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Abstract Over the past 7 years, the US Department of
Energy’s Office of Biological and Environmental Research
has funded three Bioenergy Research Centers (BRCs). The-
se centers have developed complementary and collaborative
research portfolios that address the key technical and eco-
nomic challenges in biofuel production from lignocellulosic
biomass. All three centers have established a close, produc-
tive relationship with DOE’s Joint Genome Institute (JGI).
This special issue of Bioenergy Research samples the
breadth of basic science and engineering work required to
underpin a diverse, sustainable, and robust biofuel industry.
In this report, which was collaboratively produced by all
three BRCs, we discuss the BRC contributions over their
first 7 years to the development of renewable transportation
fuels. We also highlight the BRC research published in the
current issue and discuss technical challenges in light of
recent progress.
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BRC Bioenergy Research Center
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Introduction

In late 2007, the US Department of Energy (DOE), through
the Office of Biological and Environmental Research (BER),
funded three Bioenergy Research Centers (BRCs): (1) the
Joint BioEnergy Institute (JBEI), led by Lawrence Berkeley
Laboratory, (2) the Great Lakes Bioenergy Research Center
(GLBROC), led by the University of Wisconsin—Madison in
close partnership with Michigan State University, and (3) the
Bioenergy Science Center (BESC), led by Oak Ridge Nation-
al Laboratory. Their mission, broadly stated, is to develop the
scientific and engineering approaches, together with
supporting technologies, which will underpin conversion of
lignocellulosic biomass into liquid transportation fuels.
Founding of the BRCs was the culmination of several years
of intensive assessment of the potential for lignocellulosic
biofuels. In 2005, the DOE and the US Department of
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Agriculture (USDA) co-published a document that is common-
ly referenced as the “Billion Ton Study” [1] (updated in 2011
[2]). The purpose of the study was “to determine whether the
land resources of the USA are capable of producing a sustain-
able supply of biomass sufficient to replace 30 % or more of the
country’s present petroleum consumption,” an amount of bio-
mass equivalent to about one billion tons per year. The study
concluded that nearly 1.3 billion tons could be potentially avail-
able, primarily as crop and forestry residues, and that additional
resources could be made available through production of dedi-
cated biomass crops. This was later updated to project a growth
in available biomass from around 500 million dry tons in 2012
to 900 million dry tons in 2022 (baseline case). On a theoretical
feedstock basis, it is noted that oil at $23/barrel and cellulosic
biomass at $60/dry ton has the same cost per unit energy ($4/
QGJ) [3]. A workshop in June 2005 generated an outline for a
research program to address roadblocks in the development of a
biomass-based biofuel industry [4]. In combination with other
reports describing visions for biofuels and biobased products
[5-8], these documents laid a path toward energy and chemical
industries based on lignocellulosic materials.

The DOE developed an initiative for conversion of this re-
newable biomass resource to fuels and proposed support of
several Bioenergy Research Centers focused on biological
routes for the production of liquid fuels from lignocellulosic
biomass. Specifically, BER sought to establish
“multidisciplinary research and technology development cen-
ters that will conduct comprehensive, integrated research and
training programs in energy-related systems and synthetic biol-
ogy. The centers will involve diverse disciplines that included
genomics, microbial and plant biology, genetics, proteomics,
physiology, biochemistry, structural and computational biolo-
gy, bioinformatics, and engineering” [9]. Cellulosic ethanol
was the exemplar fuel, in part, because (1) ethanol is already
integrated in the fuel supply, (2) switching from starch-based to
cellulose-based sugars for ethanol fermentation could have sig-
nificant positive environmental consequences, and (3) much of
the technology required to make cellulosic sugars for ethanol
production is also applicable to production of other fuels from
these sugars. BER explicitly recognized the integrative nature
of the science and engineering necessary to attack the many
complex issues facing biomass conversion to fuels and chose
to fund centers, rather than individual grants, to support this
integration. This center-based approach for multidisciplinary
fundamental bioenergy research was both a new approach for
bioenergy and a change for DOE [10]. By late FY2007, BER
had completed the review process and established the three
BRCs.

Bioenergy Science Center Biomass recalcitrance—or the re-
sistance of plants to deconstruction—is the primary barrier to
efficient and economical accession of fermentable sugars for
second-generation biofuels that will directly displace
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petroleum [11]. Understanding and overcoming this recalci-
trance continues to be the central research theme of BESC.
The defining goal of BESC is “to enable the emergence of a
sustainable cellulosic biofuel industry by leading advances in
science and science-based innovation resulting in the removal
of recalcitrance as an economic barrier.” Convinced that bio-
technological approaches hold the most promise for achieving
these breakthroughs, BESC is developing plants that are easier
to deconstruct and microbes that more effectively convert lig-
nocellulose into simple sugars. BESC—while led by Oak
Ridge National Laboratory (ORNL)—is the most virtual of
the BRCs and sought researchers from institutions across the
USA to bring breadth and depth of expertise to the challenge
of overcoming biomass recalcitrance. BESC currently has 18
partners from national laboratories, academia, industry, and a
private foundation. BESC has changed its composition by
adding and discontinuing about five partners over the years.

BESC'’s targeted focus on recalcitrance is singular among
comparable institutions worldwide. In the past 7 years, BESC
has made crucial progress toward understanding, manipulat-
ing, and managing plant cell wall recalcitrance and conver-
sion. Notably, the BESC team proved the core concept that
multiple genes control cell wall recalcitrance and that manip-
ulating these genes can yield perennial biofeedstocks with
enhanced deconstruction. This research paves the way for
improving feedstocks directly or by genetic modification. In
conversion science, BESC has identified and validated key
microbial gene and enzyme targets for consolidated
bioprocessing (CBP), a game-changing, one-step strategy that
uses a single microbe or culture to both deconstruct biomass
and ferment resulting sugars into fuels. Researchers are begin-
ning to modify these CBP targets to improve conversion and
enhance products. In addition, BESC has shown the potential
of thermophilic microbes in biomass conversion and identi-
fied the critical deconstruction enzymes for key components
of lignocellulosic biomass.

Great Lakes Bioenergy Research Center GLBRC’s mission
is to “perform the basic research that generates technology to
convert cellulosic biomass to ethanol and advanced biofuels.”
It is the only BRC housed primarily within academic institu-
tions. The center is based at the University of Wisconsin—
Madison in a major partnership with Michigan State Univer-
sity. Over the first 7 years, 16 additional institutions have been
members of the center, with the number changing as individ-
ual projects are initiated or completed. The Wisconsin Alumni
Research Foundation provides coordinated intellectual prop-
erty portfolio management for GLBRC.

GLBRC targets two important knowledge gaps: sustain-
able biofeedstocks with desired traits for biofuels and efficient
biomass conversion into fuels and chemicals. Sustainable pro-
cesses are at the core of the GLBRC operating philosophy, and
the center spends substantial effort to understand the
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environmental impacts of the biofuels value chain, from bio-
mass production through combustion of the resulting fuel. The
other three research foci, as with the other BRCs, involve
understanding and modifying plant biomass, biomass decon-
struction, and synthesis of fuels via microbial and chemical
means. GLBRC has developed a pipeline to move research
biofeedstock samples throughout the center and the down-
stream laboratory processes.

GLBRC has also focused on community education and
outreach (E&O). E&O staff regularly speak at conferences
and in classrooms locally and nationally, directly reaching
over 3000 people per year. Many of these are educators who
also train their colleagues in the programs that GLBRC pro-
vides. E&O staff also regularly appear on Wisconsin Public
Radio to discuss bioenergy issues. GLBRC web pages with
information on our classroom materials and corresponding
programming are currently receiving approximately 18,000
page views per year. The pages currently provide 25
classroom-vetted activities based on GLBRC research.

Joint Bioenergy Institute The Joint BioEnergy Institute
(JBEI) is taking an integrated systems approach to address
the roadblocks in renewable fuel production. JBEI draws on
the expertise and capabilities of four national laboratories—
Lawrence Berkeley National Laboratory (LBNL), Sandia Na-
tional Laboratories (SNL), Lawrence Livermore National
Laboratory (LLNL), and Pacific Northwest National Labora-
tory (PNNL)—and three leading US academic institutions—
University of California campuses at Berkeley (UCB) and
Davis (UCD) and Carnegie Institution for Science—to devel-
op the scientific basis for conversion of energy stored in lig-
nocellulose into renewable biofuels. To facilitate collaboration
and integration, JBEI has co-located nearly all researchers
from the partner institutions in one location in Emeryville,
CA, and established an organizational structure that fosters
cross-divisional research and use of JBEI-developed and other
scientific tools to accelerate its feedstocks-to-fuels program.
JBET’s research program reflects the integrated nature of
the feedstocks-to-fuels process, with a focus on the production
of advanced biofuels that are “drop-in” replacements for gas-
oline, diesel, and aviation fuels. The JBEI research program is
carried out by three scientific divisions that address the chal-
lenges associated with the production of advanced biofuels
(Feedstocks, Deconstruction, and Fuels Synthesis) and a
Technology Division. A multidisciplinary approach is re-
quired to address the challenges in converting biomass to re-
newable gasoline, diesel, and aviation fuels. For example, the
tools developed by the Technology Division, such as the R&D
100 award-winning nanostructure-initiated mass spectrometry
(NIMS) platform technology [12, 13], have enabled high-
impact science within JBEI, with the other BRCs, and with
other external collaborators, in the screening of enzyme and
microbial activities on lignocellulosic substrates [14, 15].

In addition to the core S&T program, JBEI has developed a
technoeconomic model for a biorefinery that helps researchers
understand the economic impact of their work. JBEI’s com-
mercialization team actively licenses the intellectual property
generated to companies and promotes the creation of start-up
ventures around the most promising discoveries. In addition,
JBEI has a strong public and educational outreach program
that educates high school, undergraduate, and graduate stu-
dents, post-doctoral fellows, and the general public and, as
such, is populating the workforce and academia with trained
biofuel experts. Collectively, JBEI’s integrated research ap-
proach, co-located staff, and commercialization strategy pro-
vides the science, technology, and translational mechanisms to
enable industry to bring advanced fuels to market.

Support from the US Department of Energy

Each center received $10 M of start-up funding and $25 M per
year for the first 5 years. Additional in-kind support was gen-
erally provided to each center by their sponsor institutions and
state sources. A portion of this funding was used by each BRC
to establish unique core computational and wet lab facilities to
support the specific science within each research portfolio and
to fund administrative positions. An additional $13.5 M in
equipment support was provided from the American Recov-
ery and Reinvestment Act of 2009 (ARRA). Links among the
centers eventually led to collaborations that provided core
services to scientists across all BRCs. The centers were
renewed for a second 5-year term in 2012, again at $25 M
per year.

In addition, all three centers have established a close rela-
tionship with DOE’s Joint Genome Institute (JGI), based in
Walnut Creek, CA (see below). JGI is a DOE User Facility
that provides a range of capabilities for genome sequencing,
metagenomics, transcriptomics, DNA synthesis, and associat-
ed bioinformatics. BER enabled this relationship through al-
location of a specific fraction of JGI sequencing capacity to
each BRC, and this allocation allowed the BRCs to consider
very large sequencing projects that could target core questions
in biofuel technology development. Founding of the BRCs
approximately coincided with the emergence of next-
generation sequencing, particularly 454 and Illumina technol-
ogies, and the subsequent rapid decrease in sequencing costs.
Therefore, each center’s allocation increased significantly
over the initial funding period, as these technologies be-
came established at the JGI. An early agreement among
the BRCs permitted JGI to dynamically balance the re-
quested sequencing bandwidth across all centers, depend-
ing on quarterly demand. Thus, when a particular BRC
requested less sequencing bandwidth than allotted in a
particular quarter, it was made available to other BRCs.
This process was facilitated by several cross-BRC
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projects on plant genomes (particularly switchgrass) that
relied heavily on sequencing resources.

All three BRCs were renewed in late 2012 for an additional
5 years, and DOE has reiterated its support of basic research for
sustainable bioenergy [16]. This renewal has permitted contin-
ued exploitation of the infrastructure and relationships
established in the first 5 years and supports continued focus
on sustainable production of lignocellulose-derived fuels. The
renewal extends the productive relationship between the BRCs
and JGI, including joint projects on the switchgrass genome,
biomass pretreatment, and glycohydrolase enzymology.

The funding remained flat in the second 5 years, at $25 M/
year/center. Fortunately, inflation has been low, averaging
about 1.5 % over the first 7 years [17], meaning that budgets
have declined by only about 10 % in real dollars over the
period. All centers have consistently leveraged DOE funding
with other sources, including funding from the institutional
hosts, fellowships, and complementary grants. In addition,
although the rapid decrease in sequencing costs has slowed,
at least temporarily, nascent technologies are expected to con-
tinue the general downward trend and increased capacity.
JGI’s continued work at the forefront of functional genomics
remains an essential tool for increasing productivity.

JGI Capabilities and Collaborations with the BRCs

The Joint Genome Institute (JGI) is a genomics user facility
funded by DOE’s Office of Science to produce genomes and
analysis of relevance to alternative energy production, global
carbon and nutrient cycling, and biogeochemistry. JGI was
formed to participate in sequencing of the human genome,
and following completion of that project, JGI made the tran-
sition to become a user facility carrying out high-throughput
sequencing and analysis, now serving more than 1200 users
annually. From the inception of the BRCs in 2008, JGI has
devoted 30 % of its annual effort to them and prioritized their
projects. JGI’s annual sequencing performed for the BRCs has
increased more than 100-fold from 270 Gb in 2009 to 28 Tb in
2014 (Fig. 1). This increase was driven primarily by a >90-
fold reduction in the cost of next-generation sequencing.

JGI is more than a DNA sequence producer, having devel-
oped a number of specialized pipelines not widely available
elsewhere. For example, JGI is the world leader in the se-
quencing and analysis of complex plant genomes and used
this expertise for sequencing of bioenergy crops that the BRCs
have leveraged in their work: Populus trichocarpa, S. italica,
Brachypodium distachyon, and, more recently, P. virgatum
(switchgrass) and its diploid relative, Panicum hallii (all
available at www. Phytozome.net). Consistent with this focus
on bioenergy-related “flagship” genomes, JGI developed ad-
ditional tools and strategies of special interest to the BRCs
including large-scale genotype-by-sequencing and exome
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Fig. 1 Nucleic acid sequencing by JGI in support of BRC projects
through 2014. The total number of sequenced base pairs produced by
the JGI for the BRCs (red line) relative to the total number of base pairs
sequenced (blue line). Note the logarithmic scale on the vertical axis. FY
on the horizontal axis refers to JGI's fiscal year (October-September)

capture strategies to characterize variation within a popula-
tion. These are now being applied at scale in poplar, maize,
rice, and switchgrass.

Similarly, the JGI has robust pipelines for microbial and
metagenome sequencing that are routinely employed by the
BRC:s. Since full-scale deployment of the Illumina short-read
sequencing platform in 2011, JGI produced more than 200
bacterial genomes, 33 fungal genomes, 400 metagenomes,
and completed more than 2200 resequencing experiments.

In 2012, JGI published a 10-year Strategic Vision, and a
central element of that vision is the development of new ca-
pabilities that enable functional interpretation of genomic da-
ta. Chief among these is the ability to write DNA in addition to
reading it. JGI now produces >4 Mb of synthetic DNA annu-
ally, and nearly 50 % of this is consumed by BRC projects.
This allows the BRCs to mine genome and metagenome se-
quences for activities of interest and alter them for expression
and testing as was the case for a large collection of GH1
enzymes tested for IL, pH, and temperature tolerance. JGI also
has developed CRISPR/Cas9 genome editing technology,
high-throughput transposon mutagenesis, and metabolomic
capabilities that are now at the disposal of the BRCs.

The BRCs and Key Scientific and Engineering
Challenges in Lignocellulosic Biofuel Production

The core function of the BRCs is to provide basic re-
search that addresses the primary challenges to developing
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a sustainable liquid biofuel industry. The research portfolio
of each center is built around these challenges, with com-
plementary, and often collaborative, approaches taken. The
key challenges identified by the centers during the first
years include the following:

1. Biomass supply and sustainability

¢ The environmental, social, and economic sustainabil-
ity of growing and collecting biomass for biofuels
must be thoroughly evaluated to permit data-driven
policy decisions in both the public and private sectors.

* Sources of “residual” non-food lignocellulosic bio-
mass are diverse and dispersed, biomass is generally
low-density, and there is no established supply chain
for collecting, transporting, and delivering this mate-
rial to biofuel facilities.

2. Bioenergy crop optimization

* In contrast to crops used for food and fiber, there are
no crops that have been developed specifically for use
as cellulosic biofuel feedstock. Identification of opti-
mal agronomic properties, plus additional fundamen-
tal knowledge of plant cell wall synthesis and struc-
ture, can enable production of optimized crops.

* Programs for optimizing plant oils for biofuel appli-
cations, and producing oils within the vegetative tis-
sues of plants, promise to make energy-dense oils
more readily available as biofuels or biofuel
feedstocks.

3. Deconstruction of biomass

* Deconstruction of lignocellulosic polymers to
yield useful small molecules at low costs is
the primary technical barrier to economical
liquid biofuels. Scalable, sustainable, and af-
fordable processes must be developed to han-
dle diverse feedstocks at low cost. These tech-
nologies are expected to fall into these cate-
gories: biomass pretreatment followed by en-
zymes, consolidated bioprocessing, direct
chemical deconstruction of biomass into fer-
mentable sugars, and hybrid biochemical and
thermochemical unit operations to deconstruct
biomass.

» The three centers have focused on different, and com-
plementary, core technologies for pretreating biomass
and generation of fermentable sugars. GLBRC focus-
es on alkaline pretreatments, including ammonia-
based and hydrogen peroxide-based pretreatments.
JBEI has focused on ionic liquids and on identifying

enzymes and microbes that can tolerate these com-
pounds, and BESC has utilized dilute acids and fo-
cused on minimal or hot water pretreatments.

4. Conversion of biomass to fuels

» Reaching the biological limits in ethanol production
from cellulosic polysaccharides including minimizing
inhibition, fermenting multiple sugars, and consoli-
dated bioprocessing.

* Conversion of sugars to non-ethanol liquid fuels,
through either biological or chemical routes, must be
made more energy-efficient and economical.

* Lignin is approximately one third of biomass by
weight, and the valorization of lignin beyond burning
for heat will make lignocellulosic fuel technologies
more cost-competitive by effectively utilizing the lig-
nin for chemicals or fuels.

Biomass Supply and Sustainability

GLBRC is the BRC most focused on sustainability of biomass
production, taking advantage of the strong agricultural pro-
grams at both UW-Madison and MSU. A primary goal is to
understand the underlying factors responsible for environmen-
tal sustainability of biomass production, and how socioeco-
nomic factors like costs and the differing priorities of land-
owners will affect adoption of the most sustainable practices.
Sustainability research at GLBRC focuses on the following:
(1) novel production systems; (2) microbe-plant interactions;
(3) biogeochemical processes; (4) biodiversity services; (5)
economic services; and (6) biophysical, economic, and life
cycle modeling. The modeling group draws on data generated
by the other groups.

A good example of how modeling builds on the work of
other BRC scientists is included later in this issue [18]. This
life cycle assessment builds on data generated from field ex-
periments, pretreatment, deconstruction, and fuel synthesis
from the BRCs and many other sources to comprehensively
assess the environmental impact of eight ethanol production
scenarios in Michigan and Wisconsin. The research shows the
importance of including specific agricultural practices and
spatially explicit data in modeling efforts. Field research gen-
erated by GLBRC sustainability scientists is specifically de-
signed to provide the knowledge necessary for these types of
modeling efforts.

BESC has shown that the switchgrass rhizosphere can
be altered by specific fungal colonization to increase bio-
mass yield in the greenhouse under both normal water and
drought conditions [19]. BESC is also examining key nu-
trient uptake parameters in switchgrass. In order to capture
and understand the power of range of natural variation in
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Populus biology, BESC established common gardens with
a thousand replicated individuals in three environmental
locations. While the biological goals were for improved
biomass (discussed below), BESC now has over 3 years
of growth data for this population with evidence for ad-
aptation under selective pressure [20].

Biomass Crop Optimization

GLBRC has focused on understanding the basic biochemistry
of plant cell wall synthesis so that the knowledge can be ap-
plied to optimize plants as biofuel feedstocks. The Center has
put particular focus on the modification of lignin to make it
more easily deconstructed, thereby reducing costs and increas-
ing sugar yields. The main concept is to introduce large num-
bers of ester bonds, which are significantly more labile than
the normally abundant ethers, into the lignin backbone (so-
called, Zip-Lignin"". The key has been identifying the en-
zymes necessary to make monolignol ferulate conjugates
and expressing them in the proper locations for incorporation
into the growing lignin chain.

Transcript profiling in collaboration with JGI led to identi-
fication of putative feruloyl monolignol transferase (FMT)
genes in Angelica sinensis, balsa, and kenaf [21-23]. Charac-
terization of proteins expressed from the cloned genes showed
the appropriate activity with feruloyl-CoA, with very low re-
activity on potentially competing substrates [23]. The first
generation of engineered poplar expressing FMT showed sig-
nificantly increased ferulate in the lignin, and the engineered
biomass is significantly more easily degraded. Moreover, the
plants appear to grow normally, as compared to the non-
transgenic controls. The center is currently engineering addi-
tional lines and proceeding toward field trials of the modified
poplar in order to provide sufficient material for large-scale
testing as a biofuel feedstock.

BESC focused on two approaches for understanding and
improvement: cisgenic manipulations and exploiting natural
variation. These were carried out in potential biofeedstocks;
switchgrass (Panicum virgatum) as a perennial grass and sev-
eral Populus species as a fast-growing woody plant. The pri-
mary goal was to decrease recalcitrance. These studies re-
quired development of a series of new platforms to analyze
the thousands of resulting plant samples for composition, pre-
treatment, and saccharification [24]. This cisgenic genetic en-
gineering has shown that lignin can be manipulated at both the
gene and the pathway level to decrease recalcitrance [25, 26].
It has also been demonstrated that manipulation by knock-
down or overexpression of cellulose and of xylan can also
decrease recalcitrance. Unexpectedly, manipulation of pectin
formation such as by the GAUT genes will also improve sac-
charification, even though pectin is a very small component of
the secondary plant cell wall [27, 28]. Further evidence of the
importance of pectin in the structure and accessibility of
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biomass comes from the use of a cellulolytic microorganism
which had a pectinase gene cluster deleted and was deficient
in its ability to degrade normal complex lignocellulosic bio-
mass [29]. This research is a good example of the cross-
disciplinary work made possible through the BRCs.

Another long-standing concern for low recalcitrance
biofeedstocks is their durability in the field. BESC now has
Ito 3 years of field data for various switchgrass transgenics
showing not only survival for many (but not all) greenhouse-
tested lines, but also equal or better growth along with lowered
recalcitrance [30]. This collaborative effort indicates that a
“better biofeedstock,” with the combined goals of good agro-
nomic characteristics and improved conversion, is possible
[31].

Likewise, the natural variation in both recalcitrance and in
growth has been observed. The largest genome-wide popula-
tion association study (GWAS) to date involves over a thou-
sand Populus tricocarpa individuals planted in several envi-
ronments. These individuals were resequenced by JGI and
now provide a resource for numerous growth characteristics
as well as measurements in composition [32]. With over
3 years of observations, several of the lines have shown great-
ly reduced recalcitrance on par with the best field transgenics.
BESC also has efforts with natural variation in switchgrass
and with transgenic manipulations in Populus sp.

Sequencing the switchgrass genome has been a collabora-
tion among all three Bioenergy Research Centers, JGI and the
switchgrass research community. Foxtail millet (Setaria
italica) was sequenced as a template and scaffold for the
P virgatum genome [33]. A first draft of the genome was
completed and work is proceeding on a second draft to be
released by JGI. This data resource has included a large num-
ber of ESTs [34].

At JBEI, researchers in the Feedstocks Division have made
breakthroughs in the discovery and characterization of key
enzymes controlling cell wall biosynthesis and modification
in the model plants Arabidopsis and rice. The identified en-
zymes include acetyl and feruloyl transferases involved in
hemicellulose modification [35-37] and several enzymes in-
volved in hemicellulose and pectin biosynthesis [38—41].
Among the enzymes identified are two novel glycosyl trans-
ferases involved in adding side chains to xylan, the most abun-
dant non-cellulosic polysaccharide in biomass [39]. Modulat-
ing the expression of these glycosyl transferases, as well as the
acetyl and feruloyl transferases, led to substantially improved
saccharification. A key objective of JBEI is to develop tech-
nologies and resources to rapidly advance the understanding
of cell wall biosynthesis. In collaboration with the Technology
Division, the Feedstock Division has cloned nearly 90 %
(400 out of 450) of the glycosyltransferases genes in
Arabidopsis, as well as about 15 % of those encoded by
the rice genome [42]. All clones have been validated as full
coding sequences and are available as a collection to the
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community in functional genomic compatible vectors for
high-throughput functional assays, clones are available from
public resources (e.g., ABRC,) and updates to the collection
can be found at http:/gt.jbei.org/. The collection represents
an ongoing commitment by JBEI to provide resources to the
plant research community to fast-track the development of fu-
ture biofuel crops. Novel transcription factors, as well as nucle-
otide sugar transporters and interconverting enzymes that im-
pact cell wall composition, were identified [39, 43, 44]. JBEI
scientists have developed and validated highly effective proce-
dures for cell-specific genetic engineering in plants, and using
novel engineering strategies, JBEI researchers have generated
plants with altered cell wall composition [45, 46]. Altering the
lignin composition, or its spatial distribution, makes a signifi-
cant impact on biomass deconstruction.

Based on these discoveries in model plant systems, JBEI
has made significant progress in trait translation from model
species (rice and Arabidopsis) to potential biofuel crop by
engineering switchgrass plants with the lignin polymerization
reduction and low ferulate traits previously described in
Arabidopsis and rice, respectively [47, 48]. This includes a
demonstration that switchgrass lines overexpressing the rice
OsAT10 acyltransferase have a 40 % increase in saccharifica-
tion yield following mild pretreatment (hot water, 100 ° C for
1 h). Recently, these lines were characterized using ionic lig-
uid (IL) pretreatment and enzymatic saccharification. Unlike
the results using hot water, glucose yields in IL-treated
OsAT10 overexpressing lines positively correlated with en-
hanced ferulic acid and p-coumaric acid content. Analysis of
transgenic switchgrass plants expressing key rice stress genes,
wall-associated kinase-25, and cell wall regulatory proteins is
underway. In order to improve success in switchgrass engi-
neering, JBEI generated a series of 12 binary vectors for sec-
ondary cell wall expression. Several of them are already in
process to be tested in switchgrass and validated with lignin
engineering strategies.

Biomass Deconstruction

As part of an effort to better understand natural biomass de-
construction systems, GLBRC collaborated with JGI to obtain
the genome sequences of more than 25 novel biomass-
utilizing organisms from a diversity of ecological niches. Al-
though these genomic sequencing efforts offer extensive lists
of genes annotated as potential polysaccharide-degrading en-
zymes, further biochemical and functional characterizations of
the encoded proteins and accompanying pretreatment research
are needed to realize the full potential of this natural genomic
diversity. To improve the understanding of the relationships
between sequence and function in the biofuels phylogenetic
space, a collaborative project among JBEI, GLBRC, and JGI
combines state-of-the-art gene synthesis, robotic cell-free

protein translation, multiplexed functional analysis, and struc-
ture determination.

Deconstruction researchers are interested in multifunction-
al enzymes and how they might be used to simplify the com-
position of enzyme cocktails. GLBRC researchers using bio-
chemical assays, X-ray crystallography, substrate docking,
and mutagenesis discovered that CelE was a multifunctional
enzyme [49]. Ongoing collaborative work between GLBRC
and JBEI using oxime derivatization of products and detection
by NIMS at JBEI is yielding a unique time-resolved picture of
biomass deconstruction by engineered CelEcc CBM3a and
other enzymes [14]. For IL-pretreated switchgrass, monosac-
charides and oligosaccharides derived from both cellulose and
hemicellulose can be simultaneously detected, accounting for
more than 50 % yield of soluble sugars at relevant enzyme/
biomass loadings. The time course of these reactions can be
modeled by the kinetic schemes shown using numerical sim-
ulation, providing a new approach to quantitative modeling of
the rate-limiting steps in biomass deconstruction.

GLBRC researchers used CelE as a phylogenetic anchor
then performed multiple sequence alignments curated with
experimental information to identify 65 other putative multi-
functional enzymes from metagenomes, uncultured bacteria,
and some known organisms (unpublished results). Colleagues
at JGI successfully synthesized 57 of the corresponding genes,
and 56 were expressed using GLBRC’s high-throughput ro-
botic protein production platform. Among these newly
expressed proteins, 40 showed activity with at least one sub-
strate (cellulose, lichenan, xylan, mannan), and 12 enzymes
reacted with all substrates tested. Catalytic constants, pH op-
tima, and thermal stability show a remarkable range, thus of-
fering many new opportunities for assembly of customized
enzyme cocktails. Further evaluations of these enzymes are
underway by scientists in the GLBRC and JBEL

At JBEI, researchers in the Deconstruction Division began
addressing the challenges in developing an effective approach
for pretreating biomass and comparing different pretreatment
techniques. The IL pretreatment process with imidazolium-
based ILs, such as 1-ethyl-3-methylimidazolium acetate
([C,C4Im][OACc]), was found to consistently provide higher
yields of fermentable sugars than those resulting from other
pretreatment technologies, such as dilute acid [50] and ammo-
nia fiber expansion (AFEX) [51]. The IL pretreatment method
developed at JBEI provides up to 90 % recovery of the IL [52]
and a readily hydrolyzable solid product. JBEI has shown that
this IL process can also efficiently pretreat hardwoods, soft-
woods, grasses, and agricultural residues and generate high
yields and concentrations of fermentable sugars using both
commercial cellulase enzymes and enzymes developed at
JBEI [53, 54]. JBEI researchers also developed a techno-
economic model of biofuel production using the IL pretreat-
ment technology to benchmark progress in terms of cost and
process efficiency [55]. The key to an economically viable
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and scalable IL pretreatment technology is to develop efficient
and cost-competitive processes to recover sugars and lignin
and recycle IL for reuse. JBEI has developed and tested sev-
eral IL recycle and recovery strategies. The investigators have
demonstrated an improved liquid-liquid membrane extraction
method that recovers >90 % glucose and >95 % xylose at
ambient temperature, and the recycled IL retains >95 % of
its original pretreatment efficiency. Additionally, JBEI evalu-
ated membrane (micro-, ultra-, and nano-) filtration and
electro-dialysis separation technologies in conjunction with
newly developed “one-pot™ IL pretreatment and saccharifica-
tion process [56, 57].

Imidazolium-based ILs effectively pretreat biomass and
generate high yields of fermentable sugars from a wide range
of biomass feedstocks. However, the best performing ILs are
derived from non-renewable sources such as petroleum. Re-
searchers at JBEI reported on the first of its kind synthesis and
evaluation of a series of ILs from monomers obtained from
lignin and hemicellulose [58]. Reductive amination of the lig-
nin and hemicellulose-derived aromatic aldehydes followed
by treatment with phosphoric acid provided three ILs in ex-
cellent yields. Enzymatic saccharification with two of these
renewable “bionic liquids” provided 90 and 96 % of total
possible glucose and 70 and 76 % of total possible xylose,
respectively, after biomass pretreatment. It is hypothesized
that the mechanism of action of the lignin and
hemicellulose-derived ILs is therefore more akin to other bi-
ologically derived ILs, such as ILs prepared from choline.
Glycome profiling experiments conducted in collaboration
with BESC further suggested that the new bionic liquids act
on plant cell walls by a mechanism distinct from
[C,C{Im][OAc]. These results show significant potential for
the realization of a “closed-loop” process for future lignocel-
lulosic biorefineries [58].

In addition to the core IL pretreatment technology, JBEI
researchers have also been working on developing IL-tolerant
enzymes and microbes. In collaboration with JGI and the En-
vironmental Molecular Sciences Laboratory (EMSL) at
PNNL, expression of thermotolerant cellulases from a
switchgrass-adapted metagenome identified a number of
endoglucanases and (3-glucosidases that were active in
<40 % [C,Cim][OAc], including cellulases that had higher
activities in the presence of IL [59]. These metagenome-
derived enzymes have been used in developing purified
thermo/IL tolerant cellulase mixtures by the Enzyme Optimi-
zation group. Comparative metagenomics were used to iden-
tify acellobiohydrolases (GH48s) present in thermophilic
solid-state rice straw microbial communities that are also be-
ing tested by the Enzyme Optimization group [60]. Compar-
ative proteomics in collaboration with EMSL with cellulose-
adapted communities revealed that the level of GH12 in the
supernatant was a critical determinant for activity on crystal-
line cellulose, an unexpected result as GH12 is an
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endoglucanase and the levels of the canonical exoglucanases,
GH48 and GH6, as well as the AA10 protein (CBM33) did
not correlate with increased activity on crystalline cellulose.
Heterologous expression of a minimal cellulase mixture from
Thermobispora bispora is being performed to understand the
role of GH12 in hydrolysis of crystalline cellulose.

BESC has targeted consolidated bioprocessing (CBP)
which attempts to combine biomass deconstruction and con-
version to fuels into one step. With CBP, BESC has attempted
to move from dilute acid pretreatment to hot water and even to
only autoclaving as a minimal pretreatment. BESC attempted
two strategies: to add cellulolytic capabilities to a good
ethanologen (i.e., yeast) and to modify native cellulolytic fer-
mentative microorganism into good fuel producers [61, 62].
The work has focused on cellulolytic thermophiles because of
the high rates of biomass consumption [63]. It has greatly
improved genetic tools for Clostridium thermocellum and de-
veloped tools for Caldicellulosiruptor sp. [64].

The use of genetically engineered and evolved mutants of
C. thermocellum was combined with resequencing and other
omics experiments to provide insights on ethanol tolerance. A
mutation in the alcohol dehydrogenase gene, adhE, conferred
a significant ethanol tolerance phenotype to C. thermocellum
[65—67]. Further biochemistry showed that one of the effects
of this mutation was a change of redox co-factor specificity
from NADH to NADPH. This further supports the view of the
importance of redox pathways in these fermentations, as well
as in the metabolic modeling.

While pretreatment still improves conversion, significant
conversion can nevertheless occur with minimal pretreatment
using a naturally cellulolytic microorganism [68]. This ap-
pears to be linked to the mechanisms of enzymatic attack by
cellulolytic enzymes of these thermophiles [69]. The primary
cellulase from Caldicellulsiruptor, CelA, was shown to be the
most efficient enzyme for cellulose degradation [70].

While the three centers have different deconstruction strat-
egies, a collaboration between the three BRCs has developed
to compare and contrast the three different core conversion
technologies. By using a single common feedstock (e.g., corn
stover) and using consistent analytical protocols, the cross-
BRC pretreatment collaboration has provided new insights
in the mechanisms and impacts of the three different classes
of pretreatment [51, 71-73]. The resulting series of papers
form the foundation of an ongoing collaboration that will ex-
pand into evaluation of selected and engineered feedstocks in
order to establish a genotype-phenotype relationship that
covers the fuels-to-feedstock pipeline at all three BRCs.

Conversion of Biomass to Fuels
In addition to the ethanol CBP research above, BESC has

shown that fuels other than ethanol can be produced by
CBP. This involves the addition of the isobutanol pathway
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into a cellulolytic Clostridium [74]. Engineered CBP mi-
crobes such as C. thermocellum can be combined with
engineered plants (the RNAi knockdown of catechol-O-meth-
yltransferase in switchgrass) with an additive improvement in
the conversion and ethanol production [75].

The primary research goal of JBEI’s Fuels Synthesis Divi-
sion is to identify challenges and develop approaches to en-
able engineering of microorganisms to efficiently convert
sugars to advanced biofuels with properties similar to
petroleum-based fuels. To that end, fuel synthesis pathways
based on the fatty acid, isoprenoid, polyketide, and aromatic
amino acid biosynthetic pathways were developed. These
pathways are being engineered into one or both of two host
organisms: Escherichia coli and Saccharomyces cerevisiae.
Because yields and productivities must be high to make pro-
duction of biofuels economically viable, researchers
engineered central metabolism in these two host strains to
deliver precursors to the biosynthetic pathways. This requires
new computer-aided design software and genetic tools to con-
trol expression of the genes and metabolic models to identify
pathway constraints.

JBEI researchers are engineering S. cerevisiae to produce
fatty acid-derived fuels by overexpressing ACCI, FASI and
FAS2, DGAT, and TesA [76]. In prior work, JBEI achieved free
fatty acid titers of greater than 400 mg/L. JBEI researchers
made pathway and host engineering modifications to E. coli
strains bearing a novel pathway for biosynthesis of C;; to C;5
methyl ketones [77]. These modifications resulted in a 160-
fold increase in titer in minimal medium (1 % glucose) relative
to the best strain reported in 2012, with attainment of a yield
that is 40 % of the maximum theoretical value and a titer of
3.4 g/L in 45 h in fed-batch fermentation. These are the
highest titers and yields of methyl ketones (other than acetone)
yet reported in engineered or native bacteria. Bisabolane (re-
duced o-bisabolene; cetane number of 52.6) is a promising
diesel and bio-jet fuel candidate [78]. JBEI researchers have
engineered the bisabolene-producing E. coli and S. cerevisiae
strains to achieve titers of ~3.5 and ~6 g/L, respectively. Re-
searchers at JBEI have engineered E. coli to produce the ter-
penoids limonene and «-pinene, by expressing genes
encoding codon-optimized geranyl diphosphate (GPP) syn-
thase and Abies grandis limonene synthase (for limonene)
and pinene synthase (for pinene). Limonene titers were im-
proved from 50 to 450 mg/L through metabolic engineering
efforts [79] and have been further improved to 600 mg/L by
balancing the pathway from the analysis of proteomics data.

JBEI has also developed synthetic biology tools to enable
the entire R&D community. One example of these software
tools is the Design, Implementation, Validation Automation
(DIVA) software. JBEI released DIVA v1.7.0 and initiated the
DIVA PCR Service for researchers. Over 75 designs have
been submitted to the DIVA PCR Service by Deconstruction,
Fuels Synthesis, and Technology Division scientists at JBEIL.

Both the JGI and the DNA Foundry at the University of Ed-
inburgh have now adopted DIVA. Another example of these
software tools is the Inventory of Composable Elements (ICE)
repository software. JBEI released ICE v4.0.0 [42, 80], which
offers improvements including the following: (1) hierarchical
DNA components: enables ICE entries to be capable of con-
taining other ICE entries; (2) audit log: maintains activity in-
formation (e.g., view and edit) on each ICE entry; (3) private
remote collaboration: enables members of an ICE instance to
privately share, through the “Web of Registries,” their entries
with members on a different ICE instance; and (4) bulk upload
improvements: performance improvements to allow larger
numbers of entries to be uploaded and more “Excel-like”
interface features such as “click to drag” and “copy/paste.”
Furthermore, ICE has been integrated with JBEI’s Experiment
Data Depot (EDD). In support of the DIVA platform and PCR
Service, JBEI developed j5 [81] to output PR-PR [82] scripts
for split-and-pool PCR reactions (crucial to the success of
Quick Change and one-part circular polymerase extension
cloning (CPEC) reactions) as well as to output PR-PR scripts
for DNA assembly reactions.

GLBRC has been particularly interested in the roles played
by various small-molecule inhibitors during biofuel synthesis
by microorganisms. These inhibitors may be produced during
biomass pretreatment and are therefore often process-specific
[83—85]. But, the fuels themselves can also be inhibitory, and
understanding the nature of this inhibition is essential to iden-
tifying compensatory measures. For example, GLBRC scien-
tists showed that, at least in E. coli, ethanol toxicity largely
results from inhibition of “central dogma” processes of tran-
scription and translation [86]. These results, obtained through
isolation of ethanol-resistant mutants and sequencing in col-
laboration with JGI, highlight the many ways in which organ-
isms may be optimized to improve the rate and yield, and
reduce the cost, of fuel production from biomass.

In GLBRC, considerable progress has been made on chem-
ical catalysis for biomass-to-biofuel conversion. Bypassing
enzymatic hydrolysis to liberate sugars from biomass offers
significant cost-savings, but the cost of catalysis and solvents
used in chemical deconstruction is also significant. GLBRC
researchers have taken two primary routes to chemical con-
version to address these hurdles.

The first route relies on decrystallization of cell wall carbo-
hydrates in ILs, followed by acid-catalyzed hydrolysis in the
presence of water [87]. In the absence of water, the glucose
rapidly degrades to hydroxymethyl furfural (HMF), but care-
ful addition of water to the reaction results in glucose yields
approaching 90 % with low HMF production. The products
and solvents can be separated by simulated moving bed chro-
matography to recover approximately 99 % of both classes of
products [88]. The second route uses gamma valerolactone
(GVL) to dissolve biomass and low concentrations of mineral
acids to release sugars and to promote the dehydration of
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glucose and xylose to levulinic acid (LA) and furfural, respec-
tively [89-91]. These two important platform chemicals can
be upgraded to value-added compounds or biofuels [92, 93].
Furthermore, LA can be catalytically converted to GVL,
which can be recovered by phase separation using liquid
CO, or salt. Both the GVL and the mineral acid can be
recycled and used for further rounds of biomass deconstruc-
tion and catalysis, thus lowering the costs of materials and
their environmental impact [94].

Lignin comprises up to one third of biomass and 40 % of its
latent energy. Unlike carbohydrate polymers, which are de-
graded by direct binding of catabolic enzymes, lignin is a het-
erogeneous aromatic complex that is naturally degraded pri-
marily through reactive oxygen species produced by microbial
laccases and peroxidases [95, 96], although there is evidence
that some bacterial species directly attack lignin anaerobically
by using it as a terminal electron acceptor [97]. These indirect
mechanisms have been difficult to mimic at high yield in the
laboratory, but GLBRC scientists recognized that lignin’s 3-O-
4 linkages, which contain a secondary benzylic alcohol and a
primary aliphatic alcohol, might be attacked. They demonstrat-
ed chemoselective oxidation of the benzylic alcohol using both
model compounds and intact lignin [98] and showed that the
products could be depolymerized in the presence of formic
acid to generate defined aromatic fragments [99].

Summary of Scientific and Technological Output
over the First Seven Years

The overall scientific output of the three BRCs is shown in
Fig. 2, and the number of citations to BRC papers from a

Fig. 2 Total peer-reviewed
publications by the BRCs through
the first 7 years of operation. The
number of manuscripts by each
center for each year of operation
is delineated within each bar
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particular year, as of the end of 2014, is shown in Fig. 3. For
clarity, we report the publications on a calendar year basis, not
on the funded federal fiscal year (October to September). The
full bibliographies of each BRC used for this analysis are pro-
vided in the Supplemental Materials. In the first 7 years, the
three centers published nearly 1900 peer-reviewed manuscripts.
While there was a lag period after the founding of each center,
all reached a steady state by about the third year, with a com-
bined publication rate of just under six manuscripts per week.
The BRCs consistently publish in top-tier journals within ISI’s
various technical domains and have published 184 manuscripts
(approximately 10 % of all papers) in elite journals, defined in
this case as having ISI impact factors higher than 9. Thus, the
overall quality of the science, as judged by peer reviewers and
citation rates, appears to be very high.

The purpose of forming centers was to promote integrative
projects capable of attacking biofuel research from multiple
angles. All centers hired scientific and non-scientific staff spe-
cifically tasked with integration and developed operating phi-
losophies consistent with this goal. Figure 4 illustrates how
rapidly integration proceeded in GLBRC, and it is exemplary
of the process at all three BRCs. The figure delineates manu-
scripts co-authored by scientists from different funded projects
over the first 3 years, demonstrating the rapid rise in connec-
tions between groups. Similarly, Fig. 5 delineates the fraction
of collaborative papers from GLBRC in each of the first
6 years. Likewise, an analysis of all publications from BESC
shows that 35 % are multi-institutional. Through all centers,
there is a clear trend away from single-laboratory papers and
toward collaborative work.

The JGI relationship not only supported many projects
within each BRC, but also enabled large cross-BRC



Bioenerg. Res.

Fig. 3 Total citations to BRC
manuscripts. Each bar shows the
number of citations to papers
published within that year, as of
the end of December, 2014

collaborations. For example, the BRCs and JGI agreed to col-
laborate on the switchgrass genome project, with each BRC
allocating sequencing capacity and significant internal

Fig. 4 Increase in inter-lab collaborations in GLBRC as measured by
collaborative publications, over the first 3 years. Each point along the
bottom of each year’s figure represents one laboratory, and each arc
represents a publication involving two labs. The ten dots at the right
represent institutions outside of GLBRC, including JGI, JBEI, and BESC.
Publications with more than two labs collaborating have multiple arcs, so
the number of arcs does not correspond to the number of publications in a
particular year

resources. Over the past few years, JGI has added DNA syn-
thesis to its repertoire, enabling an ongoing, multi-institutional
project to express and catalytically characterize biomass-
degrading enzymes. The cumulative result has been more than
50 high profile joint BRC-JGI publications, with many more
in progress.

The BRCs have also consistently generated intellectual
property, including over 400 patent disclosures, nearly 250
patent applications, and over 100 licenses of technology.

BRC Research Highlighted in this Issue of BioEnergy
Research

This issue of BioEnergy Research provides a sampling of the
work performed by the BRC:s. If there is any single theme, it is

Fig. 5 Fraction of collaborative publications over the first 6 years of
GLBRC. The fraction of collaborative manuscripts increased steadily
over the first 4 years and has remained in the 70 % range since then
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the diversity required for a comprehensive biofuel research
program. Manuscripts include technoeconomic and life cycle
assessments of fuel production, engineering and fundamental
aspects of diverse biomass pretreatment processes, genomic
and metabolic characterization of biomass-degrading and fuel
synthesizing microbes, development of tools for analyzing
biomass and tracking progress of fermentations, production
and analysis of transgenic plants, and plant-fungal symbioses.
There is some concentration on the topic of lignin structure,
modification, and use. This reflects a trend of all three centers
over the past several years toward identifying ways to mitigate
lignin’s effects on recalcitrance while monetizing this poly-
mer, which comprises up to a third of typical biomass.

The reports provide fundamental new insights while
discussing the practical implications of the work. For exam-
ple, Lu et al. [100] characterize the structure and synthetic
pathway of p-hydroxybenzoylation of palm tree lignin and
point to the potential of p-hydroxybenzoate as a value-added
product. Baxter et al. [30] describe transgenic switchgrass
with genetically modified lignin content and discuss the crit-
ical role of field trials in validating transgenic crop perfor-
mance. Lupoi et al. [101] and Sykes et al. [102] developed
new spectrographic methods to characterize lignin and carbo-
hydrate content of biomass, respectively, thereby permitting
rapid screening of samples for potential yield of fuel. Konda
et al. [103] model the economics of fuel using microalgae
feedstock, while Sinistore et al. [18] model ethanol synthesis
from switchgrass. The integrative nature of the BRCs focuses
and supports this interdisciplinary work, which generates fun-
damental knowledge while always keeping an eye toward
practical implications.

Conclusion

The BRCs continue to address key challenges in biomass
sustainability, recalcitrance, and advanced cellulosic biofuels
for this national mission. As always, they continually monitor,
and remain responsive to, worldwide developments in
biofuels, genomics, agriculture, chemistry, microbiology,
and associated fields. In addition to training scores of new
bioenergy scientists, the BRC’s outreach efforts communicate
the value of sustainable bioenergy to the public. Much of this
information and hands-on “kitchen science” activities can be
found on our websites. For example, GLBRC has targeted
high school through undergraduate programs by training in-
structors and developing instructional modules. BESC has
targeted fourth to sixth graders and has reached over 150,
000 students, parents, and teachers with hands-on science
activities.

The ultimate challenge, to be accomplished in collabora-
tion with the various BRC technology transfer organizations,
is to translate the basic science developed over the years into
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robust technology that can be applied to industry. In some
cases, this has already begun, with over 100 different BRC
technologies already licensed. But other, longer-term pro-
grams, particularly those focused on plant modification and
development of new biomass cropping systems, will become
available only in the next few years.

Collectively, the three Bioenergy Research Centers are pro-
viding multiple proofs-of-concept for further improvements
for the next generation of cellulosic biofuels capabilities. This
is demonstrated in modified and variant biofeedstocks with
good agronomic traits, by improved biomass deconstruction
and fuel synthesis and by other underlying technologies that
enhance the biofuel enterprise. Collectively, this has increased
our fundamental understanding of biomass production and
conversion. But, perhaps most importantly, the centers and
JGI have become models for interdisciplinary collaboration,
demonstrating how long-term relationships among diverse
teams can lead to sustained and innovative technology devel-
opment derived from basic science and engineering research.
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