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Abstract

In the last 25 years, Moore's Law has transformed society, delivering exponent
better computers at exponentially lower prices. Biological informatics is the
application of powerful, affordable information technology to the problems of
biology. With $2500 desktop PCs now delivering more raw computing power tf

the first Cray, bioinformatics is rapidly becoming the critical technology for 21st:

century biology.

DNA is legitimately seen as a biological mass-storage device, making
bioinformatics asine qua norfor genomic research. Others areas of biological
iInvestigation are equally information rich — an exhaustive tabulation of the Ear
biodiversity would involve a cross—index of the millions of known species again
the approximately 500,000,000,000,000 square meters of the Earth's surface.

Bioinformatics is also becoming a scholarly discipline in its own right, melding
information science with computer science, seasoning it with engineering meth
and applying it to the most information rich component of the known universe —
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What Is Biological Informatics?

What are the differences among:
® Dbiological informatics
® Dbioinformatics
® Iinformatics
® computational biology




What is Bioinformatics?

Semantic tuning:

¢ X-informatics is the application of
Information technology to discipline X,
with emphasis on persistent data stores.

® Computational X is the application of
iInformation technology to discipline X,
with emphasis analytical algorithms.




What is Bioinformatics?

Bioinformatics Is:

® the use of computers (and persistent data
structures) in pursuit of biological research,

® an emerging new discipline, with its own
goals, research program, and practitioners;

® thesine qua noror 21st-century biology.

® the mostsignificantly underfunded
component of 21st-century biology.

® all of the above.




Topics

Biotechnology and information technology will be the

“magic” technologies of the 21st Century.

Moore’s Law constantly transforms IT (and everythir
else).

Information Technology (IT) has a special relationsh
with biology.

21st-century biology will be based on bioinformatics.

Bioinformatics is emerging as an independent
discipline.

A connected, federated information infrastructure fo
21st-century biology Is needed.

Current support for public bio-information
Infrastructure seems inadequate.
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Introduction

Magical
Technology




Magic

technology would seem like magic.

magical to a person from 19977

To a person from 1897, much current

What technology of 2097 would seem

between living and non-living is blurred.

to Information is iImmediate and universal.

(Candidate: Biotechnology so advanced that the distinction

~

Information technology so advanced that acces
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Moore's Law

Transforms InfoTech
(and everything els?)




Moore’s Law: The Statement

Every eighteen months, the
number of transistors that can
be placed on a chip doubles.

{ Gordon Moore, co-founder of Intel...}

10



Moore’s Law: The Effect
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Moore’s Law: The Effect
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Moore’s Law: The Effect

Three Phases of Novel IT Applications
® It's Impossible
® It's Impractical

® |t's Overdue
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Moore’s Law: The Effect
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Moore’s Law: The Effect
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Moore’s Law: The Effect
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Moore’s Law: The Effect
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Cost (constant performance)
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Cost (constant performance)
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Cost (constant performance)
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Cost (constant performance)
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IT-Blology
Synergism




IT Is Special

Information Technology:

¢ affects the performancandthe
management of tasks

¢ allows the manipulation of huge
amounts of highly complex data

® Isincredibly plastic

(programming and poetry are both exercises in pure thought)

® Improves exponentiallymoore's Law)

29



Biology Is Special

Life Is Characterized by:
® Individuality
® historicity
® contingency

® high (digital) information content

No law of large numbers, since every
living thing is genuinely unique.

30



IT-Biology Synergism

® Physics needs calculus, the method for
manipulating information about
statistically large numbers of vanishingly
small, independent, equivalent things.

® Biology needs information technology, tf
method for manipulating information
about large numbers of dependent,
historically contingent, individual things.

]

e
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Biology Is Special

For it is In relation to the statistical point of view
that the structure of the vital parts of living
organisms differs so entirely from that of any
piece of matter that we physicists and chemists
have ever handled in our laboratories or
mentally at our writing desks.

Erwin Schrodinger. 1944What is Life
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Genetics as Code

[The] chromosomes ... contain in some kind of code-
script the entire pattern of the individual's future
development and of its functioning in the mature state.
... [By] code-script we mean that the all-penetrating
mind, once conceived by Laplace, to which every
causal connection lay immediately open, could tell
from their structure whether [an egg carrying them]
would develop, under suitable conditions, into a black
cock or into a speckled hen, into a fly or a maize plant,
a rhodo-dendron, a beetle, a mouse, or a woman.

Erwin Schrodinger. 1944What is Life
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One Human Seqguence

/We now know that A
Schrodinger’s mysterious
human “code-script”
consists of 3.3 billion
base pairs of DNA

\_ J

A4

Typed in 10-pitch font, one human sequence would stretch for
than 5,000 miles. Digitally formatted, it could be stored on one C
ROM. Biologically encoded, it fits easily within a single cell.

ore
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One Human Seqguence

A variant of this factoid actually
made it intoRipley’s Believe It or
Not, but that's another story...

Rees—Believe It or Not/-
‘\%‘;} x.:‘\\\}\* \\ { h%(! &% Yu
D &\\\“ RBARE /:/ Y
b._; C T "" /‘l/
° -"”“ H
PN
¥ oy i
| Cmmsmeamee,,
% N 12-POINT TYPE, THE LETTER g

STRING WOULD STRETCH OVER
10,000 MILES ~ -8

SUBMITTRD Y KOBEET ROBBNS FEATTLE, WASM.

For details on Ripley’s interest in DNA, see
HTTP://LX1.SELU.COM/~rjr/factoids/genlen.nhtml




Bio-digital Information

DNA is a highly efficient digital storage device:

® There Is more mass-storage capacity in the
DNA of a side of beef than in all the hard drive
of all the world’s computers.

7

® Storing all of the (redundant) information in al
of the world’s DNA on computer hard disks
would require that the entire surface of the Ealth

be covered to a depth of three miles in Conney;
1.0 gB drives.
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Genomics:
An Example




Human Genome Project - Goals

construction of a high-resolution genetic map of the human
genome;

production of a variety of physical maps of all human
chromosomes and of the DNA of selected model
organisms;

determination of the complete sequence of human DNA and
of the DNA of selected model organisms;

development of capabillities for collecting, storing,
distributing, and analyzing the data produced,

creation of appropriate technologies necessary to achieve
these objectives.

'USDOE. 1990.Understanding Our Genetic Inheritance.

' The U.S. Human Genome Project: The First Five Years.|
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Infrastructure and the HGP

Progress towards all of the [Genome Project]
goals will require the establishment of well-
funded centralized facilities, including a stock
center for the cloned DNA fragments
generated in the mapping and sequencing
effort and a data center for the computer-based
collection and distribution of large amounts of
DNA sequence information.

National Research Council. 1988lapping and Sequencing the
‘ Human Genomeé&~Nashington, DC: National Academy Press. p.
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GenBank Totals(release 103)

DIVISION Entries Per Cent Base Pairs Per Cent

Phage Sequences (PHG) 1,313 0.074% 2,138,810 0.184%

Viral Sequences (VRL) 45,355 2.568% 44,484,848 3.834%

Bacteria (BCT) 38,023 2.153% 88,576,641 7.634%

Plant, Fungal, and Algal Sequences (PLN) 44,553 2.523% 92,259,434 7.951%
Invertebrate Sequences (INV) 29,657 1.679% 105,703,550 9.110%

Rodent Sequences (ROD) 36,967 2.093% 45,437,309 3.916%

Primate Sequences (PRI1-2) 75,587 4.280% 134,944,314 11.630%

Other Mammals (MAM) 12,744 0.722% 12,358,310 1.065%

Other Vertebrate Sequences (VRT) 17,713 1.003% 17,040,159 1.469%
High-Throughput Genome Sequences (HTG) 1,120 0.063% 72,064,395 6.211%
Genome Survey Sequences (GSS) 42,628 2.414% 22,783,326 1.964%
Structural RNA Sequences (RNA) 4,802 0.272% 2,487,397 0.214%
Sequence Tagged Sites Sequences (STS) 52,824 2.991% 18,161,532 1.565%
Patent Sequences (PAT) 87,767 4.970% 27,593,724 2.378%

Synthetic Sequences (SYN) 2,577 0.146% 5,698,945 0.491%

Unannotated Sequences (UNA) 2,480 0.140% 1,933,676 0.167%

EST1-17 1,269,737 71.905% 466,634,317 40.217%

TOTALS 1,765,847  100.000% 1,160,300,687 100.000%




Base Pairs in GenBank
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Base Pairs in GenBank
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ABI

Bass-o-Matic Sequencer

0 | Defrost ?
e —
[@} speed

gB/sec

S 'GCGCATCGCGTATCGA‘P«G

In with the sample, out with the sequenceh
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What's Really Next

The post-genome era in biological
research will take for granted ready
access to huge amounts of genomic
data.

The challenge will b&inderstanding
those data and using the understand
to solve real-world problems...

Ing
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Base Pairs in GenBank
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Base Pairs in GenBankPercent Increase
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Projected Base Pairs
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Projected Base Pairs
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Projected Base Pairs
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Projected Base Pairs
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21st Century
Biology

Post-Genome Era




The Post-Genome Era

Post-genome research involves:

® applying genomic tools and knowledge to more
general problems

® asking new guestions, tractable only to genom
or post-genomic analysis

® moving beyond the structural genomics of the
human genome project and into the functional
genomics of the post-genome era

\J ~4
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The Post-Genome Era

Suggested definition:

® functional genomics = biology

53



The Post-Genome Era

An early analysis:

;
Walter Gilbert. 1991. Towards a paradigm
shift in biology. Nature 349:99.

.
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Paradigm Shift in Biology

To use [the] flood of knowledge, which will pour
across the computer networks of the world,
niologists not only must become computer
iterate, but also change their approach to the
problem of understanding life.

% Walter Gilbert. 1991. Towards a paradigm shift in biolodyature 349:99. [
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Paradigm Shift in Biology

The new paradigm, now emerging, Is that all the
‘genes’ will be known (in the sense of being
resident in databases available electronically),
and that the starting point of a biological
iInvestigation will be theoretical. An individual
scientist will begin with a theoretical conjecture,
only then turning to experiment to follow or test
that hypothesis.

Walter Gilbert. 1991. Towards a paradigm shift in biolodyature 349:99.
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Paradigm Shift in Biology

<5000 known and described bacteria

5,000,000 base pairs per genome

25,000,000,000 TOTAL base pairs

If a full, annotated sequence were available for all known bacteria, the pra
of microbiology would match Gilbert’s prediction.

% Case of Microbiology F

Fi
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21st Century
Biology

The Sclence




Fundamental Dogma

proteins, to interactions among proteins

and ultimately to phenotypes.

Collections of individual phenotypes, of
\course, constitute a population.

(regulatory circuits and metabolic pathways

/The fundamental dogma of molecular bing;y
IS that genes act to create phenotypes throu
a flow of information from DNA to RNA to

gh
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Phenotypes

'

Populations
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Fundamental Dogma

Although a few databases already
to distribute molecular information,

eji.
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Fundamental Dogma

| |

[ . .
the post-genomic era will need man
more to collect, manage, and publis

the coming flood of new findings.
\

Map
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¢
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[ Regulatory Pathways}? i,
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[ Development 1?
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[ Biodiversity?]

[ Molecular Epidemiology)f

[Comparative Genomic%?
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Fundamental Dogma

N\
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| Circuits _
J | Regulatory PathwaysJ? i, [ Metabolism?
g
Phenotypes
- _ (Clinical Data 7] ‘L [ Neuroanatomy?}
If this extension covers functional _
genomics, then “functional genomics! Populations
Is equwalent to blology. [Biodiversity?] [Molecular Epidemiology?

[Comparative Genomic%?
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21st Century
Biology

The Literature




Electronic Data Publishing

P IR -- Beta Hemoglobin

DEFINITION [DEF]
[HUMHBB] Human beta
globin region
LOCUS [LOC]
HUMHBB
ACCESSION NO. [ACC]
J00179 JO0093 JO0094 JO0096
JO0158 JO0159 JO0160 JO0O161

KEYWORDS [KEY]

Alu repetitive element; HPFH;
Kpnl repetitive sequence; RNA
polymerase IlI; allelic
variation; alternate cap site;

SEQUENCE
gaattctaatctccctctcactactgtctagt
atccctcaaggagtggtggctcatgtcttgag
ctcaagagtttgatataaaaaaaaattagcca
ggcaaatgggaggatcccttgagcgceactcca

LL ANEMIA,

PE, ..]
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Electronic Scholarly Publishing

Forward Stop  Refresh Home Search Faworit..  Print Font bl
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Address |http:,.’fwww.esp.org,-' | ||| Links

'l ES P
/Scientific papers will also be
published in electronic format,

F

FErLEcTRONIC SCHOLARLY PUBLISHING

perhaps even induding some Publication Collections
Important papers Orlglna”y Classical reprints of key papers firom the early b
published only in print format. Genetics  history of genetics (TEXT ONLY
Version)
\ y

Classical  reprints of key papers fiom the early
Genetics  history of genetics (HIGH
't GRAPHICS version). NOTE: the

/HTTP:/ANWW.ESP.ORG

For example, the ESP site is dedicated to the electronic
publishing of scientific and other scholarly materials. O
particular interest are the history of science, genetics,
computational biology, and genome research.

—h

Reprints  publicarions, slide presentarions,
mstructional materials, and data =
Shorcut to browse1 . htm E]
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Electronic Scholarly Publlshmg
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Classical Genetics: Foundations Barly Mendelizm

/The Classical Geneticg
Foundationsseries
provides ready access
to typeset-quality,
electronic editions of
important publications
that can otherwise be
very difficult to find.

[% i
Iendel, Gregor. 1865, Experiments i
’ plant hybridization. Ferhandlungen des
naturiorschandan Versinas in Brilan,
Bd IV fir das Jakr 1865,
Abhandlungen, 3-47.

PUBLIS NG

(395 600 beetes; 41 pages, no figmes)

In Febraary and Match of 1265, the Britnn

M atural History Society in Britnn,
Czechoslovakia, heard Gregor Mendel
present the results of his inve stigations into
the mechanisms governing inheritance in pea
plants. The next yeat, the work was
published as Mendel, Gregor. 1866
"Versuche Gher Pllanzen Hybriden."
Verhandiungen des nafurforschenden
Vereines in Brian, 4347

In this remarkable work, Mendel established
the foundation for what later becatne the
Gregor Mendel, 1862 gcienice of genetics. Howewet, his wotk was
largely ignored when it appeared and Mendel
moved ot to other things, He died in 1884,
never knowing that his experiments in plant
hyhridization were of aty conseguetce.

His work was rediscovered at the turn of the
certury and its significatice imne diately
recognized. Genetics, as a formal scientific
discipling, exploded into activity in 1900 LI




Electronic Scholarly Publlshmg
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JJ Links
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Classical Genetics: Foundations Barly Mendelizm

e |

PUBLIS NG

Hardy, G. H. 1903, Mendelian
} Proportions i a Mized Population.
Science, M5 XXV 40-50 ['\\S

/For example, “Hardy” (o\f
Hardy-Weinberg) is a
name well known to most
students of biology, but
few have access to his
original publications
dealing with the basic [zbout ]

principles of population “search | . .

concerning matters of which I have no

[19475 boytes; 1 page, to figmes)

Ewety geneticist has heard of the
Hardy-"Weittherg Law and of
Hardy-Weittherg Equilibrium, and neatly all
basic biology texts teach that G H. Hardy
played a seminal role in founding population
genetics. But, what most biologists don't
tealize is that Hardy's total conteibuation to
biology consisted of a single letter to the
editor in Stience. The letter began, J

g e n etl CS expert knowledge, and I should have

- expected the very simple poinf which Twish
\\ / CREDITS fo make fo have beew familiar fo biologists.
However, some remarks of Mr. Udny Tule, fo
which Mr. R C. Purmeft has called my

affenfion, suggest thaf it may sfill be worth
making.

With that, Hardy offered his "simple point"
atid then washed his hands of biology. His
autobiography, A Mathemafician s Apology,
makes no mention of population genetics.




Electronic Scholarly Publishing

/And when they do have\

access, they may be
surprised to find thaall

of Hardy’s biological
writings consist of a
single, one-page letter to
the editor ofScience

Q [ @ G-

Back Fomward Stop  Refresh Home Search Fawvorit...

A B

Frint Font kail

U Address Ihttp:,.-',.fwww.esp.org,’historyfhardy.pdf P

JULY 10, 1908

DISCUSSION AND CORRESPONDENCE

Mendelion Proportions in a Mixed Population

To The Bditor of Science: T am reluctant o intrude
in a discussion concerning matters of which 1 have
no expert knowledge. and 1 should have expected
the very simple point which T wish (o make w0 have
been familiar w biologists, However, some remarks
of Mr. Udny Yule, to which Mr, R, (. Punnent has
called my attention, suggest that it may sl be worth
making.

In the f’r'rm'ﬂ'f.l’irm\ of the Roval S'm'."f'."\' of

Medicine (Vol L. p. 165) Mr. Yule is reported w
have suggested, as a criticism of the Mendelian
position, that if brachydactyly is dominant “in the

course of tme one would expect, in the absence of

coumeracting Factors, 10 get three brachydactylous
persons o one normal,”

It is not difficult w prove, however, that such an
expectation would be quite groundless, Suppose that
Aa s a par of Mendelian characters, A being
dominant, and that in any given generation the
numbers of pure dominanis (AA), heterozygoles
{Aa), and pure recessives (aa) ar o, Fimally,
suppose that the numbers are fairly large, so that the
mating may be resarded as tandom, that the sexes
are evenly distributed among the three varieties, and
that all are equally fertile. A linde mathematics ol the
multiplication-table type is enough w show that in
the next g,unuru[inn the numbers will be as

o| MPagetof1 | @ 128% | E85x11in |<|
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this proportion would afterwards have no endency
o decrense.

In o word, there is not the slightest foundation for
the idea that a dominant character should show a
tendency to spread over a whole population, or that a
recessive should wend o die onr,

I ought perbaps woadd a few wonds on the effect
of the small deviations {rom the theoretical propor-
tions which will, of course, oceur in every genera-
tion, Such a distribution as p:2g . which satsfics
the condition g = pr, we may call a smbie
distribution, In actval fact we shall oblain in the
sccond  generation not pe2goe, but oo slighely
differen Qllh[ﬂhlﬂlnl] 2gur, which is not “stable,”
This should, according o theory, give us in the third
generation a “stable”  diswibution po2g0r, also
differing from p:2g:or; and so on, The sense in
which the distribution p:2g 5, 1s “stable™ 15 this, that
ifwe allow for the elfects of casnal deviations in any
subsequent  zeneration, we should, according o
theory, obtain at the next generation a new “stahle”
distribution differing but slightly from the original
distribution,

I have, of course, considered only the very sim-
plest hypotheses possible, Hypotheses other that
|sier] that of purely random mating will give different
resulis, and, of course, if, as appears 10 be the case
sometimes, the character 1s not independent of that
of sex, or has an influence on ferility, the whole
question may be greatly complicated. Bu such com-
plications seem w be relevant o the simple issue




21st Century
Biology

The People




Human Resources Issues

® Reduction in need for non-IT staff

® Increase in need for IT staff, especiall
“Information engineers”

qn modern biology, a general trend is to

convert expert work into staff work and

~

required to design, carry out, and interpref

kcontlnumg work. )

Y

finally into computation. New expertise Is|—
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Human Resources Issues

Elbert Branscomb: “You must recognize that
some day you may need as many computs
scientists as biologists in your labs.”

Craig Venter: “At TIGR, we already have
twice as many computer scientists on our
staff.”

Exchange at DOE workshop on high-
throughput sequencing.

=
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New Discipline
of Informatics




What is Informatics?

Computer

Science |
Research Informatics

Hﬁ-

/Infprmatics is a conveyor belt that carries the Biologica|
fruits of basic computer science research t : .
the biological community, transforming the App“Cathn
along the way from theory to practical Prog rams

\appllcatlons.
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What is Informatics?

Informatics combines expertise from:
® domain science (e.g., biology)
® computer science
® library science

® management science

All tempered with an engineering mindset. fe=
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What is Informatics?

Domain
Knowledge

\ /’
/’ N

. Englneerlng
Sclence Prmuples

Library
Science

( Computer
Science

Medical
Informatics

|

Bio
Informatics

|

Other
Informatics

|
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Engineering Mindset

Engineering Is often defined as the use of
scientific knowledge and principles for practical
purposes. While the original usage restricted
the word to the building of roads, bridges, and
objects of military use, today's usage is more
general and includes chemical, electronic, and
even mathematical engineering.

{ Parnas, David Lorge. 199@omputer 23(1):17-22.] S—

... or even information engineering.
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Engineering Mindset

Engineering education ... stresses finding
good, as contrasted with workable, designs.
Where a scientist may be happy with a device
that validates his theory, an engineer is taught
to make sure that the device Is efficient,
reliable, safe, easy to use, and robust.

Parnas, David Lorge. 199@omputey23(1):17-22.

The assembly of working, robust systems, on time and on
budget, Is the key requirement for a federated information

Infrastructure for biology.
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Informatics Triangle

/An unfolded tetrahedron can )
represent the relationships among
management science (MS), computer
science (CS), library science (LS),
and biological science (BS), as they
connect around a core of information

Gmence (1S), or informatics. 4

/8



What is Informatics?

This might also be drawn like a
methane molecule...
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Federated
Information
Infrastructure




ODN Model

Several years ago, a report,
Realizing the Information
Future,laid out a vision of an
Open Data Network, in which
any information appliance
could be operated over gener!

networking protocols...
y

.

C

Layer 2 Transport Services and Open Bearer
Representation Standards Service Interface
(fax, video, audio, text, etc.) /
Layer 1 ODN Bearer Service

Network Technology
Substrate

()

Point-to-Point
Circuits

Dlrect
Relay Satellites

Frame Broadcast
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National Information Infrastructure

commercial non-commercial

uses uses
ETC | other Edu Lib, Res

analog
3 &
digital A

\and communication now primarily falls in the commercial, analog realm.

4 . . L . . B
A national information infrastructure can be partitioned according to technology
(analog vs digital) and usage (commercial vs non-commercial). Scientific use of

| internet involves the non-commercial, digital component. Entertainment, teleph

4

the
ny,
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FIIST & NI

-
The research component of
the NIl contains a Federated
Information Infrastructure

for Science and Technology:..

N
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Funding for
Bio-Information
Infrastructure




Call for Change

Among the many new tools that are or will be needed (for 21st-
century biology), some of those having the highest priority are:

® bioinformatics

® computational biology

JJ

® functional imaging tools using biosensors and biomarkers
® transformation and transient expression technologies

® nanotechnologies

Impact of Emerging Technologies on the Biological Sciences: Report of a ||

WorkshopNSF-supported workshop, held 26-27 June 1995, Washington, DC:
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The Problem

IT moves at “Internet Speed” and responds
rapidly to market forces.

IT will play a central role in 21st Century
biology.

Current levels of support for public bio-
iInformation infrastructure are too low.

Reallocation of federal funding is difficult,
and subject to political pressures.

Federal-funding decision processes are
ponderously slow and inefficient.
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Public Funding of Bio-Databases

The challenges:
® providing adequate funding levels

® making timely, efficient decisions
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IT Budgets

A Reality Check




Rhetorical Question

Which is likely to be more complex:

® Identifying, documenting, and tracking the
whereabouts adll parcelsin transit in the US at
one time

® Identifying, documenting, and analyzing the
structure and function dll individual genes Iin
all economically significant organismsthen
analyzingall significant gene-gene and gene-
environment interactionsin those organisms
and their environments
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Business Factoids

United Parcel Service:

® uses two redundant 3 Terabyte (yes, 3000 GB)
databases to track all packages in transit.

® has 4,000 full-time employees dedicated to IT
® spends one billion dollars per year on IT

® has an income of 1.1 billion dollars, against
revenues of 22.4 billion dollars

D
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Business Comparisons

Company Revenues IT Budget Pct
Chase-Manhattan | 16,431,000,000 1,800,000,000 | 10.95 %
AMR Corporation | 17,753,000,000 1,368,000,000 7.71%

Nation’s Bank | 17,509,000,000 1,130,000,000 6.45 %

Sprint| 14,235,000,000 873,000,000 6.13 %

IBM | 75,947,000,000 4,400,000,000 5.79 %

MCI | 18,500,000,000 1,000,000,000 5.41 %

Microsoft | 11,360,000,000 510,000,000 4.49 %

United Parcel 22,400,000,000 1,000,000,000 4.46 %
Bristol-Myers Squibb | 15,065,000,000 440,000,000 2.92 %
Pfizer | 11,306,000,000 300,000,000 2.65 %

Pacific Gas & Electric| 10,000,000,000 250,000,000 2.50 %
Wal-Mart | 104,859,000,000 550,000,000 0.52 %

K-Mart | 31,437,000,000 130,000,000 0.41 %
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Federal Funding of Biomedical-IT

Appropriate funding level.
® approx. 5-10% of research funding

® l.e, 1-2hillion dollars per year

fSource of estimate: -
- Experience of IT-transformed industries.
- Current support for IT-rich biological research.

A\ 4
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Conference on Biological Informatics

Conference Sessions

Overview of Biological Informatics
Biodiversity Informatics
Environmental Informatics
Molecular Informatics

Medical / Neuroinformatics
Teaching and Training in Informatics




Slides:

http://www.esp.org/rjr/canberra.pdf
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