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Presentation Notes
I am delighted to present the proposed Bioenergy Science Center to you and look forward to discuss any questions thereafter. 
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BESC, Keller; ORNL PL, headquartered in ORNL;  304 comprise BESC



In 2006 a group of scientists from multiple institutitons gathered together to consider the major obstacles to efficient bioenergy production.  The decision from that meeting is that the most important immediate, and likely long term goal, was to tackle the problem of BIOMASS RECALCITRANCE TO DECONSTRUCTION.

What does this mean?
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BESC is organized to lead ENERGY
Interacting team across key areas
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Access to the sugars eENERGY
In lignocellulosic biomass
IS the current critical barrier

G D) will cut processing costs
p A rocarbons significantly and be used
Chemieal, P inmost conversion processes

catalysis

ST  This requires an integrated

Conventional \
biology i D
multidisciplinary approach
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Modified plants
to field trials Year S Year 4
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microbes to development

Analysis and
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A two-pronged approach ENERGY
to increase the accessibility

of bilomass sugars

Modify the plant cell wall Improve combined microbial
structure to increase approaches that release
accessibility sugars and ferment into fuels

}n ' Microbe

e ]

Plant Cell 2 Lignin  ~ Hemicellulose —— Cellulose
Wall

Both utilize rapid screening for relevant traits followed by detailed analysis of selected samples

$=BESC

BioEngrgy Science Center
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Need to identify and understand key genes in realistic feedstocks and characterize their impact

Understand how these approaches work and Identify new microbes and their enzymes

– leading to the next set of trials

Year One has focused on overcoming the barriers to these integrated experiments in three areas

Specific key examples:

Populus screening, characterization, and transformation

New cellulolytic fermentative thermophilic microbes
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Strategy Part 1. Identify, Understand ENERGY
and Manipulate the Plant Cell Wall Genes
Responsible for Recalcitrance
5 o Biomass
Characterization Baconcioelion

and Modeling and Conversion

Enzymes

¥l Populus

—

o

Microbe

Lignin Hemicellulose Cellulose
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We will acquire a much deeper scientific understanding of recalcitrance (how the complex structure of the lignocellulosic plant cell wall is assembled, its properties and how it can be deconstructed through three linked scientific focus areas. 

The centers scientific activities are organized into three highly integrated focus areas. 

First, Biomass formation and modification, second, Biomass characterization and modeling and, third, biomass deconstruction and conversion
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Genetic block in lignin biosynthesis ENERGY
In switchgrass increases ethanol yields
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Mining Genetic Variation in Switchgrass ENERGY

HTS Pipeline ~

omd
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Create diverse population by

cross “lowland” SG AP-13 and
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into 385 pseudo F1 clones
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Mining variation to identify
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key genes in biomass composition
and sugar release

Collected ~1300 samples
for Populus association
and activation-tag study

Columbia
(Longview)

A Existing collections (N = 500; 1-2 trees/site)

Cell wall
biosynthesis database

High-throughput
screening pipeline

« Create genetic marker map
to identify allelic variation

« |dentify marker trait association = =

Sugar
£ release
¥ assay

® New collections (N = 580; 140-160 trees/site) f
il

Establish common gardens for association and
activation-tag populations with thousands of plants
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trategy, part 2: ENERGY
Measure, understand, and model

biomass recalcitrance

Biomass formation Characterization Biomass deconstruction
and modification and modeling and conversion
. he
Ps

Microbe

> >

Plant Cell 2 Lignin  ~ Hemicellulose — Cellulose
Wall

r

0=BESC
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Need to identify and understand key genes in realistic feedstocks and characterize their impact

Understand how these approaches work and Identify new microbes and their enzymes

– leading to the next set of trials

Year One has focused on overcoming the barriers to these integrated experiments in three areas

Specific key examples:

Populus screening, characterization, and transformation

New cellulolytic fermentative thermophilic microbes
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High-throughput characterization ENERGY
nipeline for the recalcitrance
ohenotype

Screening thousands of samples

Composition analytical Pre-treatment Enzyme digestibility
pyrolysis, IR, confirmed new method with dilute » sugar release
by wet chemistry acid and steam with enzyme cocktail
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Uses about 4 mg in each assay.

Multiwell plate developed at UCRiverside and adapted and multiplex at NREL
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High-throughput screening ENERGY
to analyze natural Populus trees

Screening of 1200 natural Populus trees
Hot water as pretreatment only
Sugar release varies from 25% to >90% of theoretical value
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Green dashed line is rough estimate of theoretical yield (assumes a constant glucan, xylan, ash proportion)

Color is meaningless (each plate was a different color)
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Detailed analysis of specific samples
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iInform cell-wall chemistry and structure
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Methyl esterified pectin anitbodies
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CARS (Coherent Anti-Stokes Raman ENERGY
Scattering) Imaging of Lignin in
Interfascicular Fiber Cell Walls in Alfalfa
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S-Y Ding (NREL) and X. S. Xie (Harvard) 2 |- -
tools under BER imaging grant; sample analysis under BESC, 2010 Biotnergy Saence Center
Mutant alfalfa from Noble Foundation



®)

U.S. DEPARTMENT OF

trategy, part 3: ENERGY
ldentify, understand, and manipulate

“biological catalysts” to overcome

recalcitrance
Biomass formation Characterization Biomass deconstruction
and modification and modeling ~and conversion
/ Enzymes

/.gé‘

Plant Cell L Lignin Hemicellulose Cellulose
Wall

22 BESC
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Need to identify and understand key genes in realistic feedstocks and characterize their impact

Understand how these approaches work and Identify new microbes and their enzymes

– leading to the next set of trials

Year One has focused on overcoming the barriers to these integrated experiments in three areas

Specific key examples:

Populus screening, characterization, and transformation

New cellulolytic fermentative thermophilic microbes
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CBP organism development yeast ENERGY

100.0

Cellulase expression in Mascoma yeast
(robust C5/C6 fermenting) vs time

» >3000-fold improvement in expression levels over 20 months

» Reduces commercial cellulase addition by more than half

Cellulase {mg/g DCW)

24.0
13.0

052 o0 [
o mm wmOn weaw  oweaw  enenw

. reesei cellulase T. reesei cellulase Proprietary cellulase Cellulase expression  Cellulase expression
in yeast in Mascoma in Mascoma in Mascoma in Mascoma
(Reinikainen et al.) yeast yeast yeast yeast

/3% MASCOMA $=BESC
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Enzymatic and microbial hydrolysis @ ENERGY
A fundamentally different relationship
between microbes and cellulose

Enzymatic hydrolysis (classical approach) Microbial hydrolysis (CBP)
e i ° o * i
o e Cellulase Cellulase
® enzyme(s), E ® enzyme(s), E
—— '# ® ® e —
Microbes, M Microbes, M
Celulose, C (non-cellulolytic) (cellulolytic)
* Hydrolysis mediated by CE complexes * Hydrolysis mediated mainly by CEM complexes
* Enzymes (several) both bound and free * Enzymes both bound and free
* Cells may or may not be present » Cells both bound and free

I C. thermocellum

on poplar
(Morrell-Falvey

and Raman, ORNL)

Yeast, enzymes
with biomass
(Dumitrache
and Wolfaardt)

BioEnergy Kience Center



3D electron tomography € ENERGY
of C. cellulolyticum

Tomogram sIrces and surface rendered segmentatron of bacterral cells and tethered ceIIqusomes C E Serral slrces taken every
~8 nm through tethered cellulosomes. These tethers are seen at one end of most polycellulosmes found near the bacterial cell
surface and are ~5 nm in diameter and up to 50 nm in length.

BioEnergy Science Center
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Cellulosome of C. thermocellum ENERGY

cellulases and xylanases
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Understanding cellulosome ENERGY
structure/function -

pockerin (SB)(48) (10)( 48 ) (5)
o Assembled 7 e & ® &
domain enzymes
» Ready for computer

simulations _—— e ¥V e ¥
Catalytic Domains
C. thermocellum CbhA CbhA
CBM4 IG  GH9 FN3; FN3, D
1 CbhAis a
_ | critical
> % enzyme
CBM4 lg-GH9 Fn3,-Fn3, CBM3b Dockerin S
NREL 2009 PDB NREL 2009 Bayer et al., 2009 PDB
(unpublished)
New structures solved at NREL Gl Sog
N
e I
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Cellulosome Changes in C. thermocellum on DifferenleENERGY
Biomass Substrates

Fermentation Affinity Purification Shot-gun LC-MS/MS ldentification
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e C.thermocellum alters its cellulosome

0 5 10 15 20 25 30

Time (h) catalytic composition depending upon the
® Pretreated Switchgrass growth substrate
® Cellobiose « We identified and experimentally verified
[ J
. ﬁmgéfh&‘ﬁ Cellulose 16 “new” cellulosome components
* Avicel - 15N * Insights aid in c_onstructlng designer
® Avicel-Pectin cellulosomes with tailored enzyme
® Avicel-Xylan composition for industrial ethanol
® Avicel-Pectin-Xylan production

Citation: “Raman B, et al. (2009) Impact of Pretreated Switchgrass and Biomass Carbohydrates on ; & Y
Clostridium thermocellum ATCC 27405 Cellulosome Composition: A Quantitative Proteomic Analysis. PLOS gz, Toence Corter
ONE 4(4): e5271. doi:10.1371/journal.pone.0005271"




Thermophilic Cellulose-Degrading Microbe
Degrades Plant Biomass Without
Pretreatment

Caldicellulosiruptor bescii (formerly Anaerocellum

thermophilum)

The most thermophilic cellulolytic organism known (Tmax
90°C)

Grows on unprocessed plant biomass (switchgrass,
poplar and peanut shells) and spent insoluble material
(after primary growth)

— >60% switchgrass biomass solubilized by three successive
cultures

— glucose:xylose:lignin ratio comparable in unspent and spent
biomass
Genome contains > 100 CBH-metabolizing (CAZy)
genes, many in clusters

— candidate genes to mediate cell-biomass adhesion
identified

1.00EH

1.00EH

Ils/mL

Growth on cellulose and switchgrass accomplished at tRg.... **

600-liter scale for
— characterization of extracellular proteins (> 8 grams)

— transcriptomics and proteomics analyses underway of C.
bescii grown on cellulose, xylan, switchgrass and poplar

Significance: conversion of direct unprocessed biomass
to biofuel may be possible

Source: Adams (UGa): Yang (2009), Kataeva (2009) Yang (2010)

1.00E+D6 +
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C. bescii
Attached to *
Switchgsasﬁ(
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'60% Switchgrass Solubilization
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Biodiversity Access for New ENERGY
Biocatalysts

- State-of-the-art cultivation techniques to isolate novel high-
temperature microbes with powerful lignocellulolytic enzymes

— Collect samples from thermal biotopes

— Establish primary enrichment cultures at relevant temperatures and
conditions

Sampling at Yellowstone National Park, October 2007 and July 2008

.-'
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A el Ny ._.-'l =)
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High-throughput Isolation of Cellulolytic  @)ENERGY
Extreme Thermophiles Using Flow
Cytometry

Complex Enrichment Single Cell Isolation  High-throughput Screening

, ‘»*’Jb‘f’.
= e
I«' ‘I Dl
s N
15.57 ym
1. Establish primary 3. A single cell is 5. Plates are screened for
ennphments from deposited by Flow growth and biomass
envl;ronmental samples Cytometry in a culture hydrolysis.
on biomass. " . .
well containing 6. High-throughput screening
2. Screen for growth and pretreated biomass. allows thousands of isolates
hydrolysis of pretreated 4. Multi-well plates are to be evaluated with natural
biomass. incubated at 70-80° C substrates.

In the absence of
oxygen.

BioEnergy Science Canter
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New Isolates Show Enhanced
Biomass Hydrolysis Rates

Growth of Isolate #47 and C. thermocellum on
pretreated switchgrass

14.0
-':' 2 12.0
_ ( — -
Y a1 £
\ < 100
' 8
=1
A E 8.0
R | H
AR oo
B e
|solate #47 Control 4.0
] 24 48 72 96 120 144 168
Time (h)

—+—|solate #47 -=-C.thermocellum

Preliminary results show visual disappearance of pretreated switchgrass
solids during growth at 78°C relative to a benchmark organism

Elkins et al. - ORNL
OB#47 submitted as Caldicellulosiruptor sp. ) < IDC)

BioEnergy Kience Center



BESC Knowledge Base € ENERGY
KB Mission

* Analyze and present integrated data and results in the context of cell and
organism systems biology

Analysis LIMS Data  |SEEE

\/i Experiments
& ﬁExperiment Design

UBESC Knowledge discovery and data mining @Discovery

environment for design of experiments

QlInterpretation of BESC experimental data thru
integration with community / reference data
such as genomes, pathways, networks,
ontologies

UlIntegrate diverse data types across BESC data to
provide new insights in to cell wall
recalcitrance, etc.

QProvides systems level representations,
knowledge, data, and information on key
plants, microbes, and molecules

O Serves as a biological discovery / data mining ; C )
platform for larger community BioEnergy Saence Center

) =— Researcher

—T

Methodology

Hypthesis
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BESC will revolutionize how ENERGY
biomass Is processed and converted

Biomass Consolidated
Modlﬁcatlon Bioprocessing
o
£ A
S Reduced or No No CBP Next
% Pretreatment i Separation Microbes Generation
2 » Biomass B ¥ —> Biofuel
=
o
= ‘
Switchgrass mutant CBP yeast development Butanol
(25% more Ethanol and significant reduction in Isobutanol
cellulose addition Hydrocarbons

therefore accessible sugar)

Synergy

'._.-'..

Advanced New Process S DO
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We are confident that the BESC team can revolutionize how biomass is processed within 5 years and deliver a much simplified process with greater overall yields. In general, we will achieve this by modifying plant cell walls to decrease recalcitrance thereby reducing the severity of pretreatment and perhaps eliminate it altogether, and developing advanced conversion systems featuring consolidated bioprocessing Our work in both of these areas will be enabled by applying state of the art analytical tools to understand the scientific basis of recalcitrance. 
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Industrial partners facilitate ENERGY
strategic commercialization

BOD: Commercial
Representatives

PiperJaffray. catcignt @

Energy

EN

CBP Enzymes

Switchgrass \BioEnergg Science Center Populus

@ N ARBDRGES

- LY B ‘\\" :
o B m Commercial Affiliates .
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Translating discoveries to the € ENERGY
scientific community

. . . . 200
« 159 scientific publications  New Pubs —— Total

— 33% of publications include external 150 1
collaborators at non-BESC Institutions

100 ~

 BESC publications have already been cited 5o |
262 times in peer-reviewed journals

O,

. . . . . Mar Sept Mar Sept Mar
» Several publications in top-tier journals 2008 2008 2009 2009 2010

— Nature Biotechnology, 2008, Lynd et al., How biotech can transform biofuels

— PNAS, 2008, Shaw et al., Metabolic engineering of a thermophilic bacterium to
produce ethanol at high yield

— Nature Nanotechnology, 2010, Tetard et al., New modes of subsurface atomic force
microscopy through nanomechanical coupling

]1;2'1 hnol y ,77”» ~hnoloov Plant Science
1otechno OgYy NanotecnnNology . -

« 17 inventions disclosed (under evaluation by BESC Commercialization Council)

BioEnergy Kience Center
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Influencing next generation of scientists

* National Geographic, The Jason Project, filmed
and generated an educational module on
bioenergy with BESC researchers

— This module is available from www.jason.org
e Created an interactive biofuels outreach lesson for
students in Grades 3-8

— Piloted more than 220 lessons which reached
over 6,000 students

— Partnered with the Creative Discovery Museum

— Available on www.bioenergycenter.org

* Piloted ten Biofuels Family Science Nights
with an average attendance of
250 people each

— — -
inEnergy Mience Center




BESC model for multidisciplinary € ENERGY
and integrated research program

* |t is possible to be highly integrated without being co-located
» A strong management team with centralized funding source is needed

 Allowing scientists to participate from home institutions
enables rapid assembly of a team with a much higher proportion
of the most accomplished experts

« Capital costs are lowered by utilizing existing infrastructure/equipment
available at partner facilities

e A coherent vision, goal, and defined milestones are critical

BioEnergy Kience Center
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Thank you

SCIENCE RETREAT JUNE 2009

@l)()E Bioenergy
Research Centers .
DOE GENOMICS:TL BESC is a U.S. Department of Energy

BV Bioenergy Research Center supported by
—— the Office of Biological and Environmental 2 RE
Research in the DOE Office of Science BioEnergy Science Center

y Office of
~d Science

U.S. DEPARTMENT OF ENERGY
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Bio-Energy and Bioproducts at ORNL

DOE Bioenergy
Research Centers

. N g
Bio-Energy
7 Office of
s—fA Science
@y CBES|| A2 REC
- N~ | |
T ® Center for BinEnergy —/ ) e .. | | Commercialization
Ly, ' EUEm"m"“ BioEnergy Science Center

WWW. bioenergycenter.org
Tech. Transfer
Nat'| Transport. Res Center

$cknowledgements: slides from BESC, Robin Bioproducts, etc.. ~
BioEnergy 5{ ence Canter

raham, Mark Downing, L. Russo (USDOE-OBP), etc.



http://www.ornl.gov/sci/besd/cbes
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