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Abstract

Background: The thermophilic, anaerobic bacterium Thermoanaerobacterium saccharolyticum digests hemicellulose
and utilizes the major sugars present in biomass. It was previously engineered to produce ethanol at yields equivalent
to yeast. While saccharolytic anaerobes have been long studied as potential biomass-fermenting organisms, develop-
ment efforts for commercial ethanol production have not been reported.

Results: Here, we describe the highest ethanol titers achieved from T saccharolyticum during a 4-year project to
develop it for industrial production of ethanol from pre-treated hardwood at 51-55 °C. We describe organism and
bioprocess development efforts undertaken to improve ethanol production. The final strain M2886 was generated by
removing genes for exopolysaccharide synthesis, the regulator perR, and re-introduction of phosphotransacetylase
and acetate kinase into the methyglyoxal synthase gene. It was also subject to multiple rounds of adaptation and
selection, resulting in mutations later identified by resequencing. The highest ethanol titer achieved was 70 g/L in
batch culture with a mixture of cellobiose and maltodextrin. In a “mock hydrolysate” Simultaneous Saccharification
and Fermentation (SSF) with Sigmacell-20, glucose, xylose, and acetic acid, an ethanol titer of 61 g/L was achieved,
at 92 % of theoretical yield. Fungal cellulases were rapidly inactivated under these conditions and had to be supple-
mented with cellulosomes from C. thermocellum. Ethanol titers of 31 g/L were reached in a 100 L SSF of pre-treated
hardwood and 26 g/L in a fermentation of a hardwood hemicellulose extract.

Conclusions: This study demonstrates that thermophilic anaerobes are capable of producing ethanol at high yield
and at titers greater than 60 g/L from purified substrates, but additional work is needed to produce the same ethanol

titers from pre-treated hardwood.

Keywords: Cellulosic ethanol, Consolidated bioprocessing, Organism development, Metabolic engineering,

Bioprocess development, Thermophilic bacteria

Background

Biotechnology for the conversion of biomass to fuels has
the potential to reduce the need for carbon-intensive fos-
sil fuels, but must be cost-competitive to be commercial-
ized. Ethanol is the first commercial cellulosic biofuel
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and the logical proving ground for innovations aimed at
reducing production costs. To be cost-competitive, an
improved process must generate ethanol at high yield.
Sufficiently high ethanol titers, generally at or above
40 g/L [1, 2], are also required to avoid high costs for
fermentation and distillation. The upper limit of etha-
nol titer that can be achieved with lignocellulosic feed-
stocks is considerably lower than can be achieved from
starch due to the lower fraction of fermentable sugar and
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materials handling issues [2]. As a result, both near-term
and futuristic designs for cellulosic ethanol plants often
involve ethanol titers in the range of 50-60 g/L [3, 4].

Thermophilic, anaerobic bacteria exhibit distinctively
high rates of cellulose and plant cell wall solubilization
[2, 5], with fermentation of cellulose and hemicellulose
usually carried out by different species. Thermoanaero-
bacterium saccharolyticum ferments xylan, the main pol-
ymer in hemicellulose, and also utilizes all other major
biomass sugars, including cellobiose, glucose, mannose,
xylose, galactose, and arabinose. This microorganism
does not, however, ferment cellulose to any significant
degree. Organic fermentation products from wild-type
strains of T. saccharolyticum strains include ethanol,
acetic acid, and lactic acid. By deleting the genes encod-
ing lactate dehydrogenase, phosphotransacetylase, and
acetate kinase, an engineered strain was developed that
produces ethanol at greater than 90 % of theoretical yield,
equivalent to yeast and other homoethanologens [6].
T. saccharolyticum is naturally competent and recombi-
nogenic, making genetic manipulation relatively easy [7].
The genome sequence and other genomic resources have
been recently published [8]. Beginning with a homoe-
thanologenic strain of 7. saccharolyticum, Shaw et al. [9]
achieved an ethanol titer of 54 g/L by introducing genes
encoding urease and using urea as the nitrogen source.
To our knowledge, this is the highest titer of produced
ethanol reported for a thermophilic bacterium.

The US Department of Energy Biomass Program
and Mascoma Corporation funded a 4-year project to
develop T. saccharolyticum as a biocatalyst for the pro-
duction of ethanol from pre-treated hardwood [10]. The
two main components of the project were organism and
bioprocess development activities. Organism develop-
ment efforts were aimed at generating strains to produce
high ethanol titers in the presence of inhibitors found
in pre-treated biomass, using a combination of rational
genetic engineering, classical mutagenesis/selection, and
genome-scale resources. Bioprocess development efforts
were aimed at meeting specific performance targets
using optimization of media, enzyme addition, growth
on hardwood substrates, and process integration. The
two activities were pursued in parallel and subsequently
brought together to achieve high ethanol titers, first with
purchased model substrates, nutrients and inhibitors,
and then progressing to pre-treated hardwood.

The original vision was to use T. saccharolyticum in a
simultaneous saccharification and fermentation (SSF)
process configuration. Since the fermentation tempera-
ture of T. saccharolyticum matches the optimal tempera-
ture for many fungal cellulases, we expected to add less
cellulase than would otherwise be necessary. However, we
discovered mid way through the project that commercial
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fungal cellulases are reversibly inactivated by the low-
redox fermentation conditions [11]. A related project
aimed to express cellulases in 7. saccharolyticum [12], but
the maximal expression and secretion levels were insuffi-
cient. Ultimately, cellulosome preparations from C. ther-
mocellum were used to overcome the limitations of fungal
cellulase, as described below. We also describe the ration-
ale for directed strain modifications and the sequence-
level effects of selections and adaptations. Finally, we
present performance data for both model substrates and
conditions more representative of an industrial process.

Results and discussion

Strain development

We previously described a method to perform marker-
less genetic manipulations in T. saccharolyticum. 1t is
“markerless” in so far as it allows the removal of the anti-
biotic resistance genes (i.e., markers) after they are used
[13]. The method is based on negative selection against
the presence of the pta and ack genes with chloroacetate.
It was used to eliminate lactate and acetate production
in wild-type strain JW/SL-YS485 (DSM 8691), creat-
ing homoethanologen strain M355 [13]. This strain was
then subjected to multiple rounds of nitrosoguanidine
mutagenesis and screening for high ethanol titers in the
presence of an enzymatic hydrolysate from pre-treated
hardwood by Panlabs Biologics in Taiwan.

The 14 top-performing strains from that effort (M796—
MB809) were mixed and used as inoculum into a cytostat
containing a mixture of inhibitory chemicals found in
pre-treated hardwood and 20 g/L ethanol. A cytostat is
a cell density-regulated continuous culture that uses a
highly sensitive flow cytometer to measure cell density,
allowing the culture to be maintained continuously at
low cell density and fast growth rates [14]. A single clone
was isolated from the cytostat and designated M863
(Table 1).

Using an approach as described previously [15], a
library of clones was created that positioned random
pieces of T. saccharolyticurn DNA down-stream from a
strong promoter integrated into the T. saccharolyticum
chromosome, with the expectation that overexpression of
some genes would lead to improved inhibitor tolerance.
The library was selected on solid or liquid media contain-
ing extracts from pre-treated hardwood. Sequencing the
inserts showed that 19 out of 23 selected clones had the
pta/ack gene pair inserted. This was surprising, since the
strain had been engineered to eliminate acetate produc-
tion by the removal of these genes. Also intriguing, the
library-selected strains did not produce wild-type levels
of acetate and the pta/ack genes confer inhibitor toler-
ance even without net acetate production. An investiga-
tion of this result is published elsewhere [16].



Herring et al. Biotechnol Biofuels (2016) 9:125

Table 1 Strains used in present study
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Strain # Description of genetic manipulation Genotype

M355 Markerless KO of genes for acetate and lactate production pta/ack(=) L-Idh(—)

M795-M809  Mix of strains generated by Panlabs using NTG mutagenesis and  pta/ack(—) L-Idh(—)
selection on wood hydrolysate

M863 Selection in Cytostat with synthetic mix of inhibitors and 20 g/L pta/ack(—) L-Idh(—)
ethanol

M1151 Addition of urease, fix of metE and markerless KO of Tsac_0795 pta/ack(—) L-Idh(—) Tsac_0795(—) urease(+) metE(+)

M1291 Markerless KO of putative EPS operon (phosphoglucomutase, pta/ack(—) L-ldh(—) Tsac_0795(—) urease(+) metE(+) EPSoperon(—)
UDP-G1P transferase, transmembrane protein, near gene
Tsac_1471)

M1442° Selection in auxostat for fast growth in glucose, xylose, arabinose,  pta/ack(—) L-ldh(—) Tsac_0795(—) urease(+) metE(+) EPSoperon(—)
and acetic acid

M2476 Markerless KO of perR pta/ack(=) L-ldh(—) Tsac_0795(—) urease(+) metE(+) EPSoperon(—)

perR(—)
M2886 Insertion of pta/ack-KanR into methylglyoxal synthase mgs pta/ack(—) L-Idh(—) Tsac_0795(—) urease(+4) metE(+) EPSoperon(—)

perR(—) mgs:pta/ack-KanR

@ Strain M1442 is also known as LL1049

A related cloning strategy was used to create a ran-
dom deletion library in T. saccharolyticurmn which was
subjected to selection in the cytostat with mixed inhibi-
tors and in auxostat cultures with extracts of pre-treated
hardwood. An auxostat is a continuous culture in which
the feed rate is indirectly coupled to growth rate. In
this case, growth caused a drop in pH from the uptake
of ammonia, which was countered by automatic addi-
tion of a base solution to maintain a constant pH mixed
with growth-inhibitory extract. The dilution rates of both
cytostats and auxostats are proportional to growth, but in
practice, the auxostat has a higher cell density and slower
growth rate. The deletion library yielded a wider assort-
ment of genotypes than the overexpression library, but
both cytostat and auxostat selected for clones with a dele-
tion in the gene Tsac_0795, encoding a possible helicase
or protein kinase. Further strain improvement consisted
of a knockout of Tsac_0795, while simultaneously add-
ing beneficial genes. The urease genes from C. thermocel-
lum were inserted in place of Tsac_0795 to allow the use
of urea as nitrogen source, which was shown to result in
higher ethanol titers [9]. Also inserted at the same locus
was the metE gene from Caldicellulosiruptor kristjansso-
nii to restore vitamin B-12-independent methionine syn-
thesis, compensating for the disrupted native metE gene
in T. saccharolyticum.

We next deleted a 4-gene putative operon that
appeared to be related to exopolysaccharide synthe-
sis: genes Tsac_1474-Tsac_1477, annotated as phos-
phoglucomutase, NGN domain-containing protein,
UTP-glucose-1-phosphate  uridylyltransferase,  and
lipopolysaccharide biosynthesis protein. The result-
ing strain M1291 produced more ethanol than its par-
ent strain M1151 (Table 2), possibly due to diversion of

intracellular glucose from anabolism (polymerization)
to catabolism (glycolysis). This strain was then selected
for rapid growth on mixed sugars by growing it for 425 h
in a pH-controlled auxostat containing xylose, glucose,
arabinose, and acetic acid, at growth rates from 0.09 to
0.37h7".

The next modification consisted of a markerless dele-
tion of the regulatory gene perR to generate strain
M2476. PerR is a repressor of oxidative stress response
genes, and its deletion has been shown to increase aero-
tolerance in C. acetobutylicum [17]. Microarray studies
with T. saccharolyticum looking at the response to inhibi-
tors in pre-treated hardwood suggested an oxidative
challenge [8], and we reasoned that overexpression of the
perR regulon would increase tolerance to these inhibi-
tors. Indeed, knockout mutants of perR in T. saccharolyti-
cum (gene Tsac_2491) produced more ethanol than their
parent from inhibitory concentrations of pre-treated
hardwood hemicellulose extract (data not shown). The
bacterium was also able to survive up to 4 h of air expo-
sure on a pertri plate without an observable drop in via-
bility. In contrast, the parent began to lose viability after
1 h under the same conditions.

Table 2 Production of ethanol from 60 g/L cellobiose,
90 g/L maltodextrin by strains M1151, M1291, and M1442
in bottles

Medium Strain Final ethanol (g/L) SD (g/L)
TSC-3 M1151 61.0 19
TSC-3 M1291 65.1 20
TSC-3 M1442 70.1 1.0
TSC-4 M1442 60.0 04
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Finally, the gene-encoding methylglyoxal synthase
(mgs, Tsac_2114) was deleted by insertion of the kana-
mycin resistance marker and the pta/ack genes, creat-
ing strain M2886. While T. saccharolyticum grows well
in high levels of starch and cellobiose, it is inhibited by
monosaccharides at concentrations greater than 40 g/L.
Glucose toxicity has been shown to correlate with the
production of methylglyoxal [18]. The strain M2886 grew
at 100 g/L glucose and produced more ethanol from
pre-treated hardwood hydrolysate than other candidate
strains.

It should be noted that many other approaches, both
rational and selection-based, were tested in addition to
those that were used to generate strain M2886. Strain
benchmark tests were performed throughout its devel-
opment with up to 30 strains at a time in standardized
conditions to identify the best-performing strains and
eliminate less-beneficial approaches. The benchmark
tests comprised bottle cultures with high sugars (e.g.,
Table 2), SSFs on purified cellulose or challenges with
inhibitory levels of pre-treated hardwood extracts, with
maximum ethanol titer being the key metric. The strain
lineage described here represents the top-performing
modifications from each round of strain evaluation.

Resequencing results

Strains M863, M1442, and M2886 were resequenced
by Ilumina sequencing, and compared to the wild-type
JW/SL-YS485 genome sequence. Strain LL1025, which
is another clone of JW/SL-YS485, was also sequenced as
a control. Small-scale sequence variations are shown in
Table 3. Seven sequence differences were found in all four
strains, including LL1025 (rows 1-7), indicating possi-
ble errors in the Genbank genome sequence. Rows 8—10
show differences detected only in strain M863. Since the
later strains were descended from M863, they should also
contain these differences yet do not, suggesting that they
are artifacts. A total of 16 small variations were detected
in strain M863 and the later strains, likely arising during
the extensive selections that took place to generate M863.
These include mutations in the genes for the bifunctional
acetaldehyde/alcohol dehydrogenase gene adhE, and
in the Afs hydrogenase cluster, whose effect on ethanol
production has been described elsewhere [16]. Selection
in continuous culture preceding the isolation of M1442
resulted in nine mutations compared to the parent strain.
Five additional small mutations arose in generating strain
M2886.

Table 4 shows nine larger-scale variations that were
identified in the resequencing data. Six of these were the
engineered deletions, but the others appear to be spon-
taneous. Two deletions occurred in intergenic repeat
regions, one of which is CRISPR-associated. In the
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promoter region of gene Tsac_2564 encoding a phospho-
transferase subunit, there is a possible transposon inser-
tion. No sequencing reads span the insertion site, but
they contain the duplicated sequence ATTTTTAATT
ATTTT and additional sequence that matches part of the
gene Tsac_0046-encoding pyruvate-ferredoxin oxidore-
ductate (PFOR), a critical gene for ethanol production
[19].

For most of the spontaneous mutations in Table 3, it is
unknown whether they conferred adaptive phenotypes.
Although creation of isogenic strains for each allele is
required to rigorously establish genotype:phenotype
relationships, inferences about the importance of vari-
ous mutations may be made based on their recurrence
in multiple lineages. Table 5 shows recurrent mutations
from all strains resequenced under this project. We
observed independent occurrence of mutations in the
adhE and hfs cluster genes as reported previously, along
with 11 others. Of particular interest, two sets of muta-
tions occurred in PTS-related transcriptional regulators
encoded by Tsac_1263 and Tsac_2568, and another in
a PTS IIBC subunit encoded by Tsac_0032. Recurrent
mutations in Tsac_0825-encoding inorganic diphos-
phatase and Tsac_1419-encoding ATPase are also note-
worthy for their potential impact on ethanol production.
The mutations in Tsac_0361 are also interesting, because
the protein encoded by this gene is one of the most abun-
dant secreted proteins and a primary component of the
S-layer [20].

Fermentations

Fermentation conditions were developed to reach the
highest possible ethanol titer with T. saccharolyticum
in batch format, at 20 mL liquid volume in anaerobic
125 mL serum bottles. These conditions were used to
benchmark different strains for ethanol production. We
found that cellobiose and starch were readily fermented
and well-tolerated at relatively high concentrations. A
mixture of 60 g/L cellobiose and 90 g/L maltodextrin in
TSC3 rich medium yielded a maximum of 70 g/L etha-
nol (Table 2). An excess of calcium carbonate provided
excellent buffering at a pH of 5.5, which is close to the pH
optimum for 7. saccharolyticum. For reasons we do not
fully understand, the same growth media in 1 L ferment-
ers yielded 5-10 g/L less ethanol (Fig. 1).

Fermentation conditions were then developed to
reach the highest possible ethanol titer in a Simultane-
ous Saccharification and Co-Fermentation (SSCF) con-
figuration with substrates approximating the conditions
we expected from pre-treated hardwood (i.e., a “mock
hydrolysate”). The fermentation contained 100 g/L puri-
fied cellulose (Sigmacell-20) and 10 g/L acetic acid,
and was fed with 35 g/L xylose and 20 g/L of glucose.
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Table 4 Genomic resequencing results from strains in the present study: large-scale sequence variations and their occur-

rence in each strain

Locus Nucleotides Description LL1025 (WT) M863 M1442 M2886
Tsac_0179 Engineered Idh deletion ~ WT Deletion Deletion Deletion
Tsac_0389 424,393-424,493 Small deletion in CRISPR ~ WT Deletion Deletion Deletion
repeat region
Tsac_0832 875,581-875,753 Small deletion in inter- WT Deletion Deletion Deletion
genic repeat region
Tsac_1744-1745 Engineered pta/ack WT Deletion Deletion Deletion
deletion
Tsac_2564 2618,783-2618,797  Transposon insertion WT Putative transposon  Putative transposon  Putative transposon
in putative promoter
of gene for PTS lIA
subunit
Tsac_0795 Engineered deletion WT WT Deletion Deletion
Tsac_1474-1477 Engineered deletion WT WT Deletion Deletion
of EPS gene cluster
Tsac_2114 Engineered mgs WT WT WT Breakpoints in 23 % of
deletion/insertion reads®
Tsac_2491 Engineered perR WT WT WT Deletion
deletion

@ The pta/ack genes were re-introduced elsewhere in the genome

b The fraction of the reads supporting the mutation (left and right breakpoints averaged). This value was >90 % for all other breakpoints

Table 5 Genomic resequencing results from all strains sequenced in this project: recurrent mutations

Gene Description Independent Present in this
alleles lineage

Tsac_0032 PTS system, N-acetylglucosamine-specific IBC subunit 2 Yes
Tsac_0079 Uncharacterised conserved protein UCP018688 2 Yes
Tsac_0361 S-layer domain-containing protein 4

adhE Tsac_0416 Bifunctional alcohol/aldehyde dehydrogenase 4 Yes
Tsac_0644 Hypothetical protein 2

Tsac_0653 Methionyl-tRNA synthetase 2

Tsac_0825 Inorganic diphosphatase 2

Tsac_0838 Protein of unknown function DUF324 3 Yes
Tsac_1263 PTS system transcriptional activator 3

Tsac_1419 ATPase, FO complex, subunit A 2 Yes
Tsac_1520 ATP:corrinoid adenosyltransferase BtuR/CobO/CobP 2

hfs Tsac_1550-1553 Hydrogenase large subunit domain protein 8 Yes
Tsac_2568 PTS modulated transcriptional regulator, MtIR family 2

We had found that commercially available cellulases
were inactivated by low redox and ethanol [11], so we
added a mixture of fungal and bacterial cellulase from
C.thermocellum (see “Methods” section). The T. saccha-
rolyticum inoculum was drawn from a chemostat, so that
it was active and had a consistently high optical density
(5-10 OD units). The results of this fermentation are
shown in Table 6, comparing the previously published
strain ALK2 to the improved strain M1442. An ethanol
titer of 61 g/L was reached in 93 h by strain M1442 while
strain ALK2 produced 46 g/L, leaving some residual

xylose. The metabolic yield for both strains was greater
than 90 % of the theoretical maximum, while the cellu-
lose conversion by the enzyme mix was 71-75 %. Scaled
up to 8 L, strain M 1442 produced 55 g/L ethanol.

An SSCF was also performed with pre-treated hard-
wood at 12 % solids concentration, comparing two
strains in duplicate. A concentrated, polymeric hemicel-
lulose extract was fed, and activated carbon was used to
reduce the toxicity of both the solids and the liquid feed.
Again, a mixture of fungal and C. thermocellum cellu-
lases was used, and cellulose conversion was 80-84 %.
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Fig. 1 Fermentation of cellobiose and maltodextrin. Strain M1151 was grown in TSC3 medium containing 90 g/L maltodextrin and 60 g/L cellobi-
ose at 1 L scale. Cellobiose, glucose, and ethanol levels are shown in units of g/L on the left axis

Strain M2886 produced 32 g/L ethanol in 60 h, while
ALK2 produced 33 g/L ethanol, at 81 and 76 % of theo-
retical metabolic yield, respectively. Scaled up to 100 L,
strain M2886 produced 31 g/L ethanol. Other fermen-
tations at 22 % solids loading performed poorly (not
shown), likely due to the presence of inhibitors at lev-
els higher than the cells could tolerate. At 12 % solids,
there was a little difference in performance between the
project’s starting and final strains (ALK2 and M2886,
respectively, Fig. 2), while at 22 % solids, both strains
were inhibited. We can speculate that at some interme-
diate level of solids loading, inhibition would be enough
to better distinguish the performance of the two strains,
but not too much for M2886 to grow. Figure 2 shows that
at approximately 40 h, the glucose levels in all fermen-
tations were below 1 g/L and ethanol was greater than
30 g/L, suggesting that the cultures were limited by the
availability of glucose (i.e. the activity of the cellulases) at
that time. Some glucose accumulated by 60 h, suggesting
that cellulase-mediated solubilization rates exceeded the
rate of fermentation.

To demonstrate the ability of T. saccharolyticum to pro-
duce high ethanol titers when cellulase activity is not lim-
iting, a separate hydrolysis and fermentation (SHF) was
performed with pre-treated hardwood hydrolysate and
hemicellulose extract (last column of Table 6). After 60 h
of fermentation, the ethanol titer reached 50 g/L, while
sugar utilization and metabolic yield were 90 %.

Thermoanaerobacterium saccharolyticum is distinct
from other homoethanologens in its native ability to digest
polymeric hemicellulose and to co-ferment all the result-
ing sugars at high ethanol yield. Commercial bioprocessing
configurations can be considered where hemicellulose is
separated from biomass by hot water extraction and fer-
mented separately. 1. saccharolyticumn would be a good
choice of organism for such fermentations, because it can
mediate hydrolysis of the polymeric hemicellulose with-
out added enzymes or acid, though it needs to be able to
handle the acetic acid and other inhibitors that normally
accompany it. Some level of detoxification can be consid-
ered, but the cost must be kept very low.

A number of strains were evaluated at varying levels of
hemicellulose extract, as shown in Fig. 3. At low concen-
trations of extract (13 g/L total sugar), the ethanol yields
exceeded 90 %, but the yields declined rapidly at higher
concentrations of extract. Lime treatment and nano-
filtration were used to detoxify the extract, which was
fermented in fed-batch at 1 L scale (Fig. 4). After 47 h,
25 g/L of ethanol was produced, and increased to 26 g/L
by 73 h. Xylose, the main sugar component, was low
throughout the fermentation, and arabinose was unde-
tectable by 23 h. The final metabolic ethanol yield was
78 % of theoretical.

It has been noted in the literature that tolerance to
added ethanol is often higher than the maximum titers of
ethanol that are produced, but this ‘gap’ can be eliminated
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Table 6 Fermentation data comparing strains ALK2, M1442, and M2886 in pH-controlled bioreactors in SSCF or SHF pro-

cess configurations

Substrate Mock Mock Mock Pre-treated Pre-treated Pre-treated Hardwood
hydrolysate hydrolysate hydrolysate hardwood hardwood hardwood hydrolysate
Process type SSCF SSCF SSCF SSCF SSCF SSCF SHF
Fermentation volume 1 1 8 1 1 100 1
(liters)
Strain ALK2 M1442 M1442 ALK2 M2886 M2886 M2886
Initial concentrations
Solids (%) 16.5 16.5 16.5 12.0 12.0 12.0 0.0
Cellulose (g/L) 100 100 100 64.5 64.5 64.5 0.0
Glucose (g/L) 20 20 20 1.0 1.0 1.2 88.6
Xylose (g/L) 35 35 35 139 13.9 16.6 243
Other sugars (g/L) 338 38 32 52
Acetic acid and other 10.5 10.5 10.0 6.3 6.3 6.3 45
inhibitors (g/L)
Fermentation performance
Fermentation time 97 93 90 60 60 60 60
(hours)
Final ethanol titer (g/L)  45.7 614 54.7 326 320 308 49.5
Cellulose conversion 71.0 75.1 834 83.6 80.4 77.2 n/a
(%)
Glucose utilization (%) 79.5 936 859 97.2 94.7 99.5 89.3
Xylose utilization (%) 58.1 99.6 80.9 823 86.7 100.0 91.6
Metabolic yield (%) 90.5 915 858 759 810 784 90.1

by strain adaption and engineering [21]. The maximum
titer of produced ethanol reported here (70 g/L) is con-
sistent with reports for the maximum concentrations
of added ethanol at which thermophilic anaerobes will
grow after selection for ethanol tolerance—generally in
the range of 50-70 g/L [22]. Thus, the strain and path-
way reported here represent a new example of success
in closing the titer gap among thermophilic ethanol
producers. Production of ethanol beyond the maximum
at which growth occurs is possible based on uncoupled
metabolism, although this has received relatively lit-
tle study in thermophiles to date. The ethanol tolerance
of thermophilic strains selected for growth in the pres-
ence of ethanol is similar to that described for engineered
strains of E. coli, but not as high as either the bacterium
Zymomonas mobilis or Saccharomyces cerevisiae. Higher
ethanol titers can be achieved for a given species or strain
at lower temperatures within its growth range [23], but
we have no reason to think that an interspecies compari-
son between thermophiles and mesophiles would show
the same trend. It should be noted, however, that beyond
approximately 40 g/L, ethanol titer has a diminishing
effect on distillation costs, and lignocellulosic materi-
als are difficult to convert to ethanol at much more than
50 g/L due to inherent limitations such as mixability and
the fraction of fermentable sugar [1, 2].

Conclusions

Production of ethanol at greater than 90 % yield and at
titers greater than 60 g/L from model cellulosic substrates
were demonstrated using T. saccharolyticum in an SSCF
configuration in the presence of 10 g/L acetate. However,
maximum ethanol titers were lower using steam pre-
treated hardwood or hemicellulose extract. The complex
inhibitors present in pre-treated wood are problematic
for T. saccharolyticum above moderate concentrations.
Random and directed strain modifications, along with
detoxification steps, have made improvements in increas-
ing substrate tolerance, but not enough to fully overcome
the problem. Further work will be needed to analyze
what compounds or combinations of compounds are
actually inhibitory, or to more fully detoxify the material
in a cost-effective way. Alternately, these inhibitors could
be simply avoided by elimination of pre-treatment from
the bioprocess. The provision of sufficient cellulase activ-
ity for T. saccharolyticum to be used in SSF has proved
to be problematic with existing technology. Development
of a bacterial lignocellulose solubilization system and/or
an understanding of the limitations of fungal cellulases
at low-redox levels are necessary for the further develop-
ment of T. saccharolyticum as biocatalyst for SSF of pre-
treated hardwood. However, the high titers and yields
we observed support the feasibility of using engineered
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Fig. 2 Fermentation of 12 % solids pre-treated hardwood, fed with
hemicellulose extract. Duplicate 1 L fermentations with strain ALK2
are shown in red with open circles and with strain M2886 in blue filled
squares
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Fig. 3 Strain comparison in varying levels of hemicellulose extract.
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of the maximum theoretical ethanol possible for the amount of sugar
provided by the extract, indicated by bars: 13 g/L (white), 19 g/L
(gray), and 25 g/L (black)

All markerless gene knockouts were performed as
described earlier [13]. The chromosomal flanking regions
were PCR amplified with primers listed in Table 7. These
PCR products were fused to plasmid pMU433 to create
the following gene knockout plasmids: pMU1546 target-
ing the EPS cluster, including gene Tsac_1474-Tsac_1477;
pMU1301 targeting the perR gene Tsac_2491; and
pMU3014 targeting the mgs gene Tsac_2114.

Classical mutagenesis and selection

An enzymatic hydrolysate was prepared to serve as sub-
strate for mutagenized cultures. Pre-treated hardwood
was hydrolyzed with 30 mg/g Accellerase (DuPont)
cellulase in a 10 L bioreactor at 10 % initial solids and
subsequently fed additional solids up to 20 %. The biore-
actor temperature was 50 °C and the pH was 4.8. After
5 days of hydrolysis, the enzymes were heat inactivated
at 80 C for 1 h, and the liquids were filtered with What-
man Shark Skin filter paper to remove solids, and then
filter sterilized. T. saccharolyticum was mutagenized with
100-160 ppm nitrosoguanidine for 30—60 min at Panlabs
Biologics (Taiwan), then diluted and cultured on petri
plates in an anaerobic chamber to isolate clones. The
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Primer Description Sequence

X04986 perR up-stream forward primer tttcgactgagcctttcgttttatttgatgectggT T TGTAATAAAGTCTGCCGT

X04987 perR up-stream reverse primer AATTGTAGAATACAATCCACTTCACAATGGGCACGTTTTCTTTCAGGATTGACGA
X04989 perR down-stream reverse primer CCGTCAGTAGCTGAACAGGAGGGACAGCTGATAGAGGCGATAAAGACTATGTAGA
X05122 perR down-stream forward primer aggggtcccgagegectacgaggaatttgtatcgCACAGATTACCTTTTGATGG

X07562 EPS up-stream forward primer tttcgactgagcctttcgttttatttgatgcctggccgaaaggataagagagettge

X07563 EPS up-stream reverse primer AATTGTAGAATACAATCCACTTCACAATGGGCACGGCATGATGAGGCGATACCTTGATG
X07564 EPS down-stream forward primer aggggtcccgagegcectacgaggaatttgtatcggttcctgataaacctgtatcgecc

X07565 EPS down-stream reverse primer CCGTCAGTAGCTGAACAGGAGGGACAGCTGATAGACTGCCAGCGATGTAAAGCATAG
X07568 EPS external primer 1 acttggatacaggcagtggaggaa

X07569 EPS external primer 2 TCCAGCATAGCCTGCAACTGGATA

X13281 perR external primer 1 agctatgctttctacecttgecca

X13282 perR external primer 2 AACGACAAGCAGTTTGTGCTTCCG

X15225 mgs up-stream forward primer agcttgatatcgaattcctgcageccgggggatctCAGTGCGTCACACGCAGTTG

X15226 mgs up-stream reverse primer agaatacaatccacttcacaatgggcacgGGATCCGATCTTTTGCCTTCGCATCCC

X15227 mgs down-stream forward primer gtcccgagegcectacgaggaatttgtatcgGATCCGGATTTTTGGAATGGAGAGATG

X15228 mgs down-stream reverse primer accgcggtggeggecgctctagaactagtGGATCTGGTCCTGCTAATGCGATGATG

X15767 mgs external primer 1 TGCACATTCAGTGCCGTTGTC

X15768 mags external primer 2 GTAATCCAACTGAGTGCCGATG

clones were screened by culturing in tubes containing BA
medium, 1-19 g/L each of xylose, glucose, and/or cello-
biose, and up to 25 % volume of enzymatic hydrolysate.
HPLC was used to measure ethanol production and sub-
strate utilization, and the best clones were chosen for
additional rounds of mutagenesis and screening.

Library construction

A Gateway Cloning (Life Technologies, Carlsbad, CA)
destination vector called pMU1035 was constructed with
the cellobiose phosphorylase promoter from C. ther-
mocellum positioned up-stream from a cloning site and
a ccdB cassette for negative selection. Adjacent to these
were sequences flanking the T. saccharolyticum ldh gene,
chosen as the site for chromosomal integration. It was
constructed by inserting the cellobiose phosphorylase
promoter between the up-stream Ildh flanking region and
the kanamycin resistance gene in plasmid pMU433 [13]
using yeast-mediated ligation [24]. The resulting plasmid
was digested with the enzyme SnaBI and a PCR product
containing the ccdB gene was ligated. A library of ran-
domly cleaved genomic DNA from T. saccharolyticum
was cloned first into the pCR8/GW/Topo entry plasmid
and then transferred into pMU1035 by a clonase LR reac-
tion. The reaction mix was transformed into E. coli strain
Machl (Life Technologies) and selected for kanamycin
resistance, generating the overexpression library. Plasmid
DNA from this library was used to transform 7. saccha-
rolyticum and selected for kanamycin resistance before
being used in growth selection experiments.

The T. saccharolyticum knockout library was gener-
ated by modifying the previously created overexpression
library. Briefly, the overexpression library was digested
with a set of three restriction enzymes that frequently
cut T saccharolyticum genomic DNA but do not cut
anywhere on the cloning vector backbone. The kanamy-
cin resistance gene was ligated into the digested library,
transformed into E. coli, and 2000—-6000 kanamycin-
resistant colonies were collected for each of the enzymes
used. This produced a large number of plasmids contain-
ing the kanamycin resistance marker flanked by T. sac-
charolyticum genomic DNA on either side, which were
transformed and integrated into the 7. saccharolyticum
genome. These transformants were selected for kanamy-
cin resistance, then screened or selected for inhibitor tol-
erance. To identify the overexpressed or knockout gene,
genomic DNA was isolated and cloned into an E. coli
plasmid vector and selected for kanamycin resistance.
The resulting colonies were then sequenced.

Resequencing

Raw data for strain M863 were generated at the National
Center for Genome Resources (Santa Fe, NM) using an
Illumina Solexa Genome Analyzer. The data comprised
single 36 bp reads (non-paired).

Raw data for strains M1442 and wild-type JW/
SL-YS485 were generated by the Joint Genome Institute
(JGI) with an Illumina MiSeq instrument as described
by Zhou and coworkers [19]. Unamplified libraries were
generated using a modified version of Illumina’s standard
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protocol. 100 ng of DNA was sheared to 500 bp using a
focused ultrasonicator (Covaris). The sheared DNA frag-
ments were size selected using SPRI beads (Beckman
Coulter). The selected fragments were then end repaired,
A tailed, and ligated to Illumina compatible adapt-
ers (IDT Inc.) using KAPA- Illumina library creation
kit (KAPA biosystems). Libraries were quantified using
KAPA Biosystem’s next-generation sequencing library
qPCR kit and run on a Roche LightCycler 480 real-time
PCR instrument. The quantified libraries were then mul-
tiplexed into pools for sequencing. The pools were loaded
and sequenced on the Illumina MiSeq sequencing plat-
form utilizing a MiSeq Reagent Kit v2 (300 cycle), follow-
ing a 2 x 150 indexed run recipe. Paired-end reads were
generated, with an average read length of 150 bp and
paired distance of 500 bp.

Raw data for strain M2886 were generated at the Oak
Ridge National Laboratory. Illumina TruSeq libraries
were prepared as described in the manufacturer’s meth-
ods (Part# 15005180 RevA) following the low through-
put protocol. In short, 3 ug of DNA was sheared to a
size between 200 bp and 1000 bp by nebulization using
nitrogen gas for 1 min at 30 psi. Sheared DNA was puri-
fied on a Qiagen Qiaquick Spin column (Qiagen). The
sheared material was assessed for quantity with a Qubit
broad range double stranded DNA assay (Life Technol-
ogies) and quality by visualization on an Agilent Bio-
analyzer DNA 7500 chip (Agilent). One microgram of
sheared DNA was used for library preparation following
the manufacturer’s protocol. Libraries were validated by
Qubit (Life Technologies) and Agilent Bioanalyzer for
appearance and size determination. Samples were nor-
malized using Illumina’s Library dilution calculator to a
10 nM stock and diluted further for sequencing. Cluster-
ing was completed on an Illumina CBot, and paired-end
sequencing was completed on an Illumina HiSeq instru-
ment (101 bp for each end and 7 bp for the index) using
TruSeq sequencing-by-synthesis chemistry.

Data analysis was performed using CLC Genom-
ics Workbench, version 8.5 (Qiagen, USA). Reads were
mapped to the reference genome (NC_017992). Mapping
was improved by two rounds of local realignment. The
CLC probabilistic variant detection algorithm was used
to determine small mutations (single and multiple nucle-
otide polymorphisms, short insertions, and short dele-
tions). Variants occurring in less than 90 % of the reads
and variants that were identical to those of the wild-
type strain (i.e., due to errors in the reference sequence)
were filtered out. The fraction of the reads containing
the mutation is shown in Table 3. To determine larger
mutations, the CLC InDel and Structural Variant algo-
rithm was run. This tool analyzes unaligned ends of
reads and annotates regions where a structural variation
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may have occurred, which are called breakpoints. Since
the read length averaged 150 bp and the minimum
mapping fraction was 0.5, a breakpoint can have up to
75 bp of sequence data. The resulting breakpoints were
filtered to eliminate those with fewer than ten reads or
less than 20 % “not perfectly matched” The breakpoint
sequence was searched with the Basic Local Alignment
Search Tool (BLAST) algorithm for similarity to known
sequences [25]. Pairs of matching left and right break-
points were considered evidence for structural variations,
such as transposon insertions and gene deletions.

Media and bottle cultures
Growth media were prepared as 10x concentrates and
filter sterilized, then immediately added to ferment-
ers or stored in sterile, nitrogen-flushed serum bottles.
Chemicals were from Sigma-Aldrich (St. Louis, MO,
USA). The medium TSC3 at 1 x concentration contained:
8.5 g/L yeast extract, 4 g/L trisodium citrate dihydrate,
2.0 g/L monobasic potassium phosphate, 2.0 g/L mag-
nesium sulfate heptahydrate, 5 g/L urea, 0.2 g/L calcium
chloride dihydrate, 0.1 g/L iron sulfate heptahydrate,
0.12 g/L L-methionine, and 0.5 L-cysteine hydrochlo-
ride. Medium TSC6 at 1x concentration contained:
8.5 g/L yeast extract, 0.5 g/L trisodium citrate dihy-
drate, 2.0 g/L. monobasic potassium phosphate, 2.0 g/L
magnesium sulfate heptahydrate, 5 g/L urea, 0.2 g/L
calcium chloride dihydrate, 0.2 g/L iron sulfate heptahy-
drate, 0.12 g/L L-methionine, and 0.5 L-cysteine hydro-
chloride. Medium TSC7 at 1x concentration contained:
8.5 g/L yeast extract, 1.0 g/L trisodium citrate dihydrate,
1.0 g/L monobasic potassium phosphate, 2.0 g/L magne-
sium sulfate heptahydrate, 1.85 g/L ammonium sulfate,
0.2 g/L calcium chloride dihydrate, 0.2 g/L iron sulfate
heptahydrate, 0.12 g/L L-methionine, and 0.5 L-cysteine
hydrochloride. The medium BA at 1x concentration
contained: 3 g/L trisodium citrate dihydrate, 1.5 g/L
monobasic potassium phosphate, 2.4 g/L magnesium
sulfate heptahydrate, 2 g/L. ammonium sulfate, 0.2 g/L
calcium chloride dihydrate, 0.1 g/L iron sulfate heptahy-
drate, 0.015 g/L L-methionine, 0.02 g/L para-amino ben-
zoic acid, 0.02 g/L thiamine, and 0.0001 g/L vitamin B12.
Bottle cultures were performed in 125 ml serum bottles
sealed with blue butyl rubber stoppers and crimp seals.
Culture volumes were 20 or 50 ml in 125 ml bottles, and
those with high sugar concentrations were vented peri-
odically to prevent hazardous pressure build-up. Sugars
were dissolved in de-ionized water, and calcium carbon-
ate was added to a final concentration of 10 g/L. The
bottles were sealed and then flushed with a 5 % carbon
dioxide, 95 % nitrogen gas mixture. They were incubated
at 51-55 °C in an incubator shaking at 125-150 rpm. In
Fig. 3, cultures were performed in anaerobic tubes with
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5 ml liquid volume, using TSC6 medium with 15 g/L cal-
cium carbonate and 1.85 g/L ammonium sulfate in place
of urea as nitrogen source. The hemicellulose extract was
concentrated by evaporation and analyzed by quantita-
tive saccharification analysis. Inoculations for Fig. 3 were
10 % of the total volume.

Cytostat

To adapt T. saccharolyticum to rapid growth in a mixture
of inhibitors found in pre-treated hardwood, a cytostat
was constructed and operated as per [14]. The medium
used for continuous cultivation of T saccharolyticum
contained (per liter): 20 g ethanol, 24 mg gallic acid,
395 mg hydroxymethylfurfural, 405 mg furfural, 95 mg
3,4-dihydroxybenzoic acid, 19 mg syringic acid, 37 mg
vanillin, and 61 mg syringaldehyde.

Fermentations

Fermentations were conducted in 2 L Biostat A reac-
tors (Sartorius AG, Goettingen, Germany) at 1 L work-
ing volume. Sugars or pre-treated hardwood along with
10 g/L calcium carbonate and 10 g/L Norit PAC200
activated carbon were added to de-ionized water, and
the fermenters were autoclaved. They were sparged
with a 5 % carbon dioxide, 95 % nitrogen gas mixture
while cooling to fermentation temperature of 51-55 °C.
Medium TSC7, prepared at 10x concentration, was fil-
ter sterilized and added to the reactors. The pH was set
to 5.5 with ammonium hydroxide. Before inoculation of
SSFs, cellulase was added for 3—5 h of prehydrolysis. An
inoculum of 100 ml was added from a chemostat main-
tained at a dilution rate of 0.1 h™! with TSC7 medium
with 38 g/L glucose plus 11 g/L total sugars in extract
from pre-treated hardwood, at pH 5.8 and 55 °C. For
the SSCF fermentations shown in Fig. 2, a feed of 80 mL
of activated carbon-treated and dialyzed hemicellulose
extract was started after inoculation and 90 mL of C.
thermocellum cellulase was added.

SHF fermentations were performed as fed-batch in
duplicate, feeding a mixture of liquid solutions prepared
from pre-treated hardwood. Polymeric hemicellulose
(mostly 5-carbon sugars) was extracted from pre-treated
hardwood, treated with lime and activated carbon, and
concentrated with nanofiltration. The water-washed
solid pre-treated hardwood (mostly 6-carbon sugars)
was enzymatically digested with fungal cellulase, con-
centrated, and treated with activated carbon. The two
preparations were mixed in proportion to the abundance
of sugars in unfractionated pre-treated hardwood. Glu-
cose levels in the fermentation were monitored carefully
and feed rate adjusted to keep the glucose levels less
than 0.5 g/L, which we had determined to be important
for optimizing ethanol production.
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Cellulases

The SSCF of Sigmacell-20 (a purified cellulose sold by
Sigma-Aldrich, St. Louis, MO) shown in Table 6 was con-
ducted with 10 mg enzyme per gram of dry solids using a
3:1 mixture of monocomponent CBHI and Endoglucanase
from AB Enzymes (Darmstadt, Germany). The SSCF of
pre-treated hardwood shown in Fig. 2 was conducted with
20 mg/g CTec3 from Novozymes (Bagsvaerd, Denmark).
To supplement fungal cellulases, bacterial cellulase was
prepared by growing C. thermocellum strain ATCC 27405
on 5 g/L avicel until early stationary phase. The culture
broth was left to settle overnight at 4 °C, and then decanted.
The supernatant was concentrated 5- to 10-fold using a
500 kDa filter in tangential flow filtration, then frozen until
needed. Before use, cellulosome preparations were centri-
fuged briefly then filter sterilized. Fungal cellulases were
stored at 4 °C and bacterial cellulase was stored at —20 °C.

HPLC

Fermentation products and residual sugars were acidified
with sulfuric acid and analyzed using an Aminex HPX-
87H (300 x 7.8 mm) column (Bio-Rad Laboratories,
Hercules, CA, USA), protected by an in-line frit (0.2um)
and Cation-H guard column. Analytes were detected by
refractive index and optional UV detector. Eluent was
5 mM sulfuric acid diluted in de-ionized water and the
flow rate was 0.7 mL/min at 65 °C.
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