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A small knowledge base was created by organizing the Human Genome Project (HGP) and its related issues in
““‘Science’’ magazines between 1996 and 2000. This base revealed the stunning achievement of HGP and a private ven-
ture and its impact on today’s biology and life science. In the mid-1990, they encouraged the developement of advanced
high throughput automated DNA sequencers and the technologies that can analyse all genes at once in a systematic
fashion. Using these technologies, they completed the genome sequence of human and various other organisms. These
fruits opened the door to comparative genomics, functional genomics, the interdisprinary field between computer and
biology, and proteomics. They have caused a shift in biological investigation from studying single genes or proteins to
studying all genes or proteins at once, and causing revolutional changes in traditional biology, drug discovery and ther-
apy. They have expanded the range of potential drug targets and have facilitated a shift in drug discovery programs
toward rational target-based strategies. They have spawned pharmacogenomics that could give rise to a new generation
of highly effective drugs that treat causes, not just symptoms. They should also cause a migration from the traditional
medications that are safe and effective for every members of the population to personalised medicine and personalised
therapy.
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In order to get a rough grasp of today’s life
science and its movement, a small knowledge base
was created by organizing Human Genome Project
(HGP) and its related issues in ‘‘Science’’ magazines
between 1996 and 2000. ‘‘Science’’ magazines contain
News of the Week, News Focus, Policy Forum, Per-
spectives, Research Articles, Reports, and so on, all
full of cutting-edge information together with the
topics cited from various magazines such as Nature.
This review shows a rough grasp of the efforts of
HGP and their impact on today’s life science revealed
from this small base.

The tool used for base creation is HyperCard
(version 2.3, Mackintosh) . The base has a tree struc-
ture of two branchs, which further ramify into twigs.
The HGP Effort branch has 9 twigs (HGP, Private
Venture, Sequencing technology, Gene technology,
Gene mapping, Genome sequencing, Genetic varia-
tion, News, and Policy forum). The Revolution
branch has 12 twigs (Comparative genomics, Func-
tional genomics, Computer and biology, Global gene
expression, Proteomics, Molecular biology, Evolu-
tion, Plant biology, Drug and therapy, Biodiversity,
Population genetics, and Human history) . The News,
Policy forum, Population genetics and Human histo-

ry twigs are excluded in this review.

1. Fruits of Human Genome Project and Private
Venture

1-1. History of the Human Genome Project!.?
Fifteen years ago, astronomers in the University of
California (UC) were already angling to build the
world’s biggest telescope. Sinsheimer, a biologist who
was then UC chancellor, was looking for a project of
similar magnitude in biology, unraveling the sequence
of the human genome. In May1985, Sinsheimer host-
ed a meeting at his university to discuss the feasibility
of his ambitious proposal. After hot debates and cap-
tivation of such reseachers as those at the U.K. Medi-
cal Research Council (MRC) and the Office of Health
and Environmental Research at the Department of
Energy (DOE) in February 1988, a National
Research Council (NRC) panel endorsed the Human
Genome Project (HGP) unanimously, calling for a
rapid scale-up in ‘‘new and distinctive’’ funds to $200
million a year over the next 15 years. The panel
recommended that the project should begin by con-
structing maps of the human chromosomes and full-
scale sequencing be postponed until new technologies
made it faster and cheaper. It was also the panel’s

AEHEL, FRBEERMRAEFRZRECHZ0, Tl TEDNS FRIREDHMIAI T LA ZTLICRESNZHDTH S,



846

Vol. 121 (2001)

recommendation to analyze the genomes of simple or-
ganisms, such as Escherichia coli, yeast, the roun-
dworm, and eventually the mouse. In March 1988,
then-the National Institutes of Health (NIH) director
Wyngaarden announced that NIH would create a spe-
cial office for genome research. In September 1988, he
nabbed Watson to head it, and with that coup, NIH
was firmly ensconced as the lead agency. It has
remained so, even as the project gathered internation-
al collaborators and Britain’s Wellcome Trust took
on a prominent role.

Watson insisted that the goal at the first stage of
the project was building maps of the human chromo-
somes, and claimed that they should not focus on
finding the genes. Progress was rapid. By 1990, Sul-
ston and colleagues had nearly completed the physical
map of the worm—changing worm biology forever—
and Olson and colleagues were proceeding apace on
yeast. Faster and easier ways to clone and map DNA
were coming on line, and sequencing trials were be-
ginning.

That newfound harmony was shattered in June
1991. Venter and his colleague Adams had developed
a new technique, called expressed sequence tags
(ESTs), that enabled them to find genes at un-
precedented speed. Never one of Watson’s inner cir-
cle, Venter claimed he could find 80% to 90% of the
genes within a few years, for a fraction of the cost.
Venter left NIH in 1991 when he was offered $70 mil-
lion from a venture capital company to try out his
gene identification strategy at a new nonprofit, The
Institute for Genomic Research (TIGR).

After Watson’s sudden departure in April 1992,
NIH picked gene hunter Collins of the University of
Michigan to take the helm. It was a heyday for gene
hunters. The early investments in the genome project
paid off as increasingly sophisticated maps of the hu-
man and mouse genomes were compiled. With these
maps in hand, the time it took to track down most
disease genes dropped from a decade to perhaps 2
years. Every week, it seemed, another deadly disease
gene was discovered. The consortium was growing as
well, fueled by an infusion of funds from the
Wellcome Trust, which in 1993 set up a major new se-
quencing lab, the Sanger Centre near Cambridge,
with Sulston as its head.

But sequencing overall was lagging behind. At
the existing rate and cost, Collins lamented when he
took on the job, there was no chance they could finish

the sequencing by 2005. Steady, incremental advances
were enabling scientists to spew out longer ‘‘sequence
reads,’”’ and the cost was slowly dropping. Even so,
reassembling the DNA fragments in correct order was
tricky. In September1995, the Japanese government
funds several sequencing groups for a total of $15.9
million over 5 years: Tokai University, University of
Tokyo, and Keio University.

In 1995, Venter surprised the community by an-
nouncing that he and his colleagues had sequenced
the first entire genome of a free-living organism, Hae-
mophilus influenzae, at 1.8 megabases. What’s more,
they had done it in just a year using a bold new ap-
proach, whole-genome shotgun sequencing, that NIH
had insisted wouldn’t work and wouldn’t fund. Se-
quencers in the publicly funded project had adopted a
conservative, methodical approach—starting with
relatively small chunks of DNA whose positions on
the chromosome were known, breaking them into
pieces, then randomly selecting and sequencing those
pieces and finally reassembling them. Eventually,
larger pieces called contigs would be hooked together.
By contrast, Venter simply shredded the entire ge-
nome into small fragments and used a computer to
reassemble the sequenced pieces by looking for over-
lapping ends.

On 9 May 1998, Venter announced that he had
teamed up with Perkin-Elmer Corp., which was
about to unveil an advanced, automated sequencing
machine, to create a new company (Celera Genom-
ics) that would single-handedly sequence the entire
human genome in just 3 years—and for a mere $300
million using the whole genome shotgun method.
What’s more, said Venter, when he was done he
would give the data away free to the community by
posting it on his company’s Web site. This time, he
had 300 of Perkin-Elmer’s sequencing machines. And
to reassemble his sequenced fragments, Venter would
use one of the world’s fastest supercomputers.?

Collins announced new goals for the public
project in September 1998, just 4 months after Ven-
ter’s surprise announcement. First, the consortium
would complete the entire genome by 2003. And, in a
dramatic departure from previous philosophy of
99.99% accuracy, the project would produce a
“‘rough draft,”’” covering 90% of the genome, by the
spring of 2001.4 In March1999, NIH again moved up
the completion date for the rough draft, to spring
2000. Large-scale sequencing efforts are concentrated
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in centers at Whitehead, Washington University, Bay-
lor, Sanger, and DOE’s Joint Genome Institute.”

In a crucial test of the shotgun strategy, Celera
first tackled the 180—-megabase genome of the fruit fly
Drosophila melanogaster. Venter teamed up with a
publicly funded team headed by Gerald Rubin of UC
Berkeley, and by March 2000, they had pulled it off.
This proved that the shotgun methods could work on
a big, complex genome.®

The race was on, punctuated by dueling press
releases. Venter announced in January 2000 that his
crew had compiled DNA sequence covering 90% of
the human genome, the public consortium asserted in
March 2000 that it had completed 2 billion bases, and
so on.” But, at a White House ceremony in June
2000, President Clinton lauded both scientists for
their phenomenal achievement, and Collins and Ven-
ter lavished praise on one another.® In February
2001, The HGP consortium published its working
draft in Nature (15 February), and Celera published
its draft in Science (16 February) .?

1-2. Genome Technology Developement In
1995, array technologies, that can analyse hundreds
of genes simultaneously, was developed.? In 1997,
automated  high-throughput DNA sequencing
mashine was developed.>!® These technologies ac-
celerated complete genome sequencing of human and
other organisms. These technologies also provided
drug researchers entire sets of potential drug targets.
As they discover more targets and create more poten-
tial drugs or leads to affect these targets, the number
of samples they need to process overwhelms tradition-
al approaches. So assay minituarization and high
throughput screening systems consisting of automat-
ed instruments has become critical, in order to im-
prove the efficiency and productivity, and to reduce
the cost. The history of these technology develope-
ment is summarized below.

1-2-1. Technology for DNA Analysis
(2001 February 16 L. Roberts et al.)?

1984 May

Cantor and Schwartz of Columbia University de-

velop pulsed field electrophoresis (Cell) .

1985 December

Mullis and colleagues at Cetus Corp. develop

PCR, a technique to replicate vast amounts of

DNA.

1987 May

Burke, Olson, and Carle of Washington Univer-

sity in St. Louis develop YACs for cloning, in-
creasing insert size 10—fold.
1990
Three groups develop capillary electrophoresis,
one team led by Smith (Nucleic Acids Research,
August) , the second by Karger (Analytical Che-
mistry, January), and the third by Dovichi
(Journal of Chromatography, September) .
1995 May to August
Mathies and colleagues at UC Berkeley and
Amersham develop improved sequencing dyes
(PNAS, May); Reeve and Fuller at Amersham
develop thermostable polymerase (Nature, Au-
gust) .
1995 October
Brown of Stanford and colleagues publish first
paper using a printed glass microarray of com-
plementary DNA (cDNA) probes.
1996 April
Affymetrix makes DNA chips commercially
available.

1996 October 25 S. P. A. Fodor et al.?
DNA arrays containing up to 135,000 probes
complementary to the 16.6-kilobase human
mitochondrial genome by light-directed chemical
synthesis. A two-color labeling scheme allows
simultaneous comparison of a polymorphic tar-
get to a reference DNA or RNA.

(2001 February 16 L. Roberts et al.)?
1996 November
Hayashizaki’s group at RIKEN completes the
first set of full-length mouse cDNAs.

1997 July 18 S. P. A. Fodor et al.¥
Affymetrix develops a DNA chip, consisting of a
highly dense array of complementary probes, in-
tegrating light-directed combinatorial chemistry
and laser confocal fluorescence scanning.

1998 February 20 L. G. Kostrikis et al.!V
Kostrikis et al. develop an automated method for
detecting mutations, called ‘‘spectral genotyp-
ing,”’ in which alleles are identified by fluorescent
colors generated in sealed amplification tubes,
using molecular beacons.

1998 March 27 J. Alper!?
A mass spectrometer vaporizes the DNA and ac-
celerates the molecules through a vacuum cham-
ber with the help of an electric field. MALDI-
TOF, matrix-assisted laser  desorption /

ionization-time-of-flight mass spectrometry, can
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analyze hundreds of DNA samples in a matter of
a few minutes.

1999 October 15 F. S. Collins et al.!®

The Mammalian Gene Collection (MGC)
project is a new effort by the NIH to generate
full-length complementary DNA (cDNA)
resources. This project will provide publicly ac-
cessible resources to the full research communi-
ty. The MGC project entails the production of
libraries, sequencing, and database and reposito-
ry development, as well as the support of library
construction, sequencing, and analytic technol-
ogies dedicated to the goal of obtaining a full set
of human and other mammalian full-length
(open reading frame) sequences and clones of
expressed genes.

2000 April 21 R. F. Service!¥

Mandecki develop microtransponders, essential-
ly tiny silicon chip-based devices each just a few
hundred micrometers on a side. Each transpon-
der stores an ID number in memory and when
prompted emits an identifying radio signal. They
attach the probes to their silicon ID tags (the
transponders) . Next, they mix it into a solution
containing the radio-tagged oligos. The resear-
chers then simply flow their solution through a
device. As the transponders and their genetic
cargo stream through a narrow channel, the
researchers shine a laser light on them. If a flash
of light accompanies the radio signal, the gene is
actively expressed.

2000 September 8 T. A. Taton, C. A. Mirkin, R.t L.
Letsinger!'®

Scanometric DNA Array Detection with
Nanoparticle Probes; A method for analyzing
combinatorial DNA arrays using
oligonucleotide-modified gold nanoparticle
probes and a conventional flatbed scanner.
1-2-2. Sequencing Technology

(2001 February 16 L. Roberts et al.)?

1977

Maxam and Gilbert at Harvard University and
Sanger at MRC independently develop methods
for sequencing DNA (PNAS, February; PNAS,
December) .

1980 May

Botstein of the Massachusetts Institute of Tech-
nology (MIT), Davis of Stanford University,
and Skolnick and White of the University of

Utah propose a method to map the entire human
genome based on RFLPs (American Journal of
Human Genetics) .

1982

Wada, at RIKEN in Japan, proposes automated
sequencing and gets support to build robots with
help from Hitachi.

1986 June

Hood and Smith of the California Institute of
Technology (Caltech) and colleagues announce
the first automated DNA sequencing machine
(Nature) .

1987 October

DuPont scientists develop a system for rapid
DNA sequencing with fluorescent chain-ter-
minating dideoxynucleotides. Applied
Biosystems Inc. puts the first automated sequenc-
ing machine, based on Hood’s technology, on
the market.

1990 October

Lipman, Myers, and colleagues at the National
Center for Biotechnology Information (NCBI)
publish the BLAST algorithm for aligning se-
quences (Journal of Molecular Biology) .

1991 December

Uberbacher of Oak Ridge National Laboratory
in Tennessee develops GRAIL, the first of many
gene-finding programs (PNAS).

1997 June 20 T. L. Hawkins et al.!®

Hawkins et al. design an automated sequencing
system to meet the laboratory throughput needs
of HGP. With an articulated arm at the center of
a set of modules for liquid handling, thermocy-
cling, shaking, and storage, all coordinated by
scheduling software, They are able to create a
generic automation platform. They develop a
procedure called solid-phase reversible immobili-
zation (SPRI). Under certain conditions, DNA
can be tightly bound to the surface of carboxyl-
coated magnetic particles, extensively washed,
and subsequently released back into solution.
Then. they design the Sequatron, an automated,
adaptable system for high-throughput genomics.
The term Sequatron actually describes a generic
platform with an articulated robotic arm, cen-
tralized control, and scheduling software.

1997 September 5 X. Michalet et al.!®

DNA in amounts representative of hundreds of
eukaryotic genomes is extended on silanized sur-
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faces by dynamic molecular combing. Fluores-
cent hybridization of DNA probes on combed
DNA allows direct mapping of their respective
positions along the fibers.

(2001 February 16 L. Roberts et al.)?
1997 September
Molecular Dynamics introduces the MegaBACE,
a capillary sequencing machine.
1998 March
Green and Ewing of Washington University and
colleagues publish a program called phred for
automatically interpreting sequencer data
(Genetic Research). Both phred and its sister
program phrap (used for assembling sequences)
had been in wide use since 1995.
1998 May
PE Biosystems Inc. introduces the PE Prism
3700 capillary sequencing machine.

1998 May 8 E. Pennisi!?
A new computer program that analyzes machine
readouts is helping sequencing labs to scale up
their efforts, at the final stage in which fragments
of raw DNA data are arranged into a completed
sequence.

1998 May 15 R. F. Service!®
The gene sequencing machines rely on capillary
electrophoresis, but add a high level of automa-
tion.

1998 July 17 M. Ronaghi, M. Uhlen, and P.

Nyren!?
A new DNA sequencing method is developed.
Four nucleotides are added stepwise to the tem-
plate hybridized to a primer. The PPi released in
the DNA polymerase-catalyzed reaction is de-
tected by the ATP sulfurylase and luciferase in a
coupled reaction. As this procedure is repeated,
longer stretches of the template sequence are
deduced. An automated instrument has recently
been developed.

1999 March 19 J. C. Mullikin and A. A.

McMurray?”
The latest automated high-throughput DNA se-
quencing machines;
Capillary tube apparatus
ABI Prism 3700 DNA Analyzer from Perkin-El-
mer.
Molecular Dynamics MegaBACE 1000 from
Amersham Pharmacia Biotech launched in 1998
Traditional Slab-shaped gel apparatus

ABI 377X1L-96 slab gel sequencer
1-2-3. Miniatuarization
1998 October16 R. F. Service?!
Coming Soon: The Pocket DNA Sequencer
Researchers and companies are working to
shrink to pocket size all types of chemistry equip-
ment, using microchips as ‘‘microfluidics’’.
1998 October 16 M. A. Burns et al.2?
A device is developed that uses microfabricated
fluidic channels, heaters, temperature sensors,
and fluorescence detectors to analyze nanoliter-
size DNA samples.
1999 January 15 B. H. Weigl and P. Yager?®
(TechView)
Microfluidic diffusion-based separation and de-
tection
1999 April 16 P. Belgrader et al.24
A portable, real-time PCR instrument, consist-
ing of an array of microfabricated silicon reac-
tion chambers with integrated optical detectors,
analyzes samples of 5 to 500 bacteria cells in as
little as 7 minutes.
1999 October 15 J. Rogers
The requirement for inexpensive, very accurate
high throughput sequencing is even more crucial.
New instrumentation for sequence generation
Miniaturization of sequencing platforms
1999 December 10 C. A. Mirkin (Review)
P. Kim, C. M. Lieber
Nanoscale electromechanical systems, nanot-
weezers, based on carbon nanotubes have been
developed for manipulation and interrogation of
nanostructures.2®
1-3. Efforts in Gene Mapping and Genome Se-
quencing The efforts of gene mapping and geno-
me sequencing are summarized below.
1-3-1. Gene Mapping
(2001 February 16 L. Roberts et al.)?
1987 April
An advisory panel suggests that DOE should
spend $1 billion on mapping and sequencing the
human genome over the next 7 years and that
DOE should lead the U.S. effort. DOE’s Human
Genome Initiative begins.
1987 October
Donis-Keller and colleagues at Collaborative
Research Inc. publish the ‘‘first”’ genetic map
with 403 markers, sparking a fight over credit
and priority (Cell).
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1989 September
Olson, Hood, Botstein, and Cantor outline a
new mapping strategy, using sequence tagged
sites (STSs).
1990 April
NIH and DOE publish a 5-year plan. Goals in-
clude a complete genetic map, a physical map
with markers every 100 kb, and sequencing of an
aggregate of 20 Mb of DNA in model organisms
by 2005.
1992 October
U.S. and French teams complete genetic maps of
mouse and human: mouse, average marker spac-
ing 4.3 ¢cM, Lander and colleagues at Whitehead
(Genetics, June) ; human, average marker spac-
ing 5 cM, Weissenbach and colleagues at CEPH
(Nature, October) .
1994 September
Murray of the University of Iowa, Cohen of
Genethon, and colleagues publish a complete
genetic linkage map of the human genome, with
an average marker spacing of 0.7 cM.
1995 December
Researchers at Whitehead and Genethon (led by
Lander and Hudson at Whitehead) publish a
physical map of the human genome containing
15,000 markers.

1999 September 3 J. C. Venter et al.2”
A whole-genome restriction map of Deinococcus
radiodurans, a radiation-resistant bacterium able
to survive up to 15,000 grays of ionizing radia-
tion, is constructed with whole-genome shotgun
optical mapping.

1999 November 12 E. Pennisi?®
Two new maps of Plasmodium falciparum are
produced this week. The first map is produced by
Wellems, a malaria expert at the National In-
stitute of Allergy and Infectious Diseases
(NIAID) and his colleagues. The second map is
produced by Schwartz of the University of Wis-
consin, Madison, and his colleagues, by optical
mapping. (Nature Genetics, November)

1999 November 12 Xin-zhuan Su et al.?®
A genome-wide, high-resolution linkage map of
the human Malaria parasite Plasmodium falcipa-
rum is produced.

2000 March 24 R. A. Hoskins et al.3?
Hoskins et al. construct a bacterial artificial
chromosome (BAC)-based physical map of

chromosomes 2 and 3 of Drosophila melano-
gaster, which constitute 81% of the genome.
1-3-2. Genome Sequencing
Early in 1998, genome sequencing seemed daunt-
ing, 97% of the human genome remaining to be
deciphered. Scince late in 1998, the sequencing
rate increased dramatically due to the develope-
ment of advanced automated high-throughput
DNA sequencer.3!:32)
1-3-2-1. Human Genome Sequencing

1998 May 8 E. Pennisi®V
97% of the genome remains to be deciphered.
Genome researchers aim to automate every step
of DNA sequencing. NHGRI has only 40 million
high-quality bases to show for the $52 million
spent thus far.

1998 October 2 R. Waterston and J. E. Sulston3¥
In only 2 years, the world total of finished human
genomic sequence has gone from 15 to 180 Mb
(0.5t0 6%).

1999 September 24 D. Normile and E. Pennisi3¥
Within the next week or two, sequencing human
genome chromosome 22 will be completed by the
chromosome 22 consortium composed of Brit-
ish, Japanese, and U.S. researchers.

(2001 February 16 Leslie Roberts et al.)?

In December, they completed the first sequence
of a human chromosome, number 22. (Nature, 2
December 1999)

2000 March 31 E. Marshall, E. Pennishi, and L.

Roberts?

Both teams (HGP team and a privately funded
team at Celera Genomics) are racing to complete
a draft of the human genome in the next few
months.

2000 April 21 E. Pennisi3®
On 13 April, DOE has finished the working
drafts of human chromosomes 5, 16, and 19.

2000 May 12 E. Pennisi®®
On May 8, HGP anounces the completion of the
rough draft of the human genome. (85% of the
promised 90% available in Genbank) HGP con-
sortium led by German and Japanese researchers
publishes the complete sequence of chromosome
21 (Nature).

2000 June 30 E. Marshall®
On 26 June. at a White House ceremony, HGP
and Celera jointly announce working drafts of
the human genome sequence, declare their feud
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at an end, and promise simultaneous publica-
tion. (Celera; 99% completed)

2001 February 16 E. Pennisi®?
The HGP consortium publishes its working draft
in Nature (15 February), and Celera publishes
its draft in Science (16 February).

1-3-2-2. Genome Sequencing of Other Organ-

isms

(2001 February 16 L. Roberts et al.)?
1984 July
MRUC scientists decipher the complete DNA se-
quence of the Epstein-Barr virus, 170 kb (Na-
ture) .
1990 August
NIH begins large-scale sequencing trials on four
model organisms:
Mpycoplasma capricolum, Escherichia coli,
Caenorhabditis elegans, and Saccharomyces
cerevisiae. Each research group agrees to se-
quence 3 Mb at 75 cents a base within 3 years.
1991 October
The Japanese rice genome sequencing effort be-
gins.
1995 July
Venter and Fraser of TIGR and Smith of Johns
Hopkins publish the first sequence of a free-liv-
ing organism, Haemophilus influenzae, 1.8 Mb
(Science) .

1996 October 25 A. Goffeau et al.’®
An international consortium publicly releases the
complete genome sequence of the yeast S.
cerevisiae.

(2001 February 16 L. Roberts et al.)?
1997 September
Blattner, Plunkett, and University of Wisconsin
colleagues complete the DNA sequence of E.
coli, 5 Mb (Science) .
1998 February
Representatives of Japan, the U.S., the E.U.,
China, and South Korea meet in Tsukuba,
Japan, to establish guidelines for an internation-
al collaboration to sequence the rice genome.

1998 July 17 J. C. Venter et al.3
The genome of Treponema pallidum is se-
quenced by the whole genome random shotgun
method.

1998 October 23 D. W. Meinke et al.*0
Arabidopsis thaliana: The entire genome is
scheduled to be sequenced by the end of the year

2000.

1998 November 6 J. C. Venter et al.*D
Chromosome 2 of the Human Malaria Parasite
Plasmodium falciparum is sequenced with the
shotgun sequencing approach.

1998 December 11 The C. elegans Sequencing Con-

sortium4?

Sulston of the Sanger Centre and Waterston of
Washington University and colleagues complete
the genomic sequence of C. elegans.

1999 February 26 E. Pennisi®®
Barrell, Parkhill et al. sequence the genome of a
food-borne pathogen, the bacterium Cam-
pylobacter jejuni.

1999 July 16 C. Somerville, S. Somerville*¥
Nucleotide sequencing of the Arabidopsis ge-
nome is nearing completion. Sequencing of the
rice genome has begun.

(2001 February 16 L. Roberts et al.)?

1999 September
NIH launches a project to sequence the mouse
genome, devoting $130 million over 3 years.

1999 October 8 E. Pennisi*”

HGP; producing a preliminary sequence of the
mouse genome sequence by 2003, followed by a
high-quality version by 2005.

1999 November 19 J. C. Venter et al.4®
The genome of the radiation-resistant bacterium
Deinococcus radiodurans R1 is sequenced by the
whole-genome shotgun method.

2000 February 18 E. Pennisi”

The genome community; A good part of the
mouse will be sequenced using the whole-genome
shotgun method.

2000 March 3 E. Pennisi*®
TIGR has just finished sequencing the Caulobac-
ter crescentus genome.

2000 March 10 J. C. Venter et al.*

The genome of Neisseria meningitidis Serogroup
B Strain MC58 is sequenced by the whole ge-
nome random shotgun method.

2000 March 24 J. C. Venter et al.?

Celera and academic collaborators sequence the
180-Mb genome of the fruit fly Drosophila
melanogaster, the largest genome yet sequenced
and a validation of Venter’s controversial whole-
genome shotgun method.

2000 April 14 E. Pennisi®®
A rough draft of the entire rice genome is
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prodeced by Monsanto and collaborators. By
this winter, about 10% of the rice genome has
been mapped by an international consolitium.
2000 May 5 M. Hagmann’V
A 5-year sequencing effort of growing Mycobac-
terium leprae in a armadillo will begin by a team
at the Institut Pasteur in Paris, in collaboration
with the Sanger Centre in Cambridge, U.K..
Xylella fastidiosa, the first bacterial plant patho-
gen, is sequenced on 12 April by a consortium of
some 30 labs in San Pauro state.
2000 September 1 V. J. DiRita’?
Two circular chromosomes of Vibrio cholerae
are sequenced by Heidelberg et al.. (Nature)
(2001 February 16 L. Roberts et al.)?
2000 October
DOE and MRC launch a collaborative project to
sequence the genome of the puffer fish, Fugu
rubripes, by March 2001.
2000 December
An international consortium completes the se-
quencing of the first plant, Arabidopsis thaliana,
125 Mb.

1-4. Genetic Variation Genetic variation pro-
vide powerful tools for a variety of medical genetic
studies. Single-nucleotide polymorphisms (SNPs) are
the most frequent type of variation in the human
genome.’® SNPs in genes or control regions may in-
fluence susceptibility to common diseases. Others
probably have no function but could provide valuable
markers for gene hunters. SNPs will be used as ana-
lytical tools, making it easier to trace inherited disease
risks and abnormal responses to drugs.’® Few SNPs
are likely to be directly involved in disease, but a data-
base of several hundred thousands will make it easier
to track smaller segments of the genome and identify
patterns of inheritance that affect health. The SNP
map will make it possible to diagnose illnesses earlier
and avoid giving drugs to patients likely to experience
side effects, including drugs already in use.

1-4-1. Projects creating SNPs Databases

When genomics companies like Genset, Incyte,
and Celera began building private SNP databases in
the late 1990s, the National Human Genome
Research Institute (NHGRI), worried that academic
researchers would be shut out of the field, launched a
new project to create a database of 60,000 to 160,000
SNPs in 1998.545% In April 1999, a consortium of
pharmaceutical giants and Britain’s Wellcome Trust

launched a novel venture: They would put together a
database of 300,000 SNPs and give them away. These
fiercely competitive companies are teaming up to
bankroll work by a network of academic labs. The
nonprofit SNP Consortium, or TSC (its official
name) isn’t altruistic, though. The companies back-
ing the enterprise expect that SNPs will enable them
to develop and sell drugs more effectively. And by
creating a public database, they will avoid having to
buy multiple, private data collections from the half-
dozen or so biotech firms that have been collecting
SNPs since 1997, hoping to stake a proprietary claim
on the data. They are to find 300,000 SNPs in 2 years.
Once found, the SNPs will be tracked to positions on
the genome. The goal is to have 150,000 mapped in
this way by mid—2001.59

The SNPs have been widely touted as the key to
personalized medicine, with drugs tailored to an in-
dividual’s genotype and simple tests to determine
one’s risk of specific diseases. But a closed meeting
held in March 2000, sponsored by the SNP Consorti-
um and NHGRI, concluded that those promises may
be harder to achieve than expected, and that more
SNPs may be required to track down a particular dis-
ease gene than previously estimated. In general, the
more markers on a map, the easier it is to find genes.
But with the cost of identifying each SNP hovering at
about $100, there’s a big incentive to use the fewest
possible. Kruglyak published a paper in Nature
Genetics in summer in 1999 asserting that 500,000 or
even 1 million SNPs would be needed to track down
susceptibility genes. Another confounding factor is
that the usefulness of any one SNP varies enormously
from population to population. Just one-third of the
SNPs found so far seem to be widely applicable in all
populations. Investigators who want to study a par-
ticular ethnic group will have to find more SNPs. Fac-
toring in all these complexities, Collins left the meet-
ing thinking that 600,000 to 1 million SNPs would be
ideal. But, Collins added, considerable progress could
still be made with a smaller set of markers.>%

1-4-2. Basic Research

Wang et al. carried out large-scale identification,
mapping, and genotyping of SNPs in the human ge-
nome, by a combination of gel-based sequencing and
high-density variation-detection DNA chips. A total
of 3241 candidate SNPs were identified. A genetic
map was constructed showing the location of 2227 of
these SNPs. Prototype genotyping chips were deve-
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loped that allow simultaneous genotyping of 500
SNPs. The results provide a characterization of hu-
man diversity at the nucleotide level and demonstrate
the feasibility of large-scale identification of human
SNPs.59

A total of 3714 biallelic markers, spaced about
every 3.5 kilobases, were identified by analyzing the
patterns obtained when total genomic DNA from two
different strains of yeast was hybridized to high-densi-
ty oligonucleotide arrays. Because the extent of
hybridization of a target sequence to an oligonucleo-
tide probe depends on the number and position of
mismatches between the two sequences, Winzeler et
al. hypothesized that a substantial fraction of the al-
lelic variation between any two strains of yeast could
be detected simply by hybridizing genomic DNA from
the two strains to the arrays and analyzing the
hybridization differences.The markers were used to
simultaneously map a multidrug-resistance locus and
four other loci with high resolution.’®

Progressive damage to mitochondrial DNA
(mtDNA) during life is thought to contribute to ag-
ing processes. Here, Michikawa et al. revealed high
copy point mutations at specific positions in the con-
trol region for replication of human fibroblast mtD-
NA from normal old, but not young, individuals.
Furthermore, in longitudinal studies, one or more
mutations appeared in an individual only at an ad-
vanced age. Some mutations appeared in more than
one individual. Most strikingly, a T414G transversion
was found, in a generally high proportion (up to 50
percent) of mtDNA molecules, in 8 of 14 individuals
above 65 years of age (57 percent) but was absent in
13 younger individuals.5?

Despite its high prevalence, very little is known
regarding genetic predisposition to prostate cancer. A
genome-wide scan performed in 66 high-risk prostate
cancer families has provided evidence of linkage to
the long arm of chromosome 1 (1g24-25) .59

Schizophrenia is a complex disorder, and there is
substantial evidence supporting a genetic etiology.
Brzustowicz et al. carried out a genome-wide scan for
schizophrenia susceptibility loci in 22 extended famil-
ies with high rates of schizophrenia, and provided
highly significant evidence of linkage to chromosome
1(1g21-g22). This linkage result should provide
sufficient power to allow the positional cloning of the
underlying susceptibility gene.59

1-4-3. Application to Forensics®®

Forensic scientists are equipping police investiga-
tors with powerful tools for collecting and analyzing
evidence. DNA profiling is a powerful technique for
gauging the likelihood that a biological sample, such
as blood or semen, came from a specific individual.
The use of profiling to identify suspects was pioneered
by geneticist Jeffreys of the University of Leicester,
U.K. His approach, called multilocus profiling, used
restriction enzymes to cleave the DNA at specific
sites. The resulting fragments differ in size from per-
son to person.

Modern profiling relies on short tandem repeat
(STR) analysis, which debuted in the forensics world
in 1994. This technique looks at specific areas of DNA
molecules containing simple blocks of base pairs; the
blocks are repeated end to end. The number of occur-
rences of each block, or repeat unit, varies by individ-
ual. Examining several DNA regions, or loci, and
counting the number of repeated units in each area
generates numbers that form a molecular label of the
DNA’s owner. This gives the DNA profile as a numer-
ical tag for easy database comparison. The latest vari-
ation on the technique, introduced in Britain in mid—
1999, targets 10 DNA loci—enough to guarantee that
the odds of someone else sharing the same result are
slimmer than one in a billion. In the United States,
the FBI routinely examines 13 STR sites, and the
chance of two unrelated individuals on average hav-
ing the same DNA profile is about one in a million bil-
lion.

Geneticists can assess the likelihood that a person
is a redhead simply by testing for mutations in the
gene for the receptor for a hormone that spurs
production of the pigment melanin. Ethnicity can be
inferred from the frequencies of alternative forms, or
alleles, of genes; allele patterns differ by racial origin.

Although it would require about 50 SNP sites to
achieve the same level of confidence as with STR anal-
ysis, SNP analysis is easy in miniaturization, which
means faster processing. There’s probably 10,000
times as much mitochondrial DNA as there is nuclear
DNA. Although mitochondrial DNA can’t conclu-
sively link an individual to a crime, it can point a fin-
ger at a family. The value of establishing family ties is
not lost on missing-persons investigators. Many peo-
ple who have disappeared, or died, or whatever,
didn’t bother to leave a nice, clean sample of their
DNA. Tully helped develop a technique called minise-
quencing; looking at 12 of the bases that are most



854

Vol. 121 (2001)

likely to differ between individuals. This approach
can slash the time it takes to get results from a batch
of mitochondrial DNA samples from 3 months to 3
weeks.

In 1995, the United Kingdom became the first
country to create a national DNA database. Based on
the 10-loci STR approach, it now holds about
800,000 profiles of people suspected or convicted of
an imprisonable offense. It is a major force in police
intelligence, with about 600 ‘‘hits’’ every week from
samples collected at crime scenes. Other countries
with DNA databases—including Austria, Germany,
the Netherlands, and New Zealand—are typically
more restrictive about the circumstances under which
DNA samples can be drawn from individuals. In the
United States, each state has passed laws that allow a
DNA sample to be collected from individuals convict-
ed of rape or other sex crimes, and many also permit
sampling from people convicted of murder, burglary,
or even certain misdemeanors. The U.S. national
DNA database system, called CODIS, or combined
DNA index system, started up in October 1998. It col-
lates data from all the state databases. There are
maybe 100,000 profiles in CODIS now, but a whop-
ping 750,000 blood samples from convicted felons
have yet to be profiled and those profiles incorporated
into CODIS.

There are too many privacy issues involved. You
have to have a balance between the privacy of the
citizen and the needs of the state. As forensic science
grows more sophisticated, that balancing act will be
ever harder to maintain.

2. Emerging New Fields

Complete genome sequencing of human and
other organisms opened the door to large-scale com-
parative studies. Another response to the challenge of
massive amounts of sequence data was the develop-
ment of ‘““functional genomics’’, ‘‘bioinformatics’’,
and ‘‘proteomics’’ technologies in the mid—1990s.
Functional genomics refers to the development and
application of global (genome-wide or system-wide)
experimental approaches to assess gene function or
activity by making use of the information and rea-
gents provided by genome mapping and sequencing
projects. It is characterized by high-throughput or
large-scale experimental methodologies, and the fun-
damental strategy is to expand the scope of biological
investigation from studying single genes or proteins to

studying all genes or proteins at once in a systematic
fashion. In contrast to the intimate details of function
that traditional biological disciplines provide, func-
tional genomics and proteomics produce much broad-
er but shallower information about large numbers of
genes and proteins.32:6D
2-1. Comparative Genomics
2-1-1. Comparisons between Distantly Related

Genomes

About 26,000 to 38,000 genes are expected to be
found in the draft version of our own genome,% a
number that is only two to three times larger than the
13,600 genes in the fruit fly genome. Furthermore,
some 10% of human genes are clearly related to par-
ticular genes in the fly and the worm. So, obviously,
we share much of our genetic scaffold even with very
distant relatives. The similarity between humans and
other animals will become even more evident when
genome sequences from organisms such as the mouse
become available. For these species, both the number
of genes and the general structure of the genome are
likely to be very similar to ours.®® DNA sequence
comparison and comparative mapping are essential
for identification of gene orthologs in distantly relat-
ed species (genes in different species that are descend-
ed from a single gene of a common ancestor) .

Comparative analysis of predicted protein se-
quences encoded by the genomes of Caenorhabditis
elegans and Saccharomyces cerevisiae suggests that
most of the core biological functions are carried out
by orthologous proteins that occur in comparable
numbers. The specialized processes of signal trans-
duction and regulatory control that are unique to the
multicellular worm appear to use novel proteins,
many of which re-use conserved domains. Major ex-
pansion of the number of some of these domains seen
in the worm may have contributed to the advent of
multicellularity. The proteins conserved in yeast and
worm are likely to have orthologs throughout eukary-
otes; in contrast, the proteins unique to the worm
may well define metazoans.%¥

Neurotransmitter receptors, neurotransmitter
synthesis and release pathways, and heterotrimeric
GTP-binding protein (G protein)-coupled second
messenger pathways are highly conserved between C.
elegans and mammals, but gap junctions and
chemosensory receptors have independent origins in
vertebrates and nematodes. Im C. elegans, most ion
channels are similar to vertebrate channels but there
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are no predicted voltage-activated sodium cha-
nnels.69

The C. elegans genome sequence was surveyed
for transcription factor and signaling gene families
that have been shown to regulate development in a
variety of species. In most of the gene families already
have been genetically analyzed in C. elegans, about
half of the genes detect probable orthologs in other
species, and about 10 to 25 percent of the genes are, at
present, unique to C. elegans. C. elegans is also miss-
ing genes that are found in vertebrates and other
invertebrates.¢6

More than 3 percent of the protein sequences in-
ferred from the C. elegans genome contain sequence
motifs characteristic of zinc-binding structural
domains, and of these more than half are believed to
be sequence-specific DNA-binding proteins. The dis-
tribution of these zinc-binding domains among the
genomes of various organisms offers insights into the
role of zinc-binding proteins in evolution. In addi-
tion, the complete genome sequence of C. elegans
provides an opportunity to analyze, and perhaps
predict, pathways of transcriptional regulation.6”

Dense genetic maps of human, mouse, and rat
genomes that are based on coding genes and on
microsatellite and SNP markers have been com-
plemented by precise gene homolog alignment with
moderate-resolution maps of livestock, companion
animals, and additional mammal species. Compara-
tive genetic assessment expands the utility of these
maps in gene discovery, in functional genomics, and
in tracking the evolutionary forces that sculpted the
genome organization of modern mammalian species.
Over half of 70,000 to 100,000 human ESTs for RNA
transcripts are already mapped. Nearly every human
genes has a mouse homolog.®

Improved technologies and the potential for
valuable applications have put the prospect of dense
gene maps of domesticated livestock and companion
animal species within our reach. Some immediate
practical applications of these maps that we envision
include:

(i) supplying animal models for human genetic
diseases based on explicit gene homology as monitors
for pathogenesis and therapy;

(ii) an opportunity to identify candidate poly-
genes that affect human and veterinary disease;
Heritable canine maladies and feline genetic deseases
have been attributed to genes homologous to human

desease gene mutations.5®

Venter et al. undertook a comparative analysis of
the genomes of Drosophila melanogaster, Caenorh-
abditis elegans, and Saccharomyces cerevisiae—and
the proteins they are predicted to encode— in the con-
text of cellular, developmental, and evolutionary
processes. The nonredundant protein sets of flies and
worms are similar in size and are only twice that of
yeast, but different gene families are expanded in each
genome, and the multidomain proteins and signaling
pathways of the fly and worm are far more complex
than those of yeast. The conservation of biological
processes from flies to mammals extends the influence
of Drosophila to human health. The power of
Drosophila genetics has been leveraged to elucidate
mammalian pathways involved in cancer biology, the
cell cycle, and receptor tyrosine kinase signaling. The
fly has orthologs to 177 of the 289 human disease
genes examined and provides the foundation for
rapid analysis of some of the basic processes involved
in human disease.®

Long-range regulatory elements are difficult to
discover experimentally; however, they tend to be
conserved among mammals, suggesting that cross-
species sequence comparisons should identify them.
To search for regulatory sequences, Loots et al. exa-
mined about 1 megabase of orthologous human and
mouse sequences for conserved noncoding elements
with greater than or equal to 70% identity over at
least 100 base pairs. Ninety noncoding sequences
meeting these criteria were discovered, and the analy-
sis of 15 of these elements found that about 70% were
conserved across mammals. Characterization of the
largest element in yeast artificial chromosome trans-
genic mice revealed it to be a coordinate regulator of
three genes, interleukin—4, 13, and 5, spread over 120
kilobases.”

Genomic data are helping to understand both an-
cient evolution and the relationships among modern
species. They revealed a possible whale-hippo link
and a new genetic analysis that indicates that there are
fewer subspecies of pumas than previously thought.”™

2-1-2. Comparisons between Closely Related
Species

We already know that the overall DNA sequence
similarity between humans and chimpanzees is about
99%. When the chimpanzee genome sequence
becomes available, we are sure to find that its gene
content and organization are very similar (if not iden-
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tical) to our own. Yet the few differences between our
genome and those of the great apes will be profoundly
interesting because among them lie the genetic prere-
quisites that make us different from all other animals.
In particular, these differences may reveal the genetic
foundation for our rapid cultural evolution and geo-
graphic expansion, which started between 150,000
and 50,000 years ago and led to our current overbear-
ing domination of Earth. A chimpangee genome
project is now developing to resolve the differences
between humans and closest nonhuman relatives.,
whereas other primate gene maps (baboon and ma-
caque) have been initiated to apply genetic assesment
to these animals for behavior, vaccine developement,
and genetic deseases.®®

Although data on nucleotide sequence variation
in the human nuclear genome have begun to accumu-
late, little is known about genomic diversity in chim-
panzees (Pan troglodytes) and bonobos (Pan panis-
cus). Kaessmann, Wiebe, and Paabo reported a
10,154-base pair sequence on the chimpanzee X chro-
mosome, representing all major subspecies and bono-
bos. Comparison to humans shows the diversity of
the chimpanzee sequences to be almost four times as
high and the age of the most recent common ancestor
three times as great as the corresponding values of hu-
mans. Phylogenetic analyses show the sequences from
the different chimpanzee subspecies to be intermixed
and the distance between some chimpanzee sequences
to be greater than the distance between them and the
bonobo sequences.”

2-1-3. Comparisons between Species

Behr et al. carried out comparative genomics of
BCG Vaccines by whole-genome DNA microarray.
They obtained evidence for the ongoing evolution of
BCG strains since their original derivation. A precise
understanding of the genetic differences between
closely related Mycobacteria suggests rational ap-
proaches to the design of improved diagnostics and
vaccines.”

The pathogenic bacterium Neisseria meningitidis
is the cause of meningococcal meningitis. Although a
vaccine is available for Neisseria of serogroups A and
C, there is no vaccine available for serogroup B.
Comparison of these genome sequences revealed
highly conserved surface proteins that may be valua-
ble as vaccine antigens. It is likely that these con-
served regions encode essential components of the
pathogenesis pathway.”

A computational process similar to that used for
the annotation of genome sequences by simultaneous
comparison can be used to identify candidate targets
within the genome and prioritize them for an-
timicrobial screening. For broad-spectrum agents, for
example, bioinformatic analysis of genome sequences
can be used to identify proteins that are highly con-
served in the appropriate range of pathogens associat-
ed with a particular clinical indication. This becomes
even more important when the same bioinformatic
tools are used to identify highly conserved bacterial
genes that lack a close human counterpart. Compara-
tive genomics therefore provides, through simple
computational analysis, a list of potential targets with
useful bacterial spectrum and possible selectivity over
humans.”

In addition to highly conserved targets which
offer the opportunity to develop broad spectrum an-
tibiotics, comparison of microbial genome sequences
has also shown that a significant proportion of each
genome encodes proteins that are functionally
unknown, some of which are specific to that organ-
ism. These provide the opportunity to develop an-
tibiotics with a high degree of specificity for a single
organism (or a small set of related bacterial species) .
Such narrow specificity potentially offers long-term
benefits by reducing problems arising from cross
resistance. Organism-specific genes may not only pro-
vide the potential targets for novel therapeutic agents
but also the principal components of rapid, PCR-
based diagnostic tools.”™

Large-scale comparisons of human genomes
from many individuals are now possible with the
emergence of high-throughput techniques for DNA
sequence determination. Hypervariable microsatel-
lites, also called short tandem repeats (STRs) and
SNPs are highly informative in pedigree, forensic,
and population assesment. They are also valuable for
understanding the effect of variation on a particular
disease or trait and looking for disease genes.¥

2-2. Functional Genomics The next step be-
gun by the successful sequencings will be to determine
what the many genes code for. Functional genomics is
the study of genomes to determine the biological
functions of all the genes and their products. This
field consists of all the work done to bridge the
knowledge gap from DNA (or genes) to proteins (or
functions) .

Innovative techniques for functional genomics
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range from simply comparing new sequences to those
already in the databases to using ‘‘microarrays’’ to
analyze how gene expression patterns change as con-
ditions vary and generating wholesale lots of mutant
organisms that can then be screened for interesting
trait changes. In addition, plant scientists are ventur-
ing into the vast frontier of ‘‘metanomics,”” which
tracks the effects of particular mutations or environ-
mental changes on a plant’s entire metabolic reper-
toire. Based on the progress so far, the advances in
tools and techniques will allow unprecedented
progress in figuring out what genes do.”®

Small nucleolar RNAs (snoRNAs) are required
for ribose 2’-O—-methylation of eukaryotic ribosomal
RNA. Many of the genes for this snoRNA family
have remained unidentified in Saccharomyces
cerevisiae, despite the availability of a complete ge-
nome sequence. Lowe and Eddy used probabilistic
modeling methods to computationally screen the
yeast genome and identify 22 methylation guide
snoRNAs, snR50 to snR71. Gene disruptions and
other experimental characterization confirmed their
methylation guide function.”

The functions of many open reading frames
(ORFs) identified in genome-sequencing projects are
unknown. New, whole-genome approaches are re-
quired to systematically determine their function.
Each gene in the genome was deleted in a directed
fashion and by marking each yeast gene with two
molecular barcodes (UPTAG and DOWNTAG) that
allows large numbers of deletion strains to be pooled
and analyzed in parallel in competitive growth assays.
Of the deleted ORFs, 17 percent were essential for
viability in rich medium. The phenotypes of more
than 500 deletion strains were assayed in parallel. Of
the deletion strains, 40 percent showed quantitative
growth defects in either rich or minimal medium.”®

Because zebrafish is a vertebrate, it is genetically
closer to humans than flies or worms, and its small
size, quick generation time, and inexpensive care
make it possible to keep thousands of fish in a single
lab. Add to that the transparency of its young, and
zebrafish is an ideal lab animal. Researchers are using
various clever techniques to identify zebrafish
mutants with which to probe the genes involved in a
wide variety of human maladies, from obesity to bone
diseases.”™

Goodnow, an immunologist at the Australian
National University, is using the latest technology and

sequencing data to advance research on recessive mu-
tations that cause adult-onset diseases. The plan is to
generate mouse mutants on a massive scale in order to
help assign functions to the genes being identified by
HGP. Because mouse genes are thought to do the
same thing as their human counterparts, scientists
hope to translate the knowledge into clinical stu-
dies.?”

2-3. Computer and Biology

2-3-1. Bioinformatics

“Bioinformatics’> gained common currency in
the early 1990s to describe the tools and techniques
for storing, handling, and communicating the mas-
sive and ever-increasing amounts of biological data
emerging principally from genomics research and
clinical trials. Researchers will have to face a
profound challenge: how to deal with the masses of
data that will come pouring out. It’s not just how to
analyze and interpret the data, but how to share and
compare them. Right now, for example, people are
using different platforms, as well as different methods
of analyzing the data those platforms produce. This
lack of standardization makes it difficult to relate the
findings of the different labs and assess their quali-
ty.8)

NIH Urged to Fund Centers to Merge Comput-
ing and Biology. A new network of interdisciplinary
research between biologists and computing expertise
is needed to fully tap the flood of new data. NIH
should also take a more active role in organizing and
curating the growing flock of biomedical databases,
which hold everything from gene sequences to drug
trial results.8? As the size of GenBank, the public ar-
chive that contains every published DNA sequence,
and the number of other biological databases grows,
so does the need for ways to update and coordinate
the information they contain. GenBank and even
databases whose entries are reviewed and updated can
have mistakes or missing data.s¥

2-3-2. Biological Information Science

Information processing on computers and a new
kind of biological information science are crucial,
and their impact on biology, medicine, and health
care will be enormous.

Comparing the genomes of different species
offers insight into the function of conserved noncod-
ing regions of DNA sequence. Dubchak has deve-
loped a new method for global alignment of se-
quences, their comparison, and the display of their
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identity.8%

To perform any computational analysis of the
biological function of a large number of genes, one
needs to expand the concept of gene function. Soon,
the function of a gene can be described by its expres-
sion profile in a large number of controlled experi-
ments. Comparative computation can then be per-
formed on gene function in ways not previously possi-
ble. Efforts to construct archival databases of gene ex-
pression experiments to facilitate predictive computa-
tions are under way.8%

The largest impact of genomic technologies on
biological research will come from the emerging abili-
ty to simulate cells and organisms on the computer.
The goal is to simulate the causal and temporal be-
havior of a cell as a network of genes and gene
products and to simulate the behavior of the organ-
ism as a network of cells. Quantitative and predictive
simulations have the potential of reducing or replac-
ing experimental effort. Shapiro has sought to define
the genetic network that coordinates the initiation of
DNA replication under both temporal and spatial
constraints. Arkin is building a computational toolkit
for computer-aided simulation and analysis of de-
velopmental switches. His program permits the ex-
perimenter to simulate chemical kinetic systems and
parts of cellular pathways.89

2-3-3. Structural Genomics

It’s the verifiable 3D maps that provide the most
reliable information. Structural genomics applies
high-speed techniques to make a systematic survey of
all protein structures, cataloging the common ways in
which proteins fold. That information could even-
tually lead to computer programs capable of predict-
ing the shape and function of any protein from the
simple linear sequence of A’s, G’s, C’s, and T’s in
genes. The approach is expected to extend the genom-
ics revolution from a catalog of genes to a catalog of
the 3D shapes of the proteins for which the genes
code. For industry, structural genomics promises not
only a wealth of new drug targets but also help in
eliminating those not likely to be useful.’®

In December 1999, IBM announced a $100 mil-
lion research initiative to build a supercomputer 500
times more powerful than the current record holder in
order to model how proteins fold into the three-
dimensional shapes. NIH, the Ontario provincial
government, and three more countries—Japan, Ger-
many, and the United Kingdom—either have an-

nounced plans to fund for structual genomics or are
considering plans for investments.8” Officials at NIH
say they hope the new program will enable them to
determine the structure of as many as 10,000 proteins
in the next 10 years. It’s also expected that the coming
bolus of protein structures will reveal a large fraction
of the estimated 1000 to 5000 protein folds thought to
exist.8®

2-3-4. Genomic Medicine and the Future of
Health Care®>

Genomic technologies and computational ad-
vances are leading to an information revolution in bi-
ology and medicine. Simulations of molecular
processes in cells and predictions of drug effects in hu-
mans will advance pharmaceutical research and speed
up clinical trials. Computational prognostics and di-
agnostics that combine clinical data with genotyping
and molecular profiling may soon cause fundamental
changes in the practice of health care.

A combination of rich cellular data, genomic
profiling, and computational prediction may provide
early detection of undesirable drug properties. For ex-
ample, the effect of known toxic compounds can be
assessed by measuring the genomic expression profile
in cell cultures and accumulating a set of characteris-
tic profiles as a background information base. The
advantage of such methods lies in the much lower cost
of cell culture tests as compared to tests in animals
and clinical trials. Information from functional
genomics experiments will be crucial for the predic-
tive elimination of unpromising drug candidates.

Today’s clinical trials are expensive and time-
consuming. To accelerate the assessment of clinical
outcomes using genomic technologies, a detailed and
accurate link between molecular profiles and clinical
outcomes is required. Computational processing and
reference to information and knowledge bases about
organismic and disease processes would allow conclu-
sions about the likely results of therapy to be reached
much faster than with classical macroscopic indica-
tors of clinical outcomes.

2-3-5. Diversity Digitized®?

The genomic research by the HGP was done by
data shearing on the internet; which influences on
many fields such as biodiversity.

The bioinformatics revolution is finally enabling
biodiversity researchers to communicate efficiently
with one another, providing a springboard and a
common language for progress. This effort has the
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broader advantage of at last putting biodiversity in-
formation into the public domain in accessible forms
on the Internet. ‘‘Species 2000’’ is an Internet-based
global research program that aims to create an index
of the world’s (known) species. The Global Biodiver-
sity Information Facility aims to ensure interoperabil-
ity among the various databases now emerging from
biodiversity studies. Some research collections date
back centuries, providing a historical context for stu-
dies of the world’s organisms. Paleontologic data-
bases can help researchers assess biodiversity on the
scale of millions of years.

2-4. Global Gene Expression Analysis Array
technologies, that can analyze hundreds of genes
simultaneously and show patterns of gene expression,
was developed in 1995.2% Transcript profiling using
DNA microarrays provides a rapid and systematic
method for the high-throughput analysis of gene ex-
pression at the level of the whole genome, providing a
specific analysis of expression of each individual gene
monitored by mRNA concentrations.

2-4-1. Application to Basic Research

Inoculation of yeast into a medium rich in sugar
is followed by rapid growth fueled by fermentation
(anaerobic growth), with the production of ethanol.
When the fermentable sugar is exhausted, the yeast
cells turn to ethanol as a carbon source for aerobic
growth. This switch from anaerobic growth to aero-
bic respiration upon depletion of glucose, referred to
as the diauxic shift, is correlated with widespread
changes in the expression of genes involved in fun-
damental cellular processes such as carbon meta-
bolism, protein synthesis, and carbohydrate storage.
Brown et al. used DNA microarrays to characterize
the changes in gene expression that take place during
this process for nearly the entire genome, and to in-
vestigate the genetic circuitry that regulates and exe-
cutes this program.?

Roberts et al. used genome-wide transcript
profiling to monitor signal transduction during yeast
pheromone response. Genetic manipulations allowed
analysis of changes in gene expression underlying
pheromone signaling, cell cycle control, and polarized
morphogenesis. Diagnostic subsets of coexpressed
genes reflected signaling activity, cross talk, and over-
lap of multiple mitogen-activated protein kinase
(MAPK) pathways.%V

Normal human fibroblasts require growth fac-
tors for proliferation in culture; these growth factors

are usually provided by fetal bovine serum. In the ab-
sence of growth factors, fibroblasts enter a nondivid-
ing state, Gy, characterized by low metabolic activity.
Addition of growth factors induces proliferation of
fibroblasts. The temporal program of gene expression
during a model physiological response of human
fibroblasts to serum, was explored with a complemen-
tary DNA microarray representing about 8600 differ-
ent human genes.%?

Ly et al. compared gene expression in cells from
healthy people of various ages and also from children
with Hutchinson-Gilford progeria, a rare hereditary
disorder that resembles an accelerated form of aging.
They report that some of the gene changes they saw in
aging fibroblasts could cause skin to wrinkle. They
also found evidence for what may be a more global
explanation of aging: an impairment of the
machinery needed for normal separation of the chro-
mosomes during cell division that could lead to genet-
ic instability and a variety of disturbances in gene
function.93:%%

The Wisconsin team carried out microarray anal-
ysis of aging in mice skeletal muscle. Use of high-den-
sity oligonucleotide arrays representing 6347 genes
revealed that aging resulted in a differential gene ex-
pression pattern indicative of a marked stress
response and lower expression of metabolic and
biosynthetic genes. Transcriptional patterns of
calorie-restricted animals suggest that caloric restric-
tion retards the aging process by causing a metabolic
shift toward increased protein turnover and decreased
macromolecular damage.93:9%

But except for some stress-response genes, there
was little overlap between the alterations the two
groups saw. The fibroblasts, which are dividing cells,
and the skeletal muscle cells, which have lost that
ability, probably undergo aging through two different
mechanisms.%?

Metamorphosis is an integrated set of develop-
mental processes controlled by a transcriptional hier-
archy that coordinates the action of hundreds of
genes. In order to identify and analyze the expression
of these genes, White et al. constructed high-density
DNA microarrays containing several thousand
Drosophila melanogaster gene sequences. Many
differentially expressed genes can be assigned to de-
velopmental pathways known to be active during
metamorphosis, whereas others can be assigned to
pathways not previously associated with metamor-
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phosis. Additionally, many genes of unknown func-
tion were identified that may be involved in the con-
trol and execution of metamorphosis.®

Caulobacter crescentus is a bacterium that
thrives in aquatic environments that lack sufficient
nutrients for most other life-forms. Typically, C.
crescentus has a whiplike appendage called a flagel-
lum that it uses for swimming. But when it’s time to
reproduce, C. crescentus jettisons its flagellum,
replacing it with a short stalk that anchors the tiny cell
to a nearby surface. The DNA then replicates and the
stalked cell divides asymmetrically, pinching off a
new, mobile ‘‘swarmer’” cell. These characteristic
‘‘stalked’’ and ‘‘swarmer’’ stages enable microbiolo-
gists to associate genetic changes with distinct stages
of the cell cycle. On march 2000, TIGR has just
finished assembling the entire genetic sequence of C.
crescentus. A team at Stanford University headed by
Shapiro, in cooperation with TIGR, had begun work-
ing with these data about 9 months before they were
assembled. They used microarray to monitor the
RNA transcribed from each gene at 15-minute inter-
vals over C. crescentus’s life cycle. Other global ex-
pression studies will start soon on the anthrax ge-
nome. Even though the entire sequence may not be
complete until June 2001, TIGR’s Read plans to start
microarray studies in July 2000 to identify target
proteins.4%)

Single hematopoietic stem cells can give rise to at
least eight distinct blood cell lineages and can main-
tain life long blood production in mice. Their
hallmark property is the ability to strike a balance be-
tween self-renewal and a commitment to differentia-
tion. The mechanisms that govern these stem cell fate
decisions must be under tight yet flexible control.
Phillips et al. performed a genome-wide gene expres-
sion analysis in order to define regulatory pathways in
stem cells as well as their global genetic program.
Subtracted complementary DNA libraries from high-
ly purified murine fetal liver stem cells were analyzed
with bioinformatic and array hybridization strate-
gies.””

Bresnahan and Shenk used a human cytome-
galovirus gene array to identify a previously unidenti-
fied class of viral transcripts. These transcripts,
termed virion RNAs, were packaged within infectious
virions and were delivered to the host cell on infec-
tion. This mechanism of herpesvirus gene expression
allows for viral genes to be expressed within an infect-

ed cell immediately after virus entry and in the ab-
sence of transcription from the viral genome.’®

The importance of analysing expression data by
clustering can be seen further from studies on co-
regulated genes. Coexpression may indicate genes
whose protein products interact together in a heter-
ologous complex, or which act in concert in the same
pathway without direct physical interaction. Tran-
scriptional co-regulation can thus indicate physical or
functional interactions between proteins, and as-
sociating the regulatory patterns of known proteins
with those of unknown function can be used to sug-
gest functional linkages for further analysis.

2-4-2. Application to Drug Discovery

Toxicology may be on the verge of changing the
way it collects raw data—adopting a process that
could reduce animal use and improve test results. The
new approach, called ‘‘toxicogenomics,”” uses DNA
arrays to profile gene expression in cells exposed to
test compounds. The great promise of toxicogenom-
ics is that it might be used to scan the entire human
genome to see which genes are affected by specific
chemicals. The immediate goal is to look at different
classes of compounds and identify groups of genes
that are tightly correlated with known classes of tox-
icants. These ‘‘very informative’’ genes could then be
used to generate a next-generation array with a small
number of genes. The condensed set could be used
routinely to determine if a test chemical exhibits any
of several common toxicities. The DNA tests are fast,
efficient, and reduce live-animal expenses. If adapted
for use in tissue cultures, the tests might even
eliminate the need to sacrifice animals.%

From the perspective of drug discovery, the pat-
terns generated from the parallel analysis of all genes
in an organism using microarrays can give clues to the
function of previously uncharacterized genes (target
identification), as well as providing information
about cellular responses to treatments with small inhi-
bitor molecules (mechanism of action studies at all
discovery phases). Several recent lines of evidence
support the view that such gene expression profiles
have a key role to play in antimicrobial drug discov-
ery programs. This suggests that genetic inhibition of
gene function by mutation or deletion can be used as
the ‘‘gold standard’’ marker for specific gene inhibi-
tion, and that expression patterns generated after
treatment with small molecule inhibitors can be relat-
ed to the ‘‘genetic patterns’’ to define or confirm the
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target and mechanism of action of the inhibitor.
Microarrays can also be used to identify secondary
(and potentially unwanted) mechanisms of action.”

2-4-3. Application to Therapy: DNA Arrays
Reveal Cancer in Its Many Forms$2:109

The use of microarrays to determine gene expres-
sion patterns is providing a wealth of new informa-
tion that should aid in cancer diagnosis and ultimately
in therapy. Researchers in several labs have used
microarray technology to identify specific subtypes of
a variety of cancers, including leukemias and lympho-
mas, the dangerous skin cancer melanoma, and breast
cancer. In some cases, they can determine which can-
cers are likely to respond to current therapies and
which aren’t. In addition, the studies are giving
researchers a fix on which genes are important for the
development, maintenance, and spread of the various
cancers, and are thus possible drug targets.

A team led by Lander and Golub began by com-
paring the profiles of acute myeloid leukemia (AML)
and acute lymphoblastic leukemia (ALL), two blood
cancers that are often hard to tell apart by standard
pathological examination of the diseased cells. They
showed that the expression patterns of those genes
could identify which patients had AML and which
had ALL without previous knowledge of these class-
es.

Since then, researchers have used gene expression
patterns to reveal previously unknown cancer catego-
ries. Staudt’s team working in collaboration with
Brown and Botstein of Stanford University School of
Medicine and their colleagues focused on patients
with diffuse large B cell lymphoma, a common type of
non-Hodgkin’s lymphoma that affects more than
15,000 new patients annually in the United States and
follows a highly variable clinical course. They found a
great diversity in gene expression among the patients,
despite their having the same diagnosis. Computer
analysis of the expression patterns showed that the
patients could be divided into two groups. One group
expressed a set of genes characteristically turned on in
B cells in the spleen and lymph nodes during an im-
mune response. The other set didn’t express those
genes but did show activity of a set of genes that are
turned on when blood B cells are stimulated to divide
by an antigen. Their clinical pictures also varied:
Those with the expression pattern of the spleen-lymph
node B cells fared much better, with 75% alive 5 years
after diagnosis, while 75% of the other group did not

make it to that milestone. Lymphoma patients are
usually treated first with chemotherapy, and if they
relapse, they become candidates for a bone marrow
transplant. But in the future, those patients who have
a gene expression profile indicating a poor prognosis
might move directly to bone marrow transplant,
avoiding the first-line chemotherapy regimen, which
can be debilitating.

Brown and Botstein and their colleagues have
also found that breast cancers show distinguishable
patterns of gene expression. Again, they could pick
out two broad groups of the tumors, one of which
was marked by expression of the gene for the receptor
for the hormone estrogen while the other one wasn’t.
Cancer physicians have long known that breast cancer
cells that lack estrogen receptors tend to be more ag-
gressive. But those broad groups of tumors may con-
tain a variety of subgroups. Whether there is a differ-
ence in outcomes for the subgroups is now addressed.

Researchers want to do more than just identify
genes whose activity is turned up or down. They also
want to find out which of those changes are important
for cancer development and progression—the causes
and not just the effects. In the 3 August 2000 issue of
Nature, the NHGRI team used arrays to compare the
gene expression patterns of highly metastatic melano-
ma cells with those of the much less metastatic cells
from which they were derived. The comparison iden-
tified a suite of genes whose activity was apparently
turned up as melanoma cells progressed to malignan-
cy.

Researchers are using the arrays to determine
how the activation of cancer-promoting oncogenes or
the inactivation of tumor-suppressor genes perturbs
the expression of other genes. Staudt and his col-
leagues used their Lymphochip to study the conse-
quences of abnormal activation of an oncogene called
BCL-6, a situation that commonly occurs in lympho-
mas. They found that BCL—-6 activation leads to
repression of a gene called blimp—1, which normally
promotes the differentiation of B cells to become an-
tibody-producing plasma cells, and also of a gene
called p27kipl, which inhibits the cell division cycle.
The net result is to lock cells in an undifferentiated,
continuously dividing state. The MIT group, in col-
laboration with Eisenman’s team, has also looked at
the changes elicited in cells by activation of the MYC
oncogene. They are discovering the malignant path-
ways of these tumors, and they can ask whether inter-
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fering with these pathways can help.

Other applications of microarray technology to
cancer that are also getting under way include
studying how cancer cells respond to various
chemotherapeutic agents and determining why some
cells respond and some don’t.

2-5. Proteomics Proteomics is the study of
the full set of proteins encoded by a genome. HGP
and similar gene-sequencing efforts are only the first
step to understanding biology and disease. The next
big step forward will be deciphering what the protein
product of each gene does and how each gene is
switched on and off, and how they interact with each
other.!D Neither DNA nor mRNA can identify how
much protein is produced inside a cell or what it does.
There is significant evidence that there is not neces-
sarily a correlation between mRNA levels and protein
levels. Chemical modifications such as phosphoryla-
tion play a key role in controlling protein activity;
these modifications cannot be detected by screening
nucleotides. The genome tells you what could theoret-
ically happen inside the cell. Messenger RNA tells you
what might happen, and the proteome tells you what
is happening. If you want to know what’s happening
to a cell’s proteins, you have to study the proteins
themselves. In the next decade, we can hope to see
large catalogs of protein interactions, predictive
models of those interactions, and at least some ability
to follow networks of those interactions in real
time. 102

Newer methods for analysis of protein interac-
tions include descendants of conventional two-hybrid
methods, other methods that rely on reconstitution of
biochemical function in vivo, fluorescence resonance
energy transfer methods, protein mass spectrometry,
and evanescent wave methods. Taken together, these
methods will help reveal not only the partners of par-
ticular proteins, but how tightly the interacting pro-
teins touch one another, which surfaces they use to
make contact, and where and when in living cells
those contacts occur. With these methods, entire net-
works of interacting proteins can be analyzed.!%¥

Genomic information opens new paths to
biochemical discoveries. The finding in a genome of
many pairs of protein sequences A’ and B’ that are
both homologs to a single sequence A/AB in another
genome suggests the possibility that A’ and B’ are
binding partners and provides robust functional in-
formation about A’ and B’. Systematic searches of

this sort may lead to identifications of new pathways
and protein complexes in organisms.!%4

Walhout and co-workers report that they have
started to compile a global map of interactions be-
tween all of the proteins in the worm Caenorhabditis
elegans involved in vulval development, using large-
scale two-hybrid analysis. They needed to develop a
global approach rather than analyzing the interac-
tions of each individual protein. They developed a
high-throughput method to analyze proteins in
parallel that can be automated and should be suitable
for the study of protein-binding interactions across
the entire genome. The resulting map will help to
elucidate gene function on a global scale. For those
proteins that are conserved during evolution, interac-
tions between two worm proteins may clear the way
to finding homologous interactions in mammals.!09

Chemical biologist MacBeath and chemist
Schreiber report creating arrays of over 10,000 pro-
teins on a piece of glass just half the size of a micro-
scope slide. Three applications for protein microar-
rays were demonstrated: screening for protein-protein
interactions, identifying the substrates of protein
kinases, and identifying the protein targets of small
molecules. Researchers also hope to array antibodies
that bind to specific proteins. That would enable them
to see which proteins are actually being produced in
various tissues and, presumably, offer further clues to
what causes various diseases.!0®

The technique, devised by Shokat and his col-
leagues, involves enlarging the active site of an en-
zyme so that it can bind an inhibitor that won’t fit
into the active sites of related—but unaltered—en-
zymes. Researchers can then insert the gene that en-
codes the modified enzyme into cells or living animals
and turn off that enzyme by feeding them the inhibi-
tor—without affecting other, very similar, en-
zymes.'?”

3D crystal structures can provide important in-
sights into the role of proteins inside cells. Computer
science aims to model how proteins fold into the
three-dimensional shapes that allow them to orches-
trate life within the cell. If successful, tuis could allow
drug researchers to go right from the sequence of a
disease-related gene to the predicted structure of its
protein, in order to identify targets for therapeutic
drugs. Today, virtually every aspect in the structure-
determining process is being automated and scaled
up. Researchers are now creating high-throughput
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systems for cloning genes, expressing proteins, grow-
ing crystals, and collecting x—ray data. More powerful
x-ray beams at synchrotrons around the world have
improved the quality of diffraction data, and better
computers and software have made interpreting
results both easier and faster. Similar advances are
propelling work in nuclear magnetic resonance
(NMR) spectroscopy, a related approach to deter-
mining structures.$?

The upstart Celera Genomics of Rockville,
Maryland, is set to embark on an ambitious new
effort to move beyond the human genome to conquer
the next frontier: ‘‘proteomics,’’ an effort to identify
all the proteins expressed in an organism and then
track their ebb and flow. Working in tandem, the
molecular scanner and a high-speed mass spectrome-
ter could be a powerful combination. The move is the
next logical step in understanding the role of all the
genes they’ve decoded. It is also a critical step in de-
veloping novel drugs and tailoring medical care to the
genetic makeup of individuals. Other companies are
also pushing into proteomics as well. Virtually every
major pharmaceutical company has a proteomics
effort under way.!0?

3. Exciting Impact on Conventional Fields

Genome sequencing is also providing exciting

changes in the comventional fields.
3-1. Mollecular Biology
3-1-1. Creating Life'%®

One important question posed by the availability
of complete genomic sequences is how many genes are
essential for cellular life. What is life in genomic
terms?; What is a minimal set of essential genes?

Mpycoplasma genitalium with 517 genes has the
smallest gene complement of any independently
replicating cell so far identified. Venter et al. used
global transposon mutagenesis to identify nonessen-
tial genes in an effort to learn whether the naturally
occurring gene complement is a true minimal genome
under laboratory growth conditions. The analysis
suggests that 265 to 350 of the 480 protein-coding
genes of M. genitalium are essential under laboratory
growth conditions, including about 100 genes of
unknown function. This work represents an im-
portant step in the path toward the creation of
minimal organisms, organisms with the smallest set of
genes that allow for survival and reproduction. This
research raised ethical, social, and religious issues,

and posed challenge to our conception of the meaning
of life.109

Researchers are attempting to model and even-
tually to create ‘‘minimal organisms’’. Scientists have
proposed, and are working on, two different ways of
creating a new organism with a minimal genome. The
first, a ‘‘top-down’’ approach, entails removing or in-
activating the entire set of genes of M. genitalium
thought to be unnecessary. The second, and more
technically challenging, ‘‘bottom-up’’ approach, en-
tails synthesizing the proposed minimal genome and
inserting it into an environment that allows metabolic
activity and replication. The means for synthesizing
relatively short pieces of DNA already exists, but as-
sembling the entire genome of an organism and prov-
ing that the genome is capable of supporting a free-
living life form within that environment has not been
done. Recent work by Venter et al. represents a sig-
nificant step in the ‘‘top-down’’ approach. These ex-
periments define a ‘‘minimal essential set’’ of genes
that, individually, are required for replication under
permissive laboratory growth conditions.

Schultz and his colleagues are attempting to find
out what life would look like if DNA contained more
than four nucleotide bases and proteins more than 20
amino acids. By reengineering DNA, RNA, and the
proteins that interact with them, they hope to create
synthetic organisms with a chemical makeup fun-
damentally different from all life that has existed on
Earth for the last 3.8 billion years. The result will be
proteins that incorporate amino acids other than the
20 commonly used by life to construct proteins. By
adding these amino acids with completely new types
of chemical behaviors, they hope to design bacteria to
make proteins that work as novel catalysts and drugs,
or that carry built-in tracers to help researchers
decipher their structures. If they succeed, their
biochemical reengineering could have a profound
effect on everything from basic molecular biology to
industrial chemistry.!'®

3-1-2. Expectation and Anxiety about Creating
Ll'felos,llo)

Creating a minimal genome would represent an
important step forward in genetic engineering as it
would permit the creation of organisms (new and ex-
isting) simply from knowing the sequence of their ge-
nomes. This research may provide insight into the ori-
gins of life, bacterial evolution, or the control of bac-
terial metabolism. In addition, definition of a
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minimal genome could lead to a better understanding
of the genomes of more complex modern organisms.

The first practical benefits might be in microbial
engineering. Bacteria are now commonly engineered
to produce useful products, ranging from industrial
chemicals to insulin. A minimal organism might re-
quire less energy or produce fewer waste products
that could contaminate the desired product. A
minimal organism could be used as the basis for novel
‘‘designer’’ bacteria that are created to perform
specific tasks, such as the breakdown of environmen-
tal toxins.

The building of new organisms raises intellectual
property and commercialization issues that will affect
the conduct of research and the ability of both indus-
try and academia to continue developing the technol-
ogy for public good. A new regulatory framework for
intellectual property pertaining to genes and organ-
isms is needed to ensure that public and commercial
interests are protected.

The building of new organisms could, however,
harm our health or the environment, by introducing
‘‘alien’’ species into the wild. The combination of lar-
ge-scale sequencing of human pathogens, determina-
tion of function of disease-associated gene products,
and development of technologies to assemble large
pieces of DNA could lead to creation or release of or-
ganisms that could be used as biological weapons.
The dangers of knowing the sequences of extremely
deadly pathogens could pose threats to public health
and safety that might outweigh the benefits. We need
to give serious thought to monitoring and regulation
at the level of national and international public poli-
cy.

There is a serious danger that the identification
and synthesis of minimal genomes will be presented
by scientists, depicted in the press, or perceived by the
public as proving that life is reducible to or nothing
more than DNA. Reducing life to genes has profound
implications for several critical societal debates, in-
cluding what constitutes human life and when life be-
gins.

3-1-3. New Insight in Chromosome Structure

One of the rewards of having a Drosophila
melanogaster whole-genome sequence will be the
potential to understand the molecular bases for struc-
tural features of chromosomes that have been a long-
standing puzzle. Benos et al. analysed 2.6 megabases
of sequence from the tip of the X chromosome of

Drosophila and identified 273 genes. Sequence analy-
sis revealed that this region comprises 154 kilobases
of DNA flanked by 1.2-kilobases of inverted repeats,
each composed of a 350-base pair satellite related ele-
ment. Thus, some aspects of chromosome structure
appear to be revealed directly within the DNA se-
quence itself.!1D

Copenhaver et al. used high-precision genetic
mapping to define the regions that contain centromere
functions on each natural chromosome in Arabidop-
sis thaliana. This investigation provides a platform
for dissecting the role of individual sequences in cen-
tromeres in higher eukaryotes.!!?

Genomic mobile elements called retrotranspos-
ons make up about 40% of the mammalian genome.
During retrotransposition, these small pieces of DNA
are duplicated by a ‘‘copy and paste’’ mechanism—
they are transcribed into RNA, reverse-transcribed
into DNA, and the complementary DNA is then in-
serted back into the genome at a new site. Although
retrotransposons have been viewed as selfish DNAs
that provide no benefit to their host cell, Kazazian
states that these mobile pieces of DNA are busy
reshaping our genome, making it more diverse and
enabling us to survive and thrive through the vagaries
of evolution. The LINE-1 or L1 element is one of the
major retrotransposons without long terminal repeats
(LTRs). Throughout evolution it is likely that L1
retrotransposition has donated functional domains to
other proteins, expanded the diversity of the genome,
and increased the genome’s size through mobilization
of non-L1 sequences.!!¥

Processed pseudogenes are nonfunctional intron-
less copies of genes. They are derived from mRNAs
that have been reverse-transcribed and reinserted into
the genome, a process similar to the duplication of L1
sequences. On human chromosome 22, processed
pseudogenes account for 0.5% of genomic DNA. In
addition, some of the many processed pseudogenes
contribute new activities to the cell, such as providing
new exons for preexisting genes. Processed pseu-
dogenes have been generated by active L1 elements in
tissue culture, which suggests that L1 proteins are the
driving force behind processed pseudogene forma-
tion.!1¥

Alu elements are short, high-repeat DNA se-
quences that do not encode proteins. Alu elements
may be mobilized by the trans action of L1 proteins as
well. Roughly 1 million retrotransposed Alu elements
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make up aboutl0 to 12% of the human genome. The
300-base pair Alu elements are transcribed by RNA
polymerase III into RNA that ends in a poly A tail.
Ll-encoded proteins are likely candidates for Alu
mobilization because Alu elements are flanked by tar-
get site duplications that bear a close resemblance to
the target site duplications of L1 elements, and DNA
sequences at the sites of Alu insertions are similar to
those found at L1 insertion sites. In addition to ge-
nome expansion through retrotransposition, Alu ele-
ments have shaped the genome through mispairing
and unequal crossing-over, leading to deletions and
duplications.!!¥
3-1-4. Exciting New Insights in Molecular Biolo-

gy

Little is known about the molecular mechanisms
of taste perception in animals, particularly the initial
events of taste signaling. Clyne, Warr, and Carlson
identified large and diverse family of seven transmem-
brane domain proteins from the Drosophila genome
database with a computer algorithm that identifies
proteins on the basis of structure. Tissue specificity of
expression of these genes, along with their structural
similarity, supports the possibility that the family en-
codes a large and divergent family of taste recep-
tors.!¥
Molecular biologist White and his team at TIGR
announced that they have completed sequencing the
Deinococcus genome. The decoded 3—million-base ge-
nome indicates that Deinococcus owes its extreme
radiation resistance to the same repertoire of mechan-
isms for repairing DNA found in other organisms. It
just has more of them than most other life-forms.
One element of these defenses is an enzyme called
MutT. Radiation damages cells in part by generating
reactive forms of oxygen that oxidize key cellular
compounds, including some of the nucleotide build-
ing blocks of DNA. These oxidized nucleotides can
cause faulty DNA replication, but MutT protects
against such mutations by helping rid the cell of the
oxidized nucleotides. Most organisms have a single
MutT gene, but with 20 MutT-like genes, Deinococ-
cus is capable of removing a whole lot of oxidative
products. Other results suggest that genetic engineers
may be able to equip this hardy organism with genes
that could enable it to degrade toxins and clean up
metals at radioactive waste sites.!!?

Biologists who study the fungus Candida albi-
cans have always assumed that this organism

reproduces asexually because they have not found evi-
dence of mating, meiosis, or a haploid stage of the life
cycle. However, sequencing of the C. albicans ge-
nome has revealed the existence of a possible mating
type locus. This finding has now been extended to
demonstrate actual mating in the fungus. Two reports
by Hull et al. and Magee et al. reveal that C. albicans
does have a sex life. Apparently, this organism can be
forced to mate, suggesting that mating may occur
naturally, albeit rarely.!'®

Through genomic analyses of naturally occuring
marine bacterioplankton, DeLong’s teams have iden-
tified large populations of bacteria that convert sun-
light hitting the sea surface into energy. These bacter-
ia have light-harnessing abilities previously known to
exist in a fungus and in nonbacterial microbes called
archaea that hang out in the most hostile salty en-
vironments, such as salt ponds, where sustenance is
scarce. They are equipped with a protein, known as
bacteriorhodopsin, that enables them to thrive by
harnessing light to generate ATP. The bacteria
DeLong discovered use a type of bacterial chlorophyll
that, until now, no one had found in bacteria in the
open ocean. The bacterial rhodopsin was encoded in
the genome of an uncultivated [gamma]-proteobac-
terium and shared highest amino acid sequence
similarity with archaeal rhodopsins. They dubbed this
new protein proteorhodopsin and tested its function
by putting it into Escherichia coli. As they hoped, the
modified bacteria not only made the protein, but they
reacted to light by moving protons out of the cell and
into the surrounding medium. That’s characteristic of
bacteriorhodopsin, whose proton-pumping activity
helps set up a gradient whereby energy is generated by
protons flowing back into the cell. Their data also in-
dicate that a previously unsuspected mode of bacteri-
ally mediated light-driven energy generation may
commonly occur in oceanic surface waters world-
wide.!”

3-2. Evolution
3-2-1. Chimerism in Prokaryotic and Eukaryotic

Genomes!'®

Analyses of rRNA from many different organ-
isms provided the basis for the clonal theory of the
evolution of eukaryotic genomes from prokaryotes.
This theory holds that genes have been passed directly
from generation to generation, with modifications in
the genes resulting in the appearance of new organ-
isms. However, the availability of complete genome
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sequences for many bacteria (prokaryotes) and for
the yeast (a eukaryote) has called into question long-
held views about the evolutionary tree of life, propos-
ing chimerism in prokaryotic and eukaryotic ge-
nomes, which arises through transfer of groups of
functionally similar genes between organisms.

As genomes contain large numbers of genes from
different functional classes, it is now possible to ana-
lyze the evolutionary history of groups of genes that
do similar jobs. Until recently, phylogenetic conclu-
sions were based on the analysis of one or a few
genes; now they are based on the analysis of hun-
dreds. Thus, it is possible to ask questions about ge-
nome evolution that could never have been answered
by analysis of only one gene.

In a recent analysis of the complete genome se-
quences of Escherichia coli (a proteobacterium),
Synechocystis (a cyanobacterium), Methanococcus
(an archaeabacterium), and Saccharomyces (a eu-
karyote) , genes were found to fall into two functional
superclasses: informational genes (those involved in
transcription, translation, and related processes) and
operational genes (those involved in housekeeping) .
Eukaryotes appear to have obtained their informa-
tional genes from an organism that is more closely
related to Methanococcus than to either the proteo-
bacterium or the cyanobacterium, whereas their oper-
ational genes seem to have come principally from an
Escherichia relative. These new results begin to ex-
plain the mystifying, mixed origins of eukaryotic ge-
nomes.

Koonin and his co-workers observed that
Methanococcus informational genes resembled their
orthologs in yeast but not their orthologs in eubacter-
ia (true bacteria) . In contrast, Methanococcus opera-
tional genes were more closely related to those of their
eubacterial relatives. They concluded that the
Methanococcus genome is a chimera composed of
genes from Saccharomyces, and genes from eubacter-
ia.

Now, there is growing evidence that in prokary-
otes, too, horizontal gene transfer and chimerism pre-
vail. An investigation of prokaryote evolution found
that operational genes, which represent approximate-
ly two-thirds of the prokaryotic genome, have been
transferred laterally many times, whereas informa-
tional genes do not show characteristics in keeping
with horizontal transfer. These results suggest that
horizontal gene transfer is an important evolutionary

mechanism in prokaryotes as well as in eukaryotes.
3-2-2. Viral Origin''®

Most scientists agree that viruses are life-forms.
They are not cells, but they have their own DNA or
RNA genomes and can reproduce with the unwilling
help of a cellular host. Yet although viruses are able
to hijack organisms of all sorts, they have long been
consigned to a taxonomic ghetto that had little to do
with the origins of the three domains (Bacteria, Ar-
chaea, Eukarya) . Recent work using the structure of
viral genes and proteins to infer relationships between
organisms has sparked some provocative ideas.
Among them is the notion that viruses arose very ear-
ly—perhaps before the three domains diverged—and
the hypothesis that viruses, rather than being an aber-
rant branch on the tree of life, have played a major
role in the evolution of multicellular organisms.

Earlier in 2000, Hendrix and Pittsburgh col-
leagues reported the complete DNA sequences of two
bacteriophages that infect Escherichia coli. When the
sequences were compared to each other as well as to
those of two other outwardly similar bacteriophages,
it became clear that all four have some DNA stretches
in common. But these stretches are interspersed with
longer sequences that vary greatly from one bac-
teriophage to the next. Such genetic mosaicism has
often been taken as evidence that viral strains swap
genes. Microbiologist Woese suggested that early life
was a hotbed of ‘‘lateral gene transfer’’ between cells,
and that this gene swapping was the key driver of evo-
lution. Viruses might have been important early vehi-
cles for such gene exchange.

3-2-3. Conservation and Novelty in the Evolu-

tion of Genes

The genome of the nematode Caenorhabditis ele-
gans, now fully sequenced, affords remarkable in-
sights into the origin and nature of multicellar life.
Moreover, it raises challenging, often unforeseen,
questions about the molecular processes and evolu-
tionary consequences of genome change. New pro-
teins and modules have been invented throughout
evolution. Gene ‘‘birth dates’ in C. elegans range
from the origins of cellular life through adaptation to
a soil habitat. Possibly half are ‘‘metazoan’’ genes,
having arisen sometime between the yeast-metazoan
and nematode-chordate separations. These include
basement membrane and cell adhesion molecules im-
plicated in tissue organization. By contrast, epithelial
surfaces facing the environment have specialized
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components invented within the nematode lineage.
Moreover, interstitial matrices were likely elaborated
within the vertebrate lineage. A strategy for concerted
evolution of new gene families, as well as conserva-
tion of adaptive genes, may underlie the differences
between heterochromatin and euchromatin.!20

3-3. Plant Biology
ities to use the wealth of sequence information to ac-

There are many opportun-

celerate progress toward a comprehensive under-
standing of the genetic mechanisms that control plant
growth and development and responses to the en-
vironment. Gene sequencing are providing new ap-
proaches for gene discovery and development of
plants carrying desired traits.*¥

The nutritional health and well-being of humans
are entirely dependent on plant foods either directly
or indirectly when plants are consumed by animals.
Plant foods provide almost all essential vitamins and
minerals and a number of other health-promoting
phytochemicals. Because micronutrient concentra-
tions are often low in staple crops, research is under
way to understand and manipulate synthesis of
micronutrients in order to improve crop nutritional
quality. Genome sequencing projects are providing
novel approaches for identifying plant biosynthetic
genes of nutritional importance. The term ‘‘nutrition-
al genomics’’ is used to describe work at the interface
of plant biochemistry, genomics, and human
nutrition.2V

The composition of oils, proteins, and carbohy-
drates in seeds of corn, soybean, and other crops has
been modified to produce grains with enhanced value.
Genomics-based strategies for gene discovery, cou-
pled with high-throughput transformation processes
and miniaturized, automated analytical and function-
ality assays, have accelerated the identification of
product candidates carrying the desired traits.!2?

The Hslpro—1 locus confers resistance to the beet
cyst nematode, a major pest in the cultivation of su-
gar beet. Cai et al. cloned the Hsipro—I gene with the
use of genome-specific satellite markers and chro-
mosomal break-point analysis. Expression of the cor-
responding complementary DNA in a susceptible su-
gar beet conferred resistance to infection with the beet
cyst nematode.!2¥

Generating wholesale lots of mutant plants can
be used for screening of interesting trait changes.
Researchers are using transposable elements to gener-
ate lots of mutant plants that can then be screened for

interesting trait changes, such as drought tolerance or
sweeter kernels. These technologies can help identify
genes that plants turn on or off in response to stresses
such as drought or salty soils—information the
biotech industry welcomes eagerly.!24

Tobacco mosaic virus (TMV) is used to shuttle
genes into plant cells to trace their function. In one
type of application, the researchers have created
‘‘libraries’’ by separately cloning thousands of genes
from a plant, such as Arabidopsis, into TMV. They
then infect tobacco plants in the greenhouse with the
altered TMVs and screen the resulting plants for
changes, such as disease or drought resistance, con-
ferred by the transplanted gene.!?¥

Researchers are also stepping back to get a
broader picture of how a plant alters its patterns of
gene expression or biochemistry over time or in
response to changing environmental pressures. If a s-
eries of genes wink on and off together, they are likely
to be operating in the same pathway. And if an
unknown gene either over- or underexpressed in a
plant affects the members of such a pathway, the
unknown gene can be assigned to that pathway as
well. 124

Although microarray techniques can place new
genes into known pathways, they may not reveal ex-
actly what they do in those pathways. Researchers are
building protein expression pattern databases for
Arabidopsis, rice, maize, and pine trees. Compari-
sons of protein patterns from different plant organs
and tissues show how the patterns change as a result
of seasonal variations or water restriction.!24

The field ‘“‘metanomics’’ tracks the effects of par-
ticular mutations or environmental changes on a
plant’s entire metabolic repertoire. Researchers can
get a quick idea of what biochemical pathway an
unknown gene might perturb, or the side effects of a
particular gene alteration, by comparing the metabol-
ic profile of a genetically altered plant with those al-
ready logged into the databases. Plant researchers
want to create metabolic ‘‘maps’’ or generalized pro-
files of the metabolites produced by various plants
and plant tissues. Profiles are likely to change when
the plant is subjected to various environmental condi-
tions or when an unknown gene is mutated.!?¥

4. Revolution in Drug and Therapy

Genome sequencing is revolutionalising the way
in drug discovery and therapy.
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4-1. Vaccine Developement Bacille Calmette-
Guerin (BCG) vaccines are live attenuated strains of
Mpycobacterium bovis administered to prevent tuber-
culosis. To better understand the differences between
M. tuberculosis, M. bovis, and the various BCG
daughter strains, Behr et al. studied their genomic
compositions by performing comparative hybridiza-
tion experiments on a DNA microarray. A precise un-
derstanding of the genetic differences between closely
related Mycobacteria suggests rational approaches to
the design of improved diagnostics and vaccines.’

Neisseria meningitidis is a major cause of bac-
terial septicemia and meningitis. Sequence variation
of surface-exposed proteins and cross-reactivity of
the serogroup B capsular polysaccharide with human
tissues have hampered efforts to develop a successful
vaccine. To overcome these obstacles, Venter et al.
used the entire genome sequence of a virulent
serogroup B strain (MC58) to identify vaccine candi-
dates. They identified the proteins that are surface ex-
posed, that are conserved in sequence across a range
of strains, and that induce a bactericidal antibody
response, a property known to correlate with vaccine
efficacy in humans.!2%

4-2. Search for New Drugs Filaria worms in-
fect some 120 million people worldwide, causing the
tropical diseases African river blindness and elephan-
tiasis. In 1995, Bandi and his team reported that they
had detected ribosomal DNA sequences indicating
that the worms are infected by Wolbachia bacteria. In
1998, Bandi, Blaxter, and their colleagues confirmed
these data. Based on their analyses, they concluded
that the bacteria had long ago parasitized the nema-
todes. The bacteria seem to contribute to the
nematode’s reproductive success. Fleischer and his
colleagues reported in the January Journal of Clinical
Investigation that the antibiotic tetracycline kills the
bacteria living in the reproductive tissue of nematodes
found in mice. The treatment resulted in smaller, in-
fertile nematodes. So Slatko and his colleagues have
decided to sequence a Wolbachia genome, hoping the
sequence may lead to better anti-Wolbachia drugs,
which in turn may be more effective in killing the
worms by preventing their reproduction.!!

Not only is resistance to antibiotics escalating,
but also a new range of organisms have to be consi-
dered as potential pathogens. Over the past 40 years,
the search for new antibiotics has been largely res-
tricted to well-known compound classes active against

a standard set of drug targets. Recent advances in
genomics have provided an opportunity to expand the
range of potential drug targets and have facilitated a
fundamental shift from direct whole-cell antimicrobi-
al screening programs toward rational target-based
strategies. All genes in microbial organisms are now
available as potential targets. Ideal antimicrobial tar-
gets should be essential to microbial cell survival,
highly conserved in a range of pathogens, and absent
or radically different in humans.”

4-3. Pharmacogenomics and Pharmacogenetics
126) There is great heterogeneity in the way in-
dividuals respond to medications, in terms of both
host toxicity and treatment efficacy. The overall phar-
macologic effects of medications are typically not
monogenic traits; rather, they are determined by the
interplay of several genes encoding proteins involved
in multiple pathways of drug metabolism, disposi-
tion, and effects. HGP, coupled with functional
genomics and high-throughput screening methods, is
providing powerful new tools for elucidating polygen-
ic components of human health and disease. This has
spawned the field of ‘‘pharmacogenomics’’, which
aims to capitalize on these insights to discover new
therapeutic targets and interventions and to elucidate
the constellation of genes that determine the efficacy
and toxicity of specific medications. In this context,
pharmacogenomics refers to the entire spectrum of
genes that determine drug behavior and sensitivity,
whereas pharmacogenetics is often used to define the
more narrow spectrum of inherited differences in drug
metabolism and disposition, although this distinction
is arbitrary and the two terms are now commonly
used interchangeably. Ultimately, knowledge of the
genetic basis for drug disposition and response should
make it possible to select many medications and their
dosages on the basis of each patient’s inherited ability
to metabolize, eliminate, and respond to specific
drugs.

Pharmacogenomic studies will provide new in-
sights for the development of medications that target
critical pathways in disease pathogenesis. A better un-
derstanding of the links between genes and disease
could give rise to a new generation of highly effective
drugs that treat causes, not just symptoms. Phar-
macogenomic studies will also permit the develope-
ment of medications that can be used to prevent dis-
eases in individuals who are genetically predisposed to
them. Such studies should also permit the develop-
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ment of therapeutic agents targeted for specific, but
genetically identifiable, subgroups of the population.
This represents a migration from the traditional
strategy of trying to develop medications that are safe
and effective for every member of the population (in-
dividualizing drug therapy) .27

Refined diagnosis and choice of personalized
therapy will come, which take into account a patient’s
genotype and history and details of her molecular
health profile. Personalized therapy is supported by
an expanded spectrum of drugs developed to target
particular disease subtypes on a particular genetic
background. Molecular profiling is used to monitor
the progress of the disease, and therapy may be ad-
justed flexibly. Overall, the primary goal of personal-
ized medicine should be to increase the quality of life
first, and life-span second.

4-4. Gene Testing and Gene Therapy The
revolution in genetics has led to the determination of
the precise genetic basis of common and uncommon
hereditary diseases. The first fruits of this revolution
are diagnostic—the ability to determine who is and
who is not at risk for disease before the onset of sym-
ptoms. Such information is becoming essential for
proper management of patients and their families. In
individuals who inherit mutant genes, simple preven-
tative measures often can reduce morbidity and mor-
tality and allow more thoughtful planning for the fu-
ture. The benefits of genetic testing are equally im-
portant for those family members who are found not
to carry the relevant mutation; these individuals are
spared unnecessary medical procedures and tremen-
dous anxiety, though genetic testing is not without its
problems.!27

Because gene therapy is highly experimental and
many patients are desperately ill, serious adverse e-
vents and even deaths will occur. It is vital to under-
stand the reasons for unexpected results or clinical
failures to allow the development of corrected proce-
dures and improved experimental methods. The re-
cent tragic death of a young gene therapy patient has
marred the field of gene therapy research. Yet, en-
couraging new results from a study in which a severe
immunodeficiency disease is corrected in two infants
by delivery of the defective gene have brought cauti-
ous optimism back to the gene therapy field.!2®

4-5. Impact on Drug Companies Early in
1997, drug companies, biotechs, and Wall Street in-
vestors were putting their money down on efforts to

unlock the secrets of human DNA. Not only do phar-
maceutical companies expect genomics to deliver
them more targets, they also believe that this surge of
genetic information will help them develop drugs
more quickly. Combination of combinatorial chemis-
try, bioinformatics, and genomics would have drug-
discovery revolution.!2?

Sweden’s drug companies have joined the trans-
national drug industry, but their researchers are find-
ing the global job market tough going. In 1995, Phar-
macia merged with U.S.-based drug giant Upjohn,
and in 1998 spring, Astra merged with Britain’s Zene-
ca, both accompaning inevitable job cuts in
Sweden.®® And Pharmacia & Upjohn Inc.—itself
the product of a 1995 merger—announced in Decem-
ber 1999 that it would merge with Monsanto Co. to
create ‘‘a first-tier pharma company with a first-tier
growth rate.”” On 17 January 2000, Britain’s giant
Glaxo Wellcome PLC merged with the equally huge
SmithKline Beecham PLC. Just 3 weeks after the
Glaxo SmithKline announcement, Pfizer Inc. and
Warner-Lambert Co. linked hands to create a be-
hemoth with an even bigger R&D platform.!3V

One of the forces behind the recent mergers is
that each company must have enough market share

X3

and product lines to maintain ‘‘a significant
presence’’ in the United States, Europe, and Japan,
the three major world markets. Other forces stem
from the need for ever-larger R&D establishments,
both to take advantage of new opportunities and to
cover the continuing rise in the cost of developing new
drugs. HGP is yielding clues to thousands of new
research targets for drug development. But following
up on those clues will be hugely expensive and will re-
quire a supersized scale of operation. The easiest way
to achieve that magnitude quickly is to merge.!3?

In a major switch from just 20 years ago, a grow-
ing proportion of drugs is now prescribed for chronic
conditions rather than as short-term antibiotics or
pain-killers. This change has forced government regu-
lators to look more closely at each drug’s long-range
effects. 13D

Companies are also striving to shorten the time
from discovery to marketing—to get the most out of
the finite length of a patent and, often, to beat a com-
petitor to market. But this competition raises costs by
forcing companies to juggle more balls. They need to
run more things in parallel, rather than sequential-
ly.lm
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The cost of clinical trials makes up a huge share
of pharmaceutical companies’ R&D budgets, nearly
40% by one independent estimate, and both per-
patient costs and the costs of sophisticated tests seem
likely to keep rising. Another 10% goes toward de-
veloping processes to synthesize compounds on a
huge scale while controlling their production precise-
ly. In addition, a substantial fraction of R&D money
goes to screen compounds that might produce a new
or improved drug.!3V

5. Conclusion

A small knowledge base was created by organiz-
ing the HGP and its related issues in ‘‘Science’” maga-
zines between 1996 and 2000. This base revealed the
stunning achievement of HGP and a private venture
and its impact on today’s biology and life science. In
the mid—1990, they encouraged the developement of
advanced high throughput automated DNA sequen-
cers and the technologies that can analyse all genes at
once in a systematic fashion. Using these technol-
ogies, they completed the genome sequence of human
and various other organisms. These fruits opened the
door to comparative genomics, functional genomics,
and the interdisprinary field between computer and
biology, and proteomics. They caused a shift in bio-
logical investigation from studying single genes or
proteins to studying all genes or proteins at once.
They are also causing or will cause revolutional
changes in traditional biology, drug discovery and
therapy.
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