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•  Sustainability – motivation 

•  Economics - driver 

•  Technology – solution 

•  Upstream Process                                 
feedstock, handling, pre-treatment, etc 

•  Biological Process                            
fermentation, biotransformation, etc 

•  Downstream Process                                  
product recovery, co-products, etc 

Main Components to Sustainable Fuels and 
Chemicals  



Main Components to Sustainable Fuels and 
Chemicals  

Upstream Bioprocessing Downstream 

Feedstock  - Sunlight 
and CO2, Biomass, by-
products 

Biomass  - sugars, 
starch, cellulose  
By-products – Corn 
cobs, stover, bagasse   
glycerol, M.S.W. 

Transportation and 
storage 

Pretreatment -  particle 
size reduction, 
accessible, extraction, 
partial hydrolysis of 
polymers into 
monomers , yield loss 

Enzymatic hydrolysis of 
polymers into 
monomers, yield loss 

Fermentation conditions 
– pH, Temp, media, O2, 
time   
Organism consideration 
– bacterial, yeast, co-
cultures 

Detoxification      

Metrics – yield, titer, 
time, productivity 

Robustness –  ability to 
withstand process 
upsets, contamination, 
phage, etc 

Product recovery – 
distillation, 
centrifugation, 
membrane filtration,  
chromatography, etc  

Co-products–  value 
gain or loss 

Waste-water treatment 

Distribution 



Main Components to Sustainable Fuels and 
Chemicals – ex corn and cane ethanol  

Upstream Bioprocessing Downstream 

Feedstock  - corn 
Organism – S. cerevisiae 
y=0.51 g/g 

Product recovery – 
distillation  

Product recovery – 
distillation  

Co-product– DDGS  

Co-product– bagasse  

Pretreatment  - milling and 
jet cooking 

Feedstock  - sugar cane 

Pretreatment  - Pressing 

Achieve  - Mash (70% 
starch) . 250 g/l  load to get 
175 g/l sugar 

Achieve  - Soluble sugar 
(180 g/l) 

Organism – S. cerevisiae, 
y=0.51 g/g 
 
Titer – low 80-90 g/l 

Time– critical  (3 x 8h cylcles) 

S. cerevisiae with fast flux  
 

Titer –  Critical 125 g/l 
Time– 48h 

S. cerevisiae with EtoH tolerance  
 

Starch hydrolysis–  amylases 
addition 



 

•  Plants evolved to resist degradation 

 

•  Engineering and biotechnology approaches to 
low cost sugar and biofuel production 

 

Bioenergy Research Centers: An Overview of the Science, U.S. 
Department of Energy, July 2009. DOE/SC-0116.  

Lignocellulosic Biomass 

Biomass sugars are very challenging 
to access economically 
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Biological Processing:	



~ 45% of total processing cost	


	



(Lynd et al Curr Opin Bio 2005)	



Cellulosic Biomass Conversion to Ethanol	
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Cellulosic Biomass Conversion to Ethanol	



Consolidated 
Bioprocessing	



Separate Hydrolysis and Fermentation 

•  sugar accumulation strongly inhibits 
hydrolysis 

Simultaneous Saccharification 
and Fermentation (SSF) 

•  hydrolysis Top ~ 50°C 

•  fermentation Top ~ 30°C 

Consolidated Bioprocessing (CBP) 

•  2x reduction in overall processing cost theoretically possible 

•  Requires a microorganism or consortia that can hydrolyze biomass 
and ferment ethanol at high yield and titer 



Figure from EM Rubin Nature 454, 841-845 (2008) 

Thermoanaerobacterium	
  
saccharoly2cum	
  	
  

Clostridium	
  thermocellum	
  

Conversion	
  of	
  Lignocellulosic	
  Biomass	
  with	
  
Thermophilic	
  Bacteria	
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 Ethanol, Acetic Acid, Lactic Acid, CO2, H2 

Products 
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2 H+ 

Lactic Acid 
Pathway 

•  L-lactate 
dehydrongease 

Acetic Acid and H2 Pathway 

•  Phosphotransacetylase 

•  Acetate kinase 

•  NADH hydrogenase 

•  Ferredoxin hydrogenase 

Ethanol Pathway 

•  Ferredoxin:NADH 
oxidoreductase 

•  Acetaldehyde 
dehydrogenase 

•  Alcohol 
dehydrogenase 



2 NADH 

Glucose 

1 Glucose → 2 Lactic Acid 

Lactic Acid Production 

2 NAD+ 



2 NADH 

2 Fd 

Glucose 

2 H2 

2 H2 

1 Glucose → 2 Acetic Acid + 2 CO2 + 4H2 

Acetic Acid Production At ≤ 1x10-3 atm hydrogen (Inter-
species hydrogen transfer) 



2 NADH 

2 Fd 

2 NAD+ 

2 H2 

Glucose 

1 Glucose → 1 Acetic Acid + 1 Ethanol + 2 CO2 + 2H2 

Ethanol and Acetic Acid Production 
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Glucose 

1 Glucose → 2 Ethanol + 2 CO2 

High yield ethanol production 



Metabolic Pathway Engineering- High Ethanol Yield                
•  Requires pathway knowledge 

•  Requires capability to make genetically modifications 



GeneDc	
  tool	
  development	
  -­‐	
  T.	
  saccharoly,cum	
  PlaTorm	
  

•  Natural	
  competence	
  
•  Recombina'on	
  using	
  linear	
  DNA	
  
•  Replica'ng	
  plasmid	
  isolated	
  from	
  strain	
  T.	
  saccharoly2cum	
  B6A-­‐RI	
  
•  ShuIle	
  vectors	
  for	
  E.	
  coli	
  and	
  yeast	
  
•  An'bio'c	
  resistance	
  genes	
  (Kan,	
  Erm,	
  Str,	
  Cat)	
  
•  Cons'tu've	
  and	
  inducible	
  promoters	
  (fructose)	
  
•  Knockout	
  and	
  overexpression	
  libraries	
  
	
  



GeneDc	
  Tools	
  –	
  natural	
  competence	
  and	
  efficient	
  homologous	
  
recombinaDon	
  facilitate	
  the	
  creaDon	
  of	
  marked	
  mutaDons	
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1st generation strain (ALK1) had satisfactory ethanol yield, but 
could not produce ethanol at high substrate concentrations 

Improving Final Ethanol Concentration 
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After ~ 3000 hours of continuous culture 
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After ~ 3000 hours of continuous culture 
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C. thermocellum platform 
•  Strength - the worlds best known cellulose degrading organism 

•  Capable of hydrolyzing crystalline cellulose at some of  the fastest 
recorded rates (~2.5 g/lh) 

•  Cellulosome manufacturing organism – Organelle-like enzyme complex 
with varied composition and >60 enzymes  

Cellulose	
  
coloniza'on	
  by	
  C.	
  
thermocellum	
  

Cellulose	
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  rate	
  ~2.5	
  g/l	
  h	
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Hamilton-Brehm et al AEM 2010 

Caldicellulosiruptor sp. 



C. thermocellum platform 
•  Strength - the worlds best known cellulose degrading organism 

•  Capable of hydrolyzing crystalline cellulose at some of  the fastest 
recorded rates (~2.5 g/lh) 

•  Cellulosome manufacturing organism – Organelle-like enzyme complex 
with varied composition and >60 enzymes  

Cellulose	
  
coloniza'on	
  by	
  C.	
  
thermocellum	
  C.	
  thermocellum,	
  cellulosomes	
  on	
  cell	
  surface	
   C.	
  thermocellum	
  growing	
  on	
  cellulose.	
  



“Cellulase, Clostridia, and Ethanol”  
Demain et al, MMBR Reviews. 2005 

      “Genetic manipulation with the goal of increasing 
ethanol yield has been hampered by the paucity of 
information on the molecular genetics of C. 
thermocellum…”  

C. thermocellum is also well known for being 
genetically intractable  

“Engineering for biofuels: exploiting innate microbial 
capacity or importing biosynthetic potential?”  

Alper and Stephanopoulos, Nat Rev Microbiol. 2009 

      “the innate capacity and potential of these cells which 
may be able to use recalcitrant substrates or 
withstand toxic products is immense.”  

However…. 

“strains typically suffer from a lack of genetic and 
molecular biology tools and therefore require much 
scientific investment to transform them into 
modifiable production platforms”  

“The prospects of cellulase-producing bacteria for the 
bioconversion of lignocellulosic biomass”  

Maki et al, In. J. Biol. Sci. 2009 

      “an additional limiting factor to the exploration of C. 
thermocellum for CBP for biomass conversion has 
been its recalcitrance to genetic modification”  



C. thermocellum genetic tools 
1.  electrotransformation  

•     requires a custom pulse generator 
•  low transformation efficiency: <103 transformants / µg DNA 

•   only replicating plasmid can be transformed 

•  one selectable marker – cat 

•  no indication of natural competence! 

2.      genome sequence 

3.      Counter selectable makers 

•  None 

•  Need to develop if we want to make clean 
deletions 



Creation of Combined Lactic, Acetic Acid KO’s 

C.	
  thermocellum	
  geneDc	
  system	
  for	
  making	
  clean	
  deleDons	
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Cellulosic Biomass Conversion to Ethanol – benefits of metabolic 
engineering	
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Cellulosic Biomass Conversion to Ethanol – benefits of metabolic 
engineering	



Consolidated bioprocessing 



Ethanol Production via Consolidated BioProcessing 

Performance	
  of	
  an	
  Engineered	
  Co-­‐Culture	
  

Co-­‐culture	
  of	
  C.	
  thermocellum	
  Ev	
  Δhpt	
  Δldh	
  Δpta	
  	
  
and	
  T.	
  saccharoly,cum	
  ALK2	
  on	
  9%	
  Avicel	
  PH-­‐105.	
  	
  

Zero exogenous 
enzyme 



Thermophilic Bacteria Technology Summary 

•  Leverages	
  highly	
  evolved	
  biological	
  systems	
  for	
  biomass	
  u'liza'on	
  
•  New	
  gene'c	
  tools	
  have	
  opened	
  doors	
  to	
  strain	
  development	
  
•  Product	
  losses	
  due	
  to	
  mixed	
  fermenta'ons	
  have	
  been	
  eliminated	
  
•  High	
  product	
  yields,	
  'ters,	
  and	
  rates	
  appear	
  to	
  be	
  achievable	
  


