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U.S. Department of Energy’s
Genomics:GTL Bioenergy Research Centers

Fact Sheet

DOE’s Office of Science will establish up to three new Bioenergy Research
Centers as part of the Office’s Genomics: GTL (GTL) Program.

Research Centers will focus on developing the science for biofuels
production that will ultimately lead to technologies deployable in the
nation’s energy economy.

A major emphasis will be on developing cost-effective means to produce
ethanol from inedible plant fiber such as cellulose, to replace gasoline--a
key goal of the President’s Advanced Energy Initiative, announced in the
President’s 2006 State of the Union address.

The Department also is interested in supporting well-directed research on
other biofuels from biomass, including biodiesel, biofuels for aviation, and
biologically based hydrogen and other fuels from sunlight.

Research Centers will engage in basic research on energy-related microbial
and plant systems, pursuing a range of high-risk, high-return approaches to
finding solutions to developing energy efficient and cost-effective methods
for producing alternative fuels from biomass, including not only cellulosic
ethanol, but also potentially biodiesel, biofuels for aviation, hydrogen, and
methane.

Each Research Center will be funded for up to $125 million over a period of
five years: $25 million in the first year for start-up costs and up to $25
million per year for operations during the subsequent four years.

Universities, national laboratories, nonprofit agencies, and private firms, as
well as consortia comprising of partnerships of two or more such
institutions, will be eligible for funding to establish and operate a Research
Center.

Research Centers will address scientific problems that are inherently
interdisciplinary and will require scientific expertise and technological
capabilities that span the physical and biological sciences, including
genomics, microbial and plant biology, analytical chemistry, computational
biology and bioinformatics, and engineering.
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e Research Centers will have access to major DOE scientific instruments and
user facilities (including DOE’s world-class high-intensity light sources,
whole genome sequencing capabilities, and world-leading supercomputing
resources) as needed.

: e To minimize the start-up costs and significantly decrease the time required
=y Office of for the Centers to become operational, the Centers will be established

__/4 Science through renovating or leasing existing buildings rather than new
construction.

e Examples of possible research areas include:

o0 systems biology research relevant to the microbial conversion of
plant biomass to liquid fuels;

o0 understanding factors that control biomass yield, quality, and
sustainability of feedstock crops; and

0 using microbes for the capture of solar energy and the
subsequent conversion to such fuels as hydrogen.

e Potential applicants are encouraged to submit a letter of intent by Tuesday,
December 5, 2006. Full applications were due February 1, 2007.

¢ Following scientific merit-based peer review, the Department expects to
select the successful applicants in June 2007.

*k*k

The Office of Science’s GTL program employs a systems approach to biology
at the interface of biological, physical, and computational sciences to address
DOE’s mission needs by developing the science, technology, and knowledge
base to harness microbial and plant systems for cost-effective renewable energy
production, carbon sequestration, and environmental remediation.
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Search for: DE-PS02-06ER64304

GTL Bioenergy Research Centers

Synopsis Full Announcement How to Apply

The synopsis for this grant opportunity is detailed below, following this paragraph. This synopsis contains all of the updates to this

document that have been posted as of 08/01/2006. it updates have been made to the opportunity synopsis, update information is
provided below the synopsis.

If you would like to receive notifications of changes to the grant opportunity click send me change notification emails. The only thing you
need to provide for this service is your email address. No other information is requested.

Any inconsistency between the original printed document and the disk or electronic document shall be resolved by giving precedence to the
printed document.

Document Type: Grants Notice
Funding Opportunity Number: DE-PS02-06ER64304
Posted Date: Aug 01, 2006
Creation Date: Aug 01, 2006

Original Closing Date for Applications: Feb 01, 2007
Current Closing Date for Applications: Feb 01, 2007

Archive Date: Dec 01, 2007
Funding Instrument Type: Cooperative Agreement
Procurement Contract
Category of Funding Activity: Energy
Category Explanation:
Expected Number of Awards: 2
Estimated Total Program Funding: $250,000,000
Award Ceiling: $125,000,000
Award Floor: $0
CFDA Number: 81.049 -- Office of Science Financial Assistance Program

Cost Sharing or Matching Requirement: No

Description

The Genomics: GTL program (GTL) in the Office of Biological and Environmental Research (BER) of the Office of Science
(SC), U.S. Department of Energy (DOE), is a systems biology research program with the mission goal of developing the
science, technology, and knowledge base to harness microbial and plant systems for cost-effective renewable energy
production, carbon sequestration, and environmental remediation. This Funding Opportunity Announcement (FOA) requests
that the scientific community submit applications for the establishment of GTL Bioenergy Research Centers that develop novel
biological solutions for the production of such fuels as cellulosic ethanol or hydrogen or for other groundbreaking bioenergy
research with the potential to revolutionize biology-based energy production. This FOA describes the establishment of up to two
multidisciplinary research and technology development Centers that will conduct comprehensive, integrated research and
training programs in energy-related systems and synthetic biology. The Centers will involve diverse disciplines that could
include genomics, microbial and plant biology genetics, proteomics, physiology, biochemistry, structural and computational
biology, bioinformatics, and engineering. The FOA does not include funding for construction of new buildings. Each Center will
be funded for up to $125 million over five years: $25 million in the first year for start-up costs and up to $25 million per year for
operations during the subsequent four years. Proposals should focus on the development of a single research Center. DOE
intends to fund up to two research Centers.
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Contacts
DOE Office of Biological and Environmental Research (OBER)

Chief Scientist: David Thomassen
david.thomassen@science doe.gov, 301-903-9817

Staff: www.sc.doe.gov/ober/staff. html

Web sites
Genomics:GTL Program
genamicsgtlenergy.gov

GTL Bioenergy Research Centers
genomicsgti.energy.gov/centers/

GTL Bioenergy
genomicsgtl.energy.gov/biofuels/b2bworkshop.shtmi

GTL Readmap
genomicsgtlenergy.govroodmap/

GTL Image Gallery
genomics.energy.gov/gallery’

DOE Office of Biological and Environmental Research
www sclence.doe. gov/Program_Offices/BER.him

DOE Office of Science
www.science.doe.gov
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U.S. Department of Energy’s
Genomics:GTL Bioenergy Research Centers

White Paper

In his Advanced Energy Initiative announced in January 2006, President George W.
Bush committed the nation to new efforts to develop alternative sources of energy to
replace imported oil and fossil fuels. Developing cost-effective and energy-efficient
methods of producing renewable alternative fuels such as cellulosic ethanol from bio-
mass and solar-derived biofuels will require transformational breakthroughs in science
and technology. Incremental improvements in current bioenergy production methods
will not suffice.

The Genomics:GTL Bioenergy Research Centers will be dedicated to fundamental
research on microbe and plant systems with the goal of developing knowledge that will
advance biotechnology-based strategies for biofuels production. The aim is to spur sub-
stantial progress toward cost-effective production of biologically based renewable energy
sources. This document describes the rationale for the establishment of the centers and
their objectives in light of the U.S. Department of Energy’s mission and goals.

U.S. Department of Energy
Office of Science

Office of Biological and Environmental Research
Genomics:GTL Program

August 2006
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Introduction

ince 2000, the Office of Biological and Environmental Research (BER) in the Department of
S Energy’s (DOE) Office of Science (SC) has defined Genomics:GTL (GTL) as its highest-priority
program. GTL builds on the successes of the Human Genome Project (HGP), initiated by DOE
in 1986. A systems biology research program focusing on microbes and plants, GTL has the mission goal
of tapping the powerful and diverse capabilities of nature—including microbes, microbial communities,
and plants—to provide breakthrough biotechnologies for renewable energy production, carbon sequestra-
tion, and environmental remediation. While GTL has supported substantial research relevant to all three
missions over the past 6 years (genomicsgtl.energy.gov), BER recognizes that developing scientific infra-
structures to accelerate GTLs research toward the goals of urgent national needs (e.g., bioenergy) is vitally
important.

In August 2005 BER, in collaboration with SC’s Advanced Scientific Computing Research program, pub-
lished DOE Genomics:GTL Roadmap: Systems Biology for Energy and Environment (U.S. DOE 2005). The
document provided a comprehensive overview of the GTL program and set forth a plan to develop and
deploy four major scientific facilities for GTL. These four facilities were to be organized by function, with
one each for production and characterization of proteins and molecular tags, characterization and imaging
of molecular complexes, whole-proteome analysis, and analysis and modeling of cellular systems.

As a detailed description of GTL scientific challenges, approaches to confront these challenges, required
technologies, and DOE needs and applications, the GTL Roadmap remains a valuable guide. In early
2006, however, DOE SC began to rethink its original plan and ultimately decided to revise the facilities
described in the GTL Roadmap. The decision came in response to two developments.

First, in his 2006 State of the Union address, President George W. Bush announced the Advanced Energy
Initiative (AEI), with a national goal of substantially reducing U.S. dependence on imported oil in the
years ahead (AEI 2006). A major focus of AEI is on accelerating research for developing cost-effective
fuels from biomass, particularly ethanol from cellulose.

Second, in February 2006, a committee of the National Research Council (NRC) of the National Acad-
emies issued Review of the Department of Energy’s Genomics: GTL Program (NRC 2006). The NRC review
strongly endorsed the importance of systems biology to DOE missions in energy, environment, and cli-
mate protection and praised the GTL program and its research achievements to date, recommending that
the Department and the nation give special importance to GTL research. The panel, however, suggested a
reorientation of the facilities plan, which it argued would enable the GTL program to achieve its research
and mission goals more expeditiously. Rather than a succession of facilities organized around function,

the NRC review recommended four research institutes. Each institute would incorporate, under a single
roof, many or all technological capabilities planned for the original four facilities in a “vertically integrated”
fashion as needed to achieve the institute’s research goals. Each institute would be organized not around

a function such as protein production but rather around a particular science theme or application such as
bioenergy, carbon sequestration, or environmental remediation. NRC panelists argued that such a configu-
ration—integrating necessary capabilities to study and manipulate biological processes at the molecular,
cellular, and community system levels—also would enable GTL research programs to benefit more imme-
diately from recent technological advances in such functions as producing, detecting, and imaging proteins
and observing metabolites, cellular components, and whole cells.

'The timing of the NRC report was propitious in light of the new urgency that the President’s Advanced
Energy Initiative had given to the Department’s mission to develop alternative, renewable sources of
energy. After detailed consultations with NRC panel members and others, DOE SC concluded that the
recommendations were both sound and timely. DOE SC began developing new plans to deploy up to
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two new Bioenergy Research Centers (hereafter Centers) devoted to research on microbes and plants,
with the purpose of making substantial progress toward cost-effectively producing biologically based
renewable energy sources. SC expects to issue a Funding Opportunity Announcement in 2006 for estab-
lishing up to two Bioenergy Research Centers. Universities, national laboratories, nonprofit agencies, and
private firms, as well as consortia of two or more such institutions, will be eligible for funding to establish
and operate a Center.

Basic Concept

Developing energy-efficient and cost-effective methods of producing alternative fuels such as cellulosic eth-
anol from biomass will require transformational breakthroughs in science and technology. Consequently, a
major initial focus of research will be on addressing scientific and technical roadblocks to producing ethanol
from cellulose cost-effectively and in quantities that can contribute substantially to the nation’s transporta-
tion fuel supply. The Department also is interested in supporting well-directed research on other biofuels
from biomass, including biodiesel, biofuels for aviation, and biologically produced or inspired hydrogen and
other fuels from sunlight. The purpose of the new Bioenergy Research Centers will be to give greater impe-
tus and focus to developing usable knowledge that will advance biotechnology-based strategies for biofuel
production and ultimately lead to technologies deployable in the nation’s energy economy.

As envisioned by the Department, the Centers are to be led by internationally recognized scientists and
staffed by multidisciplinary teams incorporating a range of skills that might include genomics, microbial
and plant biology, genetics, proteomics, physiology, biochemistry, structural and computational biology,
bioinformatics, engineering, and others. All Centers are to be equipped with a full suite of instrumenta-
tion and tools essential to modern biology and biotechnology research. In addition, they will have access to
the extremely powerful instruments and facilities available to the scientific community throughout DOE’s
national laboratories, including the DOE Joint Genome Institute’s capabilities for high-throughput,
whole-genome sequencing; advanced high-intensity light sources such as the Advanced Photon Source at
Argonne National Laboratory; the Advanced Light Source at Lawrence Berkeley National Laboratory;
the National Synchrotron Light Source at Brookhaven National Laboratory; the SPEAR III and Linac
Coherent Light Source, the latter now under construction at the Stanford Linear Accelerator Center;

the Spallation Neutron Source at Oak Ridge National Laboratory; and the Department’s cutting-edge
supercomputer capabilities, in which DOE now leads the civilian world. The Centers also will develop new
technologies as needed for research progress, for example, production of proteins that are particularly dif-
ficult to isolate but critically important to the success of their research.

A Revised Methodology

Revision of the GTL facilities plan represents a shift in the Department’s thinking on the scientific
methodology underpinning the overall GTL program. The research paradigm set forth in the GTL Road-
map is essentially one of developing and using large-scale facilities and high-throughput technologies to
generate masses of data on the components of multiple organisms. The Roadmap referred to this process as
“discovery-driven science,” contrasting it with traditional “hypothesis-driven science.” In the Human
Genome Project, DOE modeled this pioneering new approach to biology and to science in general. Rather
than pursuing discovery stepwise at the laboratory bench via a series of hypothesis-driven experiments,
DOE sought to radically accelerate the pace of discovery through the creation of facilities and high-
throughput instrumentation that would rapidly generate large amounts of data. HGP’s success in sequenc-
ing the human genome ahead of schedule and under budget was a direct consequence of this approach.

Under the GTL Roadmap paradigm, GTL was envisioned as continuing to pioneer the discovery-driven
scientific methodology. In this concept, high-throughput instrumentation would generate data on genes,

GTL Bioenergy Research Centers . Genomics:GTL Program . U.S. Department of Energy Office of Science



proteins, and other components of thousands of organisms. The data would be gathered in the GTL
knowledgebase to be mined and analyzed by means of supercomputers. Such algorithm-based analysis
would provide insights into component function and, in turn, generate new hypotheses to form the basis
of GTL-funded research carried out by a large and diverse group of scientists. In the words of the GTL
Roadmap, the paradigm would combine “(1) discovery science as we navigate huge unexplored data sets
that can reveal unforeseen properties and phenomena and (2) computationally driven hypothesis science to
derive insights into previously unfathomable complexity.”

Although the Department continues to believe in the importance of building the GTL Knowledgebase of
systems biology data and analyzing and coordinating the data via high-end computation, it agrees with the
NRC panel that this approach alone would be unlikely to yield results relevant to the Department’s energy
mission—related goals within a reasonable time. The GTL program will continue to support discovery-
driven scientific research, but the Department agrees that, to address its energy mission effectively and in a
timely manner, the GTL Centers will need to employ “a more problem-oriented approach.”

The Centers’ task will be to carry out fundamental research to identify key bottlenecks and roadblocks on
the path to cost-effective production of fuels from biomass and to bring to bear an aggressive, creative, and
multidisciplinary approach in overcoming these barriers. The focus on fundamental research is critical since
cost-effective biological production of fuels, as well as the other key BER missions, presents significant
challenges, with many unanswered questions that require solutions. DOE and the Office of Science have
extensive experience with this kind of challenge, stemming from (1) many years of successfully supporting
and managing large, interdisciplinary teams of researchers on major, mission-oriented scientific projects;
(2) a world-leading suite of instruments and facilities for high-throughput genome sequencing, observa-
tion of cellular components and chemical reactions at the molecular level and at ultrafast time scales, and
advanced computer modeling and simulation; and (3) a history of developing state-of-the-art technolo-
gies and tools to tackle difficult scientific challenges. Along with benefiting from the recent rapid advances
in biotechnology instrumentation, largely driven by universities and the private sector, the Bioenergy
Research Centers will be in a position to take advantage of DOE’s advanced resources.

Objectives and Requirements

As stated earlier, developing energy-efficient and cost-effective methods of producing alternative fuels
such as cellulosic ethanol from biomass will require transformational breakthroughs in science and tech-
nology. Incremental improvements in current bioenergy-production methods will not suffice. The focus
on microbes (for cellular mechanisms) and plants (for source biomass) fundamentally exploits capabilities
well known to exist in the microbial world. Thus “proof of concept” is not required, but considerable basic
research into these capabilities remains an urgent priority.

Several developments have converged in recent years to suggest that systems biology research into microbes
and plants promises solutions that will overcome critical roadblocks on the path to cost-effective, large-
scale production of cellulosic ethanol and other renewable energy from biomass. The ability to rapidly
sequence the DNA of any organism is a critical part of these new capabilities, but it is only a first step.
Other advances include the growing number of high-throughput techniques for protein production and
characterization; a range of new instrumentation for observing proteins and other cell constituents; the
rapid growth of commercially available reagents for protein production; a new generation of high-intensity
light sources that provide precision imaging on the nanoscale and allow observation of molecular interac-
tions in ultrafast time intervals; major advances in computational capability; and the continually increasing
numbers of these instruments and technologies within the national laboratory infrastructure, at universities,
and in private industry. All these developments expand our ability to elucidate mechanisms present in
living cells, but much more remains to be done.
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The Centers are designed to accomplish GTL program objectives more rapidly, more effectively, and at
reduced cost by concentrating appropriate technologies and scientific expertise, from genome sequence

to an integrated systems understanding of the pathways and internal structures of microbes and plants
most relevant to developing bioenergy compounds. The Centers will seek to understand the principles
underlying the structural and functional design of selected microbial, plant, and molecular systems. This
will be accomplished by building technological pathways linking the genome-determined components

in an organism with bioenergy-relevant cellular systems that can be characterized sufficiently to gener-

ate realistic options for biofuel development. In addition, especially in addressing what are believed to be
nearer-term approaches to renewable energy (e.g., producing cellulosic ethanol cost-effectively and energy-
efficiently), the Center research team must understand in depth the current industrial-level roadblocks and
bottlenecks (see section, GTLs Vision for Biological Energy Alternatives, below). For the Centers, and
indeed the entire BER effort, to be successful, Center research must be integrated with individual investi-
gator research, and coordination of activities, from DNA sequencing to high-throughput protein develop-
ment and characterization.

'The Centers will have long- and intermediate-term visions in bioenergy research, but they must be suf-
ficiently flexible to allow adjustments in research directions in response to promising developments. The
Centers are envisioned to serve as catalysts for bioenergy-related research supported by the broader GTL
program, coordinate with other GTL-funded projects and, in the long term, with other programs within
DOE. Results of fundamental research and technology development within each Center will be integrated
with other current and future GTL Research Centers and across the entire GTL program.

Research and technology development at the Centers will lie at the frontier of basic science. Although
research will maintain its focus on bioenergy applications, the Centers are intended to maintain the
spirit of basic research, pursuing alternative avenues and a range of high-risk, high-return approaches to
finding solutions. DOE realizes that scientific problems to be addressed by the Centers are inherently
interdisciplinary. The Centers will require personnel with varied skill sets including, for example, exper-
tise in genomics, microbial and plant biology, genetics, proteomics, physiology, biochemistry, structural
and computational biology, bioinformatics, engineering, and, very likely, other areas as well. To this end,
the Centers will include (or coordinate access to) needed technical capabilities such as instrumentation
for producing and characterizing proteins and other required materials; analytical chemistry, including
specialties such as proteomics; instrumentation for characterizing microbial cells, microbial communi-
ties, and plants; and bioinformatics and computation (see Core Technological Capability Needs for GTL
Research Centers, below).

To carry out their research programs, the Centers will be expected to develop core capabilities in or have
access to the analytical, imaging, structural, and computational capabilities requisite for the systems biol-
ogy approach to biofuel production. The Centers also are encouraged to devote resources to developing
new technological capabilities for overcoming challenges that cannot be addressed with currently available
technologies and instrumentation.

'The Office of Science has learned through long experience that effective management of scientific pro-
grams, projects, and facilities is critical to the success of research programs. In common with other major
programs supported by SC, the Centers will be subject to periodic and rigorous outside review of their
scientific program and their management structure, policies, and practices, including reviews by the Office
of Science Office of Project Assessment.
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Role of Biology and Biotechnology
in America’s Energy Future

Biological processes played a key role in producing the fossil fuels so critical to meeting today’s world
energy demand. Fossil fuels are derived from once-living biomaterials that were trapped beneath the sedi-
ments of ancient seas by a series of geological events. Over millions of years, the right mix of heat, pres-
sure, and other factors transformed the biomaterials into fossil fuels. With biotechnological innovations,
biology once again can play an important role in producing high-energy fuels. Plants and photosynthetic
microorganisms are masters at harvesting chemical energy from sunlight—a virtually inexhaustible supply
of energy. By harnessing their photosynthetic and metabolic capabilities, biological systems can be used to
satisfy a greater portion of energy demand.

America’s energy challenge is to meet projected increases in energy demand while decreasing dependence
on foreign sources of energy. From 2004 to 2030, U.S. demand is projected to grow 34%, much more than
the expected increase in domestic production (EIA 2006). Making up this shortfall without importing
more oil and gas will require investments in science and technologies that will improve conservation and
efficiency and expand the domestic energy supply system. A primary goal of the national energy policy is
not only to enlarge the domestic supply but also to broaden our range of options in ways that will reduce
vulnerabilities to supply disruptions and protect the environment (NEPDG 2001).

Another key factor in America’s energy challenge is rising carbon dioxide (CO,) emissions. Carbon diox-
ide is the most abundant greenhouse gas (GHG) in the atmosphere, and, based on projected energy use
between 2004 and 2030, U.S. emissions could increase almost 40% (EIA 2006). With accelerated growth
in fossil-fuel consumption projected for developing regions of the world, by 2025 annual global CO, emis-
sions could be 55% higher than in 2002 (EIA 2005). In 2002, global energy use emitted about 7 gigatons
of CO, (GtC) into the atmosphere. Several long-term projections estimate that these emissions could
more than quadruple by 2100 (Nakicenovic et al. 2000). Stabilizing carbon dioxide concentrations at any
level requires that global emissions derived from human activity (i.e., anthropogenic) must be controlled,
begin a long-term decline, and ultimately fall to virtually zero. To this end, a variety of breakthrough
energy technologies will be needed to significantly reduce GHG emissions, an area where biology can play
a significant role.

DOE’s strategic energy goal is to “protect our national and economic security by promoting a diverse
supply and the delivery of reliable, affordable, and environmentally sound energy” (U.S. DOE 2003).
GTL supports this goal by providing the fundamental scientific knowledge needed to develop biological
technologies that produce clean, renewable, carbon-free, and carbon-neutral alternatives to fossil fuels.
'These biotechnical advances will expand and improve our current portfolio of options and ultimately help
lead to a secure, sustainable energy future for the United States and the world (U.S. DOE 2005). GTL’s
mission science goals are to (1) understand the principles underlying the structural and functional design
of microbial and molecular systems and relevant plant systems and develop the ability to model, predict,
and engineer optimized enzymes, microorganisms, and plants for the production of biologically based
renewable energy sources; and (2) analyze thousands of natural and modified variants of such processes as
cellulose degradation, fermentative production of ethanol or other fuels, and biophotolytic hydrogen and
tuel production.

Applying biology to build a new U.S. bioenergy industry can benefit this nation’s energy security, economy,
and environment in many different ways. Biofuels, especially ethanol from plant material (biomass), have
the potential to reduce our dependency on foreign oil in the transportation sector and diversify our energy-
technology portfolio. As renewable alternatives that can be harvested on a recurring basis, bioenergy crops
(e.g., poplar trees and switchgrass) and agricultural residues (e.g., corn stover and wheat straw) can provide
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American farmers with important new sources of revenue. Consumption of biofuel produces no net CO,
emissions, releases no sulfur, and has much lower particulate and toxic emissions than fossil fuels (Greene
et al. 2004). In addition to ethanol, other biobased energy alternatives include biodiesel, butanol, methanol,
hydrogen, and methane.

Biomass is used to meet only 3% of current U.S. energy consumption (EIA 2006). In 2005, the United
States produced 4 billion gallons of ethanol from corn grain, enough to meet about 2% of the nation’s
gasoline consumption (RFA 2006; EIA 2006). Ethanol from biomass has promise for meeting a signifi-
cantly larger portion of gasoline demand, but higher production costs, technical difficulties, inefhiciencies in
biomass conversion, and uneven distribution across the continental United States currently prevent ethanol
from being cost-competitive with gasoline.

Another concern has been the uncertainty in determining how much land must be dedicated to bioenergy
crops to make a real difference in transportation fuel demand and how this would impact agricultural and
forestry practices. About 60 billion gallons of ethanol would be needed to displace 30% of the nation’s
current gasoline consumption. Producing this much ethanol would require an annual supply of roughly a
billion dry tons of biomass feedstocks. A recent report prepared for the U.S. Department of Agriculture
and DOE has projected that relatively modest changes in the use of farmlands and forests could produce
more than 1.3 billion dry tons of biomass per year (Perlack et al. 2005). As research improves efficiencies
in vehicles, agricultural production, and biomass conversion, the availability of land and sunlight in the
United States should be sufficient to produce a significant portion of the biofuels needed to meet domestic
transportation-related demand without disrupting agricultural land use for food and fiber crops.

In addition to reducing our dependence on oil, biofuels also have great potential for decreasing GHG
emissions associated with fossil-fuel collection and consumption. A transition to such large-scale use of
biofuels and biotechnologies could create a new bioenergy industry potentially worth trillions of dollars
over the 21st Century.

Before biomass and biotechnologies can compete successfully with established energy sources for market
share, much basic research is needed for a more complete understanding of the biological processes under-
lying biofuel production. Applying this understanding in innovative ways will enable the development of
breakthrough technologies.

Genomics and Systems Biology: Microbes

DOE?’s Office of Science, as noted, has played a major role in inspiring, supporting, and guiding the bio-
technology revolution of the last 25 years. DOE’s Office of Health and Environmental Research, precursor
to BER, was the first federal agency to provide directed funding to the Human Genome Project and was
one of three major participants in sequencing the human genome. The BER Microbial Genome Program
supported fundamental environmental microbiology research and the genome sequencing of more than 200
microbes, many with direct relevance to the energy mission. BER’s GTL program, with its mission of sys-
tems biology research for renewable energy production, carbon sequestration, and environmental remedia-
tion, is the direct heir to the human and microbial genome programs. Since 2000, GTL has supported a mix
of fundamental biological research and the development of novel technological capabilities at institutions
across the nation. This research has focused on the diverse biochemical capabilities of microbes and micro-
bial communities and plants as they relate to potential biological solutions to DOE mission challenges.

Every organism’s genome encodes its ability to reproduce, metabolize, and sustain life. Genome data
provide the foundation for studying biological processes rather than examining isolated components.
'The longstanding successful approach to biological research—variously described as “single gene,”
“reductionist,” or “linear”—is piecemeal and, while productive, is not particularly eficient at addressing
questions of biological complexity and integration.
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Microbes can provide the basis for a biotechnology revolution in energy and environmental applications.
These untapped natural treasures are the foundation of the biosphere and sustain all life on earth. Extreme
genetic diversity and the ability to function in complex communities give microbes extraordinary biochemi-
cal capabilities and adaptability. The single-celled organisms are masters at living in almost every environ-
ment and harvesting energy in almost any form, from solar radiation to mineral chemistry, and transforming
it into chemical compounds that power life. Furthermore, the overwhelming majority of microbes do not
cause disease; rather, they enable life to exist. By understanding how microbes function in their many envi-
ronments and by continuing to explore their diversity, we can reveal their contributions to earth ecosystems
and gain access to an extraordinarily vast living library of genetic potential. We also can understand how
microbes can provide the basis for environmental remediation and for creating new sources of renewable,
less-polluting energy sources and new generations of processes for industrial application.

'The new approach for exploration—systems biology—will allow us to envision the microbe as a complete
set of intersecting processes and to create models for simulating microbial operation and response. This

is a major first step toward illuminating the most fundamental principles of living cells and achieving a
predictive understanding of the scale and complexity of natural systems. A comprehensive approach to
understanding biology encompasses many cellular components. Although a genome is a fixed catalogue of
information, a “parts list,” it dynamically determines the machinery of a cell in response to changing envi-
ronments. Thousands of genes encode even greater numbers of proteins that mediate biology in a “just-
in-time” strategy by associating in myriad ways (protein “machines”) to form intricate metabolic pathways
within a cell.

Demonstrating the power of these finely-tuned systems, microbes rapidly respond to environmental cues
by adjusting their entire cellular operation (O"Toole 2003). Microbes, in their adaptability, also have the
best of both the single- and multicellular worlds. Using mechanisms we are only beginning to understand,
microbes carry on a dialogue that establishes community and environmental awareness and enables indi-
vidual microbes to function together as multicellular organisms (e.g., “biofilms”) in complex geochemical
environments. Functions include sensing the environment; assembling appropriate cells or communities of
cells as environmental conditions change; regulating and carrying out cellular functions, including critical
energy capture and manipulation; and providing for reproduction, sporulation, or senescence as conditions

dictate (Check 2002).

Microbes are not merely reactive to environmental changes; they can actively cause (and in the past have
caused) enormous changes to earth’s environment. The most dramatic example is the introduction of oxy-
gen by cyanobacteria some 2.3 billion years ago, thus enabling oxygen-using (aerobic) forms of life that led
to the complex multicellular plants and animals seen today, including ourselves!

We can now rapidly and accurately decode the genomes of microbes and microbial communities in com-
plex natural ecosystems (metagenomes), and early efforts are under way to characterize the diversity of the
accompanying protein sets. While more than 99% of microbes historically have been hidden from study
because they could not be cultured (Handelsman et al. 1998), genomics allows the assessment of these
microbial systems to determine their makeup and some of their functionalities. Other emerging technolo-
gies such as proteomics and imaging will allow us to track molecules and cells in complex living systems to
add a functional perspective without the need for classic culturing.

Genomics and Systems Biology: Plants and Biomass

Optimizing plant biomass for more efficient processing requires a better understanding of plant cell-wall
structure and function. Plant cell walls contain molecules (cellulose, lignin, and hemicellulose) composed
of long chains of sugars (polysaccharides) that can be converted to transportation fuels such as ethanol.

'This process involves using enzymes to break down (hydrolyze) the polysaccharides into their component
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sugars for fermentation by microbes to ethanol. Significant challenges for efficient conversion are both the
large number of enzymes required to hydrolyze diverse sugar linkages and the physical inaccessibility of
these compounds due to the presence of other cell-wall components. Several thousand genes are estimated
to participate in the synthesis, deposition, and function of cell walls, but very few have been identified, and
little is known about their corresponding enzymes. Many questions remain, for example: how polymers
such as cellulose and lignin are synthesized, how cell-wall composition is regulated, and how composition
relates to the biological functions of cell walls. To answer these questions, we need to discover the func-
tions of many hundreds of enzymes, where proteins are located within cells, whether or not they are in
complexes, where and when the corresponding genes are expressed, and what genes control the expression
and activities of the proteins involved. Application of new or improved biological, physical, analytical, and
mathematical tools will facilitate a detailed mechanistic understanding of cell walls. That knowledge will
permit optimization of various processes involved in producing biomass and converting it to fuels.

Major opportunities exist to increase productivity and conversion-process efficiencies by altering funda-
mental aspects of plant growth, development, and responses to biotic and abiotic stress. Altering cell-wall
composition to increase the relative amount of cellulose and decrease lignin, for example, could have
significant effects. Eventually a comprehensive physiological cell-wall model incorporating biophysical
aspects with structural properties and knowledge about the proteins involved will aid in rational develop-
ment of highly productive feedstock species whose cell walls are optimized for conversion.

A systems-level approach to understanding and manipulating plants and microorganisms central to
processing biomass into liquid fuels depends on obtaining and using detailed chemical and biochemical
information on organism states and structures to build functional models. A systems-level understanding
of model plants will facilitate improvement of plant cell-wall composition in crops dedicated to conversion
into biofuels. New approaches and tools will be necessary to characterize the detailed structures of prin-
cipal types of plant cellulose and their relative energies and interrelationships with such other structural
components as lignins and noncellulosic polysaccharides.

GTL's Vision for Biological Energy Alternatives

A national vision for bioenergy and biobased products was defined by the Biomass R&D Technical Advi-
sory Committee (called BTAC): “By 2030, a well-established, economically viable bioenergy and biobased
products industry will create new economic opportunities for rural America, protect and enhance our envi-
ronment, strengthen U.S. energy independence, provide economic security, and deliver improved products to
consumers” (BTAC 2002). GTL supports this national vision by providing a detailed understanding of the
biological processes that mediate bi