comparing protein and nucleic
acid sequences. 

In the late 1980s, the PC/GENE software
package of Intelli-Genetics (Mountain
View, CA) made its appearance, and with
its capability to translate a given gene
sequence into a protein structure, complete
with secondary structure predictions and
database comparisons, it heralded the

arrival of several early versions of what sci-
entists needed and wanted4. 

The beginning of this decade saw the
arrival of Amos Bairoch’s PROSITE, which
aimed to be a modest database of protein
sequence and structure correlations5. This
was complemented by SEQANALREF, which
focused on sequence analysis and compar-
isons6. Also in 1991, Bairoch introduced the
first full-blown version of the now-famous
SWISS-PROT protein sequence databank7.
At the same time, a veritable explosion was
occurring worldwide in terms of new data-
bases and software to access and analyze the
data, driven essentially by academic scien-
tists and the big research funding centers,
such as the NIH in the US, the EMBL in
Europe, and others. The early 1990s also saw
the development of proteomics-oriented
databases, such as SWISS-2DPAGE, which
included data on the two-dimensional poly-
acrylamide gel electrophoresis (2-D PAGE)
maps of proteins from a variety of healthy
and disease tissues8.

The development of networking tools,
such as Gopher and WAIS in the early and
mid-1990s and web servers such as ExPAsy
heralded the establishment of the Internet

as the primary means of remote communi-
cation, causing the field of bioinformatics
to take off9. 

Current state
There are so many different bioinformatics
tools available over the Internet free of
charge to whomever wishes to use them that
it is impossible to list them all. According to
the European Bioinformatics Institute’s (EBI;
Cambridge, UK) BioCat listing, there are
more than 500 of these tools10, and their
number is growing constantly, as software
developers working in the life sciences (or life
scientists with software development talents)
constantly update and produce useful new
applications. 

The ability to gather, store, classify, ana-

lyze, and distribute biological information
derived from sequencing and functional
analysis projects is so fundamental to mod-
ern biotechnology that companies and
funding bodies alike are banding together
in unprecedented ways to help each other
and scientists at large to perform the task.
This is because it is widely believed that the
real long-term value of bioinformatics
capabilities lies not so much in the tools,
but in the conversion of the knowledge that
bioinformatics delivers into better thera-
peutics. As a result, there are concerted
efforts to make the tools of bioinformatics
as standardized and easy as possible, akin to
the development of standardized computer
operating systems. 

One of the best-known examples of this
approach is the EBI’s BioStandards project.
Funded jointly by the EBI, the European
Commission, and several pharmaceutical
companies, the multiyear project includes
the development and adaptation of databas-
es and software tools in terms of existing
and emerging standards, as well as educa-
tion and training. The companies involved
in the project include Akzo Nobel, Astra,
Boehringer Ingelheim Austria GmbH,
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Table 1. Bioinformatics market size.

Market segment Size (1998) Size (2002)

E-based business-to-business market $800 million $220.0 billion
Business-to-business biomedical information market $300 million $1.0 billion
Pharmacogenomics data gathering and analysis alliances* $1.0  billion $3.5 billion
Biochip-based data gathering and analysis alliances* $500 million $4.0 billion

Sources: Cognia Corp (www.cognia.com); Biovista (www.biovista.com).
* Bioinformatics is a central piece of pharmacogenomics and biochip-based alliances.
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British Biotech, Chiron/Vaccines, Glaxo
Wellcome, Hoffmann-La Roche, Hoechst
AG, Hoechst Marion Roussel, Janssen,
Merck KGaA, Monsanto, Novartis Pharma
AG, Novo Nordisk, Pfizer, Pharmacia and
Upjohn, Rhône-Poulenc, Schering,
SmithKline Beecham, Synthelabo, and
Zeneca. 

Illustrating the strategic nature of bioin-
formatics, as well as the fact that it can be
practiced anywhere in the world where there
is Internet access, thus enabling contribu-
tions from places not traditionally known for
lab-based biotechnology, the Bioinformatics
Center at the National University of
Singapore recently reported on its efforts to
develop a database integration tool capable
of interrogating different and incompatible
databases simultaneously11. This and many
other examples from all over the world illus-
trate the global discipline that bioinformatics
has become.

The NIH is a funding body well known
for its long-term and massive support of
bioinformatics, having sponsored projects
such as the Entrez database (queried more
than 50,000 times per day) and many others.

Nevertheless, the NIH is always under pres-
sure to fund bioinformatics even more, in
recognition of its importance and of the
competition from other entities12. 

In terms of actual market size and
potential, bioinformatics is difficult to ana-
lyze because so much of it is essentially
free. However, as shown in Table 1, the

market appears to be significant and grow-
ing rapidly. This is driven in part by strate-
gic alliances between companies that have a
genomics, pharmacogenomics, or biochip
focus, all of which rely heavily on efficient

bioinformatics applications. Essentially all
pharmaceutical and major biotechnology
companies have internal bioinformatics
capabilities and programs, especially if
they have significant genomics efforts
underway. Some of these companies are
listed in Table 2.

Industry challenges
A key challenge that has arisen as a result of
the escalating use of free databases is that the
developers of these databases cannot main-
tain them anymore for free. The best-known
example is SWISS-PROT, which in late 1998
had to start charging corporate, but not aca-
demic, users an access and usage fee ranging
from $2,500 to $90,000 a year. SWISS-PROT
contains information on more than 70,000
proteins and is used by some 200,000
researchers worldwide, and few databases
enjoy such success, but the ones that do face
the same problem and might have to resort
to a similar solution. 

On the technical front, the challenges to
the bioinformatics industry are many. For
example, genome organization studies have
revealed the complexity of defining a gene
simply on the basis of start and stop codons:
Genes in higher eukaryotes are often nested
within each other and are transcribed and
spliced in complex patterns. In so-called
alternative splicing, one or more gene exons
are often shared among several gene tran-
scripts. There are no good rules to help
assign genes unambiguously within
genomes13, and resolving this problem in
light of the tidal wave of such information is
a key concern to bioinformaticians. 

On the business side, companies that
hope to generate shareholder value in the
bioinformatics arena have several signifi-
cant challenges, not the least of which is
how to create value when so much of the
technology is free. But as the example of
SWISS-PROT shows, it is possible to cap-
ture value on the basis of corporate versus
academic use of some of the key bioinfor-
matics tools. A good example is Cognia
Corp. (New York), which not only develops
web-based bioinformatics software, but also
sells access in the US and Canada to the
well-respected TRANSFAC database of
transcription factors. 

Finally, a key challenge on the technol-
ogy front is to create data mining tools that
are capable of retrieving the desired infor-
mation from the massive databases with
the highest “signal-to-noise” ratio possi-
ble, and to do so in a cross-platform man-
ner. Recent efforts focus on semantic
ontology, or language representation
approaches to identifying the desired
information and creating the necessary
annotations, and doing so in a way that is
independent of the actual database being

Table 2. Selected companies with bioinformatics programs.

Company Program

Affymetrix (S. San Francisco, CA) Gene index system
Axys Pharmaceuticals (S. San Francisco, CA) Pharmacogenomics databases
Biovista (Athens, Greece) Language-based ontology data mining
Celera Genomics (Rockville, MD) Genomics database
Cellomics (Pittsburgh, PA) ArrayScan 2.0 System & MultiView Database
Cognia Corp. (New York, NY) TRANSFAC Database
Compugen (Woburn, MA) BioXL/P-12 accelerators, GenCore & GenWeb
CyberChemics (Huntsville, AL) Protease inhibitors
diaDexus (Santa Clara, CA) Pharmacogenomics
Digital Gene Technologies (La Jolla, CA) TOGA technology
Gene Alliance (Dusseldorf, Germany) Genomics & HTTS screening collaboration
Gene Codes (Ann Arbor, MI) Sequencher DNA sequencing program 
Gene Logic (Gaithersburg, MD) Integrated bioinformatics system and 

software tools
Genetics Institute (Cambridge, MA) SignalTag Library
Genome Therapeutics (Waltham, MA) Gene sequencing for anti-infectives
Genset (Paris, France) Pharmacogenomics and bi-allalic 

marker databases
Human Genome Sciences (Rockville, MD) Whole organism and EST databases
Incyte Pharmaceuticals (Palo Alto, CA) LifeSeq database
Lexicon Genetics (The Woodlands,TX) OmniBank library
MDL Information Systems (San Leandro, CA) Integrated bioinformatics software
Millennium Pharmaceutical (Cambridge, MA) Large-scale gene sequencing 
Molecular Applications Group (Palo Alto, CA) Gene index system
Molecular Geriatrics (Vernon Hills, IL) Bioinfomatic analysis of genes for Alzheimer's
NetGenics (Cleveland, OH) SYNERGY suite of bioinformatics software
Oxford Molecular (Oxford, UK) Sequence comparison tools
Pangea Systems (Oakland, CA) GeneWorld, GeneThesaurus and 

PULSE software
ROSETTA Inpharmatics (Kirkland, WA) Integrated bioinformatics tools
Structural Bioinformatics (San Diego, CA) "In silico" drug design
Tripos (St. Louis, MO) Integrated data management software

Source: Biovista (www.biovista.com).

Bioinformatics can be 
practiced anywhere in 
the world where there is
Internet access, thus
enabling contributions 
from places not traditionally
known for lab-based
biotechnology.
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queried. A good example is the TAMBIS
(Transparent Access to Multiple Biological
Information Sources) project at the
University of Manchester in the United
Kingdom14.

The future 
The future of bioinformatics is impossible to
predict. One application to watch is the
automated preprocessing of sequences
obtained in large-scale sequencing labs, such
as the ones participating in the Human
Genome Project. A recent paper describes a
novel software system that can transform

fragments from four-color fluorescence-
based gel electrophoresis experiments into
an assembled sequence in high-throughput
mode, regardless of the underlying sequenc-
ing technology used15. Such a capability is
essential, as large-scale sequencing will con-
tinue long after the Human Genome Project
is completed.

Another emerging application of bioin-
formatics that differs from the traditional
sequence comparison area is epidemiology.
A recent paper describes how bioinformat-
ics tools can help integrate statistical genet-
ic methods, sequence information, gene
variability in populations, and epidemiolo-
gy data, all in an integrated environment16.
With the realization that disease suscepti-
bility is a multifactorial event that receives
significant contributions from sequence
prevalence characteristics in populations,
the fit between epidemiology and bioinfor-
matics is a natural one that will continue in
the future.

Finally, a development to watch involves
a subdiscipline of bioinformatics known as
molecular or biological computing, which
focuses on the use of genes as information
storage, manipulation, and retrieval
“devices” that can be harnessed to perform
computational tasks17. An interesting recent
paper described a theoretical scenario in
which molecular computation could be
used for data encryption purposes18. Here,
pure computer science and bioinformatics
come very close together, and this is an area
that will undoubtedly continue to receive
much attention.

Conclusions
Bioinformatics has established itself in just
a few years as a foundation of modern
biotechnology. Its focus on biological
information management, independent of
origin or representation, is enabling life sci-
ence and novel drug discovery to progress
much faster, and the area promises to be
nothing short of a bona fide technology
revolution.
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Bioinformatics' focus on
biological information 
management, independent
of origin or representation,
is enabling life science 
and novel drug discovery 
to progress much faster.
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