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Executive Summary 
 
This project addressed the need for economical technology for the conversion of lignocellulosic 
biomass to fuels, specifically the conversion of pretreated hardwood to ethanol. The technology 
developed is a set of strains of the bacterium Thermoanaerobacterium saccharolyticum and an 
associated fermentation process for pretreated hardwood. Tools for genetic engineering and 
analysis of the organism were developed, including a markerless mutation method, a complete 
genome sequence and a set of gene expression profiles that show the activity of its genes 
under a variety of conditions relevant to lignocellulose conversion. Improved strains were 
generated by selection and genetic engineering to be able to produce higher amounts of ethanol 
(up to 70 g/L) and to be able to better tolerate inhibitory compounds from pretreated hardwood. 
Analysis of these strains has generated useful insight into the genetic basis for desired 
properties of biofuel producing organisms. Fermentation conditions were tested and optimized 
to achieve ethanol production targets established in the original project proposal. The approach 
proposed was to add cellulase enzymes to the fermentation, a method called Simultaneous 
Saccharification and Fermentation (SSF). We had reason to think SSF would be an efficient 
approach because the optimal temperature and pH for the enzymes and bacterium are very 
close. Unfortunately, we discovered that commercially available cellulases are inactivated in 
thermophilic SSF by a combination of low redox potential and ethanol. Despite this, progress 
was made against the fermentation targets using bacterial cellulases. Thermoanaerobacterium 
saccharolyticum may still prove to be a commercially viable technology should cellulase enzyme 
issues be addressed. Moreover, the organism was demonstrated to produce ethanol at 
approximately theoretical yield from oligomeric hemicellulose extracts, an ability that may prove 
to be uniquely valuable in pretreatment configurations in which cellulose and hemicellulose are 
separated. 
 
 Comparison of actual accomplishments to goals 
 
The program pathway milestone is M.6.4.1 “Validate fermentation of all 5 sugars to produce 
ethanol.” The barriers addressed are Bt-G (Cellulase Enzyme Loading), Bt-J (Fuels Organism 
Development) and Bt-K (Biological Process Integration). 
 
Number Topic Goal Completion 
A Strain 

Development 
In addition to delivering an improved strain (see 
next), this task must generate a significant amount 
of new information about how to best improve the 
performance of T. saccharolyticum and how the 
physiological systems relevant to ethanol 
production work. 

100% 

A.DL.1 Improved Strain On pure mixed sugars, the strain must produce > 
6.5 % ethanol (w/v) in < 36 hours, showing 95% 
yield and 90% sugar utilization in the presence of 
acetic acid and other inhibitors at levels found in 
pretreated hardwood chips. In fermentations on 
pretreated biomass, the strain must be capable of 
achieving the performance targets described 
below for Task B. 

6.1% ethanol in 
intermediate stage 

gate test (SSF). See 
also task B. 

A.1.DL.1 Markerless ack-
ldh KO 

A strain of T. saccharolyticum with deletions of the 
genes ldh and ack, but without the presence of 
exogenous antibiotic resistance genes 

100% 
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A.1.DL.2 Replicating 
plasmid 

A plasmid that replicates in T. saccharolyticum 
containing an antibiotic resistance gene and a 
cloning site for insertion of exogenous DNA. 

100% 

A.2.ML.1 Identified 
conditions to 
induce stasis 

A list of growth conditions which cause T. 
saccharolyticum to enter into stasis. 

100% 

A.2.ML.2 Determined 
reason for 
incomplete 
arabinose 
utilization 

An explanation for why strain ALK2 does not 
completely utilize arabinose when other sugars are 
present. 

100% 

A.3.DL.1 Strain that does 
not enter stasis 

A strain of T. saccharolyticum that does not enter 
into stasis under at least one of the conditions 
identified in subtask A.2. 

100% 

A.3.DL.2 Strain with 
increased 
performance 

A strain of T. saccharolyticum with increased 
ethanol production, productivity or inhibitor 
tolerance relative to ALK2, achieved by site-
directed mutagenesis or gene overexpression. 

100% 

A.4.DL.1 Improved 
genome 
sequence / 
annotation 

A genome sequence with < 100 contigs >2Kb, with 
all ORFs identified and functions assigned using 
computerized methods. 

100% 

A.4.DL.2 OMICS data A collection of genome-scale measurements of 
gene expression and metabolite levels from cells 
grown in a variety of growth conditions relevant to 
ethanol production. 

100% 

A.5.DL.1 Strain that 
produces 4.5% 
ethanol in the 
presence of 
inhibitors at 
25% nominal 
levels 

A strain that produces 4.5 % ethanol in the 
presence of inhibitors at 25% nominal levels 

100% 

A.5.DL.2 Strain that 
produces 5.5 % 
ethanol in the 
presence of 
inhibitors at 
50% nominal 
levels 

A strain that produces 5.5 % ethanol in the 
presence of inhibitors at 50% nominal levels 

5.3% ethanol  

A.6.ML.1 Identified 
mutations that 
lead to better 
performance 

Identified and confirmed the genetic changes 
associated with increased performance for at least 
5 strains. 

100% 

A.GN.1 Strain 
improvement 
possible 

Classical strain improvement must have generated 
a strain with at least a 10% increase in ethanol 
titer, growth rate in low cost medium or inhibitor 
tolerance. 

100% 

A.GN.2 Progress on 
key issues 

Performance improvement in benchmark 
Fermentation #3, as performed during DOE site 
validation August 2008  

No improvement in 
test # 3, but little effort 
expended since other 
metrics were deemed 

more commercially 
relevant 

B Bioprocess In addition to delivering an improved bioprocess 100% 
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Development (see next), this task must generate information 
about the best methods for improving tSSF, 
enzyme performance in tSSF, and issues involved 
in process scale-up. 

B.DL.1 Improved 
Bioprocess 

On autohydrolyzed woodchips, the improved 
bioprocess must achieve 6.5% (w/v) ethanol titer in 
< 60 hours, with 95% yield and 90% sugar 
utilization. 

In final stage gate 
SHF Fed-batch, 5.0% 
ethanol in 60 hrs with 
90% metabolic and 
80% process yield 

B.1.DL.1 Benchmarks of 
performance in 
hydrolysates 

Measurements of ethanol titer, fermentation rate, 
yield and sugar conversion using the current best 
strain after an initial round of process optimization. 

100% 

B.1.ML.1 Characterized 
pretreated 
material 

Quantitative measurements of individual sugars 
and inhibitory compounds, the polymeric state of 
the sugars, the particle size, the moisture, metal 
and salt content and the variance of such values in 
different batches of hydrolysate. 

100% 

B.2.DL.1 Optimal 
enzyme cocktail 

A formulation of commercially available 
hydrolyzing enzymes with an optimal balance of 
cost and performance for use with T. 
saccharolyticum. 

An optimal formulation 
of commercial 
cellulases was 

developed though 
found to be insufficient 

for project goals 
B.2.ML.1 Commercial 

enzymes tested 
Measurements of cellulose and hemicellulose 
hydrolysis in a range of conditions using all 
hydrolytic enzymes that will be commercially 
available on a large scale. 

100% 

B.3.DL.1 Low cost 
medium 

A formulation of growth medium components for 
growth in pure sugars that costs $0.05 or less per 
gallon of ethanol produced, and which supports 
growth rates at least 80% of the rate achievable 
with rich MTC medium + sugars. 

56% of MTC growth 
rate in medium costing 

$0.10 per gallon of 
ethanol produced 

B.4.ML.1 5.0% ethanol 
titer at 10L 
scale 

On autohydrolyzed woodchips, the target is to 
achieve 5.0% (w/v) ethanol titer in < 60 hours, with 
95% yield and 90% sugar utilization on a scale of 
10 L. 

3.2% ethanol in 60 hrs 
at 100 L scale at 78% 
metabolic yield and 

100% sugar utilization 
B.GN.1 Successful 

tSSF 
The production of at least 1.0% (w/v) ethanol must 
be demonstrated from cellulosic biomass. 

100% 

B.GN.2 Trajectory to 
economical 
process (DOE 
STAGE GATE 
REVIEW) 

Performance relative to stage gate target given in 
Table A submitted with the original grant 
application 

100% 

 
Project Activities  
 
Subtask A.1 Platform development. The objective of the activity in this subtask was to further 
enable strain engineering by developing tools and techniques for genetic engineering. In order 
to develop a replicating plasmid, we isolated a 2.4 kb thermophilic replicating plasmid from T. 
saccharolyticum strain B6A-RI, then added KanR, AmpR, and a pUC origin to create a 
convenient cloning vector. We developed a method for making markerless mutations described 
in Shaw et al., 2011. This method involves the replacement of a counterselectable genetic 
marker with a markerless DNA fragment by homologous recombination. We demonstrated the 
use of the genes pyrF and the pta / ack genes as counterselectable markers. The pta /ack-
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based haloacetate selective strategy was subsequently used to create strain M0355, a 
markerless ∆ldh ∆pta ∆ack strain that produces ethanol at high yield. Additionally, we 
developed inducible and constitutive promoters for genetic engineering. A native gene cluster 
containing genes related to fructose catabolism was shown to be induced by fructose using real-
time PCR. The promoter for cellobiose phosphorylase from C.thermocellum was also shown to 
generate high levels of transcription in T.saccharolyticum, and we have used this promoter in 
many instances to achieve overexpression. 
 
Subtask A.2 Understanding barriers to better performance. The objective of the activity in 
this subtask was to investigate key strain and bioprocess features that represent significant 
barriers to ethanol production from hardwood. Specifically, we investigated cell lysis and stasis 
behavior, tolerance to inhibitors generated by pretreatment, sugar tolerance and the incomplete 
utilization of arabinose. Cell lysis was recognized as a potential problem with the original strain 
ALK2, so a variety of cultures were performed to determine conditions that cause or affect the 
phenomenon. We found that high levels of magnesium or low pH could prevent the problem and 
that many strains other than ALK2 did not lyse as frequently. Our investigations of inhibitor 
effects found that a cocktail of inhibitors at levels mimicking pretreated extracts were not as 
inhibitory as the real extracts, indicating that other inhibitors were present that were not 
analyzed. We also found that many inhibitors had greater effect in minimal medium than in 
media with yeast extract. We also found that many inhibitors such as furfural and HMF were 
metabolized by T.saccharolyticum, undergoing reduction from aldehydes to alcohols. Inhibitor 
tolerance was greatly improved by the presence of cysteine in the medium. Some inhibitors 
such as vanillin decreased cell yield when added to a culture, while others, such as furfural 
delayed growth but did not affect cell yield. Our investigation of arabinose utilization showed that 
arabinose was completely utilized even at very high concentrations when it was the only sugar 
present, but not in the presence of glucose and mannose. GC/MS analysis (see Genomic 
Analysis below) indicated the presence of arabitol in strains growing on arabinose. Bacterial 
arabinose catabolism does not involve arabitol, yet arabitol is known to inhibit some genes of 
the pathway. We hypothesized that arabitol generated by genes related to glucose or mannose 
utilization was inhibiting full arabinose utilization, but cultures in which arabitol was added were 
not inhibited. We later hypothesized that incomplete arabinose utilization was due to a carbon 
catabolite repression system. Analysis of the T.saccharolyticum genome indicated the presence 
of carbon catabolite repression genes similar to those of Bacillus subtilis. Directed mutations in 
the HPr gene resulted in a reversal of carbon source preferences. The mutant strain utilized 
arabinose first, then later consumed glucose slowly and incompletely. 
 
Subtask A.3 Strain engineering. The objective of the activity in this subtask was to develop 
strains with improved phenotypes through genetic engineering. A wide range of strategies were 
used to boost inhibitor tolerance or product formation, and constructed strains were then 
benchmarked to evaluate their performance. Some strategies showed a benefit, but most did 
not, though the need for rapid evaluation precluded very much troubleshooting. The most 
successful approach was to endow T.saccharolyticum with the ability to use urea as a nitrogen 
source by expressing the gene for urease from C.thermocellum. This modification was meant to 
allow lower cost medium and less salt addition to fermentations, but we found an unexpected 
boost of ~10 g/L in ethanol produced. Additionally, elimination of the perR repressor of oxidative 
damage genes led to dramatically higher oxygen tolerance and some improvement in inhibitor 
tolerance. Other useful modifications included a correction of a broken gene for methionine 
biosynthesis and elimination of genes involved in the production of exopolysaccharide.  We also 
rationally designed a strain that converted an inhibitory compound found in hydrolysate 
(acetate) into a useful product (acetone or isopropanol). A library of strains of T.saccharolyticum 
was built carrying random knockouts. Other libraries were comprised of strains with random 
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DNA segments positioned downstream of a strong promoter at the ldh locus. This random DNA 
was from T.saccharolyticum itself, or various other species with high inhibitor or ethanol 
tolerance, such as Zymomonas mobilis. These libraries were then subjected to selection in 
acetate, sugars, inhibitors, or salts and improved strains were isolated. The identity of the 
deleted or added DNA was then determined. The most dramatic inhibitor tolerance phenotype 
was conferred by restoring the pta/ack genes into a pta/ack(-) strain. Interestingly, the 
restoration did not lead to high levels of acetate production.  
 
Subtask A.4 Genomic analysis. The objective of the activity in this subtask was to generate 
information about the genetic content, metabolic pathways, physiology and behavior of 
T.saccharolyticum by generating OMICs resources. These resources included a complete 
genome sequence and annotation, a metabolic reconstruction, a detailed map of transcription, 
and gene expression and metabolite profiles under growth conditions relevant to biofuel 
production. This work was done in close collaboration between Mascoma and Oak Ridge 
National Lab. The genome sequence was built in a series of drafts with increasingly better 
coverage and fewer gaps. The final gaps were closed by PCR amplification and Sanger 
sequencing, and the final genome was annotated by the Genome Channel automated pipeline 
at ORNL, accessible via website. The sequence has been deposited in GenBank under 
accession numbers CP003184, CP003185 and CP003186. The genome consists of a 2.7 Mbp 
chromosome and a 110 Kbp megaplasmid. An active prophage was also detected, and the 
expression levels of CRISPR genes were observed to increase in association with those of the 
phage. A time series of combined transcription and metabolite measurements was made from 
cultures exposed to shock from inhibitors present in pretreated biomass (HMF and furfural) as 
well as to a hemicellulose extract from steam-autohydrolyzed hardwood. In all, transcription 
data was collected from 28 different experiments comprising 71 different strains, growth 
conditions or time points. Metabolite data from GC/MS analysis and amino acid analysis were 
generated in 11 different experiments. As a preliminary step in metabolomics, sampling 
methods were optimized and carryover was evaluated. Amino acid analysis showed that all 
strains tested secreted aspartate, alanine and glutamate. It also showed that engineered strains 
consumed cysteine while WT did not, perhaps indicative of the restricted redox balance in the 
ethanologen strains. Combined metabolomics and expression data were used to suggest ways 
to improve ethanol production. In growth on cellobiose, glucose levels were observed to 
increase while glucose-6-phosphate declined, suggesting that overexpression of hexokinase 
would prolong ethanol production. In another experiment looking at growth on cellobiose and 
maltodextrin in which ethanol production ceased above 50 g/L, genes for enzymes in the central 
metabolic pathway were observed to decline with ethanol production, particularly alcohol 
dehydrogenase and beta-glucosidase. Also, the gene for phosphofructokinase declined 3-fold 
while its substrate fructose-6-phosphate increased 10-fold, suggesting that increasing 
phosphofructokinase might extend ethanol production. Expression profiling and metabolite 
analysis were also applied to understand the effects of inhibitors from pretreatment. After 
exposing cells to a liquid extract of pretreated hardwood (washate), a large number of 
carbohydrate transport and catabolism genes were induced. In addition, some genes related to 
redox metabolism were induced, suggesting that inhibitors present a redox challenge to cells. 
Supporting this conclusion, some of the same genes were induced by the addition of HMF and 
furfural, and upregulation of an oxidative damage regulon by knockout of the gene perR 
improved inhibitor tolerance. Metabolite analysis showed a dramatic decline then recovery of 
most metabolites 15 min after HMF/furfural addition. 
 
Subtask A.5 Classical strain improvement. The objective of the activity in this subtask was to 
develop strains with improved phenotypes through generation and isolation of mutants. This 
was accomplished externally using the services of Panlabs Biologics, who performed repeated 
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rounds of mutagenesis, selection and screening, and internally by serial transfer and continuous 
culture methods. Panlabs received from Mascoma three different strains (M0355, M694 and 
M863) and enzymatic hydrolysate from pretreated hardwood. They performed mutagenesis, 
selection in rich and minimal medium using high ethanol and / or hydrolysate, and screened 
~1000 clones / month for increased performance by HPLC. They delivered 79 strains to 
Mascoma, and some of these were used to derive the intermediate and final stage gate strains 
from the project. The trajectory of Panlabs progress to increase hydrolysate tolerance is shown 
in the figure below. Extensive efforts were also put into classical strain improvement in house. 
Other than one experiment in which glucose tolerant cells were selected following EMS 
mutagenesis, these efforts comprised adaptation to process conditions rather than mutagenesis 
and screening. Serial transfers of cells from batch cultures were conducted in bottles, plates and 
fermentors with increasing levels of solid pretreated hardwood, enzymatic hydrolysate or 
“washate” (i.e. water extract of pretreated hardwood). An automated serial transfer device was 
built using a Sartorius 2 L fermentor controlled by LabView software to drain and refill after a 
decrease in CO2 gas flow indicated cells entering stationary phase. Many continuous cultures 
were conducted as well to adapt T.saccharolyticum to process conditions. Continuous culture 
systems were set up in chemostat mode (limited by a chemical medium component), auxostat 
mode (in which pH changes were used to feed or inhibit in response to growth), and in cytostat 
mode (in which feed rate was adjusted according to the density of the culture measured by a 
flow cytometer). Process conditions included low cost media, high sugar concentrations, low 
sulfur concentrations and increasing levels of hydrolysate, acetate and ethanol. In-house 
adapted strains were evaluated in bottle cultures against their parent strains and each other 
periodically. Major efforts at benchmarking the various strains were conducted prior to the 
intermediate and final stage gate validations. From these tests, we found that adaptation to 
exogenous ethanol did not result in strains that could produce more ethanol and in fact, usually 
produced less than other strains. We also usually noted improvements of the adapted strains 
relative to their parents, but this depended on how closely the benchmark conditions matched 
the selection conditions. Comparisons between adapted strains were used to select the 
intermediate stage gate strain M1442 and the final strain M2886, but there was little distinction 
of these strains from their peers because of variation in fermentation results.   
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Subtask A.6 Integration of Random and Directed Strain Improvement. The objective of the 
activity in this subtask was to identify mutations that occurred during classical strain 
improvement that caused beneficial characteristics. To find the mutations, 3 rounds of whole 
genome sequencing were performed and the results were compared to the genome sequence 
of the wild type strain. The intermediate and final stage gate strains (M1442 and M2886) were 
sequenced along with the strain used in the original grant application (ALK2). A total of 23 
strains of T.saccharolyticum were sequenced using Illumina technology, producing data 
comprising millions of 36 bp reads. Because of the short read length, SNPs and deletions were 
well resolved, but transposon insertions and genomic rearrangements were not. So this analysis 
may be missing some genetic events that could have impacted the robustness phenotypes. On 
the other hand, the high degree of accuracy of the Illumina technology allowed us to improve 
the quality of the final genome by identifying errors in the initial Sanger sequencing data that we 
used. Resequencing data was also analyzed for evidence of large-scale deletions. The first 
round of sequencing of 6 strains showed a range of 12-28 mutations per strain. In strains 
sharing a common lineage, up to 10 of the mutations were present in both strains. A wide range 
of different genes were mutated, but some genes acquired mutations independently in different 
strains, presumably because they encode functions related to robustness. Recurrent mutations 
were found in genes encoding the following products:  bifunctional alcohol / aldehyde 
dehydrogenase, hydrogenases, and RNA polymerase sigma factors (sigma70, sigmaK, 
sigma54). In the second round of sequencing (8 strains) the distribution of mutations was 
analyzed relative to the lineage of the strains. Strains with a common parent shared some 
mutations, except for strain M1152 which was previously thought to come from an independent 
lineage, yet was shown to be similar to M1442. Strains M1324, M1325 and M1326 were thought 
to be hybrids between ALK2 and M1151, but the resequencing data showed that to not be the 
case. Strain M1741 was distinct from the other strains, possessing 127 unique SNPs, consistent 
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with this strain having been subjected to mutagenesis. Some genes of great interest were 
affected by mutations including alcohol dehydrogenase, ATP synthase and xylose isomerase. 
The third round of resequencing was completed in September 2011 and data will be deposited 
by year end in the computer database at Oak Ridge National Lab. To determine the impact of 
the most notable mutations on fermentation performance, the wild type and three mutant alleles 
of the bifunctional ADH gene or0411 were overexpressed, as well as the wild type 
monofunctional ADH gene or2289. No improvement in ethanol titer was observed under the 
conditions tested, but the background strain for these experiments already contained a mutated 
ADH gene, so we can only conclude that additional copies gave no further benefit.  
 
Subtask B.1 Evaluate growth on hydrolysate. The objective of the activity in this subtask was 
to conduct fermentations on various hydrolysates from pretreated hardwood and to optimize 
growth of T.saccharolyticum. Early on, we performed extensive characterization of steam 
autohydrolyzed hardwood, generating quantitative measurements of individual sugars and 
inhibitory compounds, the polymeric state of the sugars, the particle size, the moisture, metal 
and salt content and the variance of such values in different batches of hydrolysate. We 
developed methods for the comparison of improved strains in terms of tolerance to pretreated 
biomass. To troubleshoot problems with growth in hydrolysate, we varied individual parameters 
(temperature, pH, cellulase dose, solids concentration and inoculum size) and used statistical 
analysis to define optima.  
 
T. saccharolyticum was grown on a variety of different hemicellulosic hydrolysates. Most of our 
work was with “washate” generated by washing low severity pretreated hardwood with water. 
Washing removes inhibitors and results in more easily-digested solids, but also liquifies a major 
fraction of carbohydrate as hemicellulose. The washates were sometimes concentrated or 
detoxified by various means. Concentration by RO membranes or evaporation concentrated 
sugars equally well, but there was a marked decrease in the furfural after evaporation and an 
increase in HMF. Quantitative saccharification showed that most of the carbohydrate in 
Mascoma’s washate was present in oligomeric form, requiring hydrolysis for effective utilization. 
Tests were conducted to measure the fermentation of oligomeric glucan produced by acid 
hydrolysis of avicel, and we found that T. sacch was able to produce ethanol from a mixture of 
oligomers in the DP range of 3-5.  T. sacch was able to utilize 88-95% of the carbohydrate in 
washate, for example producing 8.9 g/L ethanol from 19.8 g/L carbohydrate. This shows that 
T.sacch possesses all of the proteins required to efficiently break down hemicellulose without 
added enzymes. Acid-hydrolyzed washate demonstrated more inhibition than untreated 
oligomeric material. Ethanol yields in excess of 100% were common from washate. For 
instance, we produced 10.9 g/L ethanol from 20 g/L carbohydrate in 50 hours at 1 L scale 
(107% yield). Yields this high are due to the presence of complex carbohydrates that we do not 
currently analyze by HPLC during material characterization. Extensive work was performed to 
maximize the ethanol titer from Mascoma’s hemicellulosic hardwood hydrolysate. The effects of 
pH, temperature, inoculum size and reducing and detoxification agents on fermentation 
performance with hemicellulosic hydrolysates were determined. We found that larger inocula 
and the addition of 1-2 mM sodium hydrosulfite significantly improved ethanol titers. In addition, 
the treatment of the hydrolysate with diafiltration and/or 1% activated carbon resulted in much 
higher ethanol titers. In bottle fermentations, the highest ethanol titer we achieved with this 
material was 27 g/L from detoxified washate. At 1L scale in fermentors, we were able to 
generate 31 g/L ethanol from detoxified hydrolysate and 16.5 g/L from untreated hydrolysate. 
Even when supplemented with additional cellobiose and maltodextrin, titers could not be 
achieved higher than 40 g/L with, suggesting that the inhibitors in the hemicellulose hydrolysate 
may limit the maximum achievable ethanol titer. Fermentations like the intermediate stage gate 
validations (SSCF on Sigmacell) were conducted in which the feed was hemicellulose 
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hydrolysate rather than xylose sugar. The final ethanol titer was >15g/L less than at the stage 
gate, indicating that inhibitors present in the hemicellulose extract decrease the final achievable 
ethanol titer. In fermentations of nanofiltered washate, ethanol production stopped when acetic 
acid levels reach 10-14 g/L, suggesting that acetate can be limiting when other inhibitors are 
reduced. Hydrolysates containing mostly hemicellulose were also tested that had been obtained 
from North Carolina State University and from the USDA Forest Products Laboratory that had 
been concentrated by reverse osmosis. The results of this experiment were published in Lee et 
al. 2011. 
 
We also performed tSSCF fermentations using pretreated hardwood and commercially available 
cellulase enzymes and evaluated the performance of our best strains. High levels of cellobiose 
and maltodextrin were fermented along with added pretreated solids without cellulase enzyme 
to see how well the solids themselves were tolerated. Up to 12.8% solids was well tolerated as 
evident by ethanol titers approximately the same as a no-solids control. Enzymatic hydrolysate 
of washed solids was also tested in bottle fermentations. An ethanol titer of 41 g/L was achieved 
from hydrolysate containing 96 g/L glucose+cellobiose. In SSF, sugar levels were consistently 
low, indicating that cellulose hydrolysis was the limiting factor, despite using relatively high 
levels of cellulase. For example, an ethanol titer of 20 g/L was achieved from 12.7% solids, but 
in a fermentation with the equivalent level of potentially available glucose, either as enzymatic 
hydrolysate or as glucose, an ethanol titer of 30 g/L was achieved, demonstrating that 
hydrolysis was the limiting factor. Experiments suggested that the pH used for optimal growth of 
T.sacch (pH 5.8) is detrimental to cellulase performance. To address this issue, different pH set 
points were used: pH 5.4 was the lowest that T.sacch would grow at when acetate was present. 
We also tried decreasing the pH partway through the fermentation and sparging with air to 
increase the redox potential. Both techniques increased the sugar release, but organism 
performance was poor in both cases. Various bioprocess parameters were optimized for 
maximum ethanol production in SSF in the presence of acetate. The optimal temperature was 
found to be 51 deg C. In SSF, long prehydrolysis times provided better mixing and overall 
cellulose conversion, but the cells were inhibited at starting sugar concentrations >50 g/L. 
Inoculum size was a critical factor; fermentations with large healthy inocula performed much 
better than others, fermenting up to 22.5% solids to 38 g/L final ethanol titer. We performed fed-
batch SSF, in which the solid material was added during the course of the fermentation. This 
required opening the fermentor to the outside atmosphere, potentially introducing oxygen and 
contaminants, but it increased the percentage of washed and unwashed pretreated biomass 
that could be tolerated and converted by T. saccharolyticum. We also tested fermentation 
performance in SHF mode. We started by optimizing glucose fed-batch fermentation using a 
feedback loop so that glucose levels would affect feed rate. It was found that slower feeds, in 
which residual glucose levels were low, led to the highest final ethanol titers. Next, we 
conducted glucose fed-batch fermentations with a mock-hydrolysate. Using realistic volumes 
and feed concentrations (in which the feed was 3x the initial volume), we achieved 49 g/L 
ethanol. Using a real hydrolysate slurry, the volume of feed was reduced by lyophilizing the 
hydrolysate to >600 g/L sugars. Fermentation of this material proceeded very well, reaching 49 
g/L ethanol in 23 hrs and ultimately reaching 52 g/L ethanol. A hybrid fermentation was 
conducted, consisting of an initial pre-hydrolysis followed by SSF, followed by supplementation 
with separately hydrolyzed slurry after SSF hydrolysis stopped. This fermentation reached an 
ethanol titer of 38 g/L, but was again limited by the availability of fermentable sugar.  Acid 
pretreated corn stover from NREL was characterized and the ability of T.sacch to ferment it was 
evaluated. A comprehensive description of the tests and results was provided in a separate 
report. Briefly, the “syrup” was fermented to 20 g/L ethanol at 90% process yield and the solids 
were fermented to 24 g/L at 87% process yield. Using pretreated hardwood from Lignol Energy 
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Corporation we reached 40 g/L ethanol in 144 hrs, from a total of 100 g/L potential sugar 
(minimum 82% yield).  
 
Subtask B.2 Optimize enzyme usage. The objective of the activity in this subtask was to 
evaluate commercially available cellulase enzymes and optimize their use in thermophilic 
SSCF. We evaluated the performance of cellulase enzymes from 3 different suppliers with 
pretreated hardwood. An enzyme cocktail from AB Enzymes developed for thermostability 
showed superior performance, and was used for most of this project. We found that the 
maximum hydrolysis yields at high solids concentrations were obtained with this mix at 55°C – 
58°C and a pH of 5. We tested the effects of ethanol and glucose on cellulose hydrolysis and 
optimized the ratio of CBHI to EG. Cellulase dosage and feeding strategies were also optimized 
and we found that excessive glucose release from high initial enzyme dose could inhibit the 
growth of T.saccharolyticum. We examined the effects of redox potential on fungal cellulases. 
Observations of the redox potential were made using commercially available redox probes. We 
found that inoculation lowers redox potential dramatically (to -350mV), initial growth further 
lowers it and redox potential is steady during most of the fermentation (-480 t0 -530 mV). By 
contrast, the redox potential for an anaerobic yeast fermentation stays at approx. -120 mV. 
Commonly used cellulases are from aerobic (fungal) organisms and may have evolved to be 
most active at fairly high redox potentials. Therefore, the observed lowering of redox potential 
by T. sacch could be negatively impacting the fungal cellulase, especially by disrupting S-S 
disulfide bridges. To test this, cellulase was incubated with Avicel in the presence of different 
reducing agents and the liberation of glucose was monitored. The addition of DTT and TiCl3 
both severely inhibited cellulase activity. This is consistent with observations of T.sacch SSFs 
with Avicel, in which hydrolysis was incomplete and unresponsive to added doses of fungal 
cellulases. The redox capacity of fermentations was investigated (i.e. the ability to change the 
redox potential in response to an oxidant). The stage gate performance targets for this project 
required nearly complete hydrolysis of the cellulose, but we found about halfway through the 
project that cellulose could not be hydrolyzed to completion in T.sacch SSF using fungal 
cellulase. We therefore tested bacterial cellulase from C .thermocellum as a possible solution to 
redox-inhibited cellulases. In contrast to fungal cellulases, C.therm cellulase has evolved to 
operate under very low redox potentials. We developed methods for the production and 
measurement of cellulase from C. thermocellum. An SSF of 100 g/L Solka Floc using  
concentrated C.thermocellum cellulase showed >80% of theoretical ethanol yield in 72 hrs. We 
found that bacterial cellulases could be used to supplement the activity of fungal cellulases: a 
mix of 40 mg/g-TS fungal AB Enzymes + C.thermocellum concentrated cellulase yielded 48 g/L 
ethanol in SSF of 100 g/L Solka Floc in 48 hr. A control SSF with just fungal cellulase (40 mg/g-
TS) yielded only 28 g/L ethanol. We tested the effect of time, solids loading and inhibitors on C. 
therm cellulase and compared the performance to that of fungal cellulase. In a test of tolerance 
to ethanol exposure, C. therm enzyme lost 30% of its hydrolysis activity after being exposed to 
60g/L ethanol for 2hrs, while AB Enzymes Mix B lost 60% of activity. Results after 24 hr ethanol 
exposure were the same for C.therm cellulase, but worse for fungal cellulase. Other inhibitors 
such as acetate, furfural, HMF and vanillin had no effect on hydrolysis with C.therm cellulase, 
but lignin and lignin-carbohydrate complexes did inhibit up to 50%. The effects of solids loading 
were evaluated in SSF using different concentrations of Avicel. The ethanol yield was 72%, 70% 
and 58% of theoretical at 4%, 8% and 12% solids, respectively, less than the inhibition 
previously observed for fungal cellulase. Hydrolysis tests of thermal stability showed that 
C.thermocellum cellulase stability is comparable to that of commercial cellulase. Hydrolysis 
tests (initial rates and 72 hr yield) were conducted using 6 g/L avicel + xylooligosaccharides (DP 
range =2-10). The xylooligomers were not inhibitory to either C.thermocellum or AB Enzymes 
cellulases, contrasting with studies published using mesophilic fungal enzymes. C.thermocellum 
cellulase was slightly inhibited by xylan but AB Enzymes cellulase was not. C.thermocellum 
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cellulase produced by growing the cells on pretreated hardwood had higher activity than from 
cells grown on avicel. We also scaled up enzymatic hydrolysis reactions to 10 L to produce 
enough hydrolysate for testing SHF. We discovered that anaerobic media, independent of cell 
growth, inactivates fungal cellulases. In addition, hydrolysis in the presence of anaerobic media 
was more inhibited by ethanol. These results confirm earlier indications that anaerobic SSF 
conditions are incompatible with fungal cellulases. We also analyzed the effects of aeration on 
cellulase activity. Hydrolyses conducted in bottles containing air performed significantly better 
than those containing nitrogen. The difference was larger in the presence of growth medium and 
ethanol, and was greater at 50 degrees C than at 37 degrees.  By adding different amounts of 
air to bottles and measuring cellulase activity vs. redox potential, we found that redox potentials 
> 0 millivolts (silver chloride electrode) are necessary to avoid inhibition. In addition, SSFs were 
conducted and samples removed periodically into bottles containing air or nitrogen. Aeration 
was observed to clearly revive the slow hydrolysis observed in SSF. Protease secretion was 
ruled out as a possible cause of cellulase inactivation. A variety of approaches were tested to 
overcome the limitations of available cellulases in SSF. Cysteine and methionine were 
eliminated from the media in the thought that reduced sulfhydryl groups might mediate 
disruption of disulfide bonds, but there was no evident benefit in SSF. Total sulfur was reduced 
to a minimum too. Compared to a SSF control with normal sulfur levels, the same final ethanol 
titer was achieved, though sugar release was increased. The oxidizing compounds diamide and 
potassium ferricyanide were added to SSFs, but both compounds were more inhibitory to cells 
than stimulatory to the enzymes. A feedback system was built in which redox levels measured 
in SSF controlled the activation of an air sparge. This increased cellulase activity dramatically, 
but metabolic activity of the cells was disrupted. In all cases, we could not find a way to increase 
cellulase activity without inhibiting T.sacch. 
 
Subtask B.3 Media formulation. The objective of the activity in this subtask was to develop a 
low cost medium for ethanol production from pretreated hardwood in T.saccharolyticum. We 
tested different low cost media components and used statistically designed experiments to 
measure the effects of each component on ethanol production. Effects were also measured on 
cellulase activity, since enzymatic hydrolysis in SSF occurs in the same medium as 
fermentation. We learned that the organism can grow in minimal medium, but the growth rate 
and  tolerance to inhibitors in pretreated hardwood was low. A low cost medium called TSD1 
was calculated to cost $0.10 per gallon of ethanol produced, assuming 65 g/L ethanol in the 
beer. The growth rate in TSD1 with sugars in batch culture was 0.25 hr-1, or 55.6% of the 
growth rate in rich media. In continuous culture in TSD1, the growth rate was 0.45 hr-1. An 
improved medium called EM1 containing corn steep liquor was compared to a rich medium 
(TSC7) in bottle fermentations with hemicellulose hydrolysate. EM1 costs an estimated $.12 per 
gallon ethanol produced, which is 85% less than TSC7, but tolerance to hydrolysate was less. 
Additional corn steep liquor based media (BM3-4) further reduced cost and improved 
performance. The media component with the greatest beneficial impact on ethanol production 
was yeast extract, which is fairly expensive. We also learned that T.sacch does not utilize urea 
as a nitrogen source, so the genes enabling urea utilization were introduced and urea levels in 
the medium were optimized. We found that in batch bottle cultures, 5-10 g/L calcium carbonate 
could be used as a low-cost, high-capacity buffer that increased ethanol production, but it may 
not give an optimal pH for cellulase activity in SSF. MES buffer up to 15 g/L was found to 
support better tolerance to hydrolysate, probably due to its higher pKa value. Cysteine was 
found to be highly stimulatory when cells were challenged with hydrolysate, probably by 
providing the cell with additional reducing power. Furthermore, the reducing agents glutathione 
and sodium sulfide also increased inhibitor tolerance. Hydrolysate itself was found to be more 
stimulatory than yeast extract, but only when present at low concentrations in minimal medium 
containing methionine and vitamins. Four types of yeast extract were tested and two were 
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comprehensively analyzed. Growth phenotypes on dozens of different carbon, nitrogen and 
phosphorous sources was evaluated using 96-well Phenotype Microarrays from Biolog. In order 
to identify limiting nutrients in minimal medium, spent media was taken when cells entered 
stationary phase. Cells were removed by centrifugation and each medium component was 
supplemented to the spent media and the cultures were reinoculated with actively growing cells. 
The cultures supplemented with methionine, magnesium and combined media components 
grew to significantly higher OD than the control without any supplement. Inexpensive alternative 
nutrient sources that have the potential to replace yeast extract or other vitamin and mineral 
sources were explored. Beechwood xylan, birchwood xylan, apple pectin, cane molasses, sweet 
whey, sour (acid) whey, yeast mannan and corn stover were tested. Nineteen different kinds of 
peptone were also tested. Corn peptone hydrolysate showed the highest final ethanol titer, but 
the improvement was small. Additionally, this task included efforts to develop a medium for 
maximal ethanol titer in stage gate SSFs. Levels of medium components were optimized for 
these conditions (e.g. in the presence of 10 g/L acetate).  
 
Subtask B.4 Integration and scale-up. The objective of the activity in this subtask was to 
integrate strains, media and bioprocess configurations developed in other subtasks in 
fermentations of realistic substrates, and to prepare for and begin work at increasingly larger 
scale. Conditions for freezing cultures, reviving them and propagating inocula were developed. 
DMSO was found to be best as a cryopreservative and growth rates (prior to freezing) of 
approximately 0.4 per hr were optimal for maximal growth and minimal lag time in outgrowth. 
Maltodextrin was chosen as a propagation train carbon source. Other preliminary scale up tests 
included testing the water from Rome, NY and conducting scale-down tests in Lebanon mocking 
configurations anticipated in Rome. Bioprocessing parameters such as inoculum size, pH 
control strategy and temperature were optimized. We found that large inocula, pH control at 5.9 
in medium containing CaCO3 and urea and a temperature of 51 deg C gave the highest ethanol 
titers. Differences in ethanol titers between bottles and fermentors were investigated and the 
cause was found to be differences in pH control. A novel bioprocess scheme of continuous 
fermentation with recycling of cell mass was tested but proved to be technically challenging. We 
also investigated scalable bioprocess options for separation of acetate from hydrolysate, which 
could potentially improve process economics by generating a high value byproduct. We tested 
the use of anion exchange resin to separate acetic acid and anionic carbohydrates from liquid 
hydrolysate and the use of reverse osmosis or nano-filtration, which would allow acetate to pass 
through yet retain monomer and oligomeric sugars. Nanofiltration was also developed as a 
method to 1) concentrate liquid streams of hydrolysate from pretreatment and 2) detoxify those 
streams. Following diafiltration, free acetate, furfural and HMF were reduced >87%. Some 
monomer sugar was lost in the process, i.e. 18% of the xylose, but the overall xylose+xylan loss 
was much less (probably ~4%) since only a small fraction of the xylose was present as 
monomer xylose. Likewise, the majority of acetate was retained as well since only a small 
fraction was not complexed with polysaccharides. Treatment with XAE liberated 75% of the 
bound acetate, reaching >35 g/L acetate in solution. The final pH was 3.8, which will allow 
subsequent acetate removal by nanofiltration. Acetate and inhibitor removal was also 
demonstrated using aerobically grown XAE-expressing yeast. Overliming was also 
demonstrated as an effective means to detoxify polymeric hemicellulose. The optimum pH for 
overliming was found to be pH 9. With subsequent nanofiltration, 74% of the total acetate and 
80% of the furfural was removed without any loss of total sugar. In fed batch fermentations with 
lime-treated hemicellulose hydrolysate, an ethanol titer of 31 g/L and 80% process yield was 
achieved. Additional glucose or maltodextrin increased ethanol titer to 37 g/L at 94% process 
yield, but yield decreased dramatically at higher levels.  
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This subtask also included preparations for the final stage gate validations with pretreated 
hardwood. Bioprocess parameters such as pre-hydrolysis time were optimized. A 100L 
fermentor was installed in Lebanon, along with a new water heater for jacket heating, a new 
agitation motor and a custom attachment for a pH probe. Tests with solid pretreated hardwood 
indicated that mixing in this fermentor was poor at the solids loading required for the stage gate. 
Analysis of a process flow was conducted and materials for the stage gate generated in Rome 
were analyzed and tested to ensure that they were representational of the envisioned process. 
Enzymatic hydrolysis, SHF and integrated SSCF fermentations were conducted with this 
material and troubleshooting was done to address problems, especially poor cellulase activity 
and the toxicity of the hydrolysate. For the final stage gate validation, chemostat cultures were 
established to serve as inocula using the strain in the original application ALK2 along with our 
best strain to date M2886. 15 different fermentations were conducted including a 12% solids 
SSF at 100 L scale. Both strains were tested in duplicate under 3 different conditions: 12% 
solids SSF, 22% solids SSF and Test # 3 (5 sugars fed-batch with acetate). In addition, a fed-
batch fermentation using strain M2886 was performed in SHF mode to demonstrate production 
of 50 g/L ethanol from pretreated hardwood when the process does not depend on cellulase 
performance.  
 
Subtask B.5 Performance benchmarking with mock hydrolysate. The objective of the 
activity in this subtask was to develop methods and evaluate our current strain performance with 
respect to targets for the intermediate stage gate evaluation. The main target was production of 
65 g/L ethanol from a “mock hydrolysate” in a thermophilic SSCF configuration. We worked 
towards this goal step-wise, adding increasing challenges and overcoming them. First we 
optimized growth conditions that would support >65 g/L ethanol titer using rich medium and a 
mix of cellobiose and maltodextrin. Attempts to achieve the same titer in SSF failed, indicating 
that cellulase activity was limiting. This problem was overcome by supplementing the 
commercial cellulases with bacterial cellulase preparations from C. thermocellum and by 
identifying a more easily digested model cellulose. Sigmacell was chosen because it was 
significantly more digestible than avicel. Another progressive step was made by the addition of 
10 g/L acetate to the fermentations then re-optimizing and re-troubleshooting. Finally, all 
available strains were evaluated in bottle scale-down fermentations of the anticipated growth 
conditions. With the optimal strain, substrate, temperature, pH-control strategy, inoculum size, 
cellulase mixture and feeding regimen, we achieved over 61 g/L ethanol in thermophilic SSF in 
the intermediate stage gate validation.     
 
Products Developed 
 
6.        Products developed under the award and technology transfer activities: 
 
 a.     Publications, conference papers, or other public releases of results.   
 

1) Mike Ladisch, oral presentation at the 31st Symposium on Biotechnology for Fuels and 
Chemicals in San Francisco on May 5, 2009. 

2) Herring, CD, oral presentation at the 32nd Symposium on Biotechnology for Fuels and 
Chemicals in Clearwater Beach, FL on April 19, 2010. 

3) Herring, CD, oral presentation at the Workshop on Complexity and Systems Biology of 
Microbial Biofuels, University of Warwick, UK, June 24, 2011. 

4) Herring, CD. Analysis of the response of Thermoanaerobacterium saccharolyticum to 
inhibitors and hemicellulose enabled by genome-scale resources. May 2, 2011. 33rd 
Symposium on Biotechnology for Fuels and Chemicals, Seattle. 
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5) Hogsett, DA. Development of Thermoanaerobacterium saccharolyticum for the 
conversion of lignocellulose to ethanol. DOE Biomass Program Biochemical Platform 
Review, Denver CO, Feb 15, 2011.  

6) Lee JM, Venditti RA, Jameel H, Kenealy WR. Detoxification of woody hydrolyzates with 
activated carbon for bioconversion to ethanol by the thermophilic anaerobic bacterium 
Thermoanaerobacterium saccharolyticum. Biomass and Bioenergy, 2011, 35:626-636. 

7) Shaw AJ, Hogsett DA, Lynd LR. Natural competence in Thermoanaerobacter and 
Thermoanaerobacterium species. Appl Environ Microbiol. 2010 Jul;76(14):4713-9. Epub 
2010 May 14. 

8) Shaw AJ, Covalla SF, Hogsett DA, Herring CD. Marker Removal System for 
Thermoanaerobacterium saccharolyticum and Development of a Markerless 
Ethanologen. Appl Environ Microbiol. 2011 Apr;77(7):2534-6. Epub 2011 Feb 11. 

 
 
b.     Web site or other Internet sites that reflect the results of this project; 
 
 Some of the genomic data from Subtask A.4 is available at 
 
http://genome.ornl.gov/microbial/tsac/ 
 
c.    Networks or collaborations fostered; 
 
None other than described in publication # 6 above and the relationships with Oak Ridge 
National Laboratory and Panlabs Biologics as subcontractors under this award.  
 
d.       Technologies/Techniques; 
 
The strain of T. saccharolyticum developed for the intermediate stage gate was transferred to 
NREL (Nancy Dowe) for independent evaluation.  
 
e.   Inventions/Patent Applications, licensing agreements; and 
 

1) US Provisional Patent Application No. 61/081966, filed July 18, 2008, entitled "Flow-
Through Biological Conversion of Lignocellulosic Biomass” 

2) US Provisional Patent Application No. 61267273, filed December 7, 2009, entitled 
"Heterologous Expression of Urease in Anaerobic, Thermophilic Hosts" 

3) US provisional patent application no. 61/331,657, filed May 5, 2010, entitled 
"Detoxification of Biomass Derived Acetate Via Metabolic Conversion to Ethanol, 
Acetone, Isopropanol or Ethyl Acetate."  

4) US provisional patent application no. 61/351,133, filed June 3, 2010, entitled 
"Detoxification of Biomass Derived Acetate Via Metabolic Conversion to Ethanol, 
Acetone, Isopropanol or Ethyl Acetate."  

5) US provisional patent application no. XX/XXX,261, filed November 30, 2011. 
 
f.         Other products, such as data or databases, physical collections, audio or video, software 
or netware, models, educational aid or curricula, instruments or equipment. 
 
OMICS data: Microarray data, metabolite data and resequencing data is kept on Mascoma’s 
computer systems 
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Electronic notebooks: E-notebook archives of the project are kept on Mascoma’s computer 
systems 
 
Strains: A total of 299 strains of T. saccharolyticum developed for this project are stored in 
Mascoma’s -80 deg C freezers. 
 
 
 
 


