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scientific community. Among the enterprises
that have already headed down this road are
comparative genomics, with the genomic se-
quencing and analysis of key model organisms
being done by some of the centers that worked
on the human genome. Large-scale genomic
enterprises now extend well beyond straight-
forward sequencing, as witnessed by the re-
cent launch from our own funding agencies of
other large-scale biology initiatives involving
functional genomics (/7), structural biology
(12), microbial genomics and proteomics
(13), and haplotype mapping focusing on hu-
man populations (/4). Other candidates for
the “big science” approach to biology include
interagency and international approaches to
biological database creation and maintenance,
the construction of public small-molecule li-
braries for use by basic scientists in their
efforts to chart biological pathways, and the
large-scale application of microarray technol-
ogies with the potential for applications in a
wide range of biological research settings.
The millions of people around the world
who supported our quest to sequence the human
genome did so with the expectation that it would
benefit humankind. Now, at the dawning of the
genome era, it is critical that we encourage the
same intensity toward deriving medical benefits
from the genome that has characterized the his-
toric effort to obtain the sequence. If research
support continues at vigorous levels, we imag-
ine that genome science will soon begin reveal-
ing the mysteries of hereditary factors in heart
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disease, cancer, diabetes, schizophrenia, and a
host of other conditions. Genomics holds the
promise of “individualized medicine,” tailoring
prescribing practices and management of pa-
tients to each person’s genetic profile. These
revelations should also lead us to develop and
target drugs in a rational fashion to genes, pro-
tein pathways, and networks shown to be in-
volved in primary disease pathogenesis. Fur-
thermore, a better understanding of the genetic
factors that influence susceptibility and/or re-
sponse to various infectious diseases could have
an enormous impact on health in the developing
world. Genomics also has the potential to help
agricultural researchers develop better crops and
livestock, environmental scientists create better
methods of cleaning up toxic material, produc-
tion experts streamline industrial processes, and
energy researchers work toward sustainable,
nonpolluting energy sources.

For this grand vision (/5) to come true,
however, we in the biologic research commu-
nity need to pursue the next generation of
research projects with the same determination
and creativity that the dedicated scientists of
the HGP used to spell out the human genetic
code. This Herculean challenge is by no
means limited to biologists. We call on lead-
ers across science and society, across aca-
demia and industry, and across political and
geographic boundaries to join us on this ex-
citing voyage to understanding ourselves. If
the past 50 years of biology is any indication
of the future, the best is certainly yet to come.
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Realizing the Potential of the Genome
Revolution: The Genomes to Life Program
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The systems biology revolution is proceeding along multiple pathways as different
science agencies and the private sector have adopted strategies suited to their
particular needs and cultures. To meet this challenge, the U.S. Department of Energy
has developed the Genomes to Life (GTL) program. A central focus of GTL is
environmental microbial biology as a way to approach global environmental prob-
lems, and its key goal is to achieve, over the next 10 to 20 years, a basic
understanding of thousands of microbes and microbial systems in their native
environments. This focus demands that we address huge gaps in knowledge, tech-
nology, computing, data storage and manipulation, and systems-level integration.

This month we celebrate progress in complet-
ing the human genome sequence as well as
the 50th anniversary of James Watson and
Francis Crick’s Nobel Prize-winning de-
scription of the DNA double helix (7).
Spurred by achievements in genomic re-
search, the 21st century will bring revolution-
ary solutions to some of our most urgent and

expensive challenges in health, energy, and
the environment. In this new era, we will
understand the workings of entire biological
systems and how they interact with and re-
spond to their environments. The Office of
Science of the U.S. Department of Energy
(DOE) will use that information to conduct
basic research into biological solutions for

producing clean energy, removing excess
carbon dioxide from the atmosphere, and re-
mediating contaminated environments left as
a legacy of the Cold War.

Genomic information is providing the
starting point for understanding the instruc-
tions for the manufacture of all of life’s mo-
lecular machines and the systems needed to
control and operate them. Through a laby-
rinth of pathways, networks, chemistry, and
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mechanics, this exquisite machinery makes
the cell and the organism come alive. Under-
standing, not “simply” decoding, the opera-
tion, function, and coordination of genome
information will be the next transforming
phase in biology. From experience gained in
sequencing genomes and conducting large-
scale biology projects, we have learned that
the combined capabilities and imagination of
biological, physical, and computational sci-
entists will be needed to organize creative
new venues for discovery.

Genomes to Life

To address this challenge, over the past 3
years hundreds of scientists from universities,
national laboratories, and industry have
helped DOE develop a research program
called Genomes to Life (GTL) (2). A central
goal of this program is to understand the
microbes and communities of microbes, and
their molecular machines and controls at the
molecular level so well that we can use them
to address DOE and national needs (3).

The DOE Office of Science has the ability
and institutional traditions to bring the bio-
logical, physical, and computing sciences to-
gether at the scale and complexity required
for GTL success. DOE’s academic affilia-
tions, national laboratories, and other re-
sources include major facilities for DNA se-
quencing and molecular-structure character-
ization, the high-performance computing re-
sources of the Office of Advanced Scientific
Computing Research (OASCR), the expertise
and infrastructure for technology develop-
ment, and a tradition of productive multidis-
ciplinary research essential for such an ambi-
tious research program. More than 70 mi-
crobes studied in GTL have had their ge-
nomes sequenced in the DOE Microbial
Genome Program (4). In the effort to under-
stand biological systems, these strong assets
and the GTL program will complement and
extend the capabilities and research support-
ed by the National Institutes of Health, Na-
tional Science Foundation, other government
agencies and institutions, and industry.

Goals

We know that proteins generally don’t work
alone within cells but rather carry out their
functions together with other cellular compo-
nents in multiprotein, macromolecular ma-
chines. The first goal of GTL is to systemat-
ically identify and characterize the complete
inventory of molecular machines in key mi-
crobes. This is a daunting challenge, partly
because the complex intracellular drama is
playing out in a space of micrometer dimen-
sions. Nonetheless, we will need to dynami-
cally image and functionally analyze the crit-
ical molecular machines within microbes.
An organism’s genome also provides the
basis for complex regulatory networks that
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control and coordinate the assembly and op-
eration of these molecular machines. A sec-
ond goal of GTL is to deconvolute and model
these regulatory networks.

The genome alone (or even the proteins it
encodes) does not determine the physiological
state of any cell at a given moment. Environ-
mental factors, as well as stochastic and chaotic
processes, affect the behavior of individual or-
ganisms and communities. This phenotypic,
“epigenetic” diversity clearly has important bi-
ological consequences, yet conventional aver-
aging techniques are blind to it. For this reason,
we ultimately must be able to study individual
microbes dynamically within a community of-
ten containing many species and grown under
well-understood environmental conditions. The
third goal of GTL is to understand the organi-
zation and functional capabilities of complex
microbial communities.

Perhaps the greatest challenge facing GTL,
and indeed all of biology, will be the capture,
management, and analysis of the torrent of new
data and information flooding over us in the
next decades. Many different types of data must
be integrated into databases and metadata struc-
tures that will range well into the petabyte
scale—presenting huge analysis, data-mining,
and visualization challenges. Making this infor-
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mation useful and accessible to all biologists
will require faster and more capable computer
architectures tied together in advanced networks
linked into research laboratories. Substantial im-
provements in mathematical, statistical, and al-
gorithmic methods clearly will be needed to
power tools for analyzing data and developing
models for understanding myriad biological
processes (Fig. 1). Therefore, the fourth goal of
GTL, which underpins the entire program, is to
address this critical need by enlisting a large
community of mathematical and computational
scientists as research partners and by developing
an infrastructure that encompasses comprehen-
sive computing, analysis, modeling and simula-
tion, and information management. Indeed,
there may already be an applicable body of
applied math knowledge, developed on other
applications, with which to jump-start a major
push on modeling biological systems. To carry
out this goal, a partnership has been formed
between the DOE Office of Biological and En-
vironmental Research and OASCR.

Why Microbes?

Through billions of years of evolution, mi-
crobes and communities of microbes have
found homes in every conceivable environ-
ment on Earth, from arctic flows to boiling
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Fig. 1. Concept diagram schematically illustrating a path from basic genome data to a more
detailed understanding of complex molecular and cellular systems, and the need to develop new
computational analysis, and modeling and simulation capabilities to meet this goal. The points on
the plot are very approximate, depending greatly on how each problem is abstracted and
represented computationally. Research is under way to create the mathematics, algorithms, and
computer architectures required to understand each level of biological complexity. Detailed
definitions of computational terms are available as supporting online text. [Images: E. Uberbacher
and Y. Xu, Oak Ridge National Laboratory (Constraint-based rigid docking; Genome-scale protein
threading); B. Mansfield, Oak Ridge National Laboratory (Cell, pathway, and network simulation;
Molecular machine classical simulation); D. S. Goodsell, Scripps Research Institute (Constraint-
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thermal vents on the ocean floor. They use
many different substances as energy sources,
even some that we consider toxic wastes, and
they produce diverse sources of energy, in-
cluding biomass, methane, and hydrogen.
Microbes make up more than 50% of the
Earth’s biomass (5) and an even higher per-
centage of living surfaces, further pointing to
the value of microbial activity in maintaining
the biosphere. As the foundation of the bio-
sphere, microbes control Earth’s biogeo-
chemical cycles and affect soil productivity,
water quality, and global climate (6). Indeed,
the ability of this planet to sustain life is
completely dependent on microbial activity.

Understanding the microbial world thus is
key to our energy and climate futures, to the
development of sustainable modes of living
and advanced industrial technologies, and, in
no small part, to understanding how life on
Earth functions. Individual microbes and
communities of microbes have already
“found” solutions for many of our current
challenges in energy production and environ-
mental cleanup.

New Technologies

The success of the Human Genome Project was
due largely to the development of high-
throughput, cost-effective DNA-sequencing
tools and methods and new biological resources
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that helped to feed the DNA-sequencing “fac-
tories.” Although GTL will be based on the
same model, it will be a more complex endeav-
or because we also must isolate, identify, and
characterize proteins, multiprotein complexes,
and regulatory networks in living systems.
GTL-defined strategies for implementing and
integrating breakthroughs in mass spectrometry
(MS), nuclear magnetic resonance, microtech-
nologies, automation, imaging, and other areas
are beginning to reveal a systems view of cer-
tain aspects of microbial studies. These new
approaches must be used at sufficient scale and
with the continual inflow of new technologies
that will meet the needs of the current (and
next) generation of scientists.

Big Science Versus Small Science: The
Need for a Third Model

The genome revolution presents the biology
community with the complex, yet critical, chal-
lenge of preserving the creativity and entrepre-
neurial spirit of the single investigator in the
face of the increasingly sophisticated and costly
resource requirements of leading-edge biologi-
cal research. Already, only a minority of even
large laboratories can afford to be adequately
endowed. Individual investigators need the ca-
pabilities of big science, and big science needs
access to the energy and resourcefulness of
individual investigators.

Fig. 2. A biomimetic future. The figure depicts an enzyme, organophosphorous hydrolase (green),
embedded in a synthetic membrane that enhances its activity and stability. The enzyme transforms
toxic substances (purple molecule at left) to harmless by-products (yellow and red molecules at
right). Such nanostructures could eventually be used to develop efficient enzyme-based methods,
implemented on an industrial scale, to produce energy, remove or inactivate contaminants, and
store carbon to mitigate global climate change. Other potential highly useful applications are food
processing, pharmaceuticals, separations, and the production of industrial chemicals. [Image: M.

Perkins, Pacific Northwest National Laboratory]

Our strategy is to help build a bridge between
large and small laboratories by making the most
sophisticated and comprehensive technologies,
materials, and information equally available to
all scientists. To accomplish this goal, plans for a
set of four core research user facilities have been
developed (7), and we hope to phase in these
facilities over the next 5 to 10 years. Using
combinations of new equipment and technolo-
gies, automation, data management, and data-
analysis tools, the integrated user facilities will
build on each other’s technological and compu-
tational capabilities to provide the GTL program
and the scientific community with an unprece-
dented set of resources for systems biology.

Facility for production and characterization
of proteins. The first GTL facility will surmount
a principal roadblock to whole-system analysis
by implementing high-throughput production
and characterization of microbial proteins. It
also will generate protein-tagging reagents for
identifying, tracking, quantifying, controlling,
capturing, and imaging individual proteins and
molecular machines in living systems. Over the
next 10 years, our goal is to produce 250,000
proteins in milligram quantities; around 1 mil-
lion molecular tags for those proteins; and mul-
tiple biophysical characterizations of each, be-
ginning with an organism’s genomic sequence.

Facility for whole-proteome analysis.
This facility will be devoted to understanding
the range of proteins expressed by microbes
under different conditions—the genomic re-
sponse to environmental cues. Here will be
characterized the proteomes and cellular me-
tabolites such as small RNA molecules, gly-
cosylated products, carbohydrates, ethanol,
and lactic acid of diverse microbes isolated
from different environmental conditions. Ad-
vanced MS methods already have been de-
veloped and tested for these purposes, but
many more will be required.

Facility for characterization and imaging
of molecular machines. Working from pro-
tein building blocks and information on mi-
crobial proteomes, we need to understand the
functions of a given microbe’s thousands of
molecular machines under various environ-
mental conditions. This facility will isolate,
identify, and characterize molecular ma-
chines, verify their presence and location
within living cells, and develop the ability to
image component proteins.

Facility for analysis and modeling of cellular
systems. Building on the comprehensive knowl-
edge base derived from GTL research, including
the three facilities described above, investigators
must efficiently elucidate and predict complete
metabolic processes and gene regulatory net-
works in individual microbes and microbial
communities. This facility will combine ad-
vanced computational, analytical, and experi-
mental capabilities. The goal is to integrate the
observation, measurement, analysis, and full-
systems modeling and simulation of spatial
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and temporal variations in structures and func-
tions of cellular systems, from individual mi-
crobial cells to complex communities and
multicellular organisms.

Developing Biotechnology Solutions to
National Challenges

On 11 June 2001, President Bush, describ-
ing the Administration’s approach to ad-
dressing global climate change, spoke of
the need for science-based solutions. “We
all believe technology offers great promise
to significantly reduce emissions—espe-
cially carbon capture, storage, and seques-
tration technologies. ..” (&). This theme
was further emphasized by guidance from
the president’s science adviser in preparing
the FY 2004 budget, which stated that
achieving a molecular-level understanding
of life is a national science priority (9). The
vast amount of information contained in the
hundreds of sequenced genomes and the
thousands to come offers an unprecedented
starting point for understanding complex
biological systems.

Opportunities for clean energy. Petro-
leum refineries now “crack” crude oil
through heat and catalysis to create gaso-
line and other petroleum products. In the
future, biorefineries could use more effi-
cient varieties of microbial cellulases to
crack the complex cellulose and hemicellu-
lose in plant walls into simple sugars that
would then be fermented, via traditional
approaches, into fuel ethanol and other
products. GTL basic research can acceler-
ate this vision by improving the under-
standing of both plant cell-wall construc-
tion and microbial enzyme systems neces-
sary to deconstruct the walls into simple
sugars.

Hydrogen is another clean fuel source.
Within some microorganisms capable of
hydrogen production at room temperature
and pressure, hydrogenases and nitroge-
nases are part of the molecular machinery.
By understanding the molecular details of
pathways and networks involved in hydro-
gen production, we may be able to create
cost-effective and efficient sources of en-
ergy and biological generators superior to
standard chemical-engineering approaches.

In addition to the potential energy-secu-
rity benefit of using more bio-based fuels,
the resulting reduction in atmospheric CO,
would help to mitigate global climate
change. Knowledge gained from GTL will
provide a vital foundation to those respon-
sible for developing new energy sourc-
es, including industry, private companies,
and the DOE Energy Efficiency and
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Renewable Energy programs on biofuels.

Opportunities for reducing climate change.
Atmospheric concentrations of greenhouse gas-
es are influenced by microbial activity. Car-
bon and nitrogen are circulated through the
atmosphere, oceans, organisms, and soil
largely by microbial metabolic chemistry.
Even plant growth and responses to climate
change are affected by microbial communi-
ties in the root zone.

A more comprehensive understanding of
such communities in the terrestrial and oce-
anic biosphere will enable us not only to
understand more about natural cycles but also
to predict the future impacts of greenhouse
gases on ecosystems and how ecosystems
contribute to gas concentrations. Further-
more, we could devise ways for plants and
microbes to take up and retain more carbon
from the atmosphere, grow faster and in plac-
es where they wouldn’t normally grow, be-
come easier to harvest, and contain material
more easily converted to clean energy.

Future generations of clean energy sourc-
es might be based on biological processes
such as algal production of hydrogen from
water and sunlight or chemical processes
such as re-forming fossil fuels and sequester-
ing carbon in the subsurface. We predict that,
in the next few decades, the distinction be-
tween biological and chemical production in
the many and various pathways will be mean-
ingless because biomimetic processes will be
used (Fig. 2).

Opportunities for cleaning up the environ-
ment. The DOE weapons complex presents
some of the most daunting cleanup challenges
ever attempted—over 3000 waste sites, 50% of
which have soils, sediments, or groundwater
contaminated with radionuclides or metals (70).
The cost of remediating these sites is prohibi-
tive if today’s practice of excavating and treat-
ing is used. Estimates range widely but always
are above $50 billion! To make matters worse,
this “pump and treat” method frequently turns
out to be ineffective.

Neutralizing contaminants in place (in situ
technologies), especially by using microbes
already living in these sites, could have a
huge impact on the cost of cleanup. For sev-
eral years, bioremediation has been used ef-
fectively to break down organic contaminants
such as oils or solvents. Metals and radionu-
clides, however, are a large and unique prob-
lem at DOE waste sites, where they present
another challenge altogether. They cannot be
converted into entirely different chemical
forms by microbes or even by harsh chemical
treatments. Microbes can, however, change
the chemical properties and thus the solubil-
ity of metals and radionuclides in water, caus-
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ing them to precipitate as solids in their un-
derground locations. Their availability to hu-
mans, animals, or plants is thereby reduced,
and they are rendered effectively nontoxic.

The revolution in our understanding al-
ready has begun. For example, the Shewa-
nella Federation (11, 12) consists of teams
of scientists from academia, national labo-
ratories, and private industry who are prob-
ing in detail this remarkably versatile or-
ganism that can precipitate uranium from
groundwater. The federation has made
progress in preliminary proteome analyses
using a combination of MS approaches that
yielded nonredundant identification of
3862 proteins out of a predicted 4931 open
reading frames representing virtually
every functional class, as well as the iden-
tification of posttranslational protein
modifications (/3).

The Time Is Now

Knowledge is power, and we must develop
a comprehensive understanding of biologi-
cal systems if we are to use their abilities
effectively to meet daunting societal chal-
lenges. With GTL, we are poised to make
important contributions to biological solu-
tions for many of the energy, environmen-
tal, health, and agricultural challenges fac-
ing the nation and the world. Addressing
these challenges expeditiously demands
that we take bold steps now to achieve a
new, faster, and more efficient pace of
biological discovery.
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