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Preface

The Department of Energy (DOE) is one of the most complex of the U.S.
government science agencies. It has led the nation in advancing many fields of
science from physics and biology to large-scale computation. It was DOE that
started the Human Genome Project and the first subsurface microbiology pro-
gram and provided unparalleled capacity to the scientific community to define
macromolecular structures in its synchrotrons. DOE has other user facilities, such
as the Joint Genome Institute, which enables many researchers to benefit from the
data acquired through whole genome sequences of both macroorganisms and
microorganisms. Today, DOE maintains 17 national laboratories across the
United States equipped with the latest technologies and housing some of the
brightest minds in the country.

Some of the most pressing scientific and societal challenges that DOE has to
deal with are finding alternative bioenergy sources, bioremediation of mixed
wastes (radionuclide-contaminated organics), and enhancing carbon sequestra-
tion potentially to decrease the rate of global warming. All three of these fields of
multidisciplinary research require understanding of complex biological systems
starting at the organismal level and working down to the molecular level and vice
versa. Recognizing that one cannot put the cart before the horse, especially if one
is to design experiments at the bench to fit the reactor (applications in the field),
DOE developed a forward-thinking program called Genomics: GTL (formerly
Genomes to Life). The immediate goal of Genomics: GTL is to understand bio-
logical systems well enough to predict their behavior accurately with mechanistic
computational models; the long-term goal of the program is to be able to develop
microorganisms with capabilities for producing alternative energy sources, clean-

Vil

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11581.html

enomics: GTL Program

viii PREFACE

ing up the Cold War legacy of contaminated waste sites, and elucidating carbon
cycling and sequestration.

The National Research Council (NRC) was asked to put together an ad hoc
committee to review the design of the Genomics: GTL program and its infra-
structure plan. We heard from various academic, industry, and national-labora-
tory scientists both funded and not funded by the program or involved with GTL,
and we visited DOE headquarters in Germantown, Maryland, to meet and hear
the perspective of the program’s managers. The committee met twice to discuss
our findings and writing tasks and held numerous phone conferences over the 5-
month period during which this report took shape.

Our task was not an easy one by any standard, given the complexity of the
science being evaluated and the need to unravel the Genomics: GTL components
in order to understand better the planned future user facilities. The work of the
committee was in some ways analogous to the Genomics: GTL program itself—
examining the inner workings of a complex system so as to be able to design its
functions for optimal output.

I thank the committee members and the NRC staff for being so giving of
their time and talent. It was an honor to serve as chair of such a distinguished
group of scientists. We were on a very tight schedule to finish the report and had
much to review and digest in a very short time. The committee’s discussions were
stimulating and forward-thinking as to the role that DOE’s Genomics: GTL pro-
gram could play in our country’s future in taking fundamental basic research all
the way to translational research in the field, generating both important curiosity-
driven discoveries and applied solutions for the most pressing challenges in
bioremediation, bioenergy, and carbon sequestration.

We came from many different backgrounds with diverse perspectives based
on personal experiences, and yet we came together as a team focused on one
mission, that of making a difference and moving DOE’s Genomics: GTL pro-
gram to new heights based on the strong foundation it has established to date.
Although the Genomics: GTL program had a “roadmap,” the committee paved its
own road, bumps included, to reach a final consensus that the Genomics: GTL
program is critical to the success of DOE’s mission and future as a leader in
systems biology. Starting from this premise, the committee came up with a set of
recommendations aimed at ensuring that this program would establish DOE as a
world leader in microbial systems biology. The opportunity that Genomics: GTL
offers scientists to advance both fundamental and applied knowledge in not only
the mission focus areas of DOE but many other scientific endeavors worldwide is
tremendous.

Jennie Hunter-Cevera

Chair, Committee on Review of the
Department of Energy’s

Genomics: GTL Program
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Summary

The U.S. Department of Energy (DOE) is charged with promoting scientific
and technological innovation in support of its overarching mission to advance the
national, economic, and energy security of the United States (DOE, 2005a).
Recognizing the potential of microorganisms to offer new energy alternatives
and remediate environmental contamination, DOE initiated the Genomes to Life
program, now called Genomics: GTL, in 2000. The Genomics: GTL program
aims “to understand biological systems well enough to predict their behavior
accurately with mechanistic computational models” so that such knowledge can
be used to engineer systems for bioenergy production and environmental
remediation and to understand carbon cycling and sequestration. Since the incep-
tion of the program, it has awarded funding for over 75 research projects to
interdisciplinary teams of investigators. In the same period, DOE has been con-
vening workshops to devise a plan for four user facilities for protein production
and characterization, characterization and imaging of biomolecular machines,
proteomic analysis of microorganisms, and modeling of microbial community
cellular systems to facilitate genomic research relevant to its mission. The goals
of the program and the plans for building the four user facilities are published in
the 2005 Genomics: GTL roadmap (DOE, 2005b). The purpose of the present
report, by the National Research Council Committee on Review of the Depart-
ment of Energy’s Genomics: GTL Program, is to evaluate the design of the
program and its infrastructure plan.

The committee comprises experts in comparative and structural genomics,
computational biology, protein crystallography, molecular imaging, cellular sys-
tems, biophysics, biological and agricultural engineering, and economics and
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2 REVIEW OF THE DEPARTMENT OF ENERGY'S GENOMICS: GTL PROGRAM

science policy (see Appendix A). The committee was charged to address three
specific questions that are highlighted below. In response to its charge, the com-
mittee reviewed the Genomics: GTL roadmap and heard from representatives of
DOE, scientists who are involved in the program, scientists who conduct research
relevant to DOE’s mission goals but are not involved in the program, and repre-
sentatives of other federal agencies that have genomics programs (see Appendix
B). This summary is structured as a response to the questions in the charge and
includes the committee’s recommendations.

Question 1: Is the Genomics: GTL program, as currently designed,
scientifically and technically well tailored to the challenges faced
by the DOE in energy technology development and environmental
remediation?

Answer 1: Yes, the use of systems and synthetic biology approaches
in the Genomics: GTL program to address some of the most press-
ing issues in microbial genomics relevant to DOE’s mission in en-
ergy security, environmental remediation, and carbon cycling and
sequestration is not only appropriate but necessary. The study of
individual components only does not provide knowledge on sys-
tems integration at the level of pathways, organisms, and microbial
consortia—for example, on the effects of introducing new metabo-
lites or new or engineered organisms to a community or on organ-
ism or community responses. Systems biology research is needed to
develop models for predicting the behavior of complex biological
systems, to engineer microorganisms for bioremediation and en-
ergy-related needs, and to understand carbon cycling.

Current and planned research of the Genomics: GTL program promises to
provide the predictive understanding of microorganisms needed to

* Develop affordable and reliable carbon-neutral energy alternatives from
plants and microorganisms.

* Develop biological solutions to the many recalcitrant problems of legacy
wastes.

* Increase understanding of the role of microbial communities in global
carbon cycling to enable the development of carbon-sequestration techniques for
addressing climate change.

The committee endorses DOE’s use of a systems approach to achieve its

mission goals through Genomics: GTL and supports its plan to enlarge funding of
the program to $200 million per year for basic research. The committee suggests
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that plant biology research be included in the Genomics: GTL program where
appropriate because plants represent a major pathway to the production of
bioenergy, play an important role in carbon sequestration and global nutrient
cycles, and are potential sources of bioremediation. The committee’s suggestion
is consistent with the Energy Basic and Applied Sciences Act of 2005, which
calls for an emphasis on both plants and microorganisms in the program. Systems
biology research on plants and microorganisms is not likely to be conducted on a
large scale without DOE’s visionary thinking. (See Appendix D for a list of
microbial genomics programs in other federal agencies.) Because the productive
applications of new technologies to advance science will be hampered by the lack
of appropriate tools, the committee finds that the concept of infrastructure for
research and technology development offers a logical and even necessary path-
way for achieving DOE’s research goals.

Recommendation 1: The committee recommends that DOE and the nation
give high priority to genomics research aimed at achieving DOE’s mission
goals.

Question 2: Does the proposed Genomics: GTL research and facil-
ity investment strategy leverage DOE scientific and technical exper-
tise in the most cost-effective, efficient, and scientifically optimal
manner? Specifically, does the business model (i.e. number, scope,
scale, order, and user operations plan) for the proposed Genomics:
GTL facilities follow directly from the science case—should one
exist—for systems biology at DOE? Are there alternate models for
some or all of the proposed effort that could more efficiently deliver
the same scientific output?

Answer 2: The committee enthusiastically endorses the goals of the
Genomics: GTL program and acknowledges the need for infrastruc-
ture, but it believes that DOE’s current plan for building four inde-
pendent facilities for protein production, molecular imaging,
proteome analysis, and systems biology sequentially may not be
the most cost-effective, efficient, and scientifically optimal way to
provide this infrastructure. As an alternative, the committee sug-
gests the construction of up to four institute-like facilities, each of
which integrates the capabilities of all four of the originally planned
facility types and focuses on one or two of DOE’s mission goals.

Under the current implementation plan, DOE is to construct the facility of
different types consecutively, each taking 6 years for design and construction. It
would therefore take at least 24 years for the Genomics: GTL program to reach
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full capabilities. In the fast-changing era of genome-enabled science, DOE can-
not afford to spend that many years in pulling together the tools needed to make
progress if it wants to remain a leader in cutting-edge science.

Irrespective of the timeline, building four single-purpose facilities may not
be the most effective way to meet the multiscale and multidisciplinary challenges
of systems biology. The properties of complex systems can best be studied by
interdisciplinary teams of scientists who have access to state-of-the-art tech-
niques and computational capacity. This collaborative environment will also fa-
cilitate removal of cultural barriers between experimentalists and theoreticians.
The needs of the studies would be met not only by scaling up protein production,
molecular imaging, proteome analysis, and modeling of cellular systems but also
by integrating them so that a specific problem in systems biology (as related to
the Genomics: GTL objectives), rather than only a technique, is the focus of each
facility. Having four independent user facilities that merely provide services to
researchers who have different research foci will reduce DOE to the role of
enabler rather than leader. In addition, because the economies of scale that made
large genome projects successful have not yet been obtained in work with pro-
teins or in most aspects of systems and synthetic biology, the large-scale facilities
envisioned by DOE may not be as cost-effective as expected.

The committee strongly encourages DOE to rethink its user-facility con-
struction plans and to consider the creation of up to four integrated facilities.
Each facility will combine the capabilities of the original planned facility types in
a vertically integrated manner so that it can tackle all aspects of a problem or
small set of problems in parallel and potentially achieve goals more quickly. The
first vertically integrated facility would focus on one or two of DOE’s mission
goals, such as bioenergy. It would operate as an intellectual center concerned
with how to provide affordable energy alternatives and become a leading institute
in bioenergy. Technologies would be developed with a greater emphasis on the
needs of bioenergy research than on the objective of serving the scientific com-
munity as a whole. The synergy between researchers and technology developers
would also speed technology outcomes and keeps them at the cutting edge. Expe-
rience gained from the first facility would be used to refine approaches and
improve planning and execution of the second facility, which would have a
different theme (Box S-1). The committee feels that the revised strategy would
greatly improve the cost effectiveness and efficiency of DOE’s investment while
optimizing the achievement of useful scientific results.

Recommendation 2: DOE should revise its plans for creating four single-
purpose technology-driven facilities in sequence. Instead, DOE should cre-
ate up to four institute-like facilities that each contain all the capabilities of
the original planned facility types—protein production, molecular imaging,
whole-proteome analysis, and systems biology—in a vertically integrated
manner. Each facility should focus on one or two of the DOE mission objec-
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BOX S-1
Merits of vertically integrated facilities for
Genomics: GTL program

* Vertically integrated facilities would establish the Genomics: GTL program
in a leadership position to launch a world-class, comprehensive, integrated re-
search and training program in systems and synthetic biology. They would create
a paradigm shift in biological research that will integrate data from a broad spec-
trum of spatial and temporal scales to advance understanding of biological phe-
nomena to be able to predict or alter capabilities for optimal performance under
field conditions. The facility would provide an intellectual and physical environment
for both multidisciplinary teams and individual-based research.

* The research programs of the facilities would be built on overarching biolog-
ical themes relevant to the DOE missions in energy production, environmental
remediation, and carbon sequestration. They would involve diverse disciplines,
including genomics, genetics, physiology, biochemistry, structural and computa-
tional biology, nanoscience, and engineering. The facilities would provide an intel-
lectual and physical environment for both multidisciplinary teams and individuals
pursuing research in relevant missions.

* New technologies would be developed in the facilities on the basis of well-
justified scientific problems. The technologies will be aimed at particular ends rath-
er than being ends themselves.

* The successful development of the integrated facilities would attract inves-
tigators around the country to use them. The resulting scientific discoveries and
technology development can be expected to benefit not only a subset of biologists
but a broad spectrum of scientists and engineers in different disciplines. Because
of the diverse disciplines of the investigators, the integrated facilities are likely to
have complex organization charts. That will leverage the experience of DOE to
administer this new research enterprise.

* Modeling plays a central role in studying and understanding complexity.
New computational approaches and tools would be developed in the facility to
promote synergy between modeling and experimentation at both bench and field
level.

* The first facility constitutes a pilot to validate the hybrid systems approach
and to identify roadblocks to be addressed in the later facilities. All facilities can be
designed so that they will not be outdated by the rapid pace of scientific discovery
and technological development.

* The vertically integrated facilities lend themselves to a staged investment
with expandable bases, flexibility to shift directions without losing prior investments,
leverage, and open-source positioning.

tives and develop short-term, medium-term, and long-term goals to chart a
course for the program. Short-term milestones should be used as a metric
for independent evaluation.

The committee believes that selection of appropriate contractors, timing, and
location will be key factors in the success of the Genomics: GTL program.
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Contractors should be selected through an open and all-inclusive competitive
process that provides adequate opportunities for universities and industry to part-
ner with DOE and its national laboratories. Criteria for selection of contractors to
implement the Genomics: GTL facilities should include innovations of the project
plan relevant to DOE missions, management organization, educational outreach,
technology dissemination, intellectual property management plan, proximity to a
concentration of high-caliber participating scientists in diverse disciplines, and
possibly provision of matching funds by the applicant institutions.

The committee encourages DOE to consider cost sharing by applicant insti-
tutions for design and construction because timely establishment of the proposed
facilities is crucial in the fast-moving field of systems biology. For example,
allowing the successful applicant to fund new construction or renovation of an
existing facility upfront could greatly speed up the process. As federal funds
become available through the appropriations process, DOE could then “lease-
purchase” the facility to eventually acquire it from the private-sector partner. To
expedite the operation of the facility, DOE could also use vacant space in build-
ings in localities that were once targeted or are being considered for major devel-
opment by the biotechnology industry. Reuse of existing space would not only
reduce costs but also improve access to the facilities for academic and industry
scientists.

The committee feels that it would be a mistake to create new user facilities
behind the fences of some of the remote existing DOE laboratories (for example,
Hanford and Los Alamos) that are not close to major centers of biotechnology
research. The Genomics: GTL program will not succeed in achieving DOE’s
mission goals unless it is embedded in a culture of strong basic biology and
innovative biotechnology. To ensure the program’s success, DOE should con-
sider locating the facilities close to universities or federal or private research
institutions that have established centers of excellence in biology and biotechnol-
ogy. An open-access policy will also encourage the best scientists to conduct
their research at the Genomics: GTL facilities.

Recommendation 3: DOE should consider locating user facilities on private
land off DOE reservations to allow an open-access policy and close to re-
search institutions that have established programs or centers of excellence in
biosciences and biotechnology. The locations for the user facilities should be
selected in an open and all-inclusive competitive process that provides ad-
equate opportunities for universities and industry to partner with DOE and
its national laboratories.

In addition to facilitating research and developing enabling technologies—
bioinformatics, computational biology, mathematical modeling, protein produc-
tion, molecular imaging, and proteome analysis—the Genomics: GTL program
and its facilities can serve as training grounds for the next generation of scientists.
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This is an especially important aspect of a program that promises to deliver a high
degree of interdisciplinary cooperation. The National Science Foundation’s (NSF)
Integrative Graduate Education and Research Traineeship program is a model
that DOE could consider adapting to its own purposes. Several agencies have
programs in microbial genomics that complement research at DOE. DOE should
also be strongly encouraged to partner with and leverage the programs of the
other federal agencies with common interests in microbial biology (NSF),
bioremediation (the Environmental Protection Agency), biofuels (the U.S. De-
partment of Agriculture), and genomics (the National Institutes of Health) (DOE
2005d).

Recommendation 4: DOE should consider partnering with universities and
other federal agencies to develop programs that use Genomics: GTL insti-
tute-like facilities as training grounds for the next generation scientists.

Question 3: In an era of flat or declining budgets, which aspects of
the proposed Genomics: GTL program are the most meritorious?
Which appear to have the highest ratio of scientific benefit to cost?
Answer 3: The Genomics: GTL program’s research has resulted in
and promises to deliver many more scientific advancements that
contribute to the achievement of DOE mission goals. The commit-
tee proposes the initiation of facilities that integrate the four capa-
bilities of protein production, molecular imaging, proteome analy-
sis, and modeling and analysis of cellular systems because they are
all necessary for achieving a predictive understanding of microbial
systems through systems biology. Therefore, the question of which
facility with a distinct capability is the most meritorious is irrel-
evant. If DOE were to set up vertically integrated facilities, it would
have to select which of its mission foci should be the targets of the
first integrated facility. The committee suggests that bioenergy be its
first choice given the pressing concern of energy security.

The committee believes that there are compelling reasons for DOE to give its
highest priority to creation of a “bioenergy institute.” First, the U.S. (and global)
economy is increasingly vulnerable to oil shocks caused by political unrest, ter-
rorism, or natural disasters. A recent analysis conducted by Securing America’s
Future Energy and the National Commission on Energy Policy concluded that
even “small incidents” that reduced global oil supply by 4 percent would cause
oil prices to increase dramatically to more than $161 per barrel. Second, as
several National Research Council reports have concluded, we need to act now if
we are to have any chance of stabilizing greenhouse-gas emissions; this is espe-
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cially true given the 100-year residence time of carbon dioxide in the atmosphere
and the 30- to 50-year lifetime of capital stock in the energy industry. Because
reduction of carbon dioxide in the atmosphere and carbon cycling are related to
use of bioenergy, the bionergy institute should have a secondary focus on carbon
sequestration. Finally, recent advances in biology (for example, rapid sequenc-
ing, directed evolution, and whole-genome synthesis) may enable us to design
biological systems capable of generating affordable, carbon-free energy.

CONCLUSION

The committee finds that the systems biology focus of the Genomics: GTL
program is essential to achieving DOE’s mission goals and other goals and objec-
tives in biology in general and in sustainable development. The current research
program is excellent, and the need for infrastructure for protein production, mo-
lecular imaging, proteome analysis and modeling and analysis of cellular systems
is well justified. If the committee’s recommendation on reconfiguring the plans
to construct vertically integrated facilities that operate as institutes were fol-
lowed, they could have an especially high ratio of scientific benefit to cost be-
cause the need for new technology will be directly tied to the biology goals of the
program.
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Role of Genomics in Advancing Science

INTRODUCTION

The Genomics: GTL program of the U.S. Department of Energy (DOE) is a
fundamental research program to achieve a predictive understanding of microbial
systems through systems biology. The goal is to build models of organisms and
communities to predict their behavior under different environmental conditions
on the basis of their genomes. The program has been funding microbial genomics
projects relevant to DOE mission goals since 2002. DOE plans to expand the
program and build infrastructure for it. On the basis of the Energy Basic and
Applied Sciences Act of 2005, DOE asked the National Research Council to
convene an ad hoc committee to review the plans for the Genomics: GTL pro-
gram, specifically the facilities plans.

Charge to the Committee

The committee was asked to address the following questions:

1. Is the Genomics: GTL program, as currently designed, scientifically and
technically well tailored to the challenges faced by the DOE in energy technology
and development and environmental remediation?

2. Does the proposed Genomics: GTL research and facility investment strat-
egy leverage DOE scientific and technical expertise in the most cost-effective,
efficient, and scientifically optimal manner? Specifically, does the business model
(i.e., number, scope, scale, order, and user operation plan) for the proposed
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Genomics: GTL facilities follow directly from the science case—should one
exist—for systems biology at DOE? Are there alternate models for some of the
proposed effort that could more efficiently deliver the same scientific output?

3. In an era of flat or declining budgets, which aspects of the proposed
Genomics: GTL program are the most meritorious? Which appear to have the
highest ratio of scientific benefit to cost?

This report was prepared by the committee in response to that charge. To
provide background information, the committee gives a brief introduction on
genomics and the scientific advances that genomics has brought and describes
DOE’s role in genomics research and its Genomics: GTL program in Chapter 1.
In Chapter 2, the committee examines the role that the Genomics: GTL program
could play in achieving DOE’s mission goals. The committee reviews the design
of the program and its infrastructure plan in the last chapter.

SCIENTIFIC ADVANCES BROUGHT BY GENOMICS

Genomics is the study of the structure, content, and evolution of genomes
and the analysis of the expression and function of genes and proteins at the level
of the whole cell or organism (Gibson and Muse, 2002). Genomics has many
subfields—including functional genomics, structural genomics, proteomics, and
metagenomics—and it makes use of bioinformatics and other computational tools
to study the global properties of genomes. Such genomic tools as high-through-
put DNA sequencing, microarrays, and the polymerase chain reaction have revo-
lutionized biomedical science. The first full genome sequence of a free-living
organism, Haemophilus influenzae, was determined 10 years ago (Fleischmann
et al., 1995). The process was expensive and took years to accomplish, but
completion of the sequence established several important principles. It showed
that the so-called shotgun assembly technique was workable and effective in
sequencing whole genomes. And it became clear that our understanding of the
genetic information in a microorganism was much less than expected—a lesson
still true 10 years later, when as much as 30 percent of the open reading frames of
new microbial genomes are found to have unknown function.

Genome sequencing was quickly applied to microorganisms with larger and
more complex genomes, including the yeasts Saccharomyces cerivisiae and
Schizosaccharomyces pombe, and then to a series of model organisms, including
the nematode, fruit fly, mustard, and mouse. With each new organism came a
greater understanding of the organization and function of genomes and the iden-
tification of new genes and metabolic pathways. With the completion of the draft
human genome sequence in 2003, the basis for rapidly understanding much of the
genome information through comparative genomics was in place.

The sequencing of the human genome has provided detailed genetic infor-
mation about specific genes and pathways in humans and has opened vast possi-
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bilities for new therapies. For example, understanding of genetic changes associ-
ated with colon cancer has provided a specific basis for new cancer therapies and
has been used to guide development of new drugs to treat resistant cases (Mount
and Pandey, 2005), and cancer cells that are resistant to treatment can be classi-
fied on the basis of a specific gene sequence. Continuing work on the genomics
of microbial species is also contributing to the improvement of human health.
Scientists at Chiron Corporation, for example, used information from the se-
quencing of the bacterium Neisseria meningitis group B as the basis of a vaccine
against this microorganism (Pizza et al., 2000). And current efforts to develop a
vaccine for malaria, supported by the Bill and Melinda Gates Foundation, are
based on interpreting genetic information on the malarial parasite (Gates Founda-
tion, 2005).

As experience with sequencing has grown, its cost has fallen from $10 per
base pair in 1990 (DOE, 2000), when it would have cost more than $30 billion to
sequence the 3 billion base pairs of the human genome, to $0.001 per base pair in
2005, when the same sequence could be obtained at 1x coverage for about $3
million. The decrease in cost can be represented as a linear log curve and suggests
a sequencing version of Moore’s law of computing power. In this analogy, just as
the complexity of an integrated circuit doubles about every 18 months, the cost of
sequencing a base pair of DNA decreases by a factor of 10 roughly every 4 years.
If that rate is sustained, sequencing the genome of an individual human for less
than $1,000 may be possible within the next 15 years.

The time required to obtain a gene sequence is also falling rapidly. In 1989,
Andre Goffeau set up a consortium to sequence the 12.5-million-base-pair ge-
nome of the budding yeast Saccharomyces cerevisiae. The successful effort in-
volved 74 laboratories and took 7 years (Goffeau et al., 1996). Today, only 10
years later, the complete genome of a new strain of Saccharomyces can be se-
quenced by a single facility in less than a week, and smaller bacterial genomes
can be sequenced in less than a day. In fact, the U.S. Department of Energy
(DOE) Joint Genome Institute (JGI) is sequencing at a rate of more than 3 billion
base pairs of DNA each month—the equivalent of 1x coverage of the human
genome.

Other technologies are also revolutionizing genomic research. Microarray
technology (also known as gene chips) allows the transcription level of most of
the genes in an organism to be examined in a single experiment. A gene-chip
experiment on budding yeast identified a previously uncharacterized gene,
YDR533c, as being upregulated when the microorganism went into a quiescent
state because of an accumulation of misfolded proteins (Trotter et al., 2002). The
human homolog of that gene, DJ-1, was immediately identified in the human
genome and was later shown to be a mutated autosomal recessive gene that
affects early-onset Parkinson disease (Bonifati et al., 2003). (Parkinson disease is
a protein-misfolding disorder that affects neurons, which are quiescent cells in
the human body.)
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The development of vast amounts of data about genomes and genetic poten-
tial defined a new approach in biomedical science of discovery science in con-
trast with the traditional hypothesis-driven approach. Discovery science aims to
develop data resources with no specific vision as to the scientific questions to be
approached. The idea is that vast data stores—when properly collected, anno-
tated, and stored in accessible databases—are available for intense data mining
by members of the scientific community who have specific hypothesis-driven
questions. The various genome projects are considered discovery science, and
this has proved to be a powerful scientific tool. Recently, the same approach has
been extended to other “-omics” projects, the most notable being the proteomics
projects that aim to define the entire protein library of a genome, including
protein-protein interactions and posttranslational protein modifications. Like-
wise, the definition of all the metabolic pathways of a cell and their regulation
(metabolomics) has begun to be an active research approach. The collection of
massive data stores in -omics projects is one step in a complex “systems biol-
ogy” approach to science. But although genome sequencing has proved to be a
highly effective tool for gaining biological understanding, the other -omics tools
have been less immediately productive thus far, because of the biological com-
plexity of cells. Therefore, the complexity of biological systems beyond the
information content of DNA—for example, proteins, metabolites, and molecular
interactions, many of which are manifest only under specific developmental or
environmental conditions—is not well understood.

To quote David Galas in a commentary in Science (Galas, 2001):

As simple as it sounds, to know that there are no other unknown genetic compo-
nents that can provide alternative explanations of experimental results is a fun-
damental shift of perspective. This shift is beginning to transform our approach
to science, enabling researchers to face the challenge of identifying all the mo-
lecular components of the cell, as well as understanding how they are con-
trolled, interact, and function. From a picture of the “software” of the single
cell, we can look to the future when researchers will begin building, with as fine
a degree of resolution, an integrated view of the universe of cell-cell interac-
tions, differentiation, and development from single cell to organism. The avail-
ability of complete sequences of Drosophila melanogaster, Caenorhabditis ele-
gans, and Arabidopsis thaliana is already beginning to revolutionize such
studies, and this list may soon include significant sequences from other biolog-
ical models of metazoan development.

THE DEPARTMENT OF ENERGY
AS A PIONEER IN GENOMICS RESEARCH

The U.S. federal system of support for science contains no central depart-
ment or ministry for science. Mission-oriented research and development (R&D)
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programs in defense, health, energy, environment, space and aeronautics, oceans
and atmosphere, agriculture, transportation, and other fields are, instead, sup-
ported by a diverse array of agencies and departments. This pluralistic system of
support is regarded as a great strength of the U.S. system and as something to be
maintained and safeguarded (NRC, 1995). Under this system, allocation of fund-
ing for science is handled mainly by agencies that understand the purpose and
content of R&D programs and the value of their results.

DOE is charged with promoting scientific and technological innovation in
support of its overarching mission to advance the national, economic, and energy
security of the United States (DOE, 2005a). As noted by Martha Krebs, former
director of the Office of Energy Research (DOE and NRC, 1998) “DOE is a
science agency and . . . our science enables us to meet the energy challenges
ahead. All too often, DOE is the forgotten science agency, despite its ranking
among the top federal supporters of basic, applied, academic, and overall re-
search.”

Many observers (for example, Kenneth I. Shine in DOE and NRC, 1998)
have remarked that while the 20th century was the century of physics and as-
tronomy, the 21st century will be the century of biology in all its ramifications.
DOE’s contributions to the life sciences began with health physics and radiation
biology but expanded into many other fields of health and environmental re-
search relevant to its missions. Today, DOE’s participation in the pluralistic
system of federal research funding means that some non-health-related life-sci-
ence fields that are unfunded or underfunded by other agencies have become
central and essential to DOE’s science portfolio, for example, research in many
fields of environmental biology, as typified by the Genomics: GTL program.

DOE has played a critical role in the development of genomics research.
Under the leadership of Charles DeLisi, it initiated discussion of the Human
Genome Project (HGP) in 1986. Scientists at the DOE national laboratories rec-
ognized that their long-term studies of radiation-induced mutation could be fully
understood only in the context of the genetic variation that existed normally in
the world’s human populations. Therefore, DOE provided $5.3 million to initiate
the HGP at its national laboratories. The National Institutes of Health joined DOE
in the HGP in 1988 because it recognized that genomic tools could be important
in understanding human genetic disorders. DOE, through efforts at Los Alamos
National Laboratory (LANL), had been engaged in early DNA sequence analysis.
The Genbank DNA sequence database, now operated by the National Center for
Biotechnology Information at the National Library of Medicine, began as a project
of Walter Goad at LANL. Many of the important tools for sequence analysis (for
example, the Smith-Waterman analysis algorithm) were also developed as
projects at LANL. Because of the interdisciplinary culture of the national labora-
tories, pioneering projects of this type were able to flourish.
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Applications of Genomics at the Department of Energy

In addition to the HGP, DOE invested in other programs and facilities for
genomics. In 1994, DOE began its microbial genome program. In 1996, it estab-
lished JGI in Walnut Creek, California, to integrate work based at the three major
DOE human genome centers. After completion of the HGP, JGI refocused its
mission to align with three of DOE’s primary missions: energy production, car-
bon management, and bioremediation. JGI’s massive sequencing capabilities have
served the DOE microbial genome program by sequencing the entire genomes of
many microorganisms. In addition, JGI began the Community Sequencing Pro-
gram, which solicits genome sequencing proposals for organisms that are rel-
evant to DOE missions, and other organisms important to other community dy-
namics. In 2005, 23 projects executed by JGI will have produced complete draft
sequences of genomes of diverse organisms, including plants, insects, and fishes.
JGI can be characterized as a production facility that serves a broad community
of scientists by providing sequence information on diverse organisms, and it has
become one of the largest such facilities in the world. Development of new
technology is part of the mission of JGI, and it has resulted in remarkable reduc-
tions in the time needed to obtain sequence information.

Over 50 years of nuclear-weapons research and production in the United
States at DOE sites has resulted in radionuclide, metal, and organic-chemical
contamination that is difficult and expensive to remove with physical decon-
tamination methods. Microorganisms offer a biological alternative to cleaning
up DOE wastes. DOE’s Natural and Accelerated Bioremediation Research
(NABIR) program, established in 1995, funds research aimed at providing solu-
tions to bioremediation of contaminants in the subsurface at DOE sites. How-
ever, not all NABIR projects depend on genomics; they also involve molecular
biology, microbial physiology, geochemistry, microbial ecology, and mathemati-
cal modeling. Research supported by other DOE programs on microbial systems
has resulted in sequencing of microorganisms that are important in decontami-
nation, such as geobacters, Shewanella oneidensis, and Desulfovibrio vulgaris
(Heidelberg et al., 2002; Methé et al., 2003; Heidelberg et al., 2004). A number
of projects use genome-based information on those important microorganisms
to elucidate metabolic pathways and their interactions with other members of
their ecological community. DOE is also participating in an interagency pro-
gram in phytoremediation research that supports basic science; much of this
work focuses on understanding molecular mechanisms of remediation of metals
or organic materials by plants.

Burning fossil fuels has increased the concentration of atmospheric carbon
dioxide (CO,), a heat-trapping greenhouse gas, from the preindustrial 280 ppm to
about 375 ppm today (EEA, 2004). Projections are that concentrations will more
than double over the next 50 years unless emissions are reduced (IPCC, 2001).
Because marine and terrestrial ecosystems play major roles in global carbon
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cycling, knowledge of the key feedbacks and sensitivities of those systems are
necessary to devise carbon sequestration strategies and alternative response strat-
egies. A current example of DOE carbon-cycle management research is the work
of a team of researchers at the Oak Ridge, Pacific Northwest, Argonne, and
Sandia National Laboratories, and the University of North Carolina at Chapel
Hill. The team is investigating cellular function in Rhodopseudomonas palustris,
a metabolically versatile bacterium that converts CO, into cell material and nitro-
gen into NH,, and produce hydrogen. In parallel, a team of researchers
at Harvard, the Massachusetts Institute of Technology, Brigham and Women’s
Hospital (in Boston, Mass.), and Massachusetts General Hospital is studying
proteins, protein-protein interactions, and gene regulatory networks of Prochloro-
coccus marinus, a marine cyanobacterium that is important in global photosyn-
thesis. The group is taking a systems approach to understanding the metabolic
activity of this microorganism under various environmental conditions.

Charged with securing the nation’s energy supply, DOE’s Office of Energy
Efficiency and Renewable Energy (EERE) has a Biomass Program and a Hydro-
gen, Fuel Cells, and Infrastructure Technologies Program, both of which substan-
tially involved the National Renewable Energy Laboratory. The Biomass Pro-
gram aims to develop advanced technologies that transform biomass into biofuels,
biopower, and high-value bioproducts (DOE-EERE, 2005a). The hydrogen pro-
gram supports research on and development of low-cost, highly efficient tech-
nologies to produce hydrogen from diverse domestic sources (DOE-EERE,
2005b). Both programs fund research on genomics, but their primary focus is on
applied science, so they could benefit from complementary fundamental research
aimed at elucidating biological mechanisms.

Current and planned DOE research programs strive to strike a balance be-
tween discovery science, exemplified by genomics, and hypothesis-driven sci-
ence, often identified with single-investigator projects. The benefits of the hybrid
approach in subjects related to the DOE mission are apparent in the development
of metagenomics. Microbial metagenomics involves the analysis of DNA ob-
tained en masse from environmental samples (Handelsman, 2005a). In a sense, it
is “reverse genomics” in that the structure or function of individual genomes or
genes is deduced from complex mixtures of microbial consortia rather than with
the classical purify-first, characterize-second approach. Metagenomics can be
divided into two general categories: (1) shotgun sequencing and assembly of
environmental DNA (Tringe and Rubin, 2005), typically resulting in fragmentary
genome assemblies of the most abundant organisms, and (2) functional analysis
of cloned DNA fragments to determine biochemical properties of interest in
heterologous systems (for example, Daniels, 2005). Using metagenomics meth-
ods, scientists can study the multitude of species in an environmental system
without having to culture the organisms under study. Metagenomics constitutes a
huge advance over culture-dependent methods because it allows a glimpse into
the nature of organisms that are inaccessible by more traditional methods.
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Metagenomic analysis has given new insights for our understanding of genetic
diversity in a number of environments, notably the world’s oceans, estuaries, and
soil communities (Tringe et al., 2005; Venter et al., 2004).

Using Systems Biology to Find Solutions for Carbon Sequestration,
Environmental Remediation, and Energy Security

Although scientists often gain insight into microorganisms or microbial
processes one at a time, such studies, even when pieced together, do not provide
a global picture of how a biological system works. The lack of knowledge of
how microbial systems work hinders our ability to harness microbial processes
for bioremediation, carbon sequestration, and bioenergy production (Box 1-1).
Systems biology has been defined by Ideker et al. (2001) as an approach to
studying “biological systems by systematically perturbing them (biologically,
genetically, or chemically); monitoring the gene, protein, and informational

BOX 1-1
Cost and Benefit of Understanding the Systems Biology of an
Organism in Bioengineering

Obtaining an understanding of the systems biology of an organism or com-
munity of organisms may seem complex, but the cost of ignorance can be enor-
mous. DuPont, in collaboration with Genencor International, recently succeeded in
engineering the common bacterium Escherichia coli to produce 1,3-propanediol
(PDO), a chemical building block for the new fabric Sorona (also called 3GT),
which is softer and more stretchable than polyester. Chemical and biological ap-
proaches to make PDO were already known when the project began, but they
were not well suited for industrial-scale production, because they were energy-
intensive and required expensive starting materials. Thus, there was a need to
develop a new process that would use one microorganism with the ability to con-
vert an inexpensive basic carbon source into the desired PDO product. Such a
microorganism did not exist, so one was created by inserting genes that code for
enzymes that catalyze the missing chemical steps into an easily grown bacterium.
The metabolic-pathway engineering could have involved, in theory, the insertion of
only four foreign genes, from the bacterium Klebsiella pneumoniae and the yeast
Saccharomyces cerevisiae, into E. coli to enable it to make PDO from glucose.
However, because scientists did not have a systems biology understanding of how
E. coli would respond to the introduction of the new enzyme activities into its met-
abolic systems, achieving efficient “green” production of PDO actually required
modification of more than 70 different genes. Most of the modified genes were
from the host organism and were needed to fine-tune critical pathways, eliminate
undesired enzymes, and carefully deregulate ancillary metabolic systems in E. coli
(Sanford, 2004). The entire process took a team of 40 people more than 7 years.
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pathway responses; integrating these data; and ultimately, formulating math-
ematical models that describe the structure of the system and its responses to
individual perturbations.” Systems biology uses comparative, high-throughput
assays, and mathematical or computational models to generate a picture of
systemwide activities. That approach can be applied to studying systems at the
subcellular level (multiprotein metabolic processes), the cellular level (integra-
tion of various functions within a cell), and the community level (interactions
within multispecies communities).

Systems biology focuses on the challenge of understanding at high resolu-
tion the interlocking metabolic and molecular context for physiological activity
and responses to environmental conditions. Systems biology will realize its full
potential only when the properties of individual components are tied to variations
at the system level. The recent emergence of synthetic biology (see Box 1-2) also
provides a new and powerful approach to understanding biological systems.
Synthetic biology combines knowledge from various disciplines—including mo-
lecular biology, mathematics, engineering, and physics—to develop new cellular
components that are based on fundamental design concepts and that will lead to
new cellular behaviors. The emerging field of synthetic biology will provide
fundamental insights into cellular systems, improve our understanding of natural
phenomena, and promote the development of a new engineering discipline focus-
ing on the design and development of complex cell behaviors with predictable
and reliable properties.

Using the two complementary approaches to study microorganisms and mi-
crobial communities to understand their structure and function, predict their be-
havior accurately, and manipulate them for desired functions is the key theme of
DOE’s Genomics: GTL program. The program seeks to combine discovery sci-
ence with hypothesis-driven research so that an investigator with a well-formu-
lated research question can mobilize the resources of a high-throughput facility to
obtain large amounts of data on genes, gene regulation, gene products, and pro-
tein-protein interactions.

GENOMICS: GTL PROGRAM

The Genomics: GTL program was conceptualized in 2000 after Martha
Krebs, director of DOE’s Office of Science (formerly Office of Energy Re-
search), charged DOE’s Biological and Environmental Research Advisory Com-
mittee (BERAC) to define the agency’s potential scientific roles after the HGP
was completed. In response to its charge, BERAC prepared the report Bringing
Genomes to Life (BERAC, 2000), which formed the basis of the first roadmap,
“Genomes to Life,” prepared by the Human Genome Management Information
System at the Oak Ridge National Laboratory (ORNL) in April 2001 (Table 1-1).
That first roadmap argued that the availability of genomic sequences of entire
organisms would enable us to gain “a new, comprehensive, and profound under-
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BOX 1-2
Synthetic Biology

Synthetic biology has been defined by some researchers as “the design and
fabrication of biological components and systems that do not already exist in the
natural world, and the re-design and fabrication of existing biological systems for
useful purposes” (MIT Synthetic Biology Working Group, 2005). Researchers in
the synthetic biology community believe that it is time to create a scientific and
technical infrastructure that supports the design and synthesis of biological sys-
tems and are working to “(a) specify and populate a set of standard biological parts
that have well-defined performance characteristics and can be used (and re-used)
to build biological systems, (b) develop and incorporate design methods and tools
into an integrated engineering environment, (c) reverse engineer and re-design
pre-existing biological parts and devices in order to expand the set of functions that
we can access and program, and (d) reverse engineer and re-design a ‘simple’
natural bacterium” (MIT Synthetic Biology Working Group, 2005).

Researchers are exploring a broad range of applications of synthetic biology
to manipulate information, fabricate materials, process chemicals, and produce
energy, including:

* Inexpensive biosynthesis of artemisinin, the most effective anti malaria
drug.

* The design of microorganisms that can efficiently convert sunlight into oth-
er forms of energy.

* The engineering of microorganisms that can move toward contaminants
and remediate heavy metals, actinides, and nerve agents.

* Embedding of the equivalent of digital circuits in bacteria and program-
ming of communities of bacteria to perform specific tasks, such as sensing and
communications.

Synthetic biology is already attracting undergraduate researchers, many of
whom have participated in iGEM (intercollegiate Genetically Engineered Machine)
competitions, an initiative of the Massachusetts Institute of Technology’s iCampus
funded by Microsoft Research. Teams of students have developed reusable “parts”
for chemical control of bacterial chemotaxis and two-way cell-cell communication
using DNA, which could establish the foundation for a bacterial network akin to the
Internet.

Although the leading researchers in synthetic biology are in the United
States, the European Union has moved aggressively to support synthetic biology
as an emerging discipline. Japan is also beginning to fund synthetic biology re-
search. The United States needs a more aggressive strategy for supporting syn-
thetic biology.
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TABLE 1-1 Major Events Leading to the Release of the 2005 Genomics: GTL

Roadmap

Year

Event

1999
November 24

2000
August

October 29-November 1
2001

January 25-26

June 23

August 7-8
September 6-7

December 10-11
2002
January 22-23
March 6-7
March 18-19
April 16-18
April 16-19
June 19-20

July 23
August 16-17

October 14-15

December 3-4

2003
April 1-2
April 23
May 12-14

May 29-30

Martha Krebs, director of DOE Office of Science, charges
BERAC to define the department’s potential scientific
roles after the HGP is completed

BERAC publishes Bringing the Genome to Life in
response to Krebs’s 1999 charge
Genomes to Life roadmapping workshop

Genomes to Life roadmapping workshop

Genomes to Life workshop on role of biotechnology in
mitigating greenhouse-gas concentrations

First Genomes to Life computational biology workshop

Visions for computational biology and systems biology
workshop for Genomes to Life program

Genomes to Life: Technology assessment for mass-
spectrometry workshop

Computing infrastructure and networking workshop for
Genomes to Life

Computer science for Genomes to Life workshop

Mathematics for Genomes to Life workshop

Imaging workshop for Genomes to Life program

Computing-strategies workshop

Genomes to Life systems biology facilities planning
workshop I

DOE awards $103 million for post genomics research.

Genomes to Life systems biology facilities planning
workshop II

Genomes to Life systems biology facilities planning
workshop IIT

Genomes to Life draft facilities strategy and plan
submitted to BERAC by Life Sciences Division of
Biological and Environmental Research program

GTL facility for whole-proteome analysis workshop

DOE awards $9 million for energy-related genomics
research

Bioinformatics in GTL facility for whole-proteome
analysis

GTL facility for production and characterization of

proteins and molecular tags workshop
continued
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TABLE 1-1 Major Events Leading to the Release of the 2005 Genomics: GTL
Roadmap

Year Event
June 2-4 Facility user interactions workshop
June 17-18 Characterization and imaging of molecular machines
facilities workshop
July 22-24 Three Genomes to Life workshops: data infrastructure,
modeling and simulation, and protein structure and
prediction
September 10-11 GTL and beyond: data-standards workshop
2004
February Program name changed from Genomes to Life to
Genomics: GTL
February 29-March 4 Genomics: GTL contractor-grantee workshop II
March 3-4 Planning study I: Genomics: GTL program science and
capability needs for DOE missions
June 14-16 DOE Genomics: GTL roadmap planning phase 2
2005
February 6-9 Genomics: GTL contractor-grantee workshop III
October 3 Genomics: GTL roadmap released

SOURCE: Adapted from http://doegenomestolife.org/program/timeline.shtml.

standing of complex living systems.” High-throughput data and high-performance
computing are the two key elements to achieve the goal. Large amounts of data
would need to be collected to characterize proteins, molecular machines, gene
regulatory networks, and entire microbial communities in natural environments
at the molecular level. Computational methods and capabilities would need to be
developed to integrate the data and to gain a predictive understanding of these
complex biological systems. The 2001 roadmap called for program managers to
“meet with stakeholders in a series of workshops, scientific society symposia,
and other exchanges on scientific topics to guide program development.”

In 2002, DOE put out the first request for proposals (RFP) under the Ge-
nomes to Life program, now called Genomics: GTL. The RFP called for applica-
tions for “research from large, well integrated, multidisciplinary research teams
that support the Genomes to Life research program.” The theme of the program
was to develop the experimental and computational capabilities necessary to
enable a predictive understanding of the behavior of microorganisms and micro-
bial communities of interest to DOE (Box 1-3). Since its launch, the Genomics:
GTL program has funded some 75 research projects and subcontracts, including
basic research and outreach programs. It has also funded two infrastructure
projects at the national laboratories and facilitated 22 workshops on topics rang-
ing from genomics-enabled geomicrobiology to high-performance computing.
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BOX 1-3
Selected Highlights of Genomics: GTL Research to Date

Bioenergy Alternatives

During the next 2 decades, U.S. energy demand is expected to outpace sub-
stantially the increase in domestic production of fossil fuels. Concurrent with an
increased requirement for energy is a need to reduce dependence on foreign
sources of oil and thereby increase energy security.

One pillar of DOE’s missions is to explore and facilitate development of re-
newable, environmentally safe, biological sources of energy. Among the topics to
be addressed by Genomics: GTL are biological production of liquid (ethanol, meth-
anol, and biodiesel) and gaseous (hydrogen and methane) fuels. One key is an
increased understanding of microbial enzyme consortia that participate in degra-
dation of biological polymers, such as lignin and cellulose, which are major chem-
ical components of plant life. JGI has determined the DNA sequence of a fungal
species that has an unusual capacity for degradation of cellulose and lignin biom-
ass. In the genome of that fungus, scientists at the DOE national laboratories
discovered genes for the enzymes involved in biomass conversion, making the
goal of improving enzymes for biomass conversion to ethanol-based fuels more
tangible. Other energy-related plans of the Genomics: GTL bioenergy program
include efforts to redirect microbial photosynthesis to generate hydrogen fuel in a
process that uses energy derived from sunlight to convert water into hydrogen and
oxygen and research into the remarkable ability of some soil microorganisms to
produce electricity from simple organic compounds.

Bioremediation

DOE is charged with remediating thousands of our nation’s most contaminat-
ed landscapes, many of which are the legacy of a diverse network of defense
facilities. The scale of several of those landscapes, some of which exceed 1 million
cubic meters of contaminated earth, will require innovative, biologically based re-
mediation strategies. DOE-funded scientists are working to increase knowledge of
microbial systems involved in the remediation of toxic metals and radionuclides.
Researchers in a project funded through ORNL are meeting the challenge to un-
derstand those complex systems by developing computational models that predict
the behavior of key regulatory networks involved in bioremediation. In parallel,
DOE has funded research on the genetic potential of a microbial species that has
a documented capacity for uranium bioremediation and the ability to produce elec-
tric energy from organic matter.

Carbon Cycling and Sequestration

Atmospheric greenhouse-gas concentrations have increased steadily over
the last 2 centuries; massive quantities of carbon are released into the atmosphere
each year because of human activity. The Intergovernmental Panel on Climate
Change predicts a doubling of CO, concentrations by the middle of the 21st cen-
tury with potentially serious consequences for the quality of our environment.

Earth’s marine environments and in particular their microbial inhabitants con-
stitute a potential tool to change the balance of the CO, equation. A key to realiz-

continued
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BOX 1-3 Continued

ing that potential is an increased understanding of the planet’s biological carbon
cycle, including microbial photosynthesis—a process that uses light energy to con-
vert atmospheric CO, into the organic molecules that make up life on Earth.
Manipulating photosynthetic systems on a grand scale may offer a means to de-
crease atmospheric CO,. To that end, researchers at the Sandia National Labora-
tory are developing experimental and computational methods to understand the
genes and proteins of the photosynthetic marine microorganisms of the genus
Synechococcus, which play a key role in Earth’s carbon cycle, and their colleagues
at ORNL and Pacific Northwest National Laboratories are working to characterize
the multiprotein machines involved in the microbial carbon cycle.

Research on Enabling Technologies

To achieve the long-term goals of Genomics: GTL, it is essential that techni-
cal limitations and knowledge gaps be addressed. Much of the research funded by
the program aims to lay the foundation for future study by solving key issues in
genome-directed science. For example,

» Several research projects aim to develop computational models to under-
stand complex microbial systems, and other researchers are developing data
warehouses and computational tools to organize and relate genomic information
for bench scientists.

¢ Other scientists, distributed among several projects, are working to devel-
op novel methods to image biological systems, including visualization of DNA-
protein interactions that regulate an organism’s genetic potential and monitoring of
life’s processes on the microscopic scale of single living cells.

* DOE-funded scientists are devising innovative methods to culture recalci-
trant species of microorganisms; such breakthroughs will greatly facilitate the study
and manipulation of these species in a laboratory setting.

» Although the term genomics typically conjures images of genes and pro-
teins, the ultimate effect of many genes and proteins is to cause changes in the
small-molecule complement of a cell, otherwise known as the metabolome. Me-
tabolites can serve a practical role as building blocks of other cellular molecules, or
they may have more intriguing roles as signal molecules that orchestrate microbial
behavior. In any case, understanding how microbial metabolism influences micro-
bial function is an important goal, and it is the focus of several projects funded by
the Genomics: GTL program.

DOE has committed about $240 million from FY 2002 to FY 2006. Of that
amount, 60 percent has funded scientists at DOE-operated national laboratories,
and 40 percent has funded scientists at academic and private research institutions.
The majority of funding awarded to scientists in academic and private laborato-
ries has gone to three institutions (see Appendix C).

Taken together, the funded research projects are addressing some of the most
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pressing issues in microbial genomics. Several have direct application to DOE’s
energy-related mission, and others are developing enabling technologies and
datasets that are necessary for the advancement of microbial genomics generally.
All funded projects are relevant to energy security, environmental remediation,
or carbon cycling and sequestration.

In parallel to the Genomics: GTL program, a series of workshops was held to
discuss facility needs. Those workshops led to a working paper presented to
BERAC in April 2002 that called for the creation of “unique, high-throughput
research facilities to translate the new biology, embodied in the Genomes to Life
(GTL) program, into reality for the nation.” Those facilities would integrate high-
throughput biology and computation and information management and would be
resources for the broad scientific community.

Later that year, BERAC provided a draft implementation plan for four user
facilities for the Genomics: GTL program. The plan was developed in a series of
workshops in 2003. All the workshops ultimately resulted in the outline of the
four facilities that are described in the 2005 Roadmap for DOE Genomics: GTL.
Systems Biology for Energy and Environment (DOE, 2005b). The facilities would
be constructed sequentially and complement each other.

e Facility for production and characterization of proteins and molecular
tags. This facility would produce all proteins encoded in any genome on de-
mand, including molecular tags to identify, locate, and manipulate proteins in
living cells. The core facility instrumentation will consist of high-throughput
technologies for protein-production screening and robotic systems for affinity-
reagent production and characterization. Computational capabilities will allow
data capture and management, genomic comparative analysis, and control of
high-throughput and robotic systems.

e Facility for characterization and imaging of molecular machines. This
facility would identify and analyze molecular-machine components from micro-
bial cells, including their structure, function, assembly, and disassembly. Facility
instrumentation will include mass spectroscopy to characterize molecular ma-
chines and imaging capabilities to localize them in cells. Computational capabili-
ties will allow for modeling and simulation of molecular interactions to under-
stand how these complex structures arise.

* Facility for whole proteome analysis. This facility will enable the identi-
fication of all proteins and other biologically significant molecules (such as lip-
ids, carbohydrates, and enzyme cofactors) that a microbial cell produces under
different, but controlled, environmental conditions to identify responses to vari-
ous environmental influences and to elucidate pathways. The core facility instru-
mentation would include large numbers of chemostats to grow microbial systems
under various environmental conditions and instrumentation to analyze the mo-
lecular makeup of microbial cells, such as nuclear magnetic resonance spectrom-
eter and mass spectrometer. Computational capabilities would allow for data
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analysis and modeling and simulation of microbial systems to inform experi-
ments and predict their outcomes.

* Facility for modeling and analysis of cellular systems. This facility will
focus on the study of microbial communities under highly controlled conditions
that mimic natural environments. The goal would be to gain an understanding of
microbial communities through analysis of functional properties of individual
species or multispecies consortia by using imaging techniques that allow nonde-
structive monitoring of the molecular makeup of cells within the communities.
Instrumentation would include cultivation technologies for microbial communi-
ties under highly controlled environmental conditions and imaging instrumenta-
tion to resolve the molecular makeup of cells spatially and temporally. Computa-
tional capabilities would focus on data analysis and modeling, including
simulating complex microbial communities.

The committee examined the current Genomics: GTL program and the chal-
lenges that it faces in achieving DOE’s mission goals. The committee enthusias-
tically concluded that the case for DOE to play a leading role in systems biology
is extremely strong. On the basis of that assessment, the committee considered
whether high-throughput capabilities in protein production, proteomics, molecu-
lar imaging, and systems biology would facilitate the advancement of Genomics:
GTL research in a cost-effective, efficient and scientifically optimal manner.
Finally, the committee examined the current plan for the four proposed user
facilities, its own proposed alternative plan, and discussed the pros and cons of
the two plans.
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Role of Genomics: GTL in Achieving the
Department of Energy’s Mission Goals:
Promise and Challenges

The Department of Energy (DOE) has the mission of protecting our energy
and economic security and our environment by promoting a diverse, reliable,
affordable and environmentally sound domestic energy system. In carrying out
that mission, DOE has recognized that genomics and systems biology research
will enable development of novel strategies to address the agency’s three strate-
gic challenges (DOE, 2005b):

* To develop biofuels as a major secure energy source.

* To develop biological solutions for remediation of soil, sediment, and
groundwater contaminated with metals, radionuclides, and organic hazardous
wastes.

e To understand relationships between climate change and Earth’s micro-
bial systems and to generate options for carbon sequestration.

The Genomics: GTL program is expected to provide the scientific underpin-
ning for predicting and manipulating the behavior of complex biological systems,
particularly systems that may play a central role in developing biotechnology
solutions to fulfill DOE’s energy and environmental mandates. The Genomics:
GTL program therefore becomes critical for strengthening the nation’s scientific
leadership in systems biology and supporting an evolving industrial biotechnol-
ogy sector that is essential for the nation’s economic competitiveness in
the global economy. The following discussion is offered to illustrate how the
science of the Genomics: GTL program can be used to address the three strategic
challenges.

25
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BIOENERGY

The Genomics: GTL program is addressing the needs for new sources of
energy that could

* Reduce the risk of global climate change by dramatically lowering the
emission of greenhouse gases.

* Have a favorable energy balance.

* Have the potential to compete effectively with fossil fuels in the market-
place.

* Reduce the adverse environmental effects of today’s pattern of energy
production and consumption.

* Meet a substantial fraction of U.S. (and global) energy demand.

One source of energy that could eventually meet those criteria is bioenergy
produced by a variety of plants and microorganisms. The Genomics: GTL pro-
gram could play a key role in realizing the potential of bioenergy by generating
the fundamental knowledge that would make it technologically and economically
feasible. Although it is premature to pick a “winner,” the research community has
identified a number of promising directions, including

* Genetic modification of crops to increase yields of usable energy per
unit of cultivated land by a factor of 3-5 while maintaining nutrient and water
requirements.

* Conversion of cellulosic biomass to fuels by depolymerizing cellulose
and hemicellulose into their component sugars and then converting the sugars to
fuel.

* Design of algae or bacteria that cost-effectively produce hydrogen or
hydrocarbons.

Energy from biomass is the largest source of renewable energy in this coun-
try; it has surpassed hydropower and makes up 3 percent of the total energy
consumed in the United States (Perlack et al., 2005). A recent study conducted by
the Natural Resources Defense Council (NRDC, 2004) concluded that scientific
and technological advances and sound public policies could rapidly expand the
use of plants and plant-derived materials for energy. By 2050, biofuels could
displace more than 7 million barrels of oil per day, the equivalent of nearly half of
the oil that the United States use in the transportation sector. In that scenario, the
United States would be able to reduce emissions of greenhouse gases by nearly
1.7 billion tons per year (as measured in tons of carbon dioxide [CO,] equiva-
lents)—more than 22 percent of U.S. greenhouse-gas emissions in 2002. A tran-
sition to biofuels could also lead to improvements in air quality in that biofuels
have almost no sulfur and produce fewer particles and toxic air pollutants (NRDC,
2004).
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Development of advanced biological conversion processes (enzymatic, mi-
crobial, and plant processes) is central to the DOE biomass program and to the
expanding industrial biotechnology sector. Biological processes are the preferred
path because they tend to have higher reaction specificity, require milder reaction
conditions, and produce fewer toxic byproducts. Those characteristics are consis-
tent with the goal of developing industrial processes and systems that are envi-
ronmentally friendly. However, the challenges are to increase rates and extents of
conversion in an array of microbial and biochemical processes, to accelerate
commercial development of biofuels, and to expand the portfolio of industrial
enzymes, microorganisms, and plants for an expanding bioeconomy.

The Genomics: GTL program can promote the development of more-effec-
tive bioconversion processes and plant-based feedstocks by enhancing our under-
standing of biological conversion processes from a systems perspective. Under-
standing of systems biology will lead to better methods and tools for manipulating
and controlling metabolic pathways that are important for bioenergy and indus-
trial chemical production, for prospecting for novel industrial enzymes and mi-
croorganisms, and for bioengineering to enhance plants’ usability as feedstocks
for energy and industrial chemicals. For example, one goal of the Genomics:
GTL program is to discover functions of genes that could contribute to cheaper
biofuels. The development of more-efficient and cost-effective enzymes is a
critical step in making the abundant and diverse array of plant-derived polysac-
charides available for the production of energy and industrial chemicals. A study
commissioned by the National Research Council (NRC, 2000) and the roadmap
from the Biomass Technical Advisory Committee (2002) established by the Bio-
mass R & D Act of 2003 have each identified enzyme engineering as having one
of the top three priorities in biological research to support the development of
microbial or plant-based biofuels and industrial chemicals. The high priority is
based on the recognition that enzymatic conversion of biomass is the preferred
path for processing microbial or plant-based resources into industrial products
because enzymes exhibit specific catalytic activities and enzymatic processes are
environmentally more benign. It is also recognized that the industrial develop-
ment of enzymes itself occupies an important industrial biotechnology sector that
holds the promise of expanded economic growth. The enzyme market was esti-
mated to be $2 billion per year in 2004 and to have an annual growth rate of 4-5
percent (Business Communication Company, 2004).

Plant cell walls comprise a highly complex matrix of polysaccharides, in-
cluding cellulose, lignins, pectins, and diverse hemicelluloses. Microorganisms
found in soils, compost piles, and other environments have been shown to pro-
duce enzymes effective for degrading each one of those polysaccharides into
fermentable sugars. The Genomics: GTL program can play an important role in
increasing understanding of the structure and functions of genes associated with
degradation of polysaccharides by those microorganisms. It can also contribute to
the discovery of new polysaccharide-degrading enzymes by prospecting for novel
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microorganisms in exotic environments. For example, termites degrade polysac-
charides. Bacteria that live in a termite’s hindgut break down plant matter and
release hydrogen as a byproduct. The mechanism of hydrogen production in the
termite hindgut is not yet known. The DOE Joint Genome Institute (JGI) is
scheduled to sequence the community of microorganisms in the termite hindgut
by 2006. That would enable the Genomics: GTL program to identify and charac-
terize the enzymes associated with hydrogen production in the termite hindgut.

Another example involves the production of microbial polysaccharide-de-
grading enzymes by plants (Nuutila et al., 1999; Dai et al., 2000; Ziegler et al.,
2000; Ziegelhoffer et al., 2001). Today, the National Renewable Energy Labora-
tory estimates that enzyme production costs account for $0.10 of the price of a
gallon of ethanol. The challenge is to reduce that by half by increasing the
activities of enzymes or reducing the production cost. One avenue toward that
goal is the use of plants as biomolecular farms for the production of the enzymes.
The concept has been demonstrated in a study in which a corn plant was used to
produce an Acidothermus cellulolyticus endogluconase. In light of methods of
bioconfinement of recombinant crops in the field (NRC, 2004), that technology
could well become America’s standard technique for production of cellulases and
other polysaccharide-degrading enzymes in biomass crops that are converted into
fermentable sugars that can be fermented into ethanol biofuel. It is important to
remember that the knowledge developed by producing polysaccharide-degrading
enzymes in plant biomass should also be largely applicable to other proteins,
including those which produce such valuable industrial products as 1,3-
propanediol, a precursor of many important industrial polymers.

Cost-effective and efficient microbial conversion processes are necessary to
convert low-cost sugars derived from plant-based resources to ethanol and other
industrial chemicals. Although there are several key technological differences in
how ethanol is produced from corn or cellulosic feedstock, both paths to ethanol
production require a fermentation step that involves the conversion of glucose
and other sugars to ethanol. Currently, baker’s yeast, Saccharomyces cerevisiae,
provides the primary microbiological system used by the corn-based ethanol
industry. As we seek to increase the amount of ethanol produced from biomass,
we will have to increase our knowledge of the metabolism of important microbio-
logical systems, particular those with the potential to enhance the production of
useful biobased products. That need was clearly articulated in the National Re-
search Council report on biobased industries (NRC, 2000) and in DOE’s
Genomics: GTL roadmap (DOE, 2005b). Two of the key research activities
identified by the Research Council are relevant to the Genomics: GTL program:

* “Analysis of biochemical pathways that integrate basic intracellular mea-
surements. Such analysis will provide fundamental understanding of the micro-
bial metabolism and physiology necessary to focus metabolic engineering ma-
nipulations on enhancing organisms’ overall productivity.”
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* “Basic research on principles of intermediate microbial metabolism to
gain a better understanding of how concentrations of substrate or product can
inhibit rates of product formation. Such understanding will aid in engineering
bioreactors control to enhance the rate and conversion of raw materials into
useful products.”

Rapid advances in genomics have facilitated the manipulation of metabolic
pathways to engineer organisms that can efficiently produce a desired metabolic
product or reduce unwanted byproducts. Metabolic engineering allows a more
directed and rational use of classical genetic or molecular biology tools to opti-
mize the production of metabolites and proteins of interest. For example, the
complete genome sequence of S. cerevisiae was published in 1996, and a com-
plete collection of deletion mutants of yeast is commercially available (Goffeau
et al., 1996). They create many opportunities to customize systems biology re-
search and develop metabolic engineering tools to characterize the metabolic
networks of wild-type S. cerevisiae and newly constructed mutant strains. For
example, the Genomics: GTL program could provide new insight into the role of
cellular myo-inositol in the physiological and metabolic behavior of S. cerevisiae
that might reveal a clear link between high phosphatidylinositol concentration
and ethanol tolerance.

Another important subject would be metabolic engineering of bacteria—
such as Thermotoga neapolitana, Enterobacter aerogenes, and Clostridium
butyricum—that are hydrogen producers that use fermentative pathways. Such
microorganisms are known to ferment sugars to hydrogen at a relatively high rate
by glycolytic breakdown of sugars through the anaerobic metabolism of pyruvate
(Hallenbeck, 2005). The generation of hydrogen by fermentative bacteria is ac-
companied by the formation of organic acids as metabolic products that are not
used by the microorganisms (Nath and Das, 2004). Thus, altering the metabolic
pathway to shift more of the pyruvate to hydrogen is an important step for
improving fermentative hydrogen production. The science, methods, and tools of
the Genomics: GTL program would strengthen our understanding of the regula-
tory and metabolic pathways that influence hydrogen production and create op-
portunities for more-informed engineering of those pathways and others.

Although the focus of Genomics: GTL bioenergy research is on microbial
processes, it should be clear from the preceding paragraphs that biomass for
bioenergy is derived from plants. Better understanding of the mechanisms and
regulation of polysaccharide and cell wall synthesis in plants is critical to meeting
the goals of the nation’s bioenergy research agenda. For example, it may be
possible to engineer plants for novel cell wall structures that enhance the effi-
ciency of biomass conversion. The committee believes that bioenergy research
through Genomics: GTL should include a parallel focus on polysaccharide and
cell wall synthesis in plants. To that end, Arabidopsis thaliana provides an out-
standing experimental platform for developing a systems-level analysis of plant

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11581.html

enomics: GTL Program

30 REVIEW OF THE DEPARTMENT OF ENERGY'S GENOMICS: GTL PROGRAM

function. The resulting knowledge could greatly enable bioengineering applica-
tions involving biomass species, such as corn and poplar. The committee’s sug-
gestion is to focus a portion of the Genomics: GTL program on specific aspects of
plant biology (in this case, aspects relevant to biomass conversion), and not to
develop a broad-based effort in plant biology.

CARBON SEQUESTRATION

About 6 billion tons of CO,, a greenhouse gas, is released into the atmo-
sphere by anthropogenic activities each year. Atmospheric CO, concentrations
have increased because of human use of fossil fuels and changes in land use, such
as deforestation. It is also known that microorganisms can be used to mitigate
global change due to human activities, such as agriculture, mining, and waste
treatment (ASM, 2004). It is estimated that atmospheric CO, and methane con-
centrations are now increasing at about 0.4 percent and 1 percent each year,
respectively. The growing scientific evidence that CO, and other greenhouse
gases are altering our climate has stimulated interest in CO, sequestration as a
means to counteract global climate change. The DOE mission with respect to
carbon cycling and sequestration is to “understand the microbial mechanisms of
carbon cycling in the earth’s ocean and terrestrial ecosystems, the roles they play
in carbon sequestration, and how these processes respond to and impact climate
change.” Photosynthetic terrestrial and aquatic organisms naturally perform bio-
sequestration, and understanding how this is achieved at the whole-organism and
microbial-community levels is one of the important roles of the Genomics: GTL
program.

Microorganisms have a much greater role in mediating biogeochemical ac-
tivities than previously thought, given that they outnumber all other forms of life
on land and in rivers, lakes, and oceans. Therefore, it is of great importance to
understand the genetic regulation behind these biogeochemical activities and the
role of microorganisms in carbon sequestration. Many of the critical questions
surrounding the role of microorganisms in biosequestration were addressed by
the American Academy of Microbiology (ASM, 2001):

*  Which microorganisms are responsible for producing and consuming
specific environmentally important compounds, and how does the diversity of
microorganisms affect soil, water, and atmospheric concentrations of various
chemicals?

* How and to what extent do microorganisms and their recycling processes
respond to climate change and other disturbances?

* How can information about activities occurring on the scale of microor-
ganisms (micrometers to millimeters) be integrated across scales of communities,
landscapes, and ecosystems to help to explain phenomena observed on a global
scale?
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*  What new technologies and computational systems are needed to facili-
tate integration and understanding across scales?

Those are complex questions and can be addressed with a systems biology
approach for generating realistic strategies for biosequestration. We provide some
examples on how each of the above questions can be addressed by the Genomics:
GTL program. First, it is known that phytoplankton photosynthesis in the oceans
is an important subsystem in the recycling of CO, in the biosphere. Variation in
the species composition or population sizes of the ocean’s phytoplankton could
theoretically have a great effect on the oceans’ ability to take up atmospheric
carbon. The focus of the Genomics: GTL program is to understand how those
microorganisms affect ocean ecosystems by cycling carbon and other important
elements, such as nitrogen. For example, the program is supporting studies on
and the sequencing of Emiliania huxleyi. DOE has also sequenced several species
of ocean carbon-sequestering phytoplankton, such as the diatom Thalassiosira
pseudonana and the cyanobacteria Prochlorococcus and Synechococcus. Dia-
toms account for about 20 percent of global carbon fixation, and the genome
sequence of T. pseudonana sheds light on the silicic acid metabolism and energy
storage and use strategies that allow diatoms to flourish in marine systems
(Armbrust et al., 2004; DeLong and Karl, 2005). Many scientists believe that
Prochlorococcus constitutes the most abundant photosynthetic organisms on
Earth. Understanding those organisms’ roles in global carbon cycles is central to
the issue of carbon sequestration.

As to the second question, this is being addressed by DOE studies on soil
microorganisms. Soil respiration accounts for 75 percent of the carbon in the
terrestrial ecosystem, and according to Rosenberg, Metting, and Izaurralde (2004),
it returns nearly 10 times as much CO, to the atmosphere as emissions from
fossil-fuel combustion. Agriculture and fire also contribute substantially to the
carbon being released to the atmosphere from soils. Metagenomic studies of soil
samples indicate that microbial communities have a wide range of mechanisms
and biochemical pathways for carbon metabolism, some of which may emerge as
targets for the application of carbon management strategies. However, the mecha-
nisms by which microbial populations adjust to climate change in an ecosystem
are not well understood. Genomics, proteomics, and metabolomics could eluci-
date such mechanisms and thereby increase our understanding of the important
role of microorganisms in carbon cycling. Moreover, the resulting knowledge
could enable predictive models of system function that might presage changes in
the global carbon economy.

Although currently missing from the Genomics: GTL research plan, plants
contribute substantially to nutrient cycles in the soil through both photosynthesis
and nitrogen fixation. As a consequence of these autotrophic processes, the soil
zone around plant roots (the “rhizosphere”) is among the most important and
diverse, yet least understood, of ecosystems. To fully address soil microbiology
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and its relevance to carbon sequestration, nitrogen cycling, and response to cli-
mate change, it will be essential to include substantive efforts on rhizosphere
biology in Genomics: GTL. By definition, such efforts will need to include
studies of both plant and microbial systems, extending the systems biology anal-
ogy to multiorganism and cross-kingdom interactions.

Working across scales from whole organisms to the biosphere is daunting.
The Biological and Environmental Research Division in DOE’s Office of Sci-
ence established CSiTE (Carbon Sequestration in Terrestrial Ecosystems)—a
research consortium—to perform fundamental research that will lead to accept-
able methods of enhancing carbon sequestration in terrestrial ecosystems as one
component of a carbon-management strategy. Three national laboratories are
members of CSiTE—the Argonne, Pacific Northwest, and Oak Ridge National
Laboratories. The goal of CSiTE (DOE-ORNL, 2002) is “to discover and charac-
terize links between critical pathways and mechanisms for creating larger, longer-
lasting carbon pools in terrestrial ecosystems. Research is designed to establish
the scientific basis for enhancing carbon capture and long-term sequestration in
terrestrial ecosystems by developing:

* “Scientific understanding of carbon capture and sequestration mecha-
nisms in terrestrial ecosystems across multiple scales from the molecular to the
landscape,

* “Conceptual and simulation models for extrapolation of process under-
standing across spatial and temporal scales,

» “Estimates of carbon sequestration potential,

* “Assessments of environmental impacts and economic implications of
carbon sequestration.”

The fourth question, on needed new technologies and computational sys-
tems, highlights the need to develop infrastructure for advancing the Genomics:
GTL program. For example, metagenomic methods can document the makeup
and activity of ocean communities involved in CO, recycling. The sequencing of
microbial communities in the Sargasso Sea appears to have revealed 1.2 million
previously unknown genes, including almost 800 genes coding for rhodopsins
that are presumed to be involved in phototrophy (Venter et al., 2004). Those data
serve as a starting point for further Genomics: GTL studies on the mechanism of
this potential energy-yielding process. It is believed that the dynamics of carbon-
assimilation and anabolic pathways that sequester carbon or return it to the atmo-
sphere, respectively, will be elucidated and that biological models of carbon-
sequestration activity can be developed to assess the effects of carbon-cycle
perturbations on climate change. DOE can collaborate with and build on the joint
National Science Foundation and U.S. Department of Agriculture program on
microbial-genome sequencing that supports research on the diversity of microor-
ganisms and their roles in complex ecosystems and in global geochemical cycles
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(NSF, 2005). DOE is also exploring the use of biosensors based on genomic
information that would detect changes in the levels of DNA, RNA, proteins, and
metabolites in response to stress or population shifts.

Obviously, answers to those questions require a broad interdisciplinary ap-
proach and will benefit from genomic studies to identify key genes and pathways.
Understanding the complexity of ecosystems in which many functions are being
carried out simultaneously by millions of microorganisms of diverse species is no
small task; it will take years of study, including the development of novel experi-
mental and computational approaches. Effective implementation of the Genomics:
GTL program would facilitate the broad interdisciplinary and multidisciplinary
research collaborations needed to address the questions on a variety of biological
and physical scales.

BIOREMEDIATION

During the 50 years of the nuclear era, the United States invested in facilities
to do research on, develop, manufacture, and test nuclear weapons and materials.
The environmental-remediation legacy left from those manufacturing and testing
activities is staggering: DOE has the responsibility for monitoring and cleaning
up more than 7,000 sites at 100 facilities. The groundwater and soil at those sites
are contaminated with radionuclides, which are often mixed with other wastes,
such as chlorinated hydrocarbons. Collectively, 2 trillion gallons of contaminated
groundwater and 75 million cubic meters of soil and subsurface sediment must be
remediated at these sites. For comparison, the groundwater volume equals 4
times the U.S. daily water consumption, and the sediment volumes would fill 17
professional sports stadiums.

With current technology, cleanup costs would run to $300 billion over a 70-
year period. Hence, alternative strategies, methods, and technologies are being
investigated throughout the many DOE remediation programs. The one with the
most promise is bioremediation. Bioremediation is the use of microorganisms to
contain or eliminate hazardous and radioactive wastes or decrease them to envi-
ronmentally safe levels. Enhancing it with the modern tools of biotechnology
could save 30-50 percent of the cost. The committee notes that, although they are
not covered in the Genomics: GTL plan, plants have also been shown to have
utility in bioremediation and thus should be considered among the targets for
Genomics: GTL research. Enhancing the capacity and quality of bioremediation
by means of the modern tools of biotechnology could lead to savings in the range
of 30-50 percent. For example, at DOE’s Savannah River site in Aiken, South
Carolina, bioremediation of subsurface solvent contamination cost two-thirds as
much as a pump-and-treat method and was 40 percent more efficient. An Envi-
ronmental Protection Agen